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General introduction

The human brain is the most complex organ in the human body. The adult human brain
comprises billions of neuronal and glial cells interconnected via trillions of synapses.1,2
It is responsible for motor functions, processing sensory information, language, cognitive processes, and function of other organs. Pathology of the brain may occur prenatal,
in early childhood or adolescence up to senescence. Disorders of the brain comprise a
heterogeneous group of neurological and psychiatric disorders and are an important
cause of disability and death worldwide.3-5 These disorders are the result of a combination of genetic, environmental, and lifestyle factors. The focus of research presented in
this thesis are most common neurological disorders from an epidemiological perspective. They include late-onset neurodegeneration and cerebrovascular pathology and the
most common neurodevelopmental disorders including attention deficit hyperactivity
disorder (ADHD) and autism spectrum disorder (ASD). I have also studied Duchenne
muscular dystrophy, a recessive inherited disorder.
Expanding our knowledge on the molecular processes and pathways of these disorders
and early pathology may facilitate development of new prevention and treatment
strategies. The early changes manifested prior to the onset of clinical symptoms of the
disease are usually approached as heritable quantitative measures and referred to as endophenotypes.6-8 Endophenotypes can be measured accurately on a continuous scale,
overcoming the problem of defining the arbitrary boundary between the presence and
absence of subclinical disease in controls.9 For long, cognitive ability has been studied
as endophenotype of neurodegenerative and psychiatric disorders,10-15 whereas more
recently brain volumetric and vascular measures depicted by state-of-the-art imaging
techniques have been studied as endophenotype of neurodegeneration and neurovascular pathology.16-18

Late onset neurological disorders and related endophenotypes
The most common presentation of cerebrovascular pathology is stroke, a neurological
disorder of sudden onset. Risk factors come in many varieties, including genetic factors
and various modifiable risk factors. Beyond a large number of rare monogenic disorders
underlying stroke,9 32 risk loci encompassing common and less-frequent variants have
been associated with stroke in a study of 520,000 subjects.19 These provide additional
insights into stroke pathophysiology.19 Several biological pathways including enlarged
heart, decreased cardiac muscle contractility, and oxaloacetate metabolism emerged
as relevant for any stroke, whereas various cardiac pathways, muscle-cell fate commitment, and nitric oxide metabolism are implicated in cardioembolic stroke.19 A significant
proportion of stroke risk also resides in modifiable risk factors including hypertension,
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diabetes mellitus, cardiovascular disease, and smoking.20,21 As management of these risk
factors demonstrated reduction of stroke burden, additional research efforts to identify
high-risk patients have been sought to improve the chances of success. Several studies
performed to date searched for novel metabolic disturbances and identified various
small circulating compounds to be associated with stroke.22-27 The most comprehensive
study to date is conducted in China Kadoorie Biobank, involving patients with both
ischemic stroke (IS) (n = 1,146) and intracerebral hemorrhage (ICH) (n = 1,138).26 The
study reported association between lipoproteins and lipids with IS, but not with ICH.
Additionally, the study reported association of glycoprotein acetyls and several nonlipid related metabolites with both IS and ICH.26 To date, the studies in Europeans are
based on relatively small samples.25,27 A study involving 268 patients with incident stroke
revealed no metabolites associated with stroke,25 whereas another study reported association between lysophosphatidylcholine and stroke recurrence.27 This asks for larger
metabolomics studies of stroke in persons of European origin as presented in this thesis.
Cerebrovascular disease is also an important cause of dementia and cognitive decline.28
A large number of genes have been implicated in dementia, predominately Alzheimer’s
disease (AD) but also frontotemporal dementia and Lewy body dementia.29-32 The growing interest in early prevention of AD and cognitive decline, brought research of cognition in in the spotlight. Also there has been major progress in finding genes for cognitive
function as endophenotype for various neurological and psychiatric disorders.10-13,15 The
major cognitive domains that have been studied in relation to these disorders include
memory, language, executive function, and visuospatial ability.10-13,15 Although the
search for genes implicated in specific domains of cognition yielded some genes (e.g.
CADM2, HS3ST4, SPOCK3),33,34 the gene discovery improved its success when using general cognitive function, which captures all cognitive subdomains and shows a high correlation with intelligence and education.35,36 General cognitive function is determined
by environmental and genetic factors. Heritability estimates are reported to be more
than 50% in adolescence and adulthood twin sample and 20-30% of variance is attributed to common variants.35,37-39 Recent efforts identified more than 140 genomic regions
encompassing common variants.39 Furthermore, recent effort also reported evidence for
a shared genetic origin with body mass index, waist to hip ratio, high-density lipoprotein levels, and cardiovascular diseases.39 Even though these are drivers of the human
metabolism, we have not linked yet genetic determinants of general cognitive function to circulating metabolites. Furthermore, most studies conducted to date included
participants of European ancestry and a question to answer is whether the findings are
generalizable to other ethnic groups. In this thesis I aim to find genetic determinants of
general cognitive function, evaluate their generalizability to other ethnic groups and
explore metabolic pathophysiology underlying established genetic variants. Despite all
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efforts to date, common variants explain only a small proportion of cognitive test scores.
Furthermore, diverse environmental factors have been implicated to influence cognitive
function and the complex balance between genes and environment to cognitive function is poorly understood.36,40As studying epigenetic modifications may provide insights
into molecular mechanisms underlying cognitive function, in this thesis we made an
attempt to identify DNA methylation signatures of cognitive function.
At present, imaging is emerging as an endophenotype used in large-scale research of
neurodegenerative disorders and stroke.9 Finding genetic loci that influence this endophenotype may lead to identification of genes underlying related disorders. Studying
brain structures using magnetic resonance imaging (MRI),41,42 carotid intima-media
thickness measured by carotid ultrasound and carotid artery calcification measured
through computerized tomography (CT)9,43 will expand our knowledge and provide
novel insights into the pathophysiology of related disorders. In this thesis, I aim to
explore genetic determinants of lateral ventricular volume, a measure of neurodegeneration, and intima-media thickness of carotid artery. Further, I aim to study metabolic
determinants of carotid artery calcification, a measure of atherosclerosis.

Neurodevelopmental disorders
The most common neurodevelopmental disorders are ASD and ADHD.44
ASD is characterized by deficits in social communication and social interaction and
restricted and repetitive patterns of activities and behavior.45 The importance of genetic
etiology is highlighted by heritability estimates ranging from 37% to 90%.46-49 Progress
in understanding genetic architecture of ASD has been made by identifying rare and de
novo structural and sequence variation.50,51 From a genetic perspective, ASD is an interesting disorder, as novel mutations have been implicated in patients that are not found
back in either parent.50 These variants have been identified in family-based studies.52
Although most of the genetic risk for ASD is attributed to common variants, only a few
genetic regions were successfully linked to ASD in family-based and population-based
studies including unrelated patients and controls.49,53-56 Despite a substantial increase in
sample size, the most recent effort including over 16,000 individuals with ASD failed to
identify common genetic variants associated with ASD asking for other approaches.57
In this thesis, besides assessing the effect of single variants on ASD, I aim to evaluate
the joint effect of multiple single genetic variants in a gene in a gene-based association
analysis in patients with ASD.
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ADHD is characterized by age-inappropriate inattentiveness, increased impulsivity and
hyperactivity.58 Heritability estimates in childhood are reported to be 70-80%, whereas
estimates in adults show moderate heritability of 30-40%.59 Several candidate genes
have been associated with ADHD.60 Although 10-28% of genetic risk is attributed to common variants,61,62 the first risk loci with a high frequency have been reported recently.63
Several of these loci are located near or in genes implicated in neurodevelopmental
processes including FOXP2 and DUSP6.63 ADHD has been regarded as the extreme end
of continuous distribution of inattentiveness and/or hyperactivity,64-66 just like hypertension is the extreme of the continuous distribution of blood pressure in the population.
As ADHD diagnosis is the extreme end of a continuous ADHD symptom scores67 and
genetic factors for ADHD diagnosis and ADHD symptoms showed an overlap,67 novel
more powerful approaches involving continuous measures in population-based setting
could provide an opportunity to discover additional common variants and detect genes
underlying ADHD. I aim to use this approach in order to evaluate contribution of common genetic variants in ADHD symptoms.
Furthermore, I have also studied Duchenne muscular dystrophy (DMD), the most common form of muscular dystrophy during childhood caused by mutations in dystrophin
gene (DMD).68 This fatal disease leads to progressive muscular weakness and less well
described non-progressive central nervous system manifestations. As the risk of cognitive impairment is increased among the patients with DMD and higher occurrence of
various neurodevelopmental disorders such as ASD and ADHD is also reported,69-75 I address the question in this thesis whether DMD gene has an effect in general populations.

Molecular approaches used in this thesis
To improve our understanding of the pathogenesis and heterogeneity in diseases and
to facilitate development of personalized and more precise prevention and treatment,
various omics approaches may be used to study changes underlying diseases at the molecular level. Omics approaches refer to large-scale high throughput technologies.76,56
These technologies cover different molecular layers from the level of DNA (genomics) to
DNA methylation/histone modification (epigenomics), RNA (transcriptomics), proteins
(proteomics), and metabolites (metabolomics) as depicted in Figure 1. Furthermore,
omics technologies also address microorganisms colonizing human body (microbiomics).
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Figure 1. Diagram of omics layers and some of the interactions between them. Source: Siroux et al.77

In this thesis, I concentrated on several omics approaches including genomics, epigenomics, metabolomics, and microbiomics in relation to neurological and psychiatric
disorders.

Genomics
The human genome captures all variations in our DNA, the blueprint of our proteins.
Focusing on whole human genome, genomics provides important insights into genetic
architecture of complex disorders, which involve effects of rare and common variants
and variants conveying a small or large effect on pathology. Genetic determinants
including single nucleotide polymorphisms (SNPs) or structural variation (SV) can be
found in either protein-coding regions and may impact sequence of the protein or in
non-coding regions more likely affecting gene expression and splicing processes.78-80
Contribution of genetic variants commonly occurring in general population (minor
allele frequency (MAF) > 5%) is often assessed by genome-wide association studies
(GWAS).81 The genetic variants often have a small effect on the trait. Although their
individual effect is not informative, the joint effect is for a large part determining the
risk of common diseases, as predicted by RA Fisher even before the structure of DNA
was unraveled.82 Thus, common variants provide important insights into the biology,
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unravelling the pathological pathways, and jointly improve the proportion of variance
explained by genetic factors, surpassing that of important epidemiological factors such
as that of body mass index (BMI) on lipid levels.83,84 Availability of relatively inexpensive
SNP arrays and the possibility of imputing variants using large reference panels such
as 1000 Genomes and Haplotype Reference Consortium (HRC), enabled the number of
genetic variants for association testing to be increased and facilitated meta-analyses
of studies using different arrays. 85-87 This resulted in mega GWAS of large sample size
(currently up to a million).88 A typical GWAS design involves hypothesis-free discovery
study followed by replication of the associations in an independent sample.89,90 Both

Figure 2. Associations of neurological and psychiatric disorders with SNPs accross the genome (GWAS
catalog as of April 2018).97 The genome is displayed divided into separate chromosomes. Color denotes
disorders.

the discovery and replication are subjected to a stringent level of significance, adjusting
for the large number of tests with the low a priori probability of association.91 To date,
more than 800 associations have been reported between the SNPs and neurological and
psychiatric disorders (GWAS catalog as of April 2018) (Figure 2). Identified associations
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not only confirmed previously identified genes (e.g. APOE locus was firstly identified in
AD families followed by association analyses and later on replicated in GWAS)92-94 but
also identified novel genetic regions.95 Additionally, GWAS provided opportunity to
explore genetic architecture between the various complex disorders with methods such
as LD score regression.96
The big data meta-analyses allowed to include more low-frequency and rare variants
(MAF < 5%) in the GWAS.98 However, there is a limit in that very rare variants are difficult
to impute.98 Thus, GWAS is unable to systematically explore the contribution of the rare
variants which could also contribute to the genetic architecture and explain “missing
heritability”.99,100 More importantly, these rare variants are key to personalized and precision prevention, e.g. as occurred in the prevention of breast cancer in BRCA1/2 carriers
through preventive mastectomy101 and early mortality in carriers of LDLR mutations
through treatment with statins starting in early adolescence.102 Development of nextgeneration sequencing technologies including whole-genome sequencing (WGS) and
whole-exome sequencing (WES) allowed detection of low-frequency or rare variants
with large or moderate effects.79,103 Applied to neurological and psychiatric disorders,
some of the examples of success to date include discovery of rare coding variant in TREM2
associated with AD,104,105 rare variant in VPS35 associated with Parkinson disease,106,107
and several rare variants underlying the genetic etiology of ASD.108 The development of
dedicated rare variant arrays (e.g. the exome arrays), allowed the application of GWAS
for rare variants in large datasets, i.e. as was successfully done for AD.109 With increasing application to other disorders, more discoveries are underway, using both classical
family-based methods as well as GWAS methodology.110

Epigenomics
Epigenomics focuses on genome-wide characterization of chemical modifications of
DNA or DNA-associated proteins such as DNA methylation or histone modification.111
Those modifications of DNA and histones play important role in the regulation of gene
expression without changing the DNA sequence and are influenced by both genetic and
environmental factors.112 The most studied and best characterized epigenetic modification is DNA methylation -- addition of methyl group to the CpG sites of the DNA molecule. DNA methylation is essential for regulating X chromosome inactivation, genomic
imprinting, and tissue-specific gene expression.113,114 The pattern of DNA methylation
established either during development114 or late in life can have consequences within
the brain. Abnormal methylation in FMR1 gene causes mental retardation (Fragile X
Syndrome),115 whereas improper methylation of a single imprinted allele causes mental
impairment (Prader-Willi Syndrome).116,117 Late in life, environmental risk factors may
have major impact, e.g. smoking and obesity-related pathologies are known to be
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major determinants of expression.118 With the development of epigenome-wide studies
(EWAS), an opportunity to study DNA methylation pattern underlying complex neurological and psychiatric disorders has become available. Although methylation may
be tissue-specific, there are many instances reported where there is a high correlation
between the methylation in the brain and in blood.119-121 Alteration of DNA methylation pattern has been observed in both psychiatric disorders such as schizophrenia and
bipolar disorder and neurodegenerative disorders such as dementias.122,123 Even though
our understanding of the role of epigenetics in etiology of neurological and psychiatric
disorders is still limited and may involve not only methylation but also acetylation in
the brain,124,125 epigenomics holds great potential for identifying useful biomarkers that
could contribute to unraveling underlying mechanisms of these disorders. In addition
to the etiological significance of methylation, one may speculate that methylation may
possibly lead not only to timely diagnosis but also defining preclinical stages of disorders.

Metabolomics
The rapid development of new technologies enabled quantification of substrates and
products of metabolism referred to as metabolites.126 These low molecular weight compounds are influenced by genetic factors, lifestyle factors, pharmacological treatments,
mechanisms of disease, and microbiota.126,127 Last but not least, metabolites may reflect
the disease process and may be a cause rather than a consequence of disease.
Identifying the metabolites and metabolic pathways has a potential to provide new insights into pathophysiology and for discovery of new diagnostic markers for disease risk
that could facilitate the development of novel and precise diagnostic tools, and treatment and preventive strategies.128,129 Metabolic profiling of biological fluids, including
blood, urine, and cerebrospinal fluid, and tissues holds great potential for investigation
of neurological and psychiatric disorders. Thousands of metabolites may be detected by
targeted approaches, whereas this number increases if untargeted approaches are applied.130 Although metabolite processes may be tissue specific, there is growing interest
in vascular origin of neurodegeneration and cerebrovascular pathology. To date, metabolic profiling has been reported for various psychiatric disorders such as schizophrenia,
bipolar disorder, and neurological conditions including AD and stroke.24,131-137 However,
not all studies performed to date were well powered, emphasizing need to explore
metabolomics profiles in large epidemiological follow-up studies.

Microbiomics
Microbiomics focuses on microorganisms colonizing different parts of human body,
such as skin (skin microbiota), the mouth (oral microbiota), the gut (gut microbiota) and
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so on. The gut harbors thousands of microbial species which are considered to be a
central signaling hub that integrates environmental inputs summarized as exposome
(e.g. diet, life style, medication) with genetic and immune signals to affect the host’s
metabolism.138 Gut microbiota is responsible for several functions including food digestion, vitamin and short chain acid (SCFA) production, amino acid synthesis, activation
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Figure 3. Bidirectional interaction between the gut microbiota and the central nervous system involving direct and indirect endocrine, immune and neural pathways. For instance: (1) cytokines released by lymphocytes which may sense the gut lumen can have endocrine or paracrine actions, (2) gut peptides released by
enteroendocrine cells may activate sensory neuronal terminals, such as on the vagus nerve, (3) microbiota
metabolites (neurotransmitters or its precursors) may reach the gut epithelium having endocrine or paracrine effects. (4) Centrally, after brainstem relays (e.g. nucleus tractus solitarii) a neural network involving the
amygdala (Am) and the insular cortex (IC) integrates visceral inputs. Consistently hypothalamic (Hy) activation initiates: (5) corticosteroids release (results of the hypothalamic-pituitary-adrenal (HPA) axis activation)
which modulates gut microbiota composition, (6) neuronal efferent activation (“anti-inflammatory cholinergic reflex” and/or sympathetic activation) liberating neurotransmitters that may affect the gut microbiota
composition. Source: Montiel-Castro et al.150
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of certain drugs, signaling molecules and anti-microbial compounds production, bile
acid biotransformation and development of our immune system.138-141 With advances in
technology of microbial phenotyping methods, gut microbiota has been implicated in
various neurological and psychiatric disorders and has been linked to cognitive ability,
neurodevelopmental disorders (e.g. ASD), and neurodegenerative disorders (e.g. Parkinson disease, Alzheimer’s disease).142-148 The gut-brain axis has been long recognized. As
depicted in Figure 3 it involves metabolic and immune signals from the gut to the brain
and vice versa from the brain to the gut and direct nerve innervation (nervus vagus).148,149
Understanding mechanisms of complex nature of host-microbiome metabolism may
help develop new strategies for preventing and treating diseases. In this thesis, we aim
to explore link between gut microbiota and the metabolome.

Aim of this thesis
The aim of this thesis is to identify genomic and metabolomic determinants underlying
neurological and psychiatric diseases and their related endophenotypes.
In Chapter 2 omics studies of neurodegeneration are described. Chapter 2.1 explores
genetic determinants of brain structures determined by brain MRI. More specifically, I
examine contribution of common genetic variants underlying lateral ventricular volume. Subsequently, other endophenotypes of neurological and psychiatric disorders
are explored. Firstly, Chapter 2.2 addresses common genetic determinants of general
cognitive function and furthermore explores metabolic pathophysiology underlying
established genetic variants implicated in cognitive ability. Then Chapter 2.3 provides
insights into complex DNA methylation signatures in relation to cognitive function.
Finally, Chapter 2.4 and Chapter 2.5 apply candidate gene approach to study effect
of rare variants mapped to a dystrophin gene on cognitive ability in general population
and to determine whether the location of mutations in dystrophin gene and its impact
on specific dystrophin isoforms has an effect on cognitive ability.
Chapter 3 addresses determinants of neurovascular pathology. In Chapter 3.1, contribution of rare genetic variants underlying carotid intima-media thickness is studied.
Carotid intima-media thickness is a marker of subclinical atherosclerosis that predicts future cardiovascular events. Chapter 3.2 addresses associations of metabolites measured
by state-of-the-art metabolomics and carotid artery calcification, whereas Chapter 3.3
focusses on metabolomic determinants of stroke in large prospective population-based
studies including participants of European ancestry. Chapter 3.4 provides insights into
the relationship between gut microbiota and circulating metabolites.
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Chapter 4 focusses on genetic determinants of neurodevelopmental disorders. Chapter
4.1 explores genetic determinants in ASD, whereas the contribution of common genetic
variants in ADHD symptoms is evaluated in Chapter 4.2.
Finally, Chapter 5 summarizes the main findings of this thesis and provides suggestions
for future research. Chapter 5.1 describes major findings and in Chapter 5.2 information derived from the genomic research of cardiovascular disorders is used to develop
translational models aiming at effective prevention programs, earlier diagnosis and
prognosis, and individualized treatments.
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