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Introduction

This thesis aims to further unravel the pathophysiology of migraine and cluster headache. Both
migraine and cluster headache are disabling primary headache disorders characterized by attacks
of severe headache and associated symptoms.! Cluster headache is one of the trigeminal autonomic
cephalalgias.! By definition, primary headache disorders are not the result of any other underlying
disease or process, contrary to secondary headache disorders. Although much progress has been made
with unravelling the disease mechanisms of migraine and cluster headache, their pathophysiology
remains poorly understood.** A major hurdle is that there are no diagnostic biomarkers and the
diagnosis, therefore, is still made using direct interviews and/or questionnaires based on clinical
consensus criteria of the International Classification of Headache disorders ICHD-3 criteria).! A
shortcoming of the current classification criteria is that it does not take the complexity of disease
mechanisms into account. In other words, the ICHD-3 criteria do not fully capture the heterogeneity
of the disease, including the underlying neurobiological and genetic factors.* Understanding the

pathophysiology better will improve diagnosis, prognosis, and generate new treatment options.

Clinical characteristics

Migraine

Migraine is characterized by recurrent episodes of severe often unilateral pulsating headache
accompanied by nausea, vomiting and/or photo- and phonophobia lasting for 4-72 hours.!
Migraine can be subdivided in two main subtypes: migraine without aura and migraine with aura.
For the latter, headaches are preceded by transient neurological symptoms, known as the aura
phase, which typically lasts from 5 until 60 minutes.! Cortical spreading depolarization (CSD) is
the presumed underlying mechanism of the aura in migraine.”® A typical migraine attack consist
of a preictal, ictal (aura and/or headache), and postictal (postdromal) phase.”!® Clinically, a patient
can be described as interictal, when there is no attack or ictal when an aura and/or migrainous
headache is occurring. Migraine is three times more prevalent in women than in men with a
peak prevalence of 25%.'"'2 Migraine is associated with several neuropsychiatric disorders, among
which depression.’ Migraine is considered a multifactorial (complex) genetic disorder, with a
strong familial aggregation.’'® Complex traits are typically brought about by a combination of
multiple genetic variants, each with a small effect size, and behavioural and environmental factors.
Hemiplegic migraine (HM) is a rare subtype of migraine with aura, HM is characterized by

attacks that are associated with motor weakness that can lead to hemiplegia during the aura phase.!

Cluster headache
Cluster headache is a primary headache disorder characterized by excruciating unilateral headache

or facial pain accompanied by ipsilateral facial autonomic symptoms and/or restlessness.” Attacks
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may last for 15-180 minutes and can occur from once a day up to 8 times or more a day.! Cluster
headache attacks commonly follow a circadian rhythm with attacks frequently occurring at night
and according to a seasonal pattern. The majority of patients have episodic cluster headache,
characterized by periods of cluster headache of weeks to months, alternating with attack-free
periods of atleast 3 months. A small proportion (10-15%) of patients have chronic cluster headache
where the cluster periods do not remit for more than three months for at least one year. Cluster
headache has a prevalence of around 0.12% and occurs more often in men than women, with a
male-to-female ratio of 2:1."% ' Of note, smoking and psychiatric co-morbidities are prevalent
among cluster headache patients.”” The pathophysiology of cluster headache is poorly understood
with current evidence pointing at hypothalamic involvement.* Genetic predisposition seems to

play an important role as illustrated by twin and family studies but no genetic factors have been

identfied.”

Pathophysiology

Migraine

Different disease mechanisms are considered to be involved in migraine pathophysiology, such
as neurological, cerebrovascular, and neuroinflammatory mechanisms. The aura phase is most
likely caused by CSD, a wave of neuronal and glial depolarization, that is an initial hyperactivity
is followed by a prolonged inactivity, resulting in a wave that propagates slowly across the
cerebral cortex.?”? The depolarization wave classically begins in the occipital (visual) cortex and
correlates with a variety of positive aura patterns, as reported by patients.** Mechanisms of
CSD are heavily investigated in animals using various stimuli, such as topical application of KCI,
injection of current, or an optogenetic stimulus, and it was shown that CSD can activate headache
mechanisms.” However, there is only limited (neuroimaging) data that can be taken as proof of
a spreading depolarization event that qualifies as an aura in humans.”” Also whether the CSD is

causally associated with the initiation of the headache phase in patients remains an enigma.®

It is generally accepted that the headache phase involves the activation and sensitization of the
trigeminovascular system.” The trigeminovascular system consists of nociceptive trigeminal
afferents from the trigeminal ganglion that surround cranial blood vessels and dura mater projected
from the trigeminal cervical complex in the brainstem, which includes the trigeminal nucleus
caudalis and the dorsal horns of cervical spinal nerves C1 and C2.*° Following stimulation, the
trigeminal afferents transfer nociceptive signals through the trigeminal ganglion to the trigeminal
cervical complex. In the brainstem, the signal is modulated and further conducted to the thalamus
via ascending pain pathways and reaches the cortex.” Upon stimulation, the trigeminal fibres release
proinflammatory neuropeptides (e.g. calcitonin-gene related peptide (CGRP), pituitary adenylate
cyclase-activating peptide (PACAP) substance P and neurokinin A) and other mediators that

cause vasodilation of the dural and pial vessels.” There is ample evidence that vasodilators such as
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prostaglandins may be pivotal in the development of migraine attacks.”3"3? Increased sensitivity of
the trigeminal system is believed to be an important underlying mechanism in migraine pathology.

The mechanisms underlying this hypersensitivity during a migraine attack remain unclear.

Additionally, the hypothalamus is believed to be involved in the prodromes (symptoms that
precede the migraine headache).® Clinically this is evident by increased fatigue, food cravings,
yawning and irritability in the patients. Therefore the phase before the migraine attack can also

give insights into the pathophysiology of migraine.

Cluster headache
Various mechanisms/structures, e.g. the trigeminovascular system and the hypothalamus, are
believed to be involved in cluster headache pathophysiology and it is thought that the interplay

34,35 However, how these structures

of these systems is responsible for the clinical presentation.
interact with each other and the mechanisms on the initiation of an attack remain unclear. Similar
to migraine, also in cluster headache the trigeminovascular system is believed to be involved in
pain processing.*** Different divisions of the trigeminal nerve are primarily responsible for the
innervation of cranial structures. Stimulations of the different divisions produce pain in different
locations, activation of the second-order trigeminocervical neurons at the ophthalmic division is

in line with the clinical presentation of pain in the peri-orbital region.®

'The trigeminal-autonomic reflex is also associated with the physiological and anatomical landmarks
of a cluster headache attack. This reflex is activated upon irritation and produces parasympathetic
symptoms, such as nasal congestion and lacrimation.* The reflex travels from trigeminal nerve
endings to second-order trigeminocervical complex, that projects to the superior salivatory
nucleus located in the pons.*** These projections in turn synapse in the peripheral sphenopalatine
ganglion and postganglionic parasympathetic nerves and then innervate nasal, pharyngeal and
lacrimal glands, inducing autonomic symptoms.* Activation of the trigeminovascular system and

the trigeminal-autonomic reflex leads to release of neuropeptides (e.g. CGRP and PACAP).

In addition, the hypothalamus is believed to be a key player in cluster headache pathophysiology.
'The hypothalamus is involved in the regulation of sleep and circadian rhythms.?” The hypothesis
that the hypothalamus is involved in cluster headache is supported by the clinical feature of a
circadian rhythm in cluster headache and the finding that the hypothalamus shows increased
activation during glyceryl trinitrate (GTN) induced attacks of cluster headache.®

Rationale for biochemical studies

Identifying biochemical markers, biomarkers, can help uncover the metabolic underpinnings of

human disease. Validated biomarkers can improve diagnosis, prognosis and assess the effectivity of
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treatment in patients and lead to novel drug targets, and ultimately novel drugs. This has already
been shown for several diseases other than migraine or cluster headache, for instance cardiac
troponin helps diagnose myocardial infarction and different biomarkers have been developed for
the diagnosis of ovarian cancer.**! A way to investigate whether endogenous signalling molecules
are involved in migraine pathology is by trying to provoke an attack in “a human model”. When an
attack can be provoked with a certain trigger, this suggests the involvement of a related mechanism
underlying the disease. Several chemical molecules have been implicated in migraine, identified
as they can trigger attacks. The triggers are mostly vasoactive substances that are present at or
near the nerve fibres. It has been shown that glyceryl trinitrate (GTN), an nitric oxide (NO)
donor, is able to induce an immediate headache in almost all subjects and a delayed migraine-like
attack in close to 70% of migraineurs but not in controls.*** Other substances, such as calcitonin
gene-related peptide (CGRP), PACAP and prostaglandin E, (PGE)) and I, (PGL) are also able
to trigger migraine-like attacks.** Although attacks of cluster headache have been successfully
triggered with GTN and histamine, it is not common practice to investigate cluster headache
using provocation studies.”® In addition to investigating trigger mechanisms per se, provocation
studies can also be used to study other aspects of migraine, such as consequences of attacks, as
investigating spontaneous attacks is notoriously difficult as they occur unexpectedly. In contrast, in

provocation studies, the set-up can be meticulously controlled.

Another way of investigating relevant substances in disease is by measuring compounds in body
fluids, such as cerebrospinal fluid (CSF), blood and urine, and compare profiles in disease vs.
control samples. The compounds, being proteins (proteomics) or metabolites (metabolomics), are
representative of aspects of the phenotype at the molecular level. For instance, altered blood plasma
levels of serotonin (5-HT) in migraine patients were found in the late eighties.* This finding
contributed to the development of triptans, i.e. 5-HT-1D/1F receptor agonists, which are used for
aborting migraine attacks. Serotonin is an amine, just like other neurotransmitters implicated in
migraine pathophysiology, such as glutamate and gamma-aminobutyric acid (GABA). This led to
amines to be further investigated in the pathogenesis of migraine.’® Recently, a lot of biochemical
research was done on CGRP, which is believed to play an important role in migraine and cluster
headache. As mentioned earlier, infusion of CGRP is able to induce migraine-like attacks in
migraine patients.” In addition, studies show an increase in CGRP levels in blood between cases

and controls outside’'’

or during a migraine attack,”°7¢! although almost as many studies have
not found a difference in CGRP levels in blood outside®® ** %5 or during® ® migraine attacks.
Regardless, newly approved monoclonal antibodies (mAbs) that target CGRP or its receptor have
a beneficial effect on the headache frequency in patients with migraine.®®® In cluster headache,
CGRP also seems to be involved®®* with CGRP plasma levels being higher for cluster headache
patients during an active period compared to those outside, after provocation with sublingual
GTN.” In cluster headache, randomized controlled trials on CGRP antibodies in patients have
been initiated but with unconvincing results sofar.”” However, the reliability of measuring CGRP

is not without controversy.®>7?

GENERAL INTRODUCTION | 11



When identifying biochemical compounds in body fluids either using a targeted approach, which
typically focuses on one or more related selected pathways of interest, or an untargeted approach,
which aims to simultaneously measure a large number of metabolites, can be employed. The latter
method is most commonly used in the field of metabolomics. Metabolomics is defined as the study
of all low molecular weight compounds (<1500 Da) in a sample. Metabolites are the molecular
endpoints of gene expression and cell activity and thereby represent, in a way, “the molecular
phenotype of an organism”. The various types of -omics, i.e. genomics, epigenomics, transcriptomics,
proteomic and metabolomic, relate to each other (Figure 1). Genomics is the study of the genome
at the DNA level, as does epigenomics which investigates modifications of the genome expression.
Transcriptomics investigates genomic expression at the RNA level, whereas proteomics interrogates
proteins. Finally, metabolomics deals with the metabolome, so the complete set of small-molecule
metabolites. Logically, changes in gene expression, enzymes and environmental factors can all
have an effect on the “systems biology” and metabolite concentrations.”® The advantage of the
untargeted/omics approach is that it allows for a rapid, concurrent identification and quantification
of a multitude of metabolites in many samples at once. By measuring multiple metabolites, one
gets a better understanding of the overall metabolomic networks involved. Important aspects and
considerations of this method are the validation of the metabolites measured, validation of the used

platform, as well as standardization of collection and storage methods.””

Sample collection

Although metabolomics is a proven, worthwhile approach for biomarker identification, sample
collection needs to be done very meticulously as metabolically active cells in body fluids may alter
the metabolomic profile ex vivo. It has been shown that inaccuracies in the pre-analytical steps cause
low quality samples and even up to 80% of the laboratory measurement inaccuracies in daily clinical
routine diagnostics.””” In the field of metabolomics, the stability of many metabolites and lipids
is extremely variable, therefore, systematic or pre-analytical accidents and inconsistencies can have
a great effect on compounds with a low stability and lead to high variability in the analytical data.
Therefore, the most critical steps regarding the quality of one’s metabolomics data are related to the
pre-analytical phase. Of note, each step should be well-considered, standardized and controlled to

prevent degradation of sample quality and misinterpretation of findings during the analysis of data.

Important issues to consider in metabolomics research are which biochemical fluid one intends
to collect, whether the materials in the collection process up to sample preparation are suitable
and do not interfere with the measurement method or the low-freezing storage facility.”
Another important step is to consider at what temperatures the body fluid will be kept during
the preparation process, as lower temperatures reduce the activity of cellular metabolism. It is
generally considered that it is important to centrifuge samples as soon as possible, but consistency
in time until centrifugation is even more important.” Therefore, a standardized protocol for the

process of body fluids is essential. Other issues that are more obvious to be kept consistent are,
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centrifugation time and force, and temperature of sample storage. For metabolomics and lipid-
omics, centrifugation (between 2300 and 4000 g for 5-10 min) of whole blood is recommended
and for CSF 2000 g at 4°C to separate erythrocytes, leucocytes and platelets.” For serum samples,
the coagulation process should be standardized (brand of tubes, kind of coagulation enhancer,
clotting time and ambient temperature).” % On the other hand with stable molecules changes
in sample handling do not have to be of large consequences, as has been shown when comparing
different aspects (temperature, centrifugation and anti-enzymatic additives) of sample handling in
amines in CSE.® When samples are kept for long-term storage, a storage temperature of -80°C or
lower is advised.”™ ®* Regarding the patient, aspects of the diet, nutritional state as well as circadian
rhythm can all affect the metabolome.”™ %% Hence, one should try to keep these factors consistent
during sample collection. It is also highly advised to keep track of a person’s medications, smoking
habits, daily intake of tea/coffee, and alcohol consumption.” Despite that these factors are crucial

in the data quality of metabolomics research they are often not described in research papers.

Figure 1 Coupling of the different -omics, i.e. the genome, epigenome, transcriptome, proteome and
metabolome

Genome Epigenome Transcriptome Proteome Metabolome

£

e
1
DNA Gene mRNA Protein Metabolite

Transcription Expression Translation Function
SNP DNA methylation Gene expression Protein expression . §
CNV Histone modification Altemati’:/e <plicin Post-translational Metabolite profile
Mutation Chromatin accessibility plicing modification

: Affinity assays

Genome sequencing g}l‘\l:)r:]n:tti:ylatlon arrays RNA sequencing Mass spectrometry 1H-NMR
DNA microarray Microarray Two-dimensional gel Mass spectrometry

immunoprecipitation iy
electrophoresis

Genomic data can differ at different levels due to, for example, copy number variation (CNV), single nucleotide
polymorphisms (SNPs) and mutations, at the genome level; at the epigenome level DNA methylation, histone
modification and chromatin accessibility; gene expression and splicing at the transcriptome level; protein expression
and post-translational modification at the proteome level; at the metabolome level the metabolic profile. Each
variation in each level can be assessed with different techniques either by a targeted approach or an untargeted

approach. Adapted from Ritchie et al.”’
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Rationale for genetic studies

When identifying genes involved in a disorder, different approaches are used depending on the
disorder’s architecture (i.e. monogenic, oligogenic or polygenic). The more oligogenic a disease is
(i.e. the smaller the number of genes involved, with monogenic being the extreme), the larger the
effect size of the associated gene variant(s) tends to be (Figure 2), in line with epidemiological

data from disorders where rare disorders are monogenic and common disorders polygenic.

Hemiplegic migraine

Most of our knowledge of molecular mechanisms in migraine pathophysiology came from
studying rare hemiplegic migraine (FHHM). The classical linkage method in migraine research was
used to study large families with HM and this revealed a clear Mendelian (monogenic) type of
inheritance. The approach led to the identification of three undisputed HM genes; CACNALIA
(FHM1), ATP1A42 (FHM2), and SCN14 (FHM3).5

Figure 2 Relationship between different types of hereditary (monogenic vs. polygenic) disorders.

- Linkage analysis Contribution

NGS

Genetic

NGS

Low frequency
variants with
intermediate GWAS

effects

Moderate

Effect size

Environmental

Small

Very rare Rare Low frequency -

Illustrating the relation to the allele frequency and the corresponding effect size as well as the contribution of genetic
variants vs. environmental factors. Adapted from Manolio et al.”

In many patients with HM no pathogenic mutation has been detected in the HM genes.”>** In
recent years, whole-exome (next-generation) sequencing (WES) has been used to try and identify
additional causal genes in patients without mutations in the known HM genes, but this has been
proven difficult and no “fourth” gene has been identified thus far.”® A study by Pelzer et al.®® did,
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however, show that patients with a more severe phenotype were more prone to have a causal
mutation in one of the HM genes. Patients with a causal mutation in CACNAIA, ATP1A2, or
SCN1A4 had a lower age-at-onset, more affected family members, and had attacks more frequently.
Moreover, attacks were (i) brought about by mild head trauma, (ii) typically with extensive motor
weakness, and (iii) with brainstem features, confusion, and brain oedema. Noteworthy, progressive
ataxia and intellectual disability were only found in patients with a causal gene mutation.” As no
mutation was found in “milder” patients, it was proposed that such HM patients may have the
more extreme phenotype in the migraine with aura continuum.’ Illustrative of this is a Finnish
polygenic risk score study that showed that patients with HM, but without a high-penetrant
disease-causing mutation in a known HM gene, carry an excess of genome-wide association
studies (GWAS) variants associated with common migraine compared to patients suffering from

the common migraine subtypes,’

suggesting indeed a spectrum ranging from common low-
risk variants to rare highly-penetrant mutations to contributing to the risk for migraine. Further
support for this hypothesis are loss-of-function mutations in PRR72, which do not cause HM on
their own, but rather function as modifying genetic risk factors.” Illustrating the complex genetic
architecture of HM is a recent whole-genome sequencing (WGS) where patients with HM were
more likely to accumulate frameshift indels in multiple genes that have a role in synaptic signalling

in the central nervous system compared to common migraine patients.’

Genetic studies in common migraine

Various twin and familial studies investigating the genetic and environmental susceptibility in
migraine have shown that migraine is a multifactorial (complex) genetic disorder with a strong
familial aggregation. ! The heritability of migraine was estimated to range from 35% to 60%."
Population-based studies have shown that the relative risk for a first-degree relative of a migraine
patient is increased by 1.5- to 4-fold in comparison to a patient in the general population.* The
risk was highest for those patients with a higher pain score and frequency of attacks, an early age of
disease onset, and a migraine with aura phenotype.**® Studies of twins identified a higher genetic
load in migraine with aura compared with migraine without aura.”® Migraine frequency, being the
number of migraine days per month, appears mainly to be associated with a genetic predisposition
in males.® A stronger family history of migraine is also associated with migraine with aura, a
lower age-at-onset and more medication days.'® For decades, identifying gene variants involved in

complex disorders, such as migraine, has proven challenging.

Genetic studies in cluster headache

Twin and family studies have shown the involvement of genetic factors in cluster headache.?
Notably, first-degree relatives have an increased relative risk between 5- and 18-fold, whereas
second-degree relatives have a risk 1- to 3-fold higher than in the general population.”” Thus far,
most genetic studies have interrogated a limited number of variants in genes linked to presumed

pathways in cluster headache.'®® ! Variants in the HCRTR2 gene were predominantly studied.
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The HCRTR?2 gene encodes the G-protein coupled receptor hypocretin type 2 receptor that binds
neuropeptides hypocretin-1 and -2 in the central nervous system. Such causal role of hypocretins
makes sense as they have been implicated in sleep and arousal as well as pain modulation,'®
and levels were reported to be lower in CSF of patients with cluster headache.'® However,

initially positive genetic findings for HCRTR?2 associations'**1%

were not replicated in better-
powered studies.'®1%” Genes involved in circadian rhythmicity have also been investigated, but no

association could be found.'*

Genome-wide association studies

As a result of the improvement in DNA technology and the advancement of cost-effective
genotyping platforms GWAS has become the method of choice to identify gene variants in
complex traits in an untargeted approach in the last decade. Typically, in GWAS, several millions
of single nucleotide polymorphisms (SNPs) are tested for association with a disorder by assessing
differences in allele frequencies between large numbers of patients and controls. Of note, only

common variants with a low to high minor allele frequency (=0.01) are interrogated.

Since 2010, the International Headache Genetics Consortium (IHGC; www.headachegenetics.
org/) has conducted several migraine GWAS, and with the increasing sample sizes, the number of
associated gene variants steadily expanded. For cluster headache the first GWAS was performed in
a very small, Italian study investigating patients with cluster headache.’” They found a suggestive
association with genetic variants in ADCYAPIR1 and MME,"” but the findings were not be
replicated in a larger Swedish sample.!'* The hope is that larger GWAS will yield variants robustly

associated with cluster headache.

Next-generation sequencing

A large part of the genetic variance and heritability in common diseases cannot be explained
(usually referred to as “missing heritability”) with a GWAS approach alone. One reason is that
rarer variants (MAF<0.01), potentially with higher effect sizes, are not well interrogated by
genotyping arrays typically utilised in the GWAS approach. Such mediate-effect-size variants
can be identified using a next-generation sequencing (NGS) approach, i.e. by the simultaneous
large-scale sequencing of the coding exons (whole-exome sequencing; WES) or the entire genome
(whole-genome sequencing; WGS). In addition, the simultaneous sequencing of RNA transcripts
(“transcriptome”; RNA-seq), either of bulk tissue or of its single nuclei can shed light on molecular

mechanisms.

Only a few NGS studies have been performed in migraine thus far. Until now, WES was typically
applied to cohorts of patients with HIM, testing several hundred cases in an attempt to either
find causal mutations in known HM genes or novel HM genes in patients that are negative for
mutations in CACNAI1A, ATP1A42, and SCN1A. Until now results have not led to additional
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(undisputed) HM genes.?* 111112 This may indicate that HM in mutation-negative patients may
be oligogenic or polygenic, in line with the excess presence of common variants in such patients.”*
For cluster headache no gene sequencing studies have ever been performed which is logical as the

gene array studies for this disease only just started.

An alternative approach to understanding molecular mechanisms involved in the pathophysiology
of headache disorders is to study gene expression profiles. Contrary to genetic variation, gene
expression is not fixed through life and expression is driven by both genetic and environmental
factors.’ Typically, an RNA-seq approach (i.e. simultaneous sequencing of coding (messenger)
and non-coding RNAs in a sample) is for instance used to identify differences in expression
between individuals with and without disease or over the course of an attack. Various RNA-seq
studies have been performed in migraine, but the results are not unambiguous not in the least
because of potential caveats of using peripheral blood, the main source of biomaterial for such
studies in the case of migraine.""* Gene expression studies in cluster headache are scarce. One
study suggested the involvement of several brain-related mechanisms (voltage-gated channels and
GABA receptor function), mitochondria, inflammation and intracellular signalling cascades.!

Another study found an indication for inflammatory activity in the active phase of the disease.!

Further genetic studies

GWASs have proven successful in identifying many dozens of low-effect risk DNA variants for
the more common forms of migraine with the number of associated DNA variants increasing
steadily with larger sample sizes. Currently, next-generation sequencing, utilising whole-exome
and -genome sequencing data, and other -omics data are being used to facilitate their functional
interpretation and the discovery of additional risk factors. Various methods and analysis tools,
such as genetic correlation, polygenic risk scores (PRSs) and causality analysis, are used to further

characterise genetic risk factors.

Downstream bioinformatics methods

One way of making better use of the large number of small effect variants identified in migraine
GWAS to have clinical benefit is the calculation of PRSs. A PRS is the combined effect of many
common risk variants of genetic load for the discovery trait that can be used to estimate risk for
a certain trait/phenotype in individuals in a target sample.!” This is done by testing whether a
higher PRS based on the discovery sample is associated with case status or a specific trait in the
target sample via regression models. A PRS provides a promising possibility to investigate the
shared genetic architecture between migraine with known and hitherto unknown co-morbidities
or traits. The aggregation of migraine in families and the earlier age of onset of migraine can to
some extent be contributed to common polygenic variations, where the PRS explained a larger
part of the phenotype variance in familial cases, especially those with migraine with aura and

hemiplegic migraine compared to population cases.”
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Another way in which GWAS data can be used is by investigating the genetic relationships
between traits, one of these analysis is Mendelian randomisation (MR). MR is able to entangle
the pleiotropy that exists across many traits. In an MR analysis, genetic variants associated with
an exposure are identified and regressed upon an outcome measurement to infer causality (i.e.,
direction) of the association. Given the random assortment of alleles at gametogenesis in early life,
this method is less likely to suffer from issues of confounding and reverse causation than methods
used in conventional observational epidemiological studies.'® For a successful MR analysis, three
assumptions need to be fulfilled.""” (I) Variants used as instrumental variables (IVs) need to be
associated with the exposure. (II) The IVs only affect the outcome through the exposure, not
through any other causal pathway. Factors that may lead to violation of this assumption include
population stratification, LD and horizontal pleiotropy, the latter means that there is an (in)direct
independent association of the IV (or another SNP in LD with the IV) with another trait that
is not in the causal pathway of the investigated relation. (III) The IVs must not be associated
with confounders. In one-directional MR the possible causal relation between trait X on trait Y
is investigated, in bidirectional MR studies the directional effect from trait Y on trait X is also

investigated.

Outline of this thesis

The research conducted for this thesis is divided in two parts. Part 1 of the thesis focuses on
biochemical studies in migraine. Here the biochemistry of migraine is investigated in: (i) a targeted
approach, focusing on one or more related selected pathways of interest or, (i) an untargeted
approach aiming to simultaneously measure as many metabolites as possible from a biological
sample. Part 2 of the thesis focusses on genetical studies in both migraine and cluster headache

using next-generation sequencing data and array genotyping data.

Part I Biochemistry of migraine

In Chapter 2 we investigated whether the overall metabolic profile in blood of patients with
migraine differed from those without migraine. Close to 100 metabolites were measured with
'H-NMR spectroscopy in blood serum of 289 individuals with migraine and 1,360 individuals
without migraine, all derived from a genetic isolate in the South-West of the Netherlands. Chapter
3 describes whether CSF levels of amines, measured using an untargeted approach correlate with
blood plasma levels in healthy volunteers. The study was then extrapolated to migraine patients.
This chapter illustrates to what extent amine levels of CSF and blood relate to each other and
seems to emphasize the role of blood-brain-barrier transport. Chapter 4 investigates whether the
endocannabinoid system is disrupted in interictal patients with migraine. To this end, the levels of
three endocannabinoids in CSF were investigated in interictal (e.g. outside an attack) individuals

with migraine with aura (n = 97) and without aura (n = 97) compared to healthy volunteers (n =
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94). Endocannabinoids were measured using a previously validated micro-liquid chromatography-
tandem mass spectrometry (micro-LC-MS/MS) technique. In Chapter 5 the role of PGE, in the
(early) phase of an induced migraine attack was investigated. To this end, PGE, plasma levels were
measured towards in the (pre)ictal state of a glyceryl trinitrate (GTN) provoked attack in women

with and without migraine.

Part II Genetics of different headache forms

In Chapter 6 a GWAS in cluster headache is described. This study aims to demonstrate whether
there are robust genetic associations for cluster headache. The study investigated 840 Dutch
patients and a replication was performed in 144 Norwegian patients. In Chapter 7 a meta-
analysis of multiple GWAS studies of cluster headache with patients from Norway, Sweden,
UK Germany, Denmark, Greece, Spain, Italy and the Netherlands (in total 4,043 patients) is
conducted to not only confirm previous risk loci but also identify new disease risk loci. Using a
Mendelian randomization approach it is investigated whether the intensity of cigarette smoking
has a causal effect on cluster headache. Chapter 8 describes a meta-analysis of multiple GWAS
studies in migraine (102,084 migraine cases and 771,257 controls). Specific risk loci for migraine
subtypes are investigated in a clinical sample. The aim of Chapter 9 is to investigate whether
there is an increased burden in hemiplegic migraine of missense variants in CACNA1X genes in
patients without a high-penetrant disease-causing mutation in one of the well-known hemiplegic
migraine genes (CACNAI1A, ATP1A42, and SCN14). The study illustrates the genetic complexity
of hemiplegic migraine and the possibility of a spectrum ranging from high-risk rare mutations to

low-risk common variants contributing to the risk for all forms of migraine.

Finally, Chapter 10 provides a general discussion of the thesis together with suggestions for future

research.
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