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Chapter 1

General introduction

Clinical characteristics of migraine

Migraine is a disabling episodic brain disorder characterised by headache attacks associated with
photophobia and phonophobia and/or nausea or vomiting." A typical migraine headache lasts 4-72
hours, is one-sided, of pulsating quality and of moderate to severe intensity. Intensity of the
headache often increases with physical exercise, restricting patients to bed. The majority of migraine
patients experience premonitory symptoms such as fatigue, loss of concentration or mood
disturbances in the 24 hours preceding the attack.” In approximately one-third of patients headaches
are preceded by transient focal neurological symptoms, the so-called auras, such as scotomas and
scintillations, and, less frequently, paraesthesiae or dysphasia. Aura symptoms develop gradually, i.e.
the symptoms become more extensive over several minutes, or different types of auras occur

sequentially.® Each individual aura symptom generally last 5-60 minutes.

Due to the lack of reliable biomarkers that could serve as the gold standard for diagnosing migraine,
the diagnosis is based on clinical criteria from the International Classification of Headache Disorders
(ICHD) of the International Headache Society (IHS) (Table 1).! As many of the criteria for migraine in
the ICHD are optional, different combinations of symptoms can result in a migraine diagnosis. The
presence of aura symptoms defines the two main migraine types: migraine with aura and migraine

without aura.

One of migraine’s most striking features is its high prevalence, especially in women. Studies from
throughout the world consistently report lifetime migraine prevalence to range from 19-34% in

women and from 8-18% in men.*™

Taking all characteristics of migraine into consideration, it comes
as no surprise that migraine ranked at number eight on the most recent list of global leading causes
of years lived with disability.” The burden of migraine clearly needs lifting, but with the available
acute anti-migraine drugs sustained pain free rates are generally below 30%" and with prophylactic
drugs significant (>50%) reduction of attack frequency is on average achieved in less than 50% of
patients.® A good understanding of migraine pathophysiology is needed to identify novel drug

targets. Given the wide variability of clinical phenotypes, one could hypothesise that there are

differences in pathophysiological mechanisms among different migraine subtypes.
Pathophysiology of migraine

Migraine is considered a disease with involvement of both neuronal and vascular mechanisms. A

major leap forward in the understanding of the pathophysiology of migraine with aura was the
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General introduction

Table 1: Criteria for migraine with and without aura according to the International Classification of Headache

disorders, third edition (ICHD-3), beta version.'

ICHD-3 criteria
1.1 Migraine without aura
A. At least five attacks fulfilling criteria B-D
B. Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated)
C. Headache has at least two of the following four characteristics:
1. unilateral location
2. pulsating quality
3. moderate or severe pain intensity
4. aggravation by or causing avoidance of routine physical activity (e.g. walking or climbing stairs)
D. During headache at least one of the following:
1. nausea and/or vomiting
2. photophobia and phonophobia
E. Not better accounted for by another ICHD-3 diagnosis.
1.2 Migraine with aura
A. At least two attacks fulfilling criteria B and C
B. One or more of the following fully reversible aura symptoms:
1. visual
2. sensory
3. speech and/or language
4. motor
5. brainstem
6. retinal
C. At least two of the following four characteristics:
1. at least one aura symptom spreads gradually over 25 minutes, and/or two or more symptoms occur in
succession:
2. each individual aura symptom lasts 5-60 minutes1
3. at least one aura symptom is unilateral
4. the aura is accompanied, or followed within 60 minutes, by headache
D. Not better accounted for by another ICHD-3 diagnosis, and transient ischaemic attack has been
excluded.

discovery of the phenomenon Cortical Spreading Depolarisation (CSD), a wave of neuronal and glial
depolarisation that slowly propagates across the cerebral cortex at 3-5 mm per minute and is

1316 The initial excitatory phase (the wave

followed by a prolonged phase of nerve cell depression.
front) is thought to be linked to positive aura symptoms (e.g. scintillations, feelings of pins and
needles), the inhibitory phase (the depression) can be associated with negative aura symptoms (e.g.
scotomas, numbness). A strong indication that CSD can occur in humans was provided by a functional
MRI study measuring blood flow changes in the visual cortex."” Another imaging study in migraine
suggested that a short phase of increased blood flow is followed by a period of decreased blood flow,
which could be associated with the phases of depolarisation and depression of CSD*®, but this was

1921 Nonetheless, it is widely assumed that vascular mechanisms, linked

not shown in other studies.
to CSD, are involved in migraine with aura.”? Data from experimental animals suggest that CSD is
involved in the activation and sensitization of the trigeminovascular system, which consists of

connections of meningeal vessels and brainstem centres®, that involves release of (vasoactive)

11
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Chapter 1

neuropeptides, such as calcitonin gene-related peptide (CGRP) and eventually causes pain. As CSD is
closely linked to the migraine aura, it remains unclear whether CSD could also be involved in
migraine without aura, and if so, how the aura would remain ‘silent’ in these patients.”**
Alternatively, in migraine without aura other mechanisms are involved in activating the

trigeminovascular system and causing the headaches.

Indications that vascular mechanisms may play a role in migraine not only arise from their
involvement in activating the trigeminovascular system, but also from investigating comorbid
diseases of migraine involving vascular dysfunction.?* Most notable is the increased risk for ischemic
stroke, which is most apparent in patients with migraine with aura.”® More controversial is the
association of migraine with haemorrhagic stroke, but some evidence for an increased risk in
migraine patients was found.?® Apart from these comorbidities, evidence for cerebral vascular
pathology was found in migraine patients without a clear history of cerebrovascular events, which
revealed an increased prevalence of white matter lesions and infarcts in the posterior circulation.”’
These lesions were clinically silent, and although progression was observed, this appeared to occur
independently of migraine attack frequency.?® Altogether it remains largely unclear how the
increased prevalence of cerebrovascular pathology in migraine occurs. There may be a direct relation
between cerebral hypoperfusion during CSD and vascular damage afterwards.”’ On the other hand,
an increased tendency towards cervical artery dissections was found in migraine patients who
suffered from an ischemic stroke, suggesting more widespread, extracerebral disruption of vascular

230 Basides a direct causal relationship, common underlying genetic or environmental risk

integrity.
factors and thus common pathophysiological mechanisms form a plausible explanation for the
observed comorbidity. One possible common mechanism is endothelial dysfunction, which has been
suggested to occur in migraine patients.> For example, markers of endothelial activation were found
to be increased in premenopausal women with migraine,** and biomarkers of hypercoagulability and

inflammation have been associated with migraine in a population-based study.*

Circulating
endothelial progenitor cells (EPC) are suggested to provide valuable information about endothelial
regeneration capacity.>* Although the cultured EPC type that probably best reflects ‘real’ EPCs has
not been investigated in migraine, circulating numbers and function of an ‘EPC-like cell type’ have
been proposed to be reduced in migraine, suggesting that migraine patients may exhibit

338 |n addition, levels of endothelial microparticles were

dysfunctional endothelial regeneration.
shown to be elevated in migraine with aura patients, suggesting increased endothelial activation.?”
Evidence of systemic endothelial dysfunction could not always be demonstrated, which implies that

38,39

endothelial dysfunction in migraine may be limited to the cerebral circulation. As is illustrated by

the mentioned studies on endothelial function, many different methods can be applied when trying

12



General introduction

to identify novel pathophysiological mechanisms.?>3*%>°

Aside from biochemical research,
functional biometrics or imaging techniques, an important contribution to pathophysiological
research can be provided by genetic research, which has been an especially important field in

migraine research.

Genetics of migraine

Migraine with aura and migraine without aura both have a strong genetic component.*®** Family
studies consistently revealed an increased familial risk of migraine, which seemed more pronounced
for migraine with aura.”’ From these studies it became apparent that inheritance of migraine
generally does not follow autosomal dominant patterns, but rather involves complex genetic
mechanisms.* In complex diseases, (multiple) genetic factors confer susceptibility to the disease, but
are by themselves of small effect size and not sufficient to cause the disease. Environmental factors
also play a role in the development of migraine. Nonetheless, identifying genetic factors involved can
provide important clues about disease pathophysiology. A challenge for all genetic studies of the
common forms of migraine (i.e. migraine with aura and migraine without aura) is the considerable
clinical heterogeneity, which can be tackled by either studying large numbers of patients or by
restricting the phenotypic spectrum that is studied. In migraine genetics, both approaches have been

applied successfully.***

Complex genetics of common migraine subtypes

Because migraine is a very common disease, it is expected that the genetic factors involved in
migraine are also quite common. In the past, researchers attempted to identify genes involved in the
common forms of migraine using case-control studies.*® Genes were selected based on knowledge of
pathways (mostly serotonin and dopamine pathways) that were presumed to be important in
migraine pathophysiology. These candidate gene association studies in migraine for the most part
were quite small and investigated only one, or at best a few, genetic variants per gene. The statistical
power of these studies was, therefore, limited, and even if associations were found, these were

rarely replicated in independent cohorts.

In the last five years, another approach, namely genome-wide association (GWA) studies, has turned
out to be successful in identifying common genetic variants for complex diseases. In GWA studies, a
large number of single nucleotide polymorphisms (SNPs) (hundreds of thousands of variants) is
genotyped in a large number of patients and controls (thousands per group), and the prevalence of

each allele of a SNP is compared between both groups. The SNPs of which the allele frequency
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difference reaches the genome-wide significance threshold (p-value <5x10®) are considered to be
associated with the disease.*® A complication in the interpretation of virtually all findings from GWA
studies is that the associated SNPs are not located in coding regions but rather in intergenic and
intronic regions.”” Linking these SNPs to genes is therefore a challenging task. For example, a SNP
may actually be located in a regulatory region of a gene that is much further away than the gene in
closest proximity. More research on how to interpret the results of GWA studies is essential, as the
ability to correctly determine which genes are involved in a disease provides a means to also identify
the correct pathophysiological pathways these genes are involved in.*® GWA studies have led to the

49-52

identification of multiple genetic risk factors for migraine. However, due to the low effect size of

the disease-associated SNPs, they only explain a small percentage (at best 20%) of the total

heritability of migraine.*”

A large portion of the heritability and its associated pathophysiological
pathways thus remain to be discovered, and it is questionable whether simply increasing the size of

GWA studies will solve this issue.

Monogenic models of migraine

Another strategy is to study monogenic forms of migraine, such as hemiplegic migraine (HM), a rare
monogenic subtype of migraine with aura.’ Furthermore, there are monogenic syndromes that are
not primarily migrainous disorders but show association with migraine in different ways (Figure 1).
First, several monogenic syndromes are caused by mutations in genes that have been associated
with HM, but these mutations are either of a different type than found in HM or have different
functional consequences. Examples are CACNA1A-associated disorders (Spinocerebellar Ataxia type 6
(SCA6)** and Episodic Ataxia type 2 (EA2)*) and SCN1A-associated epilepsy syndromes (severe
myoclonic epilepsy of infancy (SMEI)*® or generalised epilepsy with febrile seizures (GEFS+)®).
Second, symptoms of some monogenic syndromes can mimic HM, such as the migraine-like
headache and neurological deficits in Mitochondrial myopathy with Encephalopathy, Lactic Acidosis,
and Stroke (MELAS) syndrome®> or the paroxysmal hemiplegia in Alternating Hemiplegia of
Childhood (AHC).*° Studying the overlapping and diverging characteristics of these disorders and HM
can reveal pathophysiological mechanisms that are also relevant to migraine. Finally, migraine can be
part of the clinical spectrum of several monogenic (vascular) syndromes, in which a higher
prevalence of migraine is observed than would be expected based on population risk. These
syndromes include Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL)®, Retinal Vasculopathy with Cerebral Leukoencephalopathy and

62,63

Systemic manifestations (RVCL-S) and small-vessel diseases associated with mutations in

COL4A1.%* Other symptoms of these disorders are primarily vascular, and unravelling

14
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pathophysiological mechanisms of these disorders may reveal vascular mechanisms that also play a
role in migraine. As these syndromes are caused by a single gene mutation, there is a clear biomarker
available to designate a subject as affected. In addition, it is more likely that similar pathogenetic
mechanisms are involved in patients of such a family with a monogenic background than would be
the case in patients with common migraine subtypes with variable complex genetic backgrounds. All
in all, the more homogeneous clinical phenotype and knowledge of the gene that causes the
syndrome may greatly facilitate the identification of pathophysiological mechanisms of the comorbid
condition migraine. Thorough characterisation of the migraine phenotypes in the monogenic
diseases is indispensable to determine which components of migraine are best modelled by each

monogenic disease.
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Figure 1: Monogenic syndromes associated with migraine. Depicted are relations of these monogenic
syndromes with migraine and each other, causative genes (in italics) and the main associated
pathophysiological pathways: Sporadic and Familial Hemiplegic Migraine type 1, 2 and 3 (S/FHM1, 2, 3), and
allelic disorders Spinocerebellar Ataxia Type 6 (SCA6), Episodic Ataxia Type 2 (EA2) and generalised epilepsy
with febrile seizures and severe myoclonic epilepsy of infancy (GEFS+, SMEI) affecting glial and neuronal ion
channels; vascular syndromes Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and
Leukoencephalopathy (CADASIL), Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic
manifestations (RVCL-S), and monogenic syndromes associated with COL4A1 mutations, and migraine-
mimicking disorders Mitochondrial myopathy with Encephalopathy, Lactic Acidosis, and Stroke (MELAS,
associated with mutations in mitochondrial DNA (mtDNA)) and Alternating Hemiplegia of Childhood (AHC).
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Hemiplegic migraine: a neuronal and glial monogenic migraine model
Hemiplegic migraine (HM) is the only monogenic disorder with migraine as its key symptom. HM is
considered as a subtype of migraine with aura in the ICHD (Table 2).* Familial and sporadic types of
HM are recognised, with approximately 200 families and 200 sporadic cases described to date.® In
Familial Hemiplegic Migraine (FHM) there is at least one first- or second-degree family member who
also suffers from HM. In Sporadic Hemiplegic Migraine (SHM), the family history for HM is negative,
but common migraine often occurs in family members.! HM shows an autosomal dominant
inheritance, which means that offspring of an HM patient has a 50 percent chance to also inherit the
genotype. SHM patients have often acquired a mutation de novo and thus a new FHM family may

develop if the mutation carrier has offspring.®®

Clinical characteristics of hemiplegic migraine

A clinical diagnosis of HM is based on the ICHD criteria (Table 2), which makes an interview or
interpretation of a questionnaire by a physician the most important step of the diagnostic process.
Beside common aura symptoms and migraine headaches HM attacks include transient motor
weakness varying from mild paresis to hemiplegia. HM patients have an increased risk for migraine
with aura (55%) and without aura (25%).” Sometimes, patients find it hard to distinguish complaints
of sensory disturbances from those of a mild paresis, because sensory auras may cause the sensation

of being unable to grasp or lift objects and may be interpreted as mild motor auras.

Table 2: Criteria for Hemiplegic migraine according to the International Classification of Headache disorders,

third edition (ICHD-3), beta version."

ICHD-3 criteria

1.2.3 Hemiplegic1 migraine

A. At least two attacks fulfilling criteria B and C

B. Aura consisting of both of the following:
1. fully reversible motor weakness
2. fully reversible visual, sensory and/or speech/language symptoms

C. At least two of the following four characteristics:
1. at least one aura symptom spreads gradually over =5 minutes, and/or two or more symptoms
occur in succession
2. each individual non-motor aura symptom lasts 5-60 minutes, and motor symptoms last <72 hours
3. at least one aura symptom is unilateral®
4. the aura is accompanied, or followed within 60 minutes, by headache

D. Not better accounted for by another ICHD-3 diagnosis, and transient ischaemic attack and stroke have
been excluded.

Apart from the motor weakness, the symptoms and their order of appearance during attacks are very

similar for HM and migraine with aura.®® Other characteristics typical of HM are two or more aura
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symptoms, aura symptoms of longer duration, and brainstem auras (dysarthria, vertigo, tinnitus,

hypacusia, diplopia, ataxia and decreased level of consciousness).”***

Differential diagnosis of hemiplegic migraine

Especially in the acute phase of a first HM attack, a transient ischemic attack (TIA) or stroke is often
part of the differential diagnosis. A discerning factor is that migraine auras often start gradually, in
contrast to the sudden onset of vascular events. When HM attacks always occur on the same side,
underlying pathologies including arteriovenous malformations, arterial dissections and cerebral
vasculitis must be excluded by MR imaging and/or MR angiography. During or shortly after an HM
attack, diffuse (cortical)l oedema of the symptomatic hemisphere is the most prevalent

70-73

observation. A few imaging abnormalities can support the diagnosis of HM in the interictal phase.

In HM patients with progressive cerebellar ataxia and/or dysarthria, cerebellar atrophy has been

d 74,75

describe Other reported persistent imaging abnormalities include diffuse cortical and

71,76,77

subcortical hyperintensities on T2-weighted MRI, signs of ischemic necrosis,”® or cortical

71767779 in previously affected hemispheres.

cerebral atrophy
Epileptic features have been described during an HM attack and HM patients may experience
separate migraine attacks and epileptic seizures. It may be difficult to distinguish migraine auras from
epileptic phenomena, but electroencephalography (EEG) can be helpful 2*®? EEGs during and after
HM attacks have shown diffuse one-sided slow waves (theta- and/or delta-activity) in the
symptomatic hemisphere.® Epileptic features such as spike-and-wave complexes have only been

found in cases with simultaneous HM attacks and epileptic seizures.”*

HM patients may present with confusion, impaired consciousness and fever during an attack,
warranting a lumbar puncture to exclude meningitis or encephalitis. Cerebrospinal fluid can reveal
pleocytosis (up to >300 leukocytes/mL) and elevated protein levels (up to >300 mg/dL) in patients in

: : i . 74,84-87
whom no evidence of a viral or bacterial infection was found.”*3*®

Genetics & pathophysiology of hemiplegic migraine

So far, three genes have been associated with HM (Table 3). FHM1 and SHM1 are caused by
mutations in the CACNA1A gene located on chromosome 19p13, encoding the ion-conducting a;a
subunit of Cay2.1 (P/Q-type) voltage-gated Ca**-channels.”® In response to an action potential,
calcium enters the presynaptic terminal of excitatory neurons via these channels, which triggers

neurotransmitter release (e.g. glutamate in the cortex) into the synaptic cleft. Approximately 25
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CACNAIA missense mutations leading towards a gain-of-function of Cay2.1 Ca**-channels have been
associated with FHM1 and/or SHM1.”* The clinical spectrum of reported FHM1 families includes

chronic progressive cerebellar signs, permanent cognitive deficits and impaired consciousness and

74,81,88

seizures during HM attacks. The p.Ser218Leu CACNAIA mutation is associated with severe

attacks, consisting of cerebral oedema, seizures and coma, which may be fatal,”#8088389.%0

Table 3: Criteria for the subtypes of hemiplegic migraine based on genetic testing and family history, according

to the International Classification of Headache disorders, third edition (ICHD-3).1

ICHD-3 criteria

1.2.3.1 Familial hemiplegic migraine (FHM)

A. Fulfils criteria for 1.2.3 hemiplegic migraine (see Table 2)

B. At least one first- or second-degree relative has had attacks fulfilling criteria for 1.2.3 hemiplegic
migraine.

1.2.3.1.1 Familial hemiplegic migraine 1 (FHM1)
A. Fulfils criteria for 1.2.3.1 familial hemiplegic migraine
B. A causative mutation on the CACNA1A gene has been demonstrated

1.2.3.1.2 Familial hemiplegic migraine 2 (FHM2)
A. Fulfils criteria for 1.2.3.1 familial hemiplegic migraine
B. A causative mutation on the ATP1A2 gene has been demonstrated

1.2.3.1.3 Familial hemiplegic migraine 3 (FHM3)
A. Fulfils criteria for 1.2.3.1 familial hemiplegic migraine
B. A causative mutation on the SCN1A gene has been demonstrated

1.2.3.1.4 Familial hemiplegic migraine (FHM) other loci

A. Fulfils criteria for 1.2.3.1 familial hemiplegic migraine

B. No mutation on the CACNAIA, ATP1A2 or SCN1A gene has been demonstrated
1.2.3.2 Sporadic hemiplegic migraine

A. Fulfils criteria for 1.2.3 hemiplegic migraine

B. No first degree or second degree relative fulfils criteria for 1.2.3 hemiplegic migraine

Cerebellar involvement in FHM1 and SHM1 shows similarities with two other CACNA1A-associated
monogenic syndromes: Episodic Ataxia type 2 (EA2) and Spinocerebellar Ataxia type 6 (SCA6). EA2 is
characterised by attacks of ataxia with severe vertigo, nausea, vomiting and symptoms such as
dysarthria, tinnitus, dystonia, and diplopia. Patients often develop cerebellar atrophy with persistent
cerebellar symptoms.®* Approximately 50% of EA2 patients have migraine headaches and cases with

92,93 . .
”? In EA2, missense mutations and

episodic hemiplegia have been described in a large EA2 family.
deletions leading to frameshifts have been found in CACNA1A.**** While CACNAIA mutations in HM
appear to result in a gain-of-function of Cay2.1 Ca**-channels, mutations in EA2 appear to lead to
their loss-of-function.”® In contrast to the point mutations in FHM1, SHM1 and EA2, SCA6 is
associated with a moderate expansion of a CAG repeat stretch in exon 47 of CACNA1A. Patients carry

54,95

21-28 CAG triplets, compared to 4-16 in healthy individuals. SCA®6 is characterised by a slowly
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progressive cerebellar ataxia, dysarthria and nystagmus. At first, symptoms may be episodic, at which

stage there is marked overlap with EA2.%%%

Migraine does not appear to be particularly prevalent in
SCAG6 patients, but a CACNAIA missense mutation was found in a family including patients with HM

and progressive cerebellar ataxia, but also patients with progressive cerebellar ataxia alone.*

The second HM gene ATP1A2 is located on chromosome 1923 and encodes the a, subunit of a
Na‘/K*-ATPase. This pump creates a steep sodium gradient by exchanging Na* ions for K* ions,
thereby facilitating removal of potassium and glutamate from the synaptic cleft into glial cells.”®
ATP1A2 mutations found in HM are mostly missense mutations and appear to result in a loss-of-

45,99

function of Na*/K'-ATPase function. Additional paroxysmal neurological symptoms described in

FHM2 patients include epilepsy, confusion, impaired consciousness and prolonged hemiplegia, but

45,82,83,100,101

also permanent symptoms such as mental retardation. Progressive cerebellar signs have

rarely been reported in FHM2 patients.'®

Finally, in a few HM families, missense mutations have been detected in the SCN1A gene that is
located on chromosome 2q24 and encodes the al subunit of voltage-gated Na'-channels.'® These
channels are thought to be primarily expressed on inhibitory central neurons and dysfunction of
these channels is thus predicted to lead to neuronal hyperexcitability, which may facilitate HM

103-105

attacks. As mentioned, (other types of) SCN1A mutations are also identified in monogenic

epilepsy syndromes, including Dravet syndrome (also known as severe myoclonic epilepsy of infancy

56,57

(SMEI)) and generalised epilepsy with febrile seizures (GEFS+)). The pathophysiological basis of

mutations in the same gene leading to migraine versus epilepsy still remains incompletely

understood.'%

Importantly, the hypothesised common net result of all HM mutations is an increase in the cerebral
levels of potassium and glutamate in the synaptic cleft, which causes an increased excitability and

may explain the increased susceptibility to CSD.*

When a patient exhibits a typical HM phenotype, it is difficult to predict whether or not the patient
has a mutation in one of the HM genes. Based on clinical symptoms during HM attacks, subtypes of
HM cannot be clearly distinguished, but the presence of additional symptoms (such as chronic
progressive ataxia or epilepsy) may be suggestive of certain genetic subtypes. In large FHM cohorts
CACNA1A mutations were detected in 4-7%"*"'® and ATP1A2 mutations in 7%.'”” Mutation detection

rates in SHM vary even more, with CACNAIA mutations in 1-36%'% 2 and ATP1A2 mutations in 1—

19




Chapter 1

56%."% " In part, these low detection rates are likely caused by confusing migraine with sensory
aura with HM. Detection rates in SHM appeared to be higher in early-onset SHM, which suggests that
an early age at onset may distinguish HM from common types of migraine.™ It appears that not all

individuals who carry an HM mutation develop the HM phenotype.*®19711°

This reduced penetrance
has not yet been reported in FHM3, but this may be due to the low number of FHM3 SCNIA

mutations that have been described so far.*

More HM genes likely remain to be identified, as some HM patients do not have a mutation in any of
the known genes. Negative test results for mutations in CACNA1A, ATP1A2 and SCN1A, therefore, do
not exclude the clinical diagnosis of HM. New techniques such as Next Generation Sequencing (NGS)

may enable the identification of novel HM genes in the near future.****

Treatment of hemiplegic migraine

Because of the rarity of HM, large clinical drug trials have not been performed and treatment largely
follows guidelines for the common forms of migraine. Preference for certain drugs is mostly based on
empirical data and personal experience of the treating neurologist. There are no specific treatments
for patients with specific mutations. Although the auras in HM are often more debilitating than the

headache, most migraine-specific drugs for acute treatment unfortunately only affect headache.

Various trigger factors, such as stress, sleep disturbances, physical exertion, bright lights, drinks and

115

food products have all been reported in HM.”™ However, especially stress, but possibly other trigger

factors as well, are suggested to be part of the premonitory phase of the migraine attack, rather than

116 This does not apply to the triggering of attacks by (minor)

that they represent a true trigger factor.
head trauma, which has been convincingly reported in HM patients and is quite common.® Because
of these reports, HM patients can be advised not to practice contact sports and for example should
avoid heading balls when playing soccer. No evidence-based advice can be given about other lifestyle

or dietary factors.

Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic

manifestations (RVCL-S): a vascular monogenic migraine model

One of the monogenic vascular syndromes that has been associated with migraine is Retinal
Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations (RVCL-S). The
association with migraine was first reported in a family in whom the syndrome was named

hereditary vascular retinopathy (HVR).%? In 2007 it was discovered that a collection of hereditary
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neurovascular syndromes with retinal involvement and other systemic symptoms were caused by
mutations in the TREX1 gene. After this discovery, these syndromes (cerebroretinal vasculopathy
(CRV), hereditary endotheliopathy with retinopathy, nephropathy and stroke (HERNS) and hereditary
vascular retinopathy (HRV)) were designated as Retinal Vasculopathy with Cerebral Leukodystrophy
(RVCL)."™® Heterozygous mutations in TREXI have been detected in sixteen RVCL families from

Europe, North-America, Asia and Australia.t>¢311%7124

After summarizing the clinical symptoms found
in patients worldwide, the syndrome was renamed to RVCL-S.%* All TREX1 mutation carriers appear to
develop RVCL-S symptoms, indicating 100% penetrance.®® The discovery of the genetic cause of
RVCL-S has greatly facilitated the investigation of affected relatives within RVCL-S families, but the
consecutive disease stages of RVCL-S, especially the early stages, have not been clearly delineated.

RVCL-S appears to be extremely rare, but as the genetic cause has been discovered only a few years

ago the condition is likely still underdiagnosed.

Clinical characteristics of RVCL-S

RVCL-S was first identified as a familial vascular retinopathy, comprising a central and peripheral
microangiopathy with cotton wool spots, ischemic areas and eventually occlusion of large retinal
vessels and neovascularisations, leading to haemorrhages and glaucoma. The retinopathy causes

119,120
d.

progressive loss of vision and ultimately blindness when left untreate Further research

revealed that various cerebral and systemic conditions were also associated with RVCL-5.5%%

Especially in a large Dutch RVCL-S family, migraine and Raynaud’s phenomenon — an abnormal
vasomotor reaction in response to cold exposure — were found to be highly prevalent.®> A genetic
association study suggested an increased susceptibility to both Raynaud’s phenomenon and migraine

125

for the RVCL-S haplotype.™ Other studies have not investigated migraine or Raynaud’s phenomenon
in RVCL-S in further detail, but in a large RVCL-S cohort prevalence was 59% (24/41 patients) for

migraine and 40% (24/60 patients) for Raynaud’s phenomenon.®

Focal neurological symptoms and cognitive impairment have been frequently described in RVCL-S

62119121126 A|| abnormalities on brain CT and MRI in RVCL-S patients have so far been

patients.
restricted to white matter. The lesions are non-specific, but remarkable for the patients’ relatively
young age. Two types of lesions have been observed: 1) focal, non-enhancing T2-hyperintense
lesions scattered throughout the periventricular and deep white matter; and 2) hyperintense mass
lesions on T2 and hypointense lesions on T1-weighted images, enhanced with gadolinium contrast,

and often surrounded by extensive oedema, displacing adjacent structures and leading to sulci
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These mass lesions are often referred to as ‘pseudo-tumours’ and have been
reported in 75% of RVCL-S patients, most often in later stages of the disease.®® Restricted diffusion
has occasionally been observed, mainly in the centre of these lesions, but it remains unclear whether
this reflects local ischemic changes or demyelination.®® Besides major symptoms such as hemiplegia
in the case of a large intracerebral mass lesion, it is currently largely unclear to what extent the
intracerebral abnormalities cause which neurological symptoms in RVCL-S. Imaging in (young) TREX1
mutation carriers without overt neurological complaints has not been performed systematically, and
it is unclear whether mild intracerebral lesions may already be present in these individuals.

Although some studies still suggest the existence of systemic and non-systemic variants of RVCL-S,"’
involvement of several internal organs appears to be part of the phenotype in all RVCL-S patients. In

62121127 giam et al.%® found evidence of liver disease, renal

congruence with several previous reports,
disease, hypertension and anaemia (likely resulting from microscopic gastrointestinal bleeding) in the
majority of examined RVCL-S patients. These findings suggest that other syndromes such as
Hereditary Systemic Angiopathy (HSA), which was previously hypothesised to be different from

63128 gystematic and detailed

syndromes incorporated in RVCL-S, may also actually constitute RVCL-S.
measurements are needed to further clarify the occurrence and severity of internal organ

dysfunction in different stages of RVCL-S.

Life expectancy is decreased in RVCL-S patients, with an average age at death of 53 years (range 32—
72 years).®* While internal organ involvement may limit RVCL-S patients’ life expectancy in some
cases, neurological deterioration appears to be the primary cause of this decreased life expectancy,
as in most described cases the cause of death was a pneumonia or sepsis in the setting of general

debilitation.®®

Genetics & pathophysiology of RVCL-S

TREX1 is the most abundant 3’-5’ exonuclease in mammalian cells. Normal TREX1 protein resides in
the cytoplasm in a protein complex attached to the endoplasmic reticulum membrane and likely
translocates across the cell to clear products of DNA repair, replication and retrotranscription.'?***
The TREX1 gene consists of a catalytic domain, involved in enzymatic activity, and a carboxyl terminal
domain, probably influencing the localization of the TREX1 protein.™® All five known TREX1
mutations in RVCL-S are located in the carboxyl terminus of TREX1 and result in frameshifts leading
to truncated TREX1 protein that lacks part of the carboxyl terminus,®® which hampers binding of
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TREX1 to the endoplasmic reticulum.™ While mutant TREX1 retains its exonuclease activity, it is
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thought to lack proper subcellular context and to be located throughout the nucleus and

cytoplasm.™*

TREX1 mutations have not only been found in RVCL-S, but also in Aicardi-Goutiéres Syndrome (AGS),
BL32 ramilial Chilblain Lupus (FCL),***™* and (neuropsychiatric) Systemic Lupus Erythematosus
(SLE)."*>™3% Mutations in FCL and AGS are primarily found in the catalytic domain of TREX1, while
mutations in RVCL-S and SLE are most often found in the carboxyl terminus. In AGS, FCL and SLE
several types of mutations have been reported, including missense and frameshift mutations.™’
Some of these frameshift mutations are located closely to the mutations found in RVCL-S, making

38 The exact functional

frameshift mutations in the carboxyl terminus of TREX1 not unique to RVCL-S.
effects of these different types of mutations on these different locations of TREX1, however, remains

an enigma.

As AGS, FCL and SLE are all associated with a disruption of type | interferon (IFN) metabolism, this has
incited research into the link between TREX1 and (auto)immunity. Deficiency of TREX1 is postulated
to cause accumulation of intracellular nucleic acids, which may initiate an IFN-a-mediated innate

immune response leading to inflammation and autoimmunity.***

A possible example of this
phenomenon is that Trex1 deficient mice were shown to develop inflammatory myocarditis.*** More
importantly, in AGS patients expression of certain interferon-stimulated genes was found to be

d.2*®1*3 | addition, a substantial increase in the release of

elevated in serum and cerebrospinal flui
proinflammatory cytokines (IL-6) and chemokines (CXCL10 and CCL5) was detected.’® These results
provide further confirmation that interferon activity is an important part of the pathophysiology of
this TREX1-related disease. A similar interferon signature was described in a case report of an RVCL-S

1% Another recent study found that the carboxyl

patient, albeit using slightly different methods.
terminus of TREX1 is important in the regulation of oligosaccharyltransferase activity in the
endoplasmic reticulum, and thereby in preventing glycan and glycosylation defects that can lead to

immune disorders.*®

Clinical features of RVCL-S such as the vascular retinopathy, Raynaud’s phenomenon, brain white
matter lesions, kidney and liver dysfunction and migraine point towards systemic involvement of

small vessels and more specifically of the endothelium. Activation of the endothelium results in a

146

proinflammatory, procoagulatory, and proliferative milieu.”™ Both impaired endothelial-dependent

vasodilatation and a mismatch between endothelium-derived vasoconstrictors (primarily endothelin-
1) and vasodilators (primarily nitric oxide and prostacyclin) were demonstrated in Raynaud’s

147

phenomenon.™ Similar mechanisms may be involved in RVCL-S. A recent study demonstrated
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endothelial dysfunction in RVCL-S patients and impaired endothelial independent vasoreactivity of

148 Both disorders seem to have an increased vascular

dermal microvasculature in CADASIL patients.
stiffness. Ultrastructural pathological studies in tissue from RVCL-S patients revealed thicker
endothelial cells with increased vesicles and coarse cytoplasm, and thicker, multi-laminated

63,149

basement membranes of endothelial cells. Another interesting finding in this respect is the

reported increase in circulating levels of Von Willebrand Factor in a patient with Hereditary Systemic

128

Angiopathy, which may in fact be RVCL-S.™ Von Willebrand Factor is stored in Weibel-Palade bodies

in the endothelial cells and is considered one of the best circulating markers of endothelial

32,146,150

dysfunction, and was also found to be elevated in migraine patients. Another circulating

endothelial marker that is of interest for RVCL-S research is angiopoietin-2 (Ang-2), which is also

stored in Weibel-Palade bodies.™*

Ang-2 is released after endothelial activation and causes
destabilised endothelium, vascular leakage and abnormal microvascular remodeling.®>™**® Ang-2 has

not yet been investigated in RVCL-S.

The postulated involvement of endothelial dysfunction may turn out to be an important feature to
propose RVCL-S as a vascular model for migraine and (cerebral) small-vessel diseases that are an

important cause of cognitive impairment in the elderly population.

By unravelling the
hypothesised endothelial dysfunction in RVCL-S new pathophysiological mechanisms of both

migraine and small-vessel disease may be revealed.

Treatment of RVCL-S

A treatment to cure RVCL-S is not available, but some symptomatic treatments can be tried. The
common policy for migraine treatment can be followed, and progression of the retinopathy can be
halted by laser photocoagulation of aberrant retinal vasculature. As the occurrence and severity of
internal organ dysfunction remains to be further specified, it is unclear in what proportion of RVCL-S
patients treatment is needed for these symptoms. In patients with a ‘pseudo-tumour’ physicians are
tempted to try different treatments, as a patient may show sudden and progressive significant
neurological deficits. There is no evidence for an effect of immunosuppressive treatment on the
underlying lesions, although surrounding oedema may decrease. However, it is important to note
that spontaneous regression of the intracerebral lesions has been described to occur over the course

126

of several months.” More knowledge of the pathophysiology of RVCL-S is thus indispensable to be

able to find safe and effective treatments.
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Outline of the thesis

In this thesis the clinical phenotypes and pathophysiology of rare monogenic and common complex
forms of migraine are investigated to ultimately identify novel treatment targets for these disorders.
The studies described can be divided into two main parts. Part | describes studies on hemiplegic
migraine (HM), a neuronal and glial monogenic model of migraine, in which we investigated
treatment options for hemiplegic migraine and aimed to complete the clinical and genetic spectrum
of hemiplegic migraine. Part Il of this thesis describes studies focussing on Retinal Vasculopathy with
Cerebral Leukoencephalopathy and Systemic manifestations (RVCL-S), a vascular monogenic model
of migraine. To identify the consecutive clinical stages of RVCL-S and to identify biomarkers for the
disease, an observational cross-sectional case-control study was performed in the Dutch RVCL-S

families: the RVCL-ID study.

Part I: Hemiplegic Migraine — a neuronal and glial monogenic migraine model

Chapter 2 describes a review of the literature on diagnostic procedures and treatment options for
hemiplegic migraine, aiming to provide a guideline for physicians treating hemiplegic migraine
patients despite the lack of large drug trials. In chapter 3 a hemiplegic migraine family is described in
which efficacy of prophylactic treatment with sodium valproate and lamotrigine was observed. In
chapter 4 we describe the long-term follow-up of a hemiplegic migraine family with a novel ATP1A2
mutation, illustrating the severe end of the phenotypic spectrum of hemiplegic migraine, which is
often not recognised as migrainous in clinical practice. Chapter 5 describes the discovery of novel
SCN1A mutations in two families with pure hemiplegic migraine. SCN1IA mutations are still quite
rarely identified in hemiplegic migraine and the distinction between the pathophysiological
mechanisms behind these mutations and other SCN1A mutations that cause epilepsy syndromes
remains to be elucidated. Chapter 6 contains a critical analysis of the proposed association of the
PRRT2 gene and hemiplegic migraine, which appears to be different from the associations observed
with the well-known hemiplegic migraine genes, CACNA1A, ATP1A2 and SCNIA. In addition, a
previously proposed association of benign familial infantile convulsions and a mutation in the
ATP1A2 gene is questioned. In chapter 7 a clinical comparison of hemiplegic migraine patients with
and without a confirmed mutation in CACNA1A, ATP1A2 or SCN1A is described, investigating whether
there may be a phenotypical spectrum within hemiplegic migraine as it is currently defined in the
International Classification of Headache Disorders. This phenotypic spectrum is suggested to also
harbour different genetic backgrounds and it is proposed that hemiplegic migraine, in part, may also
be caused by complex genetic mechanisms. Finally, a whole exome sequencing study in hemiplegic

migraine is described, in which we aimed to identify novel genes for hemiplegic migraine.

25




Chapter 1

Part II: Retinal Vasculopathy with Cerebral Leukoencephalopathy and Systemic manifestations — a
vascular monogenic migraine model

Chapter 8 describes the identification and detailed description of the comprehensive phenotype of
Dutch RVCL-S patients of different ages, including neurological and internal organ involvement. In
chapter 9 a pathophysiological study on RVCL-S is described, in which samples collected for the RVCL-
ID study were utilised to measure circulating markers of endothelial function, including Von
Willebrand factor and angiopoietin-2. Chapter 10 describes the attempt to investigate the role of
TREX1 mutations in cerebral vascular disorders without clear diagnosis, but with an appearance
similar to Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and

Leukoencephalopathy (CADASIL), a small-vessel disease resembling RVCL-S.
Finally, chapter 11 provides a general discussion of the thesis, reviewing the results and discussing

future possibilities for research of monogenic models of migraine to increase our knowledge of

migraine pathophysiology.

26



General introduction

References

1. The International Classification of Headache
Disorders, 3rd edition (beta version). Cephalalgia
2013;33:629-808.

2. Schoonman GG, Evers DJ, Terwindt GM, van Dijk
JG, Ferrari MD. The prevalence of premonitory
symptoms in migraine: a questionnaire study in
461 patients. Cephalalgia 2006;26:1209-1213.

3. Russell MB, Olesen J. A nosographic analysis of
the migraine aura in a general population. Brain
1996;119:355-361.

4. Rasmussen BK, Jensen R, Schroll M, Olesen J.
Epidemiology of headache in a general population -
a prevalence study. J Clin Epidemiol 1991;44:1147—-
1157.

5. Launer LU, Terwindt GM, Ferrari MD. The
prevalence and characteristics of migraine in a
population-based cohort: the GEM study.
Neurology 1999;53:537-542.

6. Zivadinov R, Willheim K, Jurjevic A, Sepic-
Grahovac D, Bucuk M, Zorzon M. Prevalence of
migraine in Croatia: a population-based survey.
Headache 2001;41:805-812.

7. Celik Y, Ekuklu G, Tokuc B, Utku U. Migraine
prevalence and some related factors in Turkey.
Headache 2005;45:32-36.

8. Russell MB, Kristiansen HA, Saltyte-Benth J,
Kvaerner KJ. A cross-sectional population-based
survey of migraine and headache in 21,177
Norwegians: the Akershus sleep apnea project. J
Headache Pain 2008;9:339-347.

9. Buse DC, Loder EW, Gorman JA, et al. Sex
differences in the prevalence, symptoms, and
associated features of migraine, probable migraine
and other severe headache: results of the
American Migraine Prevalence and Prevention

(AMPP) Study. Headache 2013;53:1278-1299.

10. Frederick 10, Qiu C, Enquobahrie DA, et al.
Lifetime prevalence and correlates of migraine
among women in a pacific northwest pregnancy
cohort study. Headache 2014;54:675-685.

11. Arroyo-Quiroz C, Kurth T, Cantu-Brito C, Lopez-
Ridaura R, Romieu I, Lajous M. Lifetime prevalence
and underdiagnosis of migraine in a population
sample of Mexican women. Cephalalgia
2014;34:1088-1092.

12. Vos T, Flaxman AD, Naghavi M, et al. Years
lived with disability (YLDs) for 1160 sequelae of 289
diseases and injuries 1990-2010: a systematic
analysis for the Global Burden of Disease Study
2010. Lancet 2012;380:2163-2196.

13. Ferrari MD, Roon KI, Lipton RB, Goadsby PJ.
Oral triptans (serotonin 5-HT(1B/1D) agonists) in
acute migraine treatment: a meta-analysis of 53
trials. Lancet 2001;358:1668-1675.

14. Ferrari MD, Klever RR, Terwindt GM, Ayata C,
van den Maagdenberg AM. Migraine
pathophysiology: lessons from mouse models and
human genetics. Lancet Neurol 2015;14:65-80.

15. Ledo AAP. Spreading depression of activity in
the cerebral cortex. J Neurophysiol 1944;7:359—
390.

16. Lauritzen M. Pathophysiology of the migraine
aura. The spreading depression theory. Brain
1994;117:199-210.

17. Hadjikhani N, Sanchez Del Rio M, Wu O, et al.
Mechanisms of migraine aura revealed by
functional MRI in human visual cortex. Proc Natl
Acad Sci USA 2001;98:4687—-4692.

18. Olesen J, Larsen B, Lauritzen M. Focal
hyperemia followed by spreading oligemia and
impaired activation of rCBF in classic migraine. Ann
Neurol 1981;9:344-352.

19. Schoonman GG, van der Grond J, Kortmann C,

van der Geest RJ, Terwindt GM, Ferrari MD.

27




Chapter 1

Migraine headache is not associated with cerebral
or meningeal vasodilatation--a 3T magnetic
resonance angiography study. Brain
2008;131:2192-2200.

20. Asghar MS, Hansen AE, Amin FM, et al.
Evidence for a vascular factor in migraine. Ann
Neurol 2011;69:635-645.

21. Amin FM, Asghar MS, Hougaard A, et al.
Magnetic resonance angiography of intracranial
and extracranial arteries in patients with
spontaneous migraine without aura: a cross-
sectional study. Lancet Neurol 2013;12:454-461.
22. Noseda R, Burstein R. Migraine
pathophysiology: anatomy of the
trigeminovascular  pathway and  associated
neurological  symptoms, cortical spreading
depression, sensitization, and modulation of pain.
Pain 2013;154:544-S53.

23. Goadsby PJ, Lipton RB, Ferrari MD. Migraine--
current understanding and treatment. N Engl J
Med 2002;346:257-270.

24. Guidetti D, Rota E, Morelli N, Immovilli P.
Migraine and stroke: "vascular" comorbidity. Front
Neurol 2014;5:193.

25. Kurth T, Chabriat H, Bousser MG. Migraine and
stroke: a complex association with clinical
implications. Lancet Neurol 2012;11:92-100.

26. Sacco S, Ornello R, Ripa P, Pistoia F, Carolei A.
Migraine and hemorrhagic stroke: a meta-analysis.
Stroke 2013;44:3032-3038.

27. Kruit MC, Launer L, Ferrari MD, van Buchem
MA. Infarcts in the posterior circulation territory in
migraine. The population-based MRI CAMERA
study. Brain 2005;128:2068—-2077.

28. Palm-Meinders IH, Koppen H, Terwindt GM, et
al. Structural brain changes in migraine. JAMA

2012;308:1889-1897.

28

29. Rist PM, Diener HC, Kurth T, Schurks M.
Migraine, migraine aura, and cervical artery
dissection: a systematic review and meta-analysis.
Cephalalgia 2011;31:886-896.

30. Metso TM, Tatlisumak T, Debette S, et al.
Migraine in cervical artery dissection and ischemic
stroke patients. Neurology 2012;78:1221-1228.
31.Tietien GE, Khubchandani J. Vascular
biomarkers in migraine. Cephalalgia 2015;35:95—
117.

32. Tietjen GE, Herial NA, White L, Utley C,
Kosmyna JM, Khuder SA. Migraine and biomarkers
of endothelial activation in young women. Stroke
2009;40:2977-2982.

33. Tietjen GE, Khubchandani J, Herial N, et al.
Migraine and vascular disease biomarkers. A
population-based study. Cephalalgia 2011;31:11-
12.

34, Monge M, Massy ZA, van Zonneveld AJ,
Rabelink TJ. Endothelial progenitor cells: what are
we talking about? Nephrol Ther 2011;7:521-525.
35.Lee ST, Chu K, Jung KH, et al. Decreased
number and function of endothelial progenitor
cells in patients with migraine. Neurology
2008;70:1510-1517.

36. Rodriguez-Osorio X, Sobrino T, Brea D,
Martinez F, Castillo J, Leira R. Endothelial
progenitor cells: A new key for endothelial
dysfunction in migraine. Neurology 2012;79:474—
479.

37. Liman TG, Bachelier-Walenta K, Neeb L, et al.
Circulating endothelial microparticles in female
migraineurs with aura. Cephalalgia 2015;35:88-94.
38.Vanmolkot FH, de Hoon IN. Endothelial
function in migraine: a cross-sectional study. BMC
Neurol 2010;10:119.

39. Rajan R, Khurana D, Lal V. Interictal cerebral

and systemic endothelial dysfunction in patients



General introduction

with migraine: a case-control study. J Neurol
Neurosurg Psychiatry 2015;86:1253-1257.

40. Russell MB, Olesen J. Increased familial risk and
evidence of genetic factor in migraine. BMJ
1995;311:541-544.

41. Russell MB, Iselius L, Olesen J. Migraine
without aura and migraine with aura are inherited
disorders. Cephalalgia 1996;16:305-309.

42. Cologno D, De Pascale A, Manzoni GC. Familial
occurrence of migraine with aura in a population-
based study. Headache 2003;43:231-234.

43. Lemos C, Castro MJ, Barros J, et al. Familial
clustering of migraine: further evidence from a
Portuguese study. Headache 2009;49:404-411.

44, Wessman M, Terwindt GM, Kaunisto MA,
Palotie A, Ophoff RA. Migraine: a complex genetic
disorder. Lancet Neurology 2007;6:521-532.

45, de Vries B, Frants RR, Ferrari MD, van den
Maagdenberg AM. Molecular genetics of migraine.
Hum Genet 2009;126:115-132.

46. Kingsmore SF, Lindquist IE, Mudge J, Gessler
DD, Beavis WD. Genome-wide association studies:
progress and potential for drug discovery and
development. Nat Rev Drug Discov 2008;7:221—
230.

47. Hindorff LA, Sethupathy P, Junkins HA, et al.
Potential etiologic and functional implications of
genome-wide association loci for human diseases
and traits. Proc Natl/ Acad Sci USA 2009;106:9362—
9367.

48. Wang K, Li M, Hakonarson H. Analysing
biological pathways in genome-wide association
studies. Nat Rev Genet 2010;11:843-854.

49. Anttila V, Stefansson H, Kallela M, et al.
Genome-wide association study of migraine
implicates a common susceptibility variant on

8022.1. Nat Genet 2010;42:869-873.

50. Chasman DI, Schurks M, Anttila V, et al.
Genome-wide association study reveals three
susceptibility loci for common migraine in the
general population. Nat Genet 2011;43:695-698.
51. Freilinger T, Anttila V, de Vries B, et al.
Genome-wide association analysis identifies
susceptibility loci for migraine without aura. Nat
Genet 2012;44:777-782.

52. Anttila V, Winsvold BS, Gormley P, et al.
Genome-wide  meta-analysis identifies new
susceptibility loci for migraine. Nat Genet
2013;45:912-917.

53. Manolio TA, Collins FS, Cox NJ, et al. Finding the
missing heritability of complex diseases. Nature
2009;461:747-753.

54. Riess O, Schols L, Bottger H, et al. SCA6 is
caused by moderate CAG expansion in the
alphalA-voltage-dependent calcium channel gene.
Hum Mol Genet 1997;6:1289-1293.

55. Ophoff RA, Terwindt GM, Vergouwe MN, et al.
Familial hemiplegic migraine and episodic ataxia
type-2 are caused by mutations in the Ca® channel
gene CACNL1A4. Cell 1996;87:543-552.

56. Claes L, Del-Favero J, Ceulemans B, Lagae L, van
Broeckhoven C, de Jonghe P. De novo mutations in
the sodium-channel gene SCNIA cause severe
myoclonic epilepsy of infancy. Am J Hum Genet
2001;68:1327-1332.

57. Escayg A, MacDonald BT, Meisler MH, et al.
Mutations of SCN1A, encoding a neuronal sodium
channel, in two families with GEFS+. Nat Genet
2000;24:343-345.

58. Hirano M, Ricci E, Koenigsberger MR, et al.
Melas: an original case and clinical criteria for
diagnosis. Neuromuscul Disord 1992;2:125-135.
59.0hno K, Isotani E, Hirakawa K. MELAS
presenting as migraine complicated by stroke: case

report. Neuroradiology 1997;39:781-784.

29




Chapter 1

60. Swoboda KJ, Kanavakis E, Xaidara A, et al.
Alternating hemiplegia of childhood or familial
hemiplegic migraine? A novel ATP1IA2 mutation.
Ann Neurol 2004;55:884—-887.

61. Chabriat H, Joutel A, Dichgans M, Tournier-
Lasserve E, Bousser MG. Cadasil. Lancet Neurol
2009;8:643-653.

62. Terwindt GM, Haan J, Ophoff RA, et al. Clinical
and genetic analysis of a large Dutch family with
autosomal dominant vascular  retinopathy,
migraine and Raynaud's phenomenon. Brain
1998;121:303-316.

63. Stam AH, Kothari PH, Shaikh A, et al. Retinal
Vasculopathy with Cerebral Leukoencephalopathy
and Systemic Manifestations (RVCL-S). Brain
2016;139:2909-2922.

64. Lanfranconi S, Markus HS. COL4A1 mutations
as a monogenic cause of cerebral small vessel
disease: a systematic review. Stroke 2010;41:e513—
e518.

65. Russell MB, Ducros A. Sporadic and familial
hemiplegic migraine: pathophysiological
mechanisms, clinical characteristics, diagnosis, and
management. Lancet Neurol 2011;10:457-470.

66. Stam AH, Louter MA, Haan J, et al. A long-term
follow-up study of 18 patients with sporadic
hemiplegic migraine. Cephalalgia 2011;31:199-
205.

67. Thomsen LL, Olesen J, Russell MB. Increased
risk of migraine with typical aura in probands with
familial hemiplegic migraine and their relatives. Eur
J Neurol 2003;10:421-427.

68. Eriksen MK, Thomsen LL, Olesen J. Implications
of clinical subtypes of migraine with aura.
Headache 2006;46:286—297.

69. Haan J, Terwindt GM, Ophoff RA, et al. Is
familial hemiplegic migraine a hereditary form of

basilar migraine? Cephalalgia 1995;15:477-481.

30

70. Butteriss DJ, Ramesh V, Birchall D. Serial MRl in
a case of familial hemiplegic migraine.
Neuroradiology 2003;45:300-303.

71. Spacey SD, Vanmolkot KR, Murphy C, van den
Maagdenberg AM, Hsiung RG. Familial hemiplegic
migraine presenting as recurrent encephalopathy
in a Native Indian family. Headache 2005;45:1244—
1249.

72. Ohmura K, Suzuki Y, Saito Y, Wada T, Goto M,
Seto S. Sporadic hemiplegic migraine presenting as
acute encephalopathy. Brain Dev 2012;34:691—
695.

73. Bhatia R, Desai S, Tripathi M, et al. Sporadic
hemiplegic migraine: report of a case with clinical
and radiological features. J Headache Pain
2008;9:385-388.

74. Kors EE, Haan J, Giffin NJ, et al. Expanding the
phenotypic spectrum of the CACNA1A gene T666M
mutation: a description of 5 families with familial
hemiplegic migraine. Arch Neurol 2003;60:684—
688.

75. Vahedi K, Denier C, Ducros A, et al. CACNAIA
gene de novo mutation causing hemiplegic
migraine, coma, and cerebellar atrophy. Neurology
2000;55:1040-1042.

76. Cha YH, Millett D, Kane M, Jen J, Baloh R. Adult-
onset  hemiplegic migraine  with  cortical
enhancement and oedema. Cephalalgia
2007;27:1166-1170.

77. Hayashi R, Tachikawa H, Watanabe R, Honda
M, Katsumata Y. Familial hemiplegic migraine with
irreversible brain  damage. Intern  Med
1998;37:166-168.

78. Curtain RP, Smith RL, Ovcaric M, Griffiths LR.
Minor head trauma-induced sporadic hemiplegic
migraine coma. Pediatr Neurol 2006;34:329-332.
79. Chabriat H, Vahedi K, Clark CA, et al. Decreased

hemispheric water mobility in hemiplegic migraine



General introduction

related to mutation of CACNAIA gene. Neurology
2000;54:510-512.

80. Beauvais K, Cave-Riant F, De Barace C, Tardieu
M, Tournier-Lasserve E, Furby A. New CACNAIA
gene mutation in a case of familial hemiplegic
migraine with status epilepticus. Eur Neurol
2004;52:58-61.

81. Ducros A, Denier C, Joutel A, et al. The clinical
spectrum of familial hemiplegic migraine
associated with mutations in a neuronal calcium
channel. N Engl J Med 2001;345:17-24.

82. Lebas A, Guyant-Marechal L, Hannequin D,
Riant F, Tournier-Lasserve E, Parain D. Severe
attacks of familial hemiplegic migraine, childhood
epilepsy and ATP1A2 mutation. Cephalalgia
2008;28:774-777.

83. Vanmolkot KR, Stroink H, Koenderink JB, et al.
Severe episodic neurological deficits and
permanent mental retardation in a child with a
novel FHM2 ATP1A2 mutation. Ann Neurol
2006;59:310-314.

84. Whitty C.W. Familial hemiplegic migraine. J
Neurol Neurosurg Psychiatry 1953;16:172-177.

85. Schraeder PL, Burns RA. Hemiplegic migraine
associated with an aseptic meningeal reaction.
Arch Neurol 1980;37:377-379.

86. Motta E, Rosciszewska D, Miller K. Hemiplegic
migraine with CSF abnormalities. Headache
1995;35:368-370.

87. Symonds C. Migrainous variants. Trans Med Soc
Lond 1951;67:237-250.

88. Freilinger T, Bohe M, Wegener B, Muller-
Myhsok B, Dichgans M, Knoblauch H. Expansion of
the phenotypic spectrum of the CACNAIA T666M
mutation: a family with familial hemiplegic
migraine type 1, cerebellar atrophy and mental

retardation. Cephalalgia 2008;28:403—-407.

89. Kors EE, Terwindt GM, Vermeulen FL, et al.
Delayed cerebral edema and fatal coma after
minor head trauma: role of the CACNAIA calcium
channel subunit gene and relationship with familial
hemiplegic migraine. Ann Neurol 2001;49:753-760.
90. Mjaset C, Russell MB. Intravenous nimodipine
worsening prolonged attack of familial hemiplegic
migraine. J Headache Pain 2008;9:381-384.

91. Denier C, Ducros A, Vahedi K, et al. High
prevalence of CACNA1A truncations and broader
clinical spectrum in episodic ataxia type 2.
Neurology 1999;52:1816-1821.

92. Jen J, Yue Q, Nelson SF, et al. A novel nonsense
mutation in CACNA1A causes episodic ataxia and
hemiplegia. Neurology 1999;53:34-37.

93. Jen J, Kim GW, Baloh RW. Clinical spectrum of
episodic ataxia type 2. Neurology 2004;62):17-22.
94. Bertholon P, Chabrier S, Riant F, Tournier-
Lasserve E, Peyron R. Episodic ataxia type 2:
unusual aspects in clinical and genetic
presentation. Special emphasis in childhood. J
Neurol Neurosurg Psychiatry 2009;80:1289-1292.
95. Schols L, Kruger R, Amoiridis G, Przuntek H,
Epplen JT, Riess O. Spinocerebellar ataxia type 6:
genotype and phenotype in German kindreds. J
Neurol Neurosurg Psychiatry 1998;64:67-73.

96. Geschwind DH, Perlman S, Figueroa KP, Karrim
J, Baloh RW, Pulst SM. Spinocerebellar ataxia type
6. Frequency of the mutation and genotype-
phenotype correlations. Neurology 1997;49:1247—-
1251.

97. Jodice C, Mantuano E, Veneziano L, et al.
Episodic ataxia type 2 (EA2) and spinocerebellar
ataxia type 6 (SCA6) due to CAG repeat expansion
in the CACNA1A gene on chromosome 19p. Hum
Mol Genet 1997,6:1973-1978.

98. Alonso |, Barros J, Tuna A, et al. Phenotypes of

spinocerebellar ataxia type 6 and familial

31




Chapter 1

hemiplegic migraine caused by a unique CACNA1A
missense mutation in patients from a large family.
Arch Neurol 2003;60:610-614.

99. Tavraz NN, Friedrich T, Durr KL, et al. Diverse
functional consequences of mutations in the
Na’/K'-ATPase alpha2-subunit causing familial
hemiplegic migraine type 2. J Biol Chem 2008
7;283:31097-31106.

100. Riant F, De Fusco M, Aridon P, et al. ATP1A2
mutations in 11 families with familial hemiplegic
migraine. Hum Mutat 2005;26:281.

101. Jurkat-Rott K, Freilinger T, Dreier JP, et al.
Variability of familial hemiplegic migraine with
novel ATP1A2 Na'/K'-ATPase variants. Neurology
2004;62:1857-1861.

102. Spadaro M, Ursu S, Lehmann-Horn F, et al. A
G301R Na'/K'-ATPase mutation causes familial
hemiplegic migraine type 2 with cerebellar signs.
Neurogenetics 2004;5:177-185.

103. Dichgans M, Freilinger T, Eckstein G, et al.
Mutation in the neuronal voltage-gated sodium
channel SCN1A in familial hemiplegic migraine.
Lancet 2005;366:371-377.

104. Ogiwara |, Miyamoto H, Morita N, et al.
Navl.1 localizes to axons of parvalbumin-positive
inhibitory interneurons: a circuit basis for epileptic
seizures in mice carrying an Scnla gene mutation. J
Neurosci 2007;27:5903-5914.

105. Kahlig KM, Rhodes TH, Pusch M, et al.
Divergent sodium channel defects in familial
hemiplegic migraine. Proc Natl Acad Sci USA
2008;105:9799-9804.

106. Escayg A, Goldin AL. Sodium channel SCN1A
and epilepsy: mutations and mechanisms. Epilepsia
2010;51:1650-1658.

107. Thomsen LL, Kirchmann M, Bjornsson A, et al.

The genetic spectrum of a population-based

32

sample of familial hemiplegic migraine. Brain
2007;130:346-356.

108. Stuart S, Roy B, Davies G, Maksemous N,
Smith R, Griffiths LR. Detection of a novel mutation
in the CACNA1A gene. Twin Res Hum Genet
2012;15:120-125.

109. Thomsen LL, Oestergaard E, Bjornsson A, et al.
Screen for CACNA1A and ATP1A2 mutations in
sporadic hemiplegic migraine patients. Cephalalgia
2008;28:914-921.

110. de Vries B, Freilinger T, Vanmolkot KR, et al.
Systematic analysis of three FHM genes in 39
sporadic patients with hemiplegic migraine.
Neurology 2007;69:2170-2176.

111. Riant F, Ducros A, Ploton C, Barbance C,
Depienne C, Tournier-Lasserve E. De novo
mutations in ATP1A2 and CACNA1A are frequent in
early-onset  sporadic  hemiplegic  migraine.
Neurology 2010;75:967-972.

112. Terwindt GM, Kors EE, Haan J, et al. Mutation
analysis of the CACNA1A calcium channel subunit
gene in 27 patients with sporadic hemiplegic
migraine. Arch Neurol 2002;59:1016-1018.

113. Kuhlenbaumer G, Hullmann J, Appenzeller S.
Novel genomic techniques open new avenues in
the analysis of monogenic disorders. Hum Mutat
2011;32:144-151.

114. Eising E, de Vries B, Ferrari MD, Terwindt GM,
van den Maagdenberg AM. Pearls and pitfalls in
genetic  studies of migraine. Cephalalgia
2013;33:614-625.

115. Hansen JM, Hauge AW, Ashina M, Olesen J.
Trigger factors for familial hemiplegic migraine.
Cephalalgia 2011;31:1274-1281.

116. Schoonman GG, Evers DJ, Ballieux BE, et al. Is
stress a  trigger factor for  migraine?

Psychoneuroendocrinology 2007;32:532-538.



General introduction

117. Stam AH, Haan J, van den Maagdenberg AM,
Ferrari MD, Terwindt GM. Migraine and genetic
and  acquired  vasculopathies. Cephalalgia
2009;29:1006-1017.

118. Richards A, van den Maagdenberg AM, Jen JC,
et al. C-terminal truncations in human 3'-5' DNA
exonuclease TREX1 cause autosomal dominant
retinal vasculopathy with cerebral leukodystrophy.
Nat Genet 2007;39:1068-1070.

119. Grand MG, Kaine J, Fulling K, et al.
Cerebroretinal vasculopathy. A new hereditary
syndrome. Ophthalmology 1988;95:649-659.

120. Storimans CW, van Schooneveld MJ,
QOosterhuis JA, Bos PJ. A new autosomal dominant
vascular retinopathy syndrome. Eur J Ophthalmol
1991;1:73-78.

121.Jen J, Cohen AH, Yue Q, et al. Hereditary
endotheliopathy with retinopathy, nephropathy,
and stroke (HERNS). Neurology 1997;49:1322—
1330.

122. Weil S, Reifenberger G, Dudel C, Yousry TA,
Schriever S, Noachtar S.  Cerebroretinal
vasculopathy mimicking a brain tumor: a case of a
rare hereditary syndrome. Neurology
1999;53:629-631.

123. Cohn AC, Kotschet K, Veitch A, Delatycki MB,
McCombe MF. Novel ophthalmological features in
hereditary endotheliopathy with retinopathy,
nephropathy and stroke syndrome. Clin Experiment
Ophthalmol 2005;33:181-183.

124. Richards A, van den Maagdenberg AM, Jen JC,
et al. C-terminal truncations in human 3'-5' DNA
exonuclease TREX1 cause autosomal dominant
retinal vasculopathy with cerebral leukodystrophy.
Nat Genet 2007;39:1068-1070.

125. Hottenga JJ, Vanmolkot KR, Kors EE, et al. The

3p21.1-p21.3 hereditary vascular retinopathy locus

increases the risk for Raynaud's phenomenon and
migraine. Cephalalgia 2005;25:1168-1172.

126. Mateen FJ, Krecke K, Younge BR, et al.
Evolution of a tumor-like lesion in cerebroretinal
vasculopathy and TREX1 mutation. Neurology
2010;75:1211-1213.

127. DiFrancesco JC, Novara F, Zuffardi O, et al.
TREX1 C-terminal frameshift mutations in the
systemic variant of retinal vasculopathy with
cerebral leukodystrophy. Neurol Sci 2015;36:323—
330.

128. Winkler DT, Lyrer P, Probst A, et al. Hereditary
systemic  angiopathy (HSA) with cerebral
calcifications, retinopathy, progressive
nephropathy, and hepatopathy. J Neurol
2008;255:77-88.

129. Chahwan C, Chahwan R. Aicardi-Goutieres
syndrome: from patients to genes and beyond. Clin
Genet 2012;81:413-420.

130. Chowdhury D, Beresford PJ, Zhu P, et al. The
exonuclease TREX1 is in the SET complex and acts
in concert with NM23-H1 to degrade DNA during
granzyme A-mediated cell death. Mol Cell
2006;23:133-142.

131. Rice G, Patrick T, Parmar R, et al. Clinical and
molecular  phenotype of Aicardi-Goutieres
syndrome. Am J Hum Genet 2007;81:713-725.
132.Crow YJ, Hayward BE, Parmar R, et al.
Mutations in the gene encoding the 3'-5' DNA
exonuclease  TREX1 cause Aicardi-Goutieres
syndrome at the AGS1 locus. Nat Genet 2006
Aug;38(8):917-920.

133. Lee-Kirsch MA, Chowdhury D, Harvey S, et al.
A mutation in TREX1 that impairs susceptibility to
granzyme A-mediated cell death underlies familial
chilblain lupus. J Mol Med (Berl) 2007;85:531-537.
134.Rice G, Newman WG, Dean J, et al

Heterozygous mutations in TREX1 cause familial

33




Chapter 1

chilblain lupus and dominant Aicardi-Goutieres
syndrome. Am J Hum Genet 2007;80:811-815.

135. Lee-Kirsch MA, Gong M, Chowdhury D, et al.
Mutations in the gene encoding the 3'-5' DNA
exonuclease TREX1 are associated with systemic
lupus erythematosus. Nat Genet 2007;39:1065—
1067.

136. de Vries B, Steup-Beekman GM, Haan J, et al.
TREX1 gene variant in neuropsychiatric systemic
lupus erythematosus.  Ann Rheum Dis
2010;69:1886—1887.

137. Kavanagh D, Spitzer D, Kothari PH, et al. New
roles for the major human 3'-5' exonuclease TREX1
in human disease. Cell Cycle 2008;7:1718-1725.
138. Rice Gl, Rodero MP, Crow YJ. Human disease
phenotypes associated with mutations in TREX1. J
Clin Immunol 2015;35:235-243.

139. Stetson DB, Ko JS, Heidmann T, Medzhitov R.
Trexl prevents cell-intrinsic  initiation  of
autoimmunity. Cell 2008;134:587-598.

140.Yang YG, Lindahl T, Barnes DE. Trexl
exonuclease degrades ssDNA to prevent chronic
checkpoint activation and autoimmune disease.
Cell 2007;131:873-886.

141. Crow YJ, Rehwinkel J. Aicardi-Goutieres
syndrome and related phenotypes: linking nucleic
acid metabolism with autoimmunity. Hum Mol
Genet 2009;18:R130-136.

142. Morita M, Stamp G, Robins P, et al. Gene-
targeted mice lacking the Trex1 (DNase Ill) 3'-->5'
DNA exonuclease develop inflammatory
myocarditis. Mol Cell Biol 2004;24:6719-6727.

143. Cuadrado E, Michailidou I, van Bodegraven ElJ,
et al. Phenotypic variation in Aicardi-Goutieres
syndrome explained by cell-specific IFN-stimulated
gene response and cytokine release. J Immunol

2015;194:3623-3633.

34

144.Schuh E, Ertl-Wagner B, Lohse P, et al.
Multiple sclerosis-like lesions and type | interferon
signature in a patient with RVCL. Neurol
Neuroimmunol Neuroinflamm 2015;2:e55.

145. Hasan M, Fermaintt CS, Gao N, et al. Cytosolic
Nuclease TREX1 Regulates
Oligosaccharyltransferase Activity Independent of
Nuclease Activity to Suppress Immune Activation.
Immunity 2015;43:463-474.

146. Felmeden DC, Lip GY. Endothelial function and
its assessment. Expert Opin Investig Drugs
2005;14:1319-1336.

147. Herrick AL. Pathogenesis of Raynaud's
phenomenon. Rheumatology (Oxford)
2005;44:587-596.

148. Vermeersch S, Stam AH, Zielman R, et al.
TREX1-mutation associated with endothelial
dysfunction in RVCL patients. Cephalalgia
2011;31:13.

149. Kolar GR, Kothari PH, Khanlou N, Jen JC,
Schmidt RE, Vinters HV. Neuropathology and
genetics of cerebroretinal vasculopathies. Brain
Pathol 2014;24:510-518.

150. Lip GY, Blann A. von Willebrand factor: a
marker of endothelial dysfunction in vascular
disorders? Cardiovasc Res 1997;34:255-265.

151. Fiedler U, Scharpfenecker M, Koidl S, et al.
The Tie-2 ligand angiopoietin-2 is stored in and
rapidly released upon stimulation from endothelial
cell Weibel-Palade bodies. Blood 2004;103:4150—
4156.

152. Maisonpierre PC, Suri C, Jones PF, et al.
Angiopoietin-2, a natural antagonist for Tie2 that
disrupts in vivo angiogenesis. Science 1997;277:55—
60.

153.0h H, Takagi H, Suzuma K, Otani A,
Matsumura M, Honda Y. Hypoxia and vascular

endothelial growth factor selectively up-regulate



General introduction

angiopoietin-2 in bovine microvascular endothelial
cells. J Biol Chem 1999;274:15732-15739.

154. Fiedler U, Reiss Y, Scharpfenecker M, et al.
Angiopoietin-2 sensitizes endothelial cells to TNF-
alpha and has a crucial role in the induction of
inflammation. Nat Med 2006;12:235-239.

155. Roviezzo F, Tsigkos S, Kotanidou A, et al.
Angiopoietin-2 causes inflammation in vivo by
promoting vascular leakage. J Pharmacol Exp Ther

2005;314:738-744.

156. Scharpfenecker M, Fiedler U, Reiss Y, Augustin
HG. The Tie-2 ligand angiopoietin-2 destabilizes
quiescent endothelium through an internal
autocrine  loop  mechanism. J Cell Sci
2005;118:771-780.

157. Pantoni L. Cerebral small vessel disease: from
pathogenesis and clinical characteristics to
therapeutic challenges. Lancet Neurol 2010;9:689—
701.

35




