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Abstract 
 

Common migraine, i.e. migraine with (MA) or without aura (MO), is a chronic neurological 

disorder affecting about 10% of the Caucasian population. In MA, migraine headache is 

preceded by visual, sensoric and/or dysphasic reversible aura symptoms. Twin and family 

studies have suggested a multifactorial mode of inheritance for common migraine, and a 

stronger genetic component for MA than for MO. Since there is no biological or genetic 

marker to identify common migraine, aura symptoms provide a distinctive character to 

identify those suspected of suffering from migraine. The aim of this study was to identify MA 

susceptibility loci in well-phenotyped migraine samples with familial predisposition using 

different gene mapping methods. 

 

Genes coding for endothelin1 and its receptors EDNRA and ENDRB are potential candidate 

genes for cortical spreading depression (CSD), which is considered to be the underlying 

mechanism of migraine aura. The role of these genes in MA was studied in 850 Finnish 

migraine cases and 890 control individuals. Rare homozygous EDNRA SNPs showed nominal 

association with MA and with the age of onset trait (<20 years). This result was also detected 

in the pooled analysis on 648 German MA cases and 651 control individuals when the test was 

adjusted for gender and sample origin. Evaluation of SNP genotyping reactions with two 

different DNA polymerase enzymes ensured that the genotype quality was high, and thus the 

discovered associations are considered reliable. The role of the 19p13 region was studied in a 

linkage analysis of 72 Finnish MA families. This region contains two migraine-associated 

genes: CACNA1A, which is associated with a predisposition to a rare Mendelian form of MA, 

familial hemiplegic migraine (FHM), and the insulin receptor gene (INSR) that is associated 

with common migraine. No evidence of linkage between the 19p13 and MA was detected. 

 

A novel visual aura locus was mapped to chromosome 9q21−q22 with significant evidence of 

linkage using a genome-wide linkage approach in 36 Finnish MA families. Five additional, 

potential loci were also detected. The 9q21−q22 region has previously been linked to 

occipitotemporal lobe epilepsy and MA, both of which involve prominent visual symptoms. 

Our result further supports a shared background for these episodic disorders.  
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1 Introduction 
 

Many chronic diseases with adult onset, such as vascular diseases, obesity, depression and 

migraine reduce the welfare of diseased individuals and increase the burden on the health care 

system. Often these diseases show familial aggregation but no single gene is liable for the 

disease onset. Environmental factors can promote or prevent both the onset of disease and 

clinical symptoms. When an individual’s susceptibility to disease cumulates from both 

inherited variations and environmental factors, the disease is said to be a “complex disease”. 

The spectrum of non-inherited somatic mutations, viral risk factors, diet and their interaction 

with genetic and other environmental factors make gene mapping efforts for complex diseases 

a challenge.  

  

Migraine is a common chronic headache disorder affecting approximately every tenth 

individual in Western countries. Its human and social burden is often underestimated, although 

the World Health Organization (WHO) includes migraine as one of the top 20 diseases 

causing disability (http://www.who.int). The one-year economic burden of migraine is severe, 

being €276 million in Finland and €27 billion in Europe (Sillanpää et al. 2008, Stovner et al. 

2008). The first descriptions of migraine originate from the Middle East 5,000 years ago, but 

the complexity of headache disorders started to be understood in the late 19th century 

(reviewed by Rapoport and Edmeads 2000). The fundamental reason for migraine disorders is 

not known but the adaptation to repetitive environmental stress is reduced in migraine patients 

(Coppola et al. 2007). Therefore, migraine might be the survival mechanism of nervous 

system “to rest and retreat from the external stresses” (Pearce 1986).  

 

So far, genetic studies have not identified susceptibility variants for common forms of 

migraine, i.e. migraine with (MA) and without (MO) aura. In this thesis, the genetic 

susceptibility of MA has been investigated using different gene mapping methods in migraine 

patients with a familial predisposition. Particular attention was paid to the technical 

optimization of the genotyping process. 
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Review of literature 

 

2 Migraine  

2.1 Clinical characteristics of migraine 
 

Migraine is an episodic headache disorder that is usually characterized by unilateral, pulsating 

and numbing pain that is often related to nausea and sensitivity to external stimuli. For 

diagnosing purposes, the International Headache Society (IHS) has introduced descriptions of 

migraine symptoms to ease identification of migraines and exclude the possibility of other 

disorders. The first international classification of headache disorders was introduced by the 

Headache Classification Committee of IHS in 1998. The updated second version was 

published in 2004 (Table 1; Headache Subcommittee of the International Headache Society 

2004), and it has been widely accepted for use in diagnosis and research.  

 

Table 1. Migraine subtypes according to the International Classification committee of 
IHS (Headache Subcommittee of the International Headache Society 2004). 

Subtype Subform Migraine 
1.1  Migraine without aura (MO) 
1.2  Migraine with aura  

 1.2.1 Typical aura with migraine headache (MA) 
 1.2.2 Typical aura with non-migraine headache 
 1.2.3 Typical aura without headache 
 1.2.4 Familial hemiplegic migraine (FHM) 
 1.2.5 Sporadic hemiplegic migraine 
 1.2.6 Basilar-type migraine 

1.3  Childhood periodic syndromes that are commonly precursors of migraine 
 1.3.1 Cyclic vomiting 
 1.3.2 Abdominal migraine 
 1.3.3 Benign paroxysmal vertigo of childhood 

1.4  Retinal migraine 
1.5  Complications of migraine 

 1.5.1 Chronic migraine 
 1.5.2 Status migrainosus 
 1.5.3 Persistent aura without infarction 
 1.5.4 Migrainous infarction 
 1.5.5 Migraine-triggered seizure 

1.6  Probable migraine 
 1.6.1 Probable migraine without aura 
 1.6.2 Probable migraine with aura 
 1.6.5 Probable chronic migraine 

 

A normal migraine attack lasts 4−72 hours, and a patient must have at least five migraine 

attacks with two characteristic symptoms and associated consequences of the headache to have 
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a migraine without aura (MO) diagnosis (Table 2). In about one third of all migraine attacks 

(Russell et al. 1996), migraine headache is preceded by reversible visual, dysphasic or sensory 

symptoms or combination of them that develop in 5−20 minutes and disappear within 60 

minutes. These patients have typical aura with migraine headache (MA). If aura symptoms 

include any motor symptoms, the patient has a familial or sporadic form of hemiplegic 

migraine (Table 1). In some cases aura is followed by headache without migraneous features 

or the headache is absent.   

 

Table 2. Diagnostics criteria for migraine without (MO) and with aura (MA) according to 
the International Classification committee of IHS (Headache Subcommittee of the 
International Headache Society 2004). 
1.1    Migraine without aura (MO) 
 A. At least 5 attacks fulfilling criteria B-C 
 B. Headache attacks lasting 4–72 hours (untreated or unsuccessfully treated) 
 C. Headache has at least two of the following characteristics 
  1. Unilateral location 
  2. Pulsating quality 
  3. Moderate or severe pain intensity 
  4. Aggravation by or causing avoidance of routine physical activity 
 D. During headache at least one of the following: 
  1. Nausea and/or vomiting 
  2. Photophobia and phonophobia 
 E. Not attributed to another disorder 

1.2.1   Typical aura with migraine headache (MA) 

 A. At least 2 attacks fulfilling criteria B-D 
 B. At least  one of the following, but no motor weakness 
  1. Fully reversible visual symptoms including positive features (e.g. flickering lights, spots 

or lines) and/or negative features (e.g. loss of vision)    
  2. Fully reversible sensory symptoms including positive features (e.g. pins and needles) 

and/or negative features (e.g. numbness) 
  3. Fully reversible dysphasic speech disturbance 
 C. At least two of the following 
  1. Homonymous visual symptoms and/or unilateral sensory symptoms 
  2. At least one aura symptom develops gradually over ≥5 minutes and/or different aura 

symptoms occurs in succession over ≥5 minutes 
  3. Each symptoms lasts ≥5 and ≤60 minutes 
 D. Headache fulfilling criteria B-D for 1.1 migraine without aura begins during the aura or follows aura 

within 60 minutes 
 E. Not attributed to another disorder 

 

A migraine attack can be divided into three phases (Figure 1; Headache Subcommittee of the 

International Headache Society 2004, Linde 2006): In the first premonitory phase the 

aggravating factors, such as psychosocial stress and alcohol consumption, decrease the 

threshold for migraine attacks. About 70% of patients experience premonitory symptoms 

hours or days beforehand. These symptoms include hyperactivity, concentration difficulties, 

yawning or craving for some specific food (Giffin et al. 2003). The final triggering factor can 
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be some specific food, irritating environmental disturbance or menstruation. In the headache 

phase about one third of migraine patients experience reversible aura symptoms (Russell et al. 

1996) followed by the migraine headache occurring in both MA and MO attacks. Some 

patients also experience a postdromal phase with cognitive difficulties even though the patient 

is past the headache phase.  

 

 

 
Figure 1. Three phases of migraine attack. The figure modified from Linde (2006).  

 

2.2 Epidemiology 
 

Epidemiological studies examine disease risk factors and differences in disease rates (i.e. 

prevalence) in different populations. Genetic epidemiology determines the genetic component 

of a particular phenotype and its relation to environmental factors (Morton 1982). The effect 

by which genetic variation contributes to a phenotypic variation is defined as heritability. 

Twin studies are often used to estimate heritability by comparing the correlation of a 

phenotype between monozygotic and dizygotic twins (Medlund et al. 1976, Kaprio 2000). If 

the effect of the genetic components is higher than environmental factors in disease 

predisposition, it may facilitate the identification of the genetic variants. 
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2.2.1 Prevalence 
 

Prevalence is the proportion of a population with a disease during a particular period of time, 

typically either one year or life-time. The prevalence studies on the Danish and Dutch 

populations have shown a one-year risk of 10–16% and a life-time risk of 16–23% for 

migraine (Rasmussen et al. 1991, Launer et al. 1999). Similar figures were summarized in the 

comprehensive evaluation of headache prevalence in different populations based on the 

WHO's project “The Global Campaign to Reduce the Burden of Headache Worldwide” 

(Stovner et al. 2007). According to this study, the global current prevalence of the IHS-based 

migraine is >10% in the adult population when the life-time risk for migraine is about 14%. 

About two thirds of migraine patients are females in all populations, but before puberty 

migraine is slightly more common in boys than girls (Abu-Arefeh and Russell 1994). The 

urban life-style seems to correlate positively with a life-time prevalence of migraine. In 

Europe the prevalence of migraine is three times higher than in Africa (15% vs. 5%; Stovner et 

al. 2007). In Finland the number of migraine patients is estimated to be 440,000 corresponding 

to a population prevalence of 8% (Sillanpää et al. 2008).  In contrast to common migraine, 

sporadic and familial hemiplegic migraine consist of only a fraction of migraine prevalence; 

according to a Danish study the prevalence of hemiplegic migraine is only 0.01% (Lykke 

Thomsen et al. 2002). 

 

The two main types of migraine, MA and MO, can co-occur but typically the prevalence of 

MA or MO is evaluated separately. The life-time prevalence of MA does not differentiate 

largely by gender being 8% for women and 7% for men (Russell et al. 2002). For MO the 

male prevalence (7%) is the same as for MA, but in females the prevalence is 19%. When the 

co-occurrence of MO and MA was evaluated in the clinical sample, 40% of patients were 

found to have both forms of attacks (Kallela et al. 2001). However, in the population-based 

twin sample only 6% of males and 7% of females with migraine suffered from both attacks 

(Ulrich et al. 1999). The difference probably originates from a selection bias; those in the 

clinical sample were likely more severely affected than those in the population-based twin 

study (Rasmussen and Stewart 2000).  
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2.2.2 Genetic factors 
 

A positive family history of migraine has been reported in 37–91% of probands with migraine 

(Russell 1997). The epidemiological studies on twins showed two-time higher concordance 

rates for monozygotic (32–48%) than dizygotic (12–31%) twins suggesting genetic 

components in migraine susceptibility (Mulder et al. 2003). The genetic component accounts 

for about half (34–60%) of migraine susceptibility (Honkasalo et al. 1995, Larsson et al. 1995, 

Mulder et al. 2003), but population-specific variation exists. In MO the additive genetic effect 

is estimated to be 61% and for MA 65% (Gervil et al. 1999, Ulrich et al. 1999b).  

 

Segregation studies on families have suggested multifactorial inheritance of both MA and MO 

(Russell et al. 1995), but a monogenic pattern of inheritance may be possible in some families 

due to a high prevalence of migraine in each generation (Russell 1997). Also, the high number 

of migraine-affected offspring of migraneous females has suggested a possibility of 

mitochondrial inheritance. The risk study on families has shown that the first degree relatives 

of a patient with MO have almost twice the risk of MO and 1.4-times risk for MA (Russell and 

Olesen 1995). However, the risk for MA has been estimated to be four times higher in the 

first-degree relatives of a MA patient than in the general population, but no increased risk for 

MO has been detected. Therefore, the migraine family risk calculations suggest that MA and 

MO are distinct conditions.  However, in some studies no association between the migraine 

type (i.e. MA and MO) of a proband and type of migraine in relatives was found (Stewart et 

al. 1997, Nyholt et al. 2004). 

 

2.2.3 Environmental factors 
 

Since migraine is a complex disease, environmental factors have an important role in migraine 

aetiology. The most common triggering factors in migraine are occasional psychosocial, 

dietary, physical, environmental and hormonal factors (Scharff et al. 1995, Wöber et al. 2006), 

which partially explain the episodic nature of migraine. Also social factors including low 

education and economical status increase the incidence of migraine (Stewart et al. 1992, 

Lyngberg et al. 2005), but in adolescents with a family history of migraine the economical 

background did not seem to play role in migraine susceptibility (Bigal et al. 2007). A Swedish 
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study on twins showed that twins reared apart before age of three were more similar for 

migraine than those separated in later age (Svensson et al. 2003). Despite the low number of 

twins they suggested that environmental, not genetic, factors modify the difference between 

family members.  

 

Between MA and MO the environmental factors seem to differentiate: A spouse of a MO 

patient has a significantly increased risk for MO but not for MA, but the spouse risk was 

missing in MA indicating higher environmental risk in MO than in MA (Russell and Olesen 

1995). This was also shown in the Danish study that pointed no difference in living conditions 

or life style between discordant MA twins (Ulrich et al. 2000). Furthermore, menstrual 

migraine is related to MO but not to MA suggesting a greater hormonal background for MO 

than MA (Headache Subcommittee of the International Headache Society 2004). 

 

2.3. Pathophysiology of migraine  
 

Traditionally migraine was regarded as a cascade of vasoconstriction followed by 

vasodilatation (Wolff 1953). Currently migraine is considered to be a neuronal disorder having 

its origin in the central nervous system. Modern imaging techniques have emphasized the 

primary role of neurons in migraine (Pietrobon and Striessing 2003, Rogawski 2008). 

Although the role of neurons in migraine is not completely understood, the current knowledge 

suggests a central role of cortical spreading depression, a state of cortical neurons, in migraine 

pathophysiology. It is thought to cause the aura phase and eventually trigger migraine 

headache through the activation of trigeminovascular fibers.  

2.3.1 Attack onset 
 

Individuals suffering from migraine are most of the time symptom-free. They experience only 

episodic attacks. Psychosocial or environmental factors predispose to migraine along with 

genetic factors, but the pathophysiological mechanisms that trigger the attack are unknown. 

The primary defect could be the imbalance in brainstem nuclei which regulate pain and 

vascular system (Weiller et al. 1995). Along with a sensitive brainstem, the cortex of 

migraneours is different compared to controls. Individuals with migraine suffer from reduced 

habituation to external stimuli, and thus migraine can also be considered a reflection of a 

dysfunction of cortical information processing due to abnormal cortical excitability (Chronicle 
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and Mullerners 1996, McColl and Wilkinson 2000, Giffin and Kaube 2002). The basic reason 

for this is unknown but it may originate from an abnormal release of neurotransmitters or 

imbalance of ion channel functions (Pietrobon and Striessing 2003).  

2.3.2 Migraine aura  
 

Migraine aura is probably the best characterized phase of a migraine attack. Most typically 

(>92%) aura is visual (Russell and Olesen 1996, Eriksen et al. 2004, Kelman 2004). The aura 

can also be a speech symptom (30–38%) or a sensory (33–44%) disturbance, and very rarely a 

motor paralysis in hemiplegic migraine. Visual aura typically starts with flickering zigzag 

lines that are followed by defects in visual fields (i.e. scotomas or heminanopia; Russell and 

Olesen 1996). The gradual spreading of visual symptoms and complete reversibility within 5–

60 minutes suggests the episodic involvement of the central nervous system, especially the 

visual cortex, in the pathophysiology of migraine aura.  

 

In 1944, a Brazilian scientist A. Leão described a neurophysiological phenomenon, cortical 

spreading depression (CSD), in a rodent brain (Leão 1944). CSD was later suggested to be a 

correlate of visual migraine aura (Bowyer et al. 2001). CSD is a slow propagating wave (2–6 

mm/min) of neuronal and glial depolarization that has also been recorded in the cortex, 

hippocampus, striatum and cerebellum (Davies et al. 1995, Moskowitz 2008). CSD induces 

changes in K+, Na+ and Ca2+ ions, nitric oxide, arachidonic acid and prostaglandin 

concentrations (Wei et al. 1992, Strassman et al. 1996). These changes may theoretically 

sensitize trigeminovascular afferents to generate migraine pain, and thus form a link between 

the aura and headache phases of migraine. 

2.3.2.1 Cortical spreading depression in migraine aura 

 

The triggering mechanisms for spontaneous CSD are unknown, but brain injury in human, 

potassium, pin brick, glutamate or electrical stimuli in rodents can trigger it (reviewed by 

Sanchez-del-Rio and Reuter 2004). Among the various substances that have been shown to 

trigger CSD, endothelin1 (EDN1) is especially interesting since, as a potent vasoconstrictor, it 

has been shown to induce CSD in rats (Dreier et al. 2002, Kleeberg et al. 2004). Furthermore, 

elevated plasma EDN1 levels have been measured in migraine attacks (Färkkilä et al. 1992, 

Gallai et al. 1994, Kallela et al. 1998, Hasselblatt et al. 1999), but contradictory result has also 

been presented (Nattero et al. 1996).  
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Modern neuroimaging techniques have contributed substantially to a better understanding of 

the vascular and neuronal changes that occur during the aura. In the scintillating scotoma type 

of aura, a regional increase in cerebral blood flow (CBF) has been recorded during 

scintillations that is followed by long lasting regional hypoperfusion during scotoma in the 

occipital lobe (Welch et al. 1998, Hadjikhani et al. 2001). A similar cascade is considered to 

happen in CSD in which activation is followed by depression. This may explain why typical 

(positive) visual aura symptoms like, scintillations, during migraine aura are followed by 

defects in visual field (e.g. scotomas; Smith et al. 2006, personnal communication by doc. 

Mikko Kallela). Similarly, sensory aura is considered a positive symptom while both motor 

and dysphasic auras have been considered as negative symptoms.  

 

A recent study in mice describes the increase in CBF on a molecular level. CSD causes an 

increase in the concentration of extracellular potassium. In order to compensate the ionic 

imbalance, neurons adjacent to the vessels consume free O2 at the expense of more distant 

tissues, thereby producing anoxic depolarization (Takano et al. 2007). In other words, 

excitable neurons cause the oxygen deprivation of more distant neurons. However, a study by 

Brennan and colleagues (2007) showed that vascular changes can precede CSD. This may 

suggest that vascular changes are not only a passive response to metabolic demands. These 

studies do not explain the triggering factors for CSD, however, they do give an intriguing 

insight into the propagation of CSD.  

 

Auras with motor or sensory symptoms have been suggested to originate from events similar 

to those in CSD (Pietrobon and Striessing 2003), because the spreading of these symptoms 

occurs at a similar rate as visual aura. Most migraine attacks are without aura and thus the 

spreading depression has been proposed to occur on clinically silent areas of cerebral cortex 

(Goadsby 2001). For example, hippocampal spreading depression could be clinically silent 

and has been reported to activate the trigeminal fibers that may further trigger the migraine 

headache (Kunkler and Kraig 2003). However, a role of the visual cortex in MO is unlikely 

since the visual cortex of MO patients is similar to healthy individuals, whereas MA patients 

lack the inhibitory activity of visual cortex. This may suggest a greater cortical excitability in 

MA patients, who are more prone to CSD in occipital cortex than MO patients (Palmer et al. 

2000). Alternatively, it has also been proposed that aura and headache may be parallel 

processes of episodic dysfunction in brainstem nuclei, because an increase of CBF has been 
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detected in several areas of brainstem in MO patients (Weiller et al. 1995, Pietrobon and 

Striessing 2003).  

2.3.2.2 Role of ion channel genes in migraine aura 

 

So far, no undisputed predisposing genes have been identified for common migraine. 

However, for a rare monogenic subtype of MA, familial hemiplegic migraine (FHM), three 

genes has have been identified (Table 3).  

 

Table 3. Genes predisposing to familial hemiplegic migraine (FHM).  
FHM type Chr Gene Protein Function Reference 

FHM1 19p13 CACNA1A α2A subunit of 
voltage gated Ca2+ 
channel 

Mediates the entry of Ca2+ ions into 
excitable cells 

Ophoff et al. 
1996 

FHM2 1q23 ATP1A2 Na+/K+-ATPase α2 
subunit 

Establishes and maintains the 
electrochemical gradients of Na+ 
and K+ ions across the plasma 
membrane  

De Fusco et al. 
2003 

FHM3 2q24 SCN1A Voltage-gated 
sodium channel α 
subunit 

Generation and propagation of 
action potentials in nerve and 
muscle  

Dichgans et al. 
2005 

 

Although the main symptoms of aura and headache of FHM are very similar to MA, the 

distinctive characteristic of FHM is motor aura that mainly consists of unilateral motor 

weakness or paralysis that may last to several days (Thomsen et al. 2002). At the worst, some 

FHM patients can suffer from disturbance of consciousness, fever and permanent cerebellar 

symptoms and progressive ataxia and/or nystagmus (Pietrobon and Striessing 2003, Headache 

Subcommittee of the International Headache Society 2004). 

 

Due to similarities and co-occurance between common migraine and FHM, dysfunction of 

neuronal ion transportation can provide a model for predisposition for common forms of 

migraine. Mutations in genes encoding ion channels disturb the rhythmic function of exposed 

tissue that may also explain the episodic nature of migraine (Gargus 2006, Bernad and Shevell 

2008). The common feature in FHM mutations seems to be the increased extracellular 

glutamate and potassium concentrations that increase susceptibility to CSD, especially with 

the FHM1 mutation (van den Maagdenberg et al. 2004, 2007).  
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2.3.3 Migraine headache 
 

Pain sensation in the skull is primarily restricted to the meningneal blood vessels that are 

innervated by fibers of trigeminal nerve. The fundamental reason for causing the fibers to 

activate in migraine pain is unknown. However, dysfunction of brain stem nuclei, spreading 

depression or changes in CBF have been suggested to be the underlying causes (Figure 2; 

reviewed by Goadsby 2001, Pietrobon and Striessing 2003 and Dalkara et al. 2006). Two 

theories, neurogenic inflammation and sensitization of trigeminal nerves, try to explain the 

pathophysiology of migraine pain. 

 

According to the neurogenic inflammation theory, trigeminocervical nerve endings release 

pro-inflammatory neuropeptides such as nitric oxide, calcitonin gene-related peptide, 

endothelin3 and substance P that induce vasodilatation and changes in vascular permeability 

that allow plasma proteins in dura mater during neurogenic inflammation (Peroutka 2005, 

Dalkara et al. 2006, Durham 2006). CSD is suggested to alter the integrity of the blood-brain 

barrier by activating metalloproteasis leading to trigeminovascular activation due to protein 

leakage and oedema (Gursoy-Ozdemir et al. 2004). However, the drugs that block vascular 

permeability have failed prevent migraine headache (Peroutka 2005) 

 

The sensitization theory suggests the activation of three pain mechanisms and merges the 

neurogenic inflammation as a part of pathophysiological process (reviewed by Schürks and 

Diener 2008). First the pain receptors are activated, then trigeminal neurons release vasoactive 

and pro-inflammatory neuropeptides, and finally a pain synapse from the trigeminal nerve 

triggers the release of neurotransmitters from meningneal blood vessels into the dura. The 

released transmitters induce increased blood flow and plasma extravasation that cause 

perivascular inflammation, which is thought to trigger sensitization in intracranial neurons 

(Burstein 2001). This can make the headache more severe and decrease tolerance to 

environmental stimuli (Hargreaves and Shepheard 1999). In 79% of migraine patients, 

sensitization is experienced as allodynia that is abnormal sensation e.g. to cold or warm during 
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     Figure 2. Overview of pathophysiological theories on common migraine. 
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migraine attacks that is normally ignored due to habituation (Burstein et al. 2000). The most 

effective antimigraine drugs are triptans, serotonin receptor agonists.  They inhibit the effect of 

activated nociceptive trigeminal afferents, especially in the beginning of migraine headache 

before sensitization has taken place (Goadsby et al. 2002). 

 

2.3.4 Comorbidity of migraine 
 

Comorbidity is defined as greater than coincidental association of two conditions in the same 

individual (Feinstein 1970). In migraine the comorbidity with other neurological disorders or 

associated conditions may help to reveal the pathophysiological pathways leading to disease 

susceptibility. Common migraine can co-occur with stroke, psychiatric disorders, asthma, 

obesity and epilepsy (Scher et al. 2005). Table 4 summarizes some of the disorders or 

conditions that show comorbidity with migraine in Odds ratio (OR). OR defines the 

probability of relationship between the affected and control populations. 

 

Among the comorbid disorders or conditions, the episodic nature of epilepsy highlights the 

possibility of shared background for both migraine and epilepsy. Epilepsy is frequently 

associated with increased risk of migraine before and after an epileptic seizure (Lipton et al. 

1994). When about 0.5–1% of the population has epilepsy, about 6% of migraine patients 

suffer from epilepsy and 8–15% of epilepsy patients have migraine (Andermann and 

Andermann 1987). According to another study by Ottman and Lipton (1994) epilepsy patients 

have 2.4 times higher risk of migraine compared to relatives without epilepsy. In a Finnish 

study by Artto et al. (2006) association between familial migraine with and without aura and 

epilepsy showed significant comorbidity (OR=6.8) in men. In children between 5–15 years the 

risk of epilepsy is 3.7 times higher in migraine patients than in control population (Ludvigsson 

et al. 2006). Interestingly, presence of MA doubles the risk (OR=8.2). Despite comorbidity, 

epilepsy and migraine have clinical differences (De Simone et al. 2007): In epilepsy no 

female-prominent prevalence is detected and the age at onset in epilepsy can often be in the 

extremes of a lifespan. Clinical symptoms in an epileptic attack can also be more drastic, 

resembling sometimes the most severe symptoms of FHM. Furthermore, anatomical 

abnormalities predispose more often to epilepsy than migraine although migraine patients do 

not routinely undergo neuroimaging studies.   
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Table 4. Summary of the conditions associated with migraine or its subtypes. 

Migraine 
type 

Associated 
condition 

OR (95% CI) Ratio 1 No of 
participants 

Sample type Reference 

Migraine 
MA 
MO 

Major depression 3.5 (2.6-4.6) 
4.9 (3.3-7.2) 
3.0 (2.2-4.1) 

218/536 
78/158 
140/378 

1,696 Population, 
USA 

Breslau et al. 
2000 

Migraine Anxiety 3.9 (2.5-6.0) 31/340 1,843 Population, 
USA 

McWilliams 
et al. 2004 

Severe 
headache/
migraine 

Respitory disease 2 1.7 (1.5-2.0) 708/3,045 15,330 Population, USA Kalaydjian 
and 
Merikangas 
2008 

Chronic 
migraine 

Obesity 1.7 (1.2-2.3) 6/401 30,849 Population, USA Bigal and 
Lipton 2006 

MA 3 Ischemic stroke 4 

low risk group 
high risk group 

 
3.9 (1.9-8.1) 
1.0 (0.2-4.2) 

 
9/1418 
2/1418 

27,519 Prospective 
cohort study on 
women, USA 

Kurth et al. 
2008 

MA Myocardial 
infarction 4 

low risk group 
high risk group 

 
 
1.3 (0.4-4.2) 
3.3 (1.5-7.5) 

 
 
3/1418 
7/1418 

27,519 Prospective 
cohort study on 
women, USA 

Kurth et al. 
2008 

MA Patent foramen 
ovale (PFO) 

4.6 (2.0-10.6) 44/93 186 Clinic sample, 
Schwitzerland 

Schwerzmann 
et al. 2005 

Migraine White matter 
abnormalities 

4.1 (2.1-8.4) 71/312 629 Meta-analysis of  
clinical-based 
studies 

Swarz and 
Kern  2004 

Migraine 
MA 
MO 

Epilepsy 3.7 (1.6-8.3) 
8.2 (2.3-28.9) 
1.4 (0.5-4.0) 

19/94 
13/19 
6/19 

282 Medical record 
based study on 
adolescents, 
Iceland 

Ludvigsson et 
al. 2006 

OR, Odds ratio; CI, Confidence interval 
1) Ratio of comorbid migraine patients of all migraine patients, 2) Includes asthma, chronic bronchitis and 
emphysema, 3) No risk in MO, 4) Participants were stratified in risk score groups based on the Framingham 
risk score profiles (http://www.framinghamheartstudy.org/risk/) 

 
 

Regardless of some differences, the reduced threshold for neuronal sensibility proposes of 

shared background for migraine and epilepsy (reviewed by Bigal et al. 2003, Haut et al. 2006, 

De Simone et al. 2007). In migraine the periodic cortical hypersensitivity, which is probably 

needed for CSD to evolve, induces an increase of extracellular K+. The elevated K+ level has 

been proposed to sensitize the human epileptic neocortex in vitro (Koch et al. 2005). 

Interestingly, epilepsy drugs that suppress ion signalling, including topiramat and valproate, 

are also effective migraine drugs (Rogawski 2008). In particular, the epilepsy drug lamotrigine 

that inhibits Na2+ channel-mediated glutamate release is shown to reduce the frequency of 

migraine aura, but its effect on migraine headache is contradictory (Lampl et al. 2005, 
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Mulleners and Chronicle 2008). Mutations in the FHM genes are known to increase the 

predisposition to some rare monogenic and polygenic forms of epilepsies, which further 

indicates that ionic imbalance may trigger epileptic seizures (Haan et al. 2008, Helbig et al. 

2008, Weber and Lerche 2008). Epileptic seizures are also observed in FHM1 mutant mice 

and rats (Haan et al. 2008). However, the majority of patients with FHM do not manifest 

epilepsy suggesting the involvement of other genetic and environmental factors in epilepsy. 

 

3 Gene mapping of complex traits 
 

By March 2009 the molecular basis of 2,492 phenotypes had been identified 

(http://www.ncbi.nlm.nih.gov/Omim/mimstats.html). These phenotypes are either caused by 

mutation(s) in a single gene that are inherited following Mendel's laws, or by multiple genetic 

and environmental factors interacting to produce a complex trait. The methods to identify a 

gene for Duchenne muscular dystrophy, a severe disorder related to muscular weakness, was 

inspirational for the gene mapping efforts of the early 1980’s (Worton and Thomson 1988, 

Strachan and Read 2004). Both cytogenetic and molecular genetic studies were used in the 

gene mapping of this disease. A great improvement in gene mapping was the first human 

marker map based on restriction fragment length polymorphisms introduced by Botstein and 

co-workers 1980. Since then, linkage mapping has been especially successful in the search for 

genes coding for rare Mendelian diseases in isolated populations (de la Chapelle 1993, 

Peltonen et al. 1999, Norio 2003). In the early 1990's, mapping disease-predisposing loci 

using a family-based sample and genetic markers was defined as positional cloning (Collins 

1992). In a study using the positional cloning strategy, around 1,000 genetic markers are 

usually genotyped in families with affected individuals to identify the predisposing locus with 

linkage analyses. The linked region is then searched for associated variants. Unfortunately, 

applying positional cloning to complex disease research has been challenging, most probably 

due to the role of common low risk variants in common disease susceptibility (e.g. Newton-

Cheh and Hirschhorn 2005, Altshuler et al. 2008).  
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3.1 Theories on the genetic contribution in complex diseases 
 

Three theories try to explain the role of genetic variants in complex diseases, although no 

single model provides a complete explanation of the onset of disease (Gibson 2009).  

According to the “common disease–common variant” model, disease susceptibility is thought 

to originate from several genetic variants with moderate effects that are cumulated in affected 

individuals. The second theory, the “rare alleles of major effect” model, emphasizes that some 

complex diseases originate from rare variants. Required incidence in a population is gained 

when diseased individuals are homozygous for hundreds of rare variants occurring at the 

frequency of 1/10,000. The third recently introduced model called the “infinitesimal theory” 

suggests that the clinical manifestation of complex diseases originates from hundreds or 

thousands of common and rare variants with low relative risk that explain only a fraction of 

disease liability. According to this theory, the genetic contribution to a symptom can be even 

greater than to the disease itself (Gibson 2009). 

 

Models for analyzing genetic contributions in complex phenotypes and traits take into account 

the effect sizes of the variants being investigated. For example, hypertriglyceridaemia can be 

modelled as a mosaic of contributions from rare and common variants with varying effect 

sizes (Hegele 2009; Figure 3). However, in some common diseases mutations or variants in a 

single gene have a significant role in disease predisposition, for example 80% of patients with 

venous thrombosis have a rare mutation (allelic frequency of ~2% in the Dutch population) in 

the Factor V gene (Bertina et al. 1994). In Alzheimer’s disease, on the other hand, a dose-

dependent common variant of the Apolipoprotein E gene (epsilon type 4 allele) predisposes to 

Alzheimer’s disease with almost total penetrance by the age of 80 in the homozygous 

genotype (Corder et al. 1993). For example, in Eastern Finland 17% of the population and 

36% of Alzheimer’s disease patients have the epsilon type 4 allele (Kuusisto et al. 1994). 

However, only 2% of height variation in a population is explained by 12 low risk common 

variants (OR≤1.2; Lettre et al. 2008), thus genetic basis for height can be as heterogenic as in 

hypertriglyseridaemia. Based on this small number of examples, the genetic contribution in 

common phenotypes cannot be simply explained accurately with a single model. 
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Unexplained variation
52 %

Obesity related 
variants

1 %

Diabetes related 
variants

14 %

High risk rare 
mutations

10 %

Moderate risk variants
14 %

Small risk variants
9 %

 
Figure 3. Pie diagram of the relative contributions of rare and common genetic variants in 
severe hypertriglyceridaemia. Modified from a figure by Hegele (2009). 
 

3.2 Study sample in genetic studies 

3.2.1 Sampling 
  

When epidemiological studies have confirmed the role of genetic factors in disease 

susceptibility, the next step is to collect an appropriate cohort of related and/or unrelated 

individuals. Genetic studies are performed on large families, parents–affected child trios, 

affected sib-pairs or samples of affected cases and control individuals. Family-based studies 

are considered to be able to identify high-risk variants enriched in families and case–control 

samples are able to identify variants that are shared among large groups of affecteds. 

However, both study approaches have strengths and weaknesses that are reviewed by Newton-

Cheh and Hirschhorn (2005), Hirschhorn and Daly (2005), Laird and Lange (2006) and 

Rodriguez-Murillo and Greenberg (2008). For instance, individuals for a case-control 

population study are relatively easy to collect, especially for diseases with a late onset. 

However, families are valuable for studies where only a few patients are available as 

adequately powered genome-wide association studies (GWAS) require thousands of cases and 

controls. A family sample does not suffer from population stratification, i.e. differences in 

allele frequencies between subpopulations in a population due to different ancestries that may 

seriously bias the association in a case–control sample. Furthermore, families have the 



26                                                                            Päivi Tikka-Kleemola                                                                        

advantage of phase information of transmitted alleles that can be followed in the linkage and 

association analyses. Pedigree structure also provides information on heritability and shared 

environmental factors. Even if a family-based study is not conducted, information on familial 

predisposition among cases shows significantly higher power to detect genetic variants than 

cases where familial background is unknown (Amos 2007). 

 

Regardless of the use of either a family or a case–control sample, the origin of the sample 

from either a population- or a clinic-based cohort can have an effect on the end result. Patients 

that are recruited through clinics can be more severely affected than patients from population-

based sample, thereby possibly causing a bias to a specific symptom (Holt and Weiss 2000). A 

population-based study enables the exploration of the entire spectrum of a disease. However, 

in all cases the selection and phenotyping of a representative control sample is essential.  

3.2.2 Isolated populations 
 

Complex disease studies can be complicated by the susceptibility to false positives due to 

population heterogeneity. To increase the homogeneity isolated populations, e.g. those from 

Finland, Iceland, Sardinia (Italy) and Jewish communities (Ashkenazis), have been used in 

gene mapping studies for many diseases, including combined familial hyperlipidemia, type 2 

diabetes or height (Pajukanta et al. 2004, Grant et al. 2006, Lettre et al. 2008, Barroso et al. 

2008). However, recently regional stratification has been noticed in the ~1100 year-old 

Icelandic population that has been considered homogenous (Helgason et al. 2005) and similar 

results have been obtained from Finland (Salmela et al. 2008, Jakkula et al. 2008). 

Stratification can be further evaded by focusing genetic studies on regional isolates of 10−20 

generations, such as the Kainuu isolate originating from a few founders that underwent a rapid 

population expansion and thus show a low number of founder alleles (Peltonen et al. 2000, 

Service et al. 2006). Regional isolates have been useful in identifying susceptibility genes; for 

example, the isolates of Kainuu and Quebec (Canada) were used in an asthma study (Laitinen 

et al. 2004), and Botnia in studies on multiple sclerosis and type 2 diabetes (Saarela et al. 

2006, Diabetes Genetics Initiative of Broad Institute of Harvard and MIT et al. 2007). 

Achievements in studies on the Icelandic and Finnish population may also lie in the nation-

wide healthcare registries, standardized phenotyping, positive attitude towards disease 

research and easily accessible genealogical records (Peltonen et al. 2000, Varilo and Peltonen 

2004).  
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3.2.3 Phenotyping strategies for gene mapping studies 
 

In genetic studies the accurately defined clinical phenotype assures the reproducibility and 

validity of genetic findings. A representative example is the study searching for variants for 

type 2 diabetes: The strongest signal was identified for the body mass index (BMI), the major 

risk factor for type 2 diabetes, since the controls were not adjusted for their BMI (Frayling et 

al. 2007, Attia et al. 2009). Thus analyses may reveal a locus predisposing to a risk factor 

instead of the clinical end-diagnosis if samples are not controlled over all predisposing factors. 

Adjustment for BMI and blood lipid measurements is often used to remove the effect of 

predisposing variants for obesity and coronary heart diseases (Thorleifsson et al. 2009, 

Aulchenko et al. 2009). In neuropsychiatric diseases, like in schizophrenia, autism and 

migraine, there are no good biological markers to confirm the diagnosis. In these diseases, 

clinical subtyping based on trait symptoms, endophenotyping or latent class analysis (LCA) 

are used to identify the genetic components in disease susceptibility (Rindskopf and Rindskopf 

1986, Schulze and McMahon 2004). In trait component analysis (TCA), clinical symptoms 

such as pulsating headache are used to identify the susceptibility loci for migraine (Anttila et 

al. 2006). Endophenotypes are clinical entities associated with a disease such as quantitative 

cognitive traits in schizophrenia (Paunio et al. 2004) that may have an even stronger genetic 

factor than disease itself (Gibson 2009). LCA models association between observed variables 

that predicts a nonobservable (latent) variable. This method is used in several genetic studies 

of neuropsychiatric disorders such as alcoholism, migraine and schizophrenia (Korczak et al. 

1999, Nyholt et al. 2004, Boks et al. 2008). The advantage in both TCA- and LCA-based 

methods is their ability to increase statistical power by enabling analysis on more individuals 

as affecteds than an analysis based on the end-diagnosis.  

3.2.4 Sample size and power 
 
Statistical power calculations are important to perform as a part of the study design to give a 

reference of the required sample size in the context of the realistic genetic effect, even though 

the true genetic model can be unknown. Ignorance of the genetic effect, population 

stratification and environmental differences increase the possibility of a false negative finding 

(type II error; Göring et al. 2001, Lohmueller et al. 2003, Evans and Cardon 2006). In genetic 

studies power of 80% is considered adequate to either reject or accept the null hypothesis of 
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no finding. This is justified by the study of Wacholder and co-workers (2004) showing that 

with a statistical power of >80%, the probability of false positives (type I error) is acceptable. 

If the power is high, the sample size is adequately large to be sensitive to background noise if 

the genetic effect of a predisposing variant is estimated to be realistic. For common 

polymorphisms the effect size (i.e. OR) is expected to be in the range of 1.1–1.5 (Zondervan 

and Cordon 2007). This creates great demands on the sample size. In their classic study, Risch 

and Merikangas (1996) showed that a sample size of 2,500 affected sib pairs is required to 

detect variant with the relative risk of ≤2. For studies where the effect size of an associated 

variant is 1.2, the required sample size is 6 times higher than that for studies where the effect 

size has been estimated to be 2.0 (Figure 4). High risk allele frequencies and disease 

prevalence further increase the power of a sample to detect predisposing variants. Thus, when 

several variants with different effect sizes are tested, large samples are required. 

 

 
Figure 4. Effect of OR to power (y-axis) in the association test when disease prevalence is 1% 
and minor allele frequency (MAF) is 10% in a study population with an equal number of cases 
and controls (x-axis; when n=1000 there are 500 cases and 500 controls). Power estimates are 
derived from the Genetic power calculator program (Purcell et al. 2003). The dotted horizontal 
line shows the threshold for statistical power at 80%.  
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3.3 Typing of genetic markers 

3.3.1 Variation in the human genome 
 

The genetic difference between two randomly selected individuals is at least 0.2% due to 

variations in the genome (Sebat 2007). The traditional definition of “variation”, or 

“polymorphism”, is the difference between any two deoxyribonucleic acid (DNA) strains at 

the same locus with a frequency ≥1%. Variation may range from microscopically visible 

chromosome anomalies to submicroscopic variations from 1 bp to about 3 Mb (Feuk et al. 

2006). Table 5 lists the types of the submicroscopic genetic variation in the human genome.  

 

Table 5. Overview on the submicroscopic variation in the human genome. 

Variation Size Variability 
Total 
estimated 
number  

Number in an 
individual 
human 1 

Reference 

Single nucleotide 
polymorphisms 1 bp Bi/tri-allelic 

~9-10 million 
(frequency 
≥5%) 

3,213,401 International HapMap 
Project 2007 

Microsatellite 
1-6 bp  
<200 bp in 
length 

Multiallelic ~1 million  447,165 Ellegren 2004 

Insertion/deletion 
variation 1 bp >1 kb Multiallelic ~1 million 

(biallelic) 918,996 Dawson et al. 2001, 
Weber et al. 2002 

Minisatellite 
6-100 bp  
in 20-50 
copies 

Multiallelic 150,000 93,568 Näslund et al. 2005 

Alu elements <500 bp Biallelic ~1,000,000 1,738,571 Batzer and Deininger 
2002 

Copy number 
variation 

1 kb ~ (3 
Mb) Multiallelic 12% of the 

genome 62 Redon et al. 2006 

Inversions 200 kb ~ 
10Mb Multiallelic 176 90 Bansal et al. 2007 

1) Levy et al. 2007 

 

3.3.2 Genetic marker maps 
 

Many of the human variation types are equally distributed all over the genome and follow 

Mendelian inheritance. Microsatellite and single nucleotide polymorphisms (SNPs) are 

typically used in genetic marker maps. Genetic mapping is based on the existence of linkage 

disequilibrium (LD). LD defines the co-inheritance of alleles of two loci. In other words, if 
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two loci reside in proximity to each other the probability of recombinations in meiosis is low 

and LD is high reflecting the common ancestry. Usually D’ or r2 figures are used to measure 

LD between two markers: r2 equals 1 when the marker loci have identical allele frequencies 

and every occurrence of an allele of a marker predicts an allele at the other locus (Zondervan 

and Cardon 2004).  D’ is 1 if recombination has not occurred between the alleles. 

 

Due to the heterozygosity and ubiquitous occurrence of microsatellites, short tandem repeats 

of mono-, di-, tri- and tetranucleotides (e.g. [CA]n), have been the most widely used markers 

in the genetic mapping of Mendelian and complex diseases from the late 1980s to early 2000s. 

Usually a map of about 400 evenly spaced microsatellite markers is considered to provide 

adequate information to identify the predisposing locus. Recombination maps of human 

genome have been published to ease the gene mapping efforts by recording heterozygosity 

ratios and a linkage distance between the markers (Weissenbach et al. 1992, Kong et al. 2002).  

 

Single nucleotide polymorphisms (SNPs) are presently the most used genetic markers. A SNP 

is an allelic variation, insertion or deletion of one nucleotide in the genome. The total number 

of common SNPs (MAF≥5%) is estimated to be 9–10 million, which constitutes 90% of the 

variation in the human population (International HapMap Project 2007). Each individual has 

approximately one SNP per thousand nucleotides (Levy et al. 2007). The International 

HapMap Project was officially launched in 2002 to determine the common patterns of the 

DNA sequence variation in the human genome, by characterizing sequence variants, their 

frequencies and correlations between them in DNA samples from populations with ancestry 

from Africa, Asia and Europe (The International HapMap Consortium 2003). The project is 

based on the estimation that 90% of SNP variation is common which arise from a single 

historical mutation (Gabriel et al. 2002). Since the mutation rate is low (1.8×10-8 mutations per 

site per generation, Kondrashov 2003) nearby SNPs are usually in high LD. These SNPs form 

a haploblock which is delimited either by mutation or recombination. In many haploblocks 

there are only a few haplotypes which represent most of the variation among a population. 

One or more SNPs that are called tagging SNPs (tagSNPs) are sufficient to identify the 

common haplotypes.  

 

The high-throughput genotyping of SNP markers has enabled also the identification of copy-

number variants (CNVs) that are polymorphic deletions, duplications or insertions that range 

from 1 kb to several megabases (Sebat et al. 2004, Conrad et al. 2006). In the SNP genotyping 
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process CNVs violate the expected statistical pattering of genotype data (McCarroll 2008). 

CNVs are considered to have an effect on the gene load that can cause predisposition to 

disease. Therefore, information of CNV regions has been integrated to commercial SNP 

marker sets. 

 

3.3.3 Quality of genotyping 

3.3.3.1 Genotyping errors 

 

Genotyping is defined as the process where biochemical assays are used to determine the 

genotype of an individual. In genotyping several methods and techniques are used (Shi 2001, 

Gupta et al. 2008). Knowledge of the genotyping method and control of the genotyping 

process are essential in rejecting false genotypes that bias data analyses. Douglas and co-

workers (2000) defined genotyping error as the misinterpretation of observed genotype from 

the true underlying genotype. Negligence to genotyping errors may lead to reduced power and 

consequently to type I or II errors, false positive or false negative results, respectively. 

Genotype error might originate from quality or genetic variation of a DNA sample, equipment 

precision, the amplification reaction or the human factor (Ewen et al. 2000, Pompanon et al. 

2005, Kirsten et al. 2007). Table 6 summarizes different types of genotyping errors and their 

consequences. 

 
 

Table 6. Summary of genotyping errors.  
Origin of genotyping error Consequence 
DNA   
 Low quantity/quality Erroneous allele call 
  Allelic dropout 
  Short allele dominance 
 High CG content Short allele dominance 
 Mutation/variation in the priming site Null allele 
 Copy number variation Allelic dropout 
  Change in allelic ratios 
  Dominance of heterozygotes 
 Insertion/deletion A new allele 
  Homoplasy 1 

Genotyping equipments and reagents Allelic dropout 
  Erroneous allele call 
Human factor  
 Sample swap Mistaken allele 
 Cross-contamination Mistaken allele 
 Oversight Mistaken allele 
1) Analogous fragments of different alleles 
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Both Bonin et al. (2004) and Pompanon et al. (2005) stated that good theoretical and practical 

skills are principal factors to avoid genotyping errors. Only clean, high quality reagents should 

be used, and genotyping should be performed in a controlled and monitored environment with 

proper dilutions (Fernando et al. 2001; Bonin et al. 2004; Pompanon et al. 2005). All steps in 

a genotyping process must be controlled with both positive and negative controls with a 

sufficient amount of replication. Additionally, the sample handling, processing and data 

management should be automated to the highest extent possible to prevent human errors.  

3.3.3.2 Controlling the genotyping errors 

 

Checking for the Mendelian inheritance of genotyped pedigree members is a rational and a 

standard procedure to track genotyping errors. Inheritance checking of commercial marker 

maps estimated a total error rate of 0.25% for over 100,000 microsatellite marker genotypes 

and an error rate of 1.37% for over 22,000 genotypes when custom-tailored markers were used 

(Ewen et al. 2000). Removing genotyping errors is important since error rate of 1% in a sib-

pair data may cause 21-58% loss in linkage information (Douglas et al. 2000). However, the 

amount of unidentified genotyping may not be perceived, especially in the case of biallelic 

markers: The probability of undetectable errors is 66% in a four-person nuclear family 

(Douglas et al. 2002). If the same nuclear family is genotyped with four-allele marker, the 

probability of an undetectable error is 41%. To solve the problem of undetectable errors in 

pedigrees, a model has been created to estimate a posterior probability of mistyping error at 

each observed genotype based on map density, prior error rate, marker position and allele 

frequency in pedigrees with the inheritance phase information (Sobel and Lange 1996, Sobel 

et al. 2002). These mistypings may originate, for instance, from double recombination events 

which expand the genetic map compared to the expected map distances. The use of the 

mistyping model may halve the amount of undetectable errors (Douglas et al. 2000). 

 
In a case-control sample every 1% increase in the sum of genotyping errors elevates the 

required sample size by 2–8% (Gordon et al. 2002). Therefore, pedigree-independent quality 

control procedures (the allele size, intensity and morphology of the amplified allele, the 

confidence score to the observed genotype) can be used to identify genotyping errors (Ewen et 

al. 2000, Sobel et al. 2002). Checking whether the alleles in question are in Hardy-Weinberg 

equilibrium can be used to check the quality of the data (Gomes et al. 1999). According to the 

Hardy-Weinberg principle, alleles from the outbred control population should have allele 
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frequencies p and q such that p2+2pq+q2=1. However, inbreeding, migration, mutation, a rapid 

population diminution (genetic bottleneck) and a small population may bias the equilibrium.  

 

3.4 Methods to identify predisposing loci 

3.4.1 Linkage analyses 
 

In positional cloning linkage analyses are used to identify the region that carries the variant(s) 

predisposing to disease. Then predisposing variants are identified by LD-based association 

mapping and/or sequencing. Even tough positional cloning has not been successful in 

identifying genes to many common diseases, some success stories are listed in Table 7. 

 

Table 7. Predisposing variants for complex diseases identified by positional cloning. 

Disease Locus Gene OR 1 Risk variant 

Crohn´s disease 16q12 
Hugot et al. 2001 

NOD2,  
Hugot et al. 
2001,  
Ogura et al. 
2001 

3 Several coding variants 

Schizophrenia 8p11-p21 
Stefansson et al. 2002 

NRG1 
Stefansson et 
al. 2002 

NA Seven-marker haplotype 

Asthma 7p15  
Laitinen et al. 2001 

GPRA 
Laitinen et al. 
2004 

1.4 Haplotype tagging 
SNP 

Familial combined 
hyperlipidemia 

1q21-q23 
Pajukanta et al. 1998 

USF1 
Pajukanta et 
al. 2004 

NA Two-SNP haplotype 

Multiple sclerosis 17q24 
Kuokkanen et al. 1997 

PRKCA 
Saarela et al. 
2006 

1.64 Two-SNP haplotype 

Type 2 diabetes 
10q25 
Duggirala et al. 1999, 
Reynisdottir et al. 2003 

TCF7L2 
Grant et al. 
2006 

1.41 Allele of microsatellite 
marker 

Genetic susceptibility 
to leprosy 

6q25 
Mira et al. 2003 

LTA 
Alcaïs et al. 
2007 

5.63 
(2.11) 2 5’-UTR-SNP 

OR = odds ratio, UTR = untranslated region, NA = data not available 
1) Risk for heterozygous carrier if specifically given, 2) The most significant OR of subsample is given and a 
total sample OR is in parenthesis 
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Linkage analysis is based on the chromosomal regions (haplotypes) that are transmitted to 

diseased offspring more often than expected. When linkage is detected the recombination in 

meiosis has occurred between the studied marker and the predisposing locus with a probability 

of <50% (Morton 1955, Teare and Barrett 2005). The recombination probability between two 

loci is called a recombination fraction (θ). In other words, if two loci reside in different 

chromosomes they are inherited independently and θ equals 0.5. If two loci are linked, they 

are not inherited independently and are in linkage disequilibrium (LD), and thus, θ approaches 

0.  

 

Results of the linkage analysis are based on likelihood ratios and they are often reported as 

logarithm of the odds (Lod; logs to the base 10; Morton 1955) scores. A Lod score is a ratio of 

a likelihood of two loci being linked at a given θ (θ<0.5) and a likelihood of no linkage 

(θ=0.5). The Lod score of 3.3 (p=4.9×10-5) is regarded as a threshold for a genome-wide 

significance (Lander and Kruglyak 1995). When the Lod score is ≤-2 the linkage is considered 

to be excluded. 

 

In Mendelian diseases the inheritance model can be estimated by studying the disease 

segregation in families. The model includes estimations of a mode of inheritance that is 

conventionally either the dominant or recessive model in which, respectively, one or two 

predisposing alleles are required for disease susceptibility. A disease allele frequency is 

estimated in a population and penetrance figures are assessed as to whether one or two alleles 

of a locus are predisposing to disease either with full or reduced effects. The phenocopy 

number estimates individuals affected without genetic predisposition. However, for the 

complex diseases the onset is the sum of interacting genetic and environmental factors, and 

thus, assumptions of the inheritance model used in parametric analyses are often hard to define 

(Göring and Terwilliger 2000b). 

  

Since common diseases do not follow the Mendelian laws of inheritance, non-parametric, also 

known as model-free, statistical analysis methods have been created (e.g. the SimWalk, Sobel 

and Lange 1996; the Genehunter, Kruglyak et al. 1996; and the Merlin, Abecasis et al. 2002, 

programs). Model-free methods are based on the excess of shared segments that are identical 

by descent (IBD) between affected individuals. However, the absence of parental data and an 

insufficient number of polymorphic markers may weaken the identification of maternal or 
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paternal transmitted alleles that are IBD. Göring and Terwilliger (2000c) considered that the 

distinction between model-based and model-free methods is contrivent when complicated and 

heterogeneous data is analyzed: in a large data set, the number of independent observations 

(degrees of freedom) becomes high, which is solved by some simplifying probability (e.g. 

dominant or recessive) model leading to equivalent statistical tests. Furthermore, Wacholder et 

al. (2004) proposed that when a studied marker has an unknown function in complex disease 

predisposition, the dominant model may be the most reasonable choice since the difference in 

the effect of one or two alleles of a marker is probably lower than the effect between zero or 

one allele. 

  

Linkage studies are optimal for a search of rare variants for diseases with a high effect in 

families (Risch 2000). However, susceptibility to common disease is suggested to rise from 

common variants with a low effect. A common variant (>10% frequency) increases parental 

homozygosity at the disease locus, thereby reducing linkage information. Therefore, an 

association study using affected and non-affected individuals may be a convenient method to 

detect common variants with a relatively low effect (Risch and Merikangas 1996).  

 

3.4.2 Association studies  
 

Traditionally genetic association mapping is used to fine-map the linked region or in candidate 

gene studies. However, the present knowledge of human variation based on the HapMap data 

has shifted the focus of gene mapping studies from positional cloning to association-based LD 

mapping. According to the HapMap project, GWAS performed with ≥552,000 SNPs are 

sufficient to cover the common variation in the Caucasian population (r2≥0.8) and ≥1,090,000 

SNPs in the African population (The International HapMap Consortium 2007). The high-

throughput, micro-array based genotyping technologies have reduced genotyping costs making 

GWAS feasible (Hirschhorn and Daly 2005, McKinney and Merriman 2007). In addition, 

large sample collections have provided adequately sized samples for association testing. The 

major advantage in LD mapping is, however, that the use of dense marker maps can identify a 

predisposing locus within a few kb, whereas the linked region can be the size of 10 cM 

corresponding to about 10 Mb (Hirschhorn and Daly 2005, Cheung et al. 2005, Bourgain et al. 

2007).  
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Association studies are usually performed on population samples, but population admixture 

and stratification can cause fluctuations in allele frequencies that may lead to false positive 

findings. To avoid type I errors, tests for family-based association have also been created. In 

families, affected individuals have a higher expected frequency of shared susceptibility alleles 

than population cases, and it is possible to test both linkage and association simultaneously 

(Laird and Lange 2006). Family-based association analyses have been used in candidate gene 

studies for conditions such as schizophrenia and obesity (Hennah et al. 2003, Zhao et al. 

2006), and in many GWAS (see Table 8). 

 

By March 2009, 273 GWAS have been published showing an association p-value of <1.0x10-5 

when more than 100,000 SNPs have been tested (http://www.genome.gov/gwastudies/). The 

first studies were using samples of about 1,000 cases and a corresponding amount of controls 

with about 300,000 SNPs genotyped. However, the present common practice in a GWAS is to 

use over 2,000 cases and 2,000 controls with more than 500,000 SNPs genotyped to reveal the 

effect size of common variants (MAF~10%; Table 8). A study design of this setup seems to 

have adequate power to detect variant(s) with a p-value of ~5×10-8 for genome-wide 

significance (Attia et al. 2009, Gibson 2009).  

 
 
The ability to identify common variants with a small effect (OR<2) requires large samples 

(Table 8). An exception to low OR-values is the study by Stefansson et al. (2008) where they 

could associate a rare CNV to schizophrenia with an OR as high as 16. But because the 

frequency of the CNV microdeletion was low (0.17% in cases and 0.02% in controls) large 

population samples were required.  

 
 
When the sample size is sufficient, the second issue is whether the studied markers adequately 

cover the genetic variation in a sample. Imputation methods are introduced to infer genotypes 

of untyped markers based on the genotype data of resequenced and/or densely genotyped 

individuals (McCarthy et al. 2008). For example, a total of over 1.8 million variants were 

studied with the imputation method identifying several new loci for bipolar disorder and type 

2 diabetes (Table 8, Ferreira et al. 2008, Zeggini et al. 2008). However, although the 

imputation method has made it considerably easier to study the association of as many as 3 

million SNPs based on the HapMap data (International HapMap Consortium 2007, McCarthy 
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and Hirschhorn 2008) considered that for identification of distinct causal variants, 

resequencing of the LD regions is needed. 
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All identified associated variants in Table 8 for single diseases are validated in other 

independent populations. A replication sample reduces the possibility of false positive findings 

due to unknown population structure. However, the replication of the association signal may 

be complicated by population heterogeneity, in which case protective alleles may nullify the 

effect of causative variants, or genotypic and environmental interactions restraining the onset 

of disease (Gibson 2009).  

 

Due to methodological differences, loci identified by linkage analysis do not necessarily 

overlap with associated loci in GWAS. However, in a joint cohort study on seven common 

diseases,  many novel susceptibility loci were observed but several loci for coronary artery 

disease, Crohn’s disease, rheumatoid arthritis and type 1 and 2 diabetes were already identified 

using linkage studies (Table 8, The Wellcome Trust Case Control Consortium 2007, Mathew 

2007). Also comparison between GWAS and linkage analysis studies on human cis-acting 

regions pointed out that 15 of 27 loci were identified by linkage analysis (Cheung et al. 2005). 

The advantage of GWAS is their capability to identify common variants with fine resolution 

and thus increasing the screening speed, but naturally an association on the linked locus can be 

considered further evidence of true association and linkage.  

3.4.3 Methods to evaluate the significance of genetic findings 
 

In genetic studies multiple nominally significant results are expected due to the stochastic 

variation of genome or genotype data and the large number of performed tests (Dudbridge and 

Koeleman 2004). Correction for multiple testing is performed for a number of tested variants, 

hypothesis or genetic models. A p-value of 0.05 (95% confidence interval) after the correction 

for multiple independent tests is often considered an indication of a significant result. 

However, a more stringent p-value of 0.01–0.001 may be preferred to ensure the significance 

of the result (Doerge and Churchill 1996). In GWAS the number of statistical tests is high, 

especially when multiple traits are tested. In linkage analysis a p-value of 5×10-5 is considered 

a threshold for significance (Lander and Kruglyak et al. 1995), and in GWAS a p-value of 

5×10-8 is suggested to be a conservative level for genome-wide significance (Attia et al. 2009).  

 

Many alternative methods have been developed to define the significance of statistical tests 

and some of them are listed in Table 9. Frequentist methods, such as the Bonferroni correction 

and permutation testing, take all tested hypothesis into account. One can also use the Bayesian 
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method, like the “False positive report probability”, where association is corrected based on 

the observed p-value and the probability of the association being true. The Bonferroni 

correction is a standard method to correct the bias originating from multiple testing. However, 

because it assumes independence between the tests, the correlation among genetic variants and 

phenotypes is ignored. Therefore, the permutation test which retains the correlation in the 

original data provides a less conservative method to test the significance. 

 

Table 9. Some methods used in the correction for multiple testing. 

Correction 
method Description Notice Reference 

Family-wise error 
rate 

Recommendation for a 
significance thresholds of human 
genome-wide linkage scan  

Suggestive and significant 
evidence of linkage with a Lod 
score of 1.9 and 3.3, respectively 

Lander and 
Kruglyak 1995 

Bonferroni 
(Šidák) correction 

Multiplying the p-value by the 
number of hypotheses 

Assumes independence between 
the tests  Šidák 1967 

Permutation 
testing Random shuffling of phenotypes Computationally time-

consuming on a large scale  
Churchill and 
Doerge 1994 

False discovery 
rate 

Controlling the expected 
proportion of falsely rejected 
hypothesis 

Applicability to quantify vast 
amount of false positives is 
unknown 

Benjamini and 
Hochberg 1995 

False positive 
report probability 

Calculates posterior probability 
of the validity of an association 

Bayesian method, needs 
estimates of prior probabilities 
and risk ratios 

Wacholder et al. 
2004 

 

3.5 Genetic factors complicating complex disease studies 
 

The GWAS in Table 8 show promising steps in the identification of genetic variants for 

complex diseases. However, even a dozen of variants do not necessarily explain the whole 

genetic picture of a disease. Locus heterogeneity (distinct loci that are associated with the 

same trait) is evident for many complex diseases and obviously complicates the identification 

of genetic interactions. Also not all diseased individuals in a sample share the same 

susceptibility to the identified locus or variant which reduces the power of the study. Heritable 

epigenetic factors (DNA methylation, histone modifications, imprinting, untranslated RNAs), 

and gene-gene interactions (epistasis and long distance chromatin interactions) complicate the 

identification of genetic variants even further (reviewed by Jirtle and Skinner 2007, Bartkuhn 

and Renkawitz 2008, McCarthy and Hirschhorn 2008). Thus more advanced studies 



40                                                                            Päivi Tikka-Kleemola                                                                        

combining both expression and genetic variation data will give a better understanding of 

complex disease genetics.  

 

3.6 Genetic studies on migraine 

3.6.1 Migraine loci idenfied by genome-wide linkage studies 
 

By February 2009, eleven genome-wide linkage studies have been published identifying 16 

suggestive or significant migraine loci based on the migraine end-diagnosis, TCA or LCA 

(Table 10). In four of them significant linkage between the end-diagnosis of MA or MO and 

loci at 4q21−q24, 6p12−p21, 11q24 and 14q21−q22 has been identified (Wessman et al. 2002, 

Björnsson et al. 2003, Carlsson et al. 2003, Cader et al. 2003, Soragna et al. 2003). The more 

recent studies have used different phenotyping strategies, such as TCA and LCA, to identify 

loci for different migraine trait components or symptom groups. In TCA the IHS based 

symptoms are used as traits (Anttila et al. 2006), and in LCA individuals are divided in four 

groups based on the severity of migraine symptoms (Nyholt et al. 2004). These studies have 

identified significant loci at 4q24, 5q21, 10q22–q23, 17p13 and several other suggestive loci 

(Nyholt et al. 2005, Lea et al. 2005, Anttila et al. 2006 and 2008, Ligthart et al. 2008).  

 

So far, only in two studies have fine-mapping results for the linked regions at 6p12–p21 and 

10q22–q23 been reported (Norberg et al. 2006, Anttila et al. 2008), but both of them failed to 

show significant association in the studied regions. However, the emerging consistency 

between linkage results and with both the increasing number of studies and phenotyping 

strategies has strengthened the confidence that the majority of significant linkage findings are 

true positives. It is especially encouraging when samples with different nationalities have been 

used. The advantage of using different phenotyping strategies has been obvious when these 

methods were compared in a study by Anttila and co-workers 2008 on a sample of 1,675 

individuals from 210 migraine families. They found that the most heavily replicated locus on 

10q22–q23 would have been identified only in one study instead of four studies (Nyholt et al. 

2005, Anttila et al. 2006, 2008, Ligthart et al. 2008) if only the MA end diagnosis based 

phenotype was used.  

 

Linkage studies on migraine have also shown that gender-specific genetic factors have a role 

in migraine pathophysiology as has been suggested by epidemiological studies. Female-
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specific contribution has been detected in two populations: at loci 10q22-q23 and 18q12 in 

Finns, and at 4q21 in Icelanders (Björnsson et al. 2003, Anttila et al. 2006, 2008).  

 

 
Table 10. The loci showing best evidence for linkage in the genome wide linkage studies on 
migraine. Loci showing significant, suggestive or replicated evidence of linkage are bolded, 
underlined or italicized, respectively.  
Reference Trait 1 No of 

families 
No of 
affecteds 2 

Nationality Locus 

Wessman et 
al. 2002 

MA 50 252 Finnish 4q24 

Carlsson et al. 
2003 

MA/MO 1 17 Swedish 6p12–p21 

Björnsson et 
al. 2003 

MO 103 289 Icelandic 4q21 3 

Soragna et al. 
2003 

MO 1 22 Italian 14q21–q22 

Cader et al. 
2003 

MA 43 248 Canadian 11q24 

Nyholt et al. 
2005 

LCA 756 556 Australian 5q21, 8q21, 10q22, 
13q21, 6p12–p21, 1q21–
q23 

Lea et al. 2005 LCA 92 380 Australian 18p11, 3q29 
Anttila et al. 
2006 

TCA 50 4 225 Finnish  

 pulsation    17p13 
 phonophobia and 

age at onset 
   4q24 

 MA and/or MO 
(full criteria) 

   18q12 

Anttila et al. 
2008 

LCA/TCA 210 621 Finnish and 
Australian 

 

 pulsation   Finnish and 
Australian 

10q22–q23 

 unilaterality   Finnish 10q22–q23 
 pulsation   Australian 10q22–q23 
 pulsation   Finnish 2p12 
 pain intensity   Australian 8q12 
 pulsation   Finnish Xp22 
 attack length   Finnish 18q12 
 pain intensity   Australian 14q21 
Ligthart et al. 
2008 

LCA/TCA 105 234 Dutch  

 LCA    1q23, 13q21, 20p 
 photo/phonophobia    5q22 
 pain intensity    10q22 
 pulsation    13q21 
Jonker et al. 
2009 

age at onset 258 na Dutch 19q 5 

No, number; MA, migraine with aura; MO, migraine without aura;  LCA, latent class analysis; TCA, trait 
component analysis; na, not available 
1) In TCA the trait that showed the best linkage signal on a locus is given, 2) Number of affected individuals 
that has been used as primary selection criterion for the study, 3) Slightly relaxed criteria of MO, 4) The same 
families as in Wessman et al. 2002, 5) The significance of this locus was not defined. 
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An eye-catching feature in replicated migraine loci on 1q21–q23, 4q21–q24, 5q21–q22, 6p12–

p21, 10q22–q23, 13q21, 14q21–q22 and 18q12 (Table 10) is the phenotypic heterogeneity in 

the linked traits. This inconsistency between traits may be due to susceptibility variant(s) that 

in these loci predispose to several symptom-specific processes (Anttila et al. 2008). For 

example, the first MA locus on 4q was replicated in the Icelandic MO sample based on the 

overlapping NPL results on 4q21–q24 (Wessman et al. 2002, Björnsson et al. 2003). Although 

the analyzed end-diagnosis was different, MA versus MO, the TCA analyses on the same 

Finnish families showed linkage to 4q21–q24 with age at onset, photophobia, phonophobia 

and unilaterilaty traits (Anttila et al. 2006) that are shared in migraine headache of both MA 

and MO. Furthermore, both the Icelandic and Finnish study also showed linkage on the 18q12 

region that was further confirmed and replicated in the Finnish TCA study on individuals 

affected with MA and/or MO with normal attack length of 4–72 h (Anttila et al. 2006, 2008). 

The use of the LCA method has shown overlapping results at 1q21–1q23 and 13q21 (Nyholt et 

al. 2005, Ligthart et al. 2008), but the specific characteristics of each of the latent groups have 

not been reported, and thus, the predisposing trait components cannot be determined.  

 

It is interesting that the pulsating migraine headache trait has been the most successful 

symptom for a locus identification on 2p12, 10q22–q23, 13q21, 17p13 and Xp22 (Anttila et 

al. 2008) even though the trait has not shown consistency between the studies. It can be an 

easily identified clinical symptom, but the pulsating migraine pain may indicate a role of 

neurovascular mechanisms in migraine. Another interesting feature in the genome-wide 

linkage studies on migraine is the almost total lack of overlapping results among common 

migraine, especially MA, and FHM loci. Suggestive evidence of linkage has been identified in 

only two LCA studies for the FHM2 region (Table 10, Nyholt et al. 2005, Ligthart et al. 

2008), but the role of aura in these loci was not established. The Danish linkage study on the 

FHM families suggested a possibility of locus heterogeneity in FHM (Thomsen et al. 2007) 

and interestingly one of their nominal linkage signals is located in the proximity of the 10q21–

q22 locus that has been linked to several common migraine traits (Anttila et al. 2008). The 

recent linkage study on a Spanish FHM family affected also with MA and MO showed 

significant linkage on 14q32 (Cuenca-León et al. 2009). Further studies will show whether the 

additional FHM loci predispose also to common migraine.  
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3.6.2 Candidate gene and locus studies on common migraine 
 

Susceptibility of several candidate genes or loci has been studied on common migraine in 

samples of cases and controls, and families. Unfortunately, none of these studies have lead to 

the identification of susceptibility variants. Certainly, the variability of migraine symptoms 

along with multiple environmental and genetic factors complicates the genetic studies. Table 

11 summarizes some of the candidate gene or locus studies on common migraine that have 

also been studied in another independent sample. 

 

3.6.2.1 Candidate gene and locus studies on the FHM loci 

 

Due to many similar characteristics between FHM attacks and common migraine, the role of 

FHM loci has been studied in common migraine (Table 11). Three studies have reported 

suggestive evidence of linkage between the FHM1 locus at 19p13 and common migraine (May 

et al. 1995, Nyholt et al. 1998, Terwindt et al. 2001), but five studies have failed to identify 

linkage to the FHM1 locus (Hovatta et al. 1994, Lea et al. 2001, Noble-Topham et al. 2002, 

Kaunisto et al. 2005, Kirchmann et al. 2006). Sequencing studies covering exons and selected 

areas of the CACNA1A gene have not identified associated variants (Lea et al. 2001, Brugnoni 

et al. 2002, Wieser et al. 2003, Kirchmann et al. 2006). The role of the FHM2 gene, ATP1A2, 

in common migraine is not solved since contradictory results in family and case–control 

samples have been published (Jen et al. 2004, Todt et al. 2005, Kirchmann et al. 2006, Netzer 

et al. 2006). So far, no studies have been reported concerning the role of the FHM3 gene in 

common migraine. 

 

Since mutations in the three FHM genes disturb the neuronal ion balance, a similar 

pathophysiological imbalance in ion signalling may provide a pathway to common migraine. 

The association between 155 ion channel genes and MA was studied in an extensive multi-

cohort study of the European-origin samples (Table 11, Nyholt et al. 2008). After correcting 

for multiple testing, none of the tested common SNPs showed significant association between 

841 Finnish MA cases and 884 unrelated non-migraine controls. However, a significant 

epistatic interaction was identified between the potassium (KCNB2) and calcium (CACNB2) 

channel genes in the Finnish population. Interestingly, the potassium channel gene on 8q13 is 
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located in the proximity of the suggestive linkage signal of the pain intensity trait identified in 

an Australian sample at 8q12 (Anttila et al. 2008).  

 

Table 11. Candidate genes or loci studied in common migraine. 
Linkage studies       
Locus Families Nationality Phenotype Method Result Reference 

Chromosome 19       
FHM1 4 Finnish MA/MO Parametric Negative Hovatta et al. 1994 
FHM1 28 German MA/MO ASP Positive May et al. 1995 
FHM1 4 Australian MA/MO Parametric, NPL Positive Nyholt et al. 1998 
FHM1 82 Australian MA/MO NPL, association Negative Lea et al. 2001 
FHM1 36 Dutch MA ASP Positive Terwindt et al. 

2001 
19p13 (INSR) 16 North 

American 
(Caucasian) 

MA Parametric, NPL Positive Jones et al. 2001 

19p13 (FHM1) 64 Canadian MA Linkage, TDT Negative Noble-Topham  
et al. 2002 

19p13 (FHM1, INSR) 72 Finnish MA Parametric, NPL Negative Kaunisto et al. 
2005 

FHM1 34 Danish MA Parametric, NPL,  
sequencing 

Negative Kirchmann et al. 
2006 

Chromosome 1       
1q21-q31 (FHM2) 10  MA  Negative Russo et al. 2005 
1q31-q42 3 Australian 

Caucasian 
MA/MO NPL Significant Lea et al. 2002 

     replication  
     sample 

83  MA/MO TDT Nominal  

FHM2 34 Danish MA Parametric, NPL,  
sequencing 

Negative Kirchmann  
et al. 2006 

Other loci       
X chromosome 3 Australian MA/MO Parametric, NPL Significant Nyholt et al. 1998 
4q24, 14q24, 15q11-
q13 

10 na MA Parametric, 
sequencing 

Significant 
for 15q11-
q13 

Russo et al. 2005 

Association studies      
Candidate 
region/gene 

Sample 
(cases/controls) 

Nationality No of tested 
variants 

Significantly 
associated  
variants  

Tested/ 
associated  
phenotype 

Reference 

Locus identified using linkage analyses on candidate loci     
19p13  825/765 North 

American  
13 3 MA McCarthy et al. 

2001 
    INSR/GTF2F1 825/765 North 

American  
16 5 MA/MO  

    INSR/GTF2F1 275/275 Australian 
Caucasian 

2 1 (INSR) MA/MO  

1q23-q31 243/243 Australian 
Caucasian 

6 No  MA/MO Fernandez et al. 
2007 

GABA-A receptors 
(15q11-q13) 

270/273 Northern 
European 

56 No MA Netzer et al. 2008 

replication 
sample 

379/379 Northern 
European 

4 No MA  

GABA-A receptors 898/900 Finnish 34 No  MA Oswell et al. 2008 
Candidate gene studies    
155 ion channel 
genes 

841/884 Finnish 5257 No  MA Nyholt et al. 2008 

replication 
sample 

2835/2740 Caucasian 66 No  MA  

ESR1 484/484 Caucasian 1 1 MA/MO Colson et al. 2004 
MTHFR 652/269 Caucasian 1 1 MA Lea et al. 2004 
MTHFR, ESR1 898/900 Finnish 32 No MA Kaunisto et al. 

2006 
MA, migraine with aura; MO, migraine without aura, FHM, familial hemiplegic migraine; NPL, non-parametric linkage; ASP, affected sib-
pair test;  TDT, transmission disequilibrium test; No, number 
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3.6.2.2 Other susceptibility loci 

 

Often migraine loci or genes that show association or linkage in one population are not 

replicated in other independent samples. The 5',10'-methylenetetrahydrofolate reductase 

(MTHFR) gene that may alter the threshold for migraine attack and the oestrogen receptor 

(ESR1) that may mediate menstrual migraine are the most intensively studied candidate genes 

for migraine. Although they have shown association in several small migraine samples, they 

have failed to show significant association in large and comprehensive case–control studies 

(Kaunisto et al. 2006, Todt et al. 2006). Such contradictory results are often based on low and 

heterogeneous sample sizes or differences in phenotype criterion (Wessman et al. 2007).   

 

Other potential candidate genes for migraine are the GABA-A receptor genes that mediate the 

function of a neuronal suppressor, gamma-amino butyric acid. A linkage study on candidate 

regions proposed the GABA-A receptors as candidate genes for MA (Russo et al. 2005), but 

studies in Finnish and Caucasian populations failed to show association to these genes (Oswell 

et al. 2008, Netzer et al. 2008). Studies on variants of the insulin receptor gene (INSR) located 

in the proximity of FHM1 have also shown contradictory results in samples of European 

origin (McCarthy et al. 2001, Kaunisto et al. 2005, Netzer et al. 2008b).  

 

3.6.3 Genetic studies on comorbid families 
 

Although the co-occurrence of common migraine with epilepsy and stroke is well established, 

no comprehensive genome-wide analyses have been performed on large samples of comorbid 

families or individuals. An encouraging linkage finding was identified at 9q22 in a single large 

Belgian family with occipitotemporal lobe epilepsy and MA (Deprez et al. 2007). 

Characteristics for these disorders are visual symptoms that suggest a possibility of a shared 

genetic background for epilepsy and migraine. Further evidence of this shared aetiology has 

been shown in another Belgian study where a FHM2 mutation was associated with 

occipitotemporal epilepsy and migraine (Deprez et al. 2008).  

 

Hereditary vascular retinopathy (HVR), a neurovascular disorder characterized by a 

progressive loss of vision, is another disorder where the genome-wide linkage analysis has 

been performed on a family comorbid with migraine (Ophoff et al. 2001). HVR shows 
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autosomal dominant inheritance and it is associated with an increased risk of stroke and the 

Raynaud syndrome that are both also associated with migraine. A genome-wide linkage 

analysis revealed a locus at 3p21 that may also predispose to migraine (Hottenga et al. 2005). 

The identified gene for HVR encodes for mammalian 3'-5' DNA exonuclease but its role in 

migraine needs to be further examined (Richards et al. 2007, Stam et al. 2008).  
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4 Aims of the present study 
 

The aim of this work was to identify susceptibility loci for migraine with aura (MA) and its 

traits using well-phenotyped samples and state of art gene mapping methods. The specific 

aims of this thesis were: 

 

1. To study the role of vasoactive genes EDN1, EDNRA and EDNRB in MA 

susceptibility using a case–control study setting. 

 

2.  To improve the Sequenom genotyping method for cost efficiency and accurate fine-

mapping. 

 

3. To study the contribution of both the Mendelian FHM1 and common migraine locus at 

19p13 in MA families. 

 

4. To identify loci predisposing to migraine aura in families 
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5 Materials and Methods 

5.1 Study subjects 
 

The ethics committee of the Helsinki University Central Hospital approved these studies 

(approval no. 622/E0/02) and an informed consent was obtained from all individuals. For 

study III an approval was also gained from the ethics committee of the University of 

California, Los Angeles. For the German sample in study I an approval was obtained from the 

Bonn University Hospital Ethics Committee (approval no. 184/00) 

 

5.1.1 Migraine families 
 

Altogether 108 families were genotyped for studies III and IV. The families were obtained 

from the Finnish Migraine Gene Project, in which over 1,400 families with a total of 5,000 

samples have been collected nationwide since 1996. The migraine patients have been recruited 

from headache clinics in Helsinki, Turku, Jyväskylä and Kemi and using advertisements in the 

newsletter of the Finnish Migraine Society. When a member, i.e. an index case, of a family has 

been clinically diagnosed with migraine, he/she has been asked to contact relatives who have 

been believed to suffer from migraine. If the relatives were willing to participate in the study, 

the validated Finnish Migraine Specific Questionnaire for Family Studies was mailed to first-

degree relatives along with a request for a donation of a blood sample (Kallela et al. 2001). 

The diagnoses have been made according to the diagnostic IHS criteria by experienced 

neurologists (Headache Classification Committee of the International Headache Society 1988, 

Headache Classification Subcommittee of the International Headache Society 2004). In the 

case of incomplete or contradictory answers telephone interviews have been used to confirm 

the diagnosis. 

 

For study III the MA families (n=72) were selected based on a seemingly autosomal dominant 

mode of inheritance within the families. The end diagnosis distributions of 762 genotyped 

individuals are shown in Table 12. On average each pedigree had five affecteds and three 

generations.  
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Table 12. End diagnosis distributions among genotyped individuals in families (studies 
III and IV). 
  Study III 1 Study IV 2 

End-diagnosis IHS code 3 n % female n % female 

MA 1.2.1 417 72.2 160 79.3 

Typical aura with non-
migraine HA 

1.2.2 na - 8 25.0 

Typical aura without 
HA, EQV 

1.2.3 8 62.5 4 25.0 

Probable MA 1.6.2 na - 47 4 83.8 

MO 1.1 91 61.5 35 60.0 

Probable MO 1.6.1 na - 28 42.9 

HA 2 23 43.5 12 58.3 

NoHA - 170 30.0 48 37.5 

MD - 48 47.9 9 55.6 

Total - 757 58.9 351 63.8 

IHS, The International Headache Society; MA, migraine with aura; HA, headache; EQV, equivalent 
migraine; MO, migraine without aura; HA, headache; NoHA, no headache; MD, missing diagnosis; na, 
not available 

1) Diagnoses are based on the first diagnostic criteria of IHS (Headache Classification Committee of the 
International Headache Society 1988), 2) Diagnoses are based on the second diagnostic criteria of IHS 
(Headache Classification Subcommittee of the International Headache Society 2004), 3) Codes are 
according to the second diagnostic criteria of IHS, 4) Number of patients that are suffering from aural 
features that do not fulfil all IHS criteria for migraine aura. Furthermore, migraine headache does not 
necessarily fulfill IHS's criteria. 

 

In study IV the target phenotype was as homogenous visual migraine aura in a family as 

possible, regardless of the associated headache characteristics. From 36 families we were able 

to identify 185 aura patients of which 84% had scintillating scotoma type of aura. The mean 

number of aura affecteds was five in a family with an average of three generations. In total we 

genotyped 351 individuals whose IHS-based diagnoses are described in Table 12.  

 

5.1.2 Unrelated migraine cases 
 
In study I, the initial case sample consisted of 898 migraine cases (Kaunisto et al. 2006). The 

majority of cases (n=613) were selected from the cohort of Finnish MA families. The cases 

were mainly index-cases of the families but also affected spouses were included. One third 

(n=285) of the cases originated from a Finnish cohort of same sex twin pairs born before 1958 
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with a family history of migraine (Kaprio et al. 1978). However, after the re-evaluation of the 

re-filled questionnaires (n=37) or identification of spurious family relationships (n=11), 48 

migraine cases were rejected from analyses. Thus, the final case sample consisted of 850 

migraine patients. Table 13 describes the gender specific diagnosis and trait distributions of 

the study sample. In study I the visual aura trait included 142 migraine patients that according 

to the IHS criteria should be classified to the category of probable migraine with aura (the IHS 

code 1.6.2). They were included in the trait analyses if some migraine related symptoms in 

their attacks share the same underlying susceptibility variants than MA symptoms. 

 

The replication sample in the study I was obtained from Germany. The MA diagnosis of 648 

Caucasian origin patients was made according to the IHS criteria (Table 13; Netzer et al. 

2008). All patients were interviewed personally or by telephone and a questionnaire was filled 

out for each of them (Todt et al. 2005).  

 

Table 13. Number of subjects in the MA, trait and control groups by sex and country used 
in study I. 
 Finnish sample German sample All 
Trait n nfemales  

(%) 
nmales 

 n nfemales  
(%) 

nmales  
 

n 
(females %) 

MA 708  559 (79) 149  648 499 (77) 149 1356 (78) 
Visual aura 850 673 (79) 177  607 461 (76) 146 1457 (78) 
Phonophobia 601 526 (84) 99  568 449 (79) 119 1169 (83) 
Photo- and phonophobia 462 403 (84) 79 548 433 (79) 115 1010 (83) 
Age of onset (<20 years) 403 347 (82) 75  377 283 (75) 94 780 (81) 
Controls 890 685 (77) 149 651 495 (76) 156 1541 (77) 

 

5.1.3 Control samples 
 

The Finnish control sample in study I consisted of 890 controls from the Finnish twin-cohort 

of opposite-sex pairs born 1939−1957 with no first-degree relatives with migraine. The 

German controls used as a replication sample included 651 individuals of Caucasian descent 

and they completed a migraine-specific questionnaire enabling the identification of migraine-

suspicious individuals (Todt et al. 2005).  

 

A sample set of 31 anonymous Finnish blood donors and one negative water control sample 

was used to optimize and evaluate the success of the SNP genotyping reactions in studies I and 

II. 



                                                      Identification of loci for migraine with aura                                                      51 

 

5.2 Methods 

5.2.1 DNA extraction 
 

Either the standard phenol-chloroform extraction procedure (Blin and Stafford 1976) or the 

Autopure LS automated DNA purification instrument (Gentra Systems, Minneapolis, USA) 

was used to extract DNA from peripheral blood. The German DNA samples were extracted by 

salting out procedures. 

 

5.2.2 Genotyping 

5.2.2.1 Microsatellite markers 

 

In study III the 72 families were genotyped using eight microsatellite markers surrounding the 

migraine candidate genes INSR and CACNA1A on 19p13. The markers covered a region of 

11.4 Mb with a mean distance between markers of 1.6 Mb. The marker and gene positions 

based on the UCSC database (http://genome.ucsc.edu; Karolchik et al. 2003) are shown in 

Figure 5.   

 

 

 
 
Figure 5. Locations of the eight genotyped microsatellite markers surrounding the INSR and 
CACNA1A genes on chromosome 19p13. (Chr, chromosome; Mb, megabase) 
 

The genome-wide linkage analysis on the 36 families (study IV) was performed with the ABI 

Prism® Linkage Mapping Set v2.5 MD consisting of 400 microsatellite markers in a map with 

a resolution of approximately 10 cM (Applied Biosystems, Foster City, CA, USA). The 
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genetic map positions were based on the recombination rates derived from the Icelandic 

population (Kong et al. 2002).  

 

5.2.2.2 Microsatellite genotyping 

 

The repeat sequences of di- tri- or tetranucleotides were amplified by PCR (polymerase chain 

reaction, Mullis and Faloona 1987) using fluorescence-labelled oligos according to the 

manufacturer’s protocol. In study III DNA fragments were separated by capillary 

electrophoresis using the ABI3700 DNA analyzer (Applied Biosystems, Foster City, CA, 

USA), called with GeneScan Software (Applied Biosystems) and analyzed with Genotyper 

Software (Applied Biosystems). In study IV the ABI3730 DNA analyzer (Applied 

Biosystems, Foster City, CA, USA) was used to separate the PCR fragments that were called 

with the ABI3730 data collection software and analyzed with the ABI Genemapper software 

package (Applied Biosystems). Genotypes of the CEPH (Centre d'Etudes du Polymorphisme 

Humain) individuals were used as controls to evaluate the performance of genotyping 

reactions and to standardize the allele calling.  

 

All genotypes were verified by human inspection. Incompatibilities in Mendelian inheritance 

were controlled using the PedCheck program (O’Connell and Weeks, 1998). Genotype 

mistyping analysis was performed with the SimWalk2 program to reveal inconsistencies in 

genotypes based on allele frequencies, marker order map, phenotype model and pedigree 

structures (Sobel and Lange, 1996; Sobel et al. 2002). In mistyping analysis an overall error 

rate of 2.5% was used and all genotypes indicated with a probability of mistyping were 

rejected. 
 

5.2.2.3 SNP markers 

 

In study I a total of 33 SNPs were genotyped covering both the gene and flanking regions of 

the endothelin1 and its receptor A and B genes. The Haploview program (Barrett et al. 2005) 

was used to identify the haplotype tagging SNPs based on genotypes of Caucasian individuals 

in the public database of the International HapMap Project (http://www.hapmap.org/; The 

International HapMap Consortium 2003). If the designing of primers for tagging SNP failed, a 
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nearby SNP in as high LD (r2) as possible was selected to compensate for the original tagging 

SNP. The additional synonymous or non-synonymous SNPs from gene coding regions and 

template sequences were obtained from the UCSC Genome Browser (http://genome.ucsc.edu/, 

Karolchik et al. 2003). The Positions and LD structure of analyzed SNPs are shown in Figure 

1 (study I). 

 

For study II 96 SNPs were genotyped including the 32 SNPs from study I. The rest of the 

SNPs were selected either from the public databases mentioned above or from the Seattle SNP 

database (http://pga.gs.washington.edu/). 

 

5.2.2.4 SNP genotyping  

 

The SNP genotyping (studies I and II) was performed with the homogenous Mass Extension 

Mass ARRAY genotyping system (Sequenom®, San Diego, CA, USA). The allele 

identification is based on the mass differences between two alleles of a SNP (Leushner et al. 

2000). Figure 6 shows an overview of the primer detection reaction for the A/T SNP 

polymorphism: A known region of genomic DNA is amplified and then used as a template for 

a primer extension reaction. A detection primer is designed to anneal adjacent to a SNP site 

(A/T). The DNA polymerase enzyme mediates the extension of the detection primer with a 

single thymidine dideoxynucleotide triphosphate (ddTTP). To gain at least 50 Da difference in 

mass of extension products a primer for allele T is firstly extended with an adenosine 

deoxynucleotide (dATP) and then terminated by adding a guanine dideoxynucleotide 

triphosphate (ddGTP).  
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Figure 6. Overview on the SNP identification by using the homogenous Mass Extension Mass 
ARRAY. 
 

For the Sequenom genotyping system the AssayDesign 2.0.7.0 software (Sequenom) was used 

to design multiplexes of 4–6 SNPs for the PCR and extension reactions. PCR and extension 

primers were purchased from Proligo France SAS (Paris, France) and Metabion International 

AG (Martinsried, Germany), respectively. The extension reaction was performed with 0.6 

U/reaction using either ThermoSequenase® (GE Healthcare, Chalfont St. Giles, UK) or 

TERMIPol® DNA polymerase (Solis Biodyne OÜ, Tartu, Estonia).  Genotyping of each SNP 

was first evaluated in a single-plex reaction for optimal primer concentrations in the sample 

set of 31 anonymous blood donors. In the second optimization step SNPs were genotyped in a 

multi-plex reaction of 4–6 SNPs to detect possible primer-primer interactions and assess the 

optimal primer concentrations between multiple primer pairs before sample genotyping. Aside 

from optimization modifications, the multiplex PCR reactions were performed according to 

the manufacturer’s instructions. 
 

Extension products spotted on microchips were detected with a real-time matrix-assisted laser-

desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry analysis. The 

genotypes were called by the SpectroCaller software (Sequenom). All genotypes were verified 

by human inspection with the Typer 3.3 software (Sequenom). The quality of genotypes was 
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inspected by the KariOTyper in-house web interface (Study II). The SPSS (version 12.0.1) 

software was used to calculate the numeric parameters in order to compare the performance of 

two DNA polymerases in study II. In study I genotype distributions in the whole sample and 

for cases and controls were tested separately for the Hardy-Weinberg equilibrium (HWE) by 

the χ2 method implemented in the PLINK 1.0 program in order to reject the suspicious 

markers (Purcell et al. 2007). In the HWE test a p-value <0.001 was used as an exclusion 

threshold for SNPs (http://www.hapmap.org/downloads/data-handling_protocols.html). 

 

5.3 Statistical methods 

5.3.1 Simulations and power calculations 
 

In study III genotype data was simulated to estimate the power of a 72 family-study to detect 

linkage. The trait was assumed to be inherited by the autosomal dominant mode with a 

reduced penetrance of 90%, the disease allele frequency was 0.1% and a proportion of 

phenocopy was 2.4% (Hovatta et al. 1994, Wessman et al. 2002). The simulated marker with a 

heterozygosity ratio of 0.8 had 5 alleles of equal frequencies. The SLINK package was used to 

conduct a simulation on studied families (Ott 1989; Weeks et al. 1990): Genotypes of each 

pedigree were replicated 500 times with the SLINK program and the expected Lod score 

(ELOD), expected maximum Lod score (EMLOD) and power were obtained using the 

program MSIM (Lathrop et al. 1984). The ELODHET program was used to analyze the data 

allowing for linkage admixture (Ott 1989; Weeks et al. 1990). Power was defined as the 

proportion of replicates where the Lod score was ≥3 under locus homogeneity and ≥3.3 under 

locus heterogeneity (Terwilliger and Ott, 1994). 

 

In study IV the simulation was performed in a condition of no linkage between disease locus 

and the marker loci using the program SIMULATE (Ott 1989). The best linked marker 

(D9S1690) was simulated in 1,000 replicates of the pedigree set based on detected allele 

frequencies assuming autosomal dominant inheritance.  

 

In study I the power estimation was performed with the Genetic Power Calculator for discrete 

traits (Purcell et al., 2003; http://pngu.mgh.harvard.edu/~purcell/gpc/). The disease allele was 

estimated to have a major dominant effect of 1.5 to disease onset with a frequency of 0.2. 
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Prevalence of MA was assessed to be 5%. In addition, the studied variant was allowed to be in 

LD of 0.8 (D’ prime) with the predisposing allele with an allele frequency of 0.20.  

 

5.3.2 Linkage analyses 
 

In studies III and IV, analyses were performed with the affecteds-only method, and thus, the 

individuals without a studied end-diagnosis or a trait were treated as unknowns. By this 

method the possibility of reduced penetrance or lack of environmental exposure was 

recognized (Anttila et al. 2008). In study III in families where both parents were affected the 

descendents were rejected from analysis to avoid problems caused by bilinearity. 

Alternatively, in the case of multiple affected relatives of a married-in member, they were 

used to form an independent family. All parametric analyses were performed by assuming a 

dominant inheritance with a disease allele frequency of 0.1%, a penetrance of 90% and a 

phenocopy rate of 2.4% (Hovatta et al. 1994; Wessman et al. 2002). The allele frequencies for 

markers were calculated from all genotyped individuals.  

 

In studies III and IV parametric two-point linkage analyses were performed with the 

LINKAGE package (Lathrop et al. 1984) including the MSIM program to calculate Lod 

scores at the recombination fractions between 0 and 0.5 and the HOMOG program to calculate 

the homogeneity of pedigrees (Ott 1991). Additionally, Lod scores of affected sib-pairs (ASP; 

Suarez et al. 1978) analysis were calculated to investigate the possibility that a predisposing 

migraine locus acts in a recessive fashion. The ANALYZE utility program was used to 

conduct these analyses (Göring and Terwilliger 2000b) and in studies III and IV the software 

tools AUTOSCAN (Hiekkalinna and Peltonen 1999) and AUTOGSCAN (Hiekkalinna et al. 

2005) were used to automate the linkage analyses, respectively.  

 

In parametric linkage analysis a Lod score of 3.3 was considered as significant evidence of 

linkage under locus heterogeneity and the thresholds for suggestive and nominal evidence of 

linkage were 1.9 and 0.59, respectively (Terwilliger and Ott 1994, Lander and Kruglyak 

1995). In the ASP analysis of study IV the thresholds of 3.05 and 1.74 were used to show 

significant and suggestive evidence of linkage, respectively (Anttila et al. 2008). 
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The non-parametric two-point analysis based on identity by descent (IBD) measurements at 

the marker loci was performed either with the SimWalk2 v2.82 (study III) or the SimWalk2 

v2.91 program without subdividing large families (study IV; Sobel and Lange, 1996). When 

modelling dominant (pdom) inheritance the largest number of affecteds inheriting an allele from 

one founder allele is estimated. In the additive inheritance statistics (NPLall) it is estimated 

whether a few founder-alleles are overly represented in affecteds. In the SimWalk analysis p-

values of ≤0.01 and ≤0.03 were considered as significant and suggestive evidence of linkage, 

respectively (personal communication by Dr. E. Sobel). 

 

5.3.3 Haplotyping of families 
 

In studies III and IV the haplotype analysis was performed to restrict the segment that was 

shared among families showing linkage to the best linked region based on the SimWalk2 

statistics. The haplotypes of all family members were constructed using both the SimWalk2 

v2.91 haplotype option (Sobel and Lange 1996) and the GENEHUNTER v2.1_r6 program 

(Kruglyak et al. 1996). Haplotypes transmitted in a family were manually compared among all 

family members to identify the most prevalent haplotype among affecteds. 

 

5.3.4 Association analyses 
 

In study I, the Haploview 4.0 program (Barrett et al. 2005) was used to identify the LD 

structure and tagging SNPs which define the haploblock structures with the confidence 

interval method (Gabriel et al. 2002). The PLINK 1.0 program was used to calculate allele and 

genotype frequency based association statistics (Purcell et al. 2007). As the exclusion 

threshold, individuals and SNPs missing >10% of genotypes were excluded from the analyses. 

For testing allelic association, the Cochran-Armitage (trend) test was used. In both allelic and 

genotypic tests an uncorrected p-value of ≤0.05 were considered as an indication of possible 

association and for those SNPs the recessive and dominant gene action tests of the PLINK 

program for the minor alleles were applied. In the recessive test the genotypes homozygous for 

the minor allele are tested against all other genotypes between cases and controls, and in the 

dominant test association genotypes with the minor allele are tested against the homozygous 

major allele genotypes. The haplotype association analysis and epistasis analysis between 

studied loci were also performed using the PLINK program. The permutation procedure 
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implemented in the PLINK program was used to elucidate the significance of the overall test 

statistics with 1,000 replications (Churchill and Doerge 1994, Purcell et al. 2007). 

 

The logistic regression model was used to test the effect of the risk genotype both in the 

Finnish and German samples when sample origin was an interaction term. The similar effect 

size enabled the analysis of the pooled sample adjusted for the sample origin and gender using 

the software SPSS (version 16) and Stata (version 9.2).   
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6 Results and discussion 
 

This study gives an overview of traditional linkage and association methods to study 

susceptibility to MA. The major advantage of this study was the large study sample of the 

Finnish Migraine Gene Project. Careful phenotyping and the use of the diagnostic criteria 

introduced by the IHS have made this patient collection valuable for the genetic studies of 

migraine. Furthermore, the use of well-established laboratory and statistical methods 

facilitated analyses and evaluation of the findings.  

6.1 Mass spectrometry-based genotyping method for fine-mapping studies 
 
The modern chip-based genotyping platforms, such as the Affymetrix Inc. GeneChip array 

(Chee et al. 1996) and Illumina Inc. BeadArray technology (Oliphant et al. 2002), can 

efficiently handle a large number of tested variants, although so far in many candidate gene 

studies, like those on migraine, less than 50 markers are usually studied (Table 11). Therefore, 

flexible and economical methods for genotyping small number of variants are needed. In our 

laboratory, the Finnish Genome Center, the MassARRAY® (Sequenom; Leushner et al. 2000) 

system is regularly used for fine-mapping candidate genes and loci. The Sequenom system is 

specially designed for high-throughput, medium-sized projects, providing a medium-sized 

multiplexing capacity with high accuracy and sensitivity (Isler et al. 2007). In study I the 

Sequenom genotyping system was used to genotype the variants of the candidate genes. In 

study II the quality of the Sequenom genotype data was evaluated by comparing the 

performance of two DNA polymerases. 

6.1.1 Role of Endothelin1 and its receptors A and B in MA susceptibility  
 

Our (Färkkilä et al. 1992, Kallela et al. 1998) and other (Gallai et al. 1994, Hasselblatt et al. 

1999) studies have indicated nominally or significantly elevated levels of EDN1 in blood 

circulation during migraine attacks, although a contradictory result exists (Nattero et al. 1996). 

The primary receptor for EDN1, EDNRA, was previously associated with migraine in a French 

study (Tzourio et al. 2001). Interestingly, Finnish migraine families have shown linkage to the 

4q28–q31 region adjacent to ENDRA (Anttila et al. 2006). Therefore, EDN1 with its receptors 

may be a link among the neural, vascular and pain related aspects of migraine. In this study we 
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aimed to analyze EDN1 and its receptors EDNRA and EDNRB as candidate genes for MA 

using a dense set of SNPs.  

 

Association between MA and endothelin1 (EDN1) and its two receptors (EDNRA and 

EDNRB) were studied in 850 migraine cases and 890 control individuals of Finnish origin. 

The majority of cases with a family history of migraine were carefully selected from our 

Finnish migraine family sample of 1,400 families and one third of the cases were from a 

Finnish cohort of the same-sex twin pairs born before 1958. 

6.1.1.1 Overview of the SNP genotype data 

 

Our sample had a statistical power of 91% at the p-value of 0.05. We genotyped altogether 33 

SNPs of which one EDN1 SNP was monomorphic and thus excluded from the analyses. Of the 

remaining 32 SNPs, 19 were tagging SNPs that defined the LD block. The mean distance 

between the analyzed 32 SNPs was 7.4 kb. The average success rate of the markers was 99%. 

All the SNPs were in HWE (with a p-value of >0.001). The frequencies of the minor alleles 

and minor homozygous genotypes varied between 0.02−0.29 and 0.001−0.25, respectively. 

Heterozygosity ratios varied from 5% to 49%, the average being 31%. The heterozygosity 

ratios of the EDN1 and EDNRB genes were similar to the heterozygosity ratios provided by 

the UCSC database from multiple information sources (htpp//:genome.ucsc.edu). However, 

the majority of the intragenic SNPs in the EDNRA gene demonstrated reduced (3−24%-unit) 

heterozygosity in both cases and controls compared to the database information (data not 

shown). 

6.1.1.2 Results based on the MA end-diagnosis 

 

We analyzed allelic- and genotype-based association between MA cases and control 

individuals. Summary of the p-values of the 19 tagging SNPs for the Finnish sample and 

females are shown in Table 14. When patients with the MA end diagnosis were designated as 

affecteds (n=708), two adjacent EDNRA SNPs rs2048894 and rs5334 provided uncorrected 

genotype-based p-values of 0.046 and 0.028. The EDNRA SNPs are in high LD (r2~1) with 

each other and the slight difference in p-values is due to a difference in the genotyping success 

rates (98.8% vs. 98.5%). The functional significance of these SNPs is currently unknown, 

rs2048892 being intronic and rs5334 a synonymous exonic SNP. However, based on the 
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HapMap Caucasian population data they are not in LD (r2=0.08) with the EDNRA variant that 

was reported to be associated with migraine in a French study on 140 migraine cases and 1039 

controls (Tzourio et al. 2001). In gender-specific analyses only the intronic EDNRB SNP 

rs2329047 showed improved allelic association (p=0.035, OR=1.2, 95% CI 1.01−1.42) in the 

female sample. When we expanded our sample with 142 unrelated migraine patients whose 

visual aura symptoms did not fulfil all criteria of typical visual aura according to the IHS 

criteria, the nominal association signals were diminished. However, three EDNRB SNPs 

showed allelic associations of 0.019−0.021 (minor allele frequency (MAF) in cases 12% and 

18% in controls) in the male sample. However, the number of males studied is too low 

(n=177) for a statistically significant result. 

 

Table 14. Allele and genotype frequencies of the studied tagging SNPs with p-values and 
position information when association between MA cases and controls was studied. 

SNP SNP 
location 

MAF 
(%) 
cases 

MAF 
(%) 
controls 

p OR 

Genotype 
freq. (%) 

cases 
(11/12/22) 

Genotype 
freq. (%) 
controls 

(11/12/22) 

   p 

EDN1 (chr 6p24):        
rs2248580 intron 49 49 0.99 1.00 24/50/25 25/49/26 0.95 
rs5369 Exon (s) 10 8 0.16 1.20 1/18/81 1/15/84 0.32 
rs5370 Exon (n-s) 19 20 0.41 0.93 3/32/65 5/31/64 0.36 
EDNRA (chr 4q31):        
rs6842241 upstream 14 13 0.70 1.04 2/23/75 3/22/76 0.70 
rs984457 intron 23 22 0.35 1.09 6/35/59 5/33/62 0.63 
rs7655670 intron 26 25 0.59 1.05 7/38/56 7/35/58 0.60 
rs1568136 intron 21 22 0.76 0.97 4/34/61 5/33/61 0.50 
rs1878404 intron 19 20 0.88 0.99 4/32/65 5/30/65 0.47 
rs2048894 intron 18 17 0.30 1.11 5/27/68 3/28/69 0.046 
rs5343 3’-utr 28 26 0.27 1.09 7/42/51 8/3755 0.11 
rs1517137 intergenic 29 29 1.00 1.00 8/42/49 10/39/51 0.32 
EDNRB (chr 13q22):        
rs11149079 intergenic 51 48 0.11 1.12 26/49/25 24/47/28 0.23 
rs1924936 intergenic 19 17 0.13 1.16 3/31/66 2/29/59 0.30 
rs7982910 intron 38 41 0.06 0.87 15/46/39 18/45/36 0.13 
rs2329047 intergenic 39 36 0.07 1.15 16/46/38 13/45/42 0.20 
rs9318502 intergenic 40 37 0.12 1.12 17/46/37 14/45/40 0.30 
rs1924914 intergenic 29 27 0.18 1.11 9/38/52 6/42/52 0.12 
rs4884076 intergenic 12 10 0.12 1.03 .1/21/78 .2/19/81 NA 
rs9544662 intergenic 35 32 0.16 1.12 13/43/43 1/44/45 0.19 
SNP, single nucleotide polymorphism; MAF, minor allele frequency; OR, odds ratio; freq, frequency; chr, chromosome; s, 
synonymous; n-s, non-synonymous 

 

When the nominal associations of the EDNRA SNP rs2048894 and EDNRB SNP rs2329047 

were studied more carefully the minor homozygous genotype of rs2048894 was more 

prevalent in affecteds (5%) than in control individuals (3%). Correspondingly, the 
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homozygous minor genotype of rs2329047 was more prevalent in females with MA than in 

female controls (16% vs. 12%). The association analysis of haplotypes of three SNPs was 

performed using a sliding window approach for the best associated SNPs. Haplotypes with 

both the EDNRA SNPs rs2048893 and rs5334 were not showing a p-value of <0.05 in the 

whole or female sample. However, the best associated haplotype with the ENDRB SNP 

rs2329047 showed an uncorrected p-value of 0.040 in the female sample (50% in cases vs. 

45% in controls). This result is analogous to the allelic and genotype p-value. 

 

The studied variants of EDN1 and its receptor genes did not show significant association to 

MA. However, since both EDNRA and EDNRB act as distinct receptors for EDN1, genetic 

epistasis (SNP×SNP) was tested in the MA sample. In the test for epistasis two SNPs are 

assumed to be in linkage equilibrium in the sample population. Only one border-line 

interesting p-value of 0.05 (OR=1.38) was detected between the EDN1 SNP rs5370 and the 

EDNRA SNP rs1878404. Thus interchromosomal interactions between the studied variants 

unlikely cause a predisposition to MA. 

6.1.1.3 Association between EDNRA and the traits phonophobia, photo- and phonophobia and 
age of onset <20 years 

  

Because the previous genome-wide linkage study using TCA showed suggestive evidence of 

linkage in the proximity of the EDNRA gene with the traits phonophobia and photo- and 

phonophobia and age of onset <20 years (Anttila et al. 2006), association between EDNRA 

SNPs and these traits was studied. The same two EDNRA SNPs rs2048894 and rs5334 that 

were showing association to MA also showed nominal association to the age of onset <20 

years trait (p-values of 0.020 and 0.012, respectively). Due to the high LD between these 

SNPs, analyses were continued with rs2048895 because of its better success rate compared to 

rs5334.  When only females were analyzed, a slightly improved association to the age of onset 

was seen with the tagging SNP rs2048894 (p=0.0081). This result was mainly based on a 

homozygous minor genotype (6% in cases and 3% in controls). The female-specific analysis 

also showed association to the EDNRA SNP rs7655670 (genotypic p-value of 0.028) but the 

neither the dominant nor recessive test statistics provided a p-value of <0.05. 
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6.1.1.4 Analysis of the best associated SNPs in the pooled Finnish and German sample 

 

Although none of our tests showed a p-value <0.05 after permutation procedures, the 

nominally interesting results of the EDNRA and EDNRB SNPs rs2048894 and rs2329047 for 

the MA end diagnosis and age of onset <20 years trait encouraged us to study these variants in 

a German sample of 648 MA cases and 651 controls. None of the replicated SNPs showed 

association (-log p>1.3) with MA when the whole German sample or gender-specific analyses 

were performed (Figure 7). However, since the similar overrepresentation of homozygous 

minor allele genotypes of rs2048894 and rs2329047 was seen in cases compared to controls in 

the German as well as in the Finnish sample (Figure 7), an association analysis was performed 

in the joint sample. First, the effect of the risk genotypes for both samples was tested. Since 

the gene effect appeared to be similar in both samples, the association analysis was performed 

in the joint sample using country and gender as covariates. The homozygous minor genotype 

of rs2048894 showed associations with increased risk of MA (p-value of 0.010, OR=1.61) and 

the age of onset <20 years (p-value of 0.011, OR=1.69), but no association was detected for 

the EDNRB SNP in the pooled sample.  

 

 
Figure 7. Results (-log(p)) for the EDNRA and EDNRB SNPs using the MA end-diagnosis and 
the trait age of onset <20 years, analyzed both in the whole sample and in the female sample 
originating either from Finland or from Germany. Figures above the bars show the ratio of 
minor allele or minor genotypes between cases and controls for statistics where the degree of 
freedom was 1. (Geno, genotypic association test; trend, allelic association based on the 
Cochran-Armitage test; dom, dominant gene action test; rec, recessive gene action test.) 
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6.1.1.5 Aspects in sample selection in studies on END1 and its receptors A and B 

 

END1 is considered to be able to trigger CSD that is thought be the underlying mechanism of 

migraine and especially for visual aura (Kleeberg et al. 2004), therefore, an evident aim is to 

study the role of endothelin genes in patients with MA. However, only in a study by Gallai et 

al. (1994), where the sample of MA patients was low (n=20) but of adequately power, were 

increased EDN1 levels in MA patients detected.  The genetic association of the EDNRA SNP 

was also detected in MO patients (n=113) but the number of MA patients (n=27) was too low 

for a conclusive result (Tzourio et al. 2001). A reason for the low number of patients (n=7−50) 

in these clinical studies is, naturally, the lack of volunteers due to the requirements that the 

patient take no medication and has to be in a hospital during the migraine attack.  

 

Although the total number of migraine patients was low (n=140) in the genetic study by 

Tzourio and co-workers (2001), their carefully selected sample and a large number of controls 

(n=1,039) were its strengths. The majority of migraine patients had a self-reported family 

history of migraine that enhanced the power to detect genetic variants (Amos 2007). Also, the 

life-style and conditions related to EDN1 actions, such as hypertension (Cardillo et al. 2002), 

were controlled to be similar in cases and controls. Furthermore, population stratification may 

have been avoided by selecting patients born between 1922 and 1932 from a certain region of 

France. In our sample we were also using a homogenous sample, but in addition, we had a 

considerably larger group of carefully phenotyped migraine patients (n=850) than the French 

study. Furthermore, our study was the first genetic study exploring the role of EDN1 variants 

and its receptors in patients prominently affected with visual aura.   

 

6.1.1.6 Role of EDNRA in MA susceptibility needs further study 

 

Our study revealed no significant association between MA or the studied traits and EDN1 and 

its receptors. However, both the MA end diagnosis and the trait age of onset <20 years showed 

nominal association to rare homogenous genotypes of EDNRA SNPs rs2048894 and rs5334. 

The finding that rare homozygous genotype frequencies (5% vs. 3% in the Finnish sample and 

7% vs. 5% in the German sample) of the EDNRA SNP rs2048894 between cases and controls 

were similar in the Finnish and German samples suggesting that the variant may have an 

impact on the susceptibility to migraine. The nominal association in the pooled sample with an 
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OR of 1.6 further strengthened our confidence. In addition, when individuals not having the 

IHS migraine aura were added to the analysis of MA patients the nominal associations of the 

two EDNRA SNPs were diminished. This indicates that EDNRA may mediate central 

characteristics of migraine aura. Also the previous association study in the French population 

showed the highest evidence of association to a rare homozygous genotype (Tzourio et al. 

2001). However, the associated variant in their study was not in LD with our SNP rs2048894 

based on the HapMap data. Now evidence from two studies indicate that even larger samples 

of migraine patients, both with and without aura, with measured plasma EDN1 levels should 

be studied to clarify the role of EDNRA in migraine, as no single variant or haplotype was 

associated with high significance.  

 

6.1.2 Evaluation of the SNP genotyping reaction 
 

Accurate performance of genotyping reactions diminishes the possibility of type I and II 

errors. In study II the quality and expenses of the homogenous mass extension reactions 

(hME) were compared between two commercial DNA polymerases, ThemoSequenase® and 

TermiPol® in the Sequenom genotyping platform. A total of 96 polymorphic SNPs were 

evaluated including all the 32 SNPs analyzed in Study I. Both polymerase enzymes have been 

designed to incorporate dideoxynucleotides (ddNTPs) in the extension reactions that are 

usually discriminated against by ordinary DNA polymerases. In ThermoSequenase® the active 

site of a gene encoding the Taq DNA polymerase of the thermophile Thermoplasma 

acidophilum has been modified to enhance the interaction of the DNA polymerase with 

ddNTPs (Tabor and Richardsson 1995, http://www4.gelifesciences.com). The TERMIPol 

enzyme originates from a modified gene of Thermus aquaticus (http://www.sbd.ee). 

6.1.2.1 Comparison between the qualifying parameters of the SNP extension reactions 

 

We selected 96 SNPs that performed well in single-plex reactions for the enzyme comparison. 

Based on the parameters obtained from the Sequenom Typer 3.3 software, four qualifying 

parameters were calculated for each SNP genotype (Table 1, Study II). The success rates for 

the extension reactions performed with TERMIPol® were significantly better (p=4.8×10-6) 

than with ThermoSequenase®, although a median success rate of 100% was the same for both 

reactions. Both the extension reaction efficiency and the higher mass extension efficiency 
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were also significantly better when using TERMIPol® rather than ThermoSequenase®. Both of 

these parameters describe the completeness of the extension reaction, the first taking into 

account all extended peak heights in comparison to the unextended primer and pausing peak, 

and the latter defining the success of the extension reaction of the higher mass allele. For both 

parameters TERMIPol® showed lower variation in the qualifying parameters, thus 

demonstrating better enzymatic efficiency than ThermoSequenase® in the same reaction 

conditions. As was suspected from previous parameters, the bias between the heights of the 

two alleles of heterozygotes was higher for ThermoSequenase® than TERMIPol®. In a few 

cases TERMIPol® extended more efficiently the higher mass allele than the lower mass allele, 

but in four of seven SNPs the same phenomenon was detected also with ThermoSequenase®. 

Regardless of the better performance of the TERMIPol® enzyme, in four water control 

samples extension products were detected compared to only one when ThermoSequenase® 

was used. In these cases DNA cross-contamination was unlikely since only one SNP reaction 

per multi-plex was showing non-templated extension products in each case. In many cases, the 

non-templated extension reaction was avoided by using the HotStart TERMIPol® enzyme that 

needs incubation at 95−97°C for activation (data not shown). 

6.1.2.2 Inter-variation test 

 

To be certain that the differences in the extension reactions were not based on sporadic 

environmental factors during laboratory work, an inter-assay variation test was done for two 

well-performing multiplexes of 5 and 6 SNPs five times. The success rates of SNPs were high, 

the mean success rate being 99% for ThermoSequenase® and 100% for TERMIPol®, but the 

coefficent variation was higher for ThermoSequenase® than for TERMIPol®. Similarly the 

reaction efficiency rates and the allele specific bias values were closer to optimum for 

reactions performed with TERMIPol®. In the inter-assay variation test, the higher mass allele 

was not amplified in one assay performed with ThermoSequenase® resulting in homoplasy, 

which was also detected in three of the original 96 SNP assays. Homoplasy could have been 

predicted already from higher unextended primer peaks and the existence of minor pausing 

peaks (Figure 8).  

6.1.2.3 Expenses of the Sequenom SNP genotyping reaction 

 

The DNA polymerase enzyme is one of the major determining factors of the cost of 

genotyping. However, it should be noted that good enzyme performance reduces costs by 
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decreasing the need for re-runs of genotyping reactions. In 2006 the total genotype cost for a 

single reaction in our laboratory was $0.79 with ThermoSequenase® and $0.68–0.70 with 

TERMIPol® using a 384-plate. A noticeable reduction in genotyping costs is achieved by 

designing multiplexes with large numbers of SNPs, since multiplying the number of 

genotyped SNPs in one multi-plex reduces the enzyme cost per SNP in the same proportion. 
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Figure 8. Comparison between the mass spectrograph profiles of discrepant genotypes in a 
multiplex assay format. (A) ThermoSequenase® amplifies the lower mass allele G and a minor 
pausing peak for the sample. (B) The same sample amplified with TERMIPol® produces 
heterozygous genotype G/A.  
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6.1.2.4 Optimization of genotyping reaction enhances the quality of the SNP genotype data  

 

Based on our results, TERMIPol® advanced the hMEs reactions with higher precision and 

efficiency at a lower cost than ThermoSequenase®. A drawback, however, is that TERMIPol is 

prone to non-templated extension. Similar results were also observed in a study by Lovmar et 

al. (2005) where they studied the quality of different DNA polymerases in their four-color 

fluorescence minisequencing Tag-microarray system (Lindroos et al. 2002). In this method, 

the identification of alleles is based on fluorescently labelled ddNTPs that are incorporated to 

extension primers while in the MassArray® system. The alleles are subsequently separated 

based on known mass differences between alleles. In both genotyping systems the 

optimization of extension reactions has enabled the designing of cost-efficient and quality 

reactions. However, “in house” optimization of extension reactions of the MassARRAY® 

platform has been complicated by the use of the iPLEX® genotyping system in which “ready-

to-use” reaction mixtures are used (http://128.135.75.36/iPLEXAppNote.pdf). 

 

Based on the optimization results presented here, the extension reactions for study I were 

performed using the TERMIPol® polymerase providing a high mean success rate of 99% for 

genotypes. None of the 32 SNPs used in Study I showed a dropout of the higher mass allele in 

heterozygotes in Study II. Furthermore the manual checking of the genotypes along with the 

automated genotype control program (KariOTyper) and the HWE calculations ensured 

(Gomes et al. 1999) that the quality of genotypes in Study I was high. The best associated 

EDNRA SNP rs2048894 was also included in the inter-array test of two multi-plexes. Both 

enzymes worked well in the extension reaction (the mean success rate was 100% for both 

enzymes). However, in one of five reaction sets a success rate of 80% was detected for the 

ThermoSequenase® reactions (Table 15). In the worst case scenario the missing one fifth of 

genotypes would have substantially biased our end-result, since already the 0.3 unit lower 

success rate of rs5334 reduced the p-value by 1.7 times compared to its neighbouring marker 

rs2048894 in high LD in study I. Therefore, in association studies where family information is 

missing, the rejection of false genotypes is essential. For example, in the Wellcome Trust Case 

Control Consortium project GWAS of seven complex diseases 6.2% of SNPs were rejected 

after quality control procedures because of missing data, genome-wide heterozygosity, 

population stratification and allele distribution testing (The Wellcome Trust Case Control 
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Consortium 2007). It has been estimated that a genotyping error rate of 3% may reduce LD 

measures (both D’ and r2) by 35% (Akey et al. 2001). These facts demonstrate that lack of 

quality checking procedures and optimization of the reaction conditions, especially when the 

associated variants are rare, may seriously bias results.  
 

Table 15. The summary of the inter-assay variation test for the EDNRA SNP rs2048894. 
ThermoSequenase® TERMIPol® 

Parameter Extension 
reaction 
efficiency 

Higher mass 
allele extension 
efficiency 

Allele-
specific 
bias 

Success 
rate (%) 

Extension 
reaction 
efficiency 

Higher mass 
allele 
extension 
efficiency 

Allele-
specific 
bias 

Success 
rate 
(%) 

Mean 0.27 0.54 1.73 99 0.64 0.90 1.28 100 
SD 0.068 0.044 0.29 5.0 0.10 0.020 0.23 0.0 
CV (%) 25 8.2 17 5.1 15 2.2 18 0.0 
Median 0.25 0.54 na 100 0.61 0.90 na 100 
Min 0.19 0.45 na 80 0.48 0.85 na 100 
Max 0.50 0.62 na 100 0.83 0.95 na 100 

CV, coefficient of variation; Min, minimum; Max, maximum; na = not available 

 

6.2. Identification of MA susceptibility loci using the linkage approach 

6.2.1 The role of the FHM1 and INSR loci in Finnish MA families 
 

In study III we analyzed the role of the 19p13 locus for MA in 72 Finnish families. This region 

contains two migraine associated genes INSR and the FHM1 gene CACNA1A (Ophoff et al. 

1996, McCarthy et al. 2001). Our previous genome-wide linkage analysis performed on 50 

Finnish MA families indicated nominal linkage to the D19S427 marker in the proximity of the 

INSR gene. The intragenic marker of the CACNA1A gene, D19S1150, on the other hand, 

showed no linkage (Wessman et al. 2002).  Because of the nominal linkage finding we wanted 

to analyze the 19p13 region more closely with eight microsatellite markers surrounding both 

candidate genes (Figure 5). The 50 families that were used in the initial genome-wide linkage 

study were included in this study with 22 additional MA families totalling 72 families with 

757 genotyped individuals. 

 

6.2.1.1 Analysis results of the family sample 

 

We performed a simulation analysis under a hypothesis of no linkage to assess the power of 

our study sample. Only 35% of our families were required to reach the power 80% with a 
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corresponding expected maximum Lod (EMLOD) score of 6. Regardless of the significant 

statistical power none of the studied markers showed linkage to the MA at 19p13. The highest 

LodHet score of 0.16 (p=0.35) was detected for the marker D19S394 located between the 

INSR and the CACNA1A genes. NPL analyses supported the results of the parametric analysis. 

When individuals with MO (n=91) were included in the analysis, the linkage signal did not 

improve.  

 

The marker D19S427, which in our previous study had indicated nominal linkage to MA, 

showed a LodHet score of 0.07 (p=0.43) in study III. The plausible explanation for the 

different linkage results of D19S427 may be the use of different genotyping platforms; LI-

COR DNA 4200 Genetic Analyzer (LI-COR BioSciences, Lincoln, NA, USA) was used in the 

initial linkage scan and the ABI3700 DNA analyzer was used in this study. When the 

genotypes of D19S427 run with the ABI platform were re-analyzed in the 50 families from our 

previous study (Wessman et al. 2002), a LodHet score of 0.28 was acquired and not the 

LodHet score of 1.7 that was detected in the initial analysis of the LI-COR genotypes 

(unpublished data). 

 

6.2.1.2 Susceptibility of single families to 19p13 

 
Despite the lack of evidence of linkage in all families, we studied whether any of the families 

contributed to the 19p13 region by ranking the families according to their Lod scores. Figure 9 

shows the family based distributions of the Lod scores for the four markers (D19S427, 

D19S592, D19S394 and D19S1150) selected based on location and the highest detected Lod 

score (θ=0). Only five families showed a Lod score >0.59 for these markers, and thus, the role 

of the 19p13 region in the majority of the 72 families was improbable. However, ten families 

showed nominal evidence of linkage if a recombination fraction (θ=0−0.5) was taken into 

account, but no adjacent markers showed a Lod score above 0.59 (Table 16). When the highest 

detected Lod score was compared to the simulated maximum Lod score, three families (66, 86, 

95) showed equal values. In each of these families a major haplotype covering the best linked 

marker distinguished the affected family members. On the other hand, all three families 

showed linkage to a different marker. This may be an indication of locus heterogeneity or a 

false positive linkage signal in these families. 
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Figure 9. The distribution of individual family Lod scores at θ=0.0 for four microsatellite 
markers D19S427, D19S592, D19S394 and D19S1150. Each symbol represents one family. 
 
 
Table 16. Simulated and maximum two-point Lod scores for individual families. Lod scores 
≥0.59 for any of the studied marker are shown. 

Fam 86 Fam 95 Fam 103 Fam 66 Fam Fam 16 Fam Fam 83 Fam 46 Fam 2 
 Lod θ Lod θ Lod θ Lod θ Lod θ Lod θ Lod θ Lod θ Lod θ Lod θ 

Simulated results                   
EMLOD .71 0 .68 0 1.34 0 .48 0 1.62 0 .85 0 .73 0 .99 0 .22 0 .85 0 
Max lod 1.15  1.14  2.16  .84  4.36  1.42  1.04  1.43  .64  1.42  
Marker                     
D19S247 .30 0 .01 .3 .003 .4 .28 0 0 .5 .06 0 0 .5 .85 0 .59 0 .56 0 
D19S427 1.15 0 .19 .3 .51 0 .35 0 0 .4 0 .5 0 .5 0 .5 .09 0 .59 0 
D19S592 .20 0 .03 .3 .30 .3 0 .5 0 .5 0 .5 .04 .2 0 .5 .13 0 0 .5 
D19S391 .30 0 0 .5 .04 .2 .28 0 0 .5 0 .5 .21 0 0 .5 .17 0 0 .5 
D19S394 .09 .2 .06 .3 1.30 .05 .84 0 0 .5 0 .5 .98 0 0 .5 0 .5 0 .5 
D19S221 .09 .2 .08 0 .01 .4 .55 0 0 .5 .96 0 .04 .2 0 .5 .17 0 0 .5 
D19S 
1150 .09 .2 .57 0 .32 .1 0 .5 .59 0 0 .5 .17 .2 0 .5 0 .5 0 .5 

D19S226 .09 .2 1.14 0 0 .5 .55 0 0 .5 0 .5 .18 .2 0 .5 0 .5 0 .4 
Fam, family; Lod, logarithm of odds; EMLOD, expected maximum Lod score; max, maximum 
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6.2.1.3 Role of the FHM1 locus in the Finnish MA families 

 

The characteristic aura symptoms are considered to be the main consequence of FHM gene 

mutations, and therefore, the role of the FHM1 locus was examined in Study IV. The genome-

wide microsatellite marker map used included two markers D19S221 and D19S226 

surrounding the CACNA1A gene that were also analyzed in Study III. In addition, we 

genotyped the CACNA1A intragenic marker D19S1150 in Study IV. These markers did not 

show linkage between the visual aura phenotype and the CACNA1A locus. When all three 

markers were analyzed in the joint sample set of study III and IV totalling 108 families, no 

evidence of linkage between the FHM1 locus and MA was detected (LodHet ~0.0; 

unpublished data). Therefore, the role of the FHM1 locus in the Finnish migraine families with 

total of 1,108 genotyped individuals was not found to be significant.  

 

6.2.1.4 19p13 is not linked to MA in Finnish families 

 

Our results indicate that the 19p13 region in not the major contributor to MA susceptibility in 

the Finnish families. This finding further confirms results from five other linkage studies on 

families with Caucasian origin (Hovatta et al. 1994, Monari et al. 1997, Lea et al. 2001, 

Noble-Topham et al. 2002, Kirchmann et al. 2006, see also Table 11). However, in three 

studies evidence of linkage has been detected between the FHM1 locus and MA/MO and MA 

families (May et al. 1995, Nyholt et al. 1998, Terwindt et al. 2001). The role of common 

variants of ion transport genes, including the CACNA1A gene, has been extensively studied in 

a Finnish case–control sample of 841 MA cases and 884 controls (Nyholt et al. 2008). The 

results showed no evidence of association between CACNA1A and MA. However, the 

possibility of rare variants contributing to common migraine susceptibility was not 

disregarded. On the other hand, genome-wide linkage analyses that are thought to identify rare 

variants enriched in families have not shown linkage to the 19p13 locus. Sequencing studies 

have also been unable to identify rare or common variants predisposing to common migraine 

(Lea et al. 2001, Brugnoni et al. 2002, Wieser et al. 2003, Kirchmann et al. 2006), however, 

due to the large size of the CACNA1A gene (0.3 Mb) sequencing studies have primarily 

concentrated on exons so the majority of intronic variants remains uncharacterized.  
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Efforts to study the susceptibility of INSR to common migraine have been minor compared to 

the numerous studies on CACNA1A. The INSR was first shown to associate with common 

migraine in a study of 827 Caucasian migraine cases and 764 control individuals (McCarthy et 

al. 2002). Previously, variants of the INSR gene were studied in a German case−control 

sample that showed association with migraine only when the German sample was combined 

with the original association sample of McCarthy’s group (Netzer et al. 2008b). Our study and 

the previous linkage and sequencing studies, on the other hand, have failed to show relation 

between migraine and the INSR gene (Monari et al. 1997, Kaunisto et al. 2005, Curtain et al. 

2006). Although genetic studies have not confirmed the role of INSR in migraine 

susceptibility, both migraine and diabetes share pathophysiological abnormalities related to 

vascular and nerve reactivity, and interestingly, patients with diabetes mellitus have less 

migraine than the control population (Aamodt et al. 2007). Thus, even more extensive 

association or sequencing studies are needed to confirm or exclude the role of the 19p13 

region in common migraine susceptibility. 

 

6.2.2 The genome-wide linkage search for visual migraine aura loci  
 

In Study IV susceptibility loci for visual aura were searched for using genome-wide linkage 

analysis on 36 Finnish MA families. The initiative for this study was the knowledge that 

previous genome-wide linkage analyses have identified several loci for the end-diagnosis 

based phenotypes, latent groups of migraine and trait components of migraine headache (see 

Table 10). Thus, distinctive loci for migraine aura or its trait components, i.e. visual, sensory 

or dysphasic symptoms, have not yet been established.  

 

6.2.2.1 Several loci identified for visual migraine aura 

 

From our cohort of over 1,400 migraine families we identified 36 families primarily affected 

with the scintillating scotoma type of aura (84% of aura patients). When all individuals 

affected with migraine aura (n=185) were analyzed assuming autosomal dominant inheritance, 

two-point linkage analyses pinpointed highly significant evidence of linkage to marker 

D9S1690 at 105 cM on 9q31 (LodHet=4.7, θ=0.12, Fig 1A in Study IV) with no sex-specific 

predisposition. The simulation analysis using the allele frequencies of marker D9S1690 and 

the dominant inheritance model showed that a Lod score of 3.3 would have appeared zero 
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times by chance with this family sample. The ASP analyses showed suggestive evidence of 

linkage to several neighbouring markers at 81–113 cM on 9q21–q31. Furthermore, markers on 

5q13 and 12p13 showed suggestive and near suggestive evidence of linkage, respectively. 

Genome-wide NPL analyses were performed in order to avoid possible bias based on the 

assumption the dominant inheritance model used in the parametric two-point analysis. The 

SimWalk dominant and NPLall statistics confirmed the significant linkage to the 9q22–q31 

region. Furthermore, we also identified significant linkage to 13q14 and suggestive evidence 

of linkage to four loci on 6q25, 9p24, 11q12 and 12p13 (Figure 1B in Study IV).  

 

6.2.2.2 Significant evidence of linkage to 9q21–q31 

 

The locus at 9q31 was identified using the linkage information of all individuals with visual 

migraine aura. To distinguish whether the linkage was based on migraine aura or migraine 

headache, we analyzed families by treating all individuals with migraine headache as 

affecteds. This analysis revealed only suggestive evidence of linkage for D9S1690 even 

though the group of affecteds was increased by 19%. The analysis on patients with MA 

(n=160) provided significant but reduced evidence of linkage (LodHet=4.3) compared to 

analysis with aura affected individuals (n=185). 

 

Since results of the NPL analysis supported the overlap of the 9q22–q31 region with the 

recently identified locus at 9q22 in a single Belgian family affected with occipitotemporal lobe 

epilepsy and MA, which both have visual manifestation (Deprez et al. 2007), we fine-mapped 

the 9q21–q31 region with 11 additional markers. Analysis on all markers pinpointed the 

highest NPLdom score of 3.7 to reside at 91 cM on 9q22. The results of the two-point and 

multi-point analyses are shown in Figure 10. We also genotyped marker D9S257 at 92 cM that 

was showing significant evidence of linkage in the Belgian study. Regardless of several 

attempts we were not able to have a success rate greater than 60% for this marker and thus it 

was excluded from analyses. In addition, we extended our fine-mapping to the 9q33 region 

(D9S1811 at 124 cM) since this region was previously linked to idiopathic epilepsy in an 

inbred Turkish family (Baykan et al. 2004). Patients in this family were also suffering from 

MO but their analysis on MO patients and our analysis between aura affecteds and D9S1811 

did not show evidence of linkage to migraine. However, a proximal marker at 122 cM showed 

suggestive evidence of linkage, and when the IHS migraine patients (n=225) were treated as 



                                                      Identification of loci for migraine with aura                                                      75 

affecteds a nominal linkage signal of LodHet (1.1 θ=0.26; unpublished data) was detected for 

D9S1811. Therefore, we can hypothesize that the 9q33 region may carry variants predisposing 

both to migraine and epilepsy attacks.  

 

 
Figure 10. Summary plots of parametric and non-parametric linkage analyses on the 9q21–
q31 region showing the shared segment on 9q21–q22 among linked pedigrees and locations of 
potential candidate genes. Thresholds for significant linkage findings for both parametric (a 
LodHet score of 3.3) and non-parametric (-log (p) -value of 2) analyses are shown with solid 
and dotted horizontal lines, respectively. 
 

To define the linked region with more detail the haplotypes for 22 families, showing linkage 

(pNPLdom>0.5) to the region between 86 and 115 cM based on the SimWalk NPLdom statistics, 

were estimated. In seventeen families a family-specific shared segment of about 12 cM 

covering three markers that show allele heterogeneity was detected on 9q21-q22 (Figure 10). 

The region contains more than 30 known genes and none of them code for proteins related to 

ion transport. The best potential candidate gene is SHC3, which encodes a transforming 

protein involved in neurotrophin signalling. It is highly expressed in the occipital and temporal 

lobes and it regulates the adaptive response of neurons against environmental stress (Troglio et 

al. 2004). Because migraine patients suffer from reduced habituation to external stimuli 
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(Chronicle and Mullerners 1996, Giffin and Kaube 2002), the SHC3 gene is a good candidate 

gene for migraine. Another interesting candidate gene, although it is not located in the shared 

segment of haplotypes, is GABBR2 that encodes a B-type receptor for gamma-aminobutyric 

acid (GABA). It activates potassium channels and inactivates calcium-channels (Jones et al. 

1998), whose functions are considered to be central in the development of CSD (Moskowitz et 

al. 2004, van den Maagdenberg et al. 2004). Even more interestingly, increased GABBR2 

expression has been detected in patients with temporal lobe epilepsy (Princiville et al. 2003), 

and thus, the role of the GABBR2 gene in the pathophysiology of migraine aura may be 

plausible. 

 

Our linkage study on the Finnish MA families shows an overlap with the linkage results of the 

Belgian family with prominent visual symptoms in both occipitotemporal lobe epilepsy and 

MA. Alongside the shared genetic background between some rare epilepsies and FHM (Weber 

et al. 2008), this study and the Belgian study may suggest a shared background in MA and 

epilepsy (Deprez et al. 2007). In the Belgian family with occipitotemporal epilepsy and MA, 

ten individuals had epilepsy and five of them also had MA. When they included an MA patient 

with one isolated seizure in the analysis, a Lod score of 3.3 was gained. Since Deprez and co-

workers (2007) published haplotypes segregating in the Belgian family, we were able to 

calculate Lod scores for their best linked marker D9S257. Based on the Lod scores shown in 

Table 17, exclusion of a single MA patient from analysis reduced the linkage signal by 0.3 

unit to 3.0 and analysis of six MA patients showed a suggestive Lod score of 2.1.  

 

Table 17. Lod scores calculated for different traits in the Belgian 
family. The dominant inheritance model with a penetrance of 75% and 
disease allele frequency of 0.1% was used (Deprez et al. 2007) 

Trait n 
(affected)

Lod  
(θ=0) 

Occipitotemporal lobe epilepsy or MA 11 3.3 

Occipitotemporal lobe epilepsy 10 3.0 

MA 6 2.1 

MA, migraine with aura   

 

The pathophysiological connection between migraine and epilepsy can be the episodic nature 

of both disorders that is associated with cortical hyperexcitabilty (reviewed by Haan et al. 

2008). Also epidemiological studies support a more than co-incidental relationship between 
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these disorders, and in patients with MA the risk for epilepsy is eight times higher than in 

normal population (Ludvigsson et al. 2008).  In our family sample there were only five 

epilepsy patients originating from three families and of those only three were comorbid 

migraine–epilepsy patients. The only family with more than one epilepsy patients (n=3) 

showed a Lod score of 0.29 at 81 cM, which is more than a 10 cM distance from the best 

linked marker in the Belgian study (unpublished data). To get a more conclusive picture of the 

role of the 9q21−q31 locus in migraine and epilepsy, performing a genetic study on comorbid 

families and/or patients would be useful.  

 

6.2.2.3 Locus on 12p13 

 

We fine-mapped the region on 12p13 since marker D12S99, in the intron of neurotrophin3 

gene (NTF3), showed suggestive evidence of linkage. It has also shown association with two 

neurophychiatric diseases, Alzheimer’s disease and schizophrenia (Nanko et al. 1994, Kunugi 

et al. 1998), but samples in these studies were small for conclusive results. Interestingly the 

protein encoded by the SHC3 gene on 9q22 is involved in neurotrophin signalling and is 

known to interact with NTF3 in a rat retina (Nakazawa et al. 2002). Thus, epistasis analysis 

between these genes would be intriguing to perform. 

 

The NPL-analysis with two additional markers improved the linkage to 12p13 significantly 

(Figure 11). Interestingly, the linked region also contains three potassium voltage-gated 

channel subunits, KCNA6, KCNA1 and KCNA5, that did not show association in the study 

between 155 ion transporting genes and migraine (Nyholt et al. 2008). On the other hand, 

KCNA1 has been associated to episodic ataxia type 1 (EA1; Browne et al. 1994) that is an 

autosomal dominant condition characterized by short episodes of ataxia with interictal 

myokymia. Mutations in KCNA1 are predicted to increase neuronal excitability by disturbing 

potassium channel activity (Smart et al. 1998). EA1 is occasionally associated to epilepsy 

(Zuberi et al. 1999) but not to migraine, although other episodic ataxias are often related to 

migraine and the more severe EA2 is caused by mutations in the CACNA1A gene (Ophoff et 

al. 1996, Jen 2008). 
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Figure 11. Summary plots of parametric and non-parametric linkage analyses on 12p13–p12 
region showing locations of the best potential candidate genes. Thresholds for significant 
linkage findings for both parametric (a LodHet score of 3.3) and non-parametric (-log (p) -
value of 2) analyses are shown with solid and dotted horizontal lines, respectively. 
 

6.2.2.4 Other loci 

 

Our study showed evidence of linkage to loci on 5q13 and 13q14 that reside in the proximity 

of previously reported migraine loci (Nyholt et al. 2005, Ligthart et al. 2008, Table 18). The 

locus on 5q13 locates 26 cM from the best linked marker identified on 5q22 in an Australian 

study using a LCA based phenotype (Nyholt et al. 2005) and in a Dutch study using the 

migraine symptoms photo- and phonophobia as a trait (Ligthart et al. 2008). Even though the 

distance between our locus and the previously identified locus is considerably large (33.9 Mb), 

similar distances have been detected between replicated linkage signals and associated variants 

identified by positional cloning in schizophrenia (<45.2 Mb; Lewis et al. 2003, Allen et al. 

2008). The potential candidate gene on 5q22 is the KCNN2 gene encoding a small 

conductance calcium-activated potassium channel. The 5q22 region has also been indicated in 

ten families with epileptic absence seizures that have not reported migraine (Durner et al. 
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2001). This indicates that the 5q region may also contain variant(s) predisposing to both 

migraine and epilepsy.  

 

The locus on 13q14 resides 13 cM from the marker D13S1807 at 13q21 reported in the 

Australian and Dutch studies (Nyholt et al. 2005, Ligthart et al. 2008). There are several genes 

that might be relevant in migraine pathophysiology in the 13q14−q21 region:  5-

hydroxytryptamine (serotonin) receptor 2A (HTR2A) has been previously associated with 

migraine aura in a small sample of Turkish migraine patients (n=37; Erdal et al. 2001), but this 

finding has not been replicated in a larger study on Hungarian female migraine patients 

(n=126; Juhasz et al. 2003). Other relevant candidate genes in this region are KCNRG, ATP7B, 

TRPC4 and KCTD4 involved in ion transport (Table 18). So far, three studies in three different 

populations with different phenotyping strategies report linkage to 5q and 13q regions. This 

proposes a possibility that different variants on 5q13 and 13q14 predispose to multiple 

migraine symptoms.  

 

Table 18. Potential candidate genes for MA loci showing evidence of linkage for visual 
aura trait.1  

Linked locus Candidate genes  

Chr Marker 
 

cM Mb Genes Pos (Mb) Function 
 5q13  D5S424 90.9 76.19 KCNN2 113.79-113.86 Small conductance Ca2+ activated  K+-

channel
 6q25  D6S441 160.6 153.86 ESR1 152.05-152.46 Oestrogen receptor 

 9p24  D9S286 17.8 8.04 PTPRD 8.30-10.60 Tyrosine phosphatase receptor 

 11q12  D11S4191 65.0 59.76 KCNK4 11.81-63.82 K+-channel protein containing two 
pore-forming P domains 

    KCNE3 73.84-73.84 K+-voltage gated channel 

 13q14  D13S263 43.2 40.98 TRPC4 37.10-37.34 Potential cation channel 

    KCTD4 44.66-44.66 K+-channel tetramerisation domain 

    HTR2A 46.30-46.36 Seretonin receptor 

    KCNRG 49.48-49.49 K+-channel regulator  

    ATP7B 51.40-51.48 P-type cation transport ATPase 

1) Information on candidate genes is based on the UCSC database (http://ucsc.genome.edu) 
Chr, chromosome; cM, centiMorgam; Mb, megabase; Pos, position 

 

Multi-point analysis also detected suggestive evidence of linkage to loci on 6q25, 9p24 and 

11q12 (Table 18). The best linkage signal on 6q25 at marker D6S441 is located in the 

proximity of the oestrogen receptor (ESR1) that has been associated with menstrual migraine. 
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However, in our previous study on the Finnish MA patients association with ESR1 failed after 

correction for multiple testing (Kaunisto et al. 2006). The other linkage signal on 9p24 is 

located near a potential candidate gene PTPRD coding for a protein that regulates neuronal 

axon guidance.  The third region on 11q12 does not overlap with the reported migraine locus 

on 11q24 (Cader et al. 2003). Potential candidate genes for family-based association studies in 

this region are ion-channel genes, KCNK4 and KCNE3.  

 

Of note is that the FHM genes seemed not to have a central role in migraine aura families. As 

was previously mentioned, markers surrounding the FHM1 gene did not show linkage in aura 

families.  Correspondingly, the markers adjacent to the FHM2 (1q23) and FHM3 (2q24) loci 

did not show evidence of linkage to the aura phenotype. On the other hand, in the genome-

wide scan we used a 10 cM microsatellite marker map whose resolution may not be sufficient 

for conclusive results concerning the role of the FHM2 and FHM3 loci in the Finnish migraine 

aura families.  Interestingly, however, in another Belgian study (Deprez et al. 2008) a few 

families with a combination of occipitotemporal lobe epilepsy and common migraine were 

associated to the FHM2 locus.  

 

6.2.2.5 Genome-wide linkage analysis revealed several loci for visual migraine aura 

 
The strength in our study was the careful selection of migraine families based on their aura 

phenotype. We chose families primarily affected with the scintillating scotoma type of aura 

and we were able to identify two significantly linked loci on 9q21−q22 and 12p13 that contain 

several potential migraine susceptibility genes for further studies. The previous linkage studies 

on migraine families have not identified the loci on 9q and 12p. In our study the focus has 

been on as homogenous visual aura symptoms as possible when previous studies have likely 

pinpointed loci either for the end-diagnosis based phenotype or migraine headache 

characteristics. For example, when families that were used to identify the MA locus on 4q24 

were re-analyzed using TCA, several headache symptoms showed linkage to this locus 

(Anttila et al. 2006). However, aura components were not tested in TCA so the role of aura on 

the 4q24 locus can not be ignored.  

 

Of note is that visual aura is consisted of different trait components (e.g. scintillations, 

hemianopia, blurring of vision, duration of aura, frequency of aura) and each of them may 
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have its own genetic background. Visual symptoms are the most frequent characteristic of aura 

(99% of MA patients; Eriksen et al. 2004), and thus, a more challenging but potentially 

rewarding study could be to collect and genetically analyze families primarily suffering from 

dysphasic or sensory aura symptoms.  Further studies may also benefit if the headache 

characteristics of aura families are studied. This may reveal specific headache symptoms that 

are related to migraine aura. 

 

6.3 Concluding notes and future prospects 
 

Although the molecular genetics of migraine has been studied for two decades, no 

susceptibility variants have been identified for common forms of migraine. It is possible that 

the complex phenotype of a migraine patient is the major problem. During the last five years 

the new analysis methods LCA and TCA have provided new tools to unravel this problem. 

Migraine aura is the best characterized phase of migraine and facilitates the diagnosing of 

patients and may provide pathophysiological clues to the origin of migraine.  

 

In this thesis the most interesting results were gained when families were selected based on 

their aura symptoms in order to have as homogeneous group of patients as possible for the 

TCA study. The significant visual migraine aura locus was identified on chromosome 

9q21−q22. Our genome-wide linkage scan was the first study utilizing visual aura as a trait. 

Results of our study became even more interesting when we found that the locus overlaps with 

the occipitotemporal lobe epilepsy locus at 9q22. The episodic nature of both disorders 

probably originates from neuronal excitability and should motivate comprehensive genetic 

studies on comorbid patients. 

 

Moreover, it is interesting that the potential candidate genes at 5q13, 9q21−q31, 11q12, 12p13 

and 13q14 for visual migraine aura families are involved in functions of potassium channels. 

Potassium channels, like other ion channels, are responsible for selective ion permeability of 

the cell membranes (Ackerman and Clapham 1997). They have a central role in cellular 

signalling processes in both excitable and nonexcitable cells. Mutations in potassium channels 

are known to cause some generalized idiopathic epilepsies by accelerating neuronal 

hyperexcitability, and thus, their role in other epilepsies is also suggested (Stoffel and Jan 

1998, Helbig et al. 2008). Although common variants of potassium channels have been 
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excluded as susceptibility genes in Finnish MA cases (Nyholt et al. 2008), the role of rare 

enriched variants in migraine aura families may be worth investigating.  

 

In this thesis the role of the 19p13 locus and three vasoactive candidate genes were also 

studied in MA patients. In both studies the pathophysiological background of MA was taken 

into account when designing the study. The FHM loci have been considered to have a role in 

migraine aura and EDN1 may be involved in the initiation of migraine aura. Our and many 

previous studies on the 19p13 locus, using different study approaches, indicate that the FHM1 

locus does not have a major role in MA susceptibility. In addition, the nominal association 

between ENDRA and MA, the primary receptor for EDN1, needs to be studied in an even 

larger sample for a conclusive result of its role in migraine aura pathophysiology. It is 

probable that only comprehensive resequencing studies will provide adequate information 

about the role of these loci in migraine susceptibility.  

 

Since the linkage based studies have not led to the identification of predisposing variants in 

migraine susceptibility, there are great expectations for a GWAS. The International Migraine 

Genetics consortium has launched a genome-wide study on multiple populations of European 

origin. The Finnish sample consists of approximately 1,000 cases and 2,000 controls 

genotyped with over 600,000 SNPs. The study will examine the role of common variants, both 

SNPs and CNVs, in migraine. The first genome-wide CNV study on the Spanish migraine 

patients and controls identified eight susceptibility loci but presently no detailed information 

on the associated loci have been provided (an abstract by Armengol et al. 2008). Nevertheless, 

not until the gene expression data is combined with the results from linkage and/or association 

studies (Gilad et al. 2008) can the genetic background of migraine be considered elucidated. 

 

Although the number of variants identified by GWAS of complex diseases is impressive, our 

genome-wide scan showed that a linkage study can still be an efficient and economical 

method, especially when a family predisposition to a specific trait is studied. The use of family 

material has the advantage of reducing bias due to population stratification and genotyping 

errors. Moreover, because the methods to detect rare, high-effect variants are still developing 

and are expensive (Käller et al. 2007), the loci identified by linkage analyses will provide 

valuable candidate regions for the expression analyses of quantitative trait loci of complex 

diseases such as migraine. 



                                                      Identification of loci for migraine with aura                                                      83 

Acknowledgements 
 

The work for this thesis was done in the laboratory of Professor Aarno Palotie from 2002 to 
2009 as part of the Research Program for Molecular Medicine at Biomedicum Helsinki within 
the Institute for Molecular Medicine Finland (the Finnish Genome Center) and the Department 
of Clinical Chemistry of the University of Helsinki. For providing excellent research facilities, 
I thank: the former heads of the Finnish Genome Center, Professor Juha Kere, Docent Päivi 
Lahermo and Professor Aarno Palotie; the present head of the Institute for Molecular Medicine 
Finland, Professor Olli Kallioniemi; the coordinators of the research program, Professor Leena 
Peltonen-Palotie and Professor Kimmo Kontula; and the former and present heads of the 
Department of Clinical Chemistry, Professor Ulf-Håkan Stenman and Professor Aarno Palotie.  
 
This study has been financially supported by the Helsinki Biomedical Graduate School during 
years 2003–2007, the Biomedicum Helsinki foundation in 2007 and the väitöskirjan 
loppuunsaattamisraha by the University of Helsinki in 2009. They are all gratefully 
acknowledged.  
 
I wish to express my sincere gratitude to my supervisors, Docent Maija Wessman and 
Professor Aarno Palotie. Maija, your passion for migraine genetics, exemplified by your 
countless hours of work and extraordinary dedication, has been a great inspiration and you 
have been a great help. Your encouragement and attention has motivated me through these 
years and helped me grasp a fragment of complex disease genetics. Aarno, I thank you for the 
great opportunity to work in your group. Your broad expertise and enthusiasm to apply state-
of-art research methods in the study of migraine have given me the opportunity to be on the 
cutting edge of complex disease genetics. I thank you both for constructive and valuable 
comments during these years. 
 
I am grateful to Professor Katarina Pelin and Professor Hilkka Soininen for reviewing my 
thesis. I also want to thank both Katarina and Professor Päivi Peltokangas for critical 
discussions and supportive attitudes when acting as my thesis committee members. I am 
indebted to Peter Wagner for careful language revision.  
 
My warmest thanks to Mari Kaunisto. Your comments were very valuable in finishing this 
thesis. Your support has encouraged me through this project and I am happy to call you my 
third supervisor. You have the gift of seeing the forest for the trees, especially when I have felt 
as Mikko Kilpi writes: "Pitäisi olla tikka, saisi elatuksensa takomalla päätä puuhun."  
 
I wish to express my gratitude to the talented scientists of the Finnish Migraine Gene Project. 
The senior neurologists, Professor Markus Färkkilä and Docent Mikko Kallela, have been a 
link between our science and the patients. Mikko, your enthusiasm and expertise in diagnosing 
patients and your capability to explain migraine pathophysiology in simple terms have been 
invaluable to my work. I want to thank Eija Hämäläinen, the backbone of our group. Your 
extensive work experience and patience has been a great asset in guiding me through the 
laboratory procedures. I thank the present and former members of the migraine group: Kirsi 
Alakurtti, Verneri Anttila, Ville Artto, Hanna Harno, Hanna Heikelä, Päivi Jokinen, Steven 
LaForge, Leena Leikas, Tanja Moilanen, Greg Oswell, Maritta Putkiranta, Silja Räty, Salli 
Vepsäläinen and Annika Wennerström. Ville and Salli, I have really appreciated our co-
operation that has helped me understand the clinical complexity of migraine. Leena, you have 



84                                                                            Päivi Tikka-Kleemola                                                                        

been a talented detective when diagnoses have been missing. Verneri, your bubbling 
enthusiasm for migraine research is admirable. Annika, Kirsi and Mari, I have really enjoyed 
our discussions about work and sharing time between work and family life. Kaate Vanmolkot, 
I enjoyed our co-operation with the MO project and I am happy that you were able to 
experience Finland from vappu to the Independence Day.   
  
This work would not have been possible without the invaluable participation of the migraine 
patients and their families.  
 
I owe my deepest gratitude to the co-authors of my papers, especially Professor Jaakko 
Kaprio, Riika Kilpikari, Professor Christian Kubisch, Kaisa Silander, Jaenette Papp, Eric 
Sobel, Minna Suvela, Unda Todt and Kari Tuomainen. I really appreciate your commitment 
and efforts that have enhanced our work substantially. 
 
I warmly thank all present and former members of the Finnish Genome Center: Minna 
Baarman, Teija Baas, Sirkku Ekström, Sari Hannula, Päivi Hantula-Pinomaa, Juha Hinkula, 
Teemu Järvinen, Siv Knaapila, Annika Korvenpää, Päivi Lahermo, Riitta Koskinen, Tuuli 
Lappalainen, Anne Leino, Anne Leinonen, Virpi Leppä, Anu Loukola, Mira Mansikkamäki, 
Timo Miettinen, Juha Muilu, Anna Rautanen, Susanna Rosas, Sirkka Ruohomäki, Elina 
Salmela, Jouko Siro, Anitta Soini, Mikko Siurala, Kyösti Sutinen, Kari Tuomainen, Hannu 
Turunen, Minna Veini, Elisabeth Widen and Anu Yliperttula. Your experience in laboratory 
work, data processing and in solving small and large problems has helped my work 
enormously. I owe my special thanks to Päivi Onkamo who has had a great influence in the 
turning points of my life. Thank you all for your cheerful company and friendship.  
 
The third floor coffee group: Kaisa, Maarit, Maija, Eija, Susanna, Hanna, Kati, Annukat, 
Timot, Merja, Paula and many others, thank you for sharing morning and afternoon teas and 
coffees. Our discussions have made the word better place to live. Maija, Kaisa, Mari and Kirsi, 
I have really enjoyed our 10.45 lunch. I will miss them. 
 
I thank the staff of the Biocomputing Platforms. The jump to other side of bioinformatics has 
taught me a lot. I appreciate your support and encouragement. 
 
My warmest thanks to my friends and relatives. You have balanced my life and day-to-day 
routines. Leona and Jukka, your infectious enthusiasm for life and work has encouraged me a 
great deal. I am privileged that you have been able to share the best moments of my life.  
 
Äiti ja isä, te olette minulle tärkeä tuki ja turva näin ”isonakin”. Te olette osanneet kannustaa 
ja rohkaista tämänkin etapin varrella ja apu Venlan hoidossa on helpottanut urakkaani 
suunnattomasti. Sydämelliset kiitokset! Pikkuveli Antti ja Marika, kiitos kannustuksesta. 
Antti, jaoin kanssasi ensimmäiset kuukaudet Biomedicumissa, ja kimppakämpän 23 neliön 
ahtauden, joten etäisyys on tehnyt meille vain hyvää.  
 
Tämän työn aikana olen ehtinyt tutustua ja ystävystyä monen ihmisen kanssa. Tärkein niistä 
olet sinä, Jouni. Suhteemme ilot ja kinat sekä yhteiset mielenkiinnon kohteet ovat 
tasapainottaneet elämääni. Työni loppusuoralla tukesi on ollut hyvin tärkeää, kun uuden 
elämän odotus on luonut haasteita. Halaus ja suukko auttavat aina, kiitos rakas! Tyttäremme 
Venla on ollut työni paras kannustaja. Pieni taaperoni, pystyt osoittamaan vilpittömästi elämän 
ilot ja surut sekä välittämisen tärkeyden, mikä usein unohtuu arjen keskellä.  
 



                                                      Identification of loci for migraine with aura                                                      85 

References 
Aamodt AH, Stovner LJ, Midthjell K, Hagen K, Zwart J-A. Headache prevalence related to diabetes mellitus. 

The Head-HUNT Study. Eur J Neurol (2007) 14:738-744. 
Abecasis GR, Cherny SS, Cookson WO, Cardon LR. Merlin – Rapid analysis of dense genetic maps using sparse 

gene flow trees. Nat Genet (2002) 30:97-101. 
Abu-Arefeh I, Russell G. Prevalence of headache and migraine in schoolchildren. BMJ (1994) 309:765-9. 
Ackerman MJ, Clapham DE. Ion channels--basic science and clinical disease. N Engl J Med (1997) 336:1575-86. 
Akey JM, Zhang K, Xiong M, Doris P, Jin L. The effect that genotyping errors have on the robustness of 

common linkage-disequilibrium measures. Am J Hum Genet (2001) 68:1447-56. 
Alcaïs A, Alter A, Antoni G, Orlova M, Nguyen VT, Singh M, Vanderborght PR, Katoch K, Mira MT, Vu HT, 

Ngyuen TH, Nguyen NB, Moraes M, Mehra N, Schurr E, Abel L. Stepwise replication identifies a low-
producing lymphotoxin-alpha allele as a major risk factor for early-onset leprosy. Nat Genet (2007) 
39:517-522. 

Allen NC, Bagade S, McQueen MB, Ioannidis JP, Kavvoura FK, Khoury MJ, Tanzi RE, Bertram L.Systematic 
meta-analyses and field synopsis of genetic association studies in schizophrenia: the SzGene database. 
Nat Genet (2008) 40:827-34. 

Altshuler D, Daly MJ, Lander ES. Genetic mapping in human disease. Science (2008) 322:881-8. 
Amos CI. Successful design and conduct of genome-wide association studies. Hum Mol Genet (2007) 16 Spec 

No. 2:R220-5. 
Andermann E, Andermann F. Migraine-epilepsy relationships: epidemiological and genetic aspects. In: 

Andermann F, Lugaresi eds. Migraine and epilepsy. Butterworths (1987) Boston, USA. 
Anttila V, Kallela M, Oswell G, Kaunisto MA, Nyholt DR, Hamalainen E, Havanka H, Ilmavirta M, Terwilliger 

J, Sobel E, Peltonen L, Kaprio J, Farkkila M, Wessman M, Palotie A. Trait components provide tools to 
dissect the genetic susceptibility of migraine. Am J Hum Genet (2006) 79:85-99. 

Anttila V, Nyholt DR, Kallela M, Artto V, Vepsäläinen S, Jakkula E, Wennerström A, Tikka-Kleemola P, 
Kaunisto MA, Hämäläinen E, Widén E, Terwilliger J, Merikangas K, Montgomery GW, Martin NG, 
Daly M, Kaprio J, Peltonen L, Färkkilä M, Wessman M, Palotie A. Consistently replicating locus linked 
to migraine on 10q22-q23. Am J Hum Genet (2008) 82:1051-63. 

Armengol L, Villatoro S, González JR, Rabionet K, CormandB, Oterino A, Toriello M, Macaya A, Corominas R, 
Cuenca E, Sobrido MJ, Pardo J, López J, Leira R, Camiña M, Carracedo A, Marti E, Estivill X. 
Migraine with or without aura is associated with copy number variants in different genes. In abstracts of 
American Society of Human Genetics meeting 2008. 

Artto V, Wessman M, Nissilä M, Säkö E, Liukkonen J, Teirmaa H, Harno H, Havanka H, Ilmavirta M, Palotie A, 
Färkkilä M, Kallela M. Comorbidity in Finnish migraine families. J Headache Pain (2006) 7:324-30. 

Attia J, Ioannidis JP, Thakkinstian A, McEvoy M, Scott RJ, Minelli C, Thompson J, Infante-Rivard C, Guyatt G. 
How to use an article about genetic association: B: Are the results of the study valid? JAMA (2009) 
301:191-7. 

Aulchenko YS, Ripatti S, Lindqvist I, Boomsma D, Heid IM, Pramstaller PP, Penninx BW, Janssens AC, Wilson 
JF, Spector T, Martin NG, Pedersen NL, Kyvik KO, Kaprio J, Hofman A, Freimer NB, Jarvelin MR, 
Gyllensten U, Campbell H, Rudan I, Johansson A, Marroni F, Hayward C, Vitart V, Jonasson I, Pattaro 
C, Wright A, Hastie N, Pichler I, Hicks AA, Falchi M, Willemsen G, Hottenga JJ, de Geus EJ, 
Montgomery GW, Whitfield J, Magnusson P, Saharinen J, Perola M, Silander K, Isaacs A, Sijbrands EJ, 
Uitterlinden AG, Witteman JC, Oostra BA, Elliott P, Ruokonen A, Sabatti C, Gieger C, Meitinger T, 
Kronenberg F, Döring A, Wichmann HE, Smit JH, McCarthy MI, van Duijn CM, Peltonen L; ENGAGE 
Consortium. Loci influencing lipid levels and coronary heart disease risk in 16 European population 
cohorts. Nat Genet (2009) 41:47-55. 

Bansal V, Bashir A, Bafna V. Evidence for large inversion polymorphisms in the human genome from HapMap 
data. Genome Res (2007) 17:219-30.  

Barrett JC, Fry B, Maller J, Daly MJ. Haploview: Analysis and visualization of LD and haplotype maps. 
Bioinformatics (2005) 21:263-5. 

Barroso I, Luan J, Wheeler E, Whittaker P, Wasson J, Zeggini E, Weedon MN, Hunt S, Venkatesh R, Frayling 
TM, Delgado M, Neuman RJ, Zhao J, Sherva R, Glaser B, Walker M, Hitman G, McCarthy MI, 
Hattersley AT, Permutt MA, Wareham NJ, Deloukas P. Population-specific risk of type 2 diabetes 
conferred by HNF4A P2 promoter variants: a lesson for replication studies. Diabetes (2008) 57:3161-5.  

Bartkuhn M, Renkawitz R. Long range chromatin interactions involved in gene regulation. Biochim Biophys 
Acta (2008) 1783:2161-6. 

Batzer MA, Deininger PL. Alu repeats and human genomic diversity. Nat Rev Genet (2002) 3:370-9. 



86                                                                            Päivi Tikka-Kleemola                                                                        

Baykan B, Madia F, Bebek N, Gianotti S, Güney AI, Cine N, Bianchi A, Gökyiğit A, Zara F. Autosomal 
recessive idiopathic epilepsy in an inbred family from Turkey: identification of a putative locus on 
chromosome 9q32-33. Epilepsia (2004) 45:479-87. 

Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and powerful approach to multiple 
testing. J R Statist Soc B (1995) 57:289-300. 

Bernard G, Shevell MI. Channellopathies: a review. Pediatr Neurol (2008) 38:73-85. 
Bertina RM, Koeleman BP, Koster T, Rosendaal FR, Dirven RJ, de Ronde H, van der Velden PA, Reitsma PH. 

Mutation in blood coagulation factor V associated with resistance to activated protein C. Nature (1994) 
369:64-7. 

Bigal ME, Lipton RB, Cohen J. Silberstein SD. Epilepsy and migraine. Epilepsy Behav (2003) 4:S13-24. 
Bigal ME, Lipton RB. Obesity is a risk factor for transformed migraine but not chronic tension-type headache. 

Neurology (2006) 67:252-7. 
Bigal ME, Lipton RB, Winner P, Reed ML, Diamond S, Stewart WF; AMPP advisory group. Migraine in 

adolescents: association with socioeconomic status and family history. Neurology (2007) 69:16-25. 
Björnsson A, Gudmundsson G, Gudfinnsson E, Hrafnsdóttir M, Benedikz J, Skúladóttir S, Kristjánsson K, Frigge 

ML, Kong A, Stefánsson K, Gulcher JR. Localization of a gene for migraine without aura to 
chromosome 4q21. Am J Hum Genet (2003) 73:986-93. 

Blin N, Staffford DW. A general method for isolation of high molecular weight DNA from Eukaryotes. Nucleic 
Acids Res (1976) 3:2303-8. 

Boks MP, Hoogendoorn M, Jungerius BJ, Bakker SC, Sommer IE, Sinke RJ, Ophoff RA, Kahn RS.Do mood 
symptoms subdivide the schizophrenia phenotype? Association of the GMP6A gene with a depression 
subgroup. Am J Med Genet B Neuropsychiatr Genet (2008) 147B:707-11. 

Bonin A, Bellemain E, Bronken Eidesen P, Pompanon F, Brochmann C, Taberlet P. How to track and assess 
genotyping errors in population genetics studies. Mol Ecol (2004) 13:3261-73. 

Botstein D, White RL, Skolnick M, Davis RW. Construction of a genetic linkage map in man using restriction 
fragment length polymorphisms. Am J Hum Genet (1980) 32:314-31. 

Bourgain C, Genin E, Cox N, Clerget-Darpoux F. Are genome-wide association studies all that we need to dissect 
the genetic component of complex human diseases? Eur J Hum Genet (2007) 15:260-263.  

Bowyer SM, Aurora KS, Moran JE, Tepley N, Welch KM. Magnetoencephalographic fields from patients with 
spontaneous and induced migraine aura. Ann Neurol (2001) 50:582-7. 

Brennan KC, Beltrán-Parrazal L, López-Valdés HE, Theriot J, Toga AW, Charles AC. Distinct vascular 
conduction with cortical spreading depression. J Neurophysiol (2007) 97:4143-51. 

Breslau N, Schultz LR, Stewart WF, Lipton RB, Lucia VC, Welch KMA. Headahce and major depression: Is the 
association specific to migraine? Neurology (2000) 54:308-13. 

Browne DL, Gancher ST, Nutt JG, Brunt ER, Smith EA, Kramer P, Litt M. Episodic ataxia/myokymia syndrome 
is associated with point mutations in the human potassium channel gene, KCNA1. Nat Genet (1994) 
8:136-40. 

Brugnoni R, Leone M, Rigamonti A, Moranduzzo E, Cornelio F, Mantegazza R, Bussone G. Is the CACNA1A 
gene involved in familial migraine with aura? Neurol Sci (2002) 23:1-5. 

Burstein R, Yarnitsky D, Goor-Aryeh I, Ransil BJ, Bajwa ZH. An association between migraine and cutaneous 
allodynia. Ann Neurol (2000) 47:614-624. 

Burstein R. Deconstructing migraine headache into peripheral and central sensitization. Pain (2001) 89:107-10. 
Cader ZM, Noble-Topham S, Dyment DA, Cherny SS, Brown JD, Rice GP, Ebers GC. Significant linkage to 

migraine with aura on chromosome 11q24. Hum Mol Genet (2003) 12:2511-7. 
Cardillo C, Campia U, Kilcoyne CM, Bryant MB, Panza JA. Improved endothelium-dependent vasodilation after 

blockade of endothelin receptors in patients with essential hypertension. Circulation (2002) 105:452-6. 
Carlsson A, Forsgren L, Nylander PO, Hellman U, Forsman-Semb K, Holmgren G, Holmberg D, Holmberg M. 

Identification of a susceptibility locus for migraine with and without aura on 6p12.2-p21.1. Neurology 
(2002) 59:1804-7. 

Chee M, Yang R, Hubbell E, Berno A, Huang XC, Stern D, Winkler J, Lockhart DJ, Morris MS, Fodor SP. 
Accessing genetic information with high-density DNA arrays. Science (1996) 274:610-4. 

Cheung VG, Spielman RS, Ewens KG, Weber TM, Morley M, Burdick JT. Mapping determinants of human gene 
expression by regional and genome-wide association. Nature (2005) 437:1365-9. 

Chronicle EP, Mulleners WM. Visual system dysfunction in migraine: a review of clinical and psychophysical 
findings. Cephalalgia (1996) 16:525-35. 

Churchill GA, Doerge RW. Empirical threshold values for quantitative trait mapping.Genetics (1994) 138:963-
71. 

Collins FS. Positional cloning: Let’s not call it reverse anymore. Nat Genet (1992) 1:3-6. 



                                                      Identification of loci for migraine with aura                                                      87 

Colson NJ, Lea RA, Quinlan S, MacMillan J, Griffiths LR. The estrogen receptor 1 G594A polymorphism is 
associated with migraine susceptibility in two independent case/control groups. Neurogenetics (2004) 
5:129-33. 

Conrad DF, Andrews TD, Carter NP, Hurles ME, Pritchard JK. A high-resolution survey of deletion 
polymorphism in the human genome. Nat Genet (2006) 38:75-81. 

Cooper JD, Smyth DJ, Smiles AM, Plagnol V, Walker NM, Allen JE, Downes K, Barrett JC, Healy BC, 
Mychaleckyj JC, Warram JH, Todd JA. Meta-analysis of genome-wide association study data identifies 
additional type 1 diabetes risk loci. Nat Genet (2008) 40:1399-401. 

Coppola G, Pierelli F, Schoenen J. Is the cerebral cortex hyperexcitable or hyperresponsive in migraine? 
Cephalalgia (2007) 27:1427-39. 

Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell PC, Small GW, Roses AD, Haines JL, 
Pericak-Vance MA. Gene dose of apolipoprotein E type 4 allele and the risk of Alzheimer's disease in 
late onset families. Science (1993) 261:921-3. 

Cuenca-León E, Corominas R, Montfort M, Artigas J, Roig M, Bayés M, Cormand B, Macaya A. Familial 
hemiplegic migraine: linkage to chromosome 14q32 in a Spanish kindred. Neurogenetics (2009). 
Published online on January 20th. 

Curtain R, Tajouri L, Lea R, MacMillan J, Griffiths L. No mutations detected in the INSR gene in a chromosome 
19p13 linked migraine pedigree. Eur J Med Genet (2006) 49:57-62. 

Dalkara T, Zervas NT, Moskowitz MA. From spreading depression to the trigeminovascular system. Neurol Sci 
(2006) 27:S86-S90. 

Davies JA, Annels SJ, Dickie BG, Ellis Y, Knott NJ.A comparison between the stimulated and paroxysmal 
release of endogenous amino acids from rat cerebellar, striatal and hippocampal slices: a manifestation 
of spreading depression? J Neurol Sci (1995) 131:8-14. 

Dawson E, Chen Y, Hunt S, Smink LJ, Hunt A, Rice K, Livingston S, Bumpstead S, Bruskiewich R, Sham P, 
Ganske R, Adams M, Kawasaki K, Shimizu N, Minoshima S, Roe B, Bentley D, Dunham I. A SNP 
resource for human chromosome 22: extracting dense clusters of SNPs from the genomic sequence. 
Genome Res (2001) 11:170-8. 

Deprez L, Peeters K, Van Paesschen W, Claeys KG, Claes LR, Suls A, Audenaert D, Van Dyck T, Goossens D, 
Del-Favero J, De Jonghe P. Familial occipitotemporal lobe epilepsy and migraine with visual aura: 
linkage to chromosome 9q. Neurology (2007) 68:1995-2002. 

Deprez L, Weckhuysen S, Peeters K, Deconinck T, Claeys KG, Claes LR, Suls A, Van Dyck T, Palmini A, 
Matthijs G, Van Paesschen W, De Jonghe P. Epilepsy as part of the phenotype associated with ATP1A2 
mutations. Epilepsia (2008) 49:500-8. 

De Fusco M, Marconi R, Silvestri L, Atorino L, Rampoldi L, Morgante L, Ballabio A, Aridon P, Casari G. 
Haploinsufficiency of ATP1A2 encoding the Na+/K+ pump alpha2 subunit associated with familial 
hemiplegic migraine type 2. Nat Genet (2003) 33:192-6. 

de la Chapelle A. Disease gene mapping in isolated human populations: the example of Finland. J Med Genet 
(1993) 30:857-65. 

De Simone R, Ranieri A, Marano E, Beneduce L, Ripa P, Bilo L, Meo R, Bonavita V. Migraine and epilepsy: 
clinical and pathophysiological realations. Neurol Sci (2007) 28:S150-5.  

Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University, and Novartis Institutes of 
BioMedical Research, Saxena R, Voight BF, Lyssenko V, Burtt NP, de Bakker PI, Chen H, Roix JJ, 
Kathiresan S, Hirschhorn JN, Daly MJ, Hughes TE, Groop L, Altshuler D, Almgren P, Florez JC, Meyer 
J, Ardlie K, Bengtsson Boström K, Isomaa B, Lettre G, Lindblad U, Lyon HN, Melander O, Newton-
Cheh C, Nilsson P, Orho-Melander M, Råstam L, Speliotes EK, Taskinen MR, Tuomi T, Guiducci C, 
Berglund A, Carlson J, Gianniny L, Hackett R, Hall L, Holmkvist J, Laurila E, Sjögren M, Sterner M, 
Surti A, Svensson M, Svensson M, Tewhey R, Blumenstiel B, Parkin M, Defelice M, Barry R, Brodeur 
W, Camarata J, Chia N, Fava M, Gibbons J, Handsaker B, Healy C, Nguyen K, Gates C, Sougnez C, 
Gage D, Nizzari M, Gabriel SB, Chirn GW, Ma Q, Parikh H, Richardson D, Ricke D, Purcell S. 
Genome-wide association analysis identifies loci for type 2 diabetes and triglyceride levels. Science 
(2007) 316:1331-6. 

Dib C, Faure S, Fizames C, Samson D, Drouot N, Vignal A, Millasseau P, Marc S, Hazan J, Seboun E, Lathrop 
M, Gyapay G, Morissette J, Weissenbach J. A comprehensive genetic map of the human genome based 
on 5,264 microsatellites. Nature (1996) 380:152-4. 

Dichgans M, Freilinger T, Eckstein G, Babini E, Lorenz-Depiereux B, Biskup S, Ferrari MD, Herzog J, van den 
Maagdenberg AM, Pusch M, Strom TM. Mutation in the neuronal voltage-gated sodium channel 
SCN1A in familial hemiplegic migraine. Lancet (2005) 366:371-7. 

Doerge RW, Churchill GA. Permutation tests for multiple loci affecting a quantitative character. Genetics (1996) 
142:285-294. 



88                                                                            Päivi Tikka-Kleemola                                                                        

Douglas JA, Boehnke M, Lange K. A multipoint method for detecting genotyping errors and mutations in sibling-
pair linkage data. Am J Hum Genet (2000) 66:1287-97. 

Douglas JA, Skol AD, Boehnke M. Probability of detection of genotyping errors and mutations as inheritance 
inconsistencies in nuclear-family data. Am J of Hum Genet (2002) 70:487-95. 

Dreier JP, Kleeberg J, Petzold G, Priller J, Windmüller O, Orzechowski HD, Lindauer U, Heinemann U, 
Einhäupl KM, Dirnagl U. Endothelin-1 potently induces Leão's cortical spreading depression in vivo in 
the rat: a model for an endothelial trigger of migrainous aura? Brain (2002) 125(Pt 1):102-12. 

Dudbridge F, Koeleman BP. Efficient computation of significance levels for multiple associations in large studies 
of correlated data, including genomewide association studies. Am J of Hum Genet (2004) 75:424-35. 

Duggirala R, Blangero J, Almasy L, Dyer TD, Williams KL, Leach RJ, O'Connell P, Stern MP.  Linkage of type 
2 diabetes mellitus and of age at onset to a genetic location on chromosome 10q in Mexican Americans. 
Am J Hum Genet (1999) 64:1127-40. 

Durham PL. Emerging neural theories of migraine pathogenesis. Headache (2006) 46:S3-8. 
Durner M, Keddache MA, Tomasini L, Shinnar S, Resor SR, Cohen J, Harden C, Moshe SL, Rosenbaum D, 

Kang H, Ballaban-Gil K, Hertz S, Labar DR, Luciano D, Wallace S, Yohai D, Klotz I, Dicker E, 
Greenberg DA. Genome scan of idiopathic generalized epilepsy: evidence for major susceptibility gene 
and modifying genes influencing the seizure type. Ann Neurol (2001) 49:328-35. 

Ellegren H. Microsatellites: simple sequences with complex evolution. Nat Rev Genet (2004) 5:435-45. 
Erdal ME, Herken H, Yilmaz M, Bayazit YA. Association of the T102C polymorphism of 5-HT2A receptor gene 

with aura in migraine. J Neurol Sci (2001) 188:99-101. 
Eriksen ML, Thomsen LL, Andersen I, Nazim F, Olesen J. Clinical characteristics of 362 patients with familial 

migraine with aura. Cephalalgia (2004) 24:564-75. 
Evans DM, Cardon LR. Genome-wide association: a promising start to a long race. Trends Genet (2006) 22:350-

4. 
Ewen KR, Bahlo M, Treloar SA, Levinson DF, Mowry B, Barlow JW, Foote SJ. Identification and analysis of 

error types in high-throughput genotyping. Am J Hum Genet (2000) 67:727-36. 
Färkkilä M, Palo J, Saijonmaa O, Fyhrquist F. Raised plasma endothelin during acute migraine attack. 

Cephalalgia (1992) 12:383-4. 
Feinstein AR. The pretherapeutic classification of comorbidity in chronic disease. J Chronic Dis (1970) 23:455-

468. 
Fernandez F, Curtain RP, Colson NJ, Ovcaric M, MacMillan J, Griffiths LR. Association analysis of chromosome 

1 migraine candidate genes. BMC Med Genet (2007) 8:57. 
Fernando P, Evans BJ, Morales JC, Melnick DJ. Electrophoresis artefacts – A previously unrecognized cause of 

error in microsatellite analysis. Mol Ecol Notes (2001) 1:325-8. 
Ferreira MA, O'Donovan MC, Meng YA, Jones IR, Ruderfer DM, Jones L, Fan J, Kirov G, Perlis RH, Green EK, 

Smoller JW, Grozeva D, Stone J, Nikolov I, Chambert K, Hamshere ML, Nimgaonkar VL, Moskvina V, 
Thase ME, Caesar S, Sachs GS, Franklin J, Gordon-Smith K, Ardlie KG, Gabriel SB, Fraser C, 
Blumenstiel B, Defelice M, Breen G, Gill M, Morris DW, Elkin A, Muir WJ, McGhee KA, Williamson 
R, MacIntyre DJ, MacLean AW, St CD, Robinson M, Van Beck M, Pereira AC, Kandaswamy R, 
McQuillin A, Collier DA, Bass NJ, Young AH, Lawrence J, Ferrier IN, Anjorin A, Farmer A, Curtis D, 
Scolnick EM, McGuffin P, Daly MJ, Corvin AP, Holmans PA, Blackwood DH, Gurling HM, Owen MJ, 
Purcell SM, Sklar P, Craddock N; Wellcome Trust Case Control Consortium.Collaborative genome-
wide association analysis supports a role for ANK3 and CACNA1C in bipolar disorder. Nat Genet 
(2008) 40:1056-58. 

Feuk L, Marshall CR, Wintle RF, Scherer SW. Structural variants: changing the landscape of chromosomes and 
design of disease studies. Hum Mol Genet (2006) 15 Spec No 1: R57-66. 

Frayling TM, Timpson NJ, Weedon MN, Zeggini E, Freathy RM, Lindgren CM, Perry JR, Elliott KS, Lango H, 
Rayner NW, Shields B, Harries LW, Barrett JC, Ellard S, Groves CJ, Knight B, Patch AM, Ness AR, 
Ebrahim S, Lawlor DA, Ring SM, Ben-Shlomo Y, Jarvelin MR, Sovio U, Bennett AJ, Melzer D, 
Ferrucci L, Loos RJ, Barroso I, Wareham NJ, Karpe F, Owen KR, Cardon LR, Walker M, Hitman GA, 
Palmer CN, Doney AS, Morris AD, Smith GD, Hattersley AT, McCarthy MI.A common variant in the 
FTO gene is associated with body mass index and predisposes to childhood and adult obesity. Science 
(2007) 316:889-94.  

Gabriel SB, Schaffner SF, Nguyen H, Moore JM, Roy J, Blumenstiel B, Higgins J, DeFelice M, Lochner A, 
Faggart M, Liu-Cordero SN, Rotimi C, Adeyemo A, Cooper R, Ward R, Lander ES, Daly MJ, Altshuler 
D. The Structure of Haplotype Blocks in the Human Genome. Science (2002) 296:2225-9. 

Gallai V, Sarchielli P, Firenze C, Trequattrini A, Paciaroni M, Usai F, Palumbo R. Endothelin 1 in migraine and 
tension-type headache. Acta Neurol Scand (1994) 89:47-55. 

Gargus JJ. Ion channel functional candidate genes in multigenic neuropsychiatric disease. Biol Psychiatry (2006) 
15:177-85. 



                                                      Identification of loci for migraine with aura                                                      89 

Gervil M, Ulrich V, Kaprio J, Olesen J, Russell MB. The relative role of genetic and environmental factors in 
migraine without aura. Neurology (1999) 53:995-9. 

Gibson G. Decanalization and the origin of complex diseases. Nat Rev Genet (2009) 10:134-40. 
Giffin NJ, Kaube H. The electrophysiology of migraine. Curr Opin Neurol (2002) 15:303-9. 
Giffin NJ, Ruggiero L, Lipton RB, Silberstein SD, Tvedskov JF, Olesen J et al. Premonitory symptoms in 

migraine: an electronic diary study. Neurology (2003) 60:935-40. 
Gilad Y, Rifkin SA, Pritchard JK. Revealing the architecture of gene regulation: The promise of eQTL studies. 

Trends Genet (2008) 24:408-15. 
Goadsby PJ. Migraine, aura, and cortical spreading depression: Why are we still talking about it? Ann Neurol 

(2001) 49:4-6. 
Goadsby PJ, Lipton RB, Ferrari MD. Migraine--current understanding and treatment. N Engl J Med (2002) 

346:257-70. 
Grant SF, Thorleifsson G, Reynisdottir I, Benediktsson R, Manolescu A, Sainz J, Helgason A, Stefansson H, 

Emilsson V, Helgadottir A, Styrkarsdottir U, Magnusson KP, Walters GB, Palsdottir E, Jonsdottir T, 
Gudmundsdottir T, Gylfason A, Saemundsdottir J, Wilensky RL, Reilly MP, Rader DJ, Bagger Y, 
Christiansen C, Gudnason V, Sigurdsson G, Thorsteinsdottir U, Gulcher JR, Kong A, Stefansson K. 
Variant of transcription factor 7-like 2 (TCF7L2) gene confers risk of type 2 diabetes. Nat Genet (2006) 
38:320-3. 

Gretarsdottir S, Thorleifsson G, Manolescu A, Styrkarsdottir U, Helgadottir A, Gschwendtner A, Kostulas K, 
Kuhlenbäumer G, Bevan S, Jonsdottir T, Bjarnason H, Saemundsdottir J, Palsson S, Arnar DO, Holm H, 
Thorgeirsson G, Valdimarsson EM, Sveinbjörnsdottir S, Gieger C, Berger K, Wichmann HE, Hillert J, 
Markus H, Gulcher JR, Ringelstein EB, Kong A, Dichgans M, Gudbjartsson DF, Thorsteinsdottir U, 
Stefansson K. Risk variants for atrial fibrillation on chromosome 4q25 associate with ischemic stroke. 
Ann Neurol (2008) 64:402-9. 

Gomes I, Collins A, Lonjou C, Thomas NS, Wilkinson J, Watson M, Morton N. Hardy-Weinberg quality control. 
Ann Hum Genet (1999) 63:535-8. 

Gordon D, Finch SJ, Nothnagel M, Ott J. Power and sample size calculations for case-control genetic association 
tests when errors are present: application to single nucleotide polymorphisms. Hum Hered (2002) 54:22-
33. 

Göring HH, Terwilliger JD.Linkage analysis in the presence of errors II: marker-locus genotyping errors modeled 
with hypercomplex recombination fractions. Am J Hum Genet (2000) 66:1107-18. 

Göring HH, Terwilliger JD. Linkage analysis in the presence of errors III: marker loci and their map as nuisance 
parameters. Am J Hum Genet (2000b) 66:1298-309. 

Göring HH, Terwilliger JD. Linkage analysis in the presence of errors IV: joint pseudomarker analysis of linkage 
and/or linkage disequilibrium on a mixture of pedigrees and singletons when the mode of inheritance 
cannot be accurately specified. Am J of Hum Genet (2000c) 66:1310-27. 

Göring HH, Terwilliger JD, Blangero J. Large upward bias in estimation of locus-specific effects from 
genomewide scans. Am J Hum Genet (2001) 69:1357-69. 

Gupta PK, Rustgi S, Mir RR. Array-based high-throughput DNA markers for crop improvement. Heredity (2008) 
101:5-18. 

Gursoy-Ozdemir Y, Qiu J, Matsuoka N, Bolay H, Bermpohl D, Jin H, Wang X, Rosenberg GA, Lo EH, 
Moskowitz MA. Cortical spreading depression activates and upregulates MMP-9. J Clin Invest (2004) 
113:1447-55. 

Haan J, Terwindt GM, van den Maagdenberg AMJM, Stam AH, Ferrari MD. A review of the genetic relation 
between migraine and epilepsy. Cephalalgia (2007) 28:105-13. 

Hadjikhani N, Sanchez Del Rio M, Wu O, Schwartz D, Bakker D, Fischl B, Kwong KK, Cutrer FM, Rosen BR, 
Tootell RB, Sorensen AG, Moskowitz MA. Mechanisms of migraine aura revealed by functional MRI in 
human visual cortex. Proc Natl Acad Sci U S A (2001) 98:4687-92. 

Hargreaves RJ, Shepheard SL. Pathophysiology of migraine-new insights. Can J Neurol Sci (1999) 26:S12-S19. 
Hasselblatt M, Köhler J, Volles E, Ehrenreich H. Simultaneous monitoring of endothelin-1 and vasopressin 

plasma levels in migraine. Neuroreport (1999) 10:423-5. 
Haut SR, Bigal ME, Lipton RB. Chronic disorders with episodic manifestations: focus on epilepsy and migraine. 

Lancet Neurol (2006) 5:148-57. 
Headache Classification Committee of the International Headache Society. Classification and diagnostic criteria 

for headache disorders, cranial neuralgias and facial pain. Cephalalgia (1988) 8 (Suppl 7):1-96. 
Headache Classification Subcommittee of the International Headache Society. The International Classification of 

Headache Disorders: 2nd edition. Cephalalgia (2004) 24 (Suppl 1):9-160. 
Hegele RA. Plasma lipoproteins: genetic influences and clinical implications. Nat Rev Genet (2009) 10:109-21. 
Helbig I, Scheffer IE, Mulley JC, Berkovic SF. Navigating the channels and beyond: unravelling the genetics of 

the epilepsies. Lancet Neurol (2008) 7:231-45. 



90                                                                            Päivi Tikka-Kleemola                                                                        

Helgason A, Yngvadottir B, Hrafnkelsson B, Gulcher J, Stefansson K. An Icelandic example of the impact of 
population structure on association studies. Nat Genet (2005) 37:90-5.  

Hennah W, Varilo T, Kestilä M, Paunio T, Arajärvi R, Haukka J, Parker A, Martin R, Levitzky S, Partonen T, 
Meyer J, Lönnqvist J, Peltonen L, Ekelund J. Haplotype transmission analysis provides evidence of 
association for DISC1 to schizophrenia and suggests sex-dependent effects. Hum Mol Genet (2003) 
12:3151-9. 

Herbert A, Gerry NP, McQueen MB, Heid IM, Pfeufer A, Illig T, Wichmann HE, Meitinger T, Hunter D, Hu FB, 
Colditz G, Hinney A, Hebebrand J, Koberwitz K, Zhu X, Cooper R, Ardlie K, Lyon H, Hirschhorn JN, 
Laird NM, Lenburg ME, Lange C, Christman MF. A common genetic variant is associated with adult 
and childhood obesity. Science (2006) 312:279-83. 

Hiekkalinna T, Peltonen L. New program: AUTOSCAN 1.0 automated use of linkage analysis programs. Am J 
Hum Genet (1999) Suppl 65. 

Hiekkalinna T, Terwilliger JD, Sammalisto S, Peltonen L, Perola M. AUTOGSCAN: Powerful tools for 
automated genome-wide linkage and linkage disequilibrium analysis. Twin Res Hum Genet (2005) 8:16-
21. 

Hirschhorn JN, Daly MJ. Genome-wide association studies for common diseases and complex traits. Nat Rev 
Genet (2005) 6:95-108. 

Holt VL, Weiss NS. Recommendations for the design of epidemiologic studies of endometriosis. Epidemiology. 
(2000) 11:654-9. 

Honkasalo ML, Kaprio J, Winter T, Heikkilä K, Sillanpää M, Koskenvuo M. Migraine and concomitant 
symptoms among 8167 adult twin pairs. Headache (1995) 35:70-8. 

Hottenga JJ, Vanmolkot KR, Kors EE, Kheradmand Kia S, de Jong PT, Haan J, Terwindt GM, Frants RR, Ferrari 
MD, van den Maagdenberg AM. The 3p21.1-p21.3 hereditary vascular retinopathy locus increases the 
risk for Raynaud's phenomenon and migraine. Cephalalgia (2005) 25:1168-72. 

Hovatta I, Kallela M, Farkkila M, Peltonen L. Familial migraine: Exclusion of the susceptibility gene from the 
reported locus of familial hemiplegic migraine on 19p. Genomics (1994) 23:707-9. 

Hugot JP, Chamaillard M, Zouali H, Lesage S, Cézard JP, Belaiche J, Almer S, Tysk C, O'Morain CA, Gassull 
M, Binder V, Finkel Y, Cortot A, Modigliani R, Laurent-Puig P, Gower-Rousseau C, Macry J, Colombel 
JF, Sahbatou M, Thomas G. Association of NOD2 leucine-rich repeat variants with susceptibility to 
Crohn's disease. Nature (2001) 411:599-603. 

The International HapMap Project. The international HapMap consortium. Nature (2003) 426:789-96. 
International HapMap Consortium, Frazer KA, Ballinger DG, Cox DR, Hinds DA, Stuve LL, Gibbs RA, Belmont 

JW, Boudreau A, Hardenbol P, Leal SM, Pasternak S, Wheeler DA, Willis TD, Yu F, Yang H, Zeng C, 
Gao Y, Hu H, Hu W, Li C, Lin W, Liu S, Pan H, Tang X, Wang J, Wang W, Yu J, Zhang B, Zhang Q, 
Zhao H, Zhao H, Zhou J, Gabriel SB, Barry R, Blumenstiel B, Camargo A, Defelice M, Faggart M, 
Goyette M, Gupta S, Moore J, Nguyen H, Onofrio RC, Parkin M, Roy J, Stahl E, Winchester E, Ziaugra 
L, Altshuler D, Shen Y, Yao Z, Huang W, Chu X, He Y, Jin L, Liu Y, Shen Y, Sun W, Wang H, Wang 
Y, Wang Y, Xiong X, Xu L, Waye MM, Tsui SK, Xue H, Wong JT, Galver LM, Fan JB, Gunderson K, 
Murray SS, Oliphant AR, Chee MS, Montpetit A, Chagnon F, Ferretti V, Leboeuf M, Olivier JF, Phillips 
MS, Roumy S, Sallée C, Verner A, Hudson TJ, Kwok PY, Cai D, Koboldt DC, Miller RD, Pawlikowska 
L, Taillon-Miller P, Xiao M, Tsui LC, Mak W, Song YQ, Tam PK, Nakamura Y, Kawaguchi T, 
Kitamoto T, Morizono T, Nagashima A, Ohnishi Y, Sekine A, Tanaka T, Tsunoda T, Deloukas P, Bird 
CP, Delgado M, Dermitzakis ET, Gwilliam R, Hunt S, Morrison J, Powell D, Stranger BE, Whittaker P, 
Bentley DR, Daly MJ, de Bakker PI, Barrett J, Chretien YR, Maller J, McCarroll S, Patterson N, Pe'er I, 
Price A, Purcell S, Richter DJ, Sabeti P, Saxena R, Schaffner SF, Sham PC, Varilly P, Altshuler D, Stein 
LD, Krishnan L, Smith AV, Tello-Ruiz MK, Thorisson GA, Chakravarti A, Chen PE, Cutler DJ, Kashuk 
CS, Lin S, Abecasis GR, Guan W, Li Y, Munro HM, Qin ZS, Thomas DJ, McVean G, Auton A, Bottolo 
L, Cardin N, Eyheramendy S, Freeman C, Marchini J, Myers S, Spencer C, Stephens M, Donnelly P, 
Cardon LR, Clarke G, Evans DM, Morris AP, Weir BS, Tsunoda T, Mullikin JC, Sherry ST, Feolo M, 
Skol A, Zhang H, Zeng C, Zhao H, Matsuda I, Fukushima Y, Macer DR, Suda E, Rotimi CN, 
Adebamowo CA, Ajayi I, Aniagwu T, Marshall PA, Nkwodimmah C, Royal CD, Leppert MF, Dixon M, 
Peiffer A, Qiu R, Kent A, Kato K, Niikawa N, Adewole IF, Knoppers BM, Foster MW, Clayton EW, 
Watkin J, Gibbs RA, Belmont JW, Muzny D, Nazareth L, Sodergren E, Weinstock GM, Wheeler DA, 
Yakub I, Gabriel SB, Onofrio RC, Richter DJ, Ziaugra L, Birren BW, Daly MJ, Altshuler D, Wilson 
RK, Fulton LL, Rogers J, Burton J, Carter NP, Clee CM, Griffiths M, Jones MC, McLay K, Plumb RW, 
Ross MT, Sims SK, Willey DL, Chen Z, Han H, Kang L, Godbout M, Wallenburg JC, L'Archevêque P, 
Bellemare G, Saeki K, Wang H, An D, Fu H, Li Q, Wang Z, Wang R, Holden AL, Brooks LD, McEwen 
JE, Guyer MS, Wang VO, Peterson JL, Shi M, Spiegel J, Sung LM, Zacharia LF, Collins FS, Kennedy 
K, Jamieson R, Stewart J. A second generation human haplotype map of over 3.1 million SNPs. Nature 
(2007) 449:851-61. 



                                                      Identification of loci for migraine with aura                                                      91 

Isler JA, Vesterqvist OE, Burzynski ME. Analytical validation of genotyping assays in the biomarker laboratory. 
Pharmocogenomics (2007) 8:353-368. 

Jakkula E, Rehnström K, Varilo T, Pietiläinen OP, Paunio T, Pedersen NL, deFaire U, Järvelin MR, Saharinen J, 
Freimer N, Ripatti S, Purcell S, Collins A, Daly MJ, Palotie A, Peltonen L. The genome-wide patterns of 
variation expose significant substructure in a founder population. Am J Hum Genet (2008) 83:787-94. 

Jen JC, Kim GW, Dudding KA, Baloh RW. No mutations in CACNA1A and ATP1A2 in probands with common 
types of migraine. Arch Neurol (2004) 61:926-8. 

Jen JC. Recent advances in the genetics of recurrent vertigo and vestibulopathy. Curr Opin Neurol (2008) 21:3-7. 
Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev Genet (2007) 8:253-62. 
Jones KA, Borowsky B, Tamm JA, Craig DA, Durkin MM, Dai M, Yao WJ, Johnson M, Gunwaldsen C, Huang 

LY, Tang C, Shen Q, Salon JA, Morse K, Laz T, Smith KE, Nagarathnam D, Noble SA, Branchek TA, 
Gerald C.GABA(B) receptors function as a heteromeric assembly of the subunits GABA(B)R1 and 
GABA(B)R2. Nature (1998) 396:674-9.  

Jones KW, Ehm MG, Pericak-Vance MA, Haines JL, Boyd PR, Peroutka SJ. Migraine with Aura Susceptibility 
Locus on Chromosome 19p13 Is Distinct from the Familial Hemiplegic Migraine Locus. Genomics 
(2001) 78:150-4. 

Jonker MA, Bhulai S, Boomsma DI, Ligthart RS, Posthuma D, Van der Vaart AW. Gamma frailty model for 
linkage analysis with application to interval-censored migraine data. Biostatistics (2009) 10:187-200. 

Juhasz G, Zsombok T, Laszik A, Gonda X, Sotonyi P, Faludi G, Bagdy G. Association analysis of 5-HTTLPR 
variants, 5-HT2a receptor gene 102T/C polymorphism and migraine. J Neurogenet (2003) 17:231-40. 

Kalaydjian A, Merikangas K. Physical and mental comorbidity of headache in a nationally representative sample 
of US adults. Psychosom Med (2008) 70:773-80. 

Kallela M, Färkkilä M, Saijonmaa O, Fyhrquist F. Endothelin in migraine patients. Cephalalgia 1998; 18:329-32. 
Kallela M, Wessman M, Havanka H, Palotie A, Färkkilä M. Familial migraine with and without aura: clinical 

characteristics and co-occurrence. Eur J Neurol (2001) 8:441-9. 
Kallela M, Wessman M, Färkkilä M. Validation of a migraine-specific questionnaire for use in family studies. 

Eur J Neurol. (2001b) 8:61-6. 
Käller M, Lundeberg J, Ahmadian A. Arrayed identification of DNA signatures. Expert Rev Mol Diagn (2007) 

7:65-76. 
Kaprio J, Sarna S, Koskenvuo M, Rantasalo I. The Finnish Twin Registry: formation and compilation, 

questionnaire study, zygosity determination procedures, and research program. Prog Clin Biol Res 
(1978) 24 Pt B:179-84. 

Kaprio J. Science, medicine, and the future. Genetic epidemiology. BMJ (2000) 320:1257-1259. 
Karolchik D, Baertsch R, Diekhans M, Furey TS, Hinrichs A, Lu YT, Roskin KM, Schwartz M, Sugnet CW, 

Thomas DJ, Weber RJ, Haussler D, Kent WJ; University of California Santa Cruz. The UCSC Genome 
Browser Database. Nucleic Acids Res (2003) 31:51-4. 

Kaunisto MA, Tikka PJ, Kallela M, Leal SM, Papp JC, Korhonen A, Hämäläinen E, Harno H, Havanka H, 
Nissilä M, Säkö E, Ilmavirta M, Kaprio J, Färkkilä M, Ophoff RA, Palotie A, Wessman M. 
Chromosome 19p13 loci in Finnish migraine with aura families. Am J Med Genet B Neuropsychiatr 
Genet (2005) 132B:85-9. 

Kaunisto MA, Kallela M, Hämäläinen E, Kilpikari R, Havanka H, Harno H, Nissila M, Sako E, Ilmavirta M, 
Liukkonen J, Teirmaa H, Tornwall O, Jussila M, Terwilliger J, Farkkila M, Kaprio J, Palotie A, 
Wessman M. Testing of variants of the MTHFR and ESR1 genes in 1798 Finnish individuals fails to 
confirm the association with migraine with aura. Cephalalgia (2006) 26:1462-72. 

Kelman L. The aura: a tertiary care study of 952 migraine patients. Cephalalgia (2004) 24:728-34. 
Kirchmann M, Thomsen LL, Olesen J. The CACNA1A and ATP1A2 genes are not involved in dominantly 

inherited migraine with aura. Am J Med Genet B Neuropsychiatr Genet (2006) 141B:250-6. 
Kirsten H, Teupser D, Weissfuss J, Wolfram G, Emmrich F, Ahnert P. Robustness of single-base extension 

against mismatches at the site of primer attachment in a clinical assay. J Mol Med (2007) 85:361-9. 
Kleeberg J, Petzold GC, Major S, Dirnagl U, Dreier JP.ET-1 induces cortical spreading depression via activation 

of the ETA receptor/phospholipase C pathway in vivo. Am J Physiol Heart Circ Physiol (2004) 
286:H1339-46. 

Koch UR, Musshoff U, Pannek HW, Ebner A, Wolf P, Speckmann EJ, Köhling R. Intrinsic excitability, synaptic 
potentials, and short-term plasticity in human epileptic neocortex. J Neurosci Res (2005) 80:715-26. 

Kondrashov AS. Direct estimates of human per nucleotide mutation rates at 20 loci causing Mendelian diseases. 
Hum Mutat (2003) 21:12-27. 

Kong A, Gudbjartsson DF, Sainz J, Jonsdottir GM, Gudjonsson SA, Richardsson B, Sigurdardottir S, Barnard J, 
Hallbeck B, Masson G, Shlien A, Palsson ST, Frigge ML, Thorgeirsson TE, Gulcher JR, Stefansson K. 
A high-resolution recombination map of the human genome. Nat Genet (2002) 31:241-7. 



92                                                                            Päivi Tikka-Kleemola                                                                        

Korczak JF, Bergen AW, Goldstein AM, Weissbecker KA.Sib-pair linkage analyses of alcoholism: dichotomous 
and quantitative measures. Genet Epidemiol (1999) 17 Suppl 1:S205-10. 

Kruglyak L, Daly MJ, Reeve-Daly MP, Lander ES. Parametric and nonparametric linkage analysis: a unified 
multipoint approach. Am J Hum Genet (1996) 58:1347-63. 

Kunkler PE, Kraig RP.Hippocampal spreading depression bilaterally activates the caudal trigeminal nucleus in 
rodents. Hippocampus (2003) 13:835-44. 

Kunugi H, Hattori M, Ueki A, Isse K, Hirasawa H, Nanko S. Possible association of missense mutation (Gly[-
63]Glu) of the neurotrophin-3 gene with Alzheimer's disease in Japanese. Neurosci Lett (1998) 241:65-
7. 

Kuokkanen S, Gschwend M, Rioux JD, Daly MJ, Terwilliger JD, Tienari PJ, Wikström J, Palo J, Stein LD, 
Hudson TJ, Lander ES, Peltonen L. Genomewide scan of multiple sclerosis in Finnish multiplex 
families. Am J Hum Genet (1997) 61:1379-87. 

Kurth T, Schürks M, Logroscino G, Gaziano JM, Buring JE. Migraine, vascular risk, and cardiovascular events in 
women: prospective cohort study. BMJ (2008) 337:a636. 

Kuusisto J, Koivisto K, Kervinen K, Mykkänen L, Helkala EL, Vanhanen M, Hänninen T, Pyörälä K, Kesäniemi 
YA, Riekkinen P, Laakso M. Association of apolipoprotein E phenotypes with late onset Alzheimer's 
disease: population based study. BMJ (1994) 309:636-8. 

Laird NM, Lange C. Family-based designs in the age of large-scale gene-association studies. Nat Rev Genet 
(2006) 7:385-94. 

Laitinen T, Daly MJ, Rioux JD, Kauppi P, Laprise C, Petays T, Green T, Cargill M, Haahtela T, Lander ES, 
Laitinen LA, Hudson TJ, Kere J. A susceptibility locus for asthma-related traits on chromosome 7 
revealed by genome-wide scan in a founder population. Nat Genet (2001) 28:87-91. 

Laitinen T, Polvi A, Rydman P, Vendelin J, Pulkkinen V, Salmikangas P, Makela S, Rehn M, Pirskanen A, 
Rautanen A, Zucchelli M, Gullsten H, Leino M, Alenius H, Petays T, Haahtela T, Laitinen A, Laprise C, 
Hudson TJ, Laitinen LA, Kere J. Characterization of a common susceptibility locus for asthma-related 
traits. Science (2004) 304:300-4. 

Lampl C, Katsarava Z, Diener HC, Limmroth V. Lamotrigine reduces migraine aura and migraine attacks in 
patients with migraine with aura. J Neurol Neurosurg Psychiatry (2005) 76:1730-2. 

Lander E, Kruglyak L. Genetic dissection of complex traits: guidelines for interpreting and reporting linkage 
results. Nat Genet (1995) 11:241-7. 

Larsson B, Bille B, Pedersen NL. Genetic influence in headaches: a Swedish twin study. Headache (1995) 
35:513-9. 

Lathrop GM, Lalouel JM, Julier C, Ott J. Strategies for multilocus linkage analysis in humans. Proc Natl Acad 
Sci USA (1984) 81:3443-6.  

Launer LJ, Terwindt GM, Ferrari MD. The prevalence and characteristics of migraine in a population-based 
cohort: the GEM study. Neurology (1999) 53:537-42. 

Lea RA, Curtain RP, Hutchins C, Brimage PJ, Griffiths LR. Investigation of the  CACNA1A gene as a candidate 
for typical migraine susceptibility. Am J Med Genet (2001) 105:707-12. 

Lea RA, Ovcaric M, Sundholm J, MacMillan J, Griffiths LR. The methylenetetrahydrofolate reductase gene 
variant C677T influences susceptibility to migraine with aura. BMC Med (2004) 12:3. 

Lea RA, Nyholt DR, Curtain RP, Ovcaric M, Sciascia R, Bellis C, Macmillan J, Quinlan S, Gibson RA, 
McCarthy LC, Riley JH, Smithies YJ, Kinrade S, Griffiths LR. A genome-wide scan provides evidence 
for loci influencing a severe heritable form of common migraine. Neurogenetics (2005) 6:67-72. 

Leão AAP. Spreading depression of activity in the cerebral cortex. J Neurophysiol (1944) 7:359-90. 
Lettre G, Jackson AU, Gieger C, Schumacher FR, Berndt SI, Sanna S, Eyheramendy S, Voight BF, Butler JL, 

Guiducci C, Illig T, Hackett R, Heid IM, Jacobs KB, Lyssenko V, Uda M; Diabetes Genetics Initiative; 
FUSION; KORA; Prostate, Lung Colorectal and Ovarian Cancer Screening Trial; Nurses' Health Study; 
SardiNIA, Boehnke M, Chanock SJ, Groop LC, Hu FB, Isomaa B, Kraft P, Peltonen L, Salomaa V, 
Schlessinger D, Hunter DJ, Hayes RB, Abecasis GR, Wichmann HE, Mohlke KL, Hirschhorn JN. 
Identification of ten loci associated with height highlights new biological pathways in human growth. 
Nat Genet (2008) 40:584-91. 

Leushner J, Chiu NHL: Automated mass spectrometry: A revolutionary technology for clinical diagnostics. Mol 
Diagn (2000) 5:341-8.  

Levy S, Sutton G, Ng PC, Feuk L, Halpern AL, Walenz BP, Axelrod N, Huang J, Kirkness EF, Denisov G, Lin 
Y, Macdonald JR, Pang AW, Shago M, Stockwell TB, Tsiamouri A, Bafna V, Bansal V, Kravitz SA, 
Busam DA, Beeson KY, McIntosh TC, Remington KA, Abril JF, Gill J, Borman J, Rogers YH, Frazier 
ME, Scherer SW, Strausberg RL, Venter JC. The diploid genome sequence of an individual human. 
PLoS Biol (2007) 5:e254. 

Lewis CM, Levinson DF, Wise LH, DeLisi LE, Straub RE, Hovatta I, Williams NM, Schwab SG, Pulver AE, 
Faraone SV, Brzustowicz LM, Kaufmann CA, Garver DL, Gurling HM, Lindholm E, Coon H, Moises 



                                                      Identification of loci for migraine with aura                                                      93 

HW, Byerley W, Shaw SH, Mesen A, Sherrington R, O'Neill FA, Walsh D, Kendler KS, Ekelund J, 
Paunio T, Lönnqvist J, Peltonen L, O'Donovan MC, Owen MJ, Wildenauer DB, Maier W, Nestadt G, 
Blouin JL, Antonarakis SE, Mowry BJ, Silverman JM, Crowe RR, Cloninger CR, Tsuang MT, 
Malaspina D, Harkavy-Friedman JM, Svrakic DM, Bassett AS, Holcomb J, Kalsi G, McQuillin A, 
Brynjolfson J, Sigmundsson T, Petursson H, Jazin E, Zoëga T, Helgason T.Genome scan meta-analysis 
of schizophrenia and bipolar disorder, part II: Schizophrenia. Am J Hum Genet (2003) 73:34-48. 

Ligthart L, Nyholt DR, Hottenga JJ, Distel MA, Willemsen G, Boomsma DI. A genome-wide linkage scan 
provides evidence for both new and previously reported loci influencing common migraine. Am J Med 
Genet B Neuropsychiatr Genet (2008) 147B:1186-95. 

Linde M. Migraine: a review and future directions for treatment. Acta Neurol Scand (2006) 114:71-83. 
Lindroos K, Sigurdsson S, Johansson K, Rönblom L, Syvänen A-C. Multiplex SNP genotyping in pooled DNA 

sample by a four-colour microarray system, Nucleic Acids Res (2002) 30:e70. 
Lipton RB, Ottman R, Ehrenberg BL, Hauser WA. Comorbidity of migraine: the connection between migraine 

and epilepsy. Neurology (1994) 44 (10 Suppl 7):S28-32. 
Lohmueller KE, Pearce CL, Pike M, Lander ES, Hirschhorn JN. Meta-analysis of genetic association studies 

supports a contribution of common variants to susceptibility to common disease. Nat Genet (2003) 
33:177-82. 

Lovmar L, Ahlford A, Jonsson M, Syvanen AC. Silhouette scores for assessment of SNP genotype clusters. BMC 
Genomics (2005) 6:35.  

Ludvigsson P, Hesdorffer D, Olafsson E, Kjartansson O, Hauser WA. Migraine with aura is a risk factor for 
unprovoked seizures in children. Ann Neurol (2006) 59:210-3. 

Lykke Thomsen L, Kirchmann Eriksen M, Faerch Romer S, Andersen I, Ostergaard E, Keiding N, Olesen J, 
Russell MB. An epidemiological survey of hemiplegic migraine. Cephalalgia (2002) 22:361-75. 

Lyngberg AC, Rasmussen BK, Jørgensen T, Jensen R. Incidence of primary headache: a Danish epidemiologic 
follow-up study. Am J Epidemiol (2005) 161:1066-73. 

Mathew CG. New links to the pathogenesis of Crohn disease provided by genome-wide association scans. Nat 
Rev Genet (2008) 9:9-14. 

May A, Ophoff RA, Terwindt GM, Urban C, van Eijk R, Haan J, Diener HC, Lindhout D, Frants RR, Sandkuijl 
LA, et al. Familial hemiplegic migraine locus on 19p13 is involved in the common forms of migraine 
with and without aura. Hum Genet (1995) 96:604-8.  

McCarroll SA. Extending genome-wide association studies to copy-number variation. Hum Mol Genet (2008) 
17(R2):R135-42. 

McCarthy LC, Hosford DA, Riley JH, Bird MI, White NJ, Hewett DR, Peroutka SJ, Griffiths LR, Boyd PR, Lea 
RA, Bhatti SM, Hosking LK, Hood CM, Jones KW, Handley AR, Rallan R, Lewis KF, Yeo AJ, 
Williams PM, Priest RC, Khan P, Donnelly C, Lumsden SM, O'Sullivan J, See CG, Smart DH, Shaw-
Hawkins S, Patel J, Langrish TC, Feniuk W, Knowles RG, Thomas M, Libri V, Montgomery DS, 
Manasco PK, Xu CF, Dykes C, Humphrey PP, Roses AD, Purvis IJ. Single-nucleotide polymorphism 
alleles in the insulin receptor gene are associated with typical migraine. Genomics (2001) 78:135-49. 

McCarthy MI, Hirschhorn JN. Genome-wide association studies: potential next steps on a genetic journey. Hum 
Mol Genet (2008) 17:R156-65. 

McColl SL, Wilkinson F. Visual contrast gain control in migraine: measures of visual cortical excitability and 
inhibition. Cephalalgia (2000) 20:74-84. 

McKinney C, Merriman TR. The human genome and understanding of common disease: present and future 
technologies. Cell Mol Life Sci (2007) 64:961-78. 

McWilliams LA, Goodwin RD, Cox BJ. Depression and anxiety associated with three pain conditions: results 
from a nationally representative sample. Pain (2004) 111:77-83. 

Medlund P, Cederlöf R, Flodérus-Myrhed B, Friberg L, Sörensen S. A new Swedish twin registry containing 
environmental and medical base line data from about 14,000 same-sexed pairs born 1926-58. Acta Med 
Scand Suppl (1976) 600:1-111. 

Mira MT, Alcais A, Van Thuc N, Thai VH, Huong NT, Ba NN, Verner A, Hudson TJ, Abel L, Schurr E. 
Chromosome 6q25 is linked to susceptibility to leprosy in a Vietnamese population. Nat Genet (2003) 
33:412-5. 

Monari L, Mochi M, Valentino ML, Arnaldi C, Cortelli P, De Monte A, Pierangeli G, Prologo G, Scapoli C, 
Soriani S, Montagna P. Searching for migraine genes: exclusion of 290 cM out of the whole human 
genome. Ital J Neurol Sci (1997) 18:277-82. 

Morton ME. Sequential tests for the detection of linkage. Am J Hum Genet (1955) 7: 277-31. 
Morton NE. Outline of genetic epidemiology. S Karger (1982) Basel, Switzerland. 
Moskowitz MA, Bolay H, Dalkara T. Deciphering migraine mechanisms: clues from familial hemiplegic 

migraine genotypes. Ann Neurol (2004) 55:276-80. 



94                                                                            Päivi Tikka-Kleemola                                                                        

Moskowitz MA. Defining a pathway to discovery from bench to bedside: the trigeminovascular system and 
sensitization. Headache (2008) 48:688-90. 

Mulder EJ, Van Baal C, Gaist D, Kallela M, Kaprio J, Svensson DA, Nyholt DR, Martin NG, MacGregor AJ, 
Cherkas LF, Boomsma DI, Palotie A. Genetic and environmental influences on migraine: a twin study 
across six countries. Twin Res (2003) 6:422-31. 

Mulleners WM, Chronicle EP. Anticonvulsants in migraine prophylaxis: a Cochrane review. Cephalalgia (2008) 
28:585-97. 

Mullis KB, Faloona FA. Specific synthesis of DNA in vitro via a polymerase-catalyzed chain reaction. Methods 
Enzymol (1987) 155:335-50. 

Nakazawa T, Nakano I, Sato M, Nakamura T, Tamai M, Mori N. Comparative expression profiles of Trk 
receptors and Shc-related phosphotyrosine adapters during retinal development: potential roles of N-
Shc/ShcC in brain-derived neurotrophic factor signal transduction and modulation. J Neurosci Res 
(2002) 68:668-80. 

Nanko S, Hattori M, Kuwata S, Sasaki T, Fukuda R, Dai XY, Yamaguchi K, Shibata Y, Kazamatsuri H. 
Neurotrophin-3 gene polymorphism associated with schizophrenia. Acta Psychiatr Scand (1994) 89:390-
2. 

Näslund K, Saetre P, von Salome J, Bergstrom TF, Jareborg N, Jazin E. Genome-wide prediction of human 
VNTRs. Genomics (2005) 85:24-35. 

Nattero G, Mengozzi G, Inconis T, Paradisi L. Nitric oxide, endothelin-1, and transcranial Doppler in migraine. 
Findings in interictal conditions and during migraine attack. Headache (1996) 36:307-11. 

Netzer C, Todt U, Heinze A, Freudenberg J, Zumbroich V, Becker T, Goebel I, Ohlraun S, Goebel H, Kubisch C. 
Haplotype-based systematic association studies of ATP1A2 in migraine with aura. Am J Med Genet B 
Neuropsychiatr Genet (2006) 141B:257-60. 

Netzer C, Freudenberg J, Toliat MR, Heinze A, Heinze-Kuhn K, Thiele H, Goebel I, Nürnberg P, Ptácek LJ, 
Göbel H, Todt U, Kubisch C. /Genetic association studies of the chromosome 15 GABA-A receptor 
cluster in migraine with aura. Am J Med Genet B Neuropsychiatr Genet (2008) 47B:37-41. 

Netzer C, Freudenberg J, Heinze A, Heinze-Kuhn K, Goebel I, McCarthy LC, Roses AD, Göbel H, Todt U, 
Kubisch C.Replication study of the insulin receptor gene in migraine with aura. Genomics (2008b) 
91:503-7. 

Newton-Cheh C, Hirschhorn JN. Genetic association studies of complex traits: design and analysis issues. Mutat 
Res (2005) 573:54-69. 

Noble-Topham SE, Dyment DA, Cader MZ, Ganapathy R, Brown JD, Rice GP, Ebers GC. Migraine with aura is 
not linked to the FHM gene CACNA1A or the chromosomal region, 19p13. Neurology (2002) 59:1099-
101. 

Norberg A, Forsgren L, Holmberg D, Holmberg M. Exclusion of the juvenile myoclonic epilepsy gene EFHC1 as 
the cause of migraine on chromosome 6, but association to two rare polymorphisms in MEP1A and 
RHAG. Neurosci Lett (2006) 396:137-42. 

Norio R. Finnish disease heritage I: characteristics, causes, background. Hum Genet (2003) 112:441-5.  
Nyholt DR, Lea RA, Goadsby PJ, Brimage PJ, Griffiths LR. Familial typical migraine: linkage to chromosome 

19p13 and evidence for genetic heterogeneity. Neurology (1998) 50:1428-32. 
Nyholt DR, Gillespie NG, Heath AC, Merikangas KR, Duffy DL, Martin NG. Latent class and genetic analysis 

does not support migraine with aura and migraine without aura as separate entities. Genet Epidemiol 
(2004) 26:231-44. 

Nyholt DR, Morley KI, Ferreira MA, Medland SE, Boomsma DI, Heath AC, Merikangas KR, Montgomery GW, 
Martin NG. Genomewide significant linkage to migrainous headache on chromosome 5q21. Am J Hum 
Genet (2005) 77:500-12. 

Nyholt DR, LaForge KS, Kallela M, Alakurtti K, Anttila V, Färkkilä M, Hämaläinen E, Kaprio J, Kaunisto MA, 
Heath AC, Montgomery GW, Göbel H, Todt U, Ferrari MD, Launer LJ, Frants RR, Terwindt GM, de 
Vries B, Verschuren WM, Brand J, Freilinger T, Pfaffenrath V, Straube A, Ballinger DG, Zhan Y, Daly 
MJ, Cox DR, Dichgans M, van den Maagdenberg AM, Kubisch C, Martin NG, Wessman M, Peltonen L, 
Palotie A. A high-density association screen of 155 ion transport genes for involvement with common 
migraine. Hum Mol Genet (2008) 17:3318-31. 

O’Connell J, Weeks D.E. PedCheck: A program for identification of genotype incompatibilities in linkage 
analysis. Am J Hum Genet (1998) 63:259-66. 

Ogura Y, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, Britton H, Moran T, Karaliuskas R, Duerr RH, 
Achkar JP, Brant SR, Bayless TM, Kirschner BS, Hanauer SB, Nuñez G, Cho JH. A frameshift mutation 
in NOD2 associated with susceptibility to Crohn's disease. Nature (2001) 411:603-6. 

Oliphant A, Barker DL, Stuelpnagel JR, Chee MS. BeadArray technology: enabling an accurate, cost-effective 
approach to high-throughput genotyping. Biotechniques (2002) Suppl: 56-8, 60-1. 



                                                      Identification of loci for migraine with aura                                                      95 

Ophoff RA, Terwindt GM, Vergouwe MN, van Eijk R, Oefner PJ, Hoffman SM, Lamerdin JE, Mohrenweiser 
HW, Bulman DE, Ferrari M, Haan J, Lindhout D, van Ommen GJ, Hofker MH, Ferrari MD, Frants 
RR.Familial hemiplegic migraine and episodic ataxia type-2 are caused by mutations in the Ca2+ 
channel gene CACNL1A4. Cell (1996) 87:543-52. 

Ophoff RA, DeYoung J, Service SK, Joosse M, Caffo NA, Sandkuijl LA, Terwindt GM, Haan J, van den 
Maagdenberg AM, Jen J, Baloh RW, Barilla-LaBarca ML, Saccone NL, Atkinson JP, Ferrari MD, 
Freimer NB, Frants RR. Hereditary vascular retinopathy, cerebroretinal vasculopathy, and hereditary 
endotheliopathy with retinopathy, nephropathy, and stroke map to a single locus on chromosome 
3p21.1-p21.3. Am J Hum Genet (2001) 69:447-53. 

Oswell G, Kaunisto MA, Kallela M, Hämäläinen E, Anttila V, Kaprio J, Färkkilä M, Wessman M, Palotie A. No 
association of migraine to the GABA-A receptor complex on chromosome 15. Am J Med Genet B 
Neuropsychiatr Genet (2008) 147B:33-6. 

Ott J. Computer-simulation method in Human Linkage Analysis. Proc Natl Acad Sci USA (1989) 86:4175-8. 
Ott J. Analysis of Human Genetic Linkage. Johns Hopkins University Press (1991) Baltimore, USA. 
Ottman R, Lipton RB. Comorbidity of migraine and epilepsy. Neurology (1994) 44:2105-10. 
Pajukanta P, Nuotio I, Terwilliger JD, Porkka KV, Ylitalo K, Pihlajamaki J, Suomalainen AJ, Syvanen AC, 

Lehtimaki T, Viikari JS, Laakso M, Taskinen MR, Ehnholm C, Peltonen L. Linkage of familial 
combined hyperlipidaemia to chromosome 1q21-q23. Nat Genet (1998) 18:369-73. 

Pajukanta P, Lilja HE, Sinsheimer JS, Cantor RM, Lusis AJ, Gentile M, Duan XJ, Soro-Paavonen A, 
Naukkarinen J, Saarela J, Laakso M, Ehnholm C, Taskinen MR, Peltonen L. Familial combined 
hyperlipidemia is associated with upstream transcription factor 1 (USF1). Nat Genet (2004) 36:371-6. 

Palmer JE, Chronicle EP, Rolan P, Mulleners WM. Cortical hyperexcitability is cortical under-inhibition: 
evidence from a novel functional test of migraine patients. Cephalalgia (2000) 20:525-32. 

Paunio T, Tuulio-Henriksson A, Hiekkalinna T, Perola M, Varilo T, Partonen T, Cannon TD, Lonnqvist J, 
Peltonen L. Search for cognitive trait components of schizophrenia reveals a locus for verbal learning 
and memory on 4q and for visual working memory on 2q. Hum Mol Genet (2004) 13:1693-702. 

Pearce JM. Historical aspects of migraine. J Neurol Neurosurg Psychiatry (1986) 49:1097-103. 
Peltonen L, Jalanko A, Varilo T. Molecular genetics of the Finnish disease heritage. Hum Mol Genet (1999) 

8:1913-23. 
Peltonen L, Palotie A, Lange K. Use of population isolates for mapping complex traits. Nat Rev Genet (2000) 

1:182-90. 
Peroutka SJ. Neurogenic inflammation and migraine: implications for the therapeutics. Mol Interv (2005) 5:304-

11. 
Pietrobon D, Striessnig J. Neurobiology of migraine. Nat Rev Neurosci (2003) 4:386-98. 
Pompanon F, Bonin A, Bellemain E, Taberlet P. Genotyping errors: causes, consequences and solutions. Nat Rev 

Genet (2005) 6:847-59. 
Princivalle AP, Duncan JS, Thom M, Bowery NG. GABA(B1a), GABA(B1b) AND GABA(B2) mRNA variants 

expression in hippocampus resected from patients with temporal lobe epilepsy. Neuroscience (2003) 
122:975-84. 

Purcell S, Cherny SS, Sham PC. Genetic Power Calculator: design of linkage and association genetic mapping 
studies of complex traits. Bioinformatics (2003) 19:149-50. 

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, Maller J, de Bakker PIW, Daly MJ, 
Sham PC. PLINK: a toolset for whole-genome association and population-based linkage analysis. Am J 
Hum Genet (2007) 81:559-75. 

Rapoport A, Edmeads J. Migraine: the evolution of our knowledge. Arch Neurol (2000) 57:1221-3. 
Rasmussen BK, Jensen R, Schroll M, Olesen J. Epidemiology of headache in a general population--a prevalence 

study. J Clin Epidemiol (1991) 44:1147-57. 
Rasmussen  BK, Stewart WF. Epidemiology of migraine. In Olesen J, Tfelt-Hansen P, Welch KMA eds. The 

Headaches (2nd ed). Lippincott Williams & Wilkins (2000) Philadephia, USA. 
Redon R, Ishikawa S, Fitch KR, Feuk L, Perry GH, Andrews TD, Fiegler H, Shapero MH, Carson AR, Chen W, 

Cho EK, Dallaire S, Freeman JL, Gonzalez JR, Gratacos M, Huang J, Kalaitzopoulos D, Komura D, 
MacDonald JR, Marshall CR, Mei R, Montgomery L, Nishimura K, Okamura K, Shen F, Somerville 
MJ, Tchinda J, Valsesia A, Woodwark C, Yang F, Zhang J, Zerjal T, Zhang J, Armengol L, Conrad DF, 
Estivill X, Tyler-Smith C, Carter NP, Aburatani H, Lee C, Jones KW, Scherer SW, Hurles ME. Global 
variation in copy number in the human genome. Nature (2006) 444:444-54. 

Reynisdottir I, Thorleifsson G, Benediktsson R, Sigurdsson G, Emilsson V, Einarsdottir AS, Hjorleifsdottir EE, 
Orlygsdottir GT, Bjornsdottir GT, Saemundsdottir J, Halldorsson S, Hrafnkelsdottir S, Sigurjonsdottir 
SB, Steinsdottir S, Martin M, Kochan JP, Rhees BK, Grant SF, Frigge ML, Kong A, Gudnason V, 
Stefansson K, Gulcher JR. Localization of a susceptibility gene for type 2 diabetes to chromosome 5q34-
q35.2. Am J Hum Genet (2003) 73:323-35. 



96                                                                            Päivi Tikka-Kleemola                                                                        

Richards A, van den Maagdenberg AM, Jen JC, Kavanagh D, Bertram P, Spitzer D, Liszewski MK, Barilla-
Labarca ML, Terwindt GM, Kasai Y, McLellan M, Grand MG, Vanmolkot KR, de Vries B, Wan J, 
Kane MJ, Mamsa H, Schäfer R, Stam AH, Haan J, de Jong PT, Storimans CW, van Schooneveld MJ, 
Oosterhuis JA, Gschwendter A, Dichgans M, Kotschet KE, Hodgkinson S, Hardy TA, Delatycki MB, 
Hajj-Ali RA, Kothari PH, Nelson SF, Frants RR, Baloh RW, Ferrari MD, Atkinson JP. C-terminal 
truncations in human 3'-5' DNA exonuclease TREX1 cause autosomal dominant retinal vasculopathy 
with cerebral leukodystrophy. Nat Genet (2007) 39:1068-70. 

Rindskopf D, Rindskopf W. The value of latent class analysis in medical diagnosis. Stat Med (1986) 5:21-7. 
Risch N, Merikangas K. The future of genetic studies of complex human diseases. Science (1996) 273:1516-7. 
Risch NJ. Searching for genetic determinants in the new millennium. Nature (2000) 405:847-56. 
Rodriguez-Murillo L, Greenberg DA. Genetic association analysis: a primer on how it works, its strengths and its 

weaknesses. Int J Androl (2008) 31:546-56. 
Rogawski MA. Common pathophysiologic mechanisms in migraine and epilepsy. Arch Neurol (2008) 65:709-14. 
Russell MB, Olesen J. Increased familial risk and evidence of genetic factor in migraine. BMJ (1995) 311:541-4. 
Russell MB, Iselius L, Olesen J. Inheritance of migraine investigated by complex segregation analysis. Hum 

Genet (1995) 96:726-30.  
Russell MB, Rasmussen BK, Fenger K, Olesen J. Migraine without aura and migraine with aura are distinct 

clinical entities: a study of four hundred and eighty-four male and female migraineurs from the general 
population. Cephalalgia (1996) 16:239-45. 

Russell MB, Olesen J. A nosographic analysis of the migraine aura in a general population. Brain (1996) 119 (Pt 
2):355-61. 

Russell MB. Genetic epidemiology of migraine and cluster headache. Cephalalgia (1997) 17:683-701. 
Russell MB, Ulrich V, Gervil M, Olesen J. Migraine without aura and migraine with aura are distinct disorders. A 

population-based twin survey. Headache (2002) 42:332-6. 
Russo L, Mariotti P, Sangiorgi E, Giordano T, Ricci I, Lupi F, Chiera R, Guzzetta F, Neri G, Gurrieri F. A new 

susceptibility locus for migraine with aura in the 15q11-q13 genomic region containing three GABA-A 
receptor genes. Am J Hum Genet (2005) 76:327-33. 

Saarela J, Kallio SP, Chen D, Montpetit A, Jokiaho A, Choi E, Asselta R, Bronnikov D, Lincoln MR, Sadovnick 
AD, Tienari PJ, Koivisto K, Palotie A, Ebers GC, Hudson TJ, Peltonen L. PRKCA and multiple 
sclerosis: association in two independent populations. PLoS Genet (2006) 2:e42. 

Salmela E, Lappalainen T, Fransson I, Andersen PM, Dahlman-Wright K, Fiebig A, Sistonen P, Savontaus ML, 
Schreiber S, Kere J, Lahermo P.Genome-wide analysis of single nucleotide polymorphisms uncovers 
population structure in Northern Europe. PLoS ONE (2008) 3:e3519.  

Sánchez-del-Rio M, Reuter U. Migraine aura: new information on underlying mechanisms. Curr Opin Neurol 
(2006) 19:294-8. 

Scharff L, Turk DC, Marcus DA. Triggers of headache episodes and coping responses of headache diagnostic 
groups. Headache (1995) 35:397-403. 

Scher AI, Bigal ME, Lipton RB. Comorbidity of migraine. Curr Opin Neurol (2005) 18:305-10. 
Schulze TG, McMahon FJ. Defining the phenotype in human genetic studies: forward genetics and reverse 

phenotyping. Hum Hered (2004) 58:131-8. 
Schürks M, Diener H-C. Migraine, allodynia and implications for treatment (2008) Eur J Neurol 15:1279-85. 
Schwerzmann M, Nedeltchev K, Lagger F, Mattle HP, Windecker S, Meier B, Seiler C. Prevalence and size of 

directly detected patent foramen ovale in migraine with aura. Neurology (2005) 65:1415-8.  
Sebat J, Lakshmi B, Troge J, Alexander J, Young J, Lundin P, Månér S, Massa H, Walker M, Chi M, Navin N, 

Lucito R, Healy J, Hicks J, Ye K, Reiner A, Gilliam TC, Trask B, Patterson N, Zetterberg A, Wigler M. 
Large-scale copy number polymorphism in the human genome. Science (2004) 305:525-8. 

Sebat J. Major changes in our DNA lead to major changes in our thinking. Nat Genet (2007) 39 (7 Suppl): S3-5. 
Service S, DeYoung J, Karayiorgou M, Roos JL, Pretorious H, Bedoya G, Ospina J, Ruiz-Linares A, Macedo A, 

Palha JA, Heutink P, Aulchenko Y, Oostra B, van Duijn C, Jarvelin MR, Varilo T, Peddle L, Rahman P, 
Piras G, Monne M, Murray S, Galver L, Peltonen L, Sabatti C, Collins A, Freimer N. Magnitude and 
distribution of linkage disequilibrium in population isolates and implications for genome-wide 
association studies. Nat Genet (2006) 38:556-60. 

Shi MM. Technologies for individual genotyping: detection of genetic polymorphisms in drug targets and disease 
genes. Am J Pharmacogenomics (2002) 2:197-205. 

Šidák Z. Rectangular confidence regions for the means of multivariate normal distributions. J Amer Stat Assoc 
(1967) 62:626-33. 

Sillanpää M, Andlin-Sobocki P, Lönnqvist J. Costs of brain disorders in Finland. Acta Neurol Scand (2008) 
117:167-72. 

Sladek R, Rocheleau G, Rung J, Dina C, Shen L, Serre D, Boutin P, Vincent D, Belisle A, Hadjadj S, Balkau B, 
Heude B, Charpentier G, Hudson TJ, Montpetit A, Pshezhetsky AV, Prentki M, Posner BI, Balding DJ, 



                                                      Identification of loci for migraine with aura                                                      97 

Meyre D, Polychronakos C, Froguel P.A genome-wide association study identifies novel risk loci for 
type 2 diabetes. Nature (2007) 445:881-5. 

Smart SL, Lopantsev V, Zhang CL, Robbins CA, Wang H, Chiu SY, Schwartzkroin PA, Messing A, Tempel BL. 
Deletion of the K(V)1.1 potassium channel causes epilepsy in mice. Neuron (1998) 20:809-19. 

Smith JM, Bradley DP, James MF, Huang CL. Physiological studies of cortical spreading depression. Biol Rev 
Camb Philos Soc (2006) 81:457-81. 

Sobel E, Lange K. Descent graphs in pedigree analysis: Applications to haplotyping, location scores and marker-
sharing statistics. Am J Hum Genet (1996) 58:1323-37. 

Sobel E, Papp JC, Lange K. Detection and integration of genotyping errors in statistical genetics. Am J Hum 
Genet (2002) 70:496-508. 

Soragna D, Vettori A, Carraro G, Marchioni E, Vazza G, Bellini S, Tupler R, Savoldi F, Mostacciuolo ML. A 
locus for migraine without aura maps on chromosome 14q21.2-q22.3. Am J Hum Genet (2003) 72:161-
7. 

Stam AH, van den Maagdenberg AM, Haan J, Terwindt GM, Ferrari MD. Genetics of migraine: an update with 
special attention to genetic comorbidity. Curr Opin Neurol (2008) 21:288-93. 

Stefansson H, Sigurdsson E, Steinthorsdottir V, Bjornsdottir S, Sigmundsson T, Ghosh S, Brynjolfsson J, 
Gunnarsdottir S, Ivarsson O, Chou TT, Hjaltason O, Birgisdottir B, Jonsson H, Gudnadottir VG, 
Gudmundsdottir E, Bjornsson A, Ingvarsson B, Ingason A, Sigfusson S, Hardardottir H, Harvey RP, Lai 
D, Zhou M, Brunner D, Mutel V, Gonzalo A, Lemke G, Sainz J, Johannesson G, Andresson T, 
Gudbjartsson D, Manolescu A, Frigge ML, Gurney ME, Kong A, Gulcher JR, Petursson H, Stefansson 
Neuregulin 1 and susceptibility to schizophrenia. Am J Hum Genet (2002) 71:877-92. 

Stefansson H, Rujescu D, Cichon S, Pietiläinen OP, Ingason A, Steinberg S, Fossdal R, Sigurdsson E, 
Sigmundsson T, Buizer-Voskamp JE, Hansen T, Jakobsen KD, Muglia P, Francks C, Matthews PM, 
Gylfason A, Halldorsson BV, Gudbjartsson D, Thorgeirsson TE, Sigurdsson A, Jonasdottir A, 
Jonasdottir A, Bjornsson A, Mattiasdottir S, Blondal T, Haraldsson M, Magnusdottir BB, Giegling I, 
Möller HJ, Hartmann A, Shianna KV, Ge D, Need AC, Crombie C, Fraser G, Walker N, Lonnqvist J, 
Suvisaari J, Tuulio-Henriksson A, Paunio T, Toulopoulou T, Bramon E, Di Forti M, Murray R, Ruggeri 
M, Vassos E, Tosato S, Walshe M, Li T, Vasilescu C, Mühleisen TW, Wang AG, Ullum H, Djurovic S, 
Melle I, Olesen J, Kiemeney LA, Franke B; GROUP, Sabatti C, Freimer NB, Gulcher JR, 
Thorsteinsdottir U, Kong A, Andreassen OA, Ophoff RA, Georgi A, Rietschel M, Werge T, Petursson 
H, Goldstein DB, Nöthen MM, Peltonen L, Collier DA, St Clair D, Stefansson K. Large recurrent 
microdeletions associated with schizophrenia. Nature (2008) 455:232-6. 

Stewart WF, Lipton RB, Celentano DD, Reed ML. Prevalence of migraine headache in the United States. 
Relation to age, income, race, and other sociodemographic factors. JAMA (1992) 267:64-9. 

Stewart WF, Staffa J, Lipton RB, Ottman R. Familial risk of migraine: a population-based study. Ann Neurol 
(1997) 41:166-72. 

Stoffel M, Jan LY. Epilepsy genes: excitement traced to potassium channels. Nat Genet (1998) 18:6-8. 
Stovner Lj, Hagen K, Jensen R, Katsarava Z, Lipton R, Scher A, Steiner T, Zwart JA. The global burden of 

headache: a documentation of headache prevalence and disability worldwide. Cephalalgia (2007) 
27:193-210. 

Stovner LJ, Andrée C; Eurolight Steering Committee. Impact of headache in Europe: a review for the Eurolight 
project. J Headache Pain (2008) 9:139-46. 

Strachan T, Read AP. Human Molecular Genetics 3. Garland Publishing (2004) London, UK. 
Strassman AM, Raymond SA, Burstein R. Sensitization of meningeal sensory neurons and the origin of 

headaches. Nature (1996) 384:560-4. 
Suarez BK, Rice J, Reich T. The generalized sib pair IBD distribution: its use in the detection of linkage. Ann 

Hum Genet (1978) 42:87-94.  
Svensson DA, Larsson B, Waldenlind E, Pedersen NL. Shared rearing environment in migraine: results from 

twins reared apart and twins reared together. Headache (2003) 43:235-44.  
Swartz RH, Kern RZ. Migraine is associated with magnetic resonance imaging white matter abnormalities: a 

meta-analysis. Arch Neurol (2004) 61:1366-8. 
Tabor S, Richardson CC. A single residue in DNA polymerases of the Escherichia coli DNA polymerase I family 

is critical for distinguishing between deoxy- and dideoxyribonucleotides. Proc Natl Acad Sci USA 
(1995) 92:6339-43. 

Takano T, Tian GF, Peng W, Lou N, Lovatt D, Hansen AJ, Kasischke KA, Nedergaard M. Cortical spreading 
depression causes and coincides with tissue hypoxia. Nat Neurosci (2007) 10:754-62. 

Teare DM, Barrett JH. Genetic linkage studies. Lancet (2005) 366:1036-44. 
Terwilliger J, Ott J. Handbook of human linkage. The Johns Hopkins University Press (1994) Baltimore, USA.  



98                                                                            Päivi Tikka-Kleemola                                                                        

Terwindt GM, Ophoff RA, van Eijk R, Vergouwe MN, Haan J, Frants RR, Sandkuijl LA, Ferrari MD; Dutch 
Migraine Genetics Research Group. Involvement of the CACNA1A gene containing region on 19p13 in 
migraine with and without aura. Neurology (2001) 56:1028-32. 

Thomsen LL, Eriksen MK, Roemer SF, Andersen I, Olesen J, Russell MB. A population-based study of familial 
hemiplegic migraine suggests revised diagnostic criteria. Brain (2002) 125 (Pt 6):1379-91. 

Thorleifsson G, Walters GB, Gudbjartsson DF, Steinthorsdottir V, Sulem P, Helgadottir A, Styrkarsdottir U, 
Gretarsdottir S, Thorlacius S, Jonsdottir I, Jonsdottir T, Olafsdottir EJ, Olafsdottir GH, Jonsson T, 
Jonsson F, Borch-Johnsen K, Hansen T, Andersen G, Jorgensen T, Lauritzen T, Aben KK, Verbeek AL, 
Roeleveld N, Kampman E, Yanek LR, Becker LC, Tryggvadottir L, Rafnar T, Becker DM, Gulcher J, 
Kiemeney LA, Pedersen O, Kong A, Thorsteinsdottir U, Stefansson K. Genome-wide association yields 
new sequence variants at seven loci that associate with measures of obesity. Nat Genet (2009) 41:18-24. 

Todt U, Dichgans M, Jurkat-Rott K, Heinze A, Zifarelli G, Koenderink JB, Goebel I, Zumbroich V, Stiller A, 
Ramirez A, Friedrich T, Göbel H, Kubisch C. Rare missense variants in ATP1A2 in families with 
clustering of common forms of migraine. Hum Mutat (2005) 26:315-21. 

Todt U, Freudenberg J, Ingrid Goebel, et al. MTHFR C677T polymorphism and migraine with aura. Ann Neurol 
(2006) 60: 621–22. 

Troglio F, Echart C, Gobbi A, Pawson T, Pelicci PG, De Simoni MG, Pelicci G. The Rai (Shc C) adaptor protein 
regulates the neuronal stress response and protects against cerebral ischemia. Proc Natl Acad Sci USA 
(2004) 101:15476-81. 

Tzourio C, El Amrani M, Poirier O, Nicaud V, Bousser MG, Alpérovitch A. Association between migraine and 
endothelin type A receptor (ETA -231 A/G) gene polymorphism. Neurology (2001) 56:1273-7. 

Ulrich V, Gervil M, Fenger K, Olesen J, Russell MB. The prevalence and characteristics of migraine in twins 
from the general population. Headache (1999) 39:173-80. 

Ulrich V, Gervil M, Kyvik KO, Olesen J, Russell MB. The inheritance of migraine with aura estimated by means 
of structural equation modelling. J Med Genet (1999b) 36:225-7. 

Ulrich V, Olesen J, Gervil M, Russell MB.Possible risk factors and precipitants for migraine with aura in 
discordant twin-pairs: a population-based study. Cephalalgia (2000) 20:821-5. 

van den Maagdenberg AM, Pietrobon D, Pizzorusso T, Kaja S, Broos LA, Cesetti T, van de Ven RC, Tottene A, 
van der Kaa J, Plomp JJ, Frants RR, Ferrari MD. A Cacna1a knockin migraine mouse model with 
increased susceptibility to cortical spreading depressionn. Neuron (2004) 41:701-10. 

van den Maagdenberg AM, Haan J, Terwindt GM, Ferrari MD. Migraine: gene mutations and functional 
consequences. Curr Opin Neurol (2007) 20:299-305. 

Varilo T, Peltonen L. Isolates and their potential use in complex gene mapping efforts. Curr Opin Genet Dev 
(2004) 14:316-23. 

Wacholder S, Chanock S, Garcia-Closas M, El Ghormli L, Rothman N. Assessing the probability that a positive 
report is false: an approach for molecular epidemiology studies. J Natl Cancer Inst (2004) 96:434-42. 

Walters K. The effect of genotyping error in sib-pair genomewide linkage scans depends crucially upon the 
method of analysis. J Hum Genet (2005) 50:329-37. 

Weber JL, David D, Heil J, Fan Y, Zhao C, Marth G. Human diallelic insertion/deletion polymorphisms. Am J 
Hum Genet (2002) 71:854-62. 

Weber YG, Lerche H. Genetic mechanisms in idiopathic epilepsies. Dev Med Child Neurol (2008) 50:648-54. 
Weeks DE, Ott J, Lathrop GM (1990) SLINK: a general simulation program for linkage analysis. Am J Hum 

Genet 47:A204 (abstract). 
Wei EP, Moskowitz MA, Boccalini P, Kontos HA. Calcitonin gene-related peptide mediates nitroglycerin and 

sodium nitroprusside-induced vasodilation in feline cerebral arterioles. Circ Res (1992) 70:1313-9. 
Weiller C, May A, Limmroth V, Jüptner M, Kaube H, Schayck RV, Coenen HH, Diener HC. Brain stem 

activation in spontaneous human migraine attacks. Nat Med (1995) 1:658-60. 
Weissenbach J, Gyapay G, Dib C, Vignal A, Morissette J, Millasseau P, Vaysseix G, Lathrop M. A second-

generation linkage map of the human genome. Nature (1992) 359:794-801. 
Welch KM, Cao Y, Aurora S, Wiggins G, Vikingstad EM. MRI of the occipital cortex, red nucleus, and 

substantia nigra during visual aura of migraine. Neurology (1998) 51:1465-9. 
The Wellcome Trust Case Control Consortium. Genome-wide association study of 14,000 cases of seven 

common diseases and 3,000 shared controls. Nature (2007) 447:661-78. 
The Wellcome Trust Case Control Consortium & The Australo-Anglo-American Spondylitis Consortium. 

Association scan of 14,500 nonsynonymous SNPs in four diseases identifies autoimmunity variants. Nat 
Genet (2007) 39:1329-37. 

Wessman M, Kallela M, Kaunisto MA, Marttila P, Sobel E, Hartiala J, Oswell G, Leal SM, Papp JC, Hamalainen 
E, Broas P, Joslyn G, Hovatta I, Hiekkalinna T, Kaprio J, Ott J, Cantor RM, Zwart JA, Ilmavirta M, 
Havanka H, Farkkila M, Peltonen L, Palotie A. A susceptibility locus for migraine with aura, on 
chromosome 4q24. Am J Hum Genet (2002) 70:652-62. 



                                                      Identification of loci for migraine with aura                                                      99 

Wessman M, Terwindt GM, Kaunisto MA, Palotie A, Ophoff RA. Migraine: a complex genetic disorder. Lancet 
Neurol (2007) 6:521-32. 

Wieser T, Mueller C, Evers S, Zierz S, Deufel T. Absence of known familial hemiplegic migraine (FHM) 
mutations in the CACNA1A gene in patients with common migraine: implications for genetic testing. 
Clin Chem Lab Med (2003) 41:272-5. 

Wöber C, Holzhammer J, Zeitlhofer J, Wessely P, Wöber-Bingöl C.Trigger factors of migraine and tension-type 
headache: experience and knowledge of the patients. J Headache Pain (2006) 7:188-95. 

Worton RG, Thompson MW. Genetics of Duchenne muscular dystrophy. Annu Rev Genet (1988) 22:601-29. 
Zeggini E, Scott LJ, Saxena R, Voight BF, Marchini JL, Hu T, de Bakker PI, Abecasis GR, Almgren P, Andersen 

G, Ardlie K, Boström KB, Bergman RN, Bonnycastle LL, Borch-Johnsen K, Burtt NP, Chen H, Chines 
PS, Daly MJ, Deodhar P, Ding CJ, Doney AS, Duren WL, Elliott KS, Erdos MR, Frayling TM, Freathy 
RM, Gianniny L, Grallert H, Grarup N, Groves CJ, Guiducci C, Hansen T, Herder C, Hitman GA, 
Hughes TE, Isomaa B, Jackson AU, Jørgensen T, Kong A, Kubalanza K, Kuruvilla FG, Kuusisto J, 
Langenberg C, Lango H, Lauritzen T, Li Y, Lindgren CM, Lyssenko V, Marvelle AF, Meisinger C, 
Midthjell K, Mohlke KL, Morken MA, Morris AD, Narisu N, Nilsson P, Owen KR, Palmer CN, Payne 
F, Perry JR, Pettersen E, Platou C, Prokopenko I, Qi L, Qin L, Rayner NW, Rees M, Roix JJ, Sandbaek 
A, Shields B, Sjögren M, Steinthorsdottir V, Stringham HM, Swift AJ, Thorleifsson G, Thorsteinsdottir 
U, Timpson NJ, Tuomi T, Tuomilehto J, Walker M, Watanabe RM, Weedon MN, Willer CJ; Wellcome 
Trust Case Control Consortium, Illig T, Hveem K, Hu FB, Laakso M, Stefansson K, Pedersen O, 
Wareham NJ, Barroso I, Hattersley AT, Collins FS, Groop L, McCarthy MI, Boehnke M, Altshuler D. 
Meta-analysis of genome-wide association data and large-scale replication identifies additional 
susceptibility loci for type 2 diabetes. Nat Genet (2008) 40:638-45. 

Zhao LJ, Guo YF, Xiong DH, Xiao P, Recker RR, Deng HW. Is a gene important for bone resorption a candidate 
for obesity? An association and linkage study on the RANK (receptor activator of nuclear factor-
kappaB) gene in a large Caucasian sample. Hum Genet (2006) 120:561-70. 

Zondervan KT, Cardon LR. The complex interplay among factors that influence allelic association. Nat Rev 
Genet (2004) 5:89-100. 

Zuberi SM, Eunson LH, Spauschus A, De Silva R, Tolmie J, Wood NW, McWilliam RC, Stephenson JB, 
Kullmann DM, Hanna MG. A novel mutation in the human voltage-gated potassium channel gene 
(Kv1.1) associates with episodic ataxia type 1 and sometimes with partial epilepsy. Brain (1999) 122 ( Pt 
5):817-25. 

 
 




	Table of Contents
	List of Original Publications
	Abbreviations
	Abstract
	1 Introduction
	2 Migraine
	3 Gene mapping of complex traits
	4 Aims of the present study
	5 Materials and Methods
	6 Results and discussion
	Acknowledgements
	References



