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Abstract 

 

Migraine is a common and painful neurological disorder, with genetic and 

environmental components. The prevalence of migraine varies between different 

racial groups, being higher in Caucasian populations (12%). Several conditions have 

been shown to be comorbid with migraine.
 
One heart disorder that has been associated 

with migraine is a cardiac malformation affecting the interatrial septum and leading to 

patent foramen ovale (PFO), resulting from an incomplete anatomic fusion of the 

atrial septum primum and secundum. Mutations in the development regulatory gene 

GATA-4, located on human chromosome 8p23.1-p22, have been found to be 

responsible for some cases of congenital heart defects including PFO. To determine 

whether the GATA-4 gene is involved in migraine, the present study performed an 

association analysis of a common GATA-4 variant that results in a change of amino 

acid (S377G), in a large case/control population (275 unrelated Caucasian 

migraineurs versus 275 control individuals). Samples were genotyped for the single 

nucleotide polymorphism (SNP) using FACSArray flow cytometer and frequencies 

for this variant compared in migraine cases and age, sex and ethnicity matched 

controls. The results showed that there was no significant association for this 

polymorphism between migraine and controls (χ² = 0.84, P = 0.66). Furthermore, no 

association was found for migraine with aura and controls (χ² = 0.99, P = 0.61), in the 

test population. Thus it appears that the GATA-4 (S377G) mutation does not play a 

significant role in common migraine susceptibility. 

 

Another family of genes associated with migraine includes hormone receptor genes, 

such as estrogen receptor (ESR1). Although the precise pathogenesis of migraine has 

not yet been established, evidence indicates that the fluctuating of hormones in the 

ovarian cycle may play a specific role in triggering migraine (Colson et al, 2004). The 

estrogen receptor gene located in chromosome 6q25.1 has been one of the focal points 

in studies of hormonal milieu (Colson et al, 2004). An association study examined 

one single nucleotide polymorphism (C325G) in the ESR gene by single nucleotide 

genotyping using restriction fragment length polymorphism (RFLP) the migraine 

population consisted of 284 genotyped cases and 269 genotyped controls. Statistical 
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analysis of the C325G polymorphism revealed that there was significant difference 

(χ
2
 = 58.63, P = 0.0000000000002) between migraine population and controls. 

Moreover there was significant difference observed in the migraine and control 

population with regards to female and males for this particular association study. 

Similarly an association was found between migraine with aura and controls (χ
2
 = 

81.72, P = 0.000000000000000002), and between migraine without aura and controls 

(χ
2
 = 22.43, P = 0.0000134). The results showed that there was a significant 

association between this polymorphism in the migraine population.  

 

The heterogeneity of migraine also implies that there is an association with other 

neurological disorders (Buzzi et al, 2005). One gene that maybe involved in migraine 

is the GRIA3 gene. GRIA3 belongs to the family of alpha-amino-3-hydroxy-5-methyl-

4-isoxazole propionate (AMPA) receptors (Fukumaki et al, 2003; Weis et al, 2006). 

GRIA3 gene is located in Xq25-q26 chromosome, and mediates most of the excitatory 

neurotransmission in the mammalian brain. Glutamate is a major excitatory 

neurotransmitter in the central nervous system, widely involve in migraine 

mechanisms (Peres et al, 2004). Glutamate is implicated in cortical spreading 

depression, which has been associated with migraine pathophysiology (Peres et al, 

2004). In order to investigate a potential association of the GRIA3 gene with 

migraine, two deletion/insertions were analyzed and genotyped. The deletion/insertion 

(CT)n Rs307425 was analyzed by CLUMP analysis using the Monte Carlo approach. 

For the purpose of this study, the normal chi-square (T1) and the chi-square for the 

clumped 2x2 table (T4) were used. For the 3’UTR deletion/insertion (CA)n 

Rs10544981 polymorphism, the Pearson chi-square analysis was used as well as the 

CLUMP analysis. The migraine population consisted of 252 genotyped migraineurs 

and 237 genotyped matched controls (MAPI). The statistical analysis of (CT)n 

Rs307425 polymorphism revealed a significant difference (T1 = 23.484, P = 

0.000008) between migraine population and controls . Furthermore there was a 

significant difference found in the migraine population with regards to migraine with 

aura and without aura versus controls (T1 = 23.79, P = 0.000007; T1 = 14.71 P 

=0.000648) respectively. In contrast there was no association found between female 

migraineurs and female controls (T1 = 1.29, P = 0.523782; T4 = 1.29 P = 0.3298). 

The second deletion/insertion investigated was the (CA)n Rs10544981 
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polymorphism. The genotype and allele frequencies obtained can be observed in 

table. The chi-square analysis showed a significant difference (χ
2
 = 96.59, P = 0.000) 

between migraine and controls. This indicated evidence that there is a significant 

association between this and the migraine population. Hence this illustrates the 

possible relationship of the GRIA3 gene in migraine susceptibility. 

 

Migraine is now viewed as a polygenic multifactorial disease, with multiple genes 

involved and interacting, the multifactorial model itself, is not yet validated for 

migraine and familial hemiplegic migraine (FHM), a subtype of migraine with aura 

does conform to simple Mendelian autosomal dominant transmission (Montagna, 

2000). A familial hemiplegic migraine (FHM3) locus has been identified on 

chromosome 2q24 (Dichgans et al, 2005). This study strongly suggested a role for 

SCN1A in familial hemiplegic migraine and further studies have been proposed to 

clarify whether sequence variants in SCN1A are a risk factor for the more common 

types of migraine (Dichgans et al, 2005). Therefore this research aimed to study one 

of the genetic variations of the SCN1A gene in case-control study of migraine 

population. Sequence analysis of the Gln1489Lys mutation in 20 samples of the 

migraine population (MAPI) was undertaken. In this preliminary study the 

heterozygous mutation was not found in 20 tested migraine and control samples. 
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Introduction to Thesis 
 

Since the ancient Egyptians, who used trepanation to treat headaches, it has been 

observed that severe headaches have plagued thousands of people around the world 

for centuries. The Greeks first used the word “hemicrania” to describe what we now 

know as a migraine. The famous Greek physician, Hippocrates, in 400 B.C described 

the aura that preceded the migraine headache.  

 

This disease has been describe by the World Health Organization as one of the top 20 

leading causes of disability causing a significant financial and social burden in today’s 

society. 

 

The pain and suffering of individuals coping with this disease has been vividly 

portrayed in this poem called the ‘Head-Ach’ written by Jane Cave Winscom (1754-

1813),  

Not one short month for Ten revolving years,  

But pain within my frame its sceptre rears!  

In each successive month full twelve long days  

And tedious nights my sun withdraws his rays!  

Leaves me in silent anguish on my bed,  

Afflicting all the members in the head;  

Through ev'ry particle the torture flies,  

But centres in the temples, brain, and eyes;  

The efforts of the hands and feet are vain,  

While bows the head with agonizing pain;  

While heaves the breast with th' unutterable sigh,  

And the big tear drops from the languid eye. 

 

Migraine is a public health problem of enormous scope, because it has an impact on 

both the individual sufferer and society. The direct cost of migraine includes the 

economic value of the illness related to health care utilization and results in 

substantial utilization of emergency departments and urgent care centers. The largest 
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component of the indirect cost associated with migraine is loss of productivity due to 

absence and reduced performance while at work (Goadsby, headache, 2005). 

 

The role of migraine symptoms in other disorders remains unclear, although recent 

findings link migraine to other neurological conditions, like ataxias and cerebellar 

disorders. This possible link between different pathological conditions, residing 

primarily in the central nervous system, represents a complex disease with episodic 

signs and symptoms variably manifesting during the lifetime of migraine patients 

(Buzzi et al, 2005). Because migraine is a heterogeneous disorder it implies that there 

is an association with other neurological and cardiovascular diseases. This association 

is not coincidental and it may be due to a common genetic component and/or to the 

presence of different mutations in the same gene (Buzzi et al, 2005). 

 

Finding the genetic basis of migraine would improve the way diagnose is undertaken 

for this disease. It is critical to understand the molecular mechanisms that interact in 

order to understand the origin of migraine. By researching more about this disease and 

investigating mutation in diverse genes and its potential role in migraine and the 

comorbidity of migraine with other disorders, we may have a better understanding on 

how to treat and diagnose these diseases.  

 

The Aims of the research 

 

The aims of this research are to investigate candidate genes that may have a potential 

role in migraine pathogenesis. Migraine is a common neurological disorder classified 

by the International Headache Society (IHS) into two types, migraine with aura (MA) 

and migraine without aura (MO). 

 

The prevalence of migraine varies between different racial groups, being higher in 

Caucasian populations (12%) (Nyholt, Lea et al, 1998; Reisman et al, 2005). Several 

conditions have been shown to be comorbid with migraine such as epilepsy, 

depression, stroke and some congenital heart defects (Scher et al, 2005). 
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One heart disorder that has been associated with migraine is a cardiac malformation 

affecting the patent foramen ovale (PFO), resulting from an incomplete anatomic 

fusion of the atrial septum of the septum primum and secundum, (normally in place 

shortly after birth) (Diener et al, 2005). Mutations in development regulatory genes 

have been found to be responsible for some cases of congenital heart defects 

(Zeisberg et al, 2005). GATA4 is one such regulatory gene, located on human 

chromosome 8p23.1-p22 and it is part of the GATA family of zinc finger transcription 

factors (Hirayama-Yamada et al, 2005). 

 

Another gene found to have an influence in migraine susceptibility has been the 

hormone receptor gene ESR1 (estrogen receptor). Although the precise pathogenesis 

of migraine has not yet been established, there is evidence indicating that the 

fluctuating of hormones in the ovarian cycle may play a specific role in triggering 

migraine (Colson et al, 2004). The estrogen receptor gene located in chromosome 

6q25.1 has been one of the focuses in studies of hormonal milieu (Colson et al, 2004). 

This gene it is expressed in various human brain regions including the hypothalamus, 

limbic system, hippocampus, corticles of the temporal lobe and the brainstem (Colson 

et al, 2004). 

 

The heterogeneity of migraine also implies that there is an association with other 

neurological disorders (Buzzi et al, 2005). One gene that maybe involved in migraine 

is the GRIA3 gene. GRIA3 belongs to the family of alpha-amino-3-hydroxy-5-methyl-

4-isoxazole propionate (AMPA) receptors (Fukumaki et al, 2003; Weiss et al, 2006). 

GRIA3 gene is located in Xq25-q26 chromosome, and mediate most of the excitatory 

neurotransmission in the mammalian brain. Participating in the process of synapsis 

plasticity and efficacy in learning and memory (Weiss et al, 2006). Glutamate is a 

major excitatory neurotransmitter in the central nervous system, widely involve in 

migraine mechanisms (Peres et al, 2004). Glutamate is implicated in cortical 

spreading depression, trigeminovascular activation and central sensitization (Peres et 

al, 2004). Both preclinical and clinical data link glutamate to migraine 

pathophysiology (Peres et al, 2004).   
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Migraine is now viewed as a polygenic multifactorial disease, with multiple genes 

involved and interacting, the multifactorial model itself, is not yet validated for 

migraine and familial hemiplegic migraine (FHM), a subtype of migraine with aura 

does conform to simple Mendelian autosomal dominant transmission (Montagna, 

2000). 

 

A familial hemiplegic migraine (FHM3) locus has been identified on chromosome 

2q24 (Dichgans et al, 2005). Dichgans et al identified 20 families of European origin 

that presented with familial hemiplegic migraine (FHM), this novel locus was 

identified in three pedigrees with the disease. Linkage analysis revealed that families 

shared the same haplotype. Consequently any sequence variant of this haplotype is 

associated with the disease phenotype (Dichgans et al, 2005). This study strongly 

suggested a role for SCN1A in familial hemiplegic migraine and further studies have 

been proposed to clarify whether sequence variants in SCN1A are a risk factor for the 

more common types of migraine (Dichgans et al, 2005). 

 

This particular research encompasses four different candidate genes located in four 

different chromosomes. The specific aims for each gene are as follow: 

 

a. The potential role of homozygous S377G polymorphism, in the GATA4 gene, in 

both males and females in a case/control association study of the migraine population. 

To determine if this particular polymorphism is associated with migraine 

susceptibility. 

 

b. An allelic association study involving the C325G polymorphism, in the estrogen 

receptor gene (ESR1) in exon 4, in a case/control migraine population. To determine 

by means of genotyping the association of this mutation to migraine susceptibility.  

 

c. An association studies investigating two different insertion/deletions occurring on 

the X chromosome in the GRIA3 gene. To investigate by means of genotyping the 

potential role that these markers have on migraine susceptibility. 
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d. The study of the heterozygous missense mutation, GLn1489Lys, located on 

chromosome 2q24, in the neuronal voltage gated sodium channel gene SCN1A, in a 

case/control migraine population, would determine if there is an association of this 

marker with migraine susceptibility. 

 

Significance 

 

Migraine is a common and debilitating neurological disorder affecting approximately 

12% of the Western population (Nyholt, Lea et al, 1998; Reisman et al, 2005). During 

migraine attacks, there is a marked increase in the plasma levels of calcitonin gene-

related peptide (CGRP) in the external jugular vein (Edvinsson et al, 2004). These 

attacks involve changes that are characterized by pain, nausea, symptoms that are 

mediated by the sensory system and by centres in the brainstem. The vascular 

components of the disorder are mediated via the trigeminal nerve (Edvinsson et al, 

2004). 

 

The prevalence of migraine varies between different racial groups, but tends to be 

highest in Caucasian population (Nyholt, Lea et al, 1998). The age of onset for this 

disorder varies as well, but in females it has been found that is usually at puberty or 

shortly after it, being less frequent in middle life (Nyholt, Dawkins et al, 1998). 

 

Establishing the correct diagnosis for every disease is paramount for success, but in 

the case of migraine the diagnosis cannot be done by any objective criteria. This is 

due to the complex aetiology of migraine, not only do genetic factors influence it, but 

environmental factors have been found to work simultaneously. 

 

The International Headache Society (IHS) has established a diagnostic criterion that 

helps physicians to recognize this disease. Therefore to manage migraine effectively, 

they must be able to make the diagnosis with confidence and understand the 

pathology of this neurological disease. 
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A better knowledge of migraine pathology and aetiology would give a better 

understanding on how to approach the treatment of this disease and how to manage it 

successfully. Early assessment is considered essential to prevent disease progression 

and to reduce the anxiety produced in the patient that does not understand what is 

going on. There has been a physiological approach proposed to try and solve the 

problem of migraine headache using human functional imaging to predict changes in 

the brainstem to aid with diagnosis, but this is currently not used diagnostically. 

 

One important way to solve the problem of migraine and to aid in its treatment would 

be the localization of genetic pathways involved in the disorder. Finding the genetic 

basis of migraine would improve the way diagnosis is undertaken for this disease. In 

this way doctors could offer patients a useful tool for helping to explain that they were 

born with a tendency and susceptibility to migraine headache. A simple diagnostic 

test could be provided to identify the genotype of each individual, to be able to tell if 

they have a mutation that gives them predisposition to migraine headache.  

 

There are several medications in the market to treat migraine headache, but many 

have side effects that impair the individual. The increase of knowledge on how 

migraine develops and its molecular basis, would give a better understanding on how 

to treat this disease. While this is a biological inherited condition that is not curable, 

the understanding of the pathology of migraine and the genetics behind it, may 

improve the treatment of it, and help to develop new therapeutic approaches.  

 

Quite a number of conditions have been shown to be comorbid with migraine. For the 

purpose of this research we have focused on three different types of genes that may 

have a relationship with migraine pathogenesis. For the purpose of this research, 

different genes have been studied. These genes have been found to have an 

association to disorders that are comorbid or have a direct association with migraine 

susceptibility. The first gene proposed for this study is the GATA4 gene, related to a 

particular congenital heart defect called patent foramen ovale (PFO) (Scher et al, 

2005). The second gene proposed for this study is the estrogen receptor gene ESR1, 

which is a hormone receptor gene, previously implicated in migraine susceptibility. 

(Colson et al, 2004). The third gene that will be investigated is the GRIA3 gene, which 
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is an AMPA receptor gene. This glutamate receptor is a major excitatory 

neurotransmitter in the central nervous system (Perez et al, 2004). Finally the last 

gene proposed for this study is the neuronal voltage gated sodium channel gene 

SCN1A, located on chromosome 2q24. This particular gene has been has associated 

with familial hemiplegic migraine (FHM3).  A heterozygous missense mutation, 

(GLn1489Lys) located in exon 23 of the gene, will be investigated in a case/control 

migraine population (Dichgans et al, 2005). This research study aims to investigate 

the relationship between these four genes and migraine, to determine if there is any 

association with the tested mutations and deletion/insertion, and migraine 

susceptibility. 

 

It is critical to understand the molecular mechanisms that interact in order to 

understand the origin of migraine. By researching more about this disorder and the 

genes that play a potential role in it, we may have a better understanding on how to 

treat and diagnose migraine disorders and the diseases that are comorbid with it. 
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Chapter 1 

General Migraine Background 

 

1.0 Definition of Migraine 

 

Migraine is a common and often debilitating and neurological disorder (Lipton et al, 

2001), usually affecting 10-12% of the Western population. It is characterized by 

recurrent headache that is associated with nausea and/or vomiting, photophobia and 

phonophobia (Nyholt, Lea et al, 1998). Migraine is generally defined as a severe and 

pulsating head pain that lasts from 4 to 72 hours (Lea et al, 2002). 

 

1.1 Classification of Migraine 

 

1.1.1 Diagnosis of Migraine 

 

The diagnosis of migraine is determined by the classification provided by the 

International Headache Society (IHS) (Headache Classification Committee of the 

IHS, 2004). This helps clinicians to determine if a patient suffers from this condition 

and to differentiate between the types of migraine and other types of headaches, like 

tension-type headache. The criteria for diagnosis for migraine according to the 

International Headache Society are: 

 

The attack should be episodic; the duration of the attack should not be shorter 

than 4 hours and not longer than 72 hours (Pietrobon, 2005). The headache 

itself should be characteristic by at least two of the following: the headache 

should be unilateral, the quality of the pain should be throbbing, and the 

headache should be aggravated by movement. The pain itself should be in the 

moderate to severe range. In addition nausea and/or vomiting or both 

photophobia and phonophobia symptoms would be present (Joubert, 2005). 
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Even though the diagnosis has improved over time, this disease has many variances 

because of its polygenetic influence and environmental triggers, with symptoms that 

can only be verified by the patient. There is no blood test or other diagnostic test at 

the moment that could verify if a patient has this disorder. Another type of diagnosis 

for primary headache symptoms, such as cluster headache and migraine, would be 

using neuron-imaging (May, 2005). Population based findings suggest that some 

patients with migraine with and without aura are at increased risk from subclinical 

lesions in certain brain areas. The use of this method in clinical settings varies widely, 

but there is a great potential for exploring the pathophysiology of headaches and the 

effects of pharmacological treatment, specially with the use of neuro-imaging such as 

PET and functional MRI (May, 2005). 

 

1.1.2 Migraine with Aura 

 

The International Headache Society has formally classified two main types of 

migraine termed: migraine with aura (MA) and migraine without aura (MO).Sufferers 

experience neurological disturbances that can include visual and speech abnormalities 

and unilateral numbness or weakness (Nyholt, Lea et al, 1998). These symptoms are 

preceded or accompanied by headache, and develop over 5-20 minutes, usually 

lasting less than 60 minutes (Nyholt, Lea et al, 1998). Familial hemiplegic migraine 

(FHM) is a rare and severe variant of migraine with aura, which follows autosomal 

dominant pattern of inheritance (Dichgans et al, 2005). Migraine symptoms are 

similar to those of normal migraine patients, this disease is genetically heterogenous. 

Families with FHM type 1 linked to chromosome 19p13, have missense mutations in 

CACNA1A gene (Dichgans et al, 2005; Wessman et al, 2007). This CACNA1A 

encodes the pore-forming α1 subunit of voltage-gated neuronal Ca.V2.1 (P/Q-type) 

calcium channels (Dichgans et al, 2005). The second gene implicated in FHM, is 

ATP1A2, located in chromosome 1q21-23 (Piane et al, 2007). This gene associated 

with type 2 familial hemiplegic migraine and encodes the α2 subunit of the Na+, K+-

ATPase isoform (Piane et al, 2007). Another gene localized in chromosome 2q24 has 

been implicated in FHM type 3. This SCN1A gene encodes a neuronal voltage-gated 

sodium channel (Nav1.1) (Piane et al, 2007).The mutations attributed to these three 

genes that underlie Familial hemiplegic migraine (FHM), possibly contribute to 
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hyperexcitability of neurons by leading to either and increased release or a inefficient 

clearing of synaptic glutamate (Wessman et al, 2007). Functional studies have 

supported the hypothesis that ion transport dysfunction is one of the main factors 

determining susceptibility of the brain to migraine attacks (Piane et al, 2007). 

 

1.1.3 Migraine without Aura 

 

Migraine without aura (MO), which is characterized by recurrent headache, lasting 4-

72 hours, with at least two of the following: unilateral location, pulsating quality, 

moderate to severe intensity and/or aggravation by physical activity. It is also 

associated with nausea and/or vomiting, photophobia and phonophobia (Nyholt et al, 

1998). 

 

The classification of migraine has been modified for children by allowing headache 

with fewer features (Goadsby, 2006). The attacks are shorter than in adults, and 

associated attacks features, such as throbbing or unilateral pain or the presence of 

photophobia and phonophobia, are less common (Goadsby, 2006). 

 

Chronic daily headache is often incorrectly equated with the concept of transformed 

migraine. This term has now been superseded by the definition of chronic migraine, 

which is a subset of chronic daily headache, defined by frequency of headache 

(Goadsby, 2006). 

 

1.1.4 Clinical Heterogeneity of Migraine 

 

Migraine is a common neurological disorder classified by the International Headache 

Society (IHS) into two types, migraine with aura (MA) and migraine without aura 

(MO). A study in monozygotic twins in a Danish population, showed that liability to 

MO results from additive genetic effects (61%) and specific environmental effects 

(39%) (Montagna, 2004). 

 

Migraine is a genetically heterogeneous disease (Piane et al, 2007). The clinical 

overlapping of migraine with aura and migraine without aura, between individual 
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migraineurs and migraineurs within families makes it difficult to group affected 

individuals for genetic studies (Estevez et al, 2003). That is precisely why the clinical 

heterogeneity could be attributable to the genetic complexity of this disorder and the 

spontaneous attacks and environmental “triggers” for migraine, such as stress, specific 

foods, and specific smells of the resulting variable idiosyncratic patient susceptibility. 

(Estevez et al, 2003).  

 

1.2 Epidemiology of Migraine 

 

1.2.1 Prevalence of Migraine 

 

Several International studies using International Headache Society diagnostic criteria 

have shown that migraine is a common but under diagnosed neurological condition, 

affecting approximately 6% of men and 15% to 18% of women in the general 

population (MacGregor et al, 2003). 

 

The prevalence of migraine peaks in the most productive adult years and therefore 

conveys a significant social and economic burden (MacGregor et al, 2003). According 

to a study by Patel and Bigal et al, 2004, the crude prevalence of migraine was highest 

in 26 to 45 years olds (19%) for migraine with and without aura. Numerous studies 

have demonstrated that migraine affects more women than men. The prevalence in 

various countries has been reported to range between 8% and 25% in women and 

between 2% and 15% in men (Morillo et al, 2004). 

 

In Europe the prevalence rates similarly between 12% and 18%, with a clear 

predominance of migraines in women over men and distinct peak prevalence in 

women between the ages of 35 and 45 years (Morillo et al, 2004). A study by Lipton 

et al, 2005, observed that the prevalence in women increases throughout childhood 

and early adult life until approximately age 40, after which it declines. A different 

study undertaken by Lipton et al, 2003, suggested that migraine is more common in 

North and South America than in Africa and Asia.  
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1.2.2 Incidence of Migraine 

 

Despite the abundance of studies on the prevalence of migraine, there are few studies 

regarding the incidence of migraine. A study by Lipton et al, 2004 showed a higher 

peak for migraine without aura in boys as being 10 per 1000 person years, between 

the ages of 10 and 11 years, showing that the early age of onset explains why boys 

have a higher earlier prevalence of migraine than girls. 

 

 

Figure 1.Incidence of migraine, by age and sex (Source: Lipton et al, 2004) 

 

1.3 The Economic and Social Impact of Migraine 

 

Migraine is a disabling disorder affecting individuals, their families and society 

(Lipton et al, 2004). The social burden of migraine is often expressed as the direct 

cost, comprising primarily the cost of medical care and the indirect costs of illness. 

These are caused by absence from work, disability and decrease productivity at work 

(Holmes et al, 2001). 

 

A study in the United States by Henry Hu et al 1999, estimated that the average 

number of attacks per year was 34 for men and 37.4 for women, with about 58% 

overall of people that suffered migraine attacks needed bed rest. On an annual basis, 
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migraineurs were restricted to bed 3.8 days for men and 5.6 days for women, costing 

the US government 1 billion health care dollars in annual treatment (Hu et al, 1999). 

 

The World Health Organization (WHO) defines the functional consequences of illness 

in terms of impairment, limitations on activity, and disability (Lipton et al, 2004). A 

study in a Canadian population showed that one-half of migraine sufferers 

discontinued normal activities during episodes of migraine, and more than 70% 

experienced impairments in interpersonal relationships (Lipton et al, 2004). 

 

1.4 The Pathophysiology of Migraine 

 

Despite the high frequency of migraineurs in the general population, the pathogenesis 

of this disorder and the role of the brain in migraine are still unclear, although recent 

findings link migraine to other neurological conditions. There are different theories 

that have been raised to explain the pathophysiology of migraine. 

 

The first one described is the vascular theory, introduced by Harold Wolff in the late 

1930s. He measured the diameter of the extra-cranial (temporal) arteries in patient 

suffering migraine attacks and found them to be dilated. These patients were treated 

with vasoconstrictors (ergotamine), which relieved the pain and decreased the arterial 

dilation. Although subsequent events leading to headache are not completely 

understood, the increased vascular pulsation may activate stretch receptors 

(Arulmozhi et al, 2005). This would, in turn increase the activity of neuropeptides 

containing mainly calcitonin gene-related peptide (CGRP) perivascular nerves, which 

may ultimately cause pain and other associated symptoms (Arulmozhi et al, 2005) 

 

Another theory is the cortical spreading depression, which is an expanding 

depolarization of cortical neurons which is well characterized in many species but not 

in man (Arulmozhi et al, 2005). It is often suggested to underlie the aura or prodrome 

associated with initiation of migraine attack (Arulmozhi et al, 2005). During 

spreading depression, cortical function is disrupted subsequent to neuronal 

depolarization and increased extracellular potassium. These cortical changes are 
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thought to be the cause of the transient sensory or motor impairments that frequently 

precede the pain of migraine attack (Arulmozhi et al, 2005). 

 

There are a number of diverse stimuli trigger for cortical spreading depression, 

including direct cortical trauma, exposure to high concentrations of excitatory amino 

acids or K
+
, and inhibition of Na

+
/K

+
-ATPase and energy failure (Dalkara et al, 

2006). Genetic and environmental factors may affect the susceptibility of an 

individual to migraine by lowering the cortical spreading depression threshold 

(Dalkara et al, 2006; Pietrobon, 2005). Figure 1 shows the mechanism of migraine 

headache, according to the cortical spreading depression theory. 

 

 

Figure 2. Proposed mechanisms of migraine headache (Source: Silberstein, 2004) 

 

Further studies have shown that there is evidence that serotonin transporter (5-HT) is 

involved in the pathophysiology of migraine (Arulmozhi et al, 2005), because 5-HT 

metabolism is disturbed in migraine patients. Interictal systemic 5-HT levels are 

reduced and raised during migraine attacks, possibly as a self defense response 

(Arulmozhi et al, 2005). 
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Another important component involved in the pathogenesis of migraine is platelet 

aggregation, which has been shown to be altered in migraine patients (Arulmozhi et 

al, 2005). Platelets contain over 90% of the serotonin in the blood, and once they 

aggregate they release serotonin and other vasoactive chemicals causing a potent 

vasoconstrictive effect (Arulmozhi et al, 2005). 

 

A different theory, the trigeminovascular hypothesis states that migraine pain is 

caused by inflammation and dilation of the meningeal arteries, particularly those 

located within the dura mater (Bussone, 2004; Dalkara et al, 2006). The inflammation 

results from the actions of neuropeptides, which are released from primary sensory 

nerve terminals innervating the dural vessels (Bussone, 2004).  

 

Anatomic and physiologic research into the pain of migraine provides evidence 

implicating trigeminal innervation of cranial vessels as a key factor in migraine 

pathophysiology (Bussone, 2004). Studies by Moskowitz et al, 1992, showed that 

trigeminovascular axons from blood vessels, of the pia mater and dura mater, release 

vasoactive peptides producing a sterile inflammatory reaction with pain. Neurogenic 

protein extravasation is stimulated by the trigeminal ganglion vasodilatory peptides 

are then released, including calcitonin gene related peptide (CGRP), substance P and 

neurokinin A (Arulmozhi et al, 2005; Dalkara et al, 2006).   

 

Studies by Moskowitz et al, 1993, demonstrated that the dural membrane surrounding 

the brain is the source for the majority of intracranial pain afferents and dural 

stimulation producing the headache like pain in humans. According to this theory, the 

release of inflammatory neuropeptides in the dura mater during migraine can act on 

vascular tissues to cause: vasodilatation, plasma protein extravasation in the 

surrounding area, endothelial changes, platelet aggregation and subsequent release of 

serotonin and other mediators, white cell adhesion and subsequent inflammation 

(Arulmozhi et al, 2005). Figure 2 shows the pathway of the trigeminovascular system. 
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Figure 3. Pathogenetic theory of migraine with and without aura. Ach=acetylcholine; 

VIP=vasoactive intestinal protein; NK=neurokinin; CGRP=calcitonin gene-related 

peptide; SP=substance P; TG=trigeminal ganglion; SPG=sphenopalatine ganglion 

(Source: Sanchez del Rio et al, 2004). 

 

1.5 Genetics of Migraine 

 

Migraine attacks are episodic and vary between individuals (Arulmozhi et al, 2005). 

Migraine is known to have a significant genetic component, although the mode of 

transmission and the type and number of genes involved remains unclear (Colson et 

al, 2005). Transmission of migraine from parents to children has been reported as 

early as the seventeenth century (Goadsby, 2006). It is clear from clinical practices 

that many patients have first degree relatives who also suffer from migraine 

(Goadsby, 2006). Studies of twin pairs are the classical method to investigate the 

relative importance of genetic and environmental factors in migraine (Goadsby, 
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2005). Migraine without aura and migraine with aura are genetically complex, as a 

combination of genes and environmental factors are involved (Kors et al, 2004). The 

variability of migraine is best explained by considering the biologic problem in 

migraine to be the dysfunction of an ion channel in the aminergic brain stem nuclei 

that normally modulates sensory input and exerts neural influences on cranial vessels 

(Arulmozhi et al, 2005). 

 

Familial hemiplegic migraine (FHM) is classified within migraine with aura, and its 

genetic transmission is known to be autosomal dominant (Montagna, 2000; Kors et al, 

2004). Joutel et al, 1993, mapped FHM to the short arm of chromosome 19 within a 

30 cM interval (Montagna, 2000). In 1996 it was recognized that familial hemiplegic 

migraine (FHM) was caused by mutations in the calcium channel gene CACNA1A and 

that FHM was a disorder allelic to episodic ataxia type 2 (Montagna, 2000). This is 

now known as FHMI, this mutation is responsible for approximately 50% of 

identified FHM families, being one consequence of this mutation enhance glutamate 

release (Goadsby, 2006). Mutations in the ATP1A2 gene, also known as FHMII are 

responsible for approximately 20% of FHM families (Goadsby, 2006). Multigene 

inheritance is presumed for most familial migraine pedigrees, and a number of genetic 

loci have been proposed, this is outlined in Table 1 and 2. 
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Table 1. Familial migraine candidate locus testing. Findings are grouped according 

to type of analysis, homogeneity of sample tested, and degree of exclusionary data 

available (MA=migraine with aura, MO=migraine without aura) 

 

 

Source: Estevez et al, 2004. 
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Table 2. Familial migraine, chromosomal and genome scans. (MA=migraine with 

aura, MO=migraine without aura). 

 

 

Source: Estevez et al, 2004. 

 

The ATP1A2 gene encodes an alpha 2 subunit of sodium potassium pumps (P-type 

Na
+
, K

+
-ATPase isoform) (Kors et al, 2004; Estevez et al, 2003). The Na

+
, K

+
-

ATPase are composed of α subunit forming the ion pore which contains the binding 

sites for ATP (Estevez et al, 2003), a regulatory β subunit involved in establishing the 

proper structure of the α subunit, and a γ whose function has not yet been defined 

(Estevez et al, 2003; Pietrobon, 2005). The mutation in this gene results in a smaller 

electrochemical gradient for Na
+
 (Goadsby, 2006). One effect of this is to reduce or 

inactivate astrocytic glutamate transporters, leading to a build-up of synaptic 

glutamate (Goadsby, 2006). 

 

The effects of the ATP1A2 gene’s channel ion homeostasis and neuronal excitability 

suggest that it could affect both neurotransmitter/neuropeptides release and/or 

susceptibility to cortical spreading depression (CSD) (Estevez et al, 2003). 

Human mutations expressed in a knock-in-mouse produce a reduced threshold for 

cortical spreading depression (CSD) (Goadsby, 2006). Linking channel disturbances 
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for the first time to the aura process (Goadsby, 2006). Showing that this mutations 

produce a net gain of function effect because the cortex becomes more susceptible to 

stimuli that trigger CSD (Goadsby, 2006).  

 

The genotype-phenotype correlations in FHM-I in chromosome 9 and FHM-II in 

chromosome 1, show that the two conditions vary (Montagna, 2000).  

 

Another type of familial hemiplegic migraine has been identified in chromosome 

2q24 (Dichgans et al, 2005). This FHM-III has been identified as a mutation in a Na
+
 

channel gene (SCN1A), probably facilitating high-frequency discharges that might 

also increase synaptic glutamate levels (Goadsby, 2006). Linkage analysis have 

revealed that families share the same haplotype. Consequently any sequence variant 

of this haplotype is associated with the disease phenotype (Dichgans et al, 2005). This 

study strongly suggested a role for SCN1A in familial hemiplegic migraine and further 

studies have been proposed to clarify whether sequence variants in SCN1A are a risk 

factor for the more common types of migraine (Dichgans et al, 2005). 

 

1.6 Comorbidity of Migraine 

 

Quite a number of conditions have been shown to be comorbid with migraine, such as 

epilepsy, asthma, depression, stroke and some congenital heart defects (Buzzi et al, 

2005). Comorbidity between different diseases or disorders may arise due to 

coincidence, one condition may cause the other, both may shared environmental or 

genetic risk factors, and these factors may produce a brain state that leads to both 

conditions (Lipton et al, 1994; Lipton et al 1998). 

 

The heterogeneity of migraine also implies that there is an association with other 

neurological and cardiovascular disorders (Buzzi et al, 2005). This last cardiovascular 

association is not coincidental and it could be due to a common genetic substrate and 

to the presence of different mutations in the same gene (Buzzi et al, 2005). There is 

increasing concern about migraine and the risk of ischaemic stroke. A case-control 

study confirmed a significant association between migraine and juvenile stroke in 
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women suggesting that migraine is an even more significant risk factor under the age 

of 35 (Pierangeli et al, 2004). 

 

1.6.1 Migraine and Epilepsy 

 

Migraine and epilepsy are very complex polygenic diseases (Gargus et al, 2007; 

Stefanaki et al, 2005).Epilepsy affects more than 3% of the population at some time of 

their life (Stefanaki et al, 2005). A possible relation between migraine and epilepsy 

has been debated over decades, with some researchers even considering that both are 

brain diseases and strongly related (Haan et al, 2007). These diseases are 

characterized by temporary paroxysmal cerebral dysfunction of the brain cortex 

during attacks (Haan et al, 2007). One gene that has been associated with both 

migraine and epilepsy is the SCN1A gene, which encodes for the α1 subunit of 

sodium channels (Stefanaki et al, 2005). Mutations in this gene have mainly been 

identified in generalized epilepsy with febrile seizures and in severe myoclonic 

epilepsy of infancy (Stefanaki et al, 2005). Both migraine and epilepsy present similar 

trigger factors, such as hormonal, sleeping disturbances and brain trauma (Haan et al, 

2007). It has been observed that migraine genes often also cause epilepsy, therefore 

some epilepsy syndromes are associated more frequently with migraine than can be 

explained by chance alone (Haan et al, 2007).  

 

1.6.2 Migraine and Depression 

 

Migraine has been longed recognized to be associated with psychiatric disorders, such 

as anxiety, phobias, panic disorders and depression (Frediani et al, 2007). To explain 

this association Breslau et al, found out from a 1007 subjects that migraineurs had 

more than three fold relative risk of developing depression compared with non-

migraine patients and the reverse proved the same for depression patients developing 

migraine (Frediani et al, 2007). The familial aggregation of both migraine and 

depression has been well established, and the degree in which they co-segregate may 

provide information on possible mechanisms for the strong association of these 

disorders (Merikangas et al, 1993). The study done by Merikangas et al, investigated 

the increased risk of developing major depression and anxiety disorders in migraine 



MPhil Thesis            Sherin Chikhani BSc 

 22 

patients compared with controls. Furthermore, Lipton et al, conducted a population 

based case-control study in a community setting, confirming a higher risk of current 

depression among patients suffering from migraine (Frediani et al, 2007). Although 

the association between these two disorders is widely reported, it is not clear if they 

are comorbid with each other, but understanding the nature of both migraine and 

depression and its co-existence, can have strong implications clinically in diagnosis 

and treatment (Frediani et al, 2007). 

 

1.6.3 Migraine and Stroke risk  

 

It has been hypothesized that many cryptogenic strokes are caused by small emboli 

that travel from the legs to the right atrium, during straining (such as Valsalva 

maneuver). These emboli can go across a patent foramen ovale (PFO) into the left 

atrium and then travel to the brain, producing a stroke (Tobis et al, 2005). 

 

Migraine is connected to stroke both as a direct cause and as a remote risk factor 

(Tietjen, 2000). An epidemiologic study done by the National Health and Nutrition 

Evaluation Survey in the United States, reported a risk of stroke to be doubled in 

migraineurs, but a decline of this risk with the increase of age (Tietjen, 2000). A 

population-based study done by Kruit et al proved that some migraineurs are at 

increased risk for sub-clinical stroke. This was apparent on magnetic resonance 

imaging, being cerebellar lesions more common in patients with migraine with aura 

and with frequent attacks (MRI) (Scher et al, 2005; Pierangeli et al, 2004).  

 

In a different study composed of a large population by Scher et al, compared the risk 

of coronary heart disease (CHD) profile of migraineurs with and without aura to the 

non-migraine population, finding that the migraineurs, specially the ones with aura, 

had an increased likelihood of several classic risk factors for cardiovascular disease, 

like parental history of myocardial infarction and high blood pressure.  

 

Sometimes migraine is manifest due to underlying disorders. These could be 

neurological diseases such as, mitochondrial encephalopathy with lactic acidosis and 

stroke-like infarct (MELAS), and cerebral autosomal dominant arteriopathy with 
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subcortical infarcts and leukoencephalopathy (CADASIL) (Agostoni et al, 2004). 

These two diseases highlight the complexity of the relationship between migraine and 

stroke. Persons with CADASIL involve a variety of mutations in the Notch 3 gene on 

chromosome 19 (Tietjen, 2000) and these persons also show symptoms of migraine. 

 

A parental history of early myocardial infarction, it would suggest that there is a 

possibility of genetic factors that predispose towards both heart disease and migraine 

(Scher et al, 2005). 

 

1.6.4 Migraine and Cardiovascular disorders, Patent Foramen Ovale  

 

Patent foramen ovale results from an incomplete anatomic fusion of the atrial septum 

primum and secundum, which normally takes place shortly after birth (Diener et al, 

2005). It is caused by a persistent connection between the right and left atrium of the 

heart, by which right-to-left shunt may result (Diener et al, 2005). Large shunts more 

often than small shunts, are associated with migraine with aura (Wilmshurst et al, 

2000; Messe et al, 2004). PFO is believed to play a role in cryptogenic stroke via 

presumed paradoxical embolism through a left shunt, especially in younger adults 

(Pierangeli et al, 2004). The following figure shows the right to left shunt of patent 

foramen ovale in the heart. 

 

 

 

Figure 4. Patent foramen ovale (Source: Robert, 2006) 
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Patent foramen ovale has been recognized as a potential risk factor for ischaemic 

stroke only in the past two decades (Diener et al, 2005). The right to left shunt 

brought about by PFO could enhance migraine by shunting to the brain platelet 

aggregates or neuromediators, which are normally inactivated by the pulmonary filter 

that may initiate the attack (Reisman et al, 2005). Consequently, the possible cause of 

ischaemic stroke in patients could be explained by an increased propensity to 

paradoxical cerebral embolism during migraine attacks, when there is a condition of 

platelet hyper-aggregation
 
(Diener et al, 2005; Volta et al, 2005). According to 

Reisman et al, there is recent evidence showing that migraineurs who experience an 

aura beforehand are twice as likely to have a patent foramen ovale (PFO) than the 

general population. The suggestion that interatrial communication may play a role in 

the pathogenesis of migraine is due to the higher incidence of right to left cardiac 

shunt at rest through a PFO in migraineurs in comparison to the control patients 

(Reisman et al, 2005).  

 

The prevalence of PFO in the healthy population is approximately 20%-25%, a high 

prevalence of right to left shunt has been observed in patients with MA compared to 

healthy control subjects and 41%-48% PFO prevalence in migraine with aura patients 

(Pierangeli et al, 2004). In a prospective study of cryptogenic stroke, 46% of patients 

had a patent foramen ovale, and migraine was present in 27.3% of patients with PFO. 

Migraine was present in 36% of patients with PFO and stroke (Agostoni et al, 2004). 

Recent evidence has shown that migraineurs who experience an aura beforehand are 

twice as likely to have a patent foramen ovale that the general population (Reisman et 

al, 2005).  

 

Association between PFO and migraine has been found to be stronger with patients 

with migraine with aura than the ones without aura (Volta et al, 2005). Recent reports 

have emphasized and association between PFO, MA and stroke, 25 patients (PFO was 

considered to play a causal role in stroke) from 74 consecutive patients with 

cryptogenic stroke were found to have a 52% prevalence of MA (Morandi et al, 

2003). In the United States, the incidence of PFO in patients with migraine is about 

50% if migraine is accompanied by visual aura, versus 20% in the general population 

(Tobis et al, 2005). 
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Transcatheter closure of patent foramen ovale (PFO) patients has been proposed as a 

way reduce migraine headache (Tobis et al, 2005). The next table shows two different 

studies comparing patients with migraine prior to PFO closure and after it. 

 

Table 3. Migraine and headache frequency prior to and after patent foramen 

closure. 

 

Source: Diener et al, Headache, 2005 

 

In a study undertaken by Morandi et al, closure of patent foramen ovale resulted in the 

disappearance of migraine in 5 of 17 patients and in a substantial improvement in 10 

of 17 patients (Morandi et al, 2003). Giardini et al, found that transcatheter patent 

foramen closure results in a profound improvement of migraine with aura. Complete 

resolution was observed in 83% of the patients and significant improvement in 

migraine incidence and severity in 50% of the remaining patients (Giardini et al, 

2006). 

 

The study by Reisman et al supports the findings that migraine in cryptogenic stroke 

patients with PFO is more prevalent than the presence of migraine in the general 

population.  

 

1.7 Treatment for Migraine 

 

There are two types of treatment available fir migraine: the first one is abortive, which 

means the treatment of the acute attack, and the second one is prophylactic, which is 
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used to prevent the headache by using medication and/or no pharmacological 

measures to lessen precipitating factors, such as stress or lifestyle (Gallagher et al, 

2002). It is recommended that the patient maintains regular sleeping, eating and 

exercise habits, practice relaxation techniques, avoid potential triggers such as 

caffeine and address possible depression or anxiety (Gallagher et al, 2004). 

 

Table 3 shows the medication prescribed for headaches, this are recommended by 

primary care physicians for patients with specific headache patterns. 

 

Table 4. Medications Prescribed for Headaches by Primary Care Physicians 

(NSAIDs = non-steroidal anti- inflammatory drugs) 

 

Source: Gallagher et al, 2004 

 

New anti migraine drugs are now being introduced; these are triptan and migraine 

agents, which are serotonergic agonists that act selectively (Gallagher et al, 2004). 

They cause vasoconstriction by affecting serotonin (5-HT1B) receptors in human 

intracranial arteries, and inhibit nociceptive transmission by their effect on 5-HT1D 

receptors on peripheral trigeminal sensory nerve terminals in the meninges and central 

terminal in the brain stem sensory nuclei (Gallagher et al, 2004). 

 

Migraine management can be very effective, if it is approach systematically and with 

careful attention to detail, explanation and preparation of patient essential (Joubert, 

2004). Even though migraine could be an inherited condition which is not curable, the 

application of treatment based on the understanding of its pathology can benefit 

sufferers (Joubert, 2005). 
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1. 8 Migraine Genetics Background 

 
1.8.1 Genetic Epidemiology of Migraine 
 

Genetic epidemiology looks to break down the relative contributions of genes and 

environment and to identify genes determining susceptibility (Hopper et al, 2005). 

The ultimate goal of genetic epidemiology includes not only the discovery of novel 

functional genes and investigation of their functional properties, but also the 

establishment of population allele frequencies and genotype penetrance in relationship 

to specific human diseases (Zhao et al, 1999). Genetic research has shown that 

migraine with aura (MA) and migraine without aura (MO), the two most common 

subtypes of migraine, are genetically complex, as a combination of genes and 

environmental factors is involved (Kors et al, 2004). Migraine affects about 15% of 

people in developed countries and is three times more common in women than in men 

(Wessman et al, 2007). The mode of transmission of typical migraine is not clear, but 

it is most likely multifactorial. Heritability estimates calculated between 40% and 

60%, while twin studies have shown a strong genetic component (Lea et al, 2001). 

 

The interest in migraine genetics has greatly increased after the identification of the 

CACNA1A-gene (Thomsen et al, 2003). Familial hemiplegic migraine (FHM), which 

presents a rare autosomal mode of inheritance, has facilitated the identification of 

migraine genes (Kors et al, 2004). FHM is a genetically heterogenous autosomal 

dominant inherited disorder, where each subtype is caused by one single gene 

(Thomsen et al, 2003). Despite the different modes of inheritance, FHM, MO and MA 

have some similar clinical characteristics and FHM patients have co-occurrence of 

attacks of MO and MA (Thomsen et al, 2003).  

 

1.8.2 Positive family history 

 

Transmission of migraine from parents to children has been reported as early as the 

seventeenth century (Goadsby, 2006). It is clear from clinical practices that many 

patients have first degree relatives who also suffer from migraine (Goadsby, 2006). 

Studies of twin pairs are the classical method to investigate the relative importance of 

genetic and environmental factors in migraine (Goadsby, 2005).  
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Migraine family studies have aimed to identify the mode of inheritance of typical 

migraine, producing conflicting results. Nonetheless a number of consistent factors 

regarding both migraine with aura (MA) and without aura (MO), pointing to the 

direction of polygenic inheritance and the possibility of an X-linked susceptibility 

gene (Nyholt et al, 1998). 

 

Numerous studies have reported a positive family history, varying between 37% and 

91% in probands with migraine, and between 5% and 26% in probands that never had 

migraine (Russell, 1997). McCarthy et al, 2001, reported a positive association of 

several single nucleotide polymorphisms (SNPs) in the insulin receptor gene (INSR) 

located at chromosome 19p13 in typical migraine. However, Kaunisto et al, found no 

evidence for a susceptibility region at this locus in 72 Finnish families with migraine 

with aura (MA) (Colson et al, 2007). Russo et al, 2005, investigated and implicated a 

region at 15q11-a13 chromosome in 10 families with migraine with aura (MA) 

(Colson et al, 2007).  

 

Data from a study by Thomsen et al, 2003, shows the occurrence of MO and MA 

amongst FHM probands and their first degree relatives with or without FHM. The 

results suggest that FHM and MA co-occurred in 55% of probands and in 61% of first 

degree relatives, whereas FHM and MO co-occurred in 25% of probands and in 23% 

of first degree relatives (Thomsen et al, 2003).   

 

1.8.3 The relative risk of migraine 
 

Previous family studies have found an increased relative risk of first-degree family 

members of patients with migraine with and without (Kors et al, 2004). A study done 

in Italy, found a similar risk. Topham et al, estimated the genetic load in familial 

migraine with aura by comparing sibling risk, age at onset, and aura type in 54 

migraine with aura probands categorized by family history of the condition. The 

recurrent risk to siblings of probands was 2.7 fold higher in three generation than in 

two generation aura families (Kors et al, 2004).  

 

Previous studies have shown a 3.8 fold increase risk to first degree relatives of a 

migraine with aura probands, although the risk to the spouse was not increased (Cader 
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et al, 2003). A Danish population based-study addressed the hereditary of migraine 

using the International Headache Society criteria, founding a different pattern of 

familial risk for both entities (Wessman et al, 2007). Their results showed that first-

degree relatives of probands with migraine without aura had 1.9 times the risk of this 

disorder but only 1.4 times risk of migraine with aura compared with the general 

population (Wessman et al, 2007). 

 

Regarding the studies by Thomsen et al, 2003, the population risk of migraine with 

aura (MA) amongst familial hemiplegic (FHM) probands was 7.1, whereas the 

population relative risk of migraine without aura (MO) was of 1.5. Thus compared 

with the general population FHM probands had a significantly higher risk of MA but 

not of MO (Thomsen et al, 2003). The following table shows the results obtained by 

this particular study.  

 

Table 5. Population relative risk of MO and MA amongst different subgroups of 

first degree relatives of probands with FHM. 

 

Source:Thomsen et al, 2003 

 

A Welsh study reported Russell (1997) ascertained probands from the general 

population, showing a 10% prevalence of migraine among siblings of probands with 

migraine with aura and 6% prevalence among siblings of probands that had never had 

migraine. The next table shows the relative risk of migraine between first-degree 

relatives.  
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Table 6. Effect of selected variables of the population relative risk of migraine with 

aura among first-degree relatives of pobands with migraine without aura. CL 

denotes confidence limits 

 

Source: Russell, 1997. 

 

1.8.4 Migraine twin studies and heritability  
 

The aetiology of migraine remains unknown, although population, family and twin 

studies implicate genetic susceptibility in the pathogenesis of the disease (Nyholt et 

al, 1997). Twin studies have been used to identify the respective roles of genetic and 

environmental factors, and are based on the comparison of concordance rates between 

monozygotic and dizygotic twins (Ducros et al, 2002). The classical method for 

investigating the relative importance of genetic and environmental factors is twin 

studies (Goadsby, 2005). Twin studies suggest that significant genetic mechanisms 

underlie migraine (Wessman et al, 2007).  
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In Studies of female twin pairs raised together or apart since infancy, concordance 

rates for migraine are higher among monozygotic than dizygotic twins with 

heritability estimates of 52% (Montagna, 2004).  

 

A Danish study included 1013 monozygotic and 1667 dizygotic twin pairs of the 

same gender obtained from a population-based twin register, showing a pair-wise 

concordance rate significantly higher among monozygotic than dizygotic twin pairs 

(Goadsby, 2005). Two studies by Svensson et al, of a cohort of twins aged 42-81 

years, including a sub-sample of 314 pairs reared apart and 364 matched control pairs 

reared together, found no significant shared rearing environmental influences on 

migraine. Nonetheless the heritability of migraine was estimated at 38% for men and 

48% for women (Kors et al, 2004). Svensson et al, concluded that family ‘resistance’ 

in migraine is mainly due to genetic factors, whereas environmental influences make 

family members different, not similar.  

 

Furthermore a study by Mulder et al, compared the prevalence and heritability of 

migraine across six of the countries that participated in the GenomEUtwin project, 

finding that the prevalence of migraine ranged from 10-13% and in contrast to the 

results by Svensson et al, the heritability was the same between sexes, ranging from 

34-57% in different cohorts (Kors et al, 2004).  

 

1.8.5 Inheritance of Migraine  
 

The inheritance patterns of the major forms of migraine are complex and 

environmental factors also play a role in the development of this disease. Complex 

segregation analysis has indicated that the pattern of inheritance of migraine with aura 

is likely to be multifactorial (Cader et al, 2003). The results of a large Danish 

population-based segregation analysis, including 126 families with migraine without 

aura and 127 families with migraine with aura, showed that both types of migraine 

have a non-mendelian multifactorial mode of inheritance (Ducros et al, 2002).  

As it has been mentioned previously, the mode of transmission of migraine remains 

unclear, but it is most likely multifactorial. Although migraine with aura and without 

aura subtypes exhibit some clinical heterogeneity (Lea et al, 2001), segregation 
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analysis by Mochi et al, has suggested that there may be a common genetic aetiology 

for both subtypes of migraine, and a major gene contributing to typical migraine 

pathogenesis. This idea is corroborated by the fact that both subtypes of migraine can 

occur within the same family and even within the same individual, with up to 33% of 

sufferers experiencing both types of the disease (Lea et al, 2001). The following table 

gives proposed modes of migraine inheritance.  

 

Table 7. Mode of inheritance 

 

 

Source: Russell, 1997. Cephalgia 

 

Upon complex segregation analysis most studies conclude for a multifactorial 

inheritance without generational difference. Hence a single gene should not be 
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expected, though in some families mendelian or mitochondrial inheritance could not 

be excluded (Montagna, 2004).  

 

1.9 Molecular Genetics of Migraine  
 

Migraine is now usually viewed as a polygenic multifactorial disease, having both 

environmental and genetic causative factors, with multiple genes involved and 

interacting (Montagna, 2000). Migraine is a genetically complex neurovascular 

headache, with a clinically heterogeneous class of craniofacial pain disorders, which 

include alterations in sensory sensitivity and autonomic dysfunction (Arulmozhi et al, 

2005; Estevez et al, 2003). Migraine disorder in which neuronal events cause the 

dilation of blood vessels, results in pain and nerve activation (Arulmozhi et al, 2005). 

The description of missense mutation in the α1 2.1 subunit of the P/Q voltage-gated 

Ca2+ channel on chromosome 19 gene, in families with familial hemiplegic migraine 

(FHM) provided an underlying principle for the episodic nature of the disorder as a 

channelopathy (Goadsby, 2001). Identification of genes that are responsible for the 

inherited component has been fruitful in pointing to a particular molecular mechanism 

of the disease.  

 

1.9.1 Migraine linkage studies  
 

Linkage studies are powerful tools for tracking genetic traits due to single Mendelian 

genes. These studies prove useful in the identification of the genes responsible for 

familial hemiplegic migraine (FHM), which is transmitted as a single trait disease 

(Montagna, 2000)? A genome wide screen for families with migraine with aura in a 

Finnish population, provided strong evidence for susceptibility locus on 4q24 with a 

LOD score of 4.4 (Cader et al, 2003). Bjornsson et al, conducted a study which was 

able to show linkage to chromosome 4q21 in Icelandic migraine without aura families 

(Kors et al, 2004). Similarly, a genome wide linkage analysis was conducted in 50 

Finnish families with MA, implicating 4q24 (Colson et al, 2007). In a Canadian 

linkage study a genome wide screen was carried out in 43 migraine with aura (MA) 

families, and a novel susceptibility locus was identified on chromosome 11q24 

(Colson et al, 2007).  
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Several different studies have been undertaken to find the linkage between this 

disease and genes that may confer susceptibility to it. In a Swedish family with MA 

and MO there was significant linkage to 6p12.2-21.1 and to chromosome 14q21.2-

22.3 (Colson et al, 2007).The following table, shows recent linkage studies.  

 

Table 8. List of migraine genome wide linkage studies showing significant LOD 

scores  
 

  
Source: Colson et al, 2007 

 

1.9.1.1 Chromosome X linkage studies  

 

Consistent factors regarding migraine family studies, for both migraine with and 

without aura, have been noted. These factors are attributable to the direction of 

polygenic inheritance and the possibility of an X-linked susceptibility gene (Nyholt et 

al, 1998). Nyholt et al, (1998) utilizing two large multigenerational pedigrees and 28 

markers spanning chromosome X, reported evidence for an X linked genetic 

component in familial typical migraine (Xq24-28).  

 

Studies have shown an X-linked dominant pattern of inheritance in typical migraine, 

which could explain the increased female prevalence (Nyholt et al, 1998). An excess 

of affected females in migraine pedigrees could be explained by an X chromosomal 

susceptibility gene (Nyholt et al, 1998). Furthermore a study which involved a genetic 

linkage scan of the entire X chromosome indicated that typical migraine is a 

heterogeneous disorder having in some pedigrees an X chromosomal component 

(Nyholt et al, 1998).  
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1.9.1.2 Chromosome 19 linkage studies  

 

The first familial hemiplegic gene (FHM) was located by pedigree linkage analysis to 

chromosome 19p13, and was later identified as CACNA1A coding for the α1A 

subunit of CAv2.1 channels (FHM1), four missense mutations were originally 

reported by Ophoff et al, 1996 (Colson et al, 2007). Most of the CACNA1A 

mutations have been found in only one or two FGM families worldwide (Thomsen et 

al, 2007). At least 17 different CACNA1A mutations have resulted in FHM1 in 40 

families and six patients with the sporadic disorder (Wessman et al, 2007).   

There have been 15 mutations identified in 31 families with FHM and in two sporadic 

cases affected by hemiplegic migraine with cerebellar symptoms. The next table 

shows CACNA1A mutations (Ducros et al, 2002).  

 

Table 9. CACNA1A mutations identified in FHM 

 

Source: Ducros et al, 2002  

 

In 1998, a study performed at the Genomics Research Centre, in Queensland 

Australia, reported the region around the FHM1 gene at 19p13 as being implicated in 

familial typical migraine, which includes migraine with and without aura, indicating 

the genetic heterogeneity of the disorder (Colson et al, 2007). A study by McCarthy et 

al, reported positive association of several single nucleotide polymorphisms (SNPs) in 
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the Insulin Receptor gene (INSR) located at the 19p13 in typical migraine (McCarthy 

et al, 2001).  

 

1.9.1.3 Chromosome 1 linkage studies and FHM  

 

In 2003 a second gene responsible for familial hemiplegic migraine type 2 (FHM2), 

ATP1A2, consisted of the alpha 2 subunit of the Na/K pump gene linked to 

chromosome 1q23 (Montagna, 2004). These Na+, K+-ATPases are composed of three 

subunits; an α subunit forming the ion pore, a β subunit involved in establishing the 

proper structure of the α subunit and a γ subunit whose functions have not been 

defined (Estevez et al, 2003).  

 

In the ATP1A2 gene, 27 different missense mutations have been identified causing 

FHM2 (Thomsen et al, 2007). In a study undertaken in North America, a second area 

shows a significant linkage near the 1q31 locus, which may play a role in modifying 

the clinical severity of the presumed primary genetic lesion at 1q23 (Estevez et al, 

2003). 

 

After the first report of ATP1A2 mutations accounting for FHM2, new mutations 

were reported, in a family with symptoms of basilar migraine (mutation R548H), 

R763H and M731T in other FHM families and R689Q in a family with benign 

familial infantile convulsions plus FHM (Montagna, 2004). 

 

A possible third FHM locus has been recently identified on chromosome 2q24. A 

heterozygous missense mutation (Q1489K) in the neuronal voltage-gated sodium 

channel gene SCN1A was found on a single haplotype in three German families with 

FHM (Wessman et al, 200&). This mutation has shown complete cosegregation with 

the disease phenotype in all three families (Dichgans et al, 2005) and results in a 

charge-altering aminoacid exchange in the hinged-lid domain of the protein, which is 

critical for fast inactivation of the channel (Wessman et al, 2007).  
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1.9.2 Association studies of migraine candidate genes 

 

The study of possible associations between polymorphisms in genes and migraine 

patients with the hypothesized function in the migraine pathway is another method to 

asses the genetic background of complex disorders like migraine (Kors et al, 2004).  

This type of approach has been employed to tests for differences in allele frequencies 

between affected individuals (cases) and migraine unaffected individuals (controls) 

(Colson et al, 2007). Positive results of association studies to date can be grouped in 

either well-known migraine triggers or implicated in migraine pathophysiology. 

Including genes involved in neurotransmitter function, vascular and hormonal 

function (Colson et al, 2007). The following table shows association studies in the 

past 10 years.  
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Table 10. List of published association studies on migraine in the past 10 years  

 

Source: Colson et al, 2007 

 

1.9.2.1 Serotonin-related genes and migraine 

 

Serotonin transporter gene (5-HTT/HSERT/STG) is a neurotransmitter in the central 

nervous system, involved in the regulation of a variety of behavioural, visceral 

functions as well as many pathological conditions, such as depression (Karwautz et al, 

2007). Serotonin gene is located on chromosome 17q11.1-q12, containing a 44 bp 

insertion/deletion functional polymorphism in the promoter region (Colson et al, 

2007). 
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There have been recent reports that serotonin transporter gene 5HTTLPR (serotonin 

transporter linked polymorphism region) is associated with anxiety disorders as well 

as migraine (Gonda et al, 2007). 

 

Serotonin metabolism has been reported to be involved in migraine pathogenesis 

(Montagna, 1999). There is evidence that serotonin activity is regulated by a 

functional polymorphism within the promoter region of the serotonin transporter gene 

(5HTTLPR). Ogilvie et al, found that 94 migraine with aura patients had an increased 

frequency of the STin2.12 and STin2.9 alleles, concluding that susceptibility to 

migraine with aura has a genetic component linked to the 5-HSERT  (Montagna, 

1999). 

 

It has been suggested that T102C polymorphism of 5-HT2A gene is a risk factor for 

migraine (Borroni et al, 2005). Previous studies have established a significant 

association between the s allele of the 5HTTLPR polymorphism and migraine (Gonda 

et al, 2006). The following table shows different studies involving serotonin receptor 

genes and migraine. 

 

Table 11. Serotonin receptor genes and migraine 

 

Source: Gonda et al, 2006 

 

1.9.2.2 Dopamine-related genes in migraine 

 

Dopaminergic transmission has been implicated in the pathogenesis of migraine 

(Montagna, 1999). A number of dopamine genes have been tested for association with 

migraine (Karawautz et al, 2007). 
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Peroutka et al, examined the susceptibility to migraine in 52 patients with migraine 

with aura (MA), and found that migraineurs had a higher frequency of the DRD2 

NcoI C allele compared to 121 controls (Montagna, 1999). Furthermore Del Zompo et 

al, 1998 tested a different intragenic polymorphism, providing evidence for a role of 

the DRD2 gene in migraine without aura (MO) (Colson et al, 2007).  

 

Investigation of polymorphisms in other genes, have shown that there is a reduced 

allelic distribution for dopamine-β-hydroxylase polymorphisms compared with 

controls, suggesting increased levels of dopamine in migraineurs (Akerman and 

Goadsby, 2007).In studies by Lea et al, 2000 and Fernandez et al, 2006, found 

associations between the dopamine beta hydroxylase gene (DBH) and the DRD2 gene 

migraine and a DBH microsatellite marker, mostly in migraine with aura (Karwautz et 

al, 2007). Moreover Campos de Sousa et al, 2007, found the seven repeat allele of the 

DRD4 VNTR, being this a protective factor for migraine without aura (MO) 

(Karwautz et al, 2007).  

 

1.9.3 Genetic heterogeneity of migraine 

 

The most complete migraine molecular studies have involved the study of familial 

hemiplegic migraine (FHM) a rare type of MA, showing an autosomal dominant 

inheritance pattern (Piane et al, 2007). There have been three genes identified in FHM 

, the first one CACNA1A gene is involved in FHM1, second one is ATP1A2 gene 

implicated in FHM2 and  the SCN1A gene associated with FHM3 (Goadsby, 2005). 

 

The genetic heterogeneity of FHM has been confirmed by Ophoff et al, in five 

pedigrees, three of which only linked to chromosome 19 (Montagna, 1999). 

Functional studies of FHM support the theory that ion transport dysfunction is one of 

the main factors determining susceptibility of the brain to migraine attacks (Piane et 

al, 2007).  

 

The CACNA1A gene accounts for 50% of familial hemiplegic migraine, while 20% is 

attributed to ATP1A2 gene (Goadsby, 2005). Ophoff et al. described four different 

missense mutations in the CACN1A gene, R192Q, T666M, V714A and 11811L in 
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FHM (Montagna, 1999). Similarly twenty three different missense mutations have 

been associated with ATP1A2 gene in FHM2 (Pietribon et al, 2007). The next figure 

shows the proposed mechanisms for the primary brain dysfunction that leads to 

activation and sensitization of trigeminovascular systems and ensuing headache 

(Pietribon et al, 2007). 

 

 

Figure 5. Gain-of-function mutations in CaV2.1 channels (FHM1) or NaV1.1 

channels (FHM3) and loss-of-function mutations in 2 Na, K-ATPases (FHM2) may all 

render the brain more susceptible to CSD by causing either excessive synaptic 

glutamate release (FHM1) or excessive extracellular K (FHM3) or decreased 

removal of K and glutamate from the synaptic cleft (FHM2). Depicted is a 

glutamatergic synapse (Source: Pietribon et al, 2007). 
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Chapter 2 

Research Background 

 

2.0 Inheritance and Molecular Genetics 

 

In 1953 two scientist, James D Watson and Francis Crick, using x ray data collected 

by Rosalind Franklin, deciphered the structure of the DNA molecule and in 1952 

along with Maurice Wilkins, received the Nobel Price for their research on nucleic 

acids. Their work became the basis for the Human Genome Project. This project 

began in the 1990s and took thirteen years to be completed. The goals set for this 

project, by the U.S department of Energy and the National Institute of Health, were: 

 

1. Identifying 20 000 to 25 000 genes in human DNA. 

2. Determining sequences of chemical based pairs in human DNA. 

3. Storing all found information into databases. 

4. Improving the tools used for data analysis. 

5. Transferring technologies to private sectors. 

6. Addressing the ethical, legal and social issues (ELSI) that may arise from the 

project. 

 

To achieve this, first markers are placed on the chromosomes by genetic mapping, 

second a physical map is created from overlapping cloned pieces of the DNA. Third, 

the sequence of each piece is determined, and the sequences are lined up by computer 

until a continuous sequence along the whole chromosome is obtained. Because the 

human DNA consists of about 3 billion nucleotides connected end to end in a linear 

array, it was necessary to break the task down (Bentley, 2000). 

 

The first two human chromosomes to be sequenced were chromosome 22 and 21. 

Extrapolation of the number of genes found in these particular chromosomes led to 

the estimate that the whole human genome contains about 36 000 genes. Another 

feature found was the large fraction that consists of repeated sequence elements, 40% 
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in chromosome 21 and 42% in chromosome 22, although the functions of these are 

yet to be found. A further statistic of interest is the base composition of the DNA, 

chromosome 22 has 48% guanine-cytosine content, whereas chromosome 21 has a 

41%, being the average over the genome 42% (Bentley, 2000; Venter et al, 2001). 

 

The knowledge of the human genome and the availability of complete genes of 

different organisms allow us to understand the interaction between genes and to study 

how these are turned on and off. Moreover it aids in the understanding on the effect 

that they have on human health and on important biological information about how 

the unique and yet small difference (0.1%) between each human DNA sequence affect 

characteristics regarding how humans look and what diseases they are susceptible to 

(Venter et al, 2001). 

 

Eighteen different countries were involved in the Human Genome Project and their 

collaborative efforts resulted in the discovery of many benefits of molecular genetics. 

These discoveries include molecular medicine, new energy sources and environmental 

applications, DNA forensics, amongst others (Venter et al, 2001). 

 

The inherited nature of migraine is one of the most important aspects of the 

pathophysiology of this disease (Goadsby, 2006). The contribution of multiple and 

potentially interacting genetic loci, as well as confounding influence of environmental 

factors, pose a challenge in the identification of susceptibility genes for complex 

diseases, such as migraine (Colson et al, 2006). 

 

2.1 Understanding the genetics of complex genetic diseases 

 

2.1.1 Identifying a genetic component in complex diseases 

 

In the search for genetic components in this complex disease, some researchers have 

focused in the well known familial hemiplegic migraine (FHM) (Colson et al, 2006). 

FHM is a rare subtype of migraine with aura, with an autosomal inheritance pattern, 

having similar neurological symptoms but with additional motor involvement (Colson 
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et al, 2006). Familial aggregation and twin studies are the two ways in how to identify 

genetic component in complex diseases, such as migraine. 

 

Familial hemiplegic migraine is characterized by large clinical variability and 

frequency of attacks among individuals belonging to different families as well as 

individuals in the same family (Ducros et al, 2002). On the other hand, twin studies 

have been used to asses the respective roles of genetic and environmental factors and 

are based on comparison of concordance rates between monozygotic and dizygotic 

twins (Ducross et al, 2002). 

 

2.1.1.1 Familial Aggregation 

 

To identify genes determining susceptibility, studies on statistical analysis of the 

patterns of disease aggregation between and within the families of systematically 

identified cases (probands), have to be analysed to identify the most plausible 

explanation of the family aggregation (segregation analysis) (Hopper et al, 2005). 

Studies of multiple-case families have been critical, because such families are the 

most likely to present a strong genetic predisposition (Hopper et al, 2005). 

 

The familial aggregation of migraine with aura (MA) and migraine without aura (MO) 

gives evidence of a genetic component as the basis of migraine susceptibility (Piane et 

al, 2007). Familial aggregation of pathological disorders may be due to environmental 

factors or purely by chance in very common diseases. Therefore a major step in the 

study of migraine genetics was to show the existence of genetic factors by means of 

epidemiological surveys (Ducross et al, 2002). 

 

Epidemiological studies have shown that migraine aggregates within families 

(Stewart et al, 2006). The results of these studies suggested that first-degree relatives 

of probands displayed a much increased risk of developing the disorder of proband as 

compared to the general population (Piane et al, 2007). To assess the population 

relative risk of the disease in specified groups of relatives, this one is calculated using 

the following equation: Probands x (Random member of the population that is 
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affected). Hence a family aggregation is implied when this risk ratio significantly 

exceeds 1 (Russell, 2007; Thomsen et al, 2002). 

 

To calculate the familial aggregation some studies have compared the families of 

probands with and without disease. Whereas other studies adjust the value of the 

denominator accordingly to the distribution of age and gender in the group of relatives 

studied. Consequently they divide the observed number of affected first-degree 

relatives by the expected number according to the prevalence rate of the population 

(Russell, 2007; Thomsen et al, 2002). 

 

Family studies provide information about the effect of genetic factors and the 

potential mode of inheritance (Ducros et al, 2002). Two family studies by Russell and 

Olesen in a Danish population, consider the relative risk of migraine with aura and 

without aura in all first-degree relatives and spouses of 44 probands, finding only in 

26 probands a significantly increased risk of migraine in first-degree relatives 

(Ducross et al, 2002).  

 

2.1.1.2 Twin studies and heritability 

 

Studies of twin pairs are the classical method to investigate the relative importance of 

genetic and environmental factors (Goadsby, 2005 headache). By studying both 

monozygotic and dizygotic pairs, and invoking the assumptions of the classic twin 

mode, the null hypothesis that genetic factors do not have a role in explaining 

variation in a trait can be tested (Hopper et al, 2005) 

 

The classical twin study will provide information on the causes of familial 

aggregation in a disease (Svensson et al, 2003). However, a classical twin study has 

limited power to detect significant influences due to the shared family environment 

and cannot address influences of the shared rearing environment. Further, if trait 

relevant factors of the postnatal environment make MZ twins more similar than DZ 

twins, the genetic effect would be overestimated (Svensson et al, 2003). 
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Twin studies have revealed that approximately one-half of the variation in migraine is 

attributable to additive genes (Montagna, 2004). Maintaining, the remaining variation, 

due to unshared rather than shared environmental factors between twins (Montagna, 

2004).A Finish study involving 2690 monozygotic and 5497 dizygotic twins 

emphasized the multifactorial nature of this pathology, showing that the genetic 

component ranged from 34% to 51% in different types of migraine with variations 

with respect to gender (Piane et al, 2007). Data from a 2003 study looking at genetic 

variance across six countries reported heritability estimates ranging from 34% to 57%. 

 

Moreover, twin studies have shown that there is no simple inheritance of migraine, 

since concordance does not reach 100% in monozygotic twins (Colson et al, 2007). 

Complete determination of a disease would resort in both monozygotic twins being 

concordant 

 

2.1.3 Genetic factors contributing to disease complexity 

 

Genetic factors that contribute to the complexity of a disease may include different 

genes involved in the pathogenesis of the disorder, as well as environmental factors. 

 

It has been observed that migraine with aura (MA) and migraine without aura (MO) 

are complex diseases caused by a combination of genetic and environmental factors 

(Ducros et al, 2002). Both twin studies and epidemiological surveys have suggested 

that migraine without aura is a multifactorial disorder, caused by a combination of 

genetic and environmental factors (Goadsby, 2005). In contrast several studies 

suggest that in migraine with aura more genetic factors may be important. Though the 

possible number of genetic susceptibility loci is unknown, familial hemiplegic 

migraine is the only monogenic variety of migraine (Ducros et al, 2002). 
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2.1.4 Developing a disease inheritance model 

 

There have been several modes of inheritance proposed for migraine including, 

autosomal dominant with female preponderance, possible sex determined and 

autosomal recessive, polygenic and maternal and X-linked transmission (Montagna, 

2004). In most studies, complex segregation analysis, conclude for a multifactorial 

inheritance without generational difference. Therefore multifactorial inheritance often 

concerns complex/quantitative traits that are influenced by multiple genes, and 

interacting with the environment (Montagna, 2004). 

 

The genetic background of a disease, which is complex and polygenic, and the use of 

clinical traits, referred to as “quantitative traits”, provides an opportunity for a more 

refined analysis. In contrast to the diagnosed-based phenotype that has been used, 

successfully to identify predisposing loci and even genes in some complex traits 

(Anttila et al, 2006). 

 

Two related concepts are important in the developing of an inheritance model, first 

the concept of phenotypic heterogeneity, meaning that different mutations in the same 

gene can cause different disease and secondly the concept of genetic heterogeneity, 

where mutations in different genes can result in the same apparent disease phenotype 

(Bernard et al, 2008). Furthermore the use of single traits or other new phenotyping 

strategies might help to dissect the genetic basis of complex disorders and thus help in 

stratifying study samples in less heterogenous groups (Wessman et al, 2007). 

 

2.2 Techniques for mapping complex genetic disease genes 

 

The mapping of susceptibility loci for complex traits has been and continues to be a 

challenging problem in part because of the heterogeneity of such disorders (Cader et 

al, 2003). There are diverse methods in identifying a disease causing mutation, in non-

mendelian diseases (Ducros et al, 2002). In families’ linkage analysis can be used for 

candidate genes or markers, to map a susceptibility locus followed by detection of the 

pathogenic mutation and positional cloning (Ducros et al, 2002). A different method 
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would be association studies, which have a fairly easier methodology consideration 

and can be performed in homogeneous populations (Ducros et al, 2002). 

 

In human genetics, a powerful approach to mapping disease genes is based on 

comparing the genetic marker profiles of affected relatives, and such affected-relative 

linkage studies require that family relationships be accurately known (Wier et al, 

2006) 

 

2.2.1 Variation in the genome 

 

The study of patterns and frequencies in neutral mutations in the genome are 

important, as these mutation events, which include nucleotide substitution, insertions 

and deletions, provide the molecular basis of gene and gene evolution (Zhang et al, 

2003). Polymorphisms arise as a result of mutation, consequently a polymorphic locus 

is one whose allele or variants are such that the most common variant among them 

occur with less than 99% frequency in the general population (Schork et al, 2000). 

The simplest type of variant, as it was mentioned before, results from a single base 

mutation which substitutes one nucleotide for another (SNP) (Schork et al, 2000). 

Other types of genetic polymorphism result from the insertion or deletion of a section 

of DNA, the most common is the existence of variable numbers of repeated base or 

nucleotide patterns in a genetic region (Schork et al, 2000). These range in seize from 

several hundred base pairs, known as variable number of tandem repeats (VNTRs or 

minisatellites) to the more common microsatellite, often referred as simple tandem 

repeats (STRs) (Schork et al, 2000). 

 

2.2.2 DNA markers 

 

Single nucleotide polymorphisms (SNP) are the most abundant type of 

polymorphisms in the human genome (Kirov et al, 2006). As human genetics moves 

toward identification of genes contributing to the susceptibility of common disorders, 

mapping of traits has incorporated techniques relying on genetic associations (Martin 

et al, 2000). Therefore SNPs have become the markers of choice for genetic 
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association studies (Kirov et al, 2006). Methods based on marker/disease associations 

can provide powerful tools for identification of disease loci (Martin et al, 2000). 

 

Microsatellites are short DNA sequence stretches in which a motif of one to six bases 

is tandemly repeated and it differs in repeat number among individuals (Schlötterer, 

2000). Variation at autosomal loci in larger populations is often bases on 

microsatellite marker loci (Marjoram et al, 2006) Because of the almost random 

distribution and high level polymorphism of microsatellites, it has facilitated the 

construction of genetic maps (Schlötterer, 2000). At present, the involvement of 

microsatellites in gene function comes from the strong correlation between the repeat 

length, age of onset and severity of disease and human genetic disorders that result 

from trinucleotide repeat expansion (Schlötterer, 2000). 

 

2.2.3 Polymerase chain reaction (PCR) 

 

Polymerase chain reaction (PCR) is a technique by which a DNA or cDNA template 

is amplified many thousand or million fold quickly and reliably (Promega, Discovery, 

1996). It was invented by Kary Mullis in 1983 and relies on the principle of a chain 

reaction in which each product molecule is itself subject to further amplification 

(Analysis of genes and genomes, Richard J Reece. Editorial: John Wiley and Sons, 

Ltd, 2004). A typical PCR reaction requires the sample of target DNA, a heat-stable 

DNA polymerase (Taq polymerase) which survives the heating step and can therefore 

catalyse repeated amplifications, two oligonucleotide primers, deoxynucleotide 

triphosphates (dNTPs), reaction buffer and magnesium (Promega, Discovery, 1996).  

The components of the reaction are mixed and the reaction is placed in a 

thermalcycler, which is an automated instrument that takes the reaction through a 

serious of different temperatures for varying amounts of time (Promega, Discovery, 

1996).  

 

Each PCR consist of different steps, that produces two oligonucleotide primed single 

stranded DNA templates, the steps are as following: denaturation, when two strands 

of the target DNA molecule are separated into its component strands by heating, often 

performed at 94
o
C. Annealing, the two target strands are allowed to cool this is done 
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by reducing the temperature (approximately 40-60
o
C) forming in both primers a 

stable association with the separated target DNA strands and serve as primers for 

DNA synthesis by the Taq polymerase. Extension, DNA polymerase binds to the free 

3’end of each of the bound oligonucleotides and uses dNTPs to synthesize a new 

DNA strand in a 5’ to 3’ direction (optimum temperature 72
o
C). The copies produced 

in this way are further amplified in a chain reaction which is continued until the 

desired amount of DNA is obtained (Promega, Discovery, 1996; Reece, 2004; 

Strachan, Read, 1996). 

 

Figure 6. Schematic drawing of the PCR cycle. (1) Denaturing (2) Annealing (3) 

Elongation (P=Polymerase). (4) The first cycle is complete. The two resulting DNA 

strands make up the template DNA for the next cycle, thus doubling the amount of 

DNA duplicated for each new cycle (Source: Molecular cloning: A laboratory manual 

Sambrook and Russell, 3rd edition. Cold Spring Harbor Laboratory Press. 2001) 
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2.2.3.1 SNP Genotyping  

 

A single nucleotide polymorphism (SNP) is a single base substitution of one 

nucleotide with another. Between individuals 99.9% of their genetic make up (DNA 

sequence) would be the same, being only 0.1% different; from this 80% would be 

SNPs.  

 

By current estimates, single nucleotide polymorphisms occur every 100 to 300 bases. 

Therefore the human genome would have approximately 10 to 30 million single 

nucleotide polymorphisms, being the most abundant type of polymorphism in the 

human genome (Kirov et al, 2006; Rockenbauer et al, 2004).  

 

Single nucleotide polymorphism genotyping is used by researchers to identify genetic 

regions associated with an enormous variety of information. It allows targeting 

particular areas of interest, revealing genes that are associated with a particular 

disease, being able to compare SNP patterns from affected individuals and those of 

unaffected individuals. A way to detect this is by association studies. These detect 

differences in the single nucleotide polymorphism patterns of the two groups. Hence, 

indicating potentially important SNPs, and genetic regions for further study (AGRF, 

2006; Kirov et al, 2006). 

 

Single nucleotide polymorphism (SNP) genotyping can be done by MassArray 

homogenous MassEXTEND (hME) Assay, which is based on the annealing of a 

MassEXTEND primer adjacent to the polymorphic site of interest. The addition of a 

DNA polymerase, plus a cocktail mixture of nucleotides and terminators, allows 

extension of the primer through the polymorphic site, and generates a unique mass 

product. 

 

The resultant mass of the primer extension product is then analysed and used to 

determine the sequence of the nucleotides at the polymorphic site, through the 

application of matrix assisted laser desorption ionization time-of-flight (MALDI-

TOF) mass spectrometry to the analysis of primer extension products, SNPs can be 

determined (AGRF, 2006). 
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Another method for SNP genotyping is done by Genera Biosystems using 

AmpaSand™ Beads standard protocol. This method can be used for the three 

different basic ways to study SNPs. These are as follows (Genera Biosystems, 2006): 

Cut the DNA and study the resulting fragments: 

• Restriction Digest. 

• Tiny Oligo Fragments (TOF). 

Cut the DNA and study new strand: 

• Mini-sequencing. 

• Allele Specific Amplification (ARMS). 

• Other extension reactions. 

Hybridize probes to the DNA and study “what sticks and what doesn’t stick” 

• Taqman. 

• Oligonucleotide Ligation Assay (OLA). 

• SiFT™. 

 

The following figure shows the Maldi-TOF MS for the detection of discriminated 

alleles. In these methods, SNP-specific primers are extended at the same time with 

various nucleotides using PCR products as a template to yield extension products of 

different masses. Each extension product corresponds to one of the alleles of each 

SNP and subsequent mass analysis reveals SNP genotype (Kim et al, 2007) 
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Figure 7. Primer extension approaches for SNP genotyping. a) Mass spectrometry-

based detection. b) Fluorescence detection using capillary electrophoresis. c) Allele-

specific primers with detection of PCR products 

Source: Kim et al, 2007 

 

2.2.3.2 Real-Time PCR 

 

This method is performed for discovering and genotyping of single nucleotide 

polymorphisms (SNPs), which are used widely to perform genetic association studies 

aimed at characterizing the genetic factors underlying inherited traits (Gibson, 2006). 

 

Real-time (RT) PCR assays require a fluorescence based method of signal generation 

to enable analytes to be detected in closed tubes (Gibson, 2006). There are different 

strategies that could be applied, those being: non-sequence specific detection, using 

DNA dyes, or using oligonucleotide probes. Another one is sequence-specific 

detection which relies on the separation of the flurophore from a quencher, such as 
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TaqMan
TM 

 or the association of two flurophores to generate a fluorescent signal by 

energy transfer between both donor and acceptor fluor (Gibson, 2006).  

 

The main benefit of sequence-specific detection is that it allows the detection of target 

sequences without contaminating signals arising from primer dimer and other non-

specific PCR events (Gibson, 2006) 

 

There are different methods used for molecular discrimination, the allele specific 

hybridization of probes, using the Taq Man or the 5’ nuclease assay and the probe and 

amplicon melting, which has been used as the basis of many SNP discovery and 

genotyping methods, using either DNA dyes or allele specific probes for signal 

generation (Gibson, 2006). This procedure is outline in the figure below. 

 

 

Figure 8. Elements of the TaqMan technology 

Source: Gibson, 2006. 
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2.2.3.3 PCR fragments separation and detection 

 

Over the years, molecular genetic variation has been assayed in different ways, one 

such way is the method of indentified electrophoretic variants. After this restriction 

length polymorphisms (RFLP) followed, this shows the variations between 

individuals in the lengths of DNA regions that are cut by a particular endonuclease 

(Marjoram et al, 2006). After the amplified DNA has been cut with the corresponding 

restriction enzyme and incubated over night, a high resolution Agarose gel is run and 

observed under UV light. The figure below illustrates this, showing the band sizes for 

each individual, giving them their particular genotypes.  

 

Figure 9. High resolution gel electrophoresis 

 

2.2.4 Fluorescent and automated DNA fragment detection 

 

Gel electrophoresis is a process by which an electric current is used to separate DNA 

fragments by size as they migrate through a porous gel matrix; the gel used is agarose, 

which is a naturally occurring colloid that is extracted from seaweed (Reece, 2004). 

Ethidium bromide is used for the visualization of the DNA fragments. This is 

achieved by the binding of it to DNA.  In general the small DNA fragments migrate 

faster through an agarose gel than larger ones. Ethidium bromide is a flat planar 

molecule able to intercalate in between the bases of double stranded DNA distorting 

the double helix and elongating it. The illumination of the gel with the ultraviolet light 

Different fragment sizes 
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results in fluorescence of Ethidium bromide (Reece, 2004; Strachan et al, 1996). 

Figure 10 shows a schematic representation of how gel electrophoresis works. 

 

 

Figure 10. Gel electrophoresis (Source: Brian White, MIT. Copyright 1995, 

web.mit.edu) 

 

2.3 Study designs and data analysis strategies 

 

2.3.1 Linkage analysis: the traditional LOD score methods 

 

Genes on different chromosomes assort independently of one another during meiosis 

(Gustavo Moroni, 2001). Linkage analysis uses logarithm of the odds of linkage 

(LOD) score. There are two approaches in the genetic analysis that LOD scores is 

used to estimate from complex traits. First, there is an assumption of the existence of 

a trait locus, where there are one high liability allele that causes the trait and one low 

liability allele found in the general population. Second, there is the use of marker loci 

having multiple co-dominant alleles, being heterozygous for most of the large fraction 

of the population (Moroni, 2001). 

 

Linkage allows different alleles to be associated with the trait in different families 

(Cordell et al, 2005). A better way to detect small effects is by using data from 

distantly related individuals rather than data from closely related individuals. This 

gives more power to the analysis. There is a set back in this type of linkage analysis, 

because of the possibility for linkage to be destroyed by recombination, since linkage 
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extends over shorter distances in distantly related individuals, needing a greater 

density of markers (Cordell et al, 2005). 

 

Thus linkage tests an association within families and not among unrelated people. 

However if two unrelated people with the same disease have actually inherited it from 

a distant common ancestor, they would also tend to share particular ancestral alleles at 

loci closely linked to that particular disease, merging association and linkage together 

(Strachan et al, 1999). Therefore linkage disequilibrium would occur, and this is when 

close linkage can produce allelic association at the population (Strachan et al, 1999). 

 

2.3.2 Statistical significance in association studies 

 

The significance level is usually denoted by α, and chosen by the researcher to be the 

greatest probability of type-1 error that is tolerated for a statistical test. It is 

conventional to choose α=5% for the overall analysis which might consist of many 

test each with a much lower significance level (Balding, 2006). Association studies 

which aim to identify the joint occurrence of two genetically encoded characteristics 

in a population are sufficiently powerful only for common causal variants (Weir et al, 

2006; Balding, 2006). 

 

In a Chi-Square analysis, the analysis of the data depends on the study design; chi-

square is one of the methods suitable for this type of association. Chi-square compares 

the frequency of the alleles between cases and controls by means of Pearson X
2
 

statistics. It also test for the differences between allele or genotype distributions in 

accordance to observed versus expected values (Samuels, Witmer, 2003).  

 

The equation to find out the chi-square values is as following: X
2 

= Σ (O-E) / E, where 

O is the observed frequency and E is the expected or theoretical frequency. If there is 

a significance found then it can be said that there is an association between the allele 

and the disease (Samuels, Witmer, 2003). The simplest and most powerful statistical 

analysis occur in the direct association studies in which underlying hypothesis, and 

hence analysis, are specific to single typed polymorphisms (Cordell et al, 2005). 

 



MPhil Thesis            Sherin Chikhani BSc 

 58 

2.3.3 The candidate gene approach 

 

The mapping of traits has incorporated more techniques relying on genetic 

associations, as more genes are identified that contribute to the susceptibility to 

common disorder and pharmacogenetic interactions (Martin et al, 2000). 

 

There are 4 major different types of association studies: 

1. Candidate polymorphism, focusing on an individual polymorphism 

suspected of being implicated in the cause of a disease. 

2. Candidate gene, which could involve typing 5 to 50 single nucleotide 

polymorphisms (SNPs) within a gene. These candidate genes could be 

further divided into two types, a positional candidate that results from a 

prior linkage study, or a functional candidate, based on homology with a 

gene of known function in a model species. 

3. Fine mapping, conducted in candidate regions, involving several SNPs. 

4. Genome wide, which identify common causal variants throughout the 

genome. 

(Balding, 2006). 

 

This approach can be observed in the study of complex disease gene mapping, 

targeting candidate genes using association studies (Colson et al, 2007 review). A 

marker is selected for this type of analysis, based on the hypothesis of the marker 

being functionally relevant, or in linkage disequilibrium with a causal variant (Colson 

et al, 2007). 

 

Furthermore the goal of population association studies is to identify patterns of 

polymorphism that differ systematically between individuals with diverse disorders 

conditions and could therefore represent the effects of risk-enhancing or protective 

alleles (Balding, 2006). 
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2.3.3.1 Allelic association (linkage disequilibrium) 

 

The central aim of allelic associations is to identify genes that contribute to complex 

disorders (Maniatis et al, 2007). Linkage disequilibrium (LD) refers to the non 

random association of alleles at different loci (Excoffier et al, 2006). LD mapping is 

based on single nucleotide polymorphisms (SNPs), this would test the null hypothesis 

that alleles of some gene that influence some phenotype are inherited independently 

of alleles at some specific chromosomal position, as it can be observed in the diagram 

below (Weiss et al, 2000). 

 

Linkage disequilibrium (LD) is present when recombination between alleles at a small 

distance is uncommon. LD describes the tendency of alleles located close to each 

other on the same chromosome to be inherited together (Maniatis, 2007). 

 

Figure 11. Schematic model of trait aetiology. Ph (phenotype under study), Gx 

(marker genotypes), Gp (genetic factor), Pi (chromosomal locations of aetiologically 

relevant variants, relative to Ph). 

Source: Maniatis, 2007 
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Efforts to map genes of complex diseases are concerned with exploiting linkage 

disequilibrium (LD) between markers and putative disease-predisposing loci, usually 

from population samples. Therefore association mapping focuses on finer localization 

of disease determinants and the ultimate identification of the causal variant (Maniatis 

et al, 2007). The presence of LD between alleles mainly reflects the recombination 

history in the population of that haplotype (Cardon et al, 2001). Patterns of LD can 

vary significantly within and between different populations due to a number of 

contributing factors, such as regional variability in recombination patterns, genetic 

drift, mutation age, ethnic diversity and recurrent population admixture (Cardon et al, 

2001). 

 

2.3.3.2 Population based (unrelated case-control) Association studies 

 

This is a widely used method to assess the genetic background of complex disorders 

like in this case, migraine (Kors et al, 2004). This way it is possible to study 

associations between one or more polymorphisms (in genes) and a trait. In this case in 

migraine patients with hypothesized function in the migraine pathway (Kors et al, 

2004; Cordell et al, 2005). 

 

The case-control genetic association study is a technique used in gene localization, 

where genotype and phenotype data are collected for individuals in both case and 

control populations (Edwards et al, 2005). This method is effective for establishing an 

association between an allele at a marker locus and the disease of interest (Jackson et 

al, 2002). 

 

Association studies are considered to be more sensitive than linkage methods in a 

comparably sized study, indicating greater power. They differ from this in that the 

same allele (or alleles) is associated with the trait in a similar manner across the whole 

population, while linkage allows different alleles to be associated with the trait in 

different families (Cordell et al, 2005). 

 

Even though association studies have a greater power than linkage studies to detect 

small effects, they however require more markers to be examined (Cordell et al, 
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2005). Allelic association has been found useful for the refining of major gene loci 

prior to positional cloning. Mapping of the disease gene is the major use of 

association studies, which is presumed to be in linkage disequilibrium (LD) with the 

associated gene (Dorak, 2006). The next table shows the different proposed study 

designs for different genetic association studies. 

 

Table 12. Study designs for genetic association studies 

 Details Advantages Disadvantages Statistical analysis method 

Cross-
sectional 

Genotype and 
phenotype (i.e note 
disease status and 
quantitative trait 
value) a random 
sample for population 

Inexpensive. 
Provides 
estimate of 
disease 
prevalence 

Few affected 
individuals if 
disease rare 

Logistic regression, X
2
 tests of 

association or linear 
regression 

Case-control Genotype subsection 
of population and 
follow disease 
incidence for 
specified time period 

Provides 
estimate of 
disease 
incidence 

Expensive to 
follow-up. Issues 
with drop-out 

Survival analysis methods 

Extreme 
values 

Genotype specified 
number of affected 
(case) and 
unaffected (control) 
individuals. Case 
usually obtained from 
family practitioners or 
disease registries, 
controls obtained 
from random 
population sample or 
convenience sample  

No need for 
follow-up. 
Provides 
estimates of 
exposure effects 

Requires careful 
selection of 
controls. Potential 
for confounding 
(eg, population 
stratification) 

Logistic regression, X
2
 tests of 

association 

Case-parent 
triads 

Genotype affected 
individuals plus their 
parents (affected 
individuals 
determined by initial 
cross-sectional, 
cohort or disease-
outcome based 
sample) 

Robust to 
population 
stratification. 
Can estimate 
maternal and 
imprinting 
effects 

Less powerful than 
case-control design 

Transmission/disequilibrium 
test, conditional logistic 
regression or log-linear 
models 

Case-parent-
grandparent 
septets 

Genotype affected 
individuals plus their 
parents and 
grandparents 

Robust to 
population 
stratification. 
Can estimate 
maternal and 
imprinting 
effects 

Grandparents 
rarely available 

Log-linear models 

General 
pedigrees 

Genotype random 
sample or disease-
outcome based 
sample of families 
from general 
population. 
Phenotype for 
disease trait or 
quantitative trait 

Higher power 
with larger 
families. Sample 
may already 
exist from 
linkage studies 

Expensive to 
genotype. Many 
missing individuals 

Pedigree disequilibrium test, 
family-based association test, 
quantitative 
transmission/disequilibrium 
test 

Case only Genotype only 
affected individuals, 
obtained from initial 
cross-sectional, 
cohort or disease-
outcome based 
sample 

Most powerful 
design for 
detection of 
interaction 
effects 

Can only estimate 
interaction effects. 
Very sensitive to 
population 
stratification 

Logistic regression, X
2
 tests of 

association 

DNA-pooling Applies to variety of 
above designs, but 

Potentially 
inexpensive 

Hard to estimate 
different 

Estimation of components of 
variance 
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genotyping is of 
pools of anywhere 
between 2 and 100 
individuals, rather 
than on an individual 
basis 

compared to 
individual 
genotyping (but 
technology sill 
under 
development) 

experimental 
sources of variance 

Source: Cordell et al, Lancet, 2005 

 

2.3.6 Hardy-Weinberg equilibrium 

 

In 1908 Hardy and Weinberg described the relationship between allele frequencies 

and genotype frequencies. This is called now the Hardy-Weinberg principle, and 

allows the prediction of population’s genotype frequencies from its allele frequencies 

(Snustad, 2003).  

 

The equation use is (p + q)
 2

 = p
2 

+ 2pq + q
2 

and is refer as Hardy-Weinberg genotype 

frequencies. The key assumption underlying this principle is that the members of the 

population mate at random with respect to the gene under study, thus with random 

mating and no differential survival or reproduction among the members of the 

population. The Hardy-Weinberg genotype frequency and the underlying allele 

frequency persists generation after generation. This condition is therefore referred to 

as the Hardy-Weinberg equilibrium (Snustad, 2003; Samuels, Witmer, 2003). 

 

2.3.7 Power Analysis  

 

Power and sample size calculations are important for researchers planning association 

studies (Jackson et al 2002). This has been studied under many practical situations for 

testing genetic association in case-control. Gordon et al. studied power and sample 

size calculations allowing for possible genotyping error (Zheng et al, 2005). Pfeiffer 

and Gail studied sample size calculation for both population and family based case-

control studies (Zheng et al, 2005; Pfeiffer et al, 2003; Jackson et al 2002).  

 

Power calculations for genetic association test assume fixed allele frequencies 

ignoring sampling variation and the uncertainty of the allele frequency (Zheng et al, 

2005; Ambrosius et al, 2004). Hence to calculate power for genetic association 

studies, a known allele frequency with Hardy-Weinberg equilibrium (HWE) is usually 
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assumed and the power is calculated using the expected number of individuals with 

each genotype (Zheng et al, 2005). However, the true allele frequency is often 

unknown; as a result, the number of individuals with each of three genotypes for a bi-

allelic marker is random (Zheng et al, 2005).  

 

Ambrosius et al. examined the effect of the random genotype for the bi-allelic marker 

on the power calculation for several genetic association studies. Demonstrating that 

the power calculated using the expected number of individuals is always 

overestimated yields a real study with insufficient power (Ambrosius et al, 2004). To 

overcome this problem, they proposed to average the power due to the randomness. In 

particular, for testing genetic association using case-control studies, they calculated 

power using the chi-square test with two degrees of freedom (df), a test statistic 

usually used for a contingency table (Zheng et al, 2005; Ambrosius et al, 2004). 
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Chapter 3 

 

Specific Candidate Gene Background 

 

3.1 The GATA4 gene as a Migraine Candidate Gene 

 

3.1.1 The GATA4 gene 

 

Mutations in developmental regulatory genes have been found to be responsible for 

some cases of congenital heart defects (Ritz-Laser et al, 2005). GATA4 is one such 

regulatory gene, and its part of the GATA family of zinc finger transcription factors 

(Yuichiro et al, 2004). 

 

GATA4 plays important roles in transducing nuclear events that modulate cell lineage 

differentiation during development and hypertrophy of adult cardiac myocytes 

(Yuichiro et al, 2004). Transcription factors of the GATA family contain zinc fingers 

DNA binding domain, Cys-X2-Cys-X17-Cys-X2-Cys, and interact with the consensus 

binding site 5’A/T (GATA) A/G’3 (Ritz-Laser et al, 2004; Pikkarainen et al, 2004). 

 

In vertebrates, six family members have been identify to be part of the GATA family 

and have been subdivided in two groups: GATA1, GATA2, GATA3 which are 

expressed in the hematopoetic system, and GATA4, GATA5 and GATA6 which are 

critical for differentiation and cell specific gene expression in different endoderm and 

mesoderm derived tissues (Ritz-Laser et al, 2005). GATA4 is expressed in cardio 

myocytes and their mesodermal precursors, in addition to the endocardium and 

epicardium in the heart (Zeisberg et al, 2004). GATA4 regulates gene expression 

through its zinc finger (Reamon-Buettner et al, 2005), and its interaction with other 

transcription factors shows to occur primarily through the C-terminal zinc finger. The 

GATA family members have one or two major transcriptional activation domains in 

their N-terminal region (La Voie, 2003). GATA4, GATA5 and GATA6 shares a high 

homology in the amino acid sequence within the two zinc fingers. Both have a well 
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conserved DNA sequence recognition domain of the C-terminal zinc finger in all 

GATA proteins (Pikkarainen et al, 2004). 

 

In mice GATA4 exhibit’s a developmentally regulated and tissue specific expression 

pattern (Pikkarainen et al, 2004). This GATA4 mRNA is found in the heart, gut, 

gonads, liver, visceral and parietal endoderm during embryonic and fetal development 

(Pikkarainen et al, 2004). 

 

Raemon-Buettner and Borlak et al, 2004, found six mutations in the N-finger of 

GATA4 in patients with PFO. This including a homozygous deletion (G77delC), that 

would lead to a frame shift mutation affecting critical residues arginine and histidine. 

Mutation of the transcription factor GATA4 was linked to congenital heart disease 

characterized by atrial or ventricular septal defects (Ritz-Laser et al, 2005). 

 

GATA4 is essential for cardiogenesis and it is located on chromosome 8p23.1-p22. In 

a study performed by Reamon-Buettner and Borlak et al, 2004, three GATA4 

mutations were detected in families with congenital heart disease. GATA4 is 

continuously expressed from the establishment of the cardiac mesoderm, its mutation 

its expected to be involved in abnormalities in cardiac morphogenesis or left to right 

(L_R) axis formation (Hirayama-Yamada et al, 2005). 

 

3.1.1.1 Migraine as a stroke risk factor 

 

Migraine is connected to stroke both as a direct cause and as a remote risk factor 

(Tietjen, 2000). An epidemiologic study done by the National Health and Nutrition 

Evaluation survey in the United States, reported a risk of stroke to be doubled in 

migraineurs, but a decline of this risk with the increase of age (Tietjen, 2000). A 

population based study done by Kruit et al, proved that some migraineurs are at 

increased risk for sub-clinical stroke. This was apparent on magnetic resonance 

imaging (MRI), with cerebellar lesions more common in patients with migraine with 

aura and with frequent attacks (Scher et al, 2005; Pierangeli et al, 2004). Sometimes 

migraine is manifest due to underlying disorders. One heart disorder that has been 

associated with migraine is a cardiac malformation called patent foramen ovale (PFO) 
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(Scher et al, 2005; Andlin-Sobocki et al, 2005). It has been hypothesized that many 

cryptogenic strokes are caused by small emboli that travel from the legs to the right 

atrium during straining (such as Valsalva maneuver). These emboli can go across a 

patent foramen ovale (PFO) into the left atrium and then travel to the brain, producing 

a stroke (Tobis et al, 2005). 

 

3.1.1.2 Patent foramen ovale 

 

Patent foramen ovale results from an incomplete anatomic fusion of the atrial septum 

primum and secundum, which normally takes place shortly after birth (Diener et al, 

2005). It is caused by a persistent connection between the right and left atrium of the 

heart, by which right-to-left shunt may result (Diener et al, 2005). Large shunts more 

often than small shunts, are associated with migraine with aura (Wilmshurst et al, 

2004; Messe et al, 2004). PFO is believed to play a role in cryptogenic stroke via 

presumed paradoxical embolism through a left shunt, especially in younger adults 

(Pierangeli et al, 2004). 

 

Patent foramen ovale has been recognized as a potential risk factor for ischaemic 

stroke only in the past two decades (Diener et al, 2005). The right-to-left shunt 

brought about by PFO could enhance migraine by shunting to the brain platelet 

aggregates or neuromediators, which are normally inactivated by the pulmonary filter 

that may initiate the attack (Reisman et al, 2005). 

 

Consequently, the possible cause of ischaemic stroke in patients could be explained 

by an increased propensity to paradoxical cerebral embolism during migraine attacks, 

when there is a condition of platelet hyper aggregation (Diener et al, 2005; Volta et al, 

2005). 

 

The prevalence of PFO in the healthy population is approximately 20%-25% 

(Pierangeli et al, 2004). A high prevalence of right-to-left shunt has been observed in 

patients with migraine with aura compared to healthy control subjects and 41%-48% 

PFO prevalence in migraine with aura patients (Pierangeli et al, 2004). In a 

prospective study of cryptogenic stroke, 46% of patients had a patent foramen ovale, 
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and migraine was present in 27.3% of patients with PFO (Agostoni et al, 2004). 

Migraine was present in 36% of patients with PFO and stroke (Agostoni et al, 2004). 

Recent evidence has shown that migraineurs who experience an aura beforehand are 

twice as likely to have a patent foramen ovale as the general population (Reisman et 

al, 2005). 

 

Association between PFO and migraine has been found to be stronger with patients 

with migraine with aura (MA) than patients without aura (MO) (Volta et al, 2005). 

Recent reports have emphasized an association between PFO, MA and stroke., 25 

patients (PFO was considered to play a casual role in stroke) from 74 consecutive 

patients with cryptogenic stroke were found to have a 52% prevalence of MA 

(Morandi et al, 2003).  

 

3.1.1.3 Summary 

 

For this particular study a polymorphism found in the GATA4 gene, which is located 

in chromosome 8 has been studied. GATA4 contains a variation that results in a 

S377G polymorphism missense mutation with an alternative nucleotide of A/G, 

changing from the serine amino acid to the glycine amino acid. 

 

A relationship between congenital heart abnormalities, like atrial septal defect have 

been previously observed in studies of families showing heterozygosity for S377G 

and a interstitial deletion at 8p23.1, encompassing the entire GATA4, as well as a 

relationship between patent foramen ovale and homozygosity for S377G (Edwin P. 

Kirk et al, 2006).  

 

The purpose of this research study is to find if the homozygous mutation of S377G is 

related with migraine.  

It is critical to understand the molecular mechanisms that interact in order to 

understand the origin of migraine. By researching more about this disorder and 

investigating the GATA4 mutation and its potential role in migraine and the 

comorbidity of migraine with PFO, we may have a better understanding on how to 

treat and diagnose these diseases. 
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3.2 The Estrogen receptor gene as a Migraine Candidate 

Gene 

 

3.2.1 Steroid hormones, Estrogen receptor gene 

 

Steroid hormone receptors belong to a family of ligand activated transcription factors, 

the nuclear receptor (NR) super family (Curran et al, 2001). These are responsible for 

mediating the effects of steroids on development, reproduction, proliferation, cellular 

homeostasis and gene expression (Curran et al, 2001). Steroid hormones regulate gene 

expression via interaction with hormone response elements in the promoter region of 

sensitive genes (Colson et al, 2006). 

 

The human estrogen receptor (ESR) gene is part of the steroid receptor family (Curran 

et al, 2001). ESR1 is located in chromosome 6q25.1; it has more than 140kb, 8 exons, 

and 2 promoter regions, resulting in two transcripts that differ only in the 5’ region 

(Andre Vasconcelos et al, 2002). This gene is expressed in various human brain 

regions, which include the hypothalamus, limbic system, hippocampus, cortices of 

temporal lobe and the brainstem (Colson et al, 2006). 

 

The mode of action of the steroid hormone receptor is a ligand-activated transcription 

factors, regulating gene expression via interaction with hormone response elements in 

the promoter region of sensitive genes (Colson et al, 2004). Neuroactive steroids, 

which include estrogen, can act rapidly at the plasma membrane (Kelly et al, 2001). 

The actions of 17β-estradiol (E2) at the membrane result mainly from the binding of 

this sex steroid to estrogen receptors (ESRs), which rapidly activate cellular signaling 

systems upon ligation. This generates second messengers and has potential biological 

consequences in a variety of target cells (Kelly et al, 2001). Further evidence has 

revealed that hormone receptors can be activated in the absence of hormones (Colson 

et al, 2004). 

 

Estrogens are a family of structurally related hormones, which play a role in many 

different tissue types, affecting both male and female physiology (Patrick Diel, 2002). 
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There a different target tissues and cells where estrogen can be found, especially in 

target tissues with reproductive functions (Kelly, 2002). These ones are:  mammary 

glands, ovaries, uterus and vagina, as well as other non target tissues like brain, bone, 

cardiovascular system and kidneys (Patrick Diel, 2002). In the brain different 

promoters are used to regulate estrogen receptor gene (ESR1) in diverse neuronal 

populations, having rapid effects on neuronal excitability via second messenger 

system (Colson et al, 2004).  

 

At a cellular level, estrogen is known to exert neuroprotective effects in various model 

systems (Amy L Mize et al, 2003). The complex mechanisms by which estrogen 

protects neurons against injury are not completely understood; although it is generally 

thought that estrogen mediate its effects by activation of transcription via nuclear 

receptors, and also causing rapid activation of signal transduction pathway (Amy L 

Mize et al, 2003). 

 

Estrogen is known to produce mobilization of intracellular calcium production of 

cAMP and activation of MAPK (Amy L Mize et al, 2003). Activation of protein 

kinase A, C and MAPK has been linked to neuroprotection in various cellular model 

systems (Amy L Mize et al, 2003).  

 

There is evidence showing that estrogens influence the normal proliferation, 

differentiation and physiology of breast tissue as well as the development and 

progression of breast cancer (Curran et al, 2001; Andre Vasconcelos et al, 2002; Wei-

Chiang Hsiao et al, 2003). Showing that an elevate level of estrogen promotes the 

development of tumours (Patrick Diel, 2002). Estrogen deficiency seems to be 

involved in different pathological processes like arteriosclerosis, osteoporosis as well 

as degenerative processes in the central nervous system (CNS) (Patrick Diel, 2002). 

Several single-nucleotide polymorphisms (SNPs) and variable number tandem repeat 

polymorphisms have been identified in the ESR1 gene (Schuit et al, 2005). Being 

these associated with disease phenotype such as osteoporosis, cardiovascular disease 

and cancer (Schuit et al, 2005). 
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3.2.1.1 Estrogen and Migraine 

 

It is well known that sexual hormones may influence migraine. Prevalence of 

migraine is higher for women during their fertile period life span (Oterino et al, 2005). 

There is strong evidence showing the relationship between female hormones and 

migraine. Epidemiological studies have shown a higher female prevalence of 

migraine after puberty, with lifetime prevalence of 25% compared with 8% in men 

(Marie-Germaine Bousser, 2004).  There is no gender difference in migraine before 

puberty, but after puberty its been shown that migraine develops 3 times more in 

women than men, and its often time-linked with menstruation (Colson et al, 2005; 

Veena Puri et al, 2005). Menstruation aggravates migraine, while attacks may cease 

or improve during pregnancy and menopause (Oterino et al, 2005; Colson et al, 2005). 

 

Clinically there are strong associations between decreases in blood estrogen levels 

and occurrence of migraine episodes (Veena Puri et al, 2005). The frequency of 

female menstrual migraine, female preponderance of migraine, recurrence of attacks 

during postpartum period, improvement during pregnancy and in menopause, point to 

a major influence of estrogen in migraine (Marie-Germaine Bousser, 2004). 

 

Estrogen receptor 1 (ESR1) gene is a potential migraine candidate due to the well-

known hormonal influence on migraine susceptibility (Colson et al, 2006). The 

hormonal changes throughout the female life cycle have been considered specific 

migraine triggers (Colson, et al, 2005). Both estrogen and progesterone act as 

modulators in the menstrual cycle and have potent effects on central serotonergic and 

opioid neurons, modulating both neuronal activity and receptor density (Colson et al, 

2005; Silberstein, 2001). 

 

3.2.1.2 Summary 

 

The role of hormones in the pathogenesis of migraine is yet to be established, but 

there is significant evidence indicating that the fluctuating hormones of the ovarian 

cycle are specific migraine triggers (Colson et al, 2004; Colson et al, 2005). Epstein et 

al, have suggested a role of hormonal variation in all women with migraine, but also a 
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role for factors additional to the hormonal environment (Colson et al, 2005). The 

currently recognized mechanism of hormonally triggered migraine is estrogen 

withdrawal (Colson et al, 2004). It has been considered that a variation in the ESR1 

gene may confer increased migraine risk (Colson et al, 2006). 

 

In this research study, the potential role of the ESR1 gene involved in hormonal 

pathways has been investigated, to try and find out if it influences migraine 

susceptibility. This has been undertaken by analyzing the polymorphism located in 

exon 4 (C325G), located in the hormone binding region in the ESR1 gene, in a 

migraine case/control association study. Research undertaken by Colson et al, has 

shown that there is no significant association of this particular polymorphism and 

migraine. In contrast, a different study undertaken by Oterino et al, 2005, shown an 

association of the C325G polymorphism with migraine in women in a large Spanish 

cohort (Oterino et al, 2005). Consequently for this study this polymorphism will be 

investigated in the second migraine population (MAPII) to identify if there is a 

relationship with migraine susceptibility. 

 

3.3 The GRIA3 gene as a Migraine Candidate Gene 

 

3.3.1 Glutamate, Glutamate receptors 

 

Glutamate is a major excitatory neurotransmitter in the central nervous system, and is 

involved in both physiological and pathological events in the brain through activation 

of G protein-coupled melanotropic receptors as well as a trio of ionotropic receptor 

families (Christensen et al, 2003). This glutamate receptor acts through the activation 

of ionotropic ligand-gated ion channels, ionotropic glutamate receptors and 

melanotropic glutamate receptors (Fukumaki et al, 2003).  

 

Glutamate receptors are the predominant excitatory neurotransmitter receptors in the 

mammalian brain and are activated in a variety of normal neurophysiologic processes 

(Rao et al, 2007). Glutamate receptor activation leads to calcium entry, also 

participate in processes of synaptic plasticity and efficacy in learning and memory 

(Gecz et al, 1999; Lipsky et al, 2004).  
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The ionotropic glutamate receptors are classified based on their selectivity for the 

agonist: N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5methyl-4-

isoxazolepropionate (AMPA) and kainite types (Fukumaki et al, 2003, Weiss et al, 

2006). Glutamate released from presynaptic terminals activates several types of 

glutamate-gated ion channels on postsynaptic membranes, AMPA receptors and 

NMDA receptors (Rao et al, 2007). Ionotropic glutamate receptors transduce signals 

by changing their permeability for monovalent Na
+
, K

+ 
and divalent irons Ca

2+
, 

transducing signals by protein-protein interaction (Fukumaki et al, 2003). 

 

AMPA receptors are tetrameric structures assembled from four subunits GRIA1-4, 

which exist in splice variant forms (O’Connor et al, 2007; Chong et al, 2007). Only 

the AMPA receptors that lack the GluR2 subunit are permeable to Ca
+
, in contrast all 

NMDA receptors are permeable to Ca
+
 (Rao et al, 2007). AMPA receptor activation 

plays a large role in cellular depolarization and regulation of NMDA receptor 

signaling (O’Connor et al, 2007). 

 

The AMPA receptor (GRIA) mediates fast excitatory synaptic transmission (Chong et 

al, 2007; Fukumanki et al, 2003). Its function is essential for diverse brain activities. 

One of this activities are implicated in hippocampal long-term potentiation, brain and 

spinal injury, the process of learning and memory acquisition and seizure as a result 

of ischemia or physical trauma (Chong et al, 2007). 

 

3.3.1.1 Ionotropic glutamate receptor, the GRIA3 gene and Migraine 

 

There are approximately 20 glutamate receptor genes of two major classes, ionotropic 

and melanotropic. GRIA3 belongs to a group of ionotropic α-amino-3-hydroxy-

5methyl-4-isoxazolepropionate glutamate (AMPA) receptors (Gecz et al, 1999, Weiss 

et al, 2006).  

 

Ionotropic glutamate receptors are encoded by at least six gene families based on 

nucleotide and amino acid sequence identity (Lipsky et al, 2004).The GRIA3 gene is 

located in the X chromosome, specifically Xq25-26 region (Lipsky et al, 2004). It is 
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composed of at least 17 exons, with 5 additional exons from the 5’ORF end of the 

gene being detected (Gecz et al, 1999). 

 

GRIA3 is the first human glutamate receptor subunit gene, where genomic 

organization has been determined (Gecz et al, 1999). Interruption on the GRIA3 gene 

has previously suggested the possibility of disruption of glutamate-mediated 

neurotransmission leading to bipolar disorder and epilepsy (Gecz et al, 1999). 

The role of glutamate in migraine pathogenesis has been supported b y studies that 

show elevated plasma levels of glutamic acid, glutamine, glycine, cystic acid and 

homoscysteic acid interictally and during the attack (Sang et al, 2004). 

 

Furthermore migraineurs exhibit signs of excessive activation of neurons in the dorsal 

root ganglia or the trigeminal nucleus caudalis (TNC) following peripheral sensory 

stimulation that is regulated by glutamate receptor activation (Sanger et al, 2004). 

 

3.3.1.2 Summary 

 

The contribution of antagonists of the various ionotropic glutamate receptors 

(NMDA, kainate and AMPA) in the potential treatment of migraine has yet to be 

established (Sanger et al, 2004). Several studies have suggested the involvement of 

kainate receptors in pain transmission, suggesting that the GLUk5 subtype of kainate 

receptors can be used for the development of selective antagonists to provide a future 

treatment of pain, migraine and epilepsy (Christensen et al, 2003). Dysfunction of the 

NMDA receptors has been found to contribute in schizophrenia susceptibility as a 

neuro-developmental component, being this receptor critical in axon guidance and 

synaptic pruning (Fukumaki et al, 2003). 

 

These three ionotropic glutamate receptors are essential for the induction of synaptic 

plasticity, being the AMPA receptors the ones that mediate the majority of the fast 

excitatory synaptic transmission (Fukumaki et al, 2003). Glutamate is implicated in 

cortical spreading depression, trigeminovascular activation, and central sensitization, 

linking glutamate to migraine pathophysiology (MFP Peres et al, 2004).  
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To assess the possibility of the involvement of the GRIA3 gene in migraine 

susceptibility, two insertion/deletions: Rs3074025 with two base pair (CT ) 

insertion/deletion and Rs10544981 with 4 base pair insertion/deletion (CA), have 

been studied in case/control matched migraine association population. 

 

3.4 The SCN1A gene as a Migraine Candidate Gene 

 

3.4.1 The Sodium Channel, Neuronal Type 1, Alpha Subunit 

 

Voltage-gated sodium channels play a critical role in the generation and conduction of 

action potentials, therefore are important for electrical signaling by most excitable 

cells (Drenth et al, 2007). The vertebrate sodium channel is a voltage-gated ion 

channel essential for the generation and propagation of action potentials, primarily in 

nerve and muscle. Functional studies have indicated that the transmembrane alpha 

subunit of the brain sodium channels is sufficient for expression of functional sodium 

channels (Isom, 2002). 

 

Voltage-gated sodium channel (Nav1.1) is a 260 kDa transmembrane protein with four 

homologous domains (D1 to D4). Nav1.1 channels are expressed primarily in the 

central nervous system (CNS) in late postnatal stages, morein caudal than rostral 

regions. They are expressed in the hippocampal and cortical pyramidal cells and 

inhibitory interneurons appearing to be localized in the soma and proximal dendrites 

(Pietribon et al, 2007). These homologous domains comprise the pore-forming α 

subunit of a voltage-gated sodium channel which forms the voltage-sensitive and ion-

selective pore (Barela et al, 2006; Drenth et al, 2007).  

 

The α subunit contains six transmembrane segments (S1 to S6) and it is associated 

with one or more β subunits in different tissues, that can modulate the kinetics and 

voltage dependence of the sodium channel alpha subunit (Barela et al, 2006; Drenth et 

al, 2007). The S4 segment of each domain is responsible for conferring the voltage-

gating properties of the channel (Barela et al, 2006). This sodium channel may play a 

key role in mediating dendritic excitability, which is an important component of 

synaptic signal processing (Pietribon et al, 2007). 
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Four related sodium channels are encoded by a set of 4 genes (SCN1A, SCN2A, 

SCN3A and SCN9A) (Drenth et al, 2007). SCN1A encodes the pore-forming subunit 

of neural-voltage-gated (NAv1.1) sodium channels (Lopes et al, 2006). The four 

transmembrane segments of the homologous domains of this gene contain conserved 

positively charged amino acids that serve as the voltage sensors to initiate gating 

(Barela et al, 2006). 

 

3.4.1.1 The SCN1A gene and Migraine 

 

The neuronal voltage-gated sodium channel gene SCN1A has been implicated as a 

familial hemiplegic migraine (FHM) locus, located in chromosome 2q24 (Gargus and 

Tournay 2007). A heterozygous missense mutation (Q1489K/Gln1489Lys) was in the 

SCN1A gene was found on a single haplotype in three German families with FHM 

(Wessman et al, 2007; Thomsen et al, 2007; Lopes et al, 2006). This mutation results 

in a charge-altering aminoacid exchange in the hinged-lid domain of the protein, 

critical to the activation of the channel (Wessman et al, 2007). 

 

Migraine with aura is thought to be caused by cortical spreading depression (CSD), 

which is a wave of neuronal and glial depolarization followed by long lasting 

suppression of neuronal activity, propagating across the cerebral cortex (Dichgans et 

al, 2005). Therefore the excessive firing of neurons expressing mutant Nav1.1 

Gln1489Lys channels could facilitate initiation and propagation of CSD (Dichgans et 

al, 2005). 

 

3.4.1.2 Summary 

 

More than 150 mutations in SCN1A gene have been identified as a cause of 

generalized epilepsy with febrile seizures and severe myoclonic epilepsy of infancy 

(Wessman et al, 2007; Dichgans et al, 2005). The co-occurrence of familial 

hemiplegic migraine (FHM) and epilepsy has been reported in FHM3 (Thomsen et al, 

2007). 

 



MPhil Thesis            Sherin Chikhani BSc 

 76 

Dichgans et al, 2007, postulated that the mild functional abnormality caused by the 

Gln1489Lys mutation accounts for the phenotype of FHM3 associated with this 

mutation. Moreover it could be predicted an enhanced susceptibility to CSD in 

FHM3, because of the weak depolarizing stimuli producing excessive neuronal firing 

that may lead to increases in local concentrations of extracellular K
+
 (Pietribon et al, 

2007). 

 

For the purpose of this research a single nucleotide polymorphism (SNP), 

Gln1489Lys in an association study in a migraine population (MAPI) has been 

investigated, to determine if this mutation is involved in susceptibility to migraine. 
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Chapter 4 

 

Material and Methods 

 

4.1 Study Design 

 

The purpose of this research study is to investigate three different migraine candidate 

genes by a case-control association study to identify the genotype/allele frequencies 

of each variant. Statistical analysis would be significant if the variants studied in the 

genes of interest have a positive association with migraine susceptibility. This 

particular research encompasses four different candidate genes located in three 

different chromosomes.  

 

For this particular study a polymorphism found in the GATA4 gene, which is located 

in chromosome 8 has been studied. GATA4 contains a variation that results in a 

S377G polymorphism missense mutation with an alternative nucleotide of A/G, 

changing from the serine amino acid to the glycine amino acid. The purpose of this 

study is to find if the homozygous mutation of S377G is associated with migraine.  

 

The next step was to perform an allelic association study involving the C325G 

polymorphism, located in the hormone binding domain in exon 4 of the estrogen 

receptor gene (ESR1) in a case/control migraine population. Genotyping of the 

migraine population was done to determine the relationship of this mutation to 

migraine susceptibility.  

 

For the next part of the research study an analysis of the GRIA3 gene, involving 2 

different insertion/deletions, Rs3074025 consisting of a two base pair 

insertion/deletions (CT) and Rs10544981 that consist of a four base pair 

insertion/deletion (CA). The analysis will investigate by means of genotyping the 

significance that these two markers have on migraine susceptibility. 
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The last gene that was investigated for this research was the SCN1A gene. A missense 

polymorphism Gln1489Lys, in chromosome 2q24 exon 23, was examined to 

determine the association in the migraine population by means of sequencing  

 

4.2 Subject Ascertainment and Diagnosis 

 

4.2.1 Diagnosis 

 

This research study has been approved by Griffith University Ethics Committee for 

experimentation on human subjects. Migraine diagnosis was done according to the 

criteria provided by the International Headache Society (IHS) (appendix A), giving all 

participants informed consent. The diagnosis was done by two clinical neurologists, 

Dr Peter Brimage and Dr John MacMillan. 

 

Migraine patients were categorized into migraine with aura (MA) and migraine 

without aura (MO). This association population consisted off cases and controls, 

being the controls matched by gender, age and ethnicity, all the population was of 

Australian Caucasian origin, avoiding, in this way the bias of population stratification. 

A detail questionnaire was completed by all the participants, this one can be observed 

in appendix A. 

 

Table 2 shows the clinical characteristics of the migraine cases by age, type of 

migraine and frequency of the headache. 

 

Table 13. Clinical characteristics of the migraine population 

Gender Family History Migraine Type Duration Frequency Age of 

Onset 

Male Female Yes No Unsure MA MO Average Average Average 

75 

(27.3%) 

200 

(72.7%) 

215 

(78.2%) 

46 

(16.7%) 

14 

(5.1%) 

1 

(62.2%)* 

104 

(8%)º 

12-24 

hours 

1-2 per 

month 

19.8 

years 

*(Buzzi et al, 2005) 

º(Yuichiro et al, 2004). 
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4.2.2 Unrelated Case-Control Samples 

 

For these particular studies genotyping of 275 migraineurs and 275 unrelated control 

individuals was undertaken, with the control group matched for sex, age (+/- 5 years), 

and ethnicity, to minimize potential bias from population stratification. This research 

would comprise four genes (GATA4, ESR1, GRIA3 and SCN1A) and their particular 

polymorphisms which would be investigated to determine if they show any 

relationship with migraine susceptibility. 

 

Diverse comparisons would be undertaken between migraine and controls, migraine 

with aura and controls, migraine without aura and controls, migraine females versus 

control females and migraine males versus control males. 

 

4.3 Statistical Data Analysis and Methods used for 

Genotyping 

 

4.3.1 Computer Program and Systems 

 

The programs utilized for this research analysis, were downloaded using the Griffith 

University download software, provided by the University to all research computers 

(SPSS, Excel), as well as programs downloaded from the internet used to analyze the 

data that was genotyped (CHROMAS, CLUMP, HWE and CHI-SQ calculators). 

 

Genotyping was either done by hand in the case of the ESR4 gene by restriction 

fragment length polymorphism (RFLP) or using the MPlots© software by Genera 

Biosystems for the GATA4 gene. Another method for genotyping was using the ABI-

PRISM Genetic Analyser 310 GeneScan software, which calls each allele in the case 

of GRIA3 gene. Moreover the CHROMAS software was used to detect the base pair 

size of each allele for the SCN1A gene.  
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4.3.2 Power of association studies 

 

Association studies can be a powerful method to search for genes underlying complex 

diseases (Jackson et al, 2002). The power and sample size for case-control association 

studies are an important tool for planning such studies (Jackson et al, 2002). The 

power for genetic association studies is often calculated using the expected number of 

individuals with each genotype calculated from an assumed allele frequency under 

Hardy-Weinberg equilibrium (HWE) (Zheng et al, 2005). However, the true allele 

frequency is often unknown; as a result, the number of individuals with each of three 

genotypes for a bi-allelic marker is random (Zheng et al, 2005). 

 

The use of statistical power analyses are a key step in the design process of genetic 

association studies. The program used to detect the power of the study was the 

Genetic Power Calculator by Purcell et al, 2003, using a case-control for discreet 

traits approach. This power analysis assumes that SNPs are bi-allelic and in Hardy-

Weinberg equilibrium. The number of population samples used for the power analysis 

was of 300 cases and controls (600 individuals). For alpha 0.05 (Type I error rate; 

Type II error was 1-α) a power of 80% was generated, suggesting a sample size of 

over 800 individuals. The alpha was adjusted to 0.1 and it was observed that to obtain 

an 80% power, a sample size of greater than 1000 individuals was needed. Although a 

power of 0.8 was not acquired with our power analysis; it was still conceivable and 

viable to perform the research study; because the sample size was still big enough to 

detect possible significant effect. The following graph illustrates this. 
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Figure 12. Power analysis graph. The x axis represents the sample size needed to 

generate a specific power, and the y axis represents the power obtained for the each 

sample size. 

 

4.3.3 Hardy-Weinberg equilibrium analysis 

 

As it has been previously mentioned Hardy-Weinberg equilibrium illustrates how 

allele frequencies in a population remain constant over time. For the population to be 

in Hardy-Weinberg equilibrium it must meet the following assumptions: random 

mating, no mutation occurring, large population size, migration should be negligible, 

organisms reproduce sexually and finally no natural selection acting under the alleles 

considered. 

 

In theory, the disease free out-bred control groups as well as the combined groups of 

cases and controls were all the individuals have a specific disease should follow HWE 

(Salanti et a, 2005).  
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For MAPI and MAPII for all four genes investigated were after genotyping, allowing 

us to observe if these conformed to the assumptions and if they were in Hardy-

Weinberg equilibrium.  

 

4.3.4 Association analysis using Chi-Square and CLUMP Analysis  

 

The comparison of the frequencies of the alleles between cases and controls was 

performed by means of the X2
 statistics analysis (Jackson et al, 2002). The chi-square 

test is performed to determine to test the samples against an expected distribution and 

to determine if the distributions of the variables used for this research are independent 

of each other.  

 

The chi-squared test is performed in a contingency table in which the two columns 

contain the counts of various alleles in the patients and controls (Sham and Curtis, 

1995).The use of high polymorphic markers in association studies can introduce 

statistical difficulties. Therefore it may invalidate the associated test of significance 

and the sampling distribution of the chi-square analysis leading to reduction in power 

(Sham and Curtis, 1995). To overcome this problem Monte Carlo method for four 

chi-square test statistics was performed. The first T test (T1) it is a straightforward 

Pearson chi-squared statistics of the contingency table, whereas the others involved 

the grouping together of some alleles. Furthermore the second test (T2) is the Pearson 

chi-squared statistics with rare alleles, this ones are grouped together to prevent small 

expected cell counts, having a reliable asymptotic distribution under the null 

hypothesis. Moreover the third test statistic (T3) is the largest of the chi-squared 

statistics of 2 x 2 tables, comparing each allele against the others grouped together. 

Finally the fourth test (T4) statistic is the largest of the Pearson chi-squared statistics 

of all possible 2 x 2 tables, which compares any combination of alleles against the rest 

(Sham and Curtis, 1995). For the purpose of this study T1 and T4 were used in the 

analysis, and there were 10 000 simulations performed to asses the significance of the 

tests, to obtain accurate results. 
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4.3.5 Flow Cytometer analysis using MPlots software for GATA4 

gene 

 

For this particular study a polymorphism found in the GATA4 gene, which is located 

in chromosome 8 has been studied. GATA4 contains a variation that results in a 

S377G polymorphism missense mutation with an alternative nucleotide of A/G, 

changing from the serine amino acid to the glycine amino acid. 

 

There have been previous studies in families showing that the heterozygous S377G 

and an interstitial chromosomal deletion at 8p23.1 encompassing the entire GATA4 

gene, show a relationship with congenital heart abnormalities like atrial septal defect 

and the homozygous form of S377G is related to patent foramen ovale (Harvey et al, 

2005). The purpose of this study was to find if the homozygous mutation of S377G is 

related with migraine. 

 

4.3.5.1 Assay Design 

 

The oligos used include the Forward phosphorylated PCR primer and reverse primer, 

the Acrydite oligo used for conjugation to the beads, and the two 5'-aminated SNP 

specific probes.  Each probe was a 19-mer (Genera Biosystems). 
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Table 14. Oligos used for hGATA4 detection. The format for 5' additions are those 

used by IDT. 

 

4.3.5.2 Bead and Probe production 

 

The Ac_hGATA4_5 oligonucleotide was resuspended to 200M in H2O.  15 l of 

suspension was added to approximately 3 x 10
8
 activated 5.6 m diameter silica 

microspheres. 

 

Beads were incubated at 37˚ C for 1 hour.  After incubation, beads were washed 3 

times in 1 ml PBS / 0.01% Triton X-100.  Beads were resuspended in 1ml PBS / 

0.01% Triton X-100. 

 

Probe oligos NA_hGATA4_5 and NG_hGATA4_5 were prepared for fluorescent 

labelling by EtOH precipitation.  After 2nd EtOH precipitation, probe oligos were 

resuspended in H2O at final concentration of 200 uM.  Oligos were fluorescently 

labelled by incubated in 0.1 M Sodium Carbonate, pH 9.0, with succinimidyl ester 

fluorescent dyes (Table 11).  Each labelling reaction was carried out for 4 hours at 

Room Temperature with a 10:1 molar excess of dye: DNA. Unincorporated dye was 

removed by multiple EtOH precipitations.  Final labelled oligos were resuspended in 

H2O at 100 uM final concentration. 

 

Oligo name Sequence 

FP_hGATA4_5 /5Phos/TGT CCC CGG CAA ATG TAG ATA AAG 

R_hGATA4_5 CAG TCG GCC TCC CCA CAA ACA GC 

NA_hGATA4_5 /5AmMC6/TAC GGG CAC AGC AGC TCC G 

NG_hGATA4_5 

/5AmMC6/TAC GGG CAC GGC AGC TCC G 

/5Acryd/AAT GGC AGC TAT GGA GAA ATT TGT 

Ac_hGATA4_5 CCC CGG CAA ATG TAG ATA AAG 



MPhil Thesis            Sherin Chikhani BSc 

 85 

Table15. Fluorescent dyes used for each oligonucleotide 

Oligo Dye 

NA_hGATA4_5 Tetramethyl Rhodamine 

NG_hGATA4_5 Cy5 

 

4.3.5.3 Polymerase Chain Reaction (PCR) 

 

In this research the methods utilized were standard PCR analysis for the migraine 

case/control population (275 unrelated Caucasian migraineurs versus 275 control 

individuals), using for the reaction the following: 

 

Each 10 ul reaction contained: 

2.0 ul supplied template DNA 

0.5 uM for both forward and reverse PCR primers,  

0.5 units HotStarTaq   

1X Qiagen PCR buffer  

0.2 mM MgCl2,  

200 uM for each dNTP 

 H2O to 10 ul. 

 

Cycling conditions: Initial denaturation of 94˚C for 15 minutes followed by 40 cycles 

of: 94˚C / 30 seconds; 56˚C / 30 seconds; 72˚C / 30 seconds.  PCR was completed 

with an extended incubation of 5 minutes at 72˚C.  

 

4.3.5.4 PCR clean-up 

 

For each reaction, unincorporated primers were removed by incubation with 0.5 units 

ExoI for 20 minutes at 37˚C followed immediately by incubation at 80˚C for 15 

minutes. 

 

ExoI treated PCR products were made single stranded by addition of 0.5 units 

Lambda Exonuclease and incubation at 37˚C for 45 minutes.  Resulting single 

stranded PCR products were stored at 4˚C after addition of 1.0 ul of 0.1 M EDTA.  
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4.3.5.5 Sequence Identity by Flow Test reaction (SiFT™) 

 

Each reaction contained: 

2.5 ul PCR product  

1.0 ul beads (approx. 4,000 beads as prepared in step 1 above),  

0.25 ul each probe oligo (prepared in step 1 above) 

1.0 ml 10X SiFT™ buffer (1X SPB, as defined above, made 50mM for NaCl) 

 

Hybridization reactions were incubated at 94˚C for 15 seconds.  Temperature was 

decreased by 1˚C each 30 seconds until reaction temperature reached 25˚C.  200 ml of 

1X SPB was added to each SiFT™ reaction. 

 

4.3.5.6 SNP Genotyping 

 

Single nucleotide polymorphism was done by flow cytometer. Each reaction was 

analysed by a FACSArray flow cytometer. Genotypes for all samples were 

determined by MPlots© software. The procedure used by this type of genotype has 

been outlined before in experimental background section of this thesis, all the sample 

genotyping was done by the Melbourne laboratory of Genera Biosystems.  

 

This program allows the user to analyse Flow Cytometry generated FCS data 

generated from single or multiplexed SNP experiments and effectively make and store 

genotypic calls. PCR products are made so that the amplicon contains the SNP base, 

as it has been outlined before in this method section.  This PCR product is purified 

(unincorporated primers removed) and made single stranded by nuclease digestions.  

This single stranded DNA (ssDNA) is then incubated with a mix containing 3 

reagents specific for the SNP detection: 

 

1. AmpaSand™ Beads with a covalently bound oligonucleotide which is 

complementary to the ssDNA. 

2. An oligonucleotide probe specific for one allele labelled with a yellow or 

green dye. 
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3. An oligonucleotide probe specific for the alternative allele and labelled 

with a red dye. 

 

These components, the ssDNA PCR product and the 3 detection reagents, are mixed 

and allowed to anneal.  Because the hybridization is competitive, the beads at the end 

of the experiment will be coloured in a way which represents the genotype of the 

input ssDNA. These beads are read by a Flow Cytometer which stores several 

characteristics for each bead analysed in a sample. These parameters include the size 

of the bead and the colours on the bead.  These parameters are used by MPlots to 

determine the experiment (using the size parameters) and the genotype (using the 

colour parameters) (see appendix). 

 

4.3.6 Agarose Gel Electrophoresis (AGE) for ESR4 gene 

 

In this research study a polymorphism found in the hormone receptor gene ESR1 in 

exon 4, located in chromosome 6. The variation studied was C325G which is a single 

nucleotide polymorphism (SNP), with an alternative nucleotide C/G. Colson et al, 

2006 found an interesting trend in the female subgroup though did not find any 

significant association with migraine. Moreover a study by Wedren et al, 2004 did 

find an association with this particular polymorphism in a migraine population of 

women in a large Spanish cohort. Consequently a replication study of the one 

undertaken by Colson et al, was done, to observe if the increase in sample size, using 

the second migraine population, would result in an increase in power, therefore 

producing a significant association between this mutation and migraine susceptibility.  

 

4.3.6.1 Primer Design 

 

The primers used for the ESR4 receptor gene were mismatch primers. These ones 

allow creating or removing restriction sites on a DNA sequence or its variants by 

incorporating mismatch site near the mutation. 

Primer Melting Temperatures: 

Forward: 65.7
o
C agcccgctcatgatcaaacg 
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Reverse: 55.6
o
C attctctattccgagtatgatcc 

The temperature calculations are done assuming 50 mM salt and 50 nM annealing 

oligo concentration.  

4.3.6.2 Polymerase Chain Reaction (PCR) and Restriction Fragment Length 

Polymorphism (RFLP) 

For this ESR4 gene, the method utilized was standard polymerase chain reaction, for 

the second migraine population (MAPII) that consisted of 300 cases and 300 matched 

controls. The protocol for the PCR consisted of: 

Table 16. PCR protocol for ESR4 gene 

Reagents Concentration 
Volume per 1 ul 

Rxn 

10 x PCR Buffer 1x 2 

25 mM MgCl2 2.25 mM 1.8 

2.5 mM dNTPs 0.2 mM 2 

5 uM Forward Primer 0.3 uM 1 

5 uM Reverse Primer 0.3 uM 1 

5 U/ul Taq DNA polymerase  0.4 

H2O - 9.3 

   

DNA Template 20ng/ul 2.5 

      

Total   20ul 

 

Cycling conditions: Initial denaturation of 94˚C for 5 minutes followed by 35 cycles 

of: 94˚C / 30 seconds; 62˚C / 1 minute. PCR was completed with an extended 

incubation of 5 minutes at 72˚C.  

 

After the PCR amplification was completed the samples were ran on an agarose gel to 

check for the amplified DNA product, the bands observed were of 120 base pairs. 

Following amplification, the product was digested using HinfI enzyme overnight at 

37
o
C. The protocol performed for RFLP using 6 units of the enzyme: 

Table 17. RFLP protocol for ESR4 gene 

Reagents Concentration 
Volume per 1 ul 

Rxn 

HinfI Buffer 2 1x 1.5 

HinfI enzyme 6U 0.6 
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H2O  2.9 

   

PCR product  10 

      

Total   15 ul 

 

The samples were run on a 3% high resolution agarose gel to observe the fragments 

that were digested using HinfI enzyme, resulting in a 99 base pair and 21 base pair 

fragments, whereas the 21 base pair fragment was not visible. The genotypes were 

called and analyzed using the Pearson chi-square analysis and the Hardy-Weinberg 

equilibrium test. 

 

4.3.7 GeneScan Analysis for GRIA3 gene 

 

In the case of the GRIA3 gene, the method used for genotyping utilizedthe GeneScan 

ABI Prism 310 Genetic Analyzer. This is a capillary electrophoresis-based automated 

DNA fragment analysis system (Wenz et al, 1998). The GeneScan analysis software 

size and quantitates DNA fragments automatically, by labeling with a fluorescence 

tag (FAM, HEX, TAMRA). Alleles are amplified with one unlabeled primer and one 

primer labeled at the 5’ end with a fluorescent dye, the denature PCR products are 

then coelectrophoresed with an internal size standard (DNA fragments of known size 

labeled in a different dye colour) (Wenz et al, 1998). Multiplex products are 

sequentially injected into a single capillary and detected in real time as they 

electrophorese past a laser-detection window near the end of the capillary. The 

collected data is then analyzed by software that automatically determines allele sizes 

on the basis of a standard curve from the internal size standard (Wenz et al, 1998)  

 

4.3.7.1 Primer Design 

 

The primers used for this study for both insertion / deletions were as following: 

 

Rs3074025 (CT)n 

 

GRIA3-E1F CTAGTGTGGGGTGGAAAGGA  341 bp (60
o
C) 

 

GRIA3-E1R GGGACCCACCGCAGGGAAAG   (70.3
o
C) 
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Rs10544981 (CA)n 

 

GRIA3 (CA) n 3’UTR F GACATGCAAGATTCCAGTAT  241 bp (52.5
o
C) 

 

GRIA3 (CA) n 3’UTR R GGAAATACCAAAAACATCTG (52.3
o
C) 

 

4.3.7.2 Polymerase Chain Reaction (PCR) and GeneScan analysis 

 

For the purpose of this study, DNA amplification for Rs3074025 (CT)n and 

Rs10544981 (CA)n was performed by PCR, the protocol for these insertion/deletions 

was as following: 

 

Table 18. PCR protocol for GRIA3 gene 

Reagents Concentration 
Volume per 1 ul 

Rxn 

10 x PCR Buffer 1x 2 

25 mM MgCl2 2.25 mM 1.8 

2.5 mM dNTPs 0.2 mM 1 

5 uM Forward Primer 0.3 uM 2 

5 uM Reverse Primer 0.3 uM 2 

5 U/ul Taq DNA polymerase  0.2 

H2O - 12.5 

   

DNA Template 20ng/ul 2.5 

      

Total   25ul 

 

The cycling conditions were: Initial denaturation of 94˚C for 4 minutes followed by 

35 cycles of: 94˚C / 45 seconds; 60˚C / 45 seconds and 72
o
C / 45 seconds. PCR was 

completed with an extended incubation of 10 minutes at 72˚C. The amplified 

fragments observed for these two deletions Rs3074025 (CT)n and Rs10544981 were 

of 341 base pair and 246 base pair respectively. 

 

Following amplification the PCR products were diluted, using 1 in 10 dilutions. After 

this each a tray was loaded with 1 ul of the diluted product plus 8 ul of mix B (1.5ml 

formamide and 80 ul of size standard, GeneScan size 350 size standard). Both indels 

were multiplex by pooling both PCR products and adding both labeled primers into 

the same mix for analysis. The alleles were genotyped using the GeneScan software 

by allele binning, which is a simple statistical method for converting peak sizes to 
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alleles, by generating a frequency histogram of called sizes (GeneScan reference 

guide, Applied Biosystems, see appendix) 

 

4.3.8 DNA Sequence Analysis for SCN1A gene 

 

The SCN1A polymorphism was analyzed using DNA sequencing dye terminator 

analysis, by capillary separation on the AB 3730xl (AGRF, Applied Biosystems 

manual, see appendix). This capillary sequencer operates for low to high throughput 

DNA sequencing, used for analysis of fluorescently labeled DNA fragments. The 

following diagram illustrates the run cycle of the AB 3730xl: 

 

Figure 13. DNA analyzer run cycle. 

 

4.3.8.1 Primer Design 

 

Forward: 57.3
o
C atttccagcactaaaatgtatgg 

Reverse: 57.5
o
C gcagagaaaacactccaagg 
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The temperature calculations are done assuming 50 mM salt and 50 nM annealing 

oligo concentration.  

4.3.8.2 Polymerase Chain Reaction (PCR) and DNA sequence analysis 

 

Amplification of the DNA template was done using standard PCR reaction. The 

protocol for this gene was as following: 

Table 19. PCR protocol for SCN1A gene 

Reagents Concentration 
Volume per 1 ul 

Rxn 

10 x PCR Buffer 1x 2 

25 mM MgCl2 2.25 mM 1.8 

2.5 mM dNTPs 0.2 mM 1 

5 uM Forward Primer 0.3 uM 1 

5 uM Reverse Primer 0.3 uM 1 

5 U/ul Taq DNA polymerase  0.2 

H2O - 10.5 

   

DNA Template 20ng/ul 2.5 

      

Total   20ul 

 

The cycle conditions: one cycle of 94
o
C / 3 minutes, 35 cycles of 94

o
C / 1 minute, 

61
o
C / 30 seconds and 72

o
C / 30 seconds, then 72

o
C / 30 seconds and 4

o
C / 3 minutes. 

 

Following PCR amplification the products were run on agarose gel to check if the 

PCR worked. After estimating the amount of template DNA, the amount of DNA per 

ul was calculated. Then the PCR products were purified using ExoSAP-IT reagent, 5 

ul of the PCR was added first then 2 ul of the reagent was added and they were both 

spin down and kept on ice because of the unstable condition of the ExoSAP at room 

temperature. The cycle conditions were of 37
o
C for 15 minutes, 80

o
C for 15 minutes 

and 4
o
C for 30 seconds. The samples were then prepare using 1.3 ul of each primer in 

separate labeled tubes, 2.5ul of purified PCR product and 8.2 ul of H2O making a 12 

ul reaction for each sample for each forward and reverse primer. 

 

Before setting up the samples for capillary electrophoresis, to avoid interference with 

the capillary and low signal, instead of labeling primers for sequencing the chain 

terminators are labeled using Bigdye terminator Kit, each of the four 

dideoxynucleotide chain terminators is labeled with a different fluorescent dye, each 
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fluorescing at a different wavelength. Following this the samples were re-suspended 

in injection solution and centrifuge down. Subsequently the samples were run on the 

AB 3730xl, since this is an automated sequencing the software gives a chromatogram 

for each sample for forward and reverse primers which was then analyzed using the 

CHROMAS software.  

 

4.4 DNA extraction and quantitation 

 

DNA from all participants was extracted using salting procedure by researchers at the 

Genomics Research Centre. For this population all individuals involved provided 

20ml of whole blood. DNA was then extracted and isolated by a modification of the 

salting out method used by Miller et al, 1988; this can be observed in appendix C. The 

DNA that was extracted had been precipitated in -20oC of ethanol and then re-

suspended in 100ul of sterile water. After this it was quantitated by determining the 

optical density at 260nm, with OD of 1.0 corresponding to 50ug/ml of double 

stranded DNA, these samples were then adjusted to a working concentration of 

20ng/ul. 

 

4.4.1 Genotyping Summary 

 

For this particular studies genotyping of 275 migraineurs and 275 unrelated control 

individuals, with the control group matched for sex, age (+/- 5 years), and ethnicity, to 

minimize potential bias from population stratification. This research would comprise 

three genes (GATA4, ESR1, and GRIA3) and their particular polymorphisms which 

would determine if there is any relationship between them and migraine susceptibility. 

In addition sequencing to detect a mutation in the SCN1A genes was also undertaken. 

 

4.4.1.1 GATA4 Exon 5 S377G polymorphism 

 

In this study we utilized standard polymerase chain reaction (PCR) analysis for the 

genotyping of the migraine case-control population (275 unrelated Caucasian 

migraineurs versus 275 control individuals), using forward primer: 5’TGT CCC CGG 

CAA ATG TAG ATA AAG’3 and reverse primer: 5’CAG TCG GCC TCC CCA 
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CAA ACA GC’3, resulting in a 318 base pair fragment following PCR. The 

thermocycler conditions were 94
o
C for 15 minutes followed by 40 cycles at 94

o
C for 

30 seconds, 56
o
C for 30 seconds, and 72

o
C for 30 seconds. PCR was completed with 

an extended incubation of 5 minutes at 72
o
C. The genotyping was done by means of 

single nucleotide polymorphism (SNP) genotyping, using flow cytometer. In addition 

to the forward and reverse primers a mix containing three reagents specific for the 

SNP detection were used. These reagents consisted of, the AmpaSand
TM

 beads with a 

covalently bound oligonucleotides which is complimentary to the ssDNA, an 

oligonucleotides probe specific for one allele labeled with a yellow or green dye and 

an oligonucleotides probe specific for the alternative allele labeled with a red dye. 

Each reaction was analyzed by FACSArray flow cytometer. Genotypes for all 

samples were determined by Mplots© software (see appendix). 

 

4.4.1.2 ESR1 Exon 4 Codon 325 CCC/CCG polymorphism 

 

Standard polymerase chain reaction (PCR) was used for the DNA amplification with 

restriction digest enzyme specific for this marker. The ESR1 C325G marker is a HinfI 

restriction fragment length polymorphism (RFLP). Genotyping was done of the 

migraine case-control population (300 unrelated Caucasian migraineurs versus 300 

match control individuals). The primers used were, forward primer: 5’AGC CCG 

CTC ATG ATC AAA CG 3’ and reverse: 5’ GGA TCA TAC TCG GAA TAG AGA 

AT 3’, resulting in a 120 base pair fragment following PCR. The 20ul reaction mix 

contained: 50ng of genomic DNA, 0.3uM of each primer, 1 x PCR buffer, 2.25mM of 

MgCl2, 0.2mM dNTPs and 0.2ul of Taq polymerase (5U/ul). The thermocycler 

conditions were 94
o
C for 5 minutes, 35 cycles of 94

o
C for 30 seconds, 62

o
C for 1 

minute, with a final step of 72
o
C for 5 minutes. The G allele at Codon 325 in the 

ESR1 gene introduces a restriction site for the HinfI enzyme, resulting in a fragment 

of 99 base pair and 21 base pairs. After PCR amplification, 12ul of product was 

digested with HinfI overnight at 37
o
C. Following digestion, the product was loaded 

into a 3% high resolution agarose gel stained with ethidium bromide and 

electrophoresed at 75 V for 60 minutes. An undigested sample indicates presence of 

the 594C allele.  
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4.4.1.3 GRIA3 gene, Exon 1 insertion/deletion (CT)n Rs307425 and 3’UTR  

insertion/deletion (CA)n Rs10544981 

 

For this research study, we utilized standard polymerase chain reaction (PCR), 

analysis for the genotyping of the migraine case-control population of 275 

migraineurs and 275 unrelated age/sex matched control individuals. For Rs307425 

primers used were, forward: 5’CTA GTG TGG GGT GGA AAG GA3’ and reverse: 

5’GGG ACC CAC CGC AGG GAA AG3’. This insertion/deletion results in a 341 

base pair fragment following DNA amplification by PCR. For Rs10544981 the 

primers used were as following, forward: 5’GAC ATG CAA GAT TCC AGT AT3’ 

and reverse: 5’GGA AAT ACC AAA AAC ATC TG3’, resulting in a 286 base pair 

fragment following PCR. The reaction mix contained 50ng of genomic DNA, 0.5uM 

of each primer, 1 x PCR buffer, 2.25mM of MgCl2, 0.2mM dNTPs and 0.2ul of Taq 

polymerase (5U/ul). The thermocycler conditions were 94
o
C for 4 minutes, 35 cycles 

of 94
o
C for 45 seconds, 55

o
C for 45 seconds and 72

o
C for 45 seconds, with a final 

step of 72
o
C for 10 minutes. Genotyping was done using GeneScan analysis on the 

ABI Prism 310 Genetic Analyser, which provides DNA size and quantitation data. 

The primers were labelled with a fluorescent dye (FAM) and following PCR they 

were loaded on the Genetic Analyser, to determine base size of DNA fragments. 

 

4.4.1.4 SCN1A gene, chromosome 2q24, Gln1489Lys mutation at Exon 23 

 

The following study required the use of polymerase chain reaction (PCR), DNA from 

the migraine population (MAPI). The Gln1489Lys polymorphism was amplified 

using forward primer 5’ATT TCC AGC ACT AAA ATG TAT GG 3’ and reverse 

primer 5’GCA GAG AAA ACA CTC CAA GG 3’, resulting in a 258 base pair 

fragment following PCR. The reaction mix for this particular gene included 50ng of 

genomic DNA, 1x PCR buffer, 25mM MgCl2 at a final concentration of 2.25mM, 

2.5mM dNTPs at a final concentration of 0.2 mM, 0.2ul of Taq polymerase (5U/ul), 

and 0.25uM/ulu of each primer. The thermocycler conditions were 94
o
C for 3 

minutes, 35 cycles of 94
o
C doe 1 minute, 61

o
C for 30 seconds and 72

o
C for 30 

seconds followed by 1 cycle of 72
o
C for 30 seconds and a 4

o
C for 3 minutes. 

Genotyping was done by DNA sequencing analysis, the samples were first run on an 
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Agarose gel to determine that the PCR worked and the desire fragment was amplified. 

Then the PCR products were purified using ExoSap-IT reagent. PCR product (5 ul of 

each sample) was mixed with 2ul of the ExoSap-IT. The thermocycler conditions 

were 37
o
C for 15 minutes, 80

o
C for 15 minutes finally 4

o
C for 30 seconds. Following 

PCR purification the sequence reactions are performed using AmpiTaq
TM

 DNA 

Polymerase FS dye terminator cycle sequence chemistry with the ‘ABIPRISM 

BigDye
TM

 Terminator Cycle Sequencing Ready Reaction Kit’.  

 

4.5 Statistical Analysis for all the genes studied 

 

The analysis of the data depends on the study design which is an association study. In 

this study Chi-Square analysis was used with the significant p value will be set to 

p<0.05, the programme used for this analysis was SPSS Software 13.0 and Excel for 

Windows. Another statistical calculation that was used was the Hardy-Weinberg 

equilibrium, this will be calculated to observe the relationship between allele and 

genotype frequencies, to see if the underlying allele frequency and genotype 

frequency carries on consistently in the migraine population. 

 

Chi-Square analysis was used to determine if the allele frequency of the S377G 

polymorphism in the GATA4 gene were associated or not with migraine, and if the 

allele frequencies were significant (α = 0.05). Hardy-Weinberg equilibrium was used 

to establish if the genotype frequencies were in equilibrium.  

 

Chi-Square analysis was used for the analysis of the C325G polymorphism in the 

ESR1 gene, to calculate genotype data and allele frequencies between cases and 

control in the second migraine population (MAPII). Bonferroni correction was 

applied (0.5/5) in the case of multiple testing, this corrected comparison across several 

repeated samples. Hardy-Weinberg equilibrium was used for this analysis as well to 

determine if the genotype frequencies are in equilibrium. 

 

The GeneScan
TM

 software was used to analyze the two GRIA3 insertion/deletions 

(indels). This software uses the automated fluorescence detection capabilities of the 

ABI PRISM 310 Genetic Analyzer to size and quantify DNA fragments. The Genetic 
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Analyzer creates a histogram with a small variation at either side for each allele, for 

these makers a 0.5 variation for either side of the allele was used. After this the alleles 

were binned, binning of the alleles called them all as one integer, or one base pair for 

each marker. Following this the data was coded and put in a statistical program 

(SPSS), were an CLUMP analysis was performed using the Monte Carlo tests for 

association between disease and alleles, the Hardy-Weinberg equilibrium equation 

was used to test that allele and genotype frequencies were in equilibrium.  

 

The analysis performed for SCN1A gene was using Chi-square analysis, following 

Hardy-Weinberg equilibrium test, for allele and genotype frequencies. The 

chromatograph of each sample was analyzed using CHROMAS software, all 

sequences were Blast align and matched to the human genome.  
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Chapter 5 

 

Results of Candidate Genes 

 

5.1 Association Study of the GATA4 gene 

 

This study incorporated one main approach, which was a genetic association study. 

This type of study is an effective way to assess the genetic background of a complex 

disease like migraine, where multiple genes as well as environmental factors influence 

its pathophysiology. 

 

This research aimed to investigate one of the genetic variations of the GATA4 gene in 

a case-control migraine population. Patent foramen ovale may increase or enhance 

migraine by shunting neuromediators to the brain. The S377G homozygous mutation 

in GATA4 gene has been implicated in patent foramen ovale which is commonly 

found in migraine. This research aimed to determine whether GATA4 mutation had a 

significant association with migraine. 

 

An association analysis of the S377G polymorphism in a large case-control 

population of migraineurs was performed; 194 cases were genotyped from the 

migraine population and 201 were genotyped from the control population. The 

association study examined one single nucleotide polymorphism in the GATA4 gene 

by single nucleotide genotyping using Mplots software by MassArray. Genotypes 

were obtained for the whole population, and individuals were obtained with each of 

the three genotypes, showing the wild type homozygote, the heterozygote and the 

variant homozygote. Figures 12 and 13 show graphs comparing genotype proportions 

in cases and controls. 
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Figure 14. Genotypes for cases and controls of the migraine population, yes migraine 

= cases, no migraine = controls; no snp = AA genotype, heterozygous snp = AG, 

homozygous snp = GG. 
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Figure 15.Comparison between cases and controls for each genotype. No SNP = AA, 

heterozygous SNP = AG genotype, homozygous SNP = GG genotype. 

 

5.1.1 Overview of study results 

 

From the genotypic and allelic results for GATA4, various comparisons were made: 

migraine versus controls, migraine with aura versus controls, migraine without aura 

versus controls, females versus males for both cases and controls.  

 

5.1.2 GATA4 Results 

 

Genotypes for 194 cases and 201 controls were determined. Genotype data and allele 

frequency for the migraine and control populations can be observed in Table 20 

below. 
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Statistical analysis of the S377G polymorphism revealed that there was no significant 

difference (χ
2
 = 0.84, P = 0.66) between migraine population and controls. Moreover, 

there was no significant difference observed in the migraine and control population 

with regard to female and males. Furthermore, no association was found between 

migraine with aura and controls (χ
2
 = 0.99, P = 0.61), nor between migraine without 

aura and controls (χ
2
 = 0.2, P = 0.91). Hardy-Weinberg equilibrium was investigated 

for both migraine cases and controls. It was found that allele frequencies did not 

deviate from Hardy-Weinberg equilibrium in both the case and control groups (P = 

0.91; P = 0.19). 

 

Table 20. Genotype analysis and allele frequency of migraine population versus 

controls (S377G polymorphism) 

 Genotypes (n %) Alleles (allele frequency n %) 

Genotypes AA GA GG total (n) A G total 

(n) 

Migraine 158 (81%) 34 

(18%) 

2 (1%) 194 350 

(90.2%) 

38 (9.8%) 388 

FEMALE 

 

111 (81%) 

 

25 

(18.2%) 

1 

(0.8%) 

137 247 

(90%) 

27 (10%) 274 

MALE 

 

47 (82.4%) 9 

(15.8%) 

1 

(1.8%) 

57 103 

(90.4%) 

11 (9.6%) 114 

MA 

 

93 (80.8%) 21 

(18.31%

) 

1 

(0.9%) 

115 207 

(90%) 

23 (10%) 230 

MO 

 

65 (82.3%) 13 

(16.5%) 

1 

(1.2%) 

79 143 

(90.5%) 

15 (9.5%) 158 

        

CONTROL 

 

169 (84.1%) 29 

(14.4%) 

3 

(1.5%) 

201 367 

(91.3%) 

35 (8.7%) 402 

FEMALE 

 

122 (84.1%) 20 

(13.8%) 

3 

(2.1%) 

145 264 

(91%) 

26 (9%) 290 

MALE 

 

47 (83.9%) 9 

(16.1%) 

0 (0) 56 103 

(92%) 

9 (8%) 112 
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Table 21. Chi-square analysis for each genotype of migraine versus control 

 Genotypes  Alleles  

 χ² P-value χ² P-value 

Migraine  vs Control 0.84 0.66 0.28 0.6 

     

Subtypes χ² P-value χ² P-value 

MA vs Control 0.99 0.61 0.29 0.59 

MO vs Control 0.2 0.91 0.09 0.77 

Mig Female vs 

Control Female 

1.85 0.4 0.13 0.72 

Mig Male vs Control 

Male 

0.99 0.61 0.18 0.67 

 

A study by Harvey et al (unpublished data), in the GATA4 S377G polymorphism in 

patients with PFO with and without the presence of stroke, revealed that there was no 

association with PFO/stroke for the heterozygous form of this polymorphism but 

found a significant association with PFO/stroke for the homozygous for S377G 

polymorphism, showing as well the high prevalence of the S377G allele in cohorts 

representing globally distributed Caucasian human population. However, our results 

did not support an association of this polymorphism directly with migraine. 

 

5.2 Association Study of the ESR4 gene 

 

In this study, initial polymorphism testing was performed using a marker (C325G) 

from the ESR1 exon 4 gene, which has been previously shown to have a interesting 

trend in the female subgroup of a migraine population (Colson et al, 2006). Previous 

reports on the role of hormone receptor genes in migraine susceptibility imply that 

some variations in estrogen receptor genes may confer increased migraine risk. 

Therefore, the purpose of this research was to replicate a study by Colson et al, 2006 

to increase the sample size using a second migraine population (MAPII), to establish 

if the ESR gene had a significant association with migraine. 

 

An association analysis of the C325G polymorphism in a large case-control 

population of migraineurs was performed; 282 cases were genotyped from the 

migraine population and 269 were genotyped from the control population.  



MPhil Thesis            Sherin Chikhani BSc 

 103 

The association study examined one single nucleotide polymorphism in the ESR gene 

exon 4 gene by genotyping samples with the restriction fragment length 

polymorphism (RFLP) method. The restriction enzyme used was HinfI, which cuts at 

the G allele at codon 325 in the ESR gene in exon 4 gene, resulting in fragments of 

120bp and 99bp. These fragments are visible using high resolution Agarose gel 

(Figure 14). Genotypes for the whole population were obtained, including wild type 

homozygotes, heterozygotes and variant homozygotes. Figure 15 below illustrates the 

number of genotypes obtained from the second migraine population (MAPII), while 

Figure 16 and 17 illustrate the proportion of genotypes obtained as a percentage. 

 

Figure 16.Gel Electrophoresis, showing the DNA fragments after RFLP (120bp and 

99bp, the 21bp fragment does not show). The second and third lanes show the GC 

genotype, while the fourth lane shows the CC genotype. 

2        3        4         5       6 

120bp 

99bp 
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Figure 17. Genotypes for cases and controls of the migraine population, cases = yes 

migraine, controls = no migraine; no snp = CC genotype, heterozygous snp = GC, 

homozygous snp = GG. 
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Figure 18.Genotype frequencies for the migraine population, no SNP = CC genotype, 

heterozygous SNP = GC, homozygous SNP= GG. 
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Figure 19.Comparison between cases and controls for each genotype. 

 

5.2.1 Overview of Results 

 

The purpose of the genotyping of the migraine population was to compare frequencies 

of the ESR exon 4 SNP variants in migraine individuals compared to controls. 

 

5.2.2 ESR4 Results 

 

Genotypes were obtained for the 282 genotyped cases and 269 genotyped controls in 

the migraine population. The genotype data and allele frequency for migraine cases 

and controls is shown in Table 22. 

 

Statistical analysis of the C325G polymorphism revealed that there was significant 

difference (χ
2
 = 58.63, P = 0.0000000000002) between migraine population and 

controls. Moreover, there was significant difference observed in the migraine and 

control population with regards to female and males for this particular association 

study. Similarly, an association was found between migraine with aura and controls 

(χ
2
 = 81.72, P = 0.000000000000000002), and between migraine without aura and 

controls (χ
2
 = 22.43, P = 0.0000134). Hardy-Weinberg equilibrium was investigated 

for both migraine cases and controls. It was found that allele frequencies did not 

0% 
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deviate from Hardy-Weinberg equilibrium in control groups (P = 0.21) but it did 

deviate in the case groups (P = 3.08042E-07). 

 

Table 22. Genotype analysis and allele frequency of migraine population versus 

controls (C325G polymorphism) 

 Genotypes (n %) Alleles (allele frequency n %) 

Genotypes CC GC GG total (n) C G total 

(n) 

Migraine 
233 

(82.04%) 

39 

(13.73

%) 

12 

(4.23%

) 

284 
505 

(88.9%) 

63 

(11.1%) 
568 

FEMALE 

 
213(88.02%) 

19 

(7.85%) 

10(4.13

%) 
242 

445 

(91.94%) 

39 

(8.06%) 
484 

MALE 

 
37(92.5%) 1(2.5%) 2 (5%) 40 

75 

(93.75%) 
5 (6.25%) 80 

MA 

 202(88.21%) 
16 

(6.99%) 

11 

(4.80%

) 

229 
420 

(91.70%) 

38 

(8.30%) 
458 

MO 

 
36 (92.31%) 

2(5.13%

) 

1(2.56

%) 
39 

74(94.87

%) 
4 (5.23%) 78 

         

Control 

 
141 

(52.42%) 

113 

(42%) 

15 

(5.58%

) 

269 
395(73.1

5%) 

143(26.85

%) 
540 

FEMALE 

 120(51.72%) 

98 

(42.24%

) 

14(6.04

%) 
232 

338 

(72.84%) 

126 

(27.16%) 
464 

MALE 

 
19 (50%) 

18(47.3

7%) 

1(2.73

%) 
38 

56 

(73.68%) 

20 

(26.32%) 
76 
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Table 23. Chi-square analysis for each genotype of migraine versus control 

 Genotypes  Alleles  

 χ² P-value χ² P-value 

Migraine  vs 

Control 
58.63 0.000000000

0002 
43.73 0.000000000

04 

     

Subtypes χ² P-value χ² P-value 

MA vs Control 81.72 0.000000000

000000002 
55.61 0.000000000

0001 

MO vs Control 22.43 0.0000134 17.25 0.0000327 

Mig Female vs 

Control Female 
79.81 0.000000000

000000005 
60.1 0.000000000

00001 

Mig Male vs 

Control Male 
21.29 0.0000238 11.66 0.000638 

Bonferroni 

correction 

(ie0.05/5) 

0.01 Pvalue   

 

A previous study by Colson et al, 2006 found an interesting trend with the ESR gene 

C325G polymorphism, in exon 4, in a migraine population (MAPI) at the Genomics 

Research Centre (GRC). An increase in sample size was suggested to validate the 

presence of an association with migraine susceptibility. We found that our replication 

study, using the second migraine population (MAPII) at the GRC laboratory, strongly 

confirmed the association of the C325G mutation with migraine. 

 

5.3 Association Study of the GRIA3 gene 

 

This research aimed to investigate two genetic variations of the GRIA3 gene in case-

control migraine population (MAPI). As it has been mentioned previously, the role of 

glutamate in migraine pathogenesis has been supported by studies that show elevated 

plasma levels of glutamic acid, glutamine, glycine, cystic acid and homoscysteic acid 

interictally and during the attack (Sang et al, 2004). Hence, the purpose of this study 

was to discover the association of these two indels in our migraine population, by 
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means of genotyping. The case-control association study undertaken for both GRIA3 

insertion/deletions (indels), aimed to assesss the relationship of these polymorphisms 

with migraine.  

 

An association analysis of the insertion/deletion (CT)n Rs307425 and 3’UTR  

insertion/deletion (CA)n Rs10544981 polymorphisms of the GRIA3 gene in a large 

case-control population of migraineurs was performed, cases were genotyped from 

the migraine population and from the control population, using the ABI PRISM 310 

Genetic Analyzer software. The data were then entered on a spreadsheet and analyzed 

using CLUMP analysis and the significance assessed using the Monte Carlo approach.  

 

The association study examined both deletion/insertions on the migraine population 

(MAPI) by GeneScan. Genotypes were obtained for the whole population, showing 

the frequency of the alleles present. The following figure shows after PCR 

amplification the DNA fragments for the (CT)n Rs307425 polymorphism. 

 

 

Figure 20. Agarose Gel Electrophoresis to check for bands after PCR amplification 

(341bp). 

 

Figure 21 illustrates the peak sizes for both deletion/insertions by showing the 

electropherogram which was analysed using the GeneScan ABI-Prism analyzer 

software. 

341bp 
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Figure 21. Shows both peak sizes, 286bp and 341bp for Rs3074025 (CTn) and 

Rs10544981 (CAn) respectively, the red peaks show the size standard. These samples 

are from two homozygous migraineurs. 

 

5.3.1 Overview of Results 

 

To assess the possibility of the association of both deletion/insertions with migraine 

susceptibility, analysis between cases and matched controls was undertaken. 

Furthermore, analysis between females and males for cases and controls was 

conducted as well as comparison between migraine with aura and without aura within 

the population.  

 

The insertion/deletion (CT)n Rs307425 was analyzed by CLUMP analysis using the 

Monte Carlo approach, due to the violation of one of the assumptions for chi-square, 

whereas the count has to be greater than five. For the purpose of this study, the normal 

chi-square (T1) and the chi-square for the clumped 2x2 table (T4) were used. For the 

3’UTR deletion/insertion (CA)n Rs10544981 polymorphism, the Pearson chi-square 

analysis was used as well as the CLUMP analysis, due to some violations of the 

assumptions.  

 

Analysis between migraine and controls was undertaken as well as between female 

migraineurs and female controls, male migraineurs and male controls. Furthermore 
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comparisons were performed between migraine with aura, migraine without aura 

individuals and controls. These analyses were performed to investigate the 

relationship of these two deletion/insertions polymorphisms in migraine 

susceptibility. 

 

6.3.2 GRIA3 Results 

 

Genotypes were obtained for the two deletion/insertions polymorphisms of the GRIA3 

gene. The (CT)n Rs307425 polymorphism was genotyped on 252 genotyped 

migraineurs and 242 genotyped matched controls (MAPI). The analyzed data can be 

observed in Table 24, where the allele frequencies for migraineurs and controls are 

shown. The statistical analysis of (CT)n Rs307425 polymorphism revealed a 

significant difference (T1 = 23.484, P = 0.000008) between migraine population and 

controls . Furthermore, there was a significant difference found in the migraine 

population with regards to migraine with aura and without aura versus controls (T1 = 

23.79, P = 0.000007; T1 = 14.71 P =0.000648) respectively. In contrast, there was no 

association found between female migraineurs and female controls (T1 = 1.29, P = 

0.523782; T4 = 1.29 P = 0.3298). 

 

Table 24. Genotype and Allele frequencies for (CT)n Rs307425 polymorphism in 

the Migraine population 

  GENOTYPED PEOPLE (n %)     ALLELES (allele frequency n %)   

GENOTYPES ins/ins del/ins del/del total (n) insertion deletion total (n) 

MIGRAINE 214 (85%) 38 (15%) 0 252 466(92.5%) 38(7.5%) 504 

FEMALE 174(94%) 11(6%) 0 185 359(97%) 11(3%) 370 

MALE 41 (61.2%) 26(38.8%) 0 67 108(80.6%) 26(19.4%) 134 

MA 130 (83.9%) 25(16.1%) 0 155 285(92%) 25(8%) 310 

MO 86(86.9%) 13(13.1%) 0 99 185(93.4%) 13(6.6%) 198 

         

CONTROL 231(97.5%) 6(2.5%) 0 237 468(98.73%) 6(1.27%) 474 

FEMALE 170(96.6%) 6(3.4%) 0 176 346(98.3%) 6(1.7%) 352 
MALE 59(100%) 0 0 59 118(100%) 0 118 
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Table 25. CLUMP analysis using the Monte Carlo method 

  Genotypes     Alleles   

  T1 P-value T4 P-value T1 P-value T4 P-value 

Migraine  vs Control  23.484 0.000008 23.484 0.0000 22.380 0.000002 22.380 0.0000 

          

Subtypes T1 P-value T4 P-value T1 P-value T4 P-value 

MA vs Cont  23.79 0.000007 23.79 0.000007 24.170 0.000001 24.170 0.000001 

MO vs Cont  14.71 0.000648 14.71 0.0006 14.280 0.000160 14.280 0.0002 

Mig Female vs Cont Female  1.29 0.523782 1.29 0.3298 1.262 0.261263 1.262 0.3265 
Mig Male vs Cont Male 28.84 0.000001 28.84 0.000001 25.529 0.0000001 25.529 0.0000001 

 

The second (CA)n Rs10544981 polymorphism was genotyped on the same number of 

cases and controls. The genotype and allele frequencies obtained can be observed in 

Table 26. The chi-square analysis showed a significant difference (χ
2
 = 96.59, P = 

0.000) between migraine and controls. Because of some violations of the chi-square 

assumptions were the values must be greater than 5, CLUMP analysis was performed 

to verify this results, giving similar values confirming what was already found by the 

chi-square analysis (T4 = 96.01 P =0.000) between migraine and control. Similarly, 

an association was found between migraine with aura and controls (χ
2
 = 72.19, P = 

0.000) and migraine without aura and controls (χ
2
 = 36.94, P = 0.000). 

 

Table 26. Genotype and Allele frequencies between migraine population and 

controls ((CA)n Rs10544981 polymorphism) 

  GENOTYPED PEOPLE (n %)     ALLELES (allele frequency n %)   

GENOTYPES del/del del/ins ins/ins total (n) deletion insertion total (n) 

MIGRAINE 237(94.05%) 5(1.98%) 10(3.97%) 252 479(95.04%) 25(4.96%) 504 

FEMALE 175(94.6%) 3(1.62%) 7(3.78%) 185 353(95.41%) 17(4.59%) 370 

MALE 62(92.5%) 2(2.98%) 3(4.52%) 67 126(94.03%) 8(5.97%) 134 

MA 146(93.59%) 1(0.64%) 9(5.77%) 156 293(93.91%) 19(6.09%) 312 

MO 91(94.79%) 4(4.17%) 1(1.04%) 96 186(96.88%) 6(3.12%) 192 

         

CONTROL 151(61.89%) 89(36.48%) 4(1.63%) 244 391(80.12%) 97(19.88%) 488 

FEMALE 107(58.15%) 74(40.22%) 3(1.63%) 184 288(78.26%) 80(21.74%) 368 

MALE 43(71.67%) 16(26.67%) 1(1.66%) 60 102(85%) 18(15%) 120 
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Table 27. Pearson chi-square analysis for both migraine and controls for (CA)n 

Rs10544981 polymorphism 

 Genotypes   Alleles  
  x2 P-value x2 P-value 

Migraine  vs Control  96.59 0.000000000000000000001 51.15 0.000000000001 
      

Subtypes x2 P-value x2 P-value 

MA vs Cont  72.19 0.00000000000000021 29.18 0.000000066 
MO vs Cont  36.94 0.00000000952 30.09 0.000000041 

Mig Female vs Cont Female  83.46 0.000000000000000001 47.5 0.00000000001 
Mig Male vs Cont Male 14.99 0.0006 5.62 0.0178 

 

Table 28. CLUMP analysis using the Monte Carlo approach between migraine and 

controls 

 Genotypes   Alleles  
  T4 P-value T4 P-value 

Migraine  vs Control  96.01 0.000000000000000000001 51.15 0.000000000001 
      

Subtypes T4 P-value T4 P-value 

MA vs Cont  70.08 0.00000000000000021 29.18 0.000000066 
MO vs Cont  36.36 0.00000000952 30.71 0.000000041 

Mig Female vs Cont Female  83.22 0.000000000000000001 47.50 0.00000000001 
Mig Male vs Cont Male 14.59 0.0005 5.62 0.020 

 

5.4 DNA sequence analysis of the SCN1A gene 

 

This was a preliminary genetic association study. This type of study provides an 

effective way to assess the genetic background of migraine. This research aimed to 

investigate one of the genetic variations of the SCN1A gene in a case-control subset 

migraine population. As has been previously mentioned, the SCN1A gene has been 

implicated in migraine (FHM3). This gene has already been investigated in migraine, 

but only in migraine families and not in association studies.  

 

Therefore, this research aimed to study one of the genetic variations of the SCN1A 

gene in case-control study of migraine population. Sequence analysis of the 

Gln1489Lys mutation in 20 samples of the migraine population (MAPI) was 

undertaken. This was done to determine whether SCN1A mutation was present in our 
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subset migraine population and therefore had a significant role in migraine. The 

following picture shows the amplified DNA fragments for the Gln1489Lys after PCR. 

Figure 22. Gel electrophoresis, showing the amplified DNA fragments for SCN1A 

gene (258bp) 

 

The next figures show the one of the chromatograms showing the DNA sequence 

analysis of the migraine population. The highlighted peak shows the nucleotide with 

the genotype for that particular individual, whereas if the mutation was present the C 

base pair would be replaced with an A base pair. 

 

 

Figure 23.Chromatogram showing the DNA sequence analysis of both forward and 

reverse primers of one migraine individual, with the highlighted peak of interest. 
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5.4.1 Overview of Results 

 

All the samples were genotyped after analysis using CHROMAS software, to look at 

the DNA sequence for each individual. All sequence traces have been blast aligned 

and matched to the human genome. In this preliminary study, the heterozygous 

mutation was not found in 20 tested migraine and control samples, only the wild type 

allele. This may be due to the small sample size taken and further research is 

warranted to investigate this polymorphism. 

 

5.4.2 SCN1A Results 

 

Sequencing was used for polymorphism screening and validation in the small subset 

of our population (10 migraineurs and 10 control individuals) but we found that no 

mutation was present in the samples investigated. 

 

The following table shows some of the SNP sequencing for the 20 migraineurs and 

control individuals (MAPI). The chromatograms and sequences for each individual 

are in the appendices. 

 

Table 29. Sequences for 3 cases and 3 controls, showing the region of interest that 

was screen for the Gln1489Lys polymorphism, where no change in the nucleotides 

was observed. 

Subset 

Population 
SNP-Sequencing 

Cases 

GTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAA 

TTGAACCTGTTTATTAGGTGTCATCATAGATAATTTCAACCAGCAGAAAAAG 

AATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCTCTCCCAC 

Controls 

CATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTA 

TTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCTCTCCCACTGA 

AATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCTCTCCCAC 
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Chapter 6 

Discussion and Future Directions 

 

6.1 General Overview 

 

Migraine is a common neurological disorder that affects approximately 12% of the 

general population (Nabih et al, 2004). The prevalence of this disorder has been found 

to be greater in females than in males. In many cases, there are lifelong burdens 

associated with migraine, including personal suffering, disability and impaired quality 

of life (Leonardi et al, 2005). The World Health Organization (WHO) has already 

recognized headache disorders as a high priority public health problem, but in the 

health care system, low priority is given to it (Leonardi et al, 2005). Migraine remains 

under-diagnosed and migraine disability under-assessed. In order to understand the 

full burden (as well the humanistic impact and economic cost) attributable to migraine 

and other headache disorders, further epidemiologic work has to be undertaken. The 

genetic component of migraine and comorbid disorders can be investigated using 

genetic association studies, which aim to identify specific genes involved in disease 

pathogenesis and susceptibility.  

 

Genetic association studies employ different methods to assess the genetic 

background of complex disorders, like migraine (Ducross et al, 2002). The method 

employed in this project has been to analyze cases versus controls for the localization 

of susceptible genes. In this method, a homogenous population is genotyped and the 

frequency of alleles of a polymorphic genetic marker are compared between patients 

and controls (Ducross et al, 2002). In this study, four genes—GATA4, ESR1, GRIA3, 

and SCN1A—were genotyped on a migraine-affected case population and a migraine-

unaffected control population.  
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6.2 Research Implications 

 

6.2.1 GATA4 gene 

 

Genetic screening of the S337G polymorphism—located in the GATA4 gene in exon 

5—was performed to determine whether it was associated with migraine, as this 

polymorphism has been associated with the migraine-comorbid condition of patent 

foramen ovale (Edwin P. Kirk et al, 2006). For the study of the GATA4 gene, the 

method employed was single nucleotide polymorphism (SNP) genotyping by 

FACSArray flow cytometer (the procedure and information of this type of genotype 

analysis can be found in appendix C). 

 

The SNP genotyping performed in this study showed that most of the migraine 

association population had no presence of S377G polymorphism, with only a smaller 

part of the population presenting the homozygous S377G mutation (GG).  More than 

80% of the migraine population presented the AA genotype, while less than 20% 

presented the heterozygous S377G mutation (See Chapter 5 Results). However, the 

S377G polymorphism has been found to be common in the general population. Only 

the homozygous S377G mutation (GG) is relevant for this case study. 

 

This case/control study revealed that there was no association found with the S377G 

polymorphism and migraine. The migraine genotype frequencies and the control 

frequencies were found to be in Hardy Weinberg equilibrium, this indicates that the 

statistical test were valid. Assuming that the two alleles within each subject are 

statistically independent, and that the frequencies of the genotypes in the migraine 

population complied with Hardy-Weinberg proportions, our finding that there was no 

association between the S377G polymorphism and migraine is valid (Schaid et al, 

1999).  

 

However, it was expected that the GATA4 gene would be found positively associated 

with migraine, as there is a strong possible mechanism for GATA4’s involvement in 

migraine. This is because GATA4 is expressed in cardiomyocytes and their mesoderm 

precursors, and is critical for differentiation and cell specific gene expression in 
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different endoderm and mesoderm derived tissues (Ritz-Laser et al, 2004). The 

S377G polymorphism is a missense mutation with an alternative nucleotide A/G, 

causing a change from the amino acid serine to the amino acid glycine. Therefore, a 

mutation in GATA4, which produces a non-synonymous amino acid change, could 

produce abnormal GATA4 protein in the myocardial cells it is expressed in, resulting 

in cardiac abnormalities. Studies by Scher et al, 2005 have already found that GATA4 

is associated with cardiac abnormalities such as patent foramen ovale, therefore 

leading us to expect that migraine would also be associated.  

 

We can not confirm Scher et al’s findings, as our research only examined this 

mutation in a migraine population and not in people affected with cardiac 

malformation. Our findings it can be concluded that no association of the S377G 

polymorphism has been found in the migraine population, which does not support a 

correlation between this particular gene variant and migraine. It appears that the 

GATA4 (S337G) mutation does not play a significant role in common migraine 

susceptibility. However other variants in this gene may still play a role in migraine 

susceptibility. Further studies investigating other GATA4 variants in families and 

case/control populations are warranted to more clearly determine whether this gene 

plays a role in migraine. Furthermore an association study investigating individuals 

that present with both PFO and migraine, particularly migraine with aura, would be 

very interesting. Particularly since Tatdelide et al. have found percentages of PFO in 

migraine with patients with aura of 66.7%, suggesting an association between PFO 

and migraine with aura (Tatdelide et al, 2007) 

 

6.2.2 ESR gene 

 

Genetic screening of the C325G polymorphism—located in the ESR gene in exon 4—

was performed for two reasons: to validate the findings of two previous studies 

(Colson et al, 2006, Oterino et al, 2005) which found a positive association of the 

SNP and migraine in women, and to determine whether there was a positive 

association of the SNP and migraine in an Australian migraine population (MAPII), 

as Oterino et al’s study was performed on a Spanish cohort. For the study of the ESR1 
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gene, the method employed was restriction fragment length polymorphism (RFLP) 

genotyping by digestion with the restriction enzyme HinfI after PCR amplification. 

 

This study found that there was a significant association between this polymorphism 

in the migraine population. It also revealed a significant difference between female 

migraineurs and female controls, and between migraine with and without aura and 

controls. The results suggest that the increase in sample size increased the power of 

the study and therefore increased the likelihood of this mutation being significant in 

the migraine population. This confirms the previous findings by Oterino et al, 2005 

which found a significant positive association in a large Spanish cohort. It also 

confirms previous findings by Colson et al, 2006. 

 

However, additional studies are warranted for this particular polymorphism the 

genotype and allele frequencies were found to be not in Hardy-Weinberg equilibrium, 

and therefore not consistent amongst the migraine population. Hardy-Weinberg 

equilibrium is calculated to observe the relationship between allele and genotype 

frequencies, to see if the underlying allele frequency and genotype frequency carries 

on consistently in the migraine population. A violation of Hardy-Weinberg suggests 

that a number of possible scenarios may be true for the population, one of which is 

genotyping error. 

 

Genotyping errors were checked by randomly picking 10% of the population and 

performing the RFLP experiment again. The findings showed the same results as the 

actual findings in the whole migraine population (MAPII). Further validation to make 

sure that these results are correct is needed, preferably a performance of an alternative 

SNP genotyping method instead of RFLP.  However, the violation of Hardy-

Weinberg may be due to other factors, such as bias in choice of case-controls, choice 

of genetic markers or genotyping errors, unaccounted confounding factors and 

improper analytical methods (Schaid et al, 1999). Therefore deviations from Hardy-

Weinberg equilibrium can inflate the chance of a false-positive association, but a true 

association would exist if the marker allele is associated with the disease (Schaid et al, 

1999). The positive association found by this study may therefore be reliable, since 

ESR gene has been found to have an association with migraine (Oterino et al, 2005).  
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There are a few possible mechanisms for C325G’s involvement in migraine. As this 

polymorphism has no change in amino acid composition (synonymous), the positive 

association found by this study could suggest that the C325G polymorphism may be 

in linkage with another marker (perhaps non-synonymous) that is linked to disease 

susceptibility. Further studies, like SNP genotyping to validate our findings and 

further gene analysis with a dense map of single nucleotide polymorphisms could be 

undertake to examine for a different genetic variation that could be located between 

the C325G polymorphism and other polymorphism presumed to be associated with 

migraine, like G594A (previously studied by Colson et al, 2006 and Oterino et al, 

2005), could be carried out to determine whether the C325G polymorphism or an 

adjacent one in linkage disequilibrium with C325G is the true susceptibility 

polymorphism with causative effects. 

 

Alternatively, the synonymous polymorphism, though it does not result in an amino 

acid change, may affect how the gene works in other ways. Studies have suggested 

that individuals carrying the variant allele may have an alteration in protein folding 

efficiency and protein activity specificity, leading to the same amino acid sequence 

but with a different structural and functional properties of the gene (Komar, 2007). 

Future studies into protein function or folding, as well as specific allele gene 

expression studies, could be undertaken, particularly since estrogen deficiency has 

been implicated in pathological and degenerative processes in the central nervous 

system (CNS).   

 

The human estrogen receptor (ESR) gene is located in chromosome 6q25.1; resulting 

in two transcripts that differ only in the 5’ region (Curran et al, 2001; Andre 

Vasconcelos et al, 2002). This gene is expressed in various human brain regions, 

which include the hypothalamus, limbic system, hippocampus, cortices of temporal 

lobe and the brainstem (Colson et al, 2006).  Because estrogens modulate the 

expression of receptors—such as serotonin and dopamine receptors—that are 

implicated in migraine pathogenesis (Oterino et al, 2004), they may alter neuron 

excitability through modulation of neurotransmitter pathways. If an alteration in ESR 

protein structure and function were found, it might affect neuron excitability by 

modulation of neurotransmitter pathways, such as the endothelial nitric oxide 
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pathways, which induces rapid vasodilation of blood. This is a strong argument as 

these pathways have already been implicated in migraine by previous studies. 

 

6.2.3 GRIA3 gene 

 

Two polymorphisms were genotyped for the GRIA3 gene, the intronic 

insertion/deletion (CT)n Rs3074025 polymorphism and the 3’UTR insertion/deletion 

(CA)n Rs10544981 polymorphism. 

 

Genetic screening of insertion/deletion (CT)n Rs3074025 polymorphism —located in 

the GRIA3 gene—was performed because the involvement of glutamate receptors in 

nerve excitability and pathological events in the brain, especially in the activation of 

ionotropic-ligand gated ion channels, suggested a role for GRIA3 in migraine 

pathogenesis. For the study of the GRIA3 gene, two deletion/insertion polymorphisms 

were analyzed and genotyped using the ABI PRISM 310 Genetic Analyzer machine 

and software. Data were entered on a spreadsheet and analyzed using CLUMP 

analysis and Monte Carlo methods. 

 

This study found that in a case-control migraine population, there was a significant 

positive association of the insertion/deletion (CT)n Rs3074025 polymorphism. This 

strongly implicates GRIA3 as having a role in migraine susceptibility or pathogenesis. 

The possible mechanism for the deletion/insertion rs3074025 polymorphism’s 

involvement in migraine relates mainly to the position of the polymorphism in the 

GRIA3 gene. It is located in the intronic region of GRIA3, and could have a profound 

effect on how the gene is transcribed and translated. Though intronic regions are 

usually spliced out of mRNA transcripts, variations in introns can affect intron/exon 

boundaries, altering the mRNA splice sites. An abnormal appearance of a slice site or 

a lack of a normal splice site caused by an insertion or deletion at this polymorphism 

may lead to alternative readings of the gene, resulting in a major frameshift mutation. 

This could lead to a protein that is truncated (of a shorter length) or that contains an 

alternative sequence of amino acids. Either of these scenarios would greatly affect the 

function of the GRIA3 protein.  
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AMPA receptors are tetrameric structures assembled from four subunits GRIA1-4, 

which exist in splice variant forms (O’Connor et al, 2007; Chong et al, 2007). The 

AMPA receptor (GRIA) mediates fast excitatory synaptic transmission, its function is 

essential for diverse brain activities (Chong et al, 2007; Fukumanki et al, 2003). The 

GRIA3 gene is located in the X chromosome, specifically Xq25-26 region (Lipsky et 

al, 2004). Interruption on the GRIA3 gene has previously suggested the possibility of 

disruption of glutamate-mediated neurotransmission leading to bipolar disorder and 

epilepsy (Gecz et al, 1999). 

 

Limitations of this study included that there was no double deletion found; however, 

this could be explained by the rarity of this polymorphism. Further study is needed to 

corroborate this positive association, perhaps by genotyping on a different migraine 

population, or by genotyping using a different marker or genotyping method. 

 

For the second deletion/insertion 3’UTR insertion/deletion (CA)n Rs10544981 

polymorphisms, the results suggested that there was significant association between 

migraine and controls as well as between migraine with and without aura and 

controls. These findings suggest a role for this polymorphism in migraine 

susceptibility. However, our findings showed no significant results between female 

migraineurs and female controls, indicating that the (CA)n Rs10544981 

polymorphism is not sex specific. This was not an expected finding because migraine 

has been well-characterized as being more prevalent in females. We therefore 

expected a sex-specific association; however, although an overall association was 

found, no such sex-specific association was detected. There have not been studies 

carried out showing if these two polymorphisms are in linkage disequilibrium, which 

would be a necessary approach to take for further studies and before carrying out 

replicate studies 

 

The possible mechanism of this polymorphism in migraine susceptibility is, like the 

first polymorphism, related to polymorphism location in GRIA3.  Since glutamate 

receptors, which GRIA3 belongs to, mediates fast excitatory neurotransmissions 

essential for brain activities, therefore an interruption of the GRIA3 gene would 

suggest a possible disruption of this glutamate-mediated neurotransmission. Studies 
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by Sang et al, 2004 have supported the role of this glutamate receptor in migraine 

pathogenesis, by changes in plasma levels of glutamic acid, glutamine, glycine, cystic 

acid and homoscysteic acid interictally during a migraine attack. Like the first GRIA3 

in/del polymorphism genotyped, a mutation in the GRIA3 gene leading to a change in 

amino-acid composition and protein function would impact the activation of the 

GRIA3-activated ionotropic-ligand gated ion channels. Since GRIA3 is located on the 

X-chromosome region, where there has been evidence for the presence of migraine 

susceptibility locus (Nyholt et al, 2000), we were expecting a positive association 

with migraine susceptibility. 

 

However, the positive association found for GRIA3 could be due to other causes than 

disease pathogenesis. It could be that the GRIA3 gene itself may contain multiple 

polymorphisms that are in linkage with other markers. Furthermore, there may be a 

confounding factor in the overall study, due to the fact that GRIA3 polymorphisms 

have been found to be associated with depression. Depression is comorbid with 

migraine, presumably because the suffering of migraineurs could lead to depression. 

The association found for migraine may therefore actually be reflecting an association 

of GRIA3 with depression. A way to control for this in a future study might be to test 

for these polymorphisms with an independent population that present depression, and 

then test for both comorbid conditions in one population. 

 

Validation studies on this polymorphism are warranted to confirm our positive 

association, preferably increasing the sample size in order to conduct a more robust 

research study. Increasing sample size would also yield greater statistical power to 

detect signification associations of both polymorphisms in migraine population. A 

replicate study has been suggested to be performed on a second migraine population 

in order to validate these results. 

 

6.2.4 SCN1A gene 

 

A preliminary study was undertaken for the Gln1489Lys polymorphism—located in 

the SCN1A gene—as this polymorphism has shown a significant association in 

families, specifically in familial hemiplegic migraine type 3 (FHM3) (Dichgans et al, 
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2007). The Gln1489Lys polymorphism results in a charge-altering aminoacid 

exchange in the so-called hinged-lid domain of the protein, which is critical for fast 

inactivation of the channel (Dichgans et al, 2005). The critical role of voltage-gated 

sodium channels in the electrical signalling of excitable cells, have suggested the role 

of this gene in migraine pathogenesis. 

 

We tested this polymorphism in typical migraine in a subset of our case-control 

association study by sequencing a subset of the migraine population, consisting of 10 

migraineurs and 10 control individuals. No mutation was found when this migraine 

and control subset population was screened. Therefore no significance between this 

particular polymorphism and the migraine population was determined. This does not 

suggest that there is not a relationship between Gln1489Lys and typical migraine 

individuals, but it warrants further study with an increase in sample size, as the small 

sample size could have been responsible for the lack of association due to an 

insufficient power. Further study increasing sample size would address this problem 

and confirm or deny the negative result obtained in this preliminary study.  

 

It was suspected that this polymorphism would be associated with migraine because 

voltage-gated sodium channels play a critical role in the generation and conduction of 

action potentials, therefore are important for electrical signalling by most excitable 

cells (Drenth et al, 2007). Four sodium channels are encoded by a set of 4 genes that 

includes SCN1A, SCN2A, SCN3A and SCN9A (Drenth et al, 2007). SCN1A encodes 

the pore-forming subunit of neural-voltage-gated (NAv1.1) sodium channels (Lopes 

et al, 2006). The Gln to Lys mutation—studied in three German families with FHM 

(Wessman et al, 2007; Thomsen et al, 2007; Lopes et al, 2006)—results in a charge-

altering amino-acid exchange in the hinged-lid domain of the protein, critical to the 

activation of the channel (Wessman et al, 2007). Dichgans et al, 2007, postulated that 

the mild functional abnormality caused by the Gln1489Lys mutation accounts for the 

phenotype of FHM3 associated with this mutation.  As such, a polymorphism in 

SCN1A that resulted in a non-synonymous amino acid change from Gln to Lys was 

expected to yield a positive association. However, because our preliminary study has 

shown no association of the SCN1A polymorphism with migraine, studies 
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investigating SCN1A protein function would not be performed unless a larger study 

detected a positive association.  

 

6.3 Advantages and Limitations of Association Studies  

 

Before mentioning the limitations of association studies, it is fair to say that these 

types of studies are particularly useful in genetics since the risk factors do not change 

with time and are not affected by disease status (Zheng et al, 2005). This type of 

genetic association studies are an easier way to measure if there is an association of a 

particular gene or variant of a gene in the susceptibility of complex disorders. 

Association studies compare the frequency of particular genetic variants between 

people with a disease trait and matched controls, without the disease (Edwards et al, 

2005). Samples in association studies are easier to collect since only one affected 

individual from each family is required and they confer greater power for the 

detection of susceptibility alleles of small size effect (Zheng et al, 2005). 

 

One major drawback in the use of association studies is population stratification, 

where researchers are challenged by trying to match the cases and control for 

ethnicity, gender and age (Zheng et al, 2005). Association studies require that the 

individuals in each group either present the disease being studied or do not have it and 

it is often difficult to categorize in this simple way disease presence or absence 

(Edwards et al, 2005). 

 

A crucial problem for case/control association studies is their potential of an increased 

rate of false-positive results due to undetected confounding factors, such as ethnicity 

(Jackson et al, 2002). Furthermore, subtle and undetected differences in the 

population used for association studies may confuse results. Differences in allele 

frequencies between cases and controls may simply be the result of background 

evolutionary differences, and not true trait-specific differences. Also, statistical 

analyses used in linkage and association studies may be inaccurate depending on the 

number of loci tested (Jackson et al, 2002; Edwards et al, 2005). 
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Association studies may be negative or conflicting, but they are becoming the most 

popular method used on the study of migraine due to the fact that they are effective 

for studying multifactorial diseases (Montagna, 2000). 

 

6.4 Future Directions 

 

Migraine is a polygenic disease with age influences and gender differences, besides 

environmental triggering factors. Migraineurs are more likely to have a negative 

cardiovascular risk profile and to have certain congenital heart defects (Scher et al, 

2005).  

 

The presence of all of these disorders impose a therapeutic challenge and limit 

treatment option, therefore new approach in diagnosis of the migraine need to be 

address as well as different treatment methods that could reduce the frequency of 

migraine. Patent foramen closure has been shown in some cases to decrease or 

alleviate the frequency and severity of migraine.  

 

One approach for the treatment of this disorder is first to define migraine sufferers 

according to their illness severity, as a guide to selecting appropriate and effective 

therapy (Holmes et al, 2001). 

 

Greater knowledge in the pathophysiology of migraine may allow for more optimal 

matching of patients to treatment as well as identifying the genes that are involved in 

this polygenic disease.  A more comprehensive approach could be carried out for the 

genes studied in this research. Further research is needed to validate our findings and 

investigate their involvement in migraine pathogenesis. A positively-associated 

polymorphism that is found to have a major role in pathogenesis could present a novel 

target for drug treatment, which could help control migraine symptoms. Alternatively, 

an associated polymorphism may present a target for gene therapy of migraine.  

 

Further studies may also include studies on linkage analysis, to find out if the 

mutation in GATA4 gene affects individuals in a family in the same way, and if there 

is a medical risk for the development of migraine and stroke with PFO. Moreover, the 
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analysis of group of single nucleotide polymorphisms (SNP) may have a greater effect 

in the susceptibility of migraine than just the analysis of one SNP. Thus several 

mutations of the GATA4 gene could be detected and analyzed for association to 

migraine susceptibility in a case/control study as well as in linkage studies. It would 

be interesting to find out about the mechanisms that regulate utilization of GATA 

factors in complexes that govern the balance towards cardio-protection or detrimental 

cardiac hypertrophy, as well as the specific interaction between transcription factors 

for the improvement of therapeutic targets used in treatment of cardiovascular disease 

(Pikkarainen et al, 2004). 

 

In the case of ESR gene, modified hormone replacement therapy could be provided to 

patients to for patient-genotype specific hormone treatment. More research, however, 

is needed to investigate the specific role that the C325G mutation plays in migraine 

susceptibility and pathogenesis. Studies need to be conducted to determine if this 

particular polymorphism could be the cause-effect in combination with other factors 

or maybe a different variant in linkage disequilibrium with the C325G. 

 

In the case of the GRIA3 gene, which encodes for ionotropic glutamate receptors, 

further research could investigate the specific role of the associate polymorphisms in 

mechanisms of migraine pathogenesis. Because GRIA3 activates several glutamate-

ion channels like AMPA and NMDA receptors, which transduce signals by changing 

their permeability for monovalent Na+, K+ and divalent irons Ca2+ (Fukumaki et al, 

2003), future research may involve research into drug treatment to counteract the 

effect of the polymorphism on the glutamate-ion channels. 

 

As regards the SCN1A gene, which encodes for voltage-gated sodium channels, the 

Gln1489Lys polymorphism may have the effect of allowing higher firing rates, thus 

enhancing excitability in the neuronal network (Dichgans et al, 2005). The excessive 

firing of this neuron-expressing-mutant sodium channel could facilitate the initiation 

and propagation of cortical spreading depression, which is thought to cause migraine 

with aura. Hence, future research into drugs targeting the sodium channel could be 

investigated to treat migraine with aura patients.  
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Future research into all these areas is important to understand the pathophysiology of 

migraine and to identify potential molecular targets for novel treatments (Stam et al, 

2005).  

 

6.5 Research Summary and Conclusions 

 

The purpose of this research study was to find if the homozygous mutation in S377G 

the GATA4 gene was related with migraine. The results suggested that there was no 

significance association between this mutation and the migraine population. It is 

critical to understand the molecular mechanisms that interact in order to understand 

the origin of migraine. By researching more about this disorder and investigating the 

GATA4 mutation and its potential role in migraine and the comorbidity of migraine 

with PFO, we may have a better understanding on how to treat and diagnose these 

diseases. 

 

In this research study, the potential role of the ESR1 gene involved in hormonal 

pathways was investigated, to find out if it influenced migraine susceptibility. This 

was undertaken by analyzing the polymorphism located in exon 4 (C325G), located in 

the hormone binding region in the ESR1 gene, in a migraine case/control association 

study. The findings showed that there was a significant association between the 

C325G polymorphism and migraine, supporting a role for this gene in migraine. 

Additional studies are required to confirm these positive results; SNP genotyping will 

be an appropriate method to corroborate our findings. 

 

To assess the possibility of the involvement of the GRIA3 gene in migraine 

susceptibility, two insertion/deletions: Rs3074025 with two base pair (CT ) 

insertion/deletion and Rs10544981 with 4 base pair deletion/insertion (CA), were 

examined in a case/control match migraine association population. The findings with 

respect to this study revealed that that these two deletion/insertion polymorphisms 

may have a role in migraine susceptibility. However, further research is necessary to 

confirm these results, and thus a replication study in a second migraine population 

should verify if these results are indeed accurate and significant for this migraine 

population. 
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One single nucleotide polymorphism (SNP), Gln1489Lys, for the SCN1A gene, was 

investigated in an association study in a migraine population (MAPI), to determine 

the susceptibility of this mutation in migraine individuals. The study was only 

preliminary and did not show the presence of the polymorphism in our migraine 

population, therefore further studies are warranted for this particular polymorphism, 

which has already been previously associated with FHM3. One suggestion for further 

research was to increase sample size—if sequencing is not practical, another method 

of SNP genotyping could be designed and performed. Further investigations such as 

these will demonstrate if this polymorphism has a relationship with migraine. 

 

The best method to approach genetic analysis is like Sir Arthur Conan Doyle 

mentioned in his book, Sherlock Holmes, “When you have eliminated all which is 

impossible, then whatever remains, however improbable, must be the truth”. When 

any possible cause for random error, bias and confounding factors are removed and an 

association remains, the cause between a polymorphism and a disease may be 

suggested (Page et al, 2003). Though there may be the presence of confounding 

factors in these association studies, which may be controlled for in repeat validation 

studies, this research has found three positive associations of the ESR1 polymorphism 

and two GRIA3 polymorphisms, and the links between migraine pathogenesis and the 

polymorphisms have been discussed. At the current time, until validation studies are 

performed, it appears that these significant positive associations “must be the truth”, 

and as such provide new information in migraine pathogenesis, and provide further 

targets for migraine genetic studies.   
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Chapter 7 
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Chapter 8 

 

Appendices 
 

8.0 Appendix A 
 

Migraine Questionnaire 
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8.2 Appendix B 
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PCR Protocol and Thermocycler 

 

PCR 

Each 10 ull reaction contained: 

2.0 ul supplied template DNA 

0.5 uM for both forward and reverse PCR primers,  

0.5 units HotStarTaq (Qiagen, Germany),  

1X Qiagen PCR buffer (Qiagen, Germany),  

0.2 mM MgCl2,  

200 uM for each dNTP (Amersham, UK), 

H2O to 10 ul. 

 

Cycling conditions: Initial denaturation of 94˚C for 15 minutes followed by 40 cycles 

of: 94˚C / 30 seconds; 56˚C / 30 seconds; 72˚C / 30 seconds.  PCR was completed 

with an extended incubation of 5 minutes @ 72˚C. 

   

Table 1. Oligos used for hGATA4 detection. The format for 5' additions are those 

used by IDT 

Oligo name               Sequence 

FP_hGATA4_5 /5Phos/TGT CCC CGG CAA ATG TAG ATA AAG 

R_hGATA4_5 CAG TCG GCC TCC CCA CAA ACA GC 

NA_hGATA4_5 /5AmMC6/TAC GGG CAC AGC AGC TCC G 

NG_hGATA4_5 /5AmMC6/TAC GGG CAC GGC AGC TCC G 

Ac_hGATA4_5 

/5Acryd/AAT GGC AGC TAT GGA GAA ATT TGT 

 CCC CGG CAA ATG TAG ATA AAG 

 

8.3 Appendix C 
 

SNP Genotype  
 

Overview 

MPlots version 0.5 facilitates the accurate and efficient SNP genotyping of DNA 

samples. 

 

MPlots is a software application that is designed to complement the Single Nucleotide 

Polymorphism (SNP) genotyping method developed at Genera. This program allows 

the user to analyse Flow Cytometry generated FCS data generated from single or 

multiplexed SNP experiments and effectively make and store genotypic calls.  For an 

explanation of the Genera SNP method, please go to: 

 

 http://www.generabiosystems.com/generabiosystems/technology/background/ 

SNPs/StandardProtocol/   

 

Briefly, PCR products are made so that the amplicon contains the SNP base.  This 

PCR product is purified (unincorporated primers removed) and made single stranded 

by nuclease digestions.  This single stranded DNA (ssDNA) is then incubated with a 

mix containing 3 reagents specific for the SNP detection: 
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4. AmpaSand™ Beads with a covalently bound oligonucleotide 

which is complementary to the ssDNA; 

5. An oligonucleotide probe specific for one allele labelled with a 

yellow or green dye; and, 

6. An oligonucleotide probe specific for the alternative allele and 

labelled with a red dye. 

 

These components, the ssDNA PCR product and the 3 detection reagents, are mixed 

and allowed to anneal.  Because the hybridization is competitive, the beads at the end 

of the experiment will be coloured in a way which represents the genotype of the 

input ssDNA.  (yellow or green beads will be homozygous for allele 1, red beads 

homozygous for allele 2, and intermediately coloured beads will be heterozygous).  

These beads are read by a Flow Cytometer which stores several characteristics (or 

parameters) for each bead analysed in a sample.  These parameters include the size of 

the bead and the colours on the bead.  These parameters are used by MPlots to 

determine the experiment (using the size parameters) and the genotype (using the 

colour parameters).  

  

Data File Formats 

 

MPlots recognizes Flow Cytometry Standard (FCS) 2.0 data files. MPlots v. 0.5 

requires the data to be stored in standard 96-well plate format.  Each well is associated 

with a specific sample, and thus, it is recommended that the FCS files be stored 

together in user-defined folders.  Data files are generally acquired by high-throughput 

cytometers, which save the data in readable format.  However, if data has been 

obtained in single tubes, the file names must contain well numbers which match the 

sample names. For example, the file containing the FCS file for sample 1 must have 

its filename modified to give it a well number.  The convention used by MPlots v.0.5 

for this is: 

 

Filename =  X_Well_nnn;    

 

where X = a meaningful sample name (eg. Sample1) and nnn = a number from 1-96 

which represents a well number.  (Three digits are used in the identifier for future 

MPlots versions which will accommodate 384 well plates as well as 96 well plates).  

The well numbering system is always “horizontal contiguous” format 

(001=A1…012=A1;013=B1…024=B12, etc.). 

 

 

Starting MPlots / Loading Data 

 

After ensuring that Java is ready and the data files are in the right format, the MPlots 

program must be started.  If you have obtained MPlots from Genera’s website or from 

a disk, the MPlots program is contained in a file named “MPlots.jar” which is in a 

folder marked “MPlots”.  Also in this folder is a file named “StartMPlots.bat”.  It is 

convenient to make an alias of this file and send this alias to the desktop.  By either 

clicking on the alias or on the MPlots/Start.MPlots.bat file, MPlots is invoked and the 

MPlots Tools menu window will appear on the screen, as well as a Command 

window.  (The command window is not necessary and can be minimized).   
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To open a new dataset for analysis, click the Choose button on the Tools Panel and 

select any FCS file in the folder.  MPlots will automatically analyse all FCS files 

contained in that folder and will ignore those files which are not valid FCS files.   

 

In the example shown here, the user has gone to the folder containing the data to be 

analysed, in this case the Plate “Final_CaucasianPlate_1(DNA samples)”, and has 

opened an FCS file (…Well_001) which is highlighted. 

 
 

Once the file has been opened, the Start button on the Tools Panel will be active.  

To load the folder’s data files into MPlots, the user clicks the Start button and all files 

in the folder are loaded into MPlots.  If a problem is encountered during file loading, 

MPlots will signal an error message to the user. Analysis cannot proceed until a valid 

dataset has been loaded. Once the files are loaded, the user is ready to analyse the 

data.  The next section describes how the program helps call and store the genotypes.  

Identifying SNP specific Bead Clusters 

 

Once a valid dataset has been loaded, two additional panels will appear; the Size 

Panel and Fluorescence Panel. The Size Panel displays a scatter plot of the forward 

scatter (FSC) versus the side scatter (SSC) of each bead. The Fluorescence Panel 

displays a scatter plot of the yellow and red fluorescent intensities for each bead. 

Notice at the bottom of the Tool Panel the experiment or corresponding FCS file is 

Fig. 1. Java Invoke. 

The MPlots Tools 

Menu as well as a 
Command window 

will appear on screen.  

The Command screen 
is not needed and can 

be minimized at this 

point or at any 
subsequent point in the 

session. 

Fig. 2.  Choosing a  

file to start MPlots.  

After the Choose 

button in the Tools 

Panel is clicked, the 

user is directed to 

open an FCS file.  

Once the file is 

opened, MPlots will 

be able to analyse 

all data in the folder 
by hitting the Start 

button in the Tools 

Panel. 
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shown (Well A01 in the example below). The information for only one experiment or 

FCS file is displayed in these two windows. 

 

To start the analysis, the user must tell MPlots what beads to analyse.  The beads in 

the Size Panel will cluster in one or more discrete clusters, depending on the diameter 

of the beads.  Genera uses beads of diameters ranging from 3.0 mm to approximately 

7.0 mm.  In the example shown here, a one-plex experiment, only 5.6 mm beads are 

used.  Later, an example of a 4-plex is shown in which 3.5 mm, 5.0 mm, 5.6 mm, and 

6.8 mm beads are used.  

 

 

 

 

 

 

 

 

 

To make a New Gate,  go to 

the Gate dropdown menu in the Size Panel and click on New Gate.  Alternatively, 

the user can start the New Gate drawing protocol by holding the “Alt” key while 

hitting the “N” key. The gate drawing is initiated by  first pointing the cursor arrow at 

a position near an edge of the cluster and then clicking.  The New Gate is drawn by 

moving the cursor around the bead cluster and making as many clicks as desired (the 

example shown in fig. 4 has made 4 such clicks).  To complete the drawing of the 

gate, hold down the “Shift” key while clicking.   

 

 

 

 

 

 

 

 

 

This operation is 

performed in the 

default well, A01.  

Sometimes, A01 is empty or used for other experiments.  The user can move to a 

different well by clicking on the Next button in the Tools Panel until a suitable 

cluster (or set of clusters) is observed in the Size Panel.   The gate formed will now 

be used for every well in the plate.  

 

Now that the SNP gate has been made, the designation can be documented by use of 

the Alias (Alt+A) command in the Gate dropdown menu in the Size Panel.   

 

 

 

 

Fig. 3. MPlots Loaded.  

The Size Panel and 

Fluorescence Panel are 
shown on screen.  The 

Size Panel has a Gate 

dropdown menu which 
gives two options, New 

and Alias.  The use of 

these options are 

described in the text. 

Fig.4. New Gate Drawn.  

The gate for the bead 
cluster is drawn in the 

Size Panel. Notice that 

the Fluorescence Panel is 
now showing beads.  This 

happens in real time; as 

the gate is drawn, the 
fluorescence data is 

shown 

 

Fig.5. Alias for New 

Gate.  The Alias 
command allows the user 

to document the bead 

cluster identified by the 
New Gate command.  

This window allows for 

naming the gate, usually 

to match the SNP 

designation, and gives the 

opportunity to match the 

alleles with actual 

sequence. 
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After clicking on the Alias, the screen will appear as in figure 5.  Most users will need 

to identify the gate as a particular SNP.  The MPlots convention for naming genotypes 

can be manually set as described below.  The Alias command allows for the matching 

and documenting of data for a given experimental run.  Figure 6 shows the Alias box 

after it has been filled with a SNP name (SNP1) and sequence correspondence (Allele 

1 = C, Allele 2 = T).   

            
 

 

Multiplexing.  

 

Several SNPs can be analysed simultaneously from the same well (Multiplexing).  

MPlots supports the Gating of several different SNP specific bead clusters.  Each 

cluster can be defined by the Alias commands. 

 

 

 

 

 
. 

Editing SNP gates 

 

To select a gate that 

has been drawn, 

simply left click on it. 

When a gate is selected, the polygon bounding it will become coloured and the 

control points of the polygon will be visible. A right click at any point will cause the 

gate to be unselected again. 

 

 

To reshape or modify a gate, first select it by 

clicking on the Control Points of the gate, and 

dragging them around, it is possible to readjust 

the polygon and thus the shape of the gate.  

 

 

To delete a gate, select delete in the Gate menu. 

You will notice that the cursor will now change 

to a hand. Now simply click on the gate you wish 

to delete. Once a gate has been deleted, all 

Figure 7. Multiplexed 

samples with multiple 

gates.  This example has 
4 bead sizes in four easily 

identified clusters.  These 

clusters are gated and 

documented as outlined 

in the text.  By clicking 

on a gate in the Size 

Panel, the sample’s 

fluorescence value for 

that gate will be shown in 

the Fluorescence Panel. 

Figure 6. Alias 

Comand Box 

Completed.  In this 
example, the Gate 

defines the beads for a 

SNP designated SNP1.  
The two alleles are C 

(which in this case has 

a Red allele specific 

probe) and  

T (whose allele 

specific probe is 

yellow).   
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information associated with that gate will also vanish. 

 

To delete all gates, simply select Clear in the Gate dropdown menu. This will cause 

a prompt window to appear. If you are sure you would like to delete all gates, click 

Yes. 

 

Right-clicking at any time will cause the proposed action (Gate deletion, creation and 

modification) to be cancelled. 

 

Setting Genotype Regions 

 

The next step in assigning genotype calls to each sample is to designate the 

fluorescence levels which define the different genotypes.  As discussed in the 

Overview above, two allele specific probes, each with its own identifiable colour, are 

used in a competitive hybridization reaction in which the ssDNA PCR product is in 

limiting supply.  The competition ends with DNA that is either all Red (homozygous 

for allele 1), all Yellow  (homozygous for allele 2), or both Red and Yellow 

(heterozygous).  Each SNP specific bead is coated with DNA which specifically binds 

this coloured DNA, so that the beads take on the genotype determined colour of the 

DNA. 

The best way to assign these regions is to examine large amounts of different samples 

and then to match regions to genotype by identifying the 

regions which are most certain to contain beads of each 

genotype.  The operation for observing all the beads for an 

entire plate for a given SNP gate is to go to the View 

dropdown menu on the Tools Panel and click on the 

Pooled Fluorescence button  The Pooled Fluorescence 

Panel will open with the all the beads shown for each 

sample in the folder.  Two options are available; Scatter 

and Density. The Density option is a “smoothed” 

representation and often gives a plot which is easier to 

draw gates. The Scatter option is easier to observe all 

beads. 

 

 

 

 

The operation for setting Genotype Regions is very similar to setting SNP gates.  In 

the Pooled Fluorescence Panel, click on the Genotype dropdown menu.  Assign 

each of the genotype gates by clicking on the appropriate genotype in the dropdown 

box and then drawing around the clusters.  An example is shown in Figure 9.  

Different operators will have different “styles” for drawing these genotype gates.  

Usually it is best to be “conservative”; that is, draw gates around “sure” regions.  

Figure 8. Multiplexed samples with multiple gates.  This example has 4 bead sizes in four easily identified 

clusters.  These clusters are gated and documented as outlined in the text.  By clicking on a gate in the Size 

Panel, the sample’s fluorescence value for that gate will be shown in the Fluorescence Panel. 
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In multiplexed samples, this operation must be repeated for each SNP bead cluster. 

 

Performing Automated Genotype Calls (Level 2) 
 

Once the genotype regions are determined, genotypes can be assigned to each sample.   

Go to the Tools Panel and click on the View dropdown menu.  Click on the Calls 

button.  An outline of a 96 well plate will appear on the screen.  Click on the Call 

dropdown menu (Fig. 10a).  A warning will appear (Fig. 10b), asking to continue.  By 

clicking the Yes button in this window, 

genotypes will be assigned to each well for 

the active SNP gate.  For example, in fig. 9, 

the active SNP gate is the lower left-hand 

corner gate as shown in the Size Panel.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Level 2 calling function will present  

the genotypes graphically in the Calls Panel.  

Notice that after the genotypes are made, the 

gray outline of the 96 well plate is replaced 

by a colour coded representation of the calls.  

Also, this Panel remains “synchronized”, meaning that the data for a given well can 

be visualized by clicking on the well.  

 

 

Performing Manual Calls or Over-riding Automated Calls 

Figure 9.  Genotype Regions in 

Pooled Fluorescence Window.  

(a)The Regions dropdown menu 

in the Pooled Fluorescence Panel 

allows for the drawing of 4 

regions, Genotypes 11, 12, and 22 

as well as Fail.  The Fail region 
will be in the lower left corner and 

represents beads which have little 

or no colour. (b) This shows the 
four regions after drawing the 

gates.  Notice, many beads are 

outside all regions. 

a

. 

b

. 

Figure 10.  Level 2 Calls.  The specified 
SNP gate  has been analysed automatically, 

uing the Genotype Regions specified as 

described in text.  The colour coding is 
descrbed in figure 11. (a) Call window has 

been invoked from View button in Tool 

Panel.  Shown is Call dropdown menu with 

cursor activating Level 2.  Level 1 calls are 

under construction with MPlots v.0.5.  (b) 

After clicking on the Level 2 button, MPlots 

asks if you want to continue.  To continue, all 

previous calls will be erased.  (c) Calls 

window after Level 2 calls are completed.  
This window is synchronized; that is, each 

well can be brought up on screen by clicking 

on the well.  Each call automated call can be 
over-ridden manually, as described below in 

text. 

a 

b 

c 
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The key to the colour coding can be observed by clicking on the Well dropdown 

menu (Figure 11). Clicking on a genotype in this dropdown will act as a Manual 

Overide on the automated call of the Active Well.  

 

MPlots v0.5 uses this colour code for ease of 

identifying each genotype.  Yellow and Blue 

boxes are used to designate 11 and 22 

homozyogotes, respectively.  A “split” 

blue/yellow box represents heterozygotes.  Red 

coloured wells flag samples which are called Fail 

(beads are very low fluorescence).  Gray 

designates Uncalled samples; samples in which 

beads cluster outside any of the genotype regions.  

 

Proofreading and Navigation of the Calls Panel 

Navigating the Plate 

 

The plate can be easily navigated by using the features provided with MPlots. 

Clicking on individual wells will bring up the corresponding information for that well 

in the Size and Fluorescence Panels. Other navigational options are also available in 

the Navigate menu in the Call Panel (fig. 11). 

When the user has become familiar with the 

navigational tools in the Call Panel, we 

recommend them progressing to the use of the 

short-cut keys available. These short-cut keys 

make plate navigation an even simpler task. 

It is often desired or necessary to quickly scan a 

plate for “troublesome” samples, such as Fails or 

Uncalled, or rare genotypes.  Often, samples 

which are not able to be called automatically can 

be called manually through the Well dropdown 

menu of the Calls Panel as described above.   

 

Freezing a Well for Reference 

 

Freezing a well can also greatly simplify proof reading by providing a reference 

pattern. Select Freeze current from the View menu in the Fluorescence Panel. This 

will cause the current pattern in the Fluorescence Panel to remain as part of the back 

Figure 11.  Well dropdown menu of Calls 

Window.  This menu is used for manual calls 

of single wells 

Figure 11. Navigation.  Previous and Next 
commands (and shortcuts) allow movement 

relative to current well (above line) or 

relative to current genotype (below line). 

Figure 12.  Freeze Well 

Command.  In this example, Well 
A2 is “frozen” and will be kept as 

a reference for subsequent Active 

Wells.  Figure 13 shows the effect 

after moving the Active Well 

forward to A3.  A2 beads are 

visible in gray while current 

well’s beads are shown in blue. 
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ground. This provides a highly useful reference point with which to compare other 

wells with the same call.  Figure 13 shows an example after moving the active well 

from this well (A02) to the next well (A03) 

 

The Freeze function allows for comparison of adjacent wells or non-adjacent wells.  

 

The “Frozen” well will stay until unfrozen by returning to the well and clicking 

“Freeze” button back to inactive.  Alternatively, Freezing can be changed at any time 

by clicking on the Freeze button which would substitute the current well’s beads to 

the “Frozen” well. 

 

Saving Templates 
MPlots can save all the work carried out in an analysis into a Template. This template 

can subsequently be reloaded to restore previous work or results. The template stores 

the following information in a recoverable form: 

 

• All SNP gates drawn in the Size Panel 

• All annotations for SNP gates (from Alias command) 

• All genotypic regions drawn for all gates in the Pooled Fluorescence Panel 

• All calls for all plates in the Call Panel  

 

To save this information to a template simply select Save to template from the File 

menu in the Tool Panel (Figure 14). A file dialogue will appear allowing the user to 

select where to save the template. 

 

The template file which is saved does not 

incorporate the information from the FCS dataset.  

Hence, it is generally recommended that the user 

be able to accociate a template file with the 

corresponding data set in some way (eg. giving the 

template file a .temp suffix in the corresponding 

data folder).

Figure 14.  Saving 

Templates.  When this 
command is invoked, 

MPlots will prompt a 

file name.  The default 
folder location will be 

the folder containing 

the FCS files used in 

the data analysis.   
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Loading Templates 
 

Once a Template is saved, it will become the default template.  To load a previously 

made template, click on the File dropdown menu of the Tools Panel (fig. 14).  MPlots 

will prompt with a standard “Open File” dialog box with the latest folder as the 

default.  After finding the correct template file, double click on it to open.  MPlots 

will warn you that to load this template, you must restart.  This means that the Start 

button will have to be hit, not that the program will be needed to be rebooted.  A new 

starting file can be used as well, using the Choose button. 

 

Saving Genotypes 
 

MPlots automatically saves genotypes as text in 

spreadsheets.  To observe the current calls, go to the 

Call dropdown menu of the Calls Panel.  When 

Calls as Text panel is open, the format has the first 

field (A1) = the SNP name.  The 2
nd

 and third fields 

are the bases associated with each allele. 

The export as text is the final step in saving data.  

When the export as text is invoked, MPlots will 

prompt the user to give the file a name, with the FCS 

containing folder as default location. 

 

 

 

 

Saving of Fails 
 

MPlots also has a function to help reanalyse failed and uncalled wells.   

 

 

 

 

 

 

 

 

 

 

 

 

  Source: Genera Biosystems, www.generabiosystems.com/ 

 

 

 

 

 

 

 

Figure 15.  Export data as text.  Data is configured as shown in 

figure and described in text.  The set-up is made so that the well is 

associated with two alleles, separated by a tab (cell in Excel 

format).  This format is compatible with most genetic mapping 

software. 

Figure 16. Fails saved.  

This function flags fails as 

well as designates a 
suggested loading scheme 

for re-runs.  This feature 

will support automated 
sample re-runs in later 

MPlots versions 
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DNA Sequencing Analysis 
 

 
 

 

>SCN_1_F11 sequence exported from SCN_1_F11.ab1 

GGTAGGTGGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCT

TTACTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTA

TTGGTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATT

TCTAATATTTTCTCTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTT 

 

>SCN_2_F12 sequence exported from SCN_2_F12.ab1 

TTGCAGCGAAAACATCCAAGAATAACCTAATCTCGGGGAGAGAAAAGTG

GAAATGCTTATCTCCCATATGCGGTGCAATAATGTATGACGCCTTCGATAA

ATCGCTCAAGCGAAGAACATTCCCAAGACACAAAACTGGAATGTAGACA

GTCATTTCAATTCTTTACAATTAGGATGGAGTTCCCCCTACCAAAGGCGAA

TATTTCGTAAAATTCTATTTCCAGCACTAAAATGTATGGTAATATTTTACA

AAATATTCCCCTTTGGTAGGTGGAACTCCAGCCTAAGTATGAAGAAAGTC

TGTACATGTATCTTTACTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACC

TTGAACCTGTTTATTGGTGTCATCATAGATAATTTCAACCAGCAGAAAAAG

AAGATAAGTATTTCTAATATTCTCTCCCACTAGATGAA 
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>SCN_3_G01 sequence exported from SCN_3_G01.ab1 

TCTGTACATGTATCTTTACTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCA

CCTTGAACCTGTTTATTAGGTGTCATCATAGATAATTTCAACCAGCAGAAA

AAGAGATAAGTATTTCTAATATTTTCTCTCCCACTGAGATAGAAAATTATT

CCTTGGAGTG 

 

>SCN_4_G02 sequence exported from SCN_4_G02.ab1 

AGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGTAGGTG

GAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTT

ATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCA

TCATAGATAATTTCAACCAGCAGAAAAAGAAGATAA 

 

 

 

 
 

>SCN_5_G03 sequence exported from SCN_5_G03.ab1 

TCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTATTT

TCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCAT

AGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCT

CTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTC 

 

>SCN_6_G04 sequence exported from SCN_6_G04.ab1 

TAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGTAGGTGGAACT

CCAGCCTAAGTATGAAGAAAGTCTGTACTATGTATCTTTACTTTGTTATTT

TCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCAT

AGATAATTTCAACCAGCTAGAAAAA 
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>SCN_7_G05 sequence exported from SCN_7_G05.ab1 

AGCCTAAGTATGAAGAAAGTCAGTACATGTATCTTTACTTTGTTATTTTCA

TCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTAGGTGTCATCATAG

ATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCTCTC

CCACTAGAGATAGAAAATTATTCCTTAGGAGTGT 

 

>SCN_8_G06 sequence exported from SCN_8_G06.ab1 

AAATGTATGGTATTATTTTACAAAAAATTCCCCTTTGGTAGGTGGAACTCC

AGCCTAAGTATGAAGAAAGTCTGTACGTGTATCTTTACTTTGTTATTTTCA

TCATCTTTGGGTCCTTCTTCTCCTTGAACCTGTTTATTGGTGTCATCATAGA

TAATTTCAACCAGCAG 

 

 

 

 

 
 

>SCN_10_G07 sequence exported from SCN_10_G07.ab1 
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TCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTATTT

TCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCAT

AGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCT

CTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTC 

 

>SCN_11_G08 sequence exported from SCN_11_G08.ab1 

TCCAGCCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGTA

GGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACGATGTATCTTTAC

TTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCTGAAAAAGAAGATAAGTA 

 

 

 

 

 
 

>SCN_12_G09 sequence exported from SCN_12_G09.ab1 

AACTCCAGCCTAAGTATGAAGAAAGTCTAGTACAAGTATCTTTACTTTGTT

ATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCAGTTTATTAGGTGTC

ATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATAT

TTTCTCTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTC 

 

>SCN_13_G10 sequence exported from SCN_13_G10.ab1 

ACTTATCTTCTTTTTCTAGCTAGGTTGAAATTATCTATGATGACACCAATA

AACAGGTTCAAGGTGAAGAAGGACCCAAAGATGATGAAAATAACAAAGT

AAAGATACATAGTACAGACTTTCTTACATACTTAGGCTGGAGTTCCACCTA

CCAAAGGGGAATATTTTGTAAAATATTACCATACATTTTAG 
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>SCN_14_G11 sequence exported from SCN_14_G11.ab1 

TTTAAAATATTCCCTTTGGTAGGTGGACTCCAGCCTAAGTATGAAGAAAGT

CTGTACATGTATCTTTACTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCAC

CTTGAACCTGTTTATTGGTGTCATCATAGATAATTTCAACCAGCAGAAAAA

GAAGATAAGTATTTCTAATATTTTCTCTCCCACTGAGATAGAAAATTATTC

CTTGGAGTGTTT 

 

>SCN_15_G12 sequence exported from SCN_15_G12.ab1 

ATTTCCAGCAGTAAAACGTACGGTAATATTTTACAAAATACTCCCCGAGG

GTAGGTGGAAGTCCAGCCTAAGTATGAAGAAAGTCGTGTACA 

 

 

 

 

 
 

>SCN_16_H02 sequence exported from SCN_16_H02.ab1 

AACTCCAGCCTAAGTATGAAGAAAGTCTGTACAAGTATCTTTACTTTGTTA

TTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCAT
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CATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTT

TCTCTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTA 

 

>SCN_17_H03 sequence exported from SCN_17_H03.ab1 

CAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGTAGGT

GGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACTATGTATCTTTACTTTG

TTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGT

CATCATAGATAATTTCAACCAGCTGAAAAAGAAGATAAGTA 

 

 

 

 

 
 

>SCN_20_H04 sequence exported from SCN_20_H04.ab1 

GTCTGTACATGTATCTTTACTTTGTTATTTTCATCATCTTTGGGTCCTTCTTC

ACCTTGAACCTGTTTATTGGTGTCATCATAGATAATTTCAACCAGCAGAAA

AAGAAGATAAGTATTTCTAATATTTTCTCTCCCACTGAGATAGAAAATTAT

TCCTAGGAGAG 

 

>SCN_21_H05 sequence exported from SCN_21_H05.ab1 

ATTTCCAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGG

TAGGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTA

CTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTA 
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>SCN_22_H06 sequence exported from SCN_22_H06.ab1 

CTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTATT

TTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCA

TAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCT

CTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTCTCT 

 

>SCN_23_H07 sequence exported from SCN_23_H07.ab1 

TTTCCAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGT

AGGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACTATGTATCTTTA

CTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCTGAAAAAGAAGATAAGTA 

 

 

 

 

 
 

>SCN_24_H08 sequence exported from SCN_24_H08.ab1 

CTCCAGCCTAAGTATGAAGAAAGTCTAGTACAAGTATCTTTACTTTGTTAT

TTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATC

ATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTT

CTCTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTC 

 

>SCN_25_H09 sequence exported from SCN_25_H09.ab1 

CTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGTAGGTGGAAC

TCCAGCCTAAGTATGAAGAAAGTCTGTACGATGTATCTTTACTTTGTTATT



MPhil Thesis            Sherin Chikhani BSc 

 166 

TTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCA

TAGATAATTTCAACCAGCAGAAAAAGGAAGGATAAGTA 

 

 

 

 
SCN_27 DIDN’T WORK 

 

>SCN_26_H10 sequence exported from SCN_26_H10.ab1 

AACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTA

TTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCAT

CATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTT

TCTCTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTCTC 

 

SCN_27 DIDN’T WORK 

 

 

 

 

 

 

 

SCN_30 DIDN’T WORK 

 

 
 

SCN_30 DIDN’T WORK 

 

>SCN_31_A01 sequence exported from SCN_31_A01.ab1 

TTTCCAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGT

AGGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTAC

TTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTA 
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>SCN_32_A02 sequence exported from SCN_32_A02.ab1 

AGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTATTTTCA

TCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCATAGA

TAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCTCTCC

CACTGAGATAGAAAATTATTCCTTGGAGTGTTTTCTC 

 

>SCN_33_A03 sequence exported from SCN_33_A03.ab1 

ATTTCTAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGG

TAGGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTA

CTTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCT

AATATTCTCTCCCACTAGAAAG 

 

 

 

 

 
 

>SCN_34_A04 sequence exported from SCN_34_A04.ab1 
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CTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTACTTTGTTATT

TTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTGGTGTCATCA

TAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTATTTCTAATATTTTCT

CTCCCACTGAGATAGAAAATTATTCCTTGGAGTGTTTTCTCTG 

 

>SCN_35_A05 sequence exported from SCN_35_A05.ab1 

TTTCCAGCACTAAAATGTATGGTAATATTTTACAAAATATTCCCCTTTGGT

AGGTGGAACTCCAGCCTAAGTATGAAGAAAGTCTGTACATGTATCTTTAC

TTTGTTATTTTCATCATCTTTGGGTCCTTCTTCACCTTGAACCTGTTTATTG

GTGTCATCATAGATAATTTCAACCAGCAGAAAAAGAAGATAAGTA 

 

8.4 Appendix D 
 

IHS Criteria Diagnosis 
 

The primary headaches 

 

1.0  Migraine 

 

1.1  Migraine without aura 

 

A. At least 5 attacks fulfilling criteria B–D 

B. Headache attacks lasting 4-72 hours (untreated or unsuccessfully treated) 

C. Headache has at least 2 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 (eg, walking 

or climbing stairs) 

D. During headache at least 1 of the following: 

1. nausea and/or vomiting 

2. photophobia and phonophobia 

E. Not attributed to another disorder 

 

1.2  Migraine with aura 

A. At least 2 attacks fulfilling criterion B 

B. Migraine aura fulfilling criteria B–C for one of the subforms 1.2.1-1.2.6 

C. Not attributed to another disorder 

 

1.2.1   Typical aura with migraine headache 

 

A. At least 2 attacks fulfilling criteria B–D 

B. Aura consisting of at least 1 of the following, but no motor weakness: 

1. fully reversible visual symptoms including positive features (eg, flickering 

lights, spots or lines) and/or negative features (ie, loss of vision) 

2. fully reversible sensory symptoms including positive features (ie, pins and 

needles) and/or negative features (ie, numbness) 

3. fully reversible dysphasic speech disturbance 

C. At least two of the following: 
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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 occur in succession over ≥5 minutes 

3. each symptom 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 

 

1.2.3   Typical aura without headache 

 

As 1.2.1 except: 

B. Aura consisting of at least 1 of the following, with or without speech 

disturbance but no motor weakness: 

1. fully reversible visual symptoms including positive features (eg, flickering 

lights, spots or lines) and/or negative features (ie, loss of vision) 

2. fully reversible sensory symptoms including positive features (ie, pins and 

needles) and/or negative features (ie, numbness) 

D. Headache does not occur during aura nor follow aura within 60 minutes 

    

  Source: International Headache Society, www.i-h-s.org/ 

 

8.5 Appendix E 
 

Gene Blast 
 

GATA 4 Chromosome 8, short tandem nearly exact sequence 

 

Forward Primer: TGT CCC CGG CAA ATG TAG ATA AAG 

 

Score = 48.1 bits (24), Expect = 9e-05 

Identities = 24/24 (100%), Gaps = 0/24 (0%) 

Strand=Plus/Plus 

 

Query  1      TGTCCCCGGCAAATGTAGATAAAG  24 

              |||||||||||||||||||||||| 

Sbjct  80732  TGTCCCCGGCAAATGTAGATAAAG  80755 

 

 

Reverse Primer: CAG TCG GCC TCC CCA CAA ACA GC 

 

Identities = 23/23 (100%), Gaps = 0/23 (0%) 

Strand=Plus/Plus 

 

Query  1      GCTGTTTGTGGGGAGGCCGACTG  23 

              ||||||||||||||||||||||| 

Sbjct  81027  GCTGTTTGTGGGGAGGCCGACTG  81049 

 

 

Source: NCBI Blast, http://www.ncbi.nlm.nih.gov/BLAST/ 
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PCR Blat, primers size and melting temperatures 

 

318bp TGTCCCCGGCAAATGTAGATAAAG 

CAGTCGGCCTCCCCACAAACAGCTGTCCCCGGCAAATGTAGATAAAGccatt

agcttgcacccatcccggctgtctcgcaggctgccggctgttcgtttgtccctgccgctgatttgggtgtgctgactctgcttc

attccagctccttcaggcagtgagagccttcctcccg 

ccagcggtgcttccagcaactccagcaacgccaccaccagcagcagcgaggagatgcgtcccatcaagacggagcctg

gcctgtcatctcactacgggcacagcagctccgtgtcccaggtacgcgccatggctggggcgccaggGCTGTTTG

TGGGGAGGCCGACTG 

 

Primer Melting Temperatures 

 

Forward: 65.2 C tgtccccggcaaatgtagataaag 

Reverse: 72.9 C cagtcggcctccccacaaacagc 

 

GATA-4 gene Location: 
 

 
 

 
 

 

Genome Browser, Human Blat Search 

 

Sequence: 

 

     Foward: TGTCCCCGGC AAATGTAGAT AAAG 

Genomic chromosome 8: 

agcctgaaac acacgtggcc tcaagggttt gagatgagat agggggaaga  11651682 

agccatccct gtgagaactg tagccctccg cagataagga cctctgctgc  1165(Buzzi et al, 2005)32 

TGTCCCCGGC AAATGTAGAT AAAGccatta gcttgcaccc atcccggctg  1165(Buzzi et 

al, 2005)82 

tctcgcaggc tgccggctgt tcgtttgtcc ctgccgctga tttgggtgtg  11651832 

ctgactctgc ttcattccag ctcc 

 

Side by Side Alignment 

00000001 tgtccccggcaaatgtagataaag 00000024 

>>>>>>>> |||||||||||||||||||||||| >>>>>>>> 
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1165(Buzzi et al, 2005)(Ritz-Laser et al, 2004) tgtccccggcaaatgtagataaag 1165(Buzzi 

et al, 2005)56 

 

 

 

 

 

 
 

 

  Sequence: 

 

     Reverse compliment: GCTGTTTGTG GGGAGGCCGA CTG 

 

Genomic chromosome 8: 

gcgaggagat gcgtcccatc aagacggagc ctggcctgtc atctcactac  11651977 

gggcacagca gctccgtgtc ccaggtacgc gccatggctg gggcgccagg  11652027 

GCTGTTTGTG GGGAGGCCGA CTGcagagtc ccagaggcca gcctagtact  11652077 

gggtgggact tgcagccagg cctcacaggt gcaagcagtg agctaccctc  11652127 

tgcgctagga agacccagcc att 

 

Side by Side Alignment 

00000001 gctgtttgtggggaggccgactg 00000023 

>>>>>>>> ||||||||||||||||||||||| >>>>>>>> 

116520(Volta et al, 2005) gctgtttgtggggaggccgactg 11652050 

 

Mismatch primers for ESR 4 (estrogen receptor gene) 

 

F 5’AGC CCG CTC ATG ATC AAA CG 3’  

R 5’ GGA TCA TAC TCG GAA TAG AGA AT 3’ 

AT TCT CTA TTC CGA GTA TGA TCC 
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GRIA3 gene Chromosome X 

 

 

Rs3074025 (CTn) 

 

 

GRIA3-E1F  CTAGTGTGGGGTGGAAAGGA  341 bp (60
o
C) 

GRIA3-E1R  GGGACCCACCGCAGGGAAAG     (70.3
o
C) 

 

Ctagtgtggggtggaaaggaagagtgagcgagagcaagttaaggggagggggtgtaagagccagcgaattctttttcttt

ttctattattattttgacgactcctgagttgcgcccatgctcttgtcagcttcgttttaggcgtacATGGCCAGGCAG

AAGAAAATGGGGCAAAGCGTGCTCCGGGCGGTCTTCTTTTTAGTCCTGGG

GCTTTTGGGTCATTCTCACGGAGGATTCCCCAACACCATCAGCATAGgtaagc

gcaagcgagccagccgtcggtccaggctctccctcacccgagaccactgccccggcaaggctttccctgcggtgggtcc

c 

 

UCSC In-Silico PCR 

 

chrX:122145923+122146263 341bp  

 

CTAGTGTGGGGTGGAAAGGA GGGACCCACCGCAGGGAAAG 

CTAGTGTGGGGTGGAAAGGAagagtgagcgagagcaagttaaggggagggggtgtaagagccagc

gaattctttttctttttctattattattttgacgactcctgagttgcgcccatgctcttgtcagcttcgttttaggcgtacatggccag

gcagaagaaaatggggcaaagcgtgctccgggcggtcttctttttagtcctggggcttttgggtcattctcacggaggattcc

ccaacaccatcagcataggtaagcgcaagcgagccagccgtcggtccaggctctccctcacccgagaccactgccccg

gcaaggCTTTCCCTGCGGTGGGTCCC 
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Primer Melting Temperatures   

  

Forward: 60.0 C ctagtgtggggtggaaagga 

Reverse: 70.3 C gggacccaccgcagggaaag 

 

The temperature calculations are done assuming 50 mM salt and 50 nM annealing 

oligo concentration. The code to calculate the melting temp comes from Primer3.   

 

Rs10544981 (CAn) 

 

GRIA3 (CA) n 3’UTR F            GACATGCAAGATTCCAGTAT  (52.5
o
C) 

 

GRIA3 (CA) n 3’UTR R            GGAAATACCAAAAACATCTG (52.3
o
C) 

 

UCSC In-Silico PCR  

  

chrX:122450511+122450796 286bp  

 

GACATGCAAGATTCCAGTAT GGAAATACCAAAAACATCTG 

GACATGCAAGATTCCAGTATgcgaaaaaaaatcttattaagtcaattcaacaaaagccattctttgatacc

actgcagagtatataaacaccatgttctttaatacacacacacacacacacacacacacacacacacatttaaattccaattca

gcaaagaggcccatctaagctaaaaaaattaattcttcctgattaaaaagaaaaaatctgtctcccagtgtttgggaagacgg

actggcatttcttctaggatctgctgacCAGATGTTTTTGGTATTTCC 

Primer Melting Temperatures   
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Forward: 52.5 C gacatgcaagattccagtat   

Reverse: 52.3 C ggaaataccaaaaacatctg   

 

The temperature calculations are done assuming 50 mM salt and 50 nM annealing 

oligo concentration. The code to calculate the melting temp comes from Primer3.   

 

SCN1A Chromosome 2 Exon 23  

 

BLAT Reference:   

 

Published SNP mutation (highlighted in blue) is noted as Gln1489Lys.  

 

 

ATTTCCAGCACTAAAATGTATGGtaatattttacaaaatattcccctttg 

gtaggtggaactccagcctaagtatgaagaaagtctgtacatgtatcttt 

actttgttattttcatcatctttgggtccttcttcaccttgaacctgttt 

attggtgtcatcatagataatttcaaccagcagaaaaagaagataagtat 

ttctaatattttctctcccactgagatagaaaattattCCTTGGAGTGTT 

TTCTCTGC 

 

Primer Melting Temperatures 
Forward: 57.3 C atttccagcactaaaatgtatgg 

Reverse: 57.5 C gcagagaaaacactccaagg 

The temperature calculations are done assuming 50 mM salt and 50 nM annealing 

oligo concentration. The code to calculate the melting temp comes from Primer3. 

 

The two primers used are shown in UPPERCASE. This DNA is the FORWARD 

DNA strand.  

 

BLAT Chr 2: 166,679,989 – 166,680,239 
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