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ABSTRACT 
 

Migraine is a common, debilitating neurovascular disease characterised by severe 

recurrent headache, nausea and vomiting, photophobia and phonophobia. It is 

clinically diagnosed based on criteria specified by the International Headache Society 

(IHS), defining two major classes of migraine: migraine with aura (MA) and 

migraine without aura (MO). MA sufferers experience neurovascular disturbances 

that precede the headache phase of an attack.  Although migraine is partly influenced 

by environmental determinants, there is a significant genetic component, with disease 

heritability estimated to be up to 60% and mode of transmission multifactorial. The 

disorder is common with a large Dutch study reporting lifetime prevalence estimates 

of 33% in women and 13.3% in men, with an earlier study estimating 24% of women 

and 12% of men in the overall population. 

  

Mutations in various ion channel genes are responsible for neuromuscular and other 

neurological disorders.  Inherited ion channel mutations or “channelopathies” are 

increasingly found to be the cause of various neurological disorders in humans. In 

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

in the CACNA1A gene (localised at C19p13) have been found (FHM1). This gene 

codes for the alpha1A subunit of the neuronal voltage-dependent P/Q-type calcium 

channel. Recently a second gene, ATP1A2 (FHM2) (localised at C1q23), was 

implicated in some FHM families. The ATP1A2 ion channel gene, codes for the 

alpha2 subunit of the Na+, K+ ion ATPase pump. These findings of mutations in these 

genes have focused attention on central nervous system ionic channels and helped to 

better understand FHM pathophysiology, where the best genetic evidence providing 

molecular insight into migraine still comes from the mutations detected in the rare 

form of migraine with aura; FHM. 

 

Migraine family studies, at the Genomic Research Centre (GRC), have utilised 

linkage analysis methods in providing results that have indicated suggestive linkage 

to the FHM1-CACNA1A region on 19p13, in a large multigenerational family
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(Migraine Family 1; MF1) affected with typical migraine. Also linkage studies 

conducted within the GRC have implicated an additional susceptibility region on 

chromosome 1q31, but still not ruling out a second susceptibility region on C1q23, 

with the possibility of there being two distinct loci, on the chromosome 1q region.   

  

The focus of research in this thesis is on two main chromosomal regions, which were 

tested for migraine susceptibility on chromosome 1 and chromosome 19. The 

research involved a cross-disciplinary approach utilising association, linkage and 

mutation screening approaches. Allelic candidate gene studies can provide a suitable 

method for locating genes of small effect that contribute to complex genetic 

disorders, such as migraine. Family linkage studies are useful for detection of 

chromosomal susceptibility regions and association studies are powerful when a 

plausible candidate gene and a sequence variant with potential functional relevance is 

examined. Mutation screening studies can indicate a direct cause of disorders such as 

migraine, where possible sequence variants may alter the translation of proteins in 

genes, causing the disease. 

 

The first gene examined on chromosome 19 was that of the Low Density Lipoprotein 

Receptor (LDLR) gene. The LDLR gene is a cell surface receptor that plays an 

important role in cholesterol homeostasis. We investigated the (TA)n polymorphism 

in exon 18 of the LDLR gene on chromosome 19p13.2 performing an association 

analysis in 244 typical migraine affected patients, 151 suffering from migraine with 

aura, 96 with migraine without aura and 244 unaffected controls. The populations 

consisted of Caucasians only and controls were age and sex matched. The results 

showed no significant difference between groups for allele frequency distributions of 

the (TA)n polymorphism even after separation of the migraine affected individuals 

into subgroups of MA and MO affected patients. This is in contradiction to Mochi et 

al, 2003 who found a positive association of this variant with MO. Our study 

discusses possible differences between the two studies and extends this research by 

investigating circulating cholesterol levels in a migraine affected genetically-isolated 

population.  
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Another gene examined on chromosome 19p13 was the insulin receptor gene 

(INSR). The aim of this study was to investigate through direct sequencing the INSR 

gene in DNA samples from a migraine affected family previously showing linkage to 

chromosome 19p13 in an attempt to detect disease associated mutations. The insulin 

receptor gene (INSR) on chromosome 19p13.3-13.2 is a gene of interest since a 

number of SNPs located within the gene have been implicated in migraine with (MA) 

and without aura (MO). Six DNA samples obtained from non-founding migraine 

affected members of migraine family one (MF1) were used in this study. Genomic 

DNA was sequenced for the INSR gene in exons 1-22 and the promoter region. In 

the six migraine family member samples, previously reported single nucleotide 

polymorphisms (SNPs) were detected within two exonic DNA coding regions of the 

INSR gene. These SNPs, in exon 13 and 17, do not alter the normal INSR 

polypeptide sequence. In addition, intron 7 also revealed a DNA base sequence 

variation. For the 5′ untranslated promoter region of the gene, no mutations were 

detected. In conclusion, this study detected no INSR mutations in affected members 

of a chromosome 19 linked migraine pedigree. Hence, migraine linkage to this 

chromosomal region may involve other candidate genes. 

 

The NOTCH3 gene on C19p13.2-p13.1 has previously been shown to be a gene 

involved in cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy (CADASIL) and may also be implicated in migraine as there 

are some symptom similarities between the two disorders. The TNFSF7 gene 

localised on C19p13 is homologous to the ligands of the TNF receptor family, 

including TNF-alpha and TNF-beta, genes that have both been previously associated 

with migraine. This study investigated the migraine susceptibility locus at C19p13 

studying two genes that may be involved in the disorder. The NOTCH3 gene was 

analysed by sequencing all exons with known CADASIL mutations in a family 

(MF1) that has previously been shown to be linked to C19p13. The sequencing 

results for affected members of this pedigree proved to be negative for all known
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sequence variants giving rise to mutation causing amino acid changes for CADASIL. 

The direct sequencing results displayed that of a normal coding sequence for the 

NOTCH3 gene. For the TNFSF7 gene, this was investigated through SNP association 

analysis using a matched case-control migraine diagnosed population. Chi-square 

results showed non-significant P values across all populations tested against controls 

except for the MO subgroup which displayed a weak association with the TNFSF7 

SNP (genotype, allele analysis P = 0.036, P = 0.017 respectively). Our results 

suggest that common migraine is not caused by any known CADASIL mutations in 

the NOTCH3 gene of interest however, the TNFSF7 gene displayed signs of 

involvement in a MO affected population, but further studies are needed to confirm 

these results and to further explore a TNF receptor – migraine potential interaction. 

 

A final examination on chromosome 19 involved a case report of an extremely rare 

and severe form of migraine. As stated earlier Familial Hemiplegic Migraine (FHM) 

is a severe rare sub-type of migraine and gene mutations on chromosome 19 have 

been identified in the calcium channel gene CACNA1A (C19p13) for FHM. 

Recently a gene mutation (S218L) for a dramatic syndrome originating from FHM, 

commonly named “migraine coma”, has implicated exon 5 of the CACNA1A gene. 

The occurrence of trivial head trauma, in FHM patients, may also be complicated by 

severe, sometimes even fatal, cerebral edema and coma occurring after a lucid 

interval. Hemiplegic migraine has also been found to be sporadic in which both 

forms share a similar spectrum of clinical presentations and genetic heterogeneity. 

The case report presented in this study enhances the involvement of the S218L 

CACNA1A mutation in the extremely rare disorder of minor head trauma induced 

migraine coma. It not only proves to be a powerful diagnostic tool in detecting cases 

of FHM head trauma induced coma but also for sporadic hemiplegic migraine (SHM) 

coma subjects. We conclude from this case study that the S218L mutation, in the 

CACNA1A calcium channel subunit gene, is involved in sporadic hemiplegic 

migraine (SHM), delayed cerebral edema and coma after minor head trauma. 
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This thesis also involved analysis of chromosome 1 for migraine susceptibility, 

where FHM studies provided a foundation for common migraine research on 

chromosome 1. Studies have suggested that mutations in the CACNA1A gene on 

chromosome 19p cause FHM in only approximately 50% of affected pedigrees. The 

CACNA1A gene has previously been tested, within the Genomics Research Centre, 

in the common forms of migraine; however no new mutations or the FHM mutations 

were detected in these MA/MO affected samples. A second FHM susceptibility locus 

maps to chromosome 1q23 and mutations in the ATP1A2 gene have recently been 

implicated in two C1-linked FHM pedigrees. As FHM is considered a rare and severe 

form of MA, it is possible that the chromosome 1q23 locus, and the ATP1A2 gene, 

may be involved in the common forms of migraine with (MA) and possibly without 

aura (MO). Also, we have previously reported evidence of linkage to microsatellite 

markers on chromosome 1q31 in a large pedigree affected predominately with MA, 

which suggests the possibility that there are two distinct loci for migraine 

susceptibility on chromosome 1. 

 

The objectives of this study were to extend our linkage analysis of chromosome 1q 

microsatellite markers in predominantly migraine with aura pedigrees. Also, our aim 

was to test the novel FHM-2 ATP1A2 gene for involvement in these migraine 

affected pedigrees and a previous pedigree (Migraine Family 14; MF14) showing 

evidence of linkage of markers to C1q31. This was performed by a chromosome 1 

scan (31 markers) in 21 multiplex pedigrees affected mainly with MA. Also, the 

known FHM-2 ATP1A2 gene mutations were tested, by sequencing, for involvement 

in MA and MO in these pedigrees. Mutation screening by direct sequencing was also 

performed throughout the coding areas of the ATP1A2 gene in 3 MA individuals 

from MF14. 

 

The results of this study detected evidence for linkage in our migraine pedigrees at 

chromosome 1q23, to microsatellite markers spanning the ATP1A2 (FHM-2) gene. 

However testing of the known ATP1A2 gene mutations (for FHM) in migraine 

probands of pedigrees showing excess allele sharing was negative, with no mutations
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detected in these migraineurs. Sequencing of the entire coding areas of the gene 

through 3 MA affecteds from MF14, a pedigree showing significant linkage to this 

region, was also negative for mutations. 

 

In conclusion, this study reported that microsatellite markers on chromosome 1q23 

show evidence of excess allele sharing in MA and some MO pedigrees, suggesting 

linkage to the common forms of migraine and the presence of a susceptibility gene in 

this region. The new FHM-2 (ATP1A2 gene) mutations reported by Fusco et al, 2003 

do not cause migraine in probands of affected pedigrees showing excess allele 

sharing to markers in this genomic region. Also no mutations were detected in all 

exons of the ATP1A2 gene in 3 MA affected individuals from a large pedigree 

(MF14) showing linkage to this region. 

 

Investigation in this thesis continued on chromosome 1, with other genes being 

examined on C1q23, as well as the C1q31 region for a migraine susceptibility locus 

or gene. Previously in our laboratory, evidence for linkage was shown to migraine at 

C1q31 in one family predominantly affected with MA, with microsatellite markers in 

this region. The initial C1 study (above; ATP1A2 gene) has also provided evidence 

for linkage to the chromosome 1 locus 1q23, with evidence for excess allele sharing 

of markers in predominantly MA affected pedigrees. To further investigate both 

chromosome 1 loci, an investigation with six candidate genes that lie within the 

C1q23 and 1q31 regions through association analysis was undertaken. The results 

from this study reported non-significant chi-square results, showing P values greater 

than 0.05 across all SNPs (and a CA rpt) tested. An exception was the rs704326 SNP 

from exon 43 of the CACNA1E gene on C1q31. P values significantly less than 

0.001 were obtained in the total migraine population and the MA subgroup, with 

similar frequency comparisons ascertained in both genotype and allele analysis. 

Examination through contingency table analysis of the CACNA1E frequency data 

indicated that the risk allele (A) was over-represented in the migraine group 

compared to the control group. Further comparison of the genotype data indicated a 

difference in frequency distributions (P < 0.0001). 
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Stratified analyses of migraine subtypes indicated that this association was 

specifically attributed to the MA subtype group. Odds ratios produced an OR of 

4.14.with a 95% CI of 2.36 – 7.26 (P < 0.0001). The positive association results 

obtained within the CACNA1E gene are interesting in the fact that FHM is 

considered to be a rare and severe form of migraine with aura (MA) and FHM-1 is 

caused by mutations contained within the calcium channel gene CACNA1A 

(localized at C19p13). The idea that FHM and specifically an FHM gene in the 

C1q31 genomic region may also contribute to susceptibility to the more common 

forms of migraine i.e. migraine with aura, strongly supports and reinforces the idea 

that a common defective gene may be influencing both FHM and typical migraine. 

 

In conclusion, this thesis undertook a cross-disciplinary approach to genetic research 

of a complex disorder. The research involved linkage, association and mutation 

analysis strategies of migraine. This research implicated a specific variant on 

chromosome 1 and further supported the heterogeneic nature of migraine. Future 

directions into migraine research should involve further investigation of this specific 

variant and this genomic region. Such studies may aid in the development of more 

precise diagnosis and treatment methods for this complex disorder. 
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THESIS INTRODUCTION 

 
 
AIMS OF THIS THESIS 
 
The aim of this thesis was to conduct research into refining the genetic cause of 

migraine disorder. Though the cause of a rare subtype of migraine with aura called 

familial hemiplegic migraine (FHM) has recently been discovered (Ophoff et al, 

1996 and De Fusco et al, 2003), the findings of mutations in these genes (FHM1-

CACNA1E and FHM2-ATP1A2) has focused interest towards ion channel genes and 

the chromosomes 19 and 1, in the common forms of migraine (migraine with aura 

and without). The correlation between FHM and the common forms of migraine is 

explained in detail within this thesis, as genetic evidence relating to FHM provides a 

base to study the complex and common forms of migraine.  

 

We have previously provided evidence of linkage to the chromosome 19p13, FHM1-

CACNA1A region, in a common migraine affected pedigree (Nyholt et al, 1998). We 

have also reported a migraine susceptibility region on chromosome 1q31 (Lea et al, 

2002), with evidence suggesting the possibly of two FHM loci on chromosome 1; 

C1q31 (Gardner et al, 1997 and Ducros et al, 1997) and FHM2-ATP1A2 (De Fusco 

et al, 2003). Overall the objective of this thesis was to focus on migraine research 

within chromosome 1 and chromosome 19, based on the evidence of disease 

susceptibility within these regions. This research utilised a multiple strategy approach 

investigating these genomic regions using migraine affected families and case-

control populations, through linkage and association analyses. Also mutation 

screening methods were conducted on selected migraine candidate genes. Specific 

aims for each chromosome and candidate gene are outlined below: 

 

Chromosome 19 Investigations  

• To investigate whether migraine is associated with LDLR (C19p13.2) by 

performing an association study, using markers spanning the (TA)n 
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polymorphism on exon18 of the LDLR gene. Also to investigate circulating 

cholesterol levels in a genetically isolated, migraine affected population. 

 

• To investigate through direct sequencing the INSR (19p13.3-13.2) gene in 

DNA samples from a migraine affected family previously showing linkage to 

chromosome 19p13, in an attempt to detect disease associated mutations. 

 

• To investigate, through mutation analysis, the NOTCH3 (C19p13.2-p13.1) 

gene, previously shown to be a gene involved in cerebral autosomal dominant 

arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), 

by sequencing all exons with known CADASIL mutations in a typical 

migraine family (MF1). This family has previously been shown to be linked 

to C19p13. 

 

• To investigate the TNFSF7 (C19p13) gene through SNP association analysis 

using a matched case-control migraine population. The TNFSF7 gene is 

homologous to the ligands of TNF-alpha and TNF-beta, genes that have 

previously been associated with migraine. 

 

• To investigate a Serine-218-Leucine mutation, within the CACNA1A 

(C19p13) gene, in a case report of an extremely rare disorder of sporadic 

hemiplegic migraine, delayed cerebral edema and coma after minor head 

trauma. 

 

Chromosome 1 Investigations 

• To scan chromosome 1 in 21 multigenerational migraine pedigrees using 

microsatellite markers, spanning the entire chromosome. To extend a 

previous analysis to include markers spanning the FHM2 (ATP1A2 gene) 

region on C1q23, using a previous pedigree (MF14) showing evidence of 

linkage of markers to C1q31. To test the known FHM-2 ATP1A2 gene 

mutations, by sequencing, for involvement in MA and MO in these pedigrees. 
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To conduct mutation screening throughout the coding areas of the ATP1A2 

gene in 3 MA affected individuals from MF14. 

 

• To further investigate both chromosome 1 migraine susceptible loci 

(1q23/31), by investigating six candidate genes that lie within the C1q23 and 

1q31 regions, through single nucleotide polymorphism (SNP) and 

microsatellite association analysis. These six genes include; potassium 

inwardly-rectifying channel, subfamily J, member 9 and 10 (KCNJ9, 

KCNJ10), a subunit of the ATP1A2 gene, ATP1A4, Calsequestrin 1 

(CASQ1), Fas ligand gene (FasL) and CACNA1E, localised to C1q31, a 

subunit of the FHM1-CACNA1A gene. 

 

 

SIGNIFICANCE OF THIS THESIS 

The significance of this thesis relates to the fact that migraine is a severe, debilitating 

disorder that affects around 18% of women and 6% of men in the United States 

(Stewart et al, 1992 and Lipton et al, 2001a). In Australia, around 12% of the 

population is affected with the disease (Australian Bureau of Statistics 1989/90), with 

some studies reporting about 20 percent of  Australian women and 10 percent of 

Australian men experiencing migraine at some time in their lives (Gutteridge et al, 

2001). Worldwide overall estimates (from 25 population-based studies performed 

over the last 12 years) for 1-year prevalence of migraine range from 3.3% to 32.6% 

for women and 0.7% to 16.1% for men (Lipton et al, 2005a), whereby race, ethnicity 

and geography also affect migraine prevalence (Stewart et al, 1992,1996, Scher et al, 

1999, Lipton et al, 2001). The prevalence of migraine peaks in both sexes during the 

most productive years of adulthood (age 25 to 55 years) (Lipton et al, 2005), where 

migraine can affect productivity at work (employment). Estimates of productivity 

losses due to migraine cost American employers $13 billion per year (Hu et al, 

1999). Migraine also results in high utilisation of emergency rooms (Bigal et al,
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2000) and large quantities of prescription and over the counter medication (Celentano 

et al, 1992), including triptans which total about $1 billion per year in the United 

States (Lipton et al, 2001). The total cost of migraine in Australia was estimated to be 

greater than $302.48 million/year around 15 years ago in a national survey 

(Australian Bureau of Statistics 1989/90). 

 

Some disorders occur with increased frequency in individuals with migraine 

compared to the general population (see Michel et al, 1996 and Clouse et al, 1994 

Lipton et al, 2001). According to a recent study migraine patients are approximately 5 

times more likely than non-migraineurs to be diagnosed with comorbid conditions 

with significantly increased healthcare costs in this migraine group compared to 

controls (Joish et al, 2000). Studies such as Russell MB, 1996, 1997, suggest a genetic 

basis of migraine, based on a frequent family history of migraine. The familial 

incidence of the disorder is high with about 50% of those affected having an affected 

first degree relative (Stewart et al, 1992). Also, twin studies have shown that 

migraine is largely genetically inherited (Gervil et al, 1999, Ulrich et al, 1999, 

Mulder et al, 2003). At present the type and number of genes involved in this 

complex disorder is not known, however focusing efforts utilising FHM as a genetic 

guideline towards studying common migraine, may prove helpful. Diagnostic tests 

for FHM now do exist; however for common migraine clinical diagnosis is the only 

form of detection, utilising classification criteria of the International Headache 

Society (see International Headache Society, 2004). However the development of a 

DNA based diagnostic kit (from the identification of genes involved) would provide 

a precise diagnosis for migraine disease without the masking effect of associated, 

comorbid neurological disorders. This may aid in the development of specific 

pharmaceutical medication, where treatment may be focused on targeting and 

suppressing the disease causing gene or genes, instead of just alleviating the pain 

symptoms of migraine. 
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CHAPTER 1 

WHAT IS MIGRAINE? 
 

 

Overview 

 
Migraine is generally defined as severe and pulsating head pain that lasts from 4 - 72 

hours and is associated with nausea and/or vomiting, photophobia and phonophobia 

(International Headache Society, 2004). Familial typical migraine (International 

Headache Society) is a common debilitating disorder affecting approximately 12% of 

the Western population (Stewart et al, 1992). A large epidemiological study indicated 

that the disease affects around 24% of women and 12% of men in the overall 

population (Russell et al, 1995), with a more recent study estimating 33% in women 

and 13.3% in men (Launer et al, 1999). FTM has two main subtypes migraine 

without aura affecting ~ 73% and migraine with aura affecting about 33%. Migraine 

with aura is defined as the more severe and both subtypes do occur within the same 

family.  The disease is genetically heterogeneous although the type and number of 

genes involved is still not clear.  The familial incidence of the disorder is high with 

about 50% of those affected having an affected first degree relative (Stewart et al, 

1992). 
 

1.1 Defining Migraine 
 

Migraine disorder is defined as a severe form of headache that can last from 4 to up 

to 72 hours in duration. The symptoms can be associated with nausea and/or 

vomiting, photophobia (light sensitivity) and phonophobia (sound sensitivity). One of 

the first names of the migraine disorder came about with the term ‘hemicrania’. This 

was later changed by the French in the 13th century to the word "migraine."  More 
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than 300 years ago, (1640) the British physician Thomas Willis wrote the first 

modern description of migraine and its possible causes. Historical figures believed to 

have had migraine include Julius Caesar, Emmanuel Kant, Alexander Pope, and 

Sigmund Freud. Throughout the 18th and 19th centuries, descriptions of the clinical 

phenomena and suggestions for therapy continued to appear in the writings of many 

prominent men in the medical professions, including, Edward Liveing's description 

of the disorder. ‘On Megrim, Sick Headache, and Some Allied Disorders (1873)’and 

the writings of Gowers (Gowers, 1895). In modern medicine there is still no cure for 

this neurological disorder and in a study by Rasmussen et al in 1991, the authors 

found that from the subjects that participated in the study, they estimated that a 

lifetime prevalence of migraine in women was 25% and in men 8% (Rasmussen et al, 

1991). Though migraine is a form of headache of certain classification, it is only one 

of a number of different forms of headache. The disorder has a number of subtypes 

which include migraine without aura, migraine with aura, ophthalmoplegic migraine, 

retinal migraine, as well as others. 

 

1.2 Types of Migraine 

 

In 1988 the International Headache Society (IHS), a group of experts in the field of 

diagnosis of migraine, was formed. The society published a set of diagnostic criteria 

(International Headache Society, 1988) which was later revised in 2004 

(International Headache Society, 2004).  This classification system of migraine has 

proved to be an enormous improvement over preceding methods which were vague 

in the diagnosis of all subtypes of migraine. The criteria are more simple, yet more 

informative and reliable than traditional systems and provide the clinician with the 

guidance to explicitly identify and define different features of a particular form of 

migraine (Lipton et al, 1997). The new classification of headache, proposed by the 

International Headache Society (IHS) (International Headache Society, 2004) is 

summarised in Table 1.1. 
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Table 1.1. International Headache Society Classification of Headache 

(International Headache Society, 2004)   

1.   Migraine 8.   Headache associated to a substance2 or its withdrawal 

1.1 Migraine without aura 8.1 Headache induced by acute substance use or exposure 

1.2 Migraine with aura 8.2 Medication-overuse headache (MOH) 

1.3 Childhood periodic syndromes 8.3 Headache as an adverse event attributed to chronic 
medication 

1.4  Retinal migraine 8.4 Headache attributed to substance withdrawal 

1.5 Complications of migraine    

1.6  Probable migraine 9.   Headache attributed to infection 

   9.1 Headache attributed to intracranial infection 

2.  Tension-type headache (TTH) 9.2 Headache attributed to systemic infection 

2.1  Infrequent Episodic tension-type headache 9.3 Headache attributed to HIV/AIDS 

2.2   Frequent episodic tension-type headache 9.4 Chronic post-infection headache 

2.3. Chronic tension-type headache    

2.4  Probable tension-type headache 10.   Headache attributed to disorder of homoestasis 

   10.1 Headache attributed to hypoxia 

3.  Cluster headache and other trigeminal  
autonomic cephalalgias 

10.2 Dialysis headache 

3.1  Cluster headache 10.3 Headache attributed to arterial hypertension 

3.2 Paroxysmal hemicrania 10.4 Headache attributed to hypothyroidism 

3.3 Short-lasting unilateral neuralgiform headache 
attacks with Conjunctival injection and Tearing 
(SUNCT) 

10.5 Headache attributed to fasting 

3.4  Probable trigeminal autonomic cephalalgia 10.6 Cardiac cephalalgia 

   10.7 Headache attributed to other disorder of homoestasis 
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4.  Other primary headaches 11.   Headache or facial pain attributed to disorder of 
cranium, neck, eyes, ears, nose, sinuses, teeth, mouth, or 
other facial or cranial structures 

4.1  Primary stabbing headache 11.1 Headache attributed to disorder of cranial bone 

4.2  Primary cough headache 11.2 Headache attributed to disorder of neck 

4.3  Primary exertional headache 11.3 Headache attributed to disorder of eyes 

4.4  Primary headache associated with sexual 
activity 

11.4 Headache attributed to disorder or ears 

4.5 Hypnic headache 11.5 Headache attributed to rhinosinusitis 

4.6 Primary thunderclap headache 11.6 Headache attributed to disorder of teeth, jaws, or related 
structures 

4.7 Hemicrania continua 11.7 Headache or facial pain attributed to a temporomandibular 
joint (TMJ) disorder 

4.8 New daily-persistent headache (NDPH) 11.8 Headache attributed to other disorder of cranium, neck, 
eyes, ears, nose, sinuses, teeth, mouth or other facial or 
cervical structures 

      

5.   Headache attributed to head and/or neck 
trauma 

12.   Headache attributed to psychiatric disorder 

5.1 Acute post-traumatic headache 12.1 Headache attributed to somatisation disorder 

5.2 Chronic post-traumatic headache 12.2 Headache attributed to psychotic disorder 

5.3 Acute headache attributed to whiplash injury    

5.4 Chronic headache attributed to whiplash injury 13.   Cranial neuralgias and central causes of facial pain 

5.5 Headache attributed to traumatic intracranial 
haematoma 

13.1 Trigeminal neuralgia 

5.6 Headache attributed to other head  and/or neck 
trauma 

13.2 Glossopharyngeal neuralgia 

5.7 Post-craniotomy headache 13.3 Nervus intermedius neuralgia 

   13.4 Superior laryngeal neuralgia 

6.   Headache attributed to cranial or cervical 
vascular disorder 

13.5 Nasociliary neuralgia 

6.1 Headache attributed to ischemic stroke or 
transient ischemic attack 

13.6 Supraorbital neuralgia 
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6.2 Headache attributed to non-traumatic 
intracranial haemorrhage 

13.7 Other terminal branch neuralgias 

6.3 Headache attributed to unruptured vascular 
malformation 

13.8 Occipital neuralgia 

6.4 Headache attributed to arteritis 13.9 Neck-tongue syndrome 

6.5 Carotid or vertebral artery pain 13.10 External compression headache 

6.6 Headache attributed to cerebral venous 
thrombosis 

13.11 Cold-stimulus headache 

6.7 Headache attributed to other intracranial 
vascular disorder 

13.12 Constant pain caused by compression, irritation or 
distortion of cranial nerves or upper cervical roots by 
structural lesions 

   13.13 Optic neuritis 

7.   Headache attributed to non-vascular 
intracranial disorder 

13.14 Ocular diabetic neuropathy 

7.1 Headache attributed to high cerebrospinal fluid 
pressure 

13.15 Head or facial pain attributed to herpes zoster 

7.2 Headache attributed to low cerebrospinal fluid 
pressure 

13.16 Tolosa Hunt syndrome 

7.3 Headache attributed to non-infectious 
inflammatory disease 

13.17 Ophthalmoplegic ‘migraine’ 

7.4 Headache attributed to intracranial neoplasm 13.18 Central causes of facial pain 

7.5 Headache attributed to intrathecal injection 13.19 Other cranial neuralgia or other centrally mediated facial 
pain 

7.6 Headance attributed to epileptic seizure    

7.7 Headache attributed to Chiari malformation 
type I 

14.   Other headache, cranial neuralgia, central or primary 
facial pain 

7.8 Syndrome of transient headache and 
neurological deficits with cerebrospinal fluid 
lymphocytosis 

  

7.9 Headache attributed to other non-vascular 
intracranial disorder 

    

 

1.2.1 Migraine Without Aura 

The diagnosis of migraine without aura is presented in Table 1.2 according to IHS 

classification (International Headache Society, 2004). 



 

                                                                                                                                                 6

Table 1.2. IHS classification of migraine without aura (IHS, 2004) 

 

  

1.1       Migraine without aura 

Previously used terms:  common migraine, hemicrania simplex 

Description 

Recurrent headache disorder manifesting in attacks lasting 4-72 hours.  Typical characteristics of the 

headache are unilateral location, pulsating quality, moderate or severe intensity, aggravation by routine 

physical activity and association with nausea and/or photophobia and phonophobia. 

Diagnostic criteria 

A.            At least 5 attacks fulfilling criteria B-D 

B.            Headache attack lasting 4 -72 hours (untreated or unsuccessfully treated) 

C.            Headache has at least two of the following characteristics: 

            1.             Unilateral location 

2.             Pulsating quality 

3.             Moderate or severe pain intensity 

4.             Aggravated by causing avoidance of routine physical activity (e.g., walking or climbing  

stairs) 

D.            During headache at least one of the following: 

1.             Nausea and/or vomiting 

2.             Photophobia and phonophobia 

            E.             Not attributed to another disorder  
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Frequency of migraine attacks vary from a few per lifetime to several per week 

(Silberstein et al, 1994). In summary, migraine without aura (or common migraine) 

needs at least five attacks for diagnosis. This type of migraine lasts 4 to 72 hours and 

has two of the following four pain characteristics: unilateral location, pulsating 

quality, moderate to severe intensity, and aggravation by routine physical activity.  In 

addition, the attacks must be associated with at least one of the following: nausea 

(nearly always occurs), vomiting (usually occurs at peak of attack), or photophobia (a 

fear or dislike towards light) and phonophobia (a fear or dislike towards sound).  The 

average migraineur experiences from one to three headaches a month (Stewart et 

al,1992). 

1.2.2 Migraine With Aura 

The diagnosis of migraine with aura (MA), previously termed classic migraine, is 

presented in Table 1.3 according to IHS classification (International Headache 

Society, 2004). MA requires at least two attacks with the diagnostic criteria below. 

Table 1.3. IHS classification of migraine with aura  

  

1.2       Migraine with aura 

Previously used terms:  classic or classical migraine; ophthalmic, hemiparesthetic, hemiplegic, or 

aphasic migraine, migraine acompania, complicated migraine 

  

Description 

            Recurrent disorder manifesting in attacks of reversible focal neurological symptoms that usually  

            develop gradually over 5-20 minutes and last for less than 60 minutes. Headache with features of  

            migraine without aura usually follows the aura symptoms. Less commonly, headache lacks migrainous  

            features or is completely absent. 

  

Diagnostic criteria 

A.         At least two attacks fulfilling B 
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            B.         Migraine aura fulfilling criteria B and C for one of the subforms 1.2.1-1.2.6 

  

            C.         Not attributed to another disorder1 

  

1.2.1    Typical aura with Migraine Headache 

  

            Description 

            Typical aura consisting of visual and/or sensory and/or speech symptoms. Gradual development,  

            duration no longer than one hour, a mix of positive and negative features and complete reversibility  

            characterize the aura which is associated with a headache fulfilling criteria 1.1 Migraine without aura. 

  

Diagnostic criteria 

A.        At least 2 attacks fulfilling criteria B-D 

  

B.        Aura consisting of at least one of the following, but no motor weakness: 

1.         fully reversible visual symptoms including positive features (e.g., flickering lights, spots 

or lines) and/or negative features (i.e., loss of vision) 

2.         fully reversible sensory symptoms including positive features (i.e., pins and needles) 

and/or negative features (i.e., numbness) 

3.         fully reversible dysphasic speech disturbance 

  

            C.        At least two of the following: 

                        1.         homonymous visual symptoms2 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 last >5 and <60 minutes 

  

            D.        Headache fulfilling criteria B-D for 1.1 Migraine without aura within 60 minutes 

  

            E.         Not attributed to another disorder3 
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1 History and Physical and neurological examinations do not suggest any of the 

disorders listed in groups 5-12 (refer International Headache Society, 2004), or 

history and/or physical and/or neurological examinations do suggest such disorder 

but it is ruled out by appropriate investigations, or such disorder is present but attacks 

do not occur for the first time in close temporal relation to the disorder. 
2 Additonal loss or blurring of central vision may occur. 
3 History and physical and neurological examinations do not suggest any of the 

disorders listed in groups 5-12 (refer International Headache Society, 2004), or 

history and/or physical and/or neurological examinations do suggest such disorder 

but it is ruled out by appropriate investigations, or such disorder is present but attacks 

do not occur for the first time in close temporal relation to the disorder. 

 

 
Many general characteristics are shared by MO and MA, including: both forms affect 

men and women and can occur at any age. Migraine with aura is diagnosed similarly 

to MO except for the fact that it is associated with other neurological (aura) 

symptoms. These symptoms develop over a 5 to 20 minute period and usually last 

less than 60 minutes. The attacks are characterised by prodrome or aura (a visual 

sensation) however, sometimes motor or other sensory phenomena precede the 

headache. Migraine with aura is subclassified into migraine with typical aura 

(homonymous visual disturbance, unilateral numbness or weakness, or aphasia); 

migraine with prolonged aura (or lasting longer than 60 minutes); familial hemiplegic 

migraine; basilar migraine; migraine without headache and migraine with acute-onset 

aura (International Headache Society, 2004).   

The most common types of visual phenomena or aura are displayed in Figure 1.1 and 

1.2, these visual disturbances usually precede the headache.  
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Figure 1.1 Example of a visual disturbance or aura. Successive arcs expand across 

half of visual field, as shown in the two diagrams. The spectra may take 20 to 25 

minutes to expand from a fuzzy gray area near the fixation point (dot) to the outer 

limit of the visual field. (Richards W, 1971). 

 

Figure 1.2 Example of another common type of aura. Emerging honeycomb pattern 

form plotting data derived from visual phenomena in migraine subjects that expand 

slowly over a period of 10 to 20 minutes. Honeycomb and tendency for inner angle 

between lines to approximate 60 degrees suggests a hexagonal organization of 

occipital cortical cells (Richards W, 1971). Additional visual disturbances occurring 

in migraine aura consist of metamorphopsia, diplopia, polyopia, and apparent 

movement of stationary objects (Klee et al, 1966). 

Classic migraine aura or prodrome is commonly only visual, however, there are 

many other associated symptoms including: hemihypesthesias, perioral anesthesia, 
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vertigo, and transient aphasia. Aura may be enhanced by intense stimuli such as 

bright lights, loud noises, head trauma, or certain foods eaten. 

1.2.3 Subtypes of Migraine With Aura 

Focal symptoms and signs of the aura of migraine may persist beyond the headache 

phase.  In 1988 this classification was called complicated migraine (International 

Headache Society, 1988).  It is now defined by two labels whereby if the aura lasts 

for longer than one hour but less than one week the term migraine with persistent 

aura without infarction is used.  If the signs persist for more than one week or a 

neuroimaging procedure demonstrates a stroke (or ischaemic brain lesion), a 

migrainous infarction has occurred (International Headache Society, 2004) (complete 

list of IHS subtypes of migraine displayed in Table 1.4). 

Hemiplegic migraine, a rare and severe subtype of MA, occurs both sporadically 

(Sporadic Hemiplegic Migraine-SHM) and as a familial disorder (Familial 

Hemiplegic Migraine-FHM), involving at least one first degree relative with identical 

attacks. Sporadic cases are more prevalent in males and often associated with 

transient hemiparesis and aphasia (International Headache Society, 2004). The 

condition may involve sensory and unilateral motor disturbances ranging from 

minimal loss of function to complete paralysis which can persist during and after the 

headache (Heyck et al, 1962). It has been shown that FHM1 (type 1 FHM - FHM2 

has recently been discovered – discussed later in genetics of migraine) very often has 

basilar-type symptoms in addition to the typical aura symptoms and that headache is 

virtually always present (International Headache Society, 2004). 

Basilar-type migraine (formerly known as basilar artery migraine or basilar 

migraine) attacks are mostly seen in young adults, with aura symptoms possibly 

originating from the brain stem or from both occipital lobes. The name of this 

condition was changed because involvement of the basilar artery territory was  
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Table 1.4. IHS summary of the subtypes of migraine 

 

 

 

 

1. Migraine 

1.1 Migraine without aura 

1.2 Migraine with aura 

      1.2.1 Typical aura with migraine headache 

      1.2.2 Typical aura with non-migraine headache 

      1.2.3 Typical aura without headache 

      1.2.4 Familial hemiplegic migraine (FHM) 

      1.2.5 Sporadic hemiplegic migraine 

      1.2.6 Basilar-type migraine 

1.3 Childhood periodic syndromes that are 

      commonly precursors of migraine 

      1.3.1 Cyclical vomiting 

      1.3.2 Abdominal migraine 

      1.3.3 Benign paroxysmal vertigo of childhood 

1.4 Retinal migraine 

1.5 Complications of migraine 

      1.5.1 Chronic migraine 

      1.5.2 Status migrainosus 

      1.5.3 Persistent aura without infarction 

      1.5.4 Migrainous infarction 

      1.5.5 Migraine-triggered seizure 

1.6 Probable migraine 

      1.6.1 Probable migraine without aura 

      1.6.2 Probable migraine with aura 

      1.6.5 Probable chronic migraine 
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uncertain, and therefore, it is now preferred to use the term basilar-type migraine 

(Kuhn et al, 1997  and  Panayiotopoulos C, 1991). Symptoms of this subtype of MA 

include: bilateral disturbance of vision (vivid flashes of light), ataxia, dysarthria, 

vertigo, tinnitus, and face or limb paresthesias, followed by severe throbbing 

headache usually in the occipital region (Bickerstaff E, 1961). Episodes of 

unconsciousness have also been reported as a symptom (Swanson et al, 1978). This 

syndrome occurs primarily in young women with attacks occurring infrequently but 

tend to be associated with menstruation in young girls. Episodes of these attacks 

subside with age and are replaced by more common varieties of migraine (see, 

Bickerstaff E, 1961). 

 

Migraine aura without headache, sometimes called acephalgic migraine (or migraine 

accompagnée, migraine associée), has also been reported (Whitty C, 1967). Some 

patients with classic migraine (migraine with aura) may lose the headache component 

eventually and suffer only isolated auras thereafter. Some individuals, primarily 

males, have 1.2.3 Typical aura without headache from onset. This distinction may 

require investigation, especially when aura begins after age 40, when negative 

features (eg, hemianopia) are pre-dominant, or when aura is prolonged or very short, 

other causes should be ruled out. (International Headache Society, 2004). 

1.2.4 Migraine Coma 

Migraine coma is the generalized term used whereby patients with migraine may fall 

into a coma during a migraine attack. This condition has been found mostly in 

hemiplegic migraine sufferers whereby it was first reported in 1985 in a family with 

hemiplegic migraine (Fitzsimons et al, 1985). The authors concluded that migraine is 

a cause of recurrent coma which may be associated with life-threatening cerebral 

hemisphere oedema and that cerebral angiography is hazardous in hemiplegic 

migraine and may exacerbate coma and cerebral oedema (Fitzsimons et al, 1985). 

Migraine coma has also been reported in patients with basilar migraine (Requena et 

al, 1999). 
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Migraine may be triggered by head trauma in children (Haas et al, 1969) and attacks 

of familial hemiplegic migraine (FHM) can be triggered by minor head trauma and 

are sometimes accompanied by coma (Kors et al, 2001). This type of migraine coma, 

termed: delayed severe cerebral edema and coma after minor head trauma, is a severe 

clinical phenotype in which FHM is triggered by minor head trauma and after a lucid 

interval, by deep (even fatal) coma and long-lasting severe cerebral edema (Kors et 

al, 2001). 

1.2.5 Childhood Migraine 

All forms of migraine occur in childhood and childhood migraine also includes the 

childhood periodic syndromes that may be precursors to or associated with migraine 

(1.3 in the IHS Classification 2004, Table 1.4). Migraine may actually begin early in 

childhood, but diagnosis may not be made until the child is old enough to describe 

the symptoms. The visual symptoms experienced by children may be striking such as 

micropsia and macropsia, inversion of vision, or alterations in the perception of 

motion, and even elaborate hallucinations or uniocular visual impairment (Hachinski 

et al, 1973). The clinical picture also of migraine in school-age children is more 

frequent in the child and abdominal symptoms are often more prominent (Holguin et 

al, 1967). A particularly unusual type of migraine, with recurrent attacks of 

impairment of time sense, body image, and visual analysis of the environment has 

also been reported, termed the “Alice in Wonderland” syndrome (Golden G, 1979). 

1.3 Migraine Epidemiology 

Migraine and headache are amongst the most common neurological complaints 

(Lipton et al, 2001). Although migraine is a remarkably common cause of temporary 

disability, many persons with migraine, even those with disabling headache, have 

never consulted a physician for the problem (Lipton et al, 2005a). A 1989 national 

survey of U.S. migraineurs reported that only about one-half of patients seek medical 

attention for migraine, and only about one-half of those patients are properly 

diagnosed (Lipton et al., 1992). Also about one-half of patients with a proper 
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diagnosis of migraine receive prescription drugs (Celentano et al., 1992). 

Epidemiology is the study of incidence, prevalence and the distribution of disease in 

large populations as well as the circumstances influencing the characteristics of the 

disease (Beaglehole et al, 1993). Population based assessment of migraine is important 

in offering a complete picture of the disorder in the wider community (Lipton and 

Stewart, 1993). Epidemiological studies must be conducted in representative samples 

of some defined population. This is especially important for migraine, as individuals 

within the health care system (who seek medical care for headache) may be 

systematically different than those outside the healthcare system. High quality studies 

also must use well-established, uniform methods for ascertaining the clinical features 

of migraine used for diagnosis (Lipton et al, 2001). 

1.3.1 Incidence of Migraine 

Incidence refers to the rate of onset of a particular disease in a defined population. 

Though incidence is best studied prospectively by following individuals free of 

migraine, such longitudinal studies are rare. Prospective studies are both expensive 

and time consuming. An alternative is to use cross-sectional studies to estimate 

incidence by asking individuals with migraine to recall when their attacks began 

(Lipton et al, 2001). However, utilising this approach to studying incidence also has 

its drawbacks, as individuals tend to recall events in the past as occurring more 

recently than they actually occurred. This phenomenon is known as telescoping 

(Brown et al, 1985) and can influence cross-sectional studies where incidence may be 

overestimated.  

Migraine incidence has been investigated in a limited number of studies. In a 

telephone interview survey comprising of about 10 000 individuals, Stewart et al, 

1991 (after adjusting for telescoping) found that, in females, the incidence of 

migraine with aura peaked between ages 12 and 13 (14.1 per 1,000 person-years) and 

migraine without aura peaked between the ages of 14 and 17 (18.9 per 1,000 person-

years). In males, the incidence of migraine with aura peaked several years earlier, 

around 5 years of age (6.6 per 1,000 person-years).The peak for migraine without 
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aura was between 10 and 11 years (10 per 1,000 person-years) (Stewart et al, 1991). 

From this data, it appears that migraine begins earlier in males than in females and 

that migraine with aura begins earlier than migraine without aura in both sexes. 

These results were later confirmed in a 1994 study where the authors found that the 

incidence of migraine per 1,000 person-years was 5.0 in men and 22.0 in women 

(Breslau et al, 1994). However, a study by Stang et al,1992 showed a lower incidence 

of migraine with 2.2 being the average annual incidence rate per 1,000 person-years 

(2.9 in women, and 1.4 in men) (Stang et al,1992). This study however utilised a 

linked medical records system whereby individuals with migraine may not have 

consulted a physician or received a medical diagnosis of the disorder, which may 

have skewed the authors’ results. 

1.3.2 Prevalence of Migraine 

Prevalence is defined as the proportion of a given population that has a disease over a 

defined period of time. In migraine, both the incidence and the duration of the illness 

determine prevalence. In the years prior to puberty, migraine is more common among 

boys than girls. By the onset of puberty, migraine is more prevalent in girls, and by 

the late teens, females are about twice as likely to suffer from migraine as males. The 

prevalence of migraine peaks in both sexes during the most productive years of 

adulthood (age 25 to 55 years) and, in the United States, the prevalence is higher in 

individuals of lower socioeconomic status (Lipton et al, 2005). Most prevalence 

studies measure 1 year period prevalence (the proportion of individuals reporting at 

least one migraine attack within 1 year of the interview). There have been a large 

number of migraine prevalence studies, however, only population based studies that 

meet IHS criteria for migraine and utilised samples of a defined representative 

population are likely to be meaningful. One reason is because previous diagnoses 

(Ad Hoc Committee - NIH, 1962) did not provide a precise definition of migraine 

(Russell et al, 1993); furthermore, the use of a positive family history as a criterion 

for migraine introduced bias (Russell et al, 1993). Also at present, no migraine 

research studies are likely to be accepted in international journals without adhering to 

IHS classification (International Headache Society, 2004). Migraine prevalence 
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estimates still vary widely among studies following these two criteria (IHS 

classification and a defined population) and in a recent meta-analysis study age and 

geography accounted for much of the variation in prevalence (Scher et al, 1999). 

1.3.2.1 Age 

Variation by age in migraine prevalence is reported in most studies with prevalence 

following an inverted U-shaped distribution. Prevalence increases throughout 

childhood and early adult life until approximately age 40, after which it declines in 

which highest prevalence is experienced from the ages 25 to 55 (Figure 1.3). The gap 

between peak incidence in adolescence and peak prevalence in middle life indicates 

that migraine is a condition of long duration (Lipton et al, 2005a). 

 

 

Figure 1.3 Prevalence of migraine by age adjusted from a meta-analysis of studies 

using International Headache Society (IHS) criteria. (Solid curve = female; dashed 

curve = male) (Adapted from Scher et al, 1999). 
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1.3.2.2 Gender 

The prevalence of migraine below age 12 is similar in boys and girls. Studies 

conducted in paediatric populations have shown similar migraine prevalence rates in 

boys and girls (Abu-Arefeh et al, 1994, Barea et al, 1996 and Raieli et al, 1995). On 

average, at post-pubertal ages, migraine is 2.5 to 3 times more common in females 

than males (Lipton et al, 2001). In the United States the prevalence of migraine is 

about 18% in women and 6% in men (Stewart et al, 1992 and Lipton et al, 2001a). 

Overall estimates of 1-year prevalence of migraine range from 3.3% to 32.6% for 

women and 0.7% to 16.1% for men (see Table 1.5, adapted from Lipton et al, 2005a). 

 

Table 1.5. Sex-specific prevalence estimates of migraine from 25 population-

based studies (ordered by year of publication) using International Headache 

Society (IHS) diagnostic criteria (adapted from Lipton et al, 2005a). 

Study Country Source Method 
Sample  
size (N) 

Time 
frame 

Age 
range 
(yr) Migraine prevalence (%) 

       Female Male Total 

Arregui et 
al,1991  Peru  Community Clinical 2,257 NA All 11.8 4.2 8 

Breslau et al, 
1991  USA  Community 

Face to 
face/telephone 1,007 1 yr 21–30 12.9 3.4 9.2 

Henry et 
al,1992  France  Community Face to face 4,204 1 yr ≥15 11.9 4 8.1 

Rasmussen et 
al, 1992  Denmark  Community Clinical 975 1 yr 25–64 15 6  
Stewart et 
al,1992  USA  Community Mail SAQ 20,468 1 yr 12–80 17.6 5.7 12 

Göbel et 
al,1994  Germany  Community Mail SAQ 4,061 Lifetime ≥18 15   
Merikangas et 
al, 1994  Switzerland  Community Clinical 379 1 yr 29–30 32.7 16.1 24.5 

O’Brien et al, 
1994  Canada  Community Telephone 2,922 1 yr ≥18 21.9   
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Study Country Source Method 
Sample  
size (N) 

Time 
frame 

Age 
range 
(yr) 

Migraine 
prevalence 

(%) Study Country 

       Female Male Total 

Cruz et al, 1995  Ecuador  Community Clinical 2,723 Lifetime All 7.9 5.6 6.9 

Cull R, 1995  UK  Community Face to face 16,002 NA ≥16 11 4.3 7.8 

Tekle Haimanot 
et al, 1995  Ethiopia  Community 

Face to 
face/clinical 15,500 1 yr ≥20     4.2  1.7 3.0 

Michel et al, 
1995  France  Community Mail SAQ 9,411 3 mo ≥18 18 8 13 

Russell et al, 
1995  Denmark  Community Clinical 3,471 Lifetime 40 23.7 11.7 17.7 

van Roijen et al, 
1995  Netherlands  Community Face to face 10,480 1 yr ≥12 12 5 9 

Wong et al , 
1995  Hong Kong  Community Telephone 7,356 1 yr ≥15 1.5 0.6 1 

Alders et al, 
1996  Malaysia  Community Face to face 595 1 yr ≥5 11.3 6.7 9 

Sakai et al, 
1996  Japan  Community Mail SAQ 4,029 1 yr ≥15 13 6.6 8.4 

Stewart et al, 
1996  USA  Community Telephone 12,328 1 yr 18–65 19 8.2 13.6 

Abdul Jabbar et 
al,1997  Saudi Arabia  Community Face to face 5,891 Lifetime ≥15   8 

Jaillard et al, 
1997  Peru  Community Clinical 3,246 1 yr ≥15 7.8 2.3 5.3 

Wang et al, 
1997  China  Community Clinical 1,533 1 yr ≥65 4.7 0.7 3 

Launer et al, 
1999  Netherlands  Community Questionnaire 6,491 Lifetime 20–65 33 13.3 23.2 

   and telephone  1 yr  25 7.5 16.2 

al-Rajeh et al, 
2000  Saudi Arabia  Community 

Face to 
face/clinical 22,630 NA All 6.8   

Bánk et al, 
2000  Hungary  Community Questionnaire 813 1 yr 15–80 13.4 5.7 9.6 

Hagen et al, 
2000  Norway  Community Clinical 51,383 1 yr ≥20 16 8 12 

Dahlöf et al, 
2001  Sweden  Community Telephone 1,668 1 yr 18–74 16.7 9.5 13.2 
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Study Country Source Method 
Sample  
size (N) 

Time 
frame 

Age 
range 
(yr) 

Migraine 
prevalence 

(%) Study Country 

       Female Male Total 

Lipton et al, 
2001a USA  Community Questionnaire 29,727 1 yr ≥12 18.2 6.5 12.4 

Zivadinov et al, 
2001  Croatia  Community Telephone and 5,173 Lifetime 15–65 22.9 14.8 19 

   face to face  1 yr  18 12.3 15.2 

Deleu et al, 
2002  Saudi Arabia  Community Face to face 1,158 1 yr ≥10 5.6 4.5 5.1 

Henry et al, 
2002  France  Community Face to face 10,585 1 yr ≥15 11.2 4 7.9 

Kececi et al, 
2002  Turkey  Community Face to face 1,320 1 yr All 17.1 7.9 12.5 

Lipton et al, 
2002  USA  Community Telephone 4,376 1 yr 18–65 17.2 6 11.6 

Lampl et al, 
2003  Austria  Community Face to face 997 1 yr ≥15 13.8   
Miranda et al, 
2003  Puerto Rico  Community Telephone 1,610 1 yr All 6 16.7 13 

Steiner et al, 
2003  England  Community Telephone 4,007 1 yr 18–65 18.3 7.6 13 

Takeshima et al, 
2004  Japan  Community 

Questionnaire 
and telephone 5,758 1 yr ≥18 9.1 2.3 6 

Clinical = clinical interview; NA = not available; SAQ = self-administered questionnaire. 

 

Table 1.5 (above; adapted from Lipton et al, 2005a) summarises prevalence studies 

of migraine (comparing male and female prevalence) performed over the last 12 

years in different countries. 

1.3.2.3 Education and Income 

It was once thought that migraine could be related to socioeconomic status (SES) as 

migraine prevalence was inversely related to household income and education in a 

US population-based study (Stewart et al, 1996). Also in both American Migraine 
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Study I and the American Migraine Study II, migraine prevalence was inversely 

related to household income (migraine prevalence decreased as household income 

increased) (Stewart et al, 1992 and  Lipton et al, 2001a). This inverse relation 

between migraine and socioeconomic status was confirmed in another US study 

(Stang et al, 1996). However the association of low SES (as measured by education, 

occupation, or income) with headache prevalence has not been supported in studies 

outside the US (Abu-Arefeh  et al,1994, Rasmussen et al, 1992, Gobel et al, 1994, 

O'Brien et al, 1994, Launer et al, 1999 and Steiner et al, 2003). This may be 

influenced by patterns of medical consulting behaviour and access to medical care in 

different countries. It has been suggested that in some countries individuals with 

higher income might be more likely to receive a migraine diagnosis from a physician, 

presumably due to higher rates of consultation (Stewart et al, 1992 and Kryst et al, 

1994). This also could explain results in different countries with different standards 

of living. 

1.3.2.4 Race and Geographic distribution 

Race, ethnicity and geography also affect migraine prevalence. In an American 

migraine study migraine prevalence was lower in African Americans than in 

Caucasians, though differences were statistically significant for males only (Stewart 

et al, 1992). Another study in the United States, gave similar results of migraine 

prevalence being highest in European Americans, intermediate in African Americans, 

and lowest in Asian Americans (Stewart et al, 1996). In a meta-analysis of 

prevalence studies migraine was most common in North and South America, 

followed by Europe, and lowest in Africa and Asia (Figure 1.4) (Scher et al, 1999). 

These results suggest that genetic risk of migraine may be race-related. However, 

there were relatively few African and Asian surveys which used the IHS criteria at 

the time of the analysis which may affect the outcome. There may also be geographic 

variation within countries and continents based on either biological or environmental 

risk factors (Lipton et al, 2001). Further studies need to be performed in order to 

confirm geographic differences in migraine prevalence. 
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Figure 1.4 Adjusted prevalence of migraine by geographic area and sex in a meta-

analysis of studies using IHS criteria. N = North, S/C = South/Central, grey bars = 

female, black bars = male (Adapted from Scher et al, 1999). 

 

1.3.3 Migraine Comorbidity 

 
Some disorders occur with increased frequency in individuals with migraine 

compared to the general population. Studies have shown that migraine is comorbid 

with depression, anxiety disorders, and manic depressive illness (Breslau et al, 

1991,1992,1992a,1993,1994, Silberstein et al, 1995, Merikangas et al, 1990,1993, 

Stewart et al, 1989,1992), as well as epilepsy (Andermann et al, 1987, Lipton et al, 

1994, Ottman et al, 1994,1996). Also, migraine is associated with stroke, particularly 

in women below the age of 45 (Tzourio et al, 1993,1995). Arthritis and hypertension 

(Peroutka et al, 1997), diabetes (Split et al, 1997) and gastroenteritis (Gasbarrini et al, 

2000)  have also been associated with migraine. The comorbidity of migraine may 

occur because another disorder may actually cause migraine or that migraine causes 

another disorder. Another explanation could be that migraine and another disorder may 

be related due to shared environmental or genetic risk factors. 
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1.3.3.1 Depression and Migraine 

Comorbid depression (with primary headache: tension-type headache and migraine) 

is associated with female gender, higher age, and higher frequency of headaches 

(Gesztelyi G, 2004). Depression (clinically known as major depressive disorder) can 

affect appetite, sleep, concentration at work, and relationships. The diagnosis of 

depression can range from mildly depressed to severe suicidal tendencies. Symptoms 

of depression may surface with other mood disorders. They include seasonal major 

depression (also known as seasonal affective disorder), postpartum depression, and 

bipolar disorder. Depression is more prevalent in headache patients than in the 

headache-free population (Gesztelyi G, 2004). Prospective epidemiological studies 

suggest a common genetic, biochemical or environmental background behind 

migraine and depression (Breslau et al, 1991,1991a). This theory is supported by the 

role of the same neurotransmitter systems (mostly serotonin and dopamine) in 

headaches as well as in depression (Gesztelyi G, 2004). 

1.3.3.2 Epilepsy and Migraine 

 

Epilepsy is a chronic neurological disorder (such as migraine) associated with 

unprovoked episodic attacks. It is a condition characterized by recurrent seizures that 

are caused by abnormal electrical activity in the brain. Individuals with epilepsy are 

at 2.4 times the risk of experiencing migraine than their non-epileptic relatives 

(Ottman et al, 1994). The comorbidity of migraine and epilepsy may be due to a 

common alteration in brain state that increases the risk of both disorders (Andermann 

et al, 1987). However, the mechanisms including the genetics of both disorders are still 

unclear and thus it is not clear whether a shared genetic predisposition is involved 

(Ottman et al, 1996). Nowadays it is thought that genes associated with idiopathic 

generalized epilepsies remain within the ion channel family of which familial 

hemiplegic migraine has also been associated. For example, a mutation in the 

ATP1A2 sodium potassium ATPase pump gene has been described in a family in 

which familial hemiplegic migraine and benign familial infantile convulsions partly 

co-segregate (Gutierrez-Delicado et al, 2004, De Fusco et al, 2003). 
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1.3.3.3 Stroke and Migraine 

 

Migraine-stroke comprises a number of distinct entities, including migrainous 

infarction, in which ischemic stroke occurs during an attack of migraine with aura 

and migraine-related stroke, in which the causal link is less clear (Kern et al, 2004). 

A recent meta-analysis of observational studies of ischaemic stroke risk in migraine 

concludes that there is an association between stroke and migraine (Etminan et al, 

2005). Also some patients with migraine are at increased risk for subclinical lesions 

in certain brain areas (Kruit et al, 2004) and there are known risks for stroke in 

women under 35 years with migraine (Bousser et al, 2000). Migraine may occur as a 

consequence of conditions that are known to cause stroke; therefore it remains to be 

determined whether migraine predisposes to stroke in the absence of any known 

disease associations, if it is an epiphenomenon of an underlying stroke diathesis, or if 

it requires the presence of another stroke risk factor to produce cerebral ischemia (or 

ischemic stroke) (Kern et al, 2004). 

 

1.3.3.4 Diabetes and Migraine 

 

There has been little research in the comorbidity of migraine with diabetes however, 

migraine has been shown to be comorbid with both insulin-dependent diabetes and 

non insulin-dependent diabetes mellitus. In a study investigating headaches in 

insulin-dependent diabetic patients 11 of 117 diabetic patients were migraineurs: in 6 

of the 11 their typical migraines (2 classical and 4 common) were induced by 

hypoglycaemic episodes (Martins et al, 1989). However evidence suggests that 

populations with non insulin-dependent diabetes may be more susceptible to migraine 

than an insulin-dependent diabetic or a general population. In 1997, Split et al 

analysed 127 non insulin-dependent diabetes mellitus (NIDDM) patients 

complaining of headaches, 95 had migraine headaches and 32 tension-type 

headaches. In 50 patients the onset of migraine headaches occurred when the patients 

were afflicted with diabetes. In 45 patients migraine was diagnosed before they 

began to suffer from diabetes. In these patients the onset of diabetes significantly 
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increased the average yearly number of headache days (Split et al, 1997). An 

interesting case report in 1991 describes a case in which diabetes was diagnosed in a 

63-year-old woman who presented with unilateral headache and eye pain. The author 

concluded that cranial neuropathy affecting the eyes is a possible symptom of type II 

diabetes (Dickerman et al, 1991). 

1.3.3.5 Comorbidity Health-Care Costs 

According to a recent study migraine patients are approximately 5 times more likely 

than non-migraineurs to be diagnosed with comorbid conditions which significantly 

increased healthcare costs in this migraine group compared to controls (Joish et al, 

2000). Studies have shown that migraineurs have higher health-care costs for non-

migraine conditions compared to matched non-migraineurs, perhaps due to the cost 

of treating comorbid conditions (Michel et al, 1996 and Clouse et al, 1994). Some of 

the comorbid conditions which increase medical expense may be etiologically linked 

to migraine (e.g. depression). Other conditions may be iatrogenic (e.g. renal disease 

as a result of high analgesic use). These costs are properly considered part of the cost 

of migraine (Lipton et al, 1997). In persons with migraine, excess claims for non-

migraine health conditions (compared to non-migraineurs) may outweigh the claims 

specifically related to migraine by about 4 to 152 (Lipton et al, 2001). 

1.3.4 Burden of Migraine in Economic Terms and Impact on Society 

Migraine has an impact on both the individual and society, which include direct and 

indirect costs. Indirect costs to society include how migraine can affect productivity 

at work (employment), also household work and in other roles. Estimates of 

productivity losses due to migraine cost American employers $13 billion per year 

(Hu et al, 1999). In healthcare, an American survey conducted in 1977 found that 4% 

of all visits to physicians’ offices (>10 million visits per year) were for headache 

(National Center for Health Statistics, 1979). Migraine also results in high utilisation 

of emergency rooms (Bigal et al, 2000) and large quantities of prescription and over 

the counter medication (Celentano et al, 1992), including triptans which total about 

$1 billion per year in the United States (Lipton et al, 2001). 
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In economic terms direct costs of migraine (the costs of medical care) are small 

compared to the indirect cost (missed work or reduced productivity at work). The 

annual direct costs of migraine treatment per migraineur in the US seem low with 

costs of approximately $100US per year for direct migraine treatment (Clouse et al, 

1994 and Hu et al, 1999) (see Table 1.6). 



 

                                                                                                                                                 27

Table 1.6. Estimates of direct annual costs of migraine (adapted from Lipton et al, 

2001) 

Reference Country Year* Expense Amount Comment 

Physician/hospital $127  

Excess physician/hospital 
compared to non-

migraineurs 

$381  

Clouse et al, 
1994 

US 1989 

Excess pharmacy compared 
to non-migraineurs 

$158  

Based on 
members of a 
large managed 

care 
organization  

Hu et al, 
1999 

US 1994 Physician/hospital/ER/drug. 
Migraine-related 

$97  Medstat 
MarketScan 
data.Claims 

from 
employees and 

dependants 
Lipton et al, 
1997 

US 1989 Physician/hospital/ER/drug 
managed-care 

$200-
$800 

Based on 
members of a 

large 
organization.  

Osterhaus et 
al, 1992  

US 1986 ER/clinic/hospital $817  Clinical trial 
participants 

GP visits 1.3/year van Roijen et 
al, 1995  

Netherlands  1992 

Alternative practitioner 
visits 

17% 

Population-
based case-

control study 

*Year of data collection 

 

 

 

However costs of up to approximately $800/year have been found in other studies 

(Lipton et al, 1997 and Osterhaus et al, 1992) (Table1.6). The costs indirectly of 

migraine to do with missed work or reduced productivity at work have been 

summarized in Table 1.7 from results of several studies. 
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Table 1.7. Estimates of indirect costs of migraine - annual lost workdays and 

reduced productivity* (adapted from Lipton et al, 2001) 

 

Reference Country Year† LWD LWDE‡ Total 
(LWD+LWDE) 

Comment 

Clarke et al, 1996  UK  1994 2 5.5 7.5 Hospital 
employees. 81% 

female 
Cull et al, 1992  UK  1990 1.9 4.4 6.3   

Osterhaus et al, 
1992 

US 1986 14.8 25.7 40.5 Clinical trial 
participants 

Rasmussen et al, 
1992 a 

Denmark  1989       43% had at least 1 
absent day 

Schwartz et al, 
1997  

US 1993 3.2 4.9 8.1   

Stewart et al, 
1996  

US 1989 7.4     'Severe' headache 
used as screening 
question. Includes 

lost work of 
homemakers 

van Roijen et al, 
1995  

Netherlands  1992 4.2 8.9 13.1   

von Korff et al, 
1998  

US 1998 2.8 5.6 8.4 Population-based 
3-month diary 

 

*Lost workdays (LWD) and lost workday equivalents (LWDE) were extrapolated to 1 year if 

not reported annually in the referenced report †Year of collection ‡LWDE = (Days at work 

with headache) X (1 - % effectiveness at work with headache) 

 

Table 1.7 displays values for Lost Workdays (LWD), which refers to days of absence 

from work, and Lost Workday Equivalents (LWDE), which measures the number of 

equivalent days lost due to reduced productivity while at work. It is calculated by 

multiplying the number of days at work with migraine by percent 'ineffective' (1-

effectiveness) while at work with migraine. LWD average about 2-4 days per year 

across the studies and another 4-9 days per year were lost due to LWDE. The results 

of Stewart et al, 1996 from the American Migraine Study of LWD was higher than 
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average at 7.4 days; also the study by Osterhaus et al, 1992 had 14.8 days. These 

patients were based on clinical trial participants who reported the highest rates of 

missed work, perhaps because individuals with severe disease are more likely to 

participate in clinical trials (Lipton et al, 2001). So from an employers’ point of view 

the development of effective prevention and/or treatment strategies of migraine in the 

workforce would be of great benefit economically and to society in general. 

1.4 The Phases of Migraine Attack  

Blau, 1980 divided the migraine attack into five phases: the prodrome, occurring 

hours or days before the headache; the aura, which come immediately before the 

headache; the headache itself; the headache termination; and the 

postdrome. Although most people experience more than one phase, no one particular 

phase is required for the diagnosis of migraine.  

1.4.1 Prodrome 

This phase occurs in approximately 60% of migraineurs, often hours to days before 

the onset of headache. Prodrome includes psychologic, neurologic, constitutional, 

and autonomic features.  Psychologic symptoms include depression, euphoria, 

irritability, restlessness, mental slowness, hyperactivity, fatigue, and drowsiness.  

Neurologic phenomena include photophobia, phonophobia, and hyperosmia.  The 

generalised or constitutional symptoms include a stiff neck, a cold feeling, 

sluggishness, increased thirst, increased urination, anorexia, diarrhea, constipation, 

fluid retention, and food cravings. These premonitory phenomena are often 

mistakenly characterised together into the aura phase and referred to as ‘warning 

signs’.  Although both phases do warn of an impending attack they are distinctly 

different (Blau, 1980). 
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1.4.2 Aura 

Aura refers to focal neurologic symptoms that preceed or accompany an attack of 

migraine. Around 20% of migraine patients experience aura. Symptoms develop over 

five to twenty minutes and usually last less than sixty minutes.  It is characterised by 

visual, sensory, or motor phenomena, and may also involve language or brainstem 

disturbances (Blau, 1980).  The most common type of aura is visual, focal cerebral 

disturbances, previously termed classic migraine.  It usually has a distribution in a 

single hemifield. Sensory disturbances involve one side of the body and are 

characterized by descriptions of numbness or tingling on the face and in the 

hands. Other senses include olfactory, for example, imagined or recalled smells, oral 

(strange tastes) and aural, for example, tinnitus. Poor concentration and incoherence 

have also been noted symptoms in the aura phase of migraine (Blau, 1980). 

1.4.3 Headache Phase 

Migraine headache is severe, unilateral and throbbing in 85% of sufferers (Lipton et 

al, 1992) but may be a bilateral and constant pain at first. The unilateral pain may be 

central to one eye or the temple. Migraine pain is almost always accompanied by 

other features such as nausea (occurring in up to 90% of migraine sufferers) and 

vomiting (occurring in about one third of migraineurs) (Lipton et al, 1992). 

Migraineurs during this phase will be hypersensitive to light and/or sound and will 

nearly always want to lie down in a dark quiet room (Drummond, 1986). The 

conditions generally experienced include photophobia, phonophobia, and 

osmophobia.  Additional symptoms include blurry vision, nasal stuffiness, anorexia, 

hunger, tenesmus, diarrhea, abdominal cramps, polyuria (followed by decreased 

urinary output after the attack), facial pallor (or, less commonly, redness), sensations 

of heat or cold, and sweating (Silberstein et al, 1994.). Localized edema of the scalp, 

the face, or the periorbital regions may occur. Tenderness of the scalp, neck and a 

pronounced vein or artery in the temple may occur. Concentration and memory 

impairment are other side affects including anxiety and depression, fatigue, 

nervousness, irritability and faintness (Blau, 1980).  
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1.4.4 Postdrome 

In the postdrome or aftermath of migraine, the pain dissipates and a time of recovery 

characterised by weakness, tiredness, exhaustion and mild headache results.  The 

patient, thereafter, may feel these effects and not be themselves for 24 to 48 hours. It 

is common to note depression and malaise during this time. The mild headache itself 

can be severe enough to prevent return to normal duties or work, although some people 

can feel unusually refreshed and even euphoric after an attack (Blau, 1980). Children 

tend to recover quite quickly after the headache and seem not to experience this phase 

to any significant degree (Silberstein et al, 1994). 

1.5 Pathophysiology 

1.5.1 Theories of the migraine process 

 

Migraine is best understood as a primary disorder of the brain (Goadsby et al, 

2001,2002). Although the pathogenesis of migraine is incompletely understood,  

recent discoveries have shed light on the neuronal events mediating both the aura and 

the headache phases of migraine, identifying a cerebral cortical origin of migraine 

aura with susceptibility to attacks based on cortical hyperexcitability and the 

trigeminovascular system and its central projections as the origin of headache (Welch 

K, 2003). Migraine attacks may originate in the brain stem, the process driving the 

pathogenesis of the migraine attack and susceptibility to the migraine trigger factors 

may be located in the brain stem (Spierings, 2003). 

 

Tepper et al describes the process of the generation of migraine occurring centrally in 

the brain stem which is sometimes preceded by cortical spreading depression 

(described below: a phenomenon recently reviewed by Parsons et al, 2004) and aura 

(Tepper et al, 2001). Activation of the trigeminovascular system stimulates 

perivascular trigeminal sensory afferent nerves with release of vasoactive 

neuropeptides, resulting in vasodilation and transduction of central nociceptive 

information. There is then a relay of pain impulses to central second- and third-order 
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neurons and activation of brain stem autonomic nuclei to induce associated 

symptoms (Tepper et al, 2001). The process of migraine can further be explained by 

the actions of stimuli causing a migraine attack. This stimulus (caused by some 

trigger effect for migraine attack) is noticed by the brain, it is then interpreted and an 

activation of the trigeminovascular system occurs. Activation of this system gives 

rise not only to transmission of nociceptive information to higher central nervous 

system centers, but also to the release of vasoactive peptides at nerve endings that 

surround pial vessels. Consequently, these vessels are dilated, which gives the 

throbbing pulsating headache. In contrast, the aura symptoms are caused by a 

depolarizing wave, known as cortical spreading depression. This wave propagates 

across the brain cortex and causes neuronal silencing, reduced ion homeostasis, and 

massive efflux of excitatory amino acids (Ophoff et al, 2001). 

 

In the past, migraine occurrence was hypothesized to be vascular related whereby 

migraine headache was specifically caused by blood vessel dilation. This vascular theory 

describes the process where the head pain of migraine is caused by vasodilation of the 

external carotid artery by vasoactive polypeptides and the aura of migraine is caused by 

intracerebral vasocontriction (Wolff et al, 1952). This may explain the throbbing of 

headache pain of migraine and localization of pain, for example, to temples and eyes. 

This theory however does not explain the process of the prodrome phase of a migraine 

attack. Also the vascular theory does not take into account the fact that some drugs used 

to treat migraine have no effect on blood vessels.   

 

The vascular hypothesis of migraine has now been superseded by a more integrated 

theory that involves both vascular and neuronal components. It has been 

demonstrated that the visual aura experienced by some migraineurs arises from 

cortical spreading depression, and that this neuronal event may also activate 

perivascular nerve afferents, leading to vasodilation and neurogenic inflammation of 

the meningeal blood vessels and, thus, throbbing pain. The involvement of the 

parasympathetic system supplying the meninges also causes increased vasodilation 

and pain (Silberstein, 2004). 
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1.5.2 Cortical Spreading Depression 

 

Spreading depression theory is a new insight into the cause of migraine aura. Cortical 

spreading depression (CSD) is a short-lasting depolarization wave that moves across 

the cortex at a rate of 3-5 mm/min. A brief phase of excitation heralds the reaction 

which is immediately followed by prolonged nerve cell depression synchronously 

with a dramatic failure of brain ion homeostasis, efflux of excitatory amino acids 

from nerve cells and enhanced energy metabolism (Lauritzen, 1994). 

It is currently believed that the aura of migraine may be the human counterpart of the 

animal phenomenon of Leão’s spreading depression (Leão, 1944). The aura is 

characterized by a wave of decreased bloodflow or oligemia passing across the 

cortex (Olesen et al, 1981) at a slow rate (2 to 6 mm per minute) consistent with the 

threat of visual phenomenon through the visual cortex, (Lauritzen, 1994). There is a 

short phase of hyperemia preceding the oligemia which may be a correlate of the 

scintillating scotoma, also a characteristic of migraine with aura (Hadjikhani et al, 

2001). The development of sensory disturbances during migraine auras suggests that 

the underlying mechanism is a disturbance of the cerebral cortex. The demonstration 

of unique changes of brain blood flow during attacks of migraine with aura, which 

have been replicated in animal experiments during CSD also supports the role for the 

'spreading depression' theory (Lauritzen, 1994). 

1.5.3 Migraine triggers 

The true cause of migraine, that is why and how a migraine attack begins, is not 

known. It is commonly believed that there is an individual “threshold” to develop 

migraine attacks. Exposure to specific factors may than breach the threshold in the 

predisposed individual, thus triggering a migraine attack (Hargreaves et al, 1999). This 

threshold may be high, so migraine attacks occur seldom, for example only under 

extreme, unfavourable, external conditions. The threshold may also be low, so that 

attacks occur frequently after common triggers, or apparently spontaneously (Ophoff 

et al, 2001).  Attacks thus seem to involve physiological mechanisms, initiated by 
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migraine-specific triggers. Genetic factors appear to set the individual threshold; 

internal and environmental factors, such as hormonal fluctuations, fatigue, relaxation 

after stress, meteorological changes and substance misuse may modulate this set-

point, also certain foods (Ophoff et al, 2001). Individuals prone to chemically 

induced headaches from ingestion of tyramine, alcohol, phenylethyamine, 

monosodium glutamate, nitroglycerine, wine or chocolate also experience 

spontaneous headaches (Raskin, 1981), which may also have an effect on triggering 

migraine attack in migraine patients. Other metabolic and endocrine factors also 

influence migraine attacks. Friedman et al, found that 80% of pregnant women who 

are subject to migraine either lose their headaches or enjoy improvement during 

pregnancy (Friedman et al, 1959). However another study found an increase in the 

severity of migraine in pregnancy (Callahan, 1968). The use of oral contraceptives 

also appears to increase the incidence and severity of migraine (Shafey et al, 1966 

and Phillips, 1968). Other triggering factors include bright light (eg. sunlight 

reflected from water), exercise or exertion and high altitude. 

 

1.5.4 Headache Pain of Migraine 

The pain sensitive structures within the head, such as large blood vessels are 

innervated by branches of the ophthalmic division of the trigeminal nerve (Feindel et 

al, 1960) and the posterior fossa structures are innervated by branches of C2 nerve 

roots (Arbab et al, 1986). Involvement of the ophthalmic division of the trigeminal 

nerve and the overlap with structures innervated by C2 explain the common 

distribution of the pain of migraine in the frontal and temporal regions, as well as 

involvement of parietal occipital and high cervical regions, by referred pain 

(Goadsby, 2001).  Peripherally, the trigeminal afferents are activated in migraine by 

the release of calcitonin gene-related peptide (CGRP) a vasodilator (Goadsby et al, 

1990). This may, in part, explain the prevention of migraine pain by substances such 

as botulinum toxin Type A which inhibit the release of CGRP (see Silberstein et al, 

2000). 
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1.5.5 Serotonin and migraine 

There is indirect evidence that suggests a relationship between serotonin and 

migraine. The serotonin or 5-HT receptors consist of at least three distinct types of 

molecular structures: guanine nucleotide G protein-coupled receptors, ligand-gated 

ion channels and transporters.  At least five 5-HT1 receptor subtypes are present in 

humans.  Headaches bearing resemblance to migraine can be triggered by 

serotonergics such as reserpine (a 5-HT releaser and depleter) and m-

chlorophenylpiperazine (a serotonin agonist) (Brewerton et al, 1988 and Gordon et 

al, 1993). Serotonin involvement in migraine was originally found through urinary 

excretion of 5-hydroxyindoleacetic acid, the main metabolite of serotonin, which was 

observed to be increased in association with migraine attacks (Curran et al, 1965). Also 

platelet 5-HT was found to drop rapidly during the onset of a migraine attack (Anthony 

et al, 1967). Injection of serotonin agonists resulting in headache relief, make the 

understanding of the pharmacology of serotonin very important for understanding the 

pharmacology of new serotonin agonists in migraine therapy (Silberstein et al, 

1994).  

1.5.6 CGRP and Migraine 

 

Calcitonin gene-related peptide (CGRP) has been detected in increased amounts in 

external jugular venous blood during migraine attacks. However, it is unknown 

whether this is secondary to migraine or whether CGRP may cause headache (Lassen 

et al, 2002). A study has shown that plasma CGRP concentration correlates with 

timing and severity of a migraine headache suggesting a direct relationship between 

CGRP and migraine (Juhasz et al, 2003). Intravenous administration of human alpha-

CGRP causes headache and migraine in migraineurs and suggests that the increase in 

CGRP observed during spontaneous migraine attacks may play a causative role 

(Lassen et al, 2002).  

 

In primary headaches, there is a clear association between the headache and the 

release of calcitonin gene-related peptide (CGRP), but not other neuronal messengers 
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and acute treatment with administration of a 5-HT(1B/1D) (serotonin) agonist 

(triptan) results in alleviation of the headache and normalisation of the CGRP level. 

(Edvinsson, 2003). 

1.6 Pharmacogenetics 

1.6.1 The Interaction of CGRP and Serotonin with Migraine 

 

The relationship between serotonin and CGRP is suggested to be a balance between 

levels of release in the process of migraine headache. The recent development of 

specific migraine drugs, especially the triptans (serotonin receptor agonists), is highly 

studied in the pharmacogenetics of migraine. For example, triptans such as 

sumatriptan and rizatriptan, selective serotonin 5-HT1B/D receptor agonists, have 

been highly effective in terminating migraine attacks and decreasing elevated CGRP 

levels back to normal, whereby decrease in CGRP levels is associated with 

subsidence of migraine attack (Stepien et al, 2003). This relationship is further 

enhanced by a study performed by Juhasz et al 2003 (Juhasz et al, 2003). The authors 

found serotonin release from platelets did not provoke migraine and may have even 

counteracted headache and the concomitant CGRP release in this model. 

  

1.6.2 Central Role of CGRP in Migraine 

 

The central role of CGRP in migraine and cluster headache pathophysiology has led 

to the search for small-molecule CGRP antagonists, which are predicted to have 

fewer cardiovascular side effects in comparison to the triptans (serotonin agonists) 

(Edvinsson et al, 2003). Recent studies have suggested that botulinum toxin type A, a 

toxin causing muscle paralysis, injected into pericranial muscles may have a 

prophylactic benefit in migraine (Durham et al, 2004). In a study performed by 

Durham et al, 2004, primary cultures of rat trigeminal ganglia were utilized to 

determine whether botulinum toxin type A could directly decrease the release of 

calcitonin gene-related peptide. The data provided the first evidence that botulinum 
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toxin type A can directly decrease the amount of calcitonin gene-related peptide 

released from trigeminal neurons. The results suggested that the effectiveness of 

botulinum toxin type A in the treatment of migraine may be due, in part, to its ability 

to repress calcitonin gene-related peptide release from activated sensory neurons 

(Durham et al, 2004). In another study, primary cultures of trigeminal neurons were 

used under conditions simulating migraine pathology and therapy in order to study 

the mechanisms controlling the CGRP promoter (Durham et al, 2003). The authors 

found that sumatriptan regulation of CGRP gene expression did not couple to a 

G(i)/G(o) pathway, but rather caused a prolonged increase in intracellular calcium. 

The importance of the prolonged calcium signal in repression of mitogen-activated 

protein kinase (MAPK) activity was demonstrated (Durham et al, 2003). They 

proposed that activation of MAPK pathways may increase CGRP gene expression 

during migraine, and that sumatriptan can diametrically oppose that activation via a 

prolonged elevation of intracellular calcium (Durham et al, 2003). 

 

1.6.3 Channelopathies and CGRP 

 

Channelopathies share many clinical characteristics with migraine (such as the 

calcium channel gene CACNA1A with FHM - described in detail later). It is known 

that drugs blocking the P/Q- and N-type calcium channels have been successful in 

animal models of trigeminovascular activation and head pain (Akerman et al, 2003). 

Therefore exploring calcium channel functions in the trigeminovascular system may 

give insights into migraine pathophysiology. A study using intravital microscopy to 

examine the effects of specific calcium channel blockers on neurogenic dural 

vasodilatation and calcitonin gene-related peptide (CGRP)-induced dilation was 

performed (Akerman et al, 2003). The authors (Akerman et al, 2003) found that the 

P/Q-, N- and L-type calcium channels may all exist presynaptically on 

trigeminovascular neurons and that the blockade of these channels prevents CGRP 

release, therefore dural blood vessel dilation. 
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1.6.4 Adrenomedullin and CGRP 

 

The Adrenomedullin (AM) system may be especially important in cerebral 

circulation. Both CGRP and adrenomedullin (AM) are potent dilators of human brain 

arteries, and they have been implicated in the neurogenic inflammation underlying 

migraine headache and in the evolution of stroke, respectively (Moreno et al, 1999). 

However, little is known about the presynaptic and postsynaptic distribution of their 

respective receptors in the human cerebrovascular bed and trigeminovascular system. 

Moreno et al, 1999, studied the expression of mRNA for AM and two cloned human 

CGRP1 receptors, A-CGRP1 receptor and K-CGRP1 receptor, which were evaluated 

in human brain vessels and trigeminal ganglia. The results indicated that both CGRP 

and AM can affect human brain vessels through a CGRP1 receptor and suggested the 

presence of functional AM receptors in human astroglial cells (Moreno et al, 1999). 

 

1.6.5 Other pain causing receptors 

 

Tumour necrosis factor-alpha (TNF-alpha) has recently been found to have a pain-

mediating function in addition to its immunological, proinflammatory function (Empl 

et al, 2003). According to the hypothesis of neurovascular inflammation in migraine, 

this cytokine could contribute to migraine pain generation. In a study analysing 

concentrations of TNF-alpha and its soluble receptor sTNF-RI, migraine patients 

tended to have less sTNF-RI than controls (Empl et al, 2003). The authors concluded 

that if TNF-alpha plays a role in migraine physiopathology, migraine patients may 

lack sufficient antagonistic sTNF-RI to neutralize hyperalgesic TNF-alpha during a 

migraine attack. 

1.7 Migraine Therapy 

The treatment of migraine can be divided into two pharmacologic approaches: 

treatment of the acute attack (abortive, symptomatic) or preventative (prophylactic) 

therapy aimed at preventing the recurrence of migraine. Medications used in acute 
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headache treatment include analgesics, antiemetics, anti-anxiety agents, nonsteroidal 

anti-inflammatory drugs (NSAIDs), ergots, steroids, major tranquillizers, narcotics, 

and the selective 5HT1 (serotonin) agonists - triptans. Preventive therapy includes a 

range of medications - anticonvulsants, calcium channel blockers, beta blockers, 

antidepressants, serotonin antagonists, and botulinum neurotoxins. 

1.7.1 Symptomatic Treatment 

Choice of acute treatment depends upon the severity and frequency of migraine 

headaches, the pattern of associated symptoms, comorbid illnesses, and the patient’s 

treatment response profile (Silberstein et al, 1994).  The simplest treatment is with 

analgesics such as aspirin or acetaminophen either alone or in combination with 

caffeine and/or barbiturates. The combination of acetaminophen, isometheptene, a 

sympathomimetic; and dichloralphenazone, a chloral hydrate derivative, is also safe 

and effective in headache treatment (Ryan et al, 1974 and Tfelt-Hansen et al, 1993). 

Stronger drugs maybe needed if simple analgesics fail to prevent migraine headache 

such as more potentially habit forming medication combinations available with 

codeine and potent narcotic analgesics such as propoxyphene, meperidine, morphine, 

hydromophone, and oxycodone available alone or in combination.  However, 

because of medication overuse and rebound, these agents are used sparingly and only 

for patients who experience infrequent headaches (Raskin et al, 1988).  

Ergotamine and dihydroergotamine (DHE), once the most popular drug treatments 

for acute migraine therapy, can be used to treat moderate to severe migraine 

(Silberstein et al, 1993). Ergotamine tartrate, the compound responsible for migraine 

pain relief, is derived from Claviceps purpurea, a fungus that grows in rye and other 

grains. It has the ability to produce a peripheral vasoconstriction and, in higher doses, 

damages capillary endothelium. Other forms of pain are not relieved by the drug, its 

action is believed to directly related to the pathophysiology of migraine (Silberstein 

et al, 1993). The advantage of using ergotamine is low cost and long experience with 

use. However, it has generalized vasoconstrictor effects which may be associated 
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with vascular events, high risk of overuse syndrome and rebound headaches (Tfelt-

Hansen et al, 2000). 

1.7.2 Triptans 

Triptans are serotonin 5-HT1B/1D-receptor agonists. These agonists have three 

potential mechanisms of action including, cranial vasoconstriction, peripheral 

neuronal inhibition, and inhibition of transmission through second-order neurons in 

the trigeminocervical complex (Goadsby et al, 2000, 2002).   

Triptans have been available for more than a decade, the original triptan being 

sumatriptan. There are now six other triptans with varying forms including oral 

dosing, subcutaneous injection, nasal spray, and rapid oral disintegrating tablets 

(Table 1.8). 

 

Table 1.8. Triptan drugs currently available for migraine treatment 

Triptan Trade Name 

Almotriptan Axert 

Eletriptan Relpax 

Frovatriptan Frova 

Naratriptan Amerge 

Rizatriptan MaxAlt 

Sumatriptan Imitrex 

Zolmitriptan Zomig 

 

When compared to the ergot medications, the triptans have significant advantages - 

notably, very selective pharmacology, simple and consistent pharmacokinetics 

(Goadsby et al, 2002). There has been extensive use of the triptans and they are 

generally regarded as safe, however, they are 5-HT1B/1D agonists. These receptors 
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are present on the coronary arteries, so avoidance of the use of triptans in ischemic 

heart disease, uncontrolled hypertension, and cerebrovascular disease is 

recommended (Goadsby et al, 2002). Selection of the initial treatment for an acute 

migraine attack depends upon the severity and frequency of the attacks and the prior 

history of treatment. Patients who do not respond to one triptan may respond to 

another. 

1.7.3 Prophylactic Treatment 

Preventive therapy should be used if: 1) Two or more attacks occur per month and 

produce disability lasting more than three days. 2) When symptomatic medications 

are contraindicated or ineffective. 3) When abortive medication is required more than 

twice a week or for when special circumstances that exist, that is, a rare headache 

attack that produces profound disruption (Silberstein et al, 1994). Other candidates 

for preventive therapy include patients who have severe migraine attacks and/or are 

unresponsive to acute medications. However, if the headaches occur one to two days 

per month, there is usually no need for preventive therapy; if they occur three to four 

days per month, preventive therapy should be considered; and if the patient has five 

or more attacks per month, preventive therapy should be seriously considered 

(Goadsby et al, 2002). 

The major medication groups include: serotonin agonists, calcium channel agonists, 

beta adrenergic blockers, anticonvulsants, antidepressants and botulinum toxin. The 

ideal prophylactic agents for the therapy of migraines should be early active, possess 

long-term efficacy with few side effects and a convenient dosing schedule, and truly 

prevent attacks from occurring rather than merely decreasing their severity (Diamond 

et al, 1987). 

1.7.4 Serotonin Antagonists 

Methysergide is a semisynthetic ergot 5-HT2 receptor antagonist that displays affinity 

for the 5-HT1 receptor (Silberstein et al, 1994). It is an effective migraine 

prophylactic however, side effects accompany this drug also. They include transient 
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muscle aching, claudication, abdominal distress, nausea, weight gain, and 

hallucination. A major complication is the rare (1 in 5000) development of 

retroperitoneal, pulmonary, or endocardial fibrosis (Elkind et al, 1968 and Graham et 

al, 1967). This complication may be prevented by having a medication-free interval 

of four weeks following each six months of continuous treatment. 

1.7.5 Calcium Channel Blockers 

Calcium channel blockers were originally intended for use in cardiovascular disease 

but can also be used as prophylactic agents in the treatment of migraine, for example, 

diltiezam, verapamil, nifedipine, nimodipine and flunarizine (Solomon et al, 1983, 

Kahan et al, 1983,  Meyer et al, 1983,  Lance et al, 1981,  Havanka-Kanniainen et al, 

1985,  Louis P, 1981,  Amery et al, 1985). The mechanism of action of this type of 

migraine drug is unknown but may relate to their antivasoconstrictor activity (Ryan 

et al, 1983) or to non-vascular processes such as inhibition of platelet aggregation 

and serotonin release (Kahan et al, 1983). Other drugs also have calcium channel 

blocking activity including some useful for migraine, such as amitriptyline and 

cyproheptadine (Ryan et al, 1983).  

Side effects of these types of drugs include dizziness, headache (particularly with 

nifedipine), depression, vasomotor changes, tremor, orthostatic hypotension, and 

bradycardia.  Calcium channel blocking drugs are useful in patients with comorbid 

hypertension and may also have a particular advantage in patients with prolonged 

aura. 

1.7.6 Beta Blockers 

Beta-blockers are the most widely used prophylactic agents in migraine. Studies have 

shown that propranolol, metoprolol, timolol, nadolol, and atenolol reduce the 

frequency of attacks in patients who have migraine with and without aura (Andersson 

et al, 1990, Weber et al, 1972, Silberstein et al, 1993). However side effects include 

drowsiness, fatigue, lethargy, sleep disorders, nightmares and depression. Beta-
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blockers have also specific contraindications including asthma, heart block and 

congestive heart failure (Andersson et al, 1990). 

1.7.7 Anticonvulsants 

Currently there are only two anticonvulsants approved for migraine prophylaxis: 

valproate - which has significant side effects such as weight gain, drowsiness, tremor, 

and hair loss.  Fetal abnormalities and hematologic and liver abnormalities are also 

noted.  The second anticonvulsant approved for migraine is topiramate. Some side 

effects may include experiencing memory loss and mild confusion, hair loss, tingling 

of hands and feet and it is also known to suppress appetite. Levetiracetam is also an 

agent useful in the management of migraine. It does not have significant cognitive 

side effects, although drowsiness is sometimes noted unless the dose is increased 

quite slowly (Troost et al, 2003).  Other anticonvulsants useful in the prevention of 

migraine include zonisamide and neurontin. 

1.7.8 Tricyclic Antidepressants 

The tricyclic antidepressants most commonly used for migraine and tension-type 

headache prophylaxis include amitriptyline, nortriptyline, doxepin, and protryptyline 

(Silberstein et al, 1993). Side effects of tricyclic antidepressants involve effects such 

as dry mouth, sedation and potential cardiac toxicity and orthostatic hypotension. 

These drugs also increase appetite and may produce weight gain.  Tricyclics are also 

used in combination with other migraine drugs such as beta-blockers.  Selective 

serotonin reuptake inhibitors (SSRIs), such as fluoxetine and sertraline, are types of 

antidepressants that may be effective in some migraine patients (Colombo et al, 

2004). 

1.7.9 Botulinum Toxin 

Botulinum toxins are neurotoxins which inhibit the release of acetylcholine from 

presynaptic nerve terminals resulting in muscle relaxation, including blocking the 

release of CGRP and Substance P from nerve terminals.  Botulinum toxin type A 
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(BoNT-A) was discovered by its use in treating wrinkles. Patients reported a 

significant deterioration in their headaches. As a result, small controlled trials were 

performed showing moderate efficacy (Silberstein et al, 2000). BoNT-A now plays a 

role in the treatment of variety of headache types. It is now recognized that BoNT-A 

is an effective prophylactic treatment in the primary headache disorders (Blumenfeld 

A, 2003 and Blumenfeld et al, 2003) as BoNT-A affects pain signaling and reduces 

the local release of nociceptive neuropeptides (Ishikawa et al, 2000 and Welch et al, 

2000). Therefore, BoNT-A may be an effective and safe prophylactic treatment in a 

variety of moderate to severe chronic headache types (Blumenfeld A, 2003). 
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CHAPTER 2 

GENETICS OF MIGRAINE 
 

 

Overview 

 
At present, the number of genes involved in typical migraine (which includes 

migraine with aura and migraine without aura) is unknown and has not been 

identified, although genes for a rare severe sub-type of migraine Familial Hemplegic 

Migraine (FHM) have been linked to chromosome 19 (Ophoff et al, 1996), recently 

chromosome 1 (De Fusco et al, 2003), and even more recently chromosome 2 

(SCN1A, Dichgans et al, 2005).  

 

Mutations in the neuronal calcium channel gene (CACNA1A) on chromosome 

19p13.1-13.2 have been shown to cause FHM (Ophoff et al, 1996).  Further 

independent linkage studies of FHM families subsequently indicated that there are 

possibly two more FHM loci on chromosome 1 near the calcium channel genes 

CACNA1E and CACNA1S (Gardner et al, 1997 and Ducros et al, 1997). Recently an 

ATPase gene - ATP1A2 has been shown to be the FHM2 locus in this chromosomal 

region (De Fusco et al, 2003). Calcium channel genes may also be involved in the 

more common types of migraine (with and without aura) and evidence indicates that 

the FHM locus may contribute to typical migraine with and without aura (May et al, 

1995). In 1998 Terwindt et al, detected an FHM mutation from the gene CACNA1A 

in a typical migraine patient with MA and we have previously reported linkage to the 

CACNA1A region on chromosome 19 in one large Typical Migraine family (Nyholt 

et al, 1998). FHM is considered a rare and severe form of MA and mutations in the 

CACNA1A gene on chromosome 19p cause FHM in ~50% of affected pedigrees 

(Ophoff et al, 1996). 
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2.1 Migraine Genetic Epidemiology 

 
Since the nineteenth century, migraine has been thought to be inherited. During the 

VIth Congress of the International Headache Society in 1991, Paris, a French team 

mentioned the possibility of hereditary character for a very rare kind of migraine 

(familial hemiplegic migraine). It was confirmed by the discovery and localisation of 

a specific gene (CACNA1A) of this illness on chromosome 19 (Ophoff et al, 1996). 

2.1.1 Strategies for Studies of Migraine Genetics  

Studies in migraine genetic epidemiology have been undertaken for a number of 

years but many of these can be characterised by one or more of the following 

shortcomings in methodology: 

(A) The selection of probands from clinic populations 

(B)  Patient information obtained by questionnaire 

(C) The family history obtained through probands 

(D) The insufficient description of the attacks 

(E) The lack of distinction between MO and MA. 

Methods addressing these shortcomings in study design should result in more useful 

results. Consideration of these issues is discussed below: 

2.1.1.1 Family History of Migraine 

Recent studies on migraine epidemiology and molecular biology have revealed 

evidence for a decisive role of genetic factors in the aetiopathogenesis of familial 

migraine. Indeed, family studies, segregation analyses and twin studies have shown 

that genetic factors play an important role in disposition towards migraine but do not 

explain the entire aetiopathogenesis. A positive family history of migraine has been 

found to vary between 37% and 91% in probands (or propositus - female: proposita - 

through whom the family was ascertained) with migraine and between 5% and 26% in 
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probands who had never had migraine (see Russell MB, 1997). The large difference 

between percentages in positive family history may be the result of poor 

methodology or explained by differences in migraine assessment. This was emphasised 

in a study by Russell et al, 1996. The authors stated that migraine assessed by proband 

report is not satisfactory for diagnosing migraine in relatives, since the number of 

affected relatives is highly underestimated and that their results emphasised the 

necessity of a clinical interview of relatives in family studies of migraine (Russell et 

al, 1996). The relatives included in the family history studies above changed from first 

degree, first and second degree to unspecified (Russell MB, 1997).  These studies 

suggest a genetic basis of migraine, based on a frequent family history of migraine. 

However, the prevalence of migraine in the general population may be caused simply 

by chance. Previous headache classification (Ad Hoc Committee of the National 

Institutes of Health, 1962), before the implementation of IHS guidelines, did not 

provide a precise definition of migraine. Furthermore, previous use of a positive 

family history as a criterion for migraine introduced bias which could lead to falsely 

positive conclusions about genetic factors in migraine (Russell et al, 1993). 

2.1.2 The Importance of isolating genetic factors in migraine studies 

Isolating genetic factors in migraine studies can be done by studying twins, adoptees, 

spouses and familial aggregation in order to discriminate between genetic and 

environmental factors. 

 

2.1.2.1 Familial Aggregation and Relative Risk of Migraine 

 

The prevalence of migraine in the general population may, by chance alone, explain 

the frequent familial occurrence of migraine.  To investigate this one could utilise a 

study design assessing familial aggregation of migraine using a relative risk measure.  

This can be estimated by comparing the prevalence of affected relatives of probands 

against the prevalence of the disorder in the general population (Beaglehole et al, 

1993). Estimates of familial risk of migraine vary from 1.5 to 19.3.  This large 

variation is mainly due to methodological differences (Russell et al, 1997). These 
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differences may include shortcomings such as studies relying on referral clinic 

populations as a source for identifying migraine probands. Patients who seek care in 

referral centres, or clinics, tend to have more severe attacks and more complex 

symptom profiles (Vilatela et al, 1992).  Also information obtained through migraine 

probands and not first degree relatives and spouses may introduce false information 

into the study since migraine is a subjective complaint (Russell et al, 1997). Another 

limitation to study design is to have a sample size large enough to be statistically 

powerful. These three shortcomings in methodology were detected in the study by 

Russell et al, 1993 where they provided some evidence that the common forms of 

migraine (MA and MO) are genetically determined. To overcome these shortcomings 

in methodology, Russell et al in 1995, performed another study taking into account 

the problems of not directly interviewing first-degree relatives, spouses and small 

sample size of their first study (Russell et al, 1995). Their results suggested a 

different etiology may exist for MO and MA, with MO possibly occurring due to 

both genetic and environmental factors and MA probably occurring exclusively from 

genetic factors (Russell et al, 1995). In 1997 a third study in the genetic 

predisposition of migraine in a US population was conducted. This study had a small 

sample size however; the authors included carefully matched controls with each of 

the 73 affected probands (Stewart et al, 1997). They also included gender and 

migraine severity when determining the relative risk of migraine in their population. 

Stewart et al, showed that first degree relatives of MA and MO affected probands are 

approximately 50% more likely to be affected with MA or MO than the general 

population. The results also showed that the relative risk of first degree relatives of 

male migraine probands may be as high as 4 (Stewart et al, 1997). Migraine relative 

risk in this study is overall lower than the two studies by Russell et al, 1993,1995. 

This may be the result of the methodological shortcomings explained above skewing 

the results of migraine familial aggregation in the two previous studies. 
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2.1.2.2 Twin Studies of Migraine 

 

Studying the heritability of twin pairs and concordance is a classic method for 

investigating the importance of genetic and environmental factors which contribute 

to a disease. Diagnostic criteria, ascertainment methods and sampling sources have 

not been uniform in previous studies of twins (Russell MB, 1997). Therefore 

migraine twin studies published after the release of the IHS guidelines for migraine 

may be the most realistic in terms of the genetic epidemiology of migraine. A 

summary of results of some twin studies performed after the release of the IHS 

guidelines is displayed in Table 2.1. 

 

 

Table 2.1. Summary of some migraine twin studies performed after the release 

of IHS guidelines 

 

Study 
Monozygotic Twin Pairs 

 

Dizygotic Twin Pairs 

  

 Concordant Discordant %Concordance Concordant Discordant %Concordance

 Typical Migraine             

Merikangas et al, 1994    34   19 

Honkasalo et al, 1995 57 257 18 58 594 9 

Larsson et al, 1995 219 479 31 268 1190 18 

       

Migraine with aura       

Ulrich et al, 1999  26 51 34 16 118 12 

       

Migraine without aura       

Gervil et al, 1999 38 99 28 47 210 18 
       

Total of Studies 340 886 29 389 2112 15 
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In the twin studies performed above (Table 2.1), the concordance value is close to 

twice as high in monozygotic twins than in dizygotic twins, with an average 

concordance rate in monozygotic twins of 29%, and 15% in dizygotic twins.  The 

results of these studies show that the inheritance of migraine is complex since the 

concordance is a lot lower than 100 percent in monozygotic twins.  

  

The most recent and largest migraine twin study was performed by Mulder et al, 

2003. The aim of this large scale study was to compare the prevalence and 

heritability of migraine across six countries that participated, including a total 

number of 29,717 twin pairs. Migraine was found to be most prevalent in Danish and 

Dutch females (32% and 34%, respectively), whereas the lowest prevalence was 

found in the younger and older Finnish cohorts (13% and 10%, respectively) (Mulder 

et al, 2003). The estimated genetic variance, or heritability, was significant and the 

same between sexes in all countries. Heritability ranged from 34% to 57%, with 

lowest estimates in Australia, and highest estimates in the older population of 

Finland, the Netherlands, and Denmark. The authors also found that, in addition to 

genetic factors, environmental effects that are non-shared between members of a twin 

pair contributed to the liability of migraine (Mulder et al, 2003). 

   

2.1.2.3 Spouses and familial occurrence of migraine 

 

In 1993, a study by Russell et al, investigated the familial occurrence of migraine 

without aura and migraine with aura. Compared to the general population, the 

authors found that spouses of probands with migraine (MO and MA) were not prone 

to migraine with or without aura (Russell et al, 1993a). This weakens the possibility 

of migraine occurrence being mainly that of environmental influence and indirectly 

supports genetic mechanisms, as with the lack of increased risk of migraine in 

spouses, this strongly suggests that MO and MA are genetically determined (Russell 

et al, 1993a). 
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2.1.3 Mode of Inheritance of Migraine 

 

The mode of Inheritance or transmission of migraine (MO and MA) is controversial. 

Table 2.2 gives the results of different family studies over the years since 1920, with 

proposed modes of migraine inheritance. However, the methodology of most of these 

studies have one or more shortcomings, such as non-discrimination between MO and 

MA, obtaining family history from probands instead of from the relatives themselves 

and selecting probands from clinic populations (see list of studies Table 2.2). 
 

 

Table 2.2. Studies describing the Mode of inheritance of Migraine. 

 

Studies Mode of inheritance 

Migraine unspecified  

Buchanan 1920 Mendelian inheritance 

Smith 1922 Autosomal dominant inheritance, with female 

preponderance 

Christiansen 1925 Autosomal dominant inheritance 

Lenz 1927 Autosomal dominant inheritance, possible sex-

determined 

Allen 1930 Autosomal dominant inheritance, Dominant unit 

mendelian character 

Richter 1935  Autosomal dominant inheritance 

Jimenez Diaz et al 1941 Autosomal dominant inheritance 

Goodell et al 1954  Autosomal recessive inheritance, recessive gene 

with a penetrance of approximately 70% 

Dalsgaard-Nielsen 1965 Additive effect of numerous genes, but dominant 

heredity cannot be excluded 

Barolin et al 1969 Autosomal dominant or recessive inheritance 

Baier 1985*  Polygenic inheritance, most likely in combination 

with exogenic precipitating factors eg. environment 
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Devoto et al 1986  Possible genetic heterogeneity of liability to 

migraine, after rejection of both autosomal 

dominant and recessive inheritance 

Honkasalo et al 1995* Multifactorial inheritance 

Kalfakis et al 1996*  Multifactorial inheritance, but the contribution of a 

major gene could not be excluded 

Migraine without aura  

D'amico et al 1991  "Sex-limited" transmission 

Russell et al 1993 Possible multifactorial inheritance, but dominant 

inheritance could not be excluded 

Mochi et al 1993  Autosomal recessive inheritance, reduced 

penetrance 

Russell et al 1995 a Multifactorial inheritance 

Migraine with aura  

Russell et al. 1993 Genetic transmission, but the mode could not be 

determined 

Mochi et al 1993 Autosomal recessive inheritance 

Russell et al 1995a Multifactorial inheritance 

Ulrich et al 1997  Multifactorial inheritance 

 

* These studies discriminated between MO and MA, but considered MO and MA 

together regarding the inheritance and were not analysed separately. 

 

 

 

The majority of the studies listed (Table 2.2) are based on inspections of the 

pedigrees involved. However, other studies included specific analyses of parents and 

their offspring, such as Buchanan 1920, Smith 1922, Allen 1930, Goodell et al 1954 

and D'amico et al 1991. Three studies included a classic segregation analysis, these 

included Devoto et al 1986, Mochi et al 1993 and Kalfakis et al, 1996. Devoto et al’s 

result suggested the existence of a possible genetic heterogeneity of liability to 



 

                                                                                                                                                 53

migraine, after rejection of both autosomal dominant and recessive inheritance from 

128 probands with migraine (Devoto et al 1986). In Mochi et al’s study the number of 

probands was only 46 (34 MO and 12 MA), however the authors excluded maternal and 

X-linked inheritance of migraine from analysis of the pedigrees, while classic 

segregation analysis indicated an autosomal recessive mode of transmission for both 

MO and MA (Mochi et al 1993). The third study by Kalfakis et al, 1996, discriminated 

between MO and MA, but considered MO and MA together regarding the inheritance 

(MO and MA not analysed separately) The results suggested a multifactorial mode of 

inheritance of migraine, but the contribution of a major gene could not be excluded in 

their study (Kalfakis et al, 1996). Four other studies found a possible multifactorial 

mode of transmission in migraine. Russell et al, 1993 found a possible multifactorial 

inheritance, but dominant inheritance could not be excluded in MO affected family 

members. In MA pedigree members a genetic transmission of migraine resulted, but 

the mode could not be determined (Russell et al, 1993). Russell et al performed 

another study in 1995 which confirmed their original results for the multifactorial 

mode of inheritance of MO. The authors also suggested that MA could be inherited 

multifactorially with both forms not having any generational differences (Russell et 

al, 1995a). Russell et al also performed a complex segregation analysis of MO and 

MA, but it did not change the outcome. They concluded from this that the complex 

segregation analysis cannot detect genetic heterogeneity and therefore the results do 

not exclude the fact that some families may have a mitochondrial or Mendelian 

pattern of inheritance (Russell et al, 1995a). Another study in 1995 by Honkasalo et 

al, 1995 suggested a multifactorial inheritance for migraine. However, like Kalfakis 

et al, 1996, this study discriminated between MO and MA, but considered MO and 

MA together regarding the inheritance. There results emphasized a multifactorial and 

higher than previously reported genetic pattern in the etiology of migraine and 

concluded that also unshared environmental factors play an important role in the 

disorder (Honkasalo et al, 1995). A study by Ulrich et al in 1997 analysed 31 families 

selected for an apparently autosomal dominant mode of inheritance of migraine with 

aura in the nuclear family. The authors found that both first and second degree 

relatives outside the nuclear families had a statistically significant lower risk of MA 
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than expected. Therefore they concluded that both autosomal dominant inheritance 

with or without reduced penetrance was unlikely and autosomal recessive inheritance 

was unlikely because of the unequal sex distribution. The authors considered other 

modes of transmission for MA, including mitochondrial and X-linked inheritance, but 

these were excluded because of paternal transmission and the female preponderance was 

too low to explain sex-influenced inheritance. They concluded that MA most likely has 

a multifactorial inheritance even in high risk families with MA affected members 

(Ulrich et al 1997). 

 

As seen from these studies (Table 2.2) the mode of inheritance or transmission of 

migraine (MO and MA) is still controversial, however there are some factors that 

point in the direction of multifactorial inheritance as with the high prevalence of both 

MO and MA, a single gene would not be expected to cause either type of migraine. 

Some factors that point in the direction of multifactorial inheritance for MO include 

unequal sex distribution (female preponderance of 3:1) (Rasmussen et al, 1992b, 

Stewart et al, 1991,1992 and Lipton et al, 1993 ) and probands of the least affected 

sex, that is males, have a higher proportion of affected first-degree relatives (Russell 

et al, 1993 and Stewart et al, 1997), however, Mendelian inheritance with reduced 

penetrance cannot be excluded in MO (Russell et al, 1993). The mode of 

transmission is more uncertain in MA affected individuals, however multifactorial 

inheritance seems the likely mode of transmission for MA with, as MO, unequal sex 

distributions (female preponderance of 3:1) (Rasmussen et al, 1992b, Stewart et al, 

1991,1992 and Lipton et al, 1993), but inheritance with reduced penetrance cannot be 

excluded (Russell et al, 1993). Recently a number of findings reported that the 

common forms of migraine (MO and MA) may have an X-chromosomal inheritance 

factor (Nyholt et al, 1998, Nyholt et al, 2000). These findings will be discussed in more 

detail below. Future studies of migraine inheritance should reduce methodological 

shortcomings by directly interviewing twins, probands and relatives by an 

experienced physician and utilising large carefully diagnosed (IHS guidelines) 

families. 
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2.2 Migraine Molecular Genetics 

  
2.2.1 Linkage analysis of Migraine 

 

Linkage studies of migraine, utilising complex linkage programs and migraine 

pedigrees, have become a powerful method for searching for chromosomal locations 

and possible genes that may cause this disorder. Multigenerational and clinically (IHS 

guideline) diagnosed migraine families are the key in providing this method of analysis 

a valuable resource in localising susceptibility genes for this disease. Table 2.3 

summarises positive linkage studies in migraine to date. 

 

2.2.2 Association analysis of Migraine 

 

In searching for migraine disease related genes, linkage studies incorporating 

migraine affected pedigrees or families are useful in defining the general 

chromosomal region that a susceptibility gene may be located. Association studies, 

often used in conjunction with linkage studies, can pinpoint the disease gene by 

comparing the frequency of alleles of a candidate gene SNP or marker between large 

sex, age and ethnically matched case-control (migraine affected vs non-migraine 

affected) populations. Table 2.4 summarises positive association studies in migraine to 

date.  Most positive results are subsequently not conclusive and need replication. 

Examples of studies replicated in more than one population include: Colson et al, 

2004 with ESR1 and PR PROGINS. This study utilised two independent case/control 

populations, both producing strong positive results (Colson et al, 2004). Also Lea et 

al, 2000 utilised a case/control population and an independent family population in 

their DBH study, while in 2004, Lea et al utilised three independent populations with 

the MTHFR gene and migraine (Lea et al, 2004). Another study utilising three 

independent populations was conducted by McCarthy et al, 2001 with the INSR 

gene. Association studies can also be replicated by independent research groups 

using different case/control populatons (see Table 2.4). 
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Table 2.3. A summary of all significant linkage studies in migraine to date. 
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Table 2.4. A summary of all significant association studies in migraine to date. 
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2.2.3 Chromosome X and Migraine 

 

As there is a general increased prevalence of migraine in females compared with 

males and with evidence of an increased risk of migraine in first degree relatives of 

male probands but not in relatives of female probands (Russell et al, 1993 and 

Stewart et al, 1997) this suggests the possibility of an X-linked dominant gene in 

migraine. An X-linked dominant pattern of inheritance in typical migraine may 

explain an increased female prevalence. In families where such an inheritance pattern 

occurred, there would be no male-to-male transmission but affected males would 

transmit to all daughters. Therefore, in these families there would be an excess of 

affected females (Nyholt et al, 1998). In 1998 Nyholt et al, investigated this 

possibility and performed a genetic linkage scan of the entire X chromosome 

utilising 28 microsatellite markers and three large clinical neurologist diagnosed 

(following IHS guidelines) migraine pedigrees. DNA samples from 105 individuals 

(41 affected) from these families were analysed (Nyholt et al, 1998). Non-parametric 

linkage analysis indicated significant excess allele sharing in members from two 

families; MF7 (NPL Z score = 2.57, P = 0.031 at DXS1001) and MF14 (NPL Z score 

= 2.74, P = 0.012 at DXS1123) (Nyholt et al, 1998). When the authors combined 

information from these two pedigrees, multipoint GENEHUNTER analysis indicated 

excess allele sharing across a 30 cM region towards the telomere of Xq (Figure 2.1). 

The combined analysis produced both a maximum parametric LOD score of 1.76 and 

a maximum NPL Z score of 2.866 (P = 0.011) at the DXS1123 locus, which has 

previously been localized to Xq28 (Donnelly et al, 1994 and Nyholt et al, 1998). 

 

Overall the study indicated that typical migraine is a heterogeneous disorder and that 

in some migraine families there is an X chromosome link, suggesting a migraine 

susceptibility locus on chromosome X could explain the increased risk of migraine in 

relatives of male probands and also the possible increased prevalence of females with 

this disease. 
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Figure 2.1 GENEHUNTER non-parametric linkage analysis results for migraine 

families MF7 and MF14 for the telomeric region of Xq. Genetic distance is 

represented on the x-axis in cM; P values and multipoint NPL Z scores are 

represented on the y-axis (Adapted from Nyholt et al, 1998). 

 

In 2000, Nyholt et al conducted a follow up study of the X chromosome. This study 

was aimed at refining the localisation of the migraine X-chromosomal component by 

typing additional markers, performing haplotype analysis and applying a more 
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powerful technique in the analysis of linkage data from these two pedigrees (MF7 

and MF14) (Nyholt et al, 2000). To localise the implicated regions on chromosome 

Xq the study utilised six additional markers in MF7 and MF14, including one within 

the serotonin receptor candidate gene HTR2C (Milatovich et al. 1992) (Nyholt et al, 

2000). The more powerful statistical technique utilised in the analysis of linkage data 

from the two pedigrees (MF7 and MF14) incorporated a newer version of the 

GENEHUNTER program (X-linkage version 1.2) package (Kruglyak et al. 1996). 

The program GENEHUNTER-PLUS (LOD*) (X-linkage version 1.3) was used over 

GENEHUNTER (NPL) as it makes more efficient use of incomplete inheritance 

information and permits the calculation of a nonparametric LOD score (LOD*) based 

on allele sharing (Kong et al, 1997 and Nyholt et al, 2000). A genetic map of all X 

chromosome markers tested in the two migraine pedigrees (MF7 and MF14) is 

displayed in Figure 2.2. The results of multipoint nonparametric linkage analyses for 

MF7 was LOD*=1.319, P=0.0069 at DXS1001 and LOD*=1.771, P=0.0021 at the 

HPRT locus for MF14 (Figure 2.3). When combining the analysis for MF7 and 

MF14, evidence for linkage was obtained between DXS1001 and HPRT 

(LOD*=2.388, P=0.0005) (Figure 2.3) (Nyholt et al, 2000). 

 

From the results of the haplotype analyses, coupled with linkage analyses that 

produced a peak GENEHUNTER-PLUS LOD* score of 2.388 (P=0.0005), this study 

provided compelling evidence for the presence of a migraine susceptibility locus on 

chromosome Xq24-28 (Nyholt et al, 2000). As this genomic region is large, analysis 

of selected candidate genes in the area could narrow down the search for the actual 

gene or genes involved in migraine on chromosome Xq24-28. 

 

 

 

Figure 2.2 (below) A genetic map (ideogram) of all X chromosome markers tested in 

the two X-linked migraine pedigrees (MF7 and MF14) by Nyholt et al, 1998 and 

2000. 
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Figure 2.3 Results of multipoint nonparametric linkage analyses using the 

GENEHUNTER-PLUS program (Kong et al, 1997) for migraine pedigrees MF7 and 

MF14. GENEHUNTER-PLUS LOD* score - Y-axis and genetic distance (in 

Kosambi centimorgans) from the first microsatellite locus - X-axis (adapted from 

Nyholt et al, 2000).  

 

Since these major studies of migraine on chromosome X, two other smaller, 

association studies have produced significant results with certain genes on 

chromosome X. Recently a Japanese study looked at whether there was an 

association between migraine and the Serotonin 2C receptor Cys23Ser polymorphism 

in a Japanese population (Kusumi et al, 2004). This study included 37 individuals 

with migraine with aura (MA), 80 with migraine without aura (MO), 43 with tension 

type headache (TH) and 360 controls. Results showed that the Ser allele frequency in 

patients with MA was higher than that in the control subjects (P < 0.05) (Kusumi et 

al, 2004). Though the migraine affected sample size was small, this study provided 

some evidence that the 5HTR2c Cys23Ser polymorphism (localised at Xq24) may be 

associated with MA in Japanese. Further studies, including larger migraine affected 

or MA populations need to be performed in order to confirm these initial findings. 
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In another study by Filic et al, 2005, the authors investigated Monoamine oxidase A 

and B (MAO-A and -B) on chromosome X. These genes regulate the levels of 

monoamine neurotransmitters, so changes in their activity could participate in 

migraine pathogenesis (Filic et al, 2005). The study tested whether there was a 

possible association of MAO-A and -B alleles and haplotypes with the common 

types of migraine (MA and MO). The samples consisted of 110 migraine affected 

individuals (30 MA and 80 MO) and 150 controls. The authors found an association 

of the shorter variant of the MAO-A gene promoter polymorphism (localised at 

Xp11.23) with migraine without aura in male subjects (P<0.05), but found no 

association with the MAO-B polymorphism and migraine (Filic et al, 2005). The 

suggestive association of the variant in the MAO-A gene with migraine is considered 

worthy of independent replication. On the other hand, further studies with the MAO-

B polymorphism in migraine do not seem promising (Filic et al, 2005). 

 

2.2.4 Chromosome 19 and Migraine 

 

Chromosome 19 has been extensively studied and linked to typical migraine (May et 

al, 1995, Nyholt et al, 1998, Terwindt et al, 2001, Jones et al, 2001, McCarthy et al, 

2001). Though many genes in this area have been investigated for the common forms 

of migraine, only in FHM, the severe rare sub-type of migraine, has the actual 

chromosome 19 gene and mutations involved been identified, this being the calcium 

channel gene CACNA1A. (see Ophoff et al, 1996). 

 

2.2.4.1 The search for the CADASIL gene and Migraine 

 

The relationship between chromosome 19 and migraine began in 1993, when 

Tournier-Lasserve et al, localised the disease CADASIL (Cerebral autosomal 

dominant arteriopathy with subcortical infarcts and leukoencephalopathy) to C19q12. 

CADASIL has been found to be one of the causes of stroke and is characterised, in 

the absence of hypertension, by recurrent subcortical ischaemic strokes, starting in 

early or midadulthood and leading in some patients to dementia (Tournier-Lasserve 



 

                                                                                                                                                 64

et al, 1993). The authors performed genetic linkage analysis in two unrelated families 

and assigned the disease locus within a 14 centimorgan interval bracketed by 

D19S221 (19p13.2) and D19S222 (19q12) loci (Tournier-Lasserve et al, 1993). In a 

follow up study by Ducros et al, 1996, the authors investigated these first 2 families 

(Tournier-Lasserve et al, 1993) and 13 additional ones. They genotyped eight 

polymorphic markers located between D19S221 (19p13.2) and D19S215 (19p12). 

The results showed that all families were linked to chromosome 19 with the highest 

combined LOD score (Zmax = 37.24 at theta = .01) obtained at the marker D19S841 

(Ducros et al, 1996). The authors observed recombinant events within these families 

in order to refine the genetic mapping of CADASIL within a 2-cM interval that is 

now bracketed by D19S226 and D19S199 on 19p13.1 (Ducros et al, 1996). During 

this period (1995-1996) a new phenotype of CADASIL was discovered with 
migraine as the prominent clinical feature. The term "cerebral autosomal dominant 

arteriopathy with subcortical infarcts, leukoencephalopathy, and migraine" 

(CADASILM) was given to describe this sub-variety of CADASIL (Verin et al, 

1995). Another study in 1995 (Chabriat et al, 1995), described several members of a 

family who suffered migraine attacks, mostly with aura, associated with WMAs 

(white-matter signal abnormalities), segregating with an autosomal dominant pattern 

of inheritance. One individual had a progressive subcortical dementia with similar 

WMAs. Although ischemic stroke, one of the hallmarks of CADASIL, was not 

present in this family, the authors hypothesised that the present disorder resulted 

from an alteration of the CADASIL gene (Chabriat et al, 1995). To prove this theory 

the authors conducted genetic linkage analyses, using four chromosome 19 markers 

spanning the CADASIL locus, which supported this hypothesis (Chabriat et al, 

1995). Hutchinson et al, 1995, studied an Irish family of which the phenotype, at 

presentation of CADASIL, was variable, age related and included familial 

hemiplegic migraine (FHM), migraine with and without aura, transient ischemic 

attacks, strokes, and spinal cord infarction (Hutchinson et al, 1995). The correlation 

between CADASIL, FHM and even MA was first discovered in 1993. While 

investigating CADASIL, Joutel et al 1993, observed that some patients had recurrent 

attacks of migraine with aura. Although the clinical and neuroimaging features of 
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familial hemiplegic migraine differ markedly from CADASIL (Joutel et al 1993), the 

authors hypothesised that the same gene could be involved in the pathogenesis of 

both conditions. The investigation involved two large pedigrees for linkage analysis 

of familial hemiplegic migraine. A maximum LOD score > 8 was obtained with two 

markers that were also strongly linked to CADASIL (Joutel et al 1993). Multilocus 

linkage analysis located the affected gene within an interval of about 30 cM on 

chromosome 19, containing the gene responsible for CADASIL (Joutel et al, 1994). 

The authors suggested that at this step it was not possible to conclude that CADASIL 

and familial hemiplegic migraine are due to the same mutated gene and that it was 

necessary to analyse other familial hemiplegic migraine and CADASIL families in 

order to reduce the size of their respective interval and ultimately identify the 

mutated gene(s) (Joutel et al, 1994). In 1996 the gene responsible for CADASIL was 

discovered by Joutel et al. The study reported the characterisation of the human 

Notch3 gene which they mapped to the CADASIL critical region (C19p13.2-p13.1) 

and identified mutations in CADASIL patients that cause serious disruption of this 

gene. This indicated that Notch3 could be the defective protein in CADASIL patients 

(Joutel et al, 1996). 

 

2.2.4.2 The search for an FHM gene 

 

Meanwhile studies involving the search for a FHM gene continued from 1993 and in 

1994, Ophoff et al investigated five unrelated pedigrees with multiple members 

suffering from hemiplegic migraine. In two of the pedigrees additional symptoms 

such as cerebellar ataxia and benign neonatal convulsions were observed in affected 

members. Three pedigrees showed linkage to loci D19S391, D19S221, and D19S226 

at chromosome 19p13 with haplotyping suggesting a location of a FHM gene 

between D19S391 and D19S221 (Ophoff et al, 1994). The authors results confirmed 

the localisation of a gene for FHM to the short arm of chromosome 19, but suggested 

that locus heterogeneity not corresponding to the observed clinical heterogeneity is 

likely to exist (Ophoff et al, 1994), in that there could be more than one disease 

causing allele for FHM on independently acting chromosomal positions each causing 
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the FHM disorder. This debate continued in 1994 with a study by Joutel et al. In their 

previous investigation Joutel et al, 1993, conducted linkage analysis on two large 

pedigrees but did not find any evidence of heterogeneity, despite their clinical 

differences due to the presence, in one family, of cerebellar ataxia and nystagmus 

(Joutel et al, 1993). This follow up study, in 1994, reports linkage data on seven 

additional FHM families including another one with cerebellar ataxia (Joutel et al, 

1994). Analysis was conducted with a set of seven markers spanning the D19S216 

(19p13.3) - D19S215 (19p12) interval. Two-point and multipoint LOD score 

analyses as well as HOMOG testing provided strong evidence for genetic 

heterogeneity (Joutel et al, 1994). Strong evidence of linkage was obtained in two 

families of the seven families. Thus, within the nine families so far tested, four were 

linked, including those with associated cerebellar ataxia (Joutel et al, 1994). Overall, 

Joutel et al could not find any clinical difference between the pure FHM families 

regardless of whether they were linked, but they established that the most likely 

location of the gene was within an interval of 12 cM between D19S413 (19p13.2) 

and D19S226 (19p13.12) (Joutel et al, 1994). Clear evidence of FHM heterogeneity 

was received when two studies in 1997 mapped a second FHM locus to chromosome 

1q21-q23 and 1q31. (Gardner et al, 1997 and Ducros et al, 1997). Gardner et al, 

described a 39 member four generation family of German-Native American descent 

with autosomal dominant familial hemiplegic migraine that is not linked to the 

chromosome 19p locus. Genetic linkage studies found strong evidence for the FHM 

gene, in this family, being located at chromosome 1q31. Multipoint analysis showed 

LOD scores > 3 in a 44cM region flanked by D1S158 (1q31-1q32.1) and D1S2781 

(1p35.2). Haplotype and multipoint analysis, including flanking markers, suggested 

incomplete penetrance and variable expressivity of the disease (Gardner et al, 1997). 

Ducros et al, 1997, found the second FHM locus to be in the region of 1q21-q23. 

They conducted a genetic linkage analysis in one large French pedigree and showed 

significant linkage to two microsatellite markers D1S2635 (1q23.2) (Zmax: 3.33 at 

theta = 0.05) and D1S2705 (1q23.3) (Zmax: 3.64 at theta = 0.05), establishing the 

existence of a second locus for FHM (or FHM2) on chromosome 1q21-q23 (Ducros 

et al, 1997). Analysis of six additional FHM families showed linkage, to this locus, in 
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two of them with linkage being excluded in the other four families, which may 

indicate further heterogeneity for FHM. The authors determined that chromosome 1 

linked families differed from families linked to chromosome 19 as penetrance in 

these families was much lower and, in some of their members, epileptic seizures 

occurred during severe migraine attacks (Ducros et al, 1997). 

 

The search for the chromosome 19 FHM1 gene continued in early 1996 with a study 

by Ophoff et al. The authors conducted a marker analysis of critical recombinants 

from two different chromosome 19 linked FHM families and also looked at another 

neurological disorder, episodic ataxia type 2 (EA-2), which has been linked to the 

same chromosomal region (Kramer et al, 1994, 1995). Results implicated a 6cM 

candidate region on 19p13.1-p13.2 flanked by the loci D19S394 (19p13.2) and 

D19S2261 (19p13.12). Several genes lie in this area including the protein kinase 

substrate 80K-H (PRKCSH) gene, which is involved in neuronal signal transduction. 

The authors considered it to be an FHM candidate gene and conducted mutation 

analysis, for all exon and flanking intron sequences, in FHM and EA-2 affected 

individuals. However, no potential disease causing mutation was found and therefore 

the PRKCSH gene was excluded for involvement in both FHM and EA-2 (Ophoff et 

al, 1996a). 

 

Finally, in November 1996, the discovery of the gene for FHM type 1 (or FHM1; 

chromosome 19p13 locus) was made by Ophoff et al, 1996. This gene is a brain 

specific P/Q-type calcium channel alpha1-subunit gene (CACNA1A) covering 300 

kb with 47 exons. Ophoff et al, sequenced all exons and their surroundings revealing 

polymorphic variations, including a (CA)n-repeat (D19S1150), a (CAG)n-repeat in 

the 3'-UTR (associated with spinocerebellar ataxia type 6-SCA6, Zhuchenko et al, 

1997), and different types of deleterious mutations in FHM and EA-2 (Ophoff et al, 

1996). In FHM, they found four different missense mutations in conserved functional 

domains, with one mutation occurring on two different haplotypes in unrelated FHM 

families. In EA-2, the authors found two mutations disrupting the reading frame. 

Ophoff et al, concluded that FHM and EA-2 can be considered as allelic 
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channelopathies (diseases caused by ion channels) and that a similar etiology may be 

involved in common types of migraine (Ophoff et al, 1996). Currently there are 17 

CACNA1A mutations for FHM, including associated conditions.  

(see The Human Gene Mutation Database Cardiff - HGMD: 

http://uwcmml1s.uwcm.ac.uk/uwcm/mg/search/126432.html)  

 

Table 2.5 displays all known FHM mutations in the CACNA1A gene. Figure 2.4 

shows the structure of the CACNA1A protein with the positioning of all currently 

known mutations causing Familial Hemiplegic Migraine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

                                                                                                                                                 69

Table 2.5 A summary of all known FHM mutations in the CACNA1A gene. 
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Figure 2.4 Structure of the CACNA1A subunit protein, displaying positions of all currently known 

mutations causing Familial Hemiplegic Migraine. This calcium channel is a a1A pore-forming subunit of 

P/Q-type voltage-gated calcium channels that is located in the neuronal membrane. The protein contains four 

repeated domains that include six membrane spanning segments (S1 to S6) and a P loop between S5 and S6. 

The four S4 segments form the voltage sensor of the channel, the four S5 and S6 segments form the inner 

part of the pore, and the four P loops line the inside of this pore. The positions of the nucleotide substitution 

(missense) mutations are indicated. Mutations causing pure hemiplegic migraine are shown in red, and 

mutations causing hemiplegic migraine with permanent cerebellar signs are shown in green. The positions of 

the mutations are given according to studies performed in Table 2.4 (Updated from Ducros et al, 2001). 
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2.2.4.3 Involvement of C19p13 locus in common forms of migraine 

 

Since the discovery of the FHM locus on chromosome 19p13 and the suggestion that 

the pathophysiology and etiology of familial hemiplegic migraine (FHM) and typical 

migraine with aura could be the same, investigators were interested in testing 

whether the common forms of migraine may be linked to the same region. Hovatta et 

al, 1994, tested this hypothesis in four families with multiple cases of migraine 

disorder originating from a genetically isolated population of Finland. The use of 

genetic isolates in analyses of the genetic background of complex diseases is a 

powerful technique, since the enrichment of a limited number of predisposing genes 

can be predicted in representative families or in specific geographical regions 

(Hovatta et al, 1994). However, these migraine affected families showed no linkage 

to the markers tested on 19p and the authors excluded a region of 50 cM, flanking the 

FHM locus (Hovatta et al, 1994). The negative results from this study and studies 

involving complex genetic diseases, in general, may be the result of locus 

heterogeneity of the common types of migraine with and without aura, in that only a 

fraction of the patients may carry a variant in this gene associated with migraine 

susceptibility. Using criteria of a one gene assumption and a large contribution to the 

locus could be too stringent to find linkage in such a complex genetic disease as 

typical migraine (MA and MO). 

 

Using an indirect approach for gene mapping May et al, 1995 found some interesting 

results. In their study the authors utilised an affected sibpair analysis method, in 

which the observed sharing of alleles among affected siblings with migraine was 

compared with the expected sharing for a random locus (25% of sibling pairs share 

alleles from one parent, 50% share alleles from both parents and 25% share no alleles 

from parents). These siblings are therefore expected to share a chromosomal region 

around the gene involved in a genetic disease, such as migraine. May et al, analysed 

the sharing of microsatellite markers between pairs of affected siblings, of which 

twenty eight unrelated families with the common forms of migraine with and without 

aura were tested. By following the transmission of the highly informative marker 
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D19S394, sibpair analysis showed some evidence that affected sibs shared the same 

marker allele more frequently than expected by chance (P = 0.04) (May et al, 1995). 

However, the results were only slightly significant and inconclusive as to the 

magnitude of the involvement of migraine with and without aura at this locus 

(C19p13), but suggested that the genetics of common migraine (MA and MO) and 

FHM could be similar. 

 

In 1998, our group tested this hypothesis further by performing a chromosome 19 

scan with a large distribution of markers overlapping the C19p13 region in four 

migraine affected families (Nyholt et al, 1998a). Initially seven microsatellite 

markers spanning the FHM1- CACNA1A gene (Ophoff et al, 1996) were tested, with 

evidence for linkage being obtained in one of the four migraine affected families 

(Migraine Family 1 – MF1), using the FASTMAP (Parametric LOD score analysis) 

program (Curtis et al, 1993) (LOD = 2.0776 at D19S410, Figure 2.5) (Nyholt et al, 

1998a). 
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Figure 2.5 Parametric FASTMAP multipoint LOD score analysis of the first 7 

chromosome 19p13 markers (LDLR to D19S410) tested in migraine family 1 (MF1). 
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This family was then tested further by performing a full chromosome linkage scan 

using 16 microsatellite markers, including two markers - D19S1150 and a CAG 

trinucleotide repeat polymorphism, located within the CACNLIA4 gene (see Figure 

2.6). The results gave a two point LOD score of 1.92 at the (CAG)n trinucleotide 

repeat polymorphism (located in the 3’UTR region of the CACNA1A gene, Ophoff 

et al, 1996). However, genotyping of this polymorphism in MFl did not reveal a 

greater than normal level of repeats with no expansion evident (Zhuchenko et al, 

1997, Nyholt et al, 1998a). Utilising the two extra markers (D19S1150 and (CAG)n) 

from the CACNA1A gene, parametric FASTMAP 10-point analysis produced a 

maximum LOD score of 2.4326 near the D19S179 marker (Figure 2.7). 

 

Initial multipoint nonparametric linkage (NPL) analysis, utilising the 

GENEHUNTER program, for the four pedigrees (using markers D19S394, D19S221, 

D19S179, D19S226, and D19S410) gave significant results for MF1 (NPL Z score = 

5.5393, P = 0.0032 near D19S410, see Figure 2.6). GENEHUNTER analysis of all 

16 chromosome 19 markers, in MF1, produced even higher significant values over 

the C19p13 locus with a maximum NPL Z score of 6.64 (P = 0.002686) near the 

D19S226 marker (Figure 2.8) (Nyholt et al, 1998a). 
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Figure 2.6 Map (ideogram) of chromosome 19: showing physical location and 

genetic distances (cM) of the 16 microsatellite markers tested by Nyholt et al, 1998a 

(including candidate genes – C19p13). 
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Figure 2.7 Parametric FASTMAP multipoint LOD score analysis of 9 chromosome 

19p13 markers (LDLR to D19S410) in migraine family 1 (MF1) (adapted from 

Nyholt et al, 1998a). 

 
 

Figure 2.8 GENEHUNTER results from the chromosome 19 scan (using 16 

microsatellite markers) of MF1. Genetic distance is represented on the X-axis in 

(Kosambi) cM and multipoint analysis P values (determining excess allele sharing 

among affected individuals) represented on the Y-axis. 
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This investigation was the first to show clear evidence of a C19p13 susceptibility 

locus for typical migraine. However, our research group showed that the actual 

position of the locus for typical migraine was not exactly at the location of the 

CACNA1A gene. Linkage results gave a maximum LOD at a distance approximately 

6 cM from the CACNAlA gene. Nyholt et al, 1998a suggested that the CACNA1A 

gene may still be involved in typical migraine and that other mutations in the 

CACNA1A gene may be found responsible. The discovery by Ophoff et al, 1996 of 

four mutations for FHM, two mutations for EA-2 and the expansion of the (CAG)n 

repeat (in the 3’UTR region of CACNA1A) for SCA6 (Zhuchenko et al, 1997) leaves 

enough evidence that this gene has major involvement in the interaction of 

neurological diseases. In these early years of genetic research for typical migraine 

(MA and MO) the CACNA1A gene could not be excluded as a susceptible gene. The 

theory that mutations discovered so far and that other mutations within the gene 

could be responsible for the common forms of migraine had not been tested yet. 

Nyholt et al, 1998a also suggested that there may be similar but uncharacterised 

voltage-gated channel genes located within this genomic region, including two 

calcium channel genes on chromosome 1, CACNA1S (lq31-q32), CACNA1E (lq25-

q31) and a potassium voltage gated channel gene (KCNA7), which has been 

implicated in episodic ataxia/myokymia type 1 (EA-1) (Litt et al, 1994, Browne et al, 

1994, Nyholt et al, 1998a). 

 

From this important study in 1998 it was clear that there was now evidence that 

common migraine is a heterogeneous disorder (only one of four typical migraine 

affected families mapped to C19p13) and that one gene for typical migraine was 

located on chromosome 19p13. Nyholt et al, 1998a (our research group) suggested 

that there was an urgent need to determine whether mutations in the CACNA1A gene 

were involved in the common forms of migraine, or whether typical migraine is in 

fact caused by mutations in a gene other than CACNA1A, which has been implicated 

in FHM (Nyholt et al, 1998a). Further evidence of the hypothesis that CACNA1A 

mutations may cause typical migraine was discovered in the same year (Terwindt et 

al, 1998). Terwindt et al, while investigating two FHM mutations (I1811L and 



 

                                                                                                                                                 77

V714A) in three unrelated FHM families discovered that the I1811L mutation 

occurred in two patients with "nonhemiplegic" migraine, of which one of these 

patients was MA affected (Terwindt et al, 1998). They concluded that the I1811L 

mutation may also occur in "normal" migraine patients, supporting the hypothesis 

that FHM is part of the migraine spectrum (Terwindt et al, 1998). 

 

In 2001, our research group investigated the possibility of the CACNA1A gene being 

involved in the common forms of migraine (Lea et al, 2001). The study investigated 

the gene through linkage and association analysis and also included mutation 

analysis, to determine if mutations within the gene may be implicated in typical 

migraine. 

 

Mutation analysis involved selecting individuals from MF1 previously showing 

linkage to 19p13 (Nyholt et al, 1998a). The members from this family were seen as 

important candidates for mutation screening of the CACNA1A gene, because the 

microsatellite marker D19S1150 and the (CAG)n repeat (both residing within the 

gene) showed linkage to migraine disease in this pedigree (Nyholt et al., 1998a). Two 

affected patients belonging to this large multigenerational migraine family (MF1) were 

selected. These particular family members were chosen for analysis because they 

carried the CACNA1A susceptibility haplotype shared among the migraine affected 

individuals in MF1 (Lea et al, 2001). The search for new mutations and previously 

implicated mutations (Ophoff et al, 1996) was performed by direct sequencing 

methods, screening all 47 CACNA1A gene exons (Ophoff et al, 1996). Results 

showed that no disease causing mutations or polymorphisms were revealed in any of 

the 47 exons screened (Lea et al, 2001).  

 

In a separate analysis, linkage and association studies were performed in order to 

determine whether the CACNA1A gene was implicated in typical migraine 

susceptibility in a general Australian Caucasian population. For the linkage study 82 

independent pedigrees consisting of 263 individuals affected with typical migraine 

were utilised. This study incorporated 4 markers within and flanking the CACNA1A 
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gene (D19S221, D19S1150 (intragenic), D19S179 and 3’UTR (CAG)n repeat) in 

order to fine map this region further and correct the 5’-3’ direction of the CACNA1A 

gene based on new fine physical map results at the time (Trettel et al, 2000).  

 

The results of linkage analysis showed that nonparametric multipoint GENEHUNTER-

PLUS results from this study were not significantly different from the original study of 

Nyholt et al, 1998a (minimum P value of 0.006 was obtained compared to 0.003 for 

Nyholt et al) (Figure 2.9) (Lea et al, 2001). 

 

 

 

  
Figure 2.9 GENEHUNTER- PLUS results displaying evidence of excess allele sharing 

(P<0.05) of chromosome 19p13 markers in MF1, utilising different allele sharing 

models (ASM) (adapted from Lea et al, 2001). 

 

However, further analysis (with these pedigrees) using affected relative pair allele 

sharing (FASTLINK LOD score analysis) and the assumption of a dominant disease 

model with reduced penetrance showed exclusion of linkage between the migraine 
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locus and the markers D19S221, (CAG)n repeat (Lea et al, 2001). Also there was no 

evidence for excess IBD (Identity by Descent) allele sharing in pairs of affected 

family members at any of the markers utilised, including negative results obtained for 

TDT analysis for allelic association between members of these pedigrees (P>0.05) 

(Lea et al, 2001). 

 

A case-control study in Australian Caucasians compared 177 patients with MA or 

MO and 182 controls matched for age, sex and ethnicity. Allelic distributions for the 

intragenic markers (D19S1150 and (CAG)n repeat) did not show any significant 

difference (chi-square CLUMP analysis) between the case and control populations 

tested (P>0.05) (Table 2.6) (Lea et al, 2001). 

 

 

Table 2.6 Results from Clump analysis: migraine groups versus controls    

                 (Lea et al, 2001) 

 

 
 

From this study between the CACNA1A gene (C19p13) and typical migraine (MA 

and MO), the overall results indicated that mutations or FHM mutations found within 

this gene were not associated with the common forms of migraine found in MF1, a 

large Australian Caucasian family previously shown to be linked to the C19p13 locus 

(Nyholt et al, 1998a). Also, linkage and association studies in case-control populations 

and in 82 migraine pedigrees did not support a role for this gene in typical migraine. 

Our research group concluded that if CACNA1A plays a role in typical migraine, it 
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does not confer a major effect on the disease and that there are other genes located in 

the C19p13 region that could be considered as potential candidates for typical 

migraine (Lea et al, 2001). 

 

After May’s study in 1995 (May et al, 1995) in the first affected sib-pair analysis 

migraine study showed inconclusive evidence that the FHM region on C19p13 is 

involved in the common types of migraine (May et al, 1995), a second affected sib-

pair study was performed in the same year as our analysis of CACNA1A (Lea et al, 

2001, Terwindt et al, 2001). Independent samples of 36 extended Dutch families (189 

affected siblings) with the common types of migraine were tested using flanking and 

CACNA1A intragenic markers. Significant results showed that sibling pairs with MA 

or MO had inherited the same C19p13 region more frequently than expected by 

chance (maximum multipoint LOD score = 1.22). Further analysis found that this 

result was dependent on the increased sharing found in sibling pairs with MA 

(maximum multipoint LOD score = 1.41), with no such sharing occurring for MO 

affected individuals (Terwindt et al, 2001). The authors concluded that increased 

allele sharing in the CACNA1A gene region on 19p13 is consistent with an important 

involvement of this region in migraine, especially migraine with aura (Terwindt et al, 

2001). 

 

In a third study performed in 2001, Jones et al, 2001, analysed 16 families for 

cosegregation of MA and six C19p13 markers (D19S247, D19S427, D19S592, 

D19S391, D19S394, and D19S244). Using multipoint model-free linkage analysis, 

the authors obtained a LOD score of 4.28 near D19S592 and with an affecteds only 

model of linkage, observed a LOD score of 4.79 near D19S592 (Figure 2.9.1) (Jones 

et al, 2001). The authors concluded that they were able to provide statistical evidence 

that the C19p13 common migraine locus does not involve the gene CACNA1A. Also 

their data indicated that chromosome 19p13 contains a locus which contributes to the 

genetic susceptibility of migraine with aura that is distinct from the FHM locus 

(Jones et al, 2001). 
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Figure 2.9.1 Results from 16 MA affected families analysed by 6 markers in the 

C19p13 region. (A) Model-free LOD score results versus genetic distance. LOD 

score peaks between D19S427 and D19S592 (B) Model-based LOD score results 

(using a dominant affecteds only model) versus genetic distance. LOD score peaks 

between D19S427 and D19S592. Y-axis = LOD score points, X-axis = genetic 

distance in cM (adapted from Jones et al, 2001). 

 

 

Other evidence that excluded the CACNA1A gene in common migraine came about 

in 2002, where Noble-Topham et al, 2002 studied two microsatellite markers, tightly 
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linked to CACNA1A, in a large dataset of 64 Canadian MA families. The markers 

were genotyped in MA affected families to determine if the CACNA1A gene was 

linked to MA. The results showed that two-point parametric LOD and nonparametric 

linkage scores did not support linkage with transmission disequilibrium testing also 

providing no evidence for linkage of MA to CACNA1A. In conclusion the authors 

did not find evidence to support an MA susceptibility gene in the region of 19p13 

(Noble-Topham et al, 2002). 

 

Recently a Finnish study of families with migraine with aura, consisting of 72 

multigenerational pedigrees (the largest family sample tested so far in migraine), was 

conducted in order to clarify the role of the INSR (described in candidate genes 

below) and CACNA1A gene loci in MA families (Kaunisto et al, 2005). The authors 

hypothesised and confirmed by simulations that the potential major contribution of 

the 19p13 loci should be detected in a family sample of this size (Kaunisto et al, 

2005). They genotyped eight polymorphic microsatellite markers, surrounding the 

INSR and CACNA1A genes, in 757 individuals. The results of their study showed 

that none of the markers gave any evidence of linkage to MA either under locus 

homogeneity or heterogeneity. However, marginally positive LOD scores were 

observed in three families leaving the results inconclusive (Kaunisto et al, 2005). The 

authors overall conclusion was that their study did not provide evidence of a major 

MA susceptibility region on 19p13 (Kaunisto et al, 2005). 

 

Overall some of these studies provide independent evidence of the involvement of 

the chromosome 19p13 region containing the calcium channel gene CACNA1A in 

the etiology of migraine, especially migraine with aura. The exact nature of this 

involvement, however, remains to be elucidated. The involvement of the CACNA1A 

gene, at this point, seems to be demonstrated only in the rare subtype of migraine, 

FHM. 
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2.2.4.4 Other candidate genes for typical migraine on chromosome 19 

 
2.2.4.4.1 NOTCH3 gene 

As mentioned earlier it is common for CADASIL patients to have accompanying 

migraine associated symptoms and migraine headaches. Migraine with aura is one of 

the clinical hallmarks of CADASIL, where in CADASIL patients, MA is 

characterised by an unusually high frequency of attacks of migraine with atypical 

aura (Vahedi et al, 2004). Patients with migraine are at an increased risk of white 

matter lesions, typically multiple, small, punctate hyperintensities in the deep or 

periventricular white matter and occasionally, white matter lesions may represent a 

secondary cause for headaches such as CADASIL (Gladstone et al, 2005). The 

clinical spectrum of CADASIL is broad with a poor genotype-phenotype correlation. 

In certain individuals or families, migraine may be the only clinical manifestation of 

CADASIL disorder, where the prevalence of nonspecific white matter lesions in 

migraineurs may occasionally increase, representing a secondary cause for headache 

such as CADASIL (Gladstone et al, 2005). Verin et al, 1995 summarised the stages 

of CADASIL disease in relation to migraine. The authors studied the clinical features 

of 20 individuals in a 4 generation pedigree with CADASIL. They believed that this 

pedigree was distinguished from those previously published by the high frequency of 

migraine and psychotic mood disorders with early neurologic manifestations and 

proposed that the natural history of the phenotype could be viewed in 3 stages (Verin 

et al, 1995). Stage 1 (between 20 and 40 years) is characterised by frequent migraine-

like episodes, as well as well-delineated lesions of the white matter; stage 2 (between 

40 and 60 years) presents with stroke-like episodes, affective disorders and 

coalescent lesions of the white matter lacunae of the basal ganglia; and stage 3 is 

characterised by subcortical dementia and pseudobulbar palsy (Verin et al, 1995).  

 

The NOTCH3 gene on C19p13.2-p13.1, previously shown to be a gene involved with 

CADASIL (Joutel et al, 1996), may also be implicated in migraine as further 

evidence of the relationship between CADASIL and migraine suggests that 

hemiplegic migraine may be an allelic disorder to CADASIL (Hutchinson et al, 1995 



 

                                                                                                                                                 84

and Verin et al, 1995). The correlation between the NOTCH3 gene, CADASIL and 

migraine was enhanced by a study reported by Oberstein et al in 2003. The authors 

found that among 6 individuals who carried a mutation in the NOTCH3 gene there 

was an increase in white matter hyperintensities on brain MRI compared to controls 

and migraine with aura was more common than in the controls (Oberstein et al in 

2003). This thesis comprehensively investigates the NOTCH3 gene and migraine 

susceptibility. 

 
2.2.4.4.2 INSR gene 

The INSR (insulin receptor) gene (C19p13.2), closely located to the NOTCH3 gene, 

has also previously been linked to migraine. McCarthy et al, 2001 found five SNPs 

within the insulin receptor gene that showed significant association with typical 

migraine. The insulin receptor was first discovered to be a candidate for migraine 

when Split et al, 1997 found migraine to be co-morbid with diabetes. They found that 

in migraine patients, the onset of diabetes significantly increased the average yearly 

number of headache days (Split et al, 1997). This brought McCarthy et al, 2001 to 

investigate the INSR gene in typical migraine, through SNP association studies of the 

disease. McCarthy et al, 2001 genotyped 24 single nucleotide polymorphisms (SNPs) 

within the 19p13 region in a Caucasian population comprising of 827 unrelated cases 

of typical migraine. Five SNPs within the insulin receptor gene showed significant 

association with migraine. Functional studies of the INSR SNPs however showed no 

effect on mRNA levels or splicing in peripheral blood leukocytes or on binding of 

insulin to mononuclear cells. The authors speculated on possible mechanisms by 

which the INSR could play a role in the pathogenesis of migraine (McCarthy et al, 

2001). However, recently these findings on INSR locus susceptibility to migraine 

were not able to be replicated in the largest pedigree sample population ever studied 

for migraine (Kaunisto et al, 2005). Though interestingly the Insulin Receptor-

Related Receptor (INSRR) identified by Shier et al, 1989, is a member of the insulin 

receptor family and is located in the same position (Whitmore et al, 1999) as 

ATP1A2 1q21-q23, a newly identified FHM2 gene with mutations in some FHM2 
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families (De Fusco et al, 2003). This thesis comprehensively investigates the INSR 

gene and migraine susceptibility. 
 

2.2.4.4.3 LDLR gene 
The LDLR (low density lipoprotein receptor) (situated on C19p13.2) is located in the 

same position as INSR and NOTCH3 and is therefore an interesting candidate for 

migraine. LDLR is a cell surface receptor that plays an important role in cholesterol 

homeostasis, coordinating the metabolism of cholesterol, an essential component of 

the plasma membrane of all mammalian cells (Brown et al, 1979). Kozubski et al, 

1986, studied the effect of total cholesterol level on platelet aggregation in patients 

with migraine and found that during a migraine attack a fall was observed in the 

platelet aggregation index in the group with high cholesterol level. They concluded 

that cholesterol concentration may be one of the factors determining differences in 

platelet behaviour in migraine patients. However, Vecino et al, 1996, studied lipid 

composition of platelets in patients suffering from migraine without aura, but found 

that platelet hyperactivity in patients with migraine is not due to an altered lipid 

content of these cells. In contradiction, Mochi et al, 2003, investigated an LDLR 

gene polymorphism with migraine without aura. The authors performed a genetic 

association study in 360 migraine patients (220 MO affected and 140 MA affected) 

against 200 controls, by analysing two polymorphic markers, a G142A transition in 

exon 10 and a triallelic (TA)n repeat in exon 18. They found that the allelic 

distribution of the (TA)n polymorphism was significantly different between migraine 

without aura and both controls and migraine with aura. In conclusion the authors 

suggested there was a possible predisposition to migraine without aura in their 

studied population through this polymorphism or another polymorphism in linkage 

disequilibrium with (TA)n in the LDLR gene (Mochi et al, 2003). As part of this 

thesis the LDLR gene was also investigated in migraine susceptibility as well as 

testing circulating cholesterol levels as a risk factor for migraine (see Figure 2.6 for a 

genetic map of these C19 candidate genes). 
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2.2.5 Chromosome 1 and Migraine 

 

Chromosome 1 also shows signs of containing a migraine gene. We have previously 

reported evidence of linkage to microsatellite markers on chromosome 1q31 in 

pedigrees affected with migraine with and without aura (Lea et al, 2002). A second 

FHM susceptibility locus has also been mapped to chromosome 1q23 and mutations 

in the ATP1A2 gene have recently been implicated in two chr1-linked FHM 

pedigrees (De Fusco et al, 2003). 

 

2.2.5.1 The search for the FHM2 gene and Migraine 

 

Studies performed on FHM have shown that this rare subtype of migraine is 

genetically heterogeneous since only approximately 50% of affected pedigrees tested 

show linkage to chromosome 19p13 (Ophoff et al, 1996).  From these findings it can 

be deduced that at least one other gene in the genome is involved in the aetiology of 

FHM disease. 

  

In 1997, Gardner et al, tested this theory by describing a 39 member, four generation 

family of German-Native American descent with autosomal dominant FHM that is 

not linked to the chromosome 19p locus (Gardner et al, 1997). The migraine affected 

individuals of this family showed a stereotypic pattern of migrainous headache 

associated with hemisensory and hemiparetic attacks, without other headache types. 

Of these family members, 83% reported minor head trauma as a trigger for migraine 

attacks. Initial genetic linkage studies of this family found no evidence for the 

disease gene in this family being located in the chromosome 19p13 region (Gardner 

et al, 1997). The authors then began investigating markers spanning several ion 

channel genes on chromosome 1q in this family with 12 markers spanning 44 cM 

around the 1q31 locus. Genetic linkage analysis of this family found strong evidence 

for the disease gene localizing to this locus. Parametric two-point linkage analysis 

gave LOD scores of 3.51 and 3.21 for markers D1S2782 and D1S249, respectively 

(Gardner et al, 1997).  Multipoint analysis showed LOD scores > 3 in the 44cM 
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region tested (flanking markers D1S158 and D1S2781) with a peak LOD score 

obtained near the same markers D1S249 and D1S2782 (LOD score = 3.328) 

(Gardner et al, 1997). The results of this study indicated that FHM may have a 

second susceptibility gene localised to a 44cM region on C1q31, suggesting that this 

new locus for hemiplegic migraine disease may be caused by mutations of additional 

calcium channels in the region (eg. CACNA1E, Diriong et al, 1995) (Gardner et al, 

1997). In the same year, Ducros et al, 1997 reported an interesting study showing 

linkage of FHM to chromosome 1 in families where linkage to chromosome 19p13 

had been excluded. The authors conducted genetic linkage analysis in a large French 

pedigree and showed significant linkage to two microsatellite markers D1S2635 

(Zmax: 3.33 at theta = 0.05) and D1S2705 (Zmax: 3.64 at theta = 0.05). These two 

markers are actually localised at 1q21-q23, which may have established the existence 

of a second locus for FHM (FHM2) on chromosome 1q21-q23 (Ducros et al, 1997) 

(making Gardner et als’ a possible third locus on C1q31). The authors then analysed 

6 additional FHM families and found 2 of the 6 showed linkage to the same locus 

(1q21-q23), while 4 families were excluded, indicating further heterogeneity. Ducros 

et al concluded that chromosome 1 linked families differed from FHM families 

linked to chromosome 19, as penetrance in C1 families is much lower. Also in some 

C1 linked family members, epileptic seizures occur during severe migraine attacks 

(Ducros et al, 1997). From these results there is a suggestion of possibly two FHM 

chromosome 1 genes as the study of Ducros et al revealed linkage almost 30cM (FHM 

locus - C1q21-23) from the study of Gardner et al (FHM locus - C1q31) (Figure 2.9.2). 

 

Since these findings, two separate FHM families have shown linkage to the 1q21-23 

region (Echenne et al, 1999, Cevoli et al, 2002). In 2003, Marconi et al refined the 

FHM2 locus by linkage analysis on two large Italian families affected by pure FHM. 

The authors reported a new critical region covering a small area of 0.9Mb on C1q23 

and began a candidate gene approach to search for the causative FHM2 gene. By 

mutation analysis, they excluded the calsequestrin and two potassium channel genes 

(KCNJ9, KCNJ10) mapping within the narrowed FHM2 locus (Marconi et al, 2003), 

meaning other candidate genes in the area needed to be tested. 
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Figure 2.9.2 Physical and genetic map (ideogram) of chromosome 1q markers used in 

the two linkage analysis studies.  FHM Regions reported by Ducros et al and Gardener 

et al indicated by bold vertical lines. The positioning of the calcium channel genes are 

based on Ensembl Genome Browser and NCBI Map Viewer database data. 
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Finally in the same year the search was over and a new FHM gene was discovered on 

chromosome 1. The investigators responsible, De Fusco et al, 2003, studied two 

chromosome 1 linked FHM pedigrees and found the ATP1A2 gene to be responsible. 

In one large Italian family with autosomal dominant FHM spanning 6 generations, 

the authors discovered a point mutation in the ATP1A2 gene. This heterozygous 

2395T-C mutation resulted in a leucine (codon 764) to proline (L764P) substitution. 

The mutation segregated with FHM disease in all 22 affected members who were 

tested and was not present in 400 control chromosomes (De Fusco et al, 2003). In a 

second family with 7 affected members, De Fusco et al, 2003 identified a different 

point mutation in the ATP1A2 gene. This second mutation, a heterozygous 2763T-C 

mutation, resulted in a tryptophan (codon 887) to arginine (W887R) substitution. 

This mutation segregated with the disorder in all 7 affected members of this FHM 

family and was not present in 400 control chromosomes (De Fusco et al, 2003). The 

authors conducted functional studies of these mutations in HeLa cells and showed 

that both mutations inhibited Na+/K+ pump activity, but did not affect assembly or 

translocation to the cell membrane. They concluded that abnormalities in intracellular 

and extracellular ion concentrations, caused by these mutations, may contribute to the 

pathophysiology of the disorder (De Fusco et al, 2003). Since these original findings, 

7 other FHM2 mutations have been discovered in the ATP1A2 gene (Vanmolkot et 

al, 2003, Swoboda et al, 2004, Spadaro et al, 2004, Kaunisto et al, 2004, Jurkat-Rott 

et al, 2004). 

 

Recently Estevez et al, 2004 attempted to explain the cause and interaction between 

FHM1 and FHM2 through an intricate model displaying pathways involving the 

CACNA1A and ATP1A2 genes and mutations causing Familial Hemiplegic 

Migraine. Figure 2.9.3, adapted from Estevez et al, 2004, displays the potential 

integration of migraine susceptibility factors into CACNA1A and ATP1A2 

pathways. 
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Figure 2.9.3 Model of the potential integration of migraine susceptibility factors into CACNA1A and 

ATP1A2 dependent pathways. Disruption of ATP1A2 function by mutations causing changes in the 

subunit interaction domain (orange square A) or the intracellular ATP-binding catalytic domain 

(orange star B) may lead to the effects numbered 1–5, which may alter migraine susceptibility. The 

proteins in this diagram are labelled with an identifying abbreviation. On the astrocyte side, ATP1A2 

(red) is the P-type Na+, K+-ATPase (the subunits of this protein are labeled α and β, respectively);on 

the neuron side, CACNA1A (green) is the α1A calcium channel subunit; the Na+/Ca2+ exchanger 

(light orange), serotonin receptor (dark orange), 5HT (orange high lighted black diamond serotonin) 

are shown. Multiple signals may indeed impinge on the effector mechanisms (i.e., Ca2+ or calmodulin-

activated signaling proteins) of CACNA1A. The Ca2+-dependent kinase, PKC, is known to 

phosphorylate the βγ–subunit binding-site on the IS1 region of CACNA1A, leading to loss of 

inhibition by the heterotrimeric G-protein pathway, which may then potentiate CACNA1A function 

(Zamponi et al, 1997). Low levels of serotonin may act through a similar mechanism to increase 

CACNA1A function. The ultimate targets of abnormal activation of CACNA1A remain a mystery but 

may include altered synthesis of serotonin, altered transcriptional control of neuropeptides such as 

CGRP, and enhanced release of the excitatory neurotransmitter glutamate (explanation and model from 

Estevez et al, 2004). 
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2.2.5.2 The search for a C1 Migraine locus 

 

The studies performed by Ducros et al and Gardner et al in 1997, brought about 

interest for a typical migraine gene being localised on chromosome 1. Our group 

decided to investigate this possibility by conducting an Australian family-based 

linkage and association approach to test for involvement of the FHM susceptibility 

region on chromosome 1q31 in typical migraine (Lea et al, 2002). Initial analysis of 

chromosome 1 and migraine utilised 3 pedigrees (MF1, 7 and 14) previously reported 

by Nyholt et al, 1998 and 1998a. These large multigenerational families consisted of 

123 individuals in total with 106 participating patients of which 63 were MA or MO 

affected. Subsequent analysis involved 296 subjects from 82 additional families affected 

with typical migraine (263 MA or MO affected) (Lea et al, 2002). The 8 microsatellite 

markers that were tested on C1q31 span approximately 35cM from D1S2757 to D1S213 

(see bottom of Figure 2.9.3 listing all markers and their positioning). Initial pairwise 

linkage analysis, using FASTLINK, showed a maximum LOD score of 1.32 (P = 

0.007) at   recombination fraction (θ) = 0.00 for marker D1S2782 in MF14. Results 

for MF1 and MF7 gave negative LOD scores for all 8 markers analysed. The results 

for parametric (model-based) multipoint analysis on affected family members, using 

the ALLEGRO program (Gudbjartsson et al, 2000), showed a maximum LOD score 

of 2.65 (P = 0.0002) at the same marker, D1S2782, for MF14 migraine with aura 

affected patients. Model-free analysis also gave a positive LOD score in MF14 with a 

maximum of 2.04 (P = 0.001) for typical migraine (MA + MO combined) and 3.36 (P 

= 0.00004) for MA individuals at the marker D1S2782 (Figure 2.9.4) (Lea et al, 2002). 

Haplotype analysis confirmed these linkage analysis findings by narrowing the 

genomic susceptibility region to a 14.1cM distance between markers D1S306 and 

D1S205 in MF14 (Lea et al, 2002). 

 

Using a separate sample and analysis of a migraine pedigree population (82 additional 

typical migraine families), Lea et al wanted to substantiate the involvement of this 

region on C1q31. The authors tested four of the eight microsatellite markers 

(D1S2757, D1S306, D1S249, D1S205) that were evenly spaced (~7cM apart). 
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Figure 2.9.4 MF14 multipoint model-free ALLEGRO results using 8 markers on 

C1q31. MA is indicated by a dotted line, MA/MO is indicated by a full line. Y-axis = 

LOD scores and X-axis = genetic distance in Kosambi cM (adapted from Lea et al, 

2002). 

 

Multipoint ALLEGRO results produced slightly positive LOD scores of 1.16 (P = 0.01) 

for typical migraine and 1.24 (P = 0.008) for MA, between markers D1S249 and 

D1S205 (Figure 2.9.5). Model-based analysis gave all negative LOD scores with these 

markers and 82 additional pedigrees. Finally the authors pooled all data from MF1,7,14 

and the additional 82 pedigrees for reanalysis. Results showed a maximum allele sharing 

LOD score of 2.55 (P = 0.0003) for MA affected and 1.89 (P = 0.0015) for typical 

migraine, between the markers D1S249 and D1S205 (Lea et al, 2002). 

 

The authors also conducted a family based association analysis using the 82 pedigrees 

and the FBAT program (Lea et al, 2002). Results of this analysis indicated a 

distortion of allele transmission at marker D1S249 with a P value of 0.010 (global χ2  
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Figure 2.9.5 Additional, 82 typical migraine family multipoint model-free 

ALLEGRO results using 4 markers on C1q31. MA is indicated by a dotted line, 

MA/MO is indicated by a full line. Y-axis = LOD scores and X-axis = genetic 

distance in Kosambi cM (adapted from Lea et al, 2002). 

 

 

of 15.00, df = 5) for MA affected and a P value of  0.012 (global χ2 of 17.98, df = 7) 

(Lea et al, 2002). 

 

In conclusion, when combining haplotype information with linkage results Lea et al, 

2002 found that the most likely location of a disease susceptibility gene is within an 

8.2cM region between markers D1S205 and D1S249. From these results obtained for 

typical migraine affected pedigree members, it is interesting in the fact that all the 

significant linkage and association results were maximised near the very same locus 

(D1S249) as the FHM results reported by Gardner et al, 1997. The results of this 

study combined with those reported by Gardner et al, suggests the idea that a 

common susceptibility gene may be influencing both FHM and typical migraine, 
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particularly at the locus C1q31 and possibly the C1q23 locus as described further in 

this thesis. 

 

This study, by our group (Lea et al, 2002), was the first to provide evidence for the 

localisation of a typical migraine susceptibility region on chromosome 1. Recently 

other studies have focused on candidate genes on chromosome 1 using case-control 

migraine affected populations. Positive C1 association studies with typical migraine 

have been found with the genes KCNN3 (C1q21.3)  (Mössner et al, 2005), GSTM1 

(C1p13.3) (Kusumi et al,2003) and MTHFR (C1p36.3) (Kowa et al, 2000, Kara et al, 

2003, Oterino et al, 2004, Lea et al, 2004) (see Table 2.4). 

 

2.2.5.3 Some candidate genes for typical migraine on chromosome 1 

 
2.2.5.3.1 MTHFR gene 
Recently our group found interesting results with the methylenetetrahydrofolate 

reductase (MTHFR) gene on the p arm of chromosome 1 (1p36.3) (Lea et al, 2004). 

This gene is associated with increased levels of circulating homocysteine and is a 

mild risk factor for vascular disease. Lea et al, 2004 decided to investigate the 

complex neurovascular side of typical migraine by suggesting that the disorder may 

also be affected by genetically influenced hyperhomocysteinaemia. Their aim was to 

determine whether a C677T variant in the MTHFR gene is associated with migraine 

susceptibility. The authors utilised unrelated and family-based case-control study 

populations to test the involvement of this variant. In total 652 Australian Caucasian 

migraine-affected individuals were investigated, including 270 unrelated migraine 

cases with sex, age and ethnicity matched controls and 382 affected subjects from 92 

multiplex pedigrees (Lea et al, 2004). Results of this study, from analysis of the 

unrelated case-control populations, showed an over representation of the 677T allele 

in typical migraine subjects compared to controls, specifically for MA affected 

individuals (40% vs. 33%) (χ2 = 5.70, P = 0.017) (Lea et al, 2004). Results from an 

analysis using the Armitage test for trend indicated a significant dosage effect of the 

risk allele (T) for MA affected patients (χ2 = 5.72, P = 0.017), which was also present 
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in the independent family-based population (χ2 = 4.25, P adjusted = 0.039) (Lea et al, 

2004). The results from this study indicated that individuals with the T/T genotype 

show an increase in risk for the MA subtype of migraine (odds ratio: 2.0 - 2.5). The 

authors concluded that in Caucasians, the C677T variant in the MTHFR gene 

influences susceptibility to MA, but not MO. As stated above 3 other studies (Kowa 

et al, 2000, Kara et al, 2003, Oterino et al, 2004), leaning towards the MA subtype of 

common migraine, have confirmed an association with the MTHFR gene and 

migraine. Therefore, a closer examination of this gene is needed, perhaps, in the 

enzyme activity of the MTHFR gene and investigating the role of homocysteine in 

the pathophysiology of migraine (Lea et al, 2004). 

 
2.2.5.3.2 ATP1A2 gene 

The ATP1A2 gene is an interesting candidate for common migraine as it has already 

been implicated in FHM type 2. By Southern DNA analysis, this gene is 

cytogenetically localised at 1q21-q23 (Yang-Feng et al, 1988) and codes for the 

ATPase, Na+/K+ transporting, alpha 2 (+) polypeptide. The role of Na+/K+ ATPase is 

to create an exchange of sodium and potassium ions across the cell plasma 

membrane. This protein exists in four isoforms ATP1A1, ATP1A2, ATP1A3, 

ATP1A4 and these isoforms show different functional roles. The ATP1A1 isoform 

has been suggested to contribute most to overall cytosolic Na+ concentration. The 

ATP1A2 and ATP1A3 isozymes have different calcium affinities, may fine tune 

intracellular Na+, and indirectly modify Ca2+ concentration (Blaustein et al,1993). 

ATP1A4 shows high affinity for both Na(+) and K(+) and behaves as a high-affinity 

ouabain receptor (Woo et al, 1999). In heart studies isoform ATP1A2, is responsible 

for an increase of Calcium in the cytoplasm of myocardial cells leading to increase of 

heart contractility (James et al, 1999). ATP1A2 is also clearly expressed in the brain 

and is found in neurons as well as astrocytes (McGrail et al, 1991). It is possible that 

the chromosome 1q23 locus, and the ATP1A2 gene, may be involved in the common 

forms of migraine with (MA) and without aura (MO). This thesis investigates the 

C1q23 region and the ATP1A2 gene in detail. 
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2.2.5.3.3 KCNN3 gene 

Potassium (K+) channels function by setting the resting membrane potential, regulate 

the action potential and generally control neuronal excitability. The small 

conductance (SK) calcium (Ca2+) activated K+ channels are responsible for the 

“after-hyperpolarization” of neurons, which follows a train of action potentials, being 

activated by the increase in neuronal Ca2+ (Wittekindt et al, 1998). The KCNN3 gene 

(a neuronal small conductance calcium-activated potassium channel localised at 

chromosome 1q21.3) encodes a protein of 731 amino acids containing two adjacent 

polyglutamine arrays (encoded by CAG repeats) in its N-terminal domain separated 

by 25 amino acids (Chandy et al, 1998). The second, C-terminal, polyglutamine array 

is highly polymorphic in Caucasian populations with a modal allele length of 19 and 

a repeat range of 10 - 28 glutamine (Chandy et al, 1998). Small conductance 

calcium-activated potassium channels (such as KCNN3) play a critical role in 

determining the firing pattern of neurons via the generation of slow after-polarization 

and the regulation of intracellular calcium channels (Köhler et al, 1996). 

 

KCNN3, localised at C1q21.3 (Wittekindt et al, 1998), is positioned close to FHM 

type 2 at C1q23 (De Fusco et al, 2003,  Keryanov et al, 2002). In 1999, Austin et al 

suggested a mechanistic analogy for the KCNN3 polymorphism may be the small 

polyglutamine number variations in the calcium channel α1a subunit, encoded by 

CAG expansions in CACNA1A (FHM1) which are thought to cause Spinocerebellar 

ataxia type 6 (SCA6) (Zhuchenko et al,1997) by loss of channel function mechanism 

(Frontali et al, 2001).   

 

Polymorphic CAG repeats in the KCNN3 channels affect the regulation of 

intracellular calcium channels (Köhler et al, 1996). Since calcium channels regulate 

numerous processes critical to neuronal function including secretion of 

neurotransmitters (Flink et al, 2003), abnormal alterations in calcium channels can 

cause alterations in the release of neurotransmitters such as serotonin, 

norepinephrine, and dopamine, which all have been shown to be involved in 

migraine disease (Villalon et al, 2003,  Peroutka et al, 2004, Lea et al, 2000). 
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Given that FHM2 maps to C1q23 and KCNN3 localises nearby at C1q21.3, it may be 

important to examine the prevalence of the second (highly polymorphic) KCNN3 

CAG polymorphism in populations affected (MA, MO) and unaffected with 

migraine. 

 

Our group has recently conducted studies with the second (more 3') CAG repeat 

polymorphism length variation within the KCNN3 gene, using a case-control study 

of unrelated Australian Caucasian migraine patients and ethnically matched controls 

(publication under review). In total the study involved 423 unrelated individuals, of 

which 202 consisted of migraine patients and 221 non-migraine controls. From the 

results, allele frequencies calculated from observed genotype counts for the KCNN3 

polymorphism showed no convincing evidence that KCNN3 CAG lengths differ 

between Caucasian migraineurs and controls (ie; no significant difference reported in 

the allelic length distribution of CAG repeats, P = 0.090). Also the MA and MO 

subtypes did not differ significantly between control allelic distributions (P >0.05).  

The prevalence of the long CAG repeat (>19 repeats) did not reach statistical 

significance (P = 0.99), nor was there a significant difference between the MA and 

MO subgroups observed (P = 0.72). In conclusion this association study, conducted 

by our group, provided no evidence that length variations of the second 

polyglutamine array in the N-terminus of the KCNN3 channel exert an effect in the 

pathogenesis of migraine (publication under review). 

 

In contradiction another recent finding that assessed the potassium channel KCNN3 

as a candidate gene for common migraine displayed results of some interest. Mossner 

et al, 2005 analysed the same highly polymorphic repeat region coding for a 

polyglutamine (CAG) stretch in the KCNN3 gene. The authors reported an excess of 

the allele coding for 15 polyglutamine tracts in migraine patients and concluded that 

the potassium channel KCNN3 may be of pathophysiological importance in migraine 

with and without aura (Mossner et al, 2005). 
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2.2.5.3.4 CACNA1E gene 

Since the discovery of a FHM locus at 1q21-23 (Ducros et al, 1997), then FHM type 

2 at 1q23 (De Fusco et al, 2003) and an additional susceptibility locus of 

FHM/typical migraine at 1q31 (Gardner et al, 1997, Lea et al, 2002), it is not clear 

whether there is a single locus or 2 distinct loci on the chromosome 1q region for 

migraine. The neuronal calcium channel alpha-1 subunit gene, CACNA1E, has been 

mapped to the region 1q25-q31 (Diriong et al, 1995). This gene has a sequence 

highly similar to that of CACNA1A (approx 85%), in which mutations in the gene 

cause FHM1, therefore it is an interesting candidate for a cause of another form of 

familial hemiplegic migraine and possibly also for typical migraine. So far there has 

been no report of a study involving the CACNA1E gene and migraine. This thesis 

investigates the CACNA1E gene and migraine susceptibility through an association 

analysis study. 
 

2.2.6 Chromosome 6 and Migraine 

 

Recently other chromosome loci have been implicated as susceptibility regions for 

the common forms of migraine; two of these of interest involve the p and q arms of 

chromosome 6. In 2002, Carlsson et al conducted a genome scan in order to find 

novel susceptibility genes for familial migraine with and without aura. The scan was 

performed using markers spanning the whole genome in a large family from northern 

Sweden. Results showed evidence of linkage on chromosome 6p12.2-p21.1, with a 

maximum two-point LOD score of 5.41 for marker D6S452. Haplotype analysis 

between migraine affected patients in the family resulted in a shared common 

haplotype of 10 Mb between markers D6S1650 and D6S1960 (Carlsson et al, 2002). 

In the same year, an association study was performed by Trabace et al, 2002. Their 

investigation involved an association study of the tumor necrosis factor (TNF) genes, 

located in the HLA class III region, with MA and MO case-control populations. The 

cytokines produced by TNF genes are polypeptide effectors of inflammatory reaction 

and endothelial function. The authors wanted to better define the involvement of 

human leukocyte antigen region (HLA) genes in migraine. They investigated Tumor 
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necrosis factor (TNF)-308 (TNF-308A and TNF-308G alleles) and lymphotoxin 

alpha (TNFB*1 and TNFB*2 alleles) polymorphisms in 47 MO, 32 MA and 101 

controls. Results showed that the frequency of the TNFB*2 allele was significantly 

increased in MO subjects compared to controls (78.72% versus 61.4%, P = 0.004), 

but no significant difference was obtained between MA patients and controls. The 

authors also found that there was a significant decrease of TNFB*1 homozygotes in 

MO subjects compared to controls (2.13% versus 16.8%, P = 0.0201) (Trabace et al, 

2002). They concluded that carriage of the TNFB*2 allele (at 6p21.3) confers a high 

risk for the development of migraine without aura (Trabace et al, 2002). Though this 

study only involved a sample size of 79 migraine affected individuals, it does give 

some interesting insight into the susceptibility of this region (6p12.2-p21.1 and 

6p21.3) to typical migraine. Another study involving a TNF gene (TNFalpha) 

localised to this region (6p21.3) examined 299 migraine subjects and 306 controls in 

an association study of the -308 G/A polymorphism in the tumor necrosis factor-

alpha gene (TNFalpha) (Rainero et al, 2004). The results showed that an increased 

risk of migraine was associated with homozygosity for the G allele in this 

polymorphism (odds ratio [OR] = 2.85, P < 0.001). However, when splitting into 

subtypes, only patients affected by MO (OR = 3.30, P < 0.001) and not MA 

displayed a significant risk of migraine with homozygosity for the G allele. The 

authors concluded that the TNFalpha gene, or a linked locus nearby, significantly 

modulates the risk for migraine (MO affected) (Rainero et al, 2004). This thesis 

investigates another tumor necrosis factor gene on C19p13 as a candidate for 

migraine susceptibility. 

 

Interestingly our group found another susceptibility locus on the p arm of 

chromosome 6. In this study Colson et al, 2004 investigated a steroid hormone, 

estrogen as a migraine candidate. These hormones have long been considered to play 

a role in migraine, as variations in hormone levels are associated with migraine onset 

in many sufferers of the disorder (Colson et al, 2004). Estrogen receptors are found 

in the brain and may be involved in migraine pathogenesis. In this study the estrogen 

receptor 1 (ESRalpha, ESR1) gene (localised to 6q25.1) was investigated in a 
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population of 224 migraine sufferers against a sex, age and ethnicity matched control 

population of the same number. These samples were genotyped for the G594A 

polymorphism (exon 8) in the ESR1 gene. The authors reported a significant 

difference between the cases and controls in both the allele frequencies (P=0.003) 

and genotype distributions (P=0.008) (Colson et al, 2004). In a separate analysis, 

utilising an additional case-control population of 260/260, this result was confirmed. 

The authors reported a stronger significant association between the two groups, with 

regard to allele frequencies (P = 8 x 10-6) and genotype distributions (P = 4 x 10-5). 

Colson et al, 2004 concluded that their findings support the hypothesis that genetic 

variation in hormone receptors, in particular the ESR1 gene, may play a role in 

migraine. 

 

2.2.7 Chromosome 11 and Migraine 

 

Chromosome 11 has also been of interest to common migraine, especially in recent 

studies. This susceptibility locus for migraine first came about in 1997, where 

Peroutka et al, examined a dopamine gene in migraine sufferers, whereby 

dopaminergic systems are also implicated in the pathogenesis of the disease 

(Peroutka et al, 1997, Lea et al, 2000). In this study, the dopamine D2 receptor 

(DRD2) was analysed as a candidate gene, since antagonists of this receptor have 

been reported to be effective in the acute treatment of migraine (Peroutka et al, 

1997). The sample population consisted of 52 MA, 77 MO and 121 control 

individuals. Results of this association study found that MA sufferers had an 

increased frequency (0.84) of the DRD2 NcoI C allele (χ2 = 6.47; P < 0.005) 

compared with the controls (C allele frequency = 0.71) (Peroutka et al, 1997). The 

authors suggested that activation of the DRD2 receptor plays a modifying role in the 

pathophysiology of MA and that their data provides a molecular rationale for the 

documented efficacy of DRD2 antagonists in the treatment of migraine with aura 

(Peroutka et al, 1997). Other dopamine genes have also contributed towards migraine 

pathology, including a recent study by our group involving the dopamine beta-

hydroxylase (DBH) gene on chromosome 9 (Lea et al, 2000). The authors also tested 
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the DRD2 gene in the same populations, but found no significance (Lea et al, 2000). 

Recently another study has localised a migraine susceptibility region on the p arm of 

chromosome 11. Mochi et al, 2003 investigated three dopamine genes, including the 

D4 dopamine receptor gene (DRD4) in an association study using a 48bp tandem 

repeat polymorphism. The populations consisted of 93 individuals with MA, 101 

with MO and a control group of 117 subjects. In contradiction to Lea et al, 2000, no 

significant differences were found between control and migraine groups for the DBH 

polymorphism tested and also a dopamine transporter gene (DAT) polymorphism. 

However, the distribution of alleles for the DRD4 gene in the MO group was 

significantly different from those in both MA and control groups, meaning there was 

an association with the MO phenotype and the DRD4 gene on C11p15 (Mochi et al, 

2003). From these studies there seems to be some sort of relationship between 

dopamine and migraine, another area that recently has shown interest to migraine 

research is with hormone associated genes and migraine. Just recently our group 

discovered a migraine susceptibility region on chromosome 11 relating to the 

progesterone receptor (PR) PROGINS on 11q22 (Colson et al, 2005). This study 

showed no association with the androgen receptor in the population group of 275 

migraineurs and 275 unrelated controls, however, results of the PR PROGINS 

analysis showed a significant difference in the same case-control population. An 

independent, follow up, study confirmed these findings in 300 cases and 300 

controls. Colson et al concluded that individuals who carried the PROGINS insert 

were 1.8 times more likely to suffer from migraine (Colson et al, 2005). 

 

2.2.8 Chromosome 4 and Migraine 

 

Two genome scans have recently implicated regions on chromosome 4 in migraine, 

however, this chromosome was first discovered for susceptibility to migraine in 1995 

(Pardo et al, 1995). Pardo et al, found a strong association between migraine patients 

and group-specific component GC 1F-1F (C4q12) in 112 unrelated migraine 

sufferers (50 with aura, 62 without aura), compared to controls (Pardo et al, 1995). 

Another study on the q arm of chromosome 4 discovered a susceptibility locus at 
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C4q31.2 in an association between migraine and endothelin, a potent vasoconstrictor 

(Tzourio et al, 2001). This investigation involved a population-based study of elderly 

individuals (n = 1,188) in Nantes (western France). In 140 migraine participants the 

endothelin type A (ETA) (-231 A/G) polymorphism was significantly associated with 

migraine, in a trend of decreasing prevalence of migraine with number of copies of 

the G allele (AA genotype: 15.7% of participants with migraine, AG: 9.7%, GG: 

2.9%; p < 0.001). Carrying the G allele was associated with a sex- and age-adjusted 

odds ratio of 0.50 (95% CI, 0.34 to 0.74) (Tzourio et al, 2001). The authors 

concluded that this A/G variant of the ETA receptor gene modulates the risk for 

migraine and offers new insights into the pathophysiology of the vascular component 

of migraine (Tzourio et al, 2001). As mentioned, recently two genome scan studies 

have also implicated the q arm of chromosome 4 (4q21,q24) through linkage analysis 

of migraine affected families (Bjornsson et al, 2003 and Wessman et al, 2002). 

Bjornsson et al, showed linkage to chromosome 4q21 in Icelandic MO families. 

These results confirmed earlier linkage findings of a Finnish study in which MA 

families were analysed (Wessman et al, 2002). In the Bjornsson study, the authors 

identified 103 families with 289 migraine without aura patients. Genome-wide 

scanning revealed a locus on chromosome 4q21 that showed overlap with the Finnish 

locus on C4q24. However, when the sample set was reanalysed using affected 

females only, including a relaxed definition of MO, the LOD score increased. 

Bjornsson et al, 2003 explained this outcome by the higher preponderance in females 

of the population tested. Future identification of possible migraine genes on C4q21 

may show the contribution to migraine with and without aura. 

 

2.2.9 Other chromosomal loci for Migraine 

 

Other recent susceptibility regions for common migraine include C14q21.2-22.3 

(Soragna et al, 2003) and C15q11-q13 (Russo et al, 2005). Chromosomes 17, 13, 2, 

9, 22 and 10 have also been implicated in MA and MO. (see Tables 2.3 and 2.4 for 

details of positive migraine studies found). 
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CHAPTER 3 

HUMAN GENETICS RESEARCH 

- METHODOLOGY BACKGROUND 
 

 

 

3.1 How genetic disorders are passed on 

 
Disease transmission in families is described by certain inheritance patterns. These 

patterns help to predict the recurrence risk for relatives. The inheritance patterns for 

single gene disorders are classified based on whether they are autosomal or X-linked. 

These disorders are called Mendelian disorders, after the geneticist Gregor Mendel 

from which the science of genetics began in the mid 1800s. There are two patterns of 

inheritance that involve genes on the autosomes. Genetic disorders that follow this 

pattern are said to have autosomal dominant or autosomal recessive inheritance. 

Disorders that are caused by genes on the sex chromosomes are located on the X 

chromosome and, therefore, are said to have X-linked inheritance, which can also be 

dominant or recessive. 

 

3.1.1 Dominant disorders 

 

Pedigrees of Mendelian autosomal dominant disorders show affected males and 

females in each generation with affected men and women transmitting the particular 

disorder in equal proportions of their sons and daughters. Meaning that in autosomal 

dominant inheritance, only one copy of a disease allele (one in two, 50%, chance) is 

necessary for an individual to be susceptible to expressing the phenotype (The 

appearance of an individual with a disorder, expressed either physically, 

biochemically, or physiologically). In this type of inheritance there can also be male 
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to male transmission of the disorder. Also there are some instances in which a person 

has the gene that causes the disorder and does not show symptoms of the disorder, 

but can still pass the gene to his or her children. Some examples of diseases with 

autosomal dominant inheritance include myotonic muscular dystrophy, a disease 

characterised by muscle weakness and myotonia (slow relaxation of the muscles after 

contraction) which progresses slowly over time and Huntington disease, a 

progressive disorder of motor, cognitive, and psychiatric changes. 

3.1.2 Recessive disorders 

In autosomal recessive inheritance, it is necessary to have two copies of the changed 

gene or diseased allele to have the phenotype expressing the particular disorder. 

Parents of an affected individual are not affected but are gene carriers, because they 

have one normal copy of the gene and one changed copy of the gene, but they do not 

show symptoms of the disorder. Each parent contributes one changed copy of the 

gene to the child who has the disorder. When both parents are carriers of the changed 

gene, each of their children has a 25% chance of having the disorder, a 50% chance 

of being a carrier of the disorder (like their parents), and a 25% chance of neither 

being a carrier nor having the disorder. This individual would not be at risk for 

passing the disorder on to his/her offspring. These risks are the same for each 

pregnancy. When there is more than one person in a family who has the disease, 

these people are often in the same generation. Examples of diseases with autosomal 

recessive inheritance include sickle cell anemia (disease of the haemoglobin) and 

cystic fibrosis (epithelial and pancreas related disease). 

3.1.3 X-linked dominant disorders  

Diseases following this type of inheritance follow a pattern similar to autosomal 

dominant inheritance with only one copy of a disease allele on the X chromosome 

required for susceptible to an X-linked dominant disease. However, more females are 

affected than males, X-linked dominant disorders are very rare and males may be 

more severely affected (even causing death) because they only carry one copy of 
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genes found on the X chromosome. When a female is affected, each pregnancy will 

have a one in two (50%) chance for the offspring to inherit the disease allele. When a 

male is affected, all his daughters will be affected, but none of his sons will be 

affected. An example of a disease with X-linked dominant inheritance is fragile X 

syndrome (characterised by mental retardation). 

3.1.4 X-linked recessive disorders 

X-linked recessive disorders are usually only seen in males as females are usually 

carriers because they only have one copy of the disease allele. X-linked recessive 

disorders are much more common than X-linked recessive disorders. As in autosomal 

recessive inheritance, two copies of a disease allele on the X chromosome are 

required for an individual with two X chromosomes (a female) to be affected with an 

X-linked recessive disease of which people with the disorder do not have any normal 

copies of the gene. Males have only one X chromosome, so if a male inherits a 

changed gene on his X chromosome (which is always inherited from his mother), 

then he does not have another copy of the working gene to compensate. Females with 

one copy of a changed gene on one X chromosome are called carriers of X-linked 

recessive disorder. It is rare for a female to have the changed gene on both her X 

chromosomes, but if a female does have two copies of the disease allele, she is 

affected and then all of her sons will be affected and all of her daughters will be 

unaffected carriers. In most cases, females who are carriers do not show symptoms 

because the working copy of the gene compensates for the non-working copy of the 

gene. Carrier females have a 25% of having a son with the disorder, a 25% chance of 

having a son without the disorder, a 25% chance of having a carrier daughter and a 

25% chance of having a daughter who is not a carrier. Males with an X-linked 

recessive disorder cannot pass the disorder to their sons, but 100% of their daughters 

will be carriers. Some examples of diseases with X-linked recessive inheritance 

include Duchenne muscular dystrophy and hypohidrotic or anhidrotic ectodermal 

dysplasia. 
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3.4 The genetics of complex disorders 

Some disorders are determined by changes in more than one gene. These disorders, 

known as complex disorders, do not follow the same predicted pattern of inheritance 

seen in autosomal or X-linked dominant and recessive disorders. Sometimes changes 

in these genes must be in combination with certain environmental factors, such as 

exposure to certain chemicals or medications or maybe even diet (Bomprezzi et al, 

2003). This type of inheritance is often referred to as multifactorial because many 

different factors, genetic and/or environmental, are involved. A person will have a 

complex disorder if he or she has the right combination of changed genes and 

environmental exposures (Bomprezzi et al, 2003). Diabetes, heart disease, neural 

tube defects, autism, Alzheimer disease, many cancer syndromes and migraine are 

examples of disorders that can be caused by multifactorial, or complex, inheritance. 

One of the most difficult problems now facing genetic researchers is localising the 

genes contributing to diseases that have a complex pattern of inheritance. 

3.4.1 Factors determining the complexity of a disease 

The main reason why complex diseases are hard to determine genetically is because 

almost all involve more than one gene interacting with each other and also influenced 

with one or more aspects of environmental factors, for example, an individuals’ diet 

habits and/or smoking can trigger a disease to occur. An unusual inheritance pattern 

also determines a diseases complexity. In the view of classical genetics, diseases are 

divided into Mendelian disorders and complex traits. At one end of the spectrum are 

disorders caused by fully penetrant deleterious mutations and on the opposite end are 

environmental diseases. Between these two extremes lie the incompletely penetrant 

and the polygenic disorders, creating a smooth transition from strictly genetic to 

multifactorial illnesses (Figure 3.1) (Bomprezzi et al, 2003).  

With complex traits in complex disorders, several things make it difficult to 

determine the genetic roots of these diseases. For example, environmental substances 

can sometimes produce the same health problems as an altered gene, like certain  
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Figure 3.1 The progressive decrease in the genetic load contributing to the 

development of a disease to do with environmental influences. From a genetic 

dominant disease to a multifactoral disease, in theory there are no diseases 

completely free from the influence of both genetic and environmental factors 

(Bomprezzi et al, 2003). 

 

 

types of cancers (often referred to as Phenocopy: An environmental condition that 

imitates (copies) one produced by a gene or a person who has an environmentally-

produced condition that mimics one produced by a gene) (www.medterms.com). 

Secondly, complex disorders can share symptoms with other diseases, making it hard 

to correctly identify the disorder (often referred to as heterogeneity in which different 

alleles from different genes or even the same gene may result in the same disease 

phenotype). This in turn makes it hard to determine if everyone with a certain disease 

trait has the same underlying physiological problems. An example of this can be seen 

in diagnosing certain disorders such as migraine, whereby before the introduction of 

the International Headache Society classification of headaches in 1988 (International 
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Headache Society, 1988) it was difficult to correctly diagnose the disorder. Thirdly, 

complex disorders are almost always caused by alterations in more than one gene 

(referred to as polygenic inheritance). An example can be seen with common 

migraine in this thesis, whereby susceptibility regions are located on several 

chromosomes (see chapter 2). Another example is multiple sclerosis where 

researchers have identified around 19 different regions of the genome possibly 

related to multiple sclerosis (see OMIM #126200), although only a fraction are likely 

to cause disease in any one person. Also, at least 15 genes on 10 different 

chromosomes are now known to affect the risk of diabetes (see OMIM#125853, 

+222100). Despite the heavy contribution of gene mutations to the various forms of 

diabetes, environmental factors such as diet are still important. Finally, inheriting a 

gene mutation associated with a disorder does not mean the individual will develop 

that disorder (often referred to as  incomplete penetrance); it may occur in later life or 

not occur at all, or might even occur through different environmental conditions. 

There are also different stages of a disease where some people may develop mild 

forms that require no treatment or severe forms that resist all medicines. All these 

factors, determining the complexity of a disease, depend on the variables of 

environmental conditions (for example, smoking, high fat diets, lack of exercise, 

exposure to carcinogens, infectious agents) and/or the actions of other genes. 

Researchers need to study the role of both of these factors in complex human 

diseases in order to understand them and perhaps develop cures. 

3.4.2 Studying complex diseases for genetic factors 

One of the ways to study complex diseases is by analysing affected families, for 

example by conducting familial aggregation studies or twin studies. In simple 

disorders in which alterations in a single gene cause the disease, genetic research at 

present can identify the gene and cause quite easily. These diseases follow the 

standard genetic laws (as above) when they are passed from one generation to the 

next, so tracking the genes that cause the disorder through families is relatively easy. 

Although complex disorders also cluster in families, there are no clear rules yet to 

explain why some family members develop the disorder and others remain healthy. 
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There are other approaches for separating genetic from environmental influences in 

studies of human disease, although practical difficulties often limit their use. The 

most powerful design examines risks in biological relatives of affected versus control 

adoptees, because adoption creates a separation between an individual’s biological 

and environmental influences. However, it is often difficult to obtain access to 

information on biological relatives of adoptees, therefore most adoption studies 

typically focus only on common disease or trait outcomes. 

3.4.2.1 Familial clustering 

With non Mendelian patterns of inheritance of diseases, genetic determination of the 

disorder needs to be proven. The first is to show that the characteristic of the disease 

runs in families. Familial clustering or aggregation of a genetic trait is a necessary 

but not of essential importance to genetic susceptibility, because environmental and 

cultural influences can also aggregate in families, leading to family clustering and 

excess familial risk. Family aggregation is usually assessed by studying relatives of 

affected subjects and contrasting their rates of illness with those of a suitable control 

group, typically the relatives of unaffected subjects. However in studying families it 

is crucial that probands (index case; propositus: the affected individual through 

whom a family with a genetic disorder is ascertained) are used in an unbiased way 

and that appropriate controls are also recruited for comparison (Russell et al, 1995).  

Methods for obtaining information about disease rates include questioning the 

proband directly, questioning relatives directly, verifying disease status by a review 

of medical records and diagnosing relatives directly (Russell et al, 1995). The 

simplest way to measure genetic effects is through familial risk ratios, defined as the 

risk to a given type of relative of an affected individual divided by the population 

prevalence. The symbol given for risk ratios is , and specifically S for the sibling 

risk ratio, O for the offspring risk ratio, P for the parent risk ratio, 1 for all first 

degree relatives combined (parents + siblings + offspring), D for DZ twins, and M 

for MZ twins (Risch N, 1990).  If genetic susceptibility is attributable to a single 

(rare) dominant gene, it is easy to show that P = O = S = D = ( M +1)/2, which 

implies that the MZ:DZ ratio defined by RMD
 = ( M - 1)/( D - 1) = 2. On the other 
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hand, if susceptibility is attributable to a recessive gene, P = O < S = D, with the 

degree of difference between S and O depending on the frequency of the "at-risk" 

allele ( S/ O ranging from near 1 for a very common allele to infinity for a very rare 

allele). For a recessive model, RMD is usually >2, again depending on the allele 

frequency. For a rare allele, RMD = 4, but diminishes toward 2 if the allele is very 

common (Risch N, 1990). If there are non-genetic disease cases mixed in the sample, 

or if more than one locus contributes to susceptibility, these non-genetic subjects or 

phenocopies will not influence the predictions given above. However, if more than 

one gene exists that influences susceptibility, the predictions may be altered, 

depending on whether interaction effects exist among the contributing genes (Risch 

N, 1990). Specifically, if genetic heterogeneity occurs whereby disease alleles at 

different loci are individually rare, the same predictions as given above hold. For 

more common alleles, if the risk associated with carrying multiple mutants is 

additive, the same predictions hold. By contrast, if the risk associated with carrying 

multiple "at-risk" alleles is not additive, e.g., multiplicative, a different pattern for the 

values than described above occurs. Specifically, RMD is now >2 and can achieve 

very high values, depending on how many loci are involved and the degree of 

interaction (Risch N, 1990). 

There are limitations in studying families, in that many characteristics of a disease 

run in families because of the shared family environment they live in. A family might 

share an unusual diet or some traditional medicine that could cause developmental 

defects. Something more than a familial tendency is usually necessary to prove that a 

non Mendelian character is under genetic control. In order to find out more clearly 

whether genes or environmental factors are causing a disease, from initial familial 

studies, twin studies and even adoption studies, that isolate environmental influence 

variables, may be carried out. 
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3.4.2.2 Twin Studies 

Twin study designs are often used to separate genetic and environmental influences 

when a disease shows some genetic contribution from initial familial studies. 

Identical monozygotic (MZ) twins derive from the fission of a single fertilized egg 

and thus inherit identical genetic material. By contrast, dyzygotic (DZ) twins 

(fraternal) derive from two distinct fertilized eggs and therefore have the same genetic 

“makeup” as non twin siblings (share approximately 50% of their genes). Comparing 

the similarity of MZ twins with same sex DZ twins is a common approach for testing 

the genetic influence on a disease. A standard measure of similarity used in twin 

studies is the concordance rate. The "pairwise" concordance is calculated simply as 

the proportion of twin pairs with both twins affected of all ascertained twin pairs with 

at least one affected. On the other hand, the "probandwise" concordance allows for 

double counting of doubly ascertained twin pairs and has the advantage of being 

interpretable as the recurrence risk in a co-twin of an affected individual (Khoury et 

al, 1993). Usually, the most critical assumption in twin studies is that MZ and DZ 

twins display a comparable degree of similarity because of the sharing of 

environmental factors, so that the difference in concordance rates between MZ and 

DZ twins is only a reflection of genetic factors.  

When conducting twin studies, the relative impact on MZ versus DZ twins needs to 

be considered. If the environmental influence is correlated to a similar degree 

between MZ and DZ twins (a common assumption), the MZ:DZ ratio RMD will 

actually be attenuated. On the other hand, if environmental exposure is correlated to a 

greater extent in MZ than DZ twin pairs, any result is possible, depending on the 

degree of difference. In particular, if the difference is large, RMD may increase (>2), 

whereas if it is modest, RMD may stay the same or decrease (Risch N, 1990). In other 

words the heritability or genetic contribution of a disease is related to how large the 

difference in concordance rates (probability that both twins will develop a disorder if 

one twin has the disorder) between MZ and DZ twins are. If the concordance rate in 

MZ twins is 100% and 50% in DZ twins then the disease may be due to just genetic 

factors (because MZ twins have 100% of their genes in common, DZ twins have 
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50%), also an excess disease concordance among MZ twins may reflect a greater role 

of genetic factors. 

With familial and twin studies there is a general assumption that environmental 

influences are randomly distributed within families or twins. If influences are not 

randomly distributed in families, there will be an impact on familial recurrence. The 

degree of increase depends on the frequency of exposure to the environmental 

influence and extent among family members or twins. This in turn will affect the 

outcome of any genetic study performed on this group. Therefore overall study 

design, taking into consideration all these factors, is important before beginning any 

genetic disease analysis (see Russell et al, 1995 for background information). 

 

3.4.3 Determining an inheritance model for a complex disorder 

 

If it has been determined that genetic factors do play a role in a certain disease, in 

order to genetically analyse this disorder the mode or pattern of inheritance, in which 

a particular genetic trait or disorder is passed from one generation to the next, needs 

to be determined. In the case of complex diseases the mode of inheritance (manner in 

which a particular genetic trait or disorder is passed from one generation to the next) 

may be difficult to determine, in which the disease may be inherited due to a number 

of different factors-multifactorial. Complex traits may encompass an undetermined 

mode of inheritance as they generally involve more than a single genetic factor, 

reduced penetrance and variation due to environmental factors and also interaction 

among these factors. Such disorders may be oligogenic (influenced by a small 

number of genetic loci) or polygenic (influenced by many loci), with a number of 

susceptibility loci (positions on chromosomes that may contain susceptible genes) 

existing for a complex disorder. In statistically analyzing these disorders a model-

free approach is usually used to avoid incorrectly labeling the genetic inheritance of a 

complex disorder. 
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3.5 Identifying susceptible genes that cause complex         

disorders 

 
There are a number of strategies to use when searching for disease susceptibility 

genes. However to explain these strategies we need to define a basic understanding 

of the terms and techniques involved. 

 

3.5.1 Gene mapping involves genotyping 

In studying the genetic basis of complex disorders, in order to map the gene or genes 

that may be involved, analysis utilizes a technique known as genotyping. A person's 

genotype refers to his or her own arrangement of the DNA letters, A, T, C, or G, in a 

particular region of their genome. The arrangement may be different from one person 

to the next. If one person is sick with an inherited disorder and another isn’t, the 

cause may lie in differences in a particular spot in their DNA (Brown TA, 2002). In 

complex disorders, several such alterations each contribute only a small part to the 

overall development of the disease. These subtle genetic influences are harder to pick 

out than are the effects of a single gene in a Mendelian disorder, for example, 

researchers looking for genetic contributions to complex disorders usually must 

analyse the genotypes of many hundreds of people for each disease they study 

(Brown TA, 2002). Genotype data can be interpreted using various statistical 

analyses, including linkage analysis in families and association analysis in case-

control populations. 

3.5.2 Genetic markers 

The approach of using genotypes relies upon genotyping of genetic markers. A 

genetic marker is a segment of DNA with an identifiable physical location on a 

chromosome whose inheritance can be followed. A marker can be a gene, or it can be 

some section of DNA with no known function (Strachan et al, 1999). Because DNA 

segments that lie near each other on a chromosome tend to be inherited together, 
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markers are often used as indirect ways of tracking the inheritance pattern of genes 

that have not yet been identified, but whose approximate locations are known. 

Markers are usually sets of short nucleotide sequences that are highly polymorphic 

(sections of DNA where a variety of different sequences or alleles are found among 

individuals in the same human population), repetitive base pair sequences.  The 

number of repeats is inherited and is detectable by genetic methods making them 

ideal identifying markers. The number of repeating units can occasionally change 

during evolution and descent.  They are therefore useful markers for familial disease 

relationships (Strachan et al, 1999).  

In 1980, techniques were developed to visualise the differences at the level of the 

structure of the DNA based on the use of bacterial restriction enzymes that cut the 

DNA at sites with specific nucleotide sequences. With this basis, techniques of 

utilizing restriction fragment length polymorphisms (RFLPs) were developed, where 

this was the first type of DNA marker to be studied. The idea behind these studies 

was to use specific restriction enzymes cutting DNA molecules at specific 

recognition sequences, whereby sequence specificity means that the treatment of a 

DNA molecule with a restriction enzyme should always produce the same set of 

fragments. This is not always the case with genomic DNA molecules because some 

restriction sites are polymorphic, existing as two alleles, one allele displaying the 

correct sequence for the restriction site and therefore being cut when the DNA is 

treated with the enzyme, and the second allele having a sequence alteration so the 

restriction site is no longer recognized. The result of the sequence alteration is that 

the two adjacent restriction fragments remain linked together after treatment with the 

enzyme, leading to a length polymorphism (Brown TA, 2002). There are thought to 

be about 105 RFLPs in the human genome, but for each RFLP there can only be two 

alleles (with and without the site). The value of RFLPs in human gene mapping is 

therefore limited by the high possibility that the RFLP being studied shows no 

variability among the members of an interesting family (Brown TA, 2002). The 

identification of RFLPs requires the use of gel electrophoresis to separates the DNA 

fragments of differing sizes followed by transfer of the fragments to a nylon 
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membrane (Southern blot) and visualisation of specific DNA sequences using 

radioactive or chemiluminescent probes exposed to an X-ray film. This methodology 

was the standard method in the identification of RFLPs before 1986 and was labor 

intensive (nowadays PCR based techniques can be incorporated to detect RFLPs, see 

below). The limitations of RFLPs are their lack of informativeness, in that RFLPs 

have only two alleles (site is present or absent) and the maximum heterozygosity is 

0.5. Disease mapping using RFLPs is also frustrating because all too often a key 

meiosis in a family turns out to be uninformative (Strachan et al, 1999). 

Since the discovery of RFLPs, VNTRs (variable number tandem repeats) were later 

found. These are repeated sequences that typically range from 10 to 80 bps.  They 

occur frequently in the human genome but there are relatively few different types. 

Minisatellite, VNTR markers were a great improvement in genetic analysis, where 

they have many alleles and high heterozygosity. Most meioses are informative. 

However, the technical problems of Southern blotting and radioactive probes were 

still an obstacle to easy mapping, and VNTRs are not evenly spread across the 

genome (Strachan et al, 1999). 

One of the most common genetic markers used in genetic studies today are 

polymorphic simple sequence repeats that are widely distributed, known as short 

tandemly repeated sequences (Short Tandem Repeats; STR) and often called 

microsatellites. Microsatellites mostly used in genetic studies include dinucleotide 

and tetranucleotide repeats. In different individuals the number of copies of the 

repeat unit varies between alleles, giving different lengths (in nucleotide base pairs) 

of alleles. The inheritance pattern of a disease can be assessed by amplifying the 

repeat from genomic DNA using the technique polymerase chain reaction (PCR) (see 

below), with unique primers (a short string of nucleotides, usually 15-30 basepairs, 

that are complementary to the first and last part of the segment of DNA that is being 

copied) flanking the repeat and then electrophoresing the PCR products to separate 

the alleles by size. A major advantage of STRs for genetic mapping is that they are 

highly polymorphic and therefore informative in genetic analyses (see Weissenbach 

J, 1993). Recently the use of single nucleotide polymorphisms (SNPs; genomic sites 
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at which a single base varies between alleles) has been increasing. An advantage of 

SNPs is that they are extremely common, whereby 2 chromosomes differ from each 

other at approximately 1 bp in 1,300 (International Human Genome Sequencing 

Consortium, 2001 and Venter et al, 2001) and also, SNPs have a lower mutation rate 

than do STRs. Numerous SNP genotyping technologies are already available, 

including methods employing electrophoresis, oligonucleotide microarrays, mass 

spectrometry, fluorescent microtiter plate reading, or flow cytometry, among others. 

Some of these methods can perform extremely high-throughput genotyping, 

compared to what can be achieved with STRs (Gut IG, 2001). A disadvantage of 

SNPs relative to STRs is that SNPs are less polymorphic, since most SNPs have only 

2 alleles, however, SNPs can have a direct functional effect on a disease, such as in 

coding SNPs (Hanchard NA, 2005 , Gray et al, 2000). It may seem perverse that the 

newest generation of markers are 2-allele single nucleotide polymorphisms, which 

include the classic RFLPs and polymorphisms that do not happen to create or abolish 

a restriction site (Strachan et al, 1999). But the gain in throughput more than offsets 

the lower informativeness of SNPs, also the development of detailed single 

nucleotide polymorphism (SNP) maps of the human genome coupled with high-

throughput genotyping technologies may allow us to unravel complex genetic traits, 

such as multifactorial disease or drug response, over the next few years (Gray et al, 

2000). 

 

3.5.3 SNPs and the HapMap project 

 

The latest technologies in SNP and mutation causing sequence variations in 

detection, genotyping and analysis are being employed in the International 'HapMap' 

project (International HapMap Consortium; www.hapmap.org). HapMap is a genetic 

variation mapping project that will create the next generation map of the human 

genome in order to help identify genetic contributions to common diseases. Where 

the Human Genome Project provided the foundation on which researchers are 

making dramatic genetic discoveries (see Cavalli-Sforza LL, 2005), the HapMap will 

begin to make the results of genomic research applicable to individuals. By studying 
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the patterns of genetic difference, or genetic variation, in large populations, 

researchers expect to identify which differences are related to disease. These 

variations in a DNA base sequence, where one base may be replaced by another in a 

SNP, can change the genetic information in individuals. More than 2.8 million 

examples of these substitutions of bases or SNPs, are already known and described in 

a public database (NCBI Variation Database; dbSNP). The human genome is thought 

to contain at least 10 million SNPs, about one in every 300 bases. Theoretically, 

researchers could hunt for genes using a map listing all 10 million SNPs, but there 

are major practical drawbacks to that approach. Instead, the HapMap will find the 

blocks into which the genome is organised, each of which may contain dozens of 

SNPs (called haplotype blocks). Researchers then only need to detect a few tag SNPs 

to identify that unique block of genome. SNP variants that lie close to each other 

along the DNA molecule, forming a haplotype block, tend to be inherited together. 

SNP variants that are far from each other along the DNA molecule tend to be in 

different haplotype blocks and are less likely to be inherited together. Linkage 

disequilibrium (LD) is when two SNPs are so close to each other that there is a lack 

of historical or ancestral recombination events in between them. If one SNP is 

localised where a disease gene is, then the SNP that is in LD with the gene is 

"dragged along" by the disease gene. Therefore individuals affected with the disease 

tend to have a certain allele value at this SNP. Linkage disequilibrium analysis in 

case-control populations can measure the extent that alleles of SNPs are associated 

with each other as haplotypes. Essentially, the HapMap is a very powerful shortcut 

that represents enormous long-term savings in studies of complex disease (see 

www.hapmap.org). 

 

3.5.4 Polymerase Chain Reaction (PCR) 

 

The polymerase chain reaction (PCR) has revolutionised molecular genetics by 

permitting rapid cloning and analysis of DNA. Since the first reports describing this 

new technology in the mid 1980s, there have been numerous applications in both 

basic and clinical research (Strachan et al, 1999). The technique of PCR was invented 
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in 1983 by Kary B. Mullis and first published in 1985 (Saiki et al, 1985) (later 

revised; Saiki et al, 1988), whereby Mullis was awarded the 1993 Nobel Prize in 

chemistry for his work. However, the basic principle of replicating a piece of DNA 

using two primers had already been described by Gobind Khorana in 1971 (Kleppe et 

al, 1971), but progress was limited by primer synthesis and polymerase purification 

issues. Therefore Mullis was the first to properly exploit the amplification process. 

 

The idea of PCR is to produce millions of copies of a single DNA segment in a 

matter of hours in order to genetically be able to work with the segment of DNA in 

question. In nature, most organisms copy their DNA in the same way, from which 

PCR mimics this process, only it does it in a test tube. The basic principle is when 

any cell divides; enzymes called polymerases make a copy of the entire DNA in each 

chromosome. Experimentally the copying is carried out not by cellular enzymes but 

by the purified, thermostable DNA polymerase of Thermus aquaticus. This bacteria 

lives in hot springs at temperatures up to 95 °C and its DNA polymerase I enzyme 

has an optimum working temperature of 72 °C (Brown TA, 2002). To carry out a 

PCR experiment, the target DNA (around 20 to 100ng) is mixed with Taq DNA 

polymerase, buffer, a pair of oligonucleotide primers, and free nucleotides. The 

primers are needed to initiate the DNA synthesis reactions that will be carried out by 

the Taq polymerase, where they attach to the target DNA at either side of the 

segment that is to be copied (sequences of these attachment sites are complimentary 

to the synthesized primers designed) (Brown TA, 2002). The reaction is started by 

heating the mixture to 94 °C. At this temperature the hydrogen bonds that hold 

together the two polynucleotides of the double helix are broken, so the target DNA 

becomes denatured into single stranded molecules. The temperature is then reduced 

to 50 60 °C, which results in some rejoining of the single strands of the target DNA, 

but also allows the primers to attach to their annealing positions. DNA synthesis can 

now begin, so the temperature is raised to 72 °C, the optimum for Taq polymerase. In 

this first stage of the PCR, a set of long polynucleotide segments are synthesised 

from each strand of the target DNA. These polynucleotides have identical 5  ends but 

random 3  ends, where DNA synthesis terminates by chance. When the cycle of 
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denaturation-annealing- synthesis is repeated, the long products act as templates for 

new DNA synthesis, giving rise to short polynucleotide segments whose 5  and 3  

ends are both set by the primer annealing positions. In subsequent cycles, the number 

of short products accumulates in an exponential fashion (doubling during each cycle) 

until one of the components of the reaction becomes depleted. This means that after 

30 cycles, there will be over 250 million short products derived from each starting 

molecule. In real terms, this equates to several micrograms of PCR product from a 

few nanograms or less of target DNA (Brown TA, 2002). 

 

PCR products, after synthesis, can be visualized in various ways. Usually, the 

products are viewed by agarose gel electrophoresis where a single band will result, if 

conditions are optimised, of the amplified segment of the target DNA (Figure 3.2). 

  

 

 
Figure 3.2 Photo of agarose gel after dye staining and electrophoresis. Lane 1: 

example of weak PCR reaction, Lane 2: optimised PCR reaction, Lane 3: PCR 

reaction failed, Lane 4: PCR reaction product too strong, Lane 5: non-optimised PCR 

reaction. 

 

 

The theory of electrophoresis with DNA products is that DNA molecules have a 

negative charge; therefore fragments will travel through a porous gel matrix 

(agarose) from negative to positive under current at varying speeds according to the 
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size of the PCR products loaded into the gel. Smaller molecules will move through 

the gel matrix more readily than larger molecules, so that molecules of different 

length, such as PCR products or restriction fragments, separate. Because the gel 

matrix restricts random diffusion of the molecules, molecules of different length 

separate into "bands" whose width equals that of the well into which the original 

DNA mixture was placed. (Lodish et al, 2000). 

 

3.5.5 Fluorescence based automated DNA fragment analysis 

 

The limitation of using standard gel electrophoresis (or autoradiography) in sizing 

PCR products is the resolution and accuracy needed in order to genotype samples. 

Some genotypes only differ by 2 basepairs in microsatellite analysis, therefore it is 

difficult to distinguish heterozygote genotypes from homozygotes with alleles of 

around the same size using standard gel electrophoresis methods. In 1992, Ziegle et al, 

reported a genotyping method based on fluorescently labeled PCR primers and size 

characterisation of PCR products using an automated DNA fragment analyzer 

(Ziegle et al, 1992). At the time there were three distinct fluorescent dyes available to 

label microsatellite markers. The theory was that multiple PCR products that overlap 

in size can be run in the same lane (or capillary) for laser detection of PCR product 

sizes. This innovation could increase by threefold the number of loci that can be 

analysed simultaneously, while labeling size standards with a fourth dye and 

combining these with the microsatellite PCR products in each gel lane (Ziegle et al, 

1992). The other advantage of this system is the improvement of genotyping 

accuracy. Ziegle et al, found that fluorescence signals are linear over a much greater 

range of intensity than conventional autoradiography, facilitating multiplexing of loci 

(since signal intensities often vary greatly) and helping distinguish major peaks from 

artifacts, thereby improving genotyping accuracy (Ziegle et al, 1992). Another 

advantage of this system is the ease of data management, where computer programs 

provide very rapid and accurate sizing of microsatellite alleles (Ziegle et al, 1992) 

and control large amounts of genotype data when dealing with population studies.  

 



 

                                                                                                                                                 121

In this thesis two “Applied Biosystems” (see Ziegle et al, 1992 and 

www.appliedbiosystems.com) genotyping instruments were utilized, the ABI310 

Genetic Analyser and the ABI377 Sequencer. The ABI310 is a capillary 

electrophoresis based “Genescan” (Applied Biosystems) instrument, that is fully 

automated, while the ABI377 is a labour intensive slab gel based instrument also 

used in sequencing in this thesis (described later). 

 

The workings behind capillary electrophoresis and the ABI310 Genetic Analyser 

uses a setup where a fluorescent dye label is attached to usually the 5’ end of the 

forward primer of a microsatellite marker. During the primer annealing step of PCR 

the fluorescent dye label is incorporated into the PCR product which carries the 

fluorescent label (see Genescan® Reference Guide). The capillary instrument, or 

genescan, utilises a fused-silica capillary with an optical viewing window, of which 

both ends are placed in two buffer reservoirs with two separate electrodes (an anode 

and cathode). Electrophoresis is conducted through the capillary (with a matrix 

polymer) and a portion of the PCR sample enters the capillary as current flows from 

the cathode to the anode, separating the PCR fragment. The fluorescently labeled 

PCR product is excited by laser emission through a window in the capillary and 

transferred to computer software, determining the size of the fragments (compared to 

a known size standard) (Figure 3.3) (see ABI310 User’s Manual, Genescan® 

Reference Guide and Ziegle et al, 1992).  In conclusion genescan instruments, such 

as the ABI310 Genetic Analyser, incorporate capillary electrophoresis and 

automation of the typing of genetic markers. This offers advantages of speed, 

accuracy, and cost in the mapping of genetic traits (Mansfield et al, 1994). 
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Figure 3.3 Example of genotype data from the ABI310 Fluorescent Genotyping 

Demonstration Kit B. Two dinucleotide repeat microsatellite markers are labeled 

with each fluorescent dye (blue=FAM, green=TET, black=HEX dyes) except for red 

(TAMRA fluorescent dye), which is used for the size standard. Two distinct peaks 

represent a heterozygote individual, one peak a homozygous individual (Genescan® 

Reference Guide). 

 

3.6 Localising a Complex Disease Gene: Data analysis 
 

There are two main study designs when analysing the genetics of complex diseases. 

Linkage analysis involves the use of one or several DNA sequence polymorphisms 

that are near or within a gene of interest to track within a family the inheritance of a 

disease causing mutation in that gene. A second main study design involves 

association analysis, where sequence variations or polymorphisms in specific 

candidate genes or areas are tested for association to the complex disorder in large 

case-control populations. Distributions of the polymorphisms or variants are 

compared between the two populations to see if there is a difference between the two, 

relating to the variant and complex disease. 
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3.6.1 Linkage Analysis 

 

Linkage analysis can localise a disease causing gene to a region of a chromosome 

without knowledge of its function. When the abnormal gene product responsible for a 

given genetic disease is not known, one would like to know first the location of the 

responsible gene within the genome. The strategy of linkage analysis is to find a 

polymorphic marker which is closely linked to affected individuals within a family 

being analysed, that maybe close to the actual disease causing gene.  

 

Essentially, linkage analysis is a statistical procedure requiring specific computer 

software programs that have been developed specifically for analyses of the results of 

complex linkage studies. The results are expressed as a LOD score which gives a 

statistical estimate, in decimal logarithm, of the relative closeness of the given 

polymorphic marker to the disease causing gene (Buckler et al, 1992). A LOD score 

of at least 3 is considered to be an indication that the gene being searched for is 

linked to the marker. A LOD score of negative 2 or below excludes disease linkage 

to a region. Linkage analysis follows the rule that the closer two regions are on a 

chromosome, the more likely they are to stay together. As two regions of the genome 

which are on the same chromosome tend to stay together, while those on different 

chromosomes distribute to the germ cells independently from each other. In extreme 

cases when a polymorphic marker site is within the gene responsible for the disease, 

the marker will always be together with the gene (Buckler et al, 1992). This reflects 

lack of recombination between the disease mutation and neighboring genetic 

markers, due to their close proximity. Within a family, individuals who share a 

disease will typically share alleles at markers near the disease gene (Figure 3.4) 

(Alberts et al, 2002). 

 

Linkage analysis has been used to map the genes responsible for a number of genetic 

neurological disorders to specific chromosomes, for example, the first successful 

study of linkage analysis was the localisation of the gene responsible for 

Huntington's disease (Gusella et al, 1983). 
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Figure 3.4 Example of genetic linkage analysis using a SNP marker on a chromosome to find a 

disease causing gene. If individuals who inherit the disease nearly always inherit a particular 

SNP marker, then the gene causing the disease and the SNP are likely to be close together on the 

chromosome, as shown here. To prove that an observed linkage is statistically significant, 

hundreds of individuals may need to be examined, however unless the SNP is located in the gene 

itself it is not absolute. Occasionally the SNP (above) may be separated from the disease gene by 

meiotic crossing over during the formation of the egg or sperm: this has happened in the case of 

the chromosome pair on the far right (see conclusion above) (Alberts et al, 2002).  
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3.6.2 Parametric (model-based) linkage analysis 

 

Standard (model-based) parametric linkage analysis requires specification of a 

genetic model, including the mode of inheritance, penetrance, and frequency of the 

disease in the population, and often also necessitates estimation of marker allele 

frequencies in the population. For complex disorders with a poorly understood 

genetic model, other mapping strategies are more appropriate as extremely complex 

pedigrees present statistical analysis difficulties for linkage analysis. Additionally, 

locus heterogeneity within families studied complicates standard linkage analysis and 

if not properly taken into account can lead to incorrect interpretation of results 

(Buckler et al, 1992). If the genetic model of a disorder cannot be determined, the use 

of modified forms of linkage analysis may be appropriate. A disease affected only 

(affecteds-only) parametric linkage analysis can be performed, when penetrance of a 

disorder is unknown, in which the phenotype of unaffected individuals is considered 

unknown. However, this approach results in some loss of statistical power.  

 

3.6.3 Multipoint analysis 

 

Multipoint linkage analysis is an extension of two-point linkage analysis (above). 

Instead of finding the recombination fraction (probability of a crossover event or 

recombination occurring between two loci; recombination fraction (θ) of 0 equals 0% 

recombinants, 0.5 equals 50%) between a single marker and a disease locus, a disease 

locus is mapped against several markers at the same time. In two-point linkage it is 

difficult to detect whether the disease locus is located on one side of a marker or the 

other side. However, in multipoint linkage the disease locus can be established 

between the two markers the gene is most likely to be located (see Ott J, 1991). 

Multipoint linkage analysis can increase the chances of localising genes that cause 

complex (heterogenous) diseases by the use of genotypes in multiple markers at a 

chromosomal region. The increase in statistical power of multipoint analysis 

compared to two-point analysis has been reported by several researchers (Lathrop et 

al, 1984, 1985, Lander et al, 1987). Originally one major problem of multipoint 
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linkage was the extreme computing calculating time needed to analyse a few 

heterogeneous loci. However, now there are computer programs such as 

GENEHUNTER (Kruglyak et al, 1996) which are designed to cope with the 

statistical power needed. 

 

3.6.4 Nonparametric (model-free) linkage analysis 

 

The problem with parametric analysis of complex diseases such as migraine is that 

the mode of transmission is not clearly defined. If specifying a complete genetic 

model for a complex disease is too difficult, a model-free (or non-parametric) 

approach can be employed for linkage analysis. These methods ignore unaffected 

people, and look for alleles or chromosomal segments that are shared by affected 

individuals (allele-sharing). Shared segment methods can be used within nuclear 

families (sibpair analysis) or within known extended families (Strachan et al, 1999). 

 

3.6.5 Affected sibling pair analysis 

 

If the mode of inheritance of a disorder is unknown, a nonparametric linkage 

approach, such as affected sib-pair analysis, can be performed. The theory behind 

this analysis is that regions that are shared by affected siblings or other relatives more 

often than expected by chance are identified. At a chromosomal locus, pairs of sibs 

are expected to share 0, 1 or 2 parental haplotypes with frequencies of 25%, 50% and 

25%, respectively. However, if both sibs are affected by a genetic disease, then they 

are likely to share whichever segment of chromosome carries the disease locus. If the 

disease is dominant, they will share at least one parental haplotype, and if the disease 

is recessive they will share both haplotypes. Affected sibs and their parents are 

genotyped to determine how often marker alleles in the affected sibs are shared 

identical-by-descent (IBD), i.e. inherited from a common parent (see Figure 3.5). 

Allele sharing at a chromosomal region that is occurring more frequently than 

expected by chance i.e. that is not consistent with random Mendelian segregation, is 

indicative of linkage (Kennedy et al, 2001). Therefore this type of method for 
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analysis tests whether affected sib-pairs share more parental alleles than expected 

under random segregation. 

  

 

 
 

Figure 3.5 An example of allele sharing in affected sib-pairs. Two affected sisters 

can share two, one or zero alleles at any marker locus with 25%, 50% and 25% 

likelihoods in the absence of linkage, i.e. with random segregation. In the 

simplified example above, there are four alleles (A, B, C and D) at a hypothetical 

marker locus. Both parents are heterozygous (mother's genotype= A/B and father's 

genotype= C/D). Assuming that the older affected sister has inherited the A/ C 

genotype, then there is a 25% chance in the absence of linkage that the younger 

sister has the A/C genotype; a 50% chance of the A/D or B/C genotypes, and a 

25% chance of the B/D genotype. Evidence of linkage of the disease gene to the 

marker locus would exist if the affected sisters shared the two alleles A and C, 

identical-by-descent from their parents, more frequently than expected by chance 

alone (Kennedy et al, 2001). 

 

3.6.6 Affected relative pair analysis 

 

When pedigrees are too large, such as in the case of some migraine families, an 

affected sib-pair analysis method may not give a true indication of disease linkage 

within the whole family. The sib-pair method could be applied to members of these 
extended pedigrees, by first compressing these large pedigrees into nuclear families. 

However, this method of analysis would be inefficient because it loses family and 
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disease inheritance information within these extended pedigrees. Therefore to 

overcome this problem a number of statistical methods have been developed to 

measure the extent of allele sharing among affected relative pairs from extended 

pedigrees.  
 

3.6.6.1 GENEHUNTER Program 

 

The GENEHUNTER program (Kruglyak et al, 1996) is based on a generalisation of 

the MAPMAKER/SIBS program (Kruglyak et al, 1995) for analysis of multipoint 

affected sib-pair data. GENEHUNTER can analyse extended pedigrees by extracting 

full multipoint inheritance information from families of moderate size, allowing IBD 

sharing among pairs or sets of relatives to be probabilistically inferred across the 

whole genome (Kruglyak et al, 1996). It is also able to compute parametric LOD 

scores, for diseases with genetic models. For complex diseases, however (with an 

unknown model), the result is expressed as a nonparametric LOD (NPL) score. NPL 

is based on calculating the extent to which affected relatives share alleles identical by 

descent and comparing the result across all affected pedigree members with the null 

hypothesis of simple mendelian segregation (markers will segregate according to 

mendelian ratios unless the segregation is distorted by linkage or association) 

(Kruglyak et al, 1996). NPL is robust to uncertainty about mode of inheritance, is 

much more powerful than commonly used nonparametric methods, and loses little 

power relative to parametric linkage analysis. NPL therefore appears to be the 

method of choice for pedigree studies of complex traits (Kruglyak et al, 1996). 

 

However there are some noteworthy restrictions to the GENEHUNTER linkage 

analysis method. First, the test has been shown to be conservative when the descent 

information is incomplete (Kruglyak et al, 1996, Kong et al, 1997, Nyholt DR, 2000). 

In this case the NPL score will tend to be conservative, since it will be averaged 

across the likely inheritance patterns (Nyholt DR, 2000). Second, the general shape of 

the "nonparametric linkage" (NPL) curve obtained tends to decrease between 

markers, because information is more incomplete. This contrasts with the results from 
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model-based (parametric) LOD-score analysis and with those from 

MAPMAKER/SIBS (Cordell et al, 2000).  

 

To resolve the conservativeness of the NPL statistic when IBD information is 

incomplete, Kong et al, 1997 proposed a likelihood approach, which has 

subsequently been implemented in the GENEHUNTER-PLUS (Kong et al, 1997) 

and ALLEGRO (Gudbjartsson et al, 2000) programs. These programs both produce 

nonparametric LOD scores by maximization of a single parameter in the numerator, 

on the basis of observed genotype data. The parameter represents the degree of allele 

sharing in a pedigree, where, under the null hypothesis, this degree of allele sharing 

equals zero; if greater than zero this parameter corresponds to the alternative of 

excess sharing. Therefore, these nonparametric LOD scores are asymptotically 

distributed in the same manner as the standard LOD score (Nyholt DR, 2000), where 

NPL curves conform in shape to traditional model-based LOD score curves (Cordell 

et al, 2000).   
 

3.6.6.2 ALLEGRO Program 

 

In 2000, Gudbjartsson et al developed a computer program for multipoint linkage 

analysis called ALLEGRO, where several improvements to the original 

computational algorithms of GENEHUNTER were made. In addition to providing 

these improvements in algorithms, ALLEGRO can also test multiple comparisons, 

including various allele sharing and disease models, simultaneously (Gudbjartsson et 

al, 2000). ALLEGRO has much of the functionality of GENEHUNTER and 

GENEHUNTER-PLUS, including calculating multipoint parametric LOD scores, 

NPL scores and allele-sharing LOD scores (interpreted in same way as LOD scores 

in traditional parametric analysis; Kong et al, 1997) based on the scoring functions S 

pairs (a statistic that measures IBD allele sharing between all pairs of affected 

relatives) and Sall. This function examines allele similarity across arbitrary subsets, 

not just pairs, of affected members and it does not require knowledge of the mode of 

disease inheritance or require unambiguous determination of IBD at the marker 
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(Whittemore et al, 1994). Other functions of ALLEGRO include reconstructing 

haplotypes, estimating recombination counts between markers and supporting the X 

chromosome in all calculations, including other functions (Gudbjartsson et al, 2000).  

 

However, like GENEHUNTER, ALLEGRO is restricted by the size of the pedigree 

to be analysed and therefore large pedigrees require some trimming, starting with 

unaffected members at the base (Lea et al, 2002). The ALLEGRO software package 

was utilised in the identification of the C1q31 susceptibility region for migraine with 

and without aura (Lea et al, 2002). 

  

3.6.6.3 MERLIN Program 

 

Multipoint Engine for Rapid Likelihood Inference (MERLIN) (Abecasis et al, 2002) 

is a new linkage analysis software program offering faster calculations of multipoint 

linkage likelihoods in larger pedigrees than has been possible with past programs 

such as GENEHUNTER and ALLEGRO (see Abecasis et al, 2002). The algorithms 

implemented in MERLIN are based on sparse binary trees that can be used to 

summarise the gene flow within pedigrees and an approach to identifying genotyping 

errors within pedigrees has been implemented, in the program, by focusing on 

genotypes that imply a recombination pattern that is not supported by the 

surrounding markers (Nicolae et al, 2002). Overall the MERLIN linkage analysis 

program carries out common single-point and multipoint analyses of pedigree data, 

including IBD and kinship calculations, nonparametric and variance component 

linkage analyses, error detection, information content mapping and the handling of 

X-linked data (Abecasis et al, 2002). However MERLIN does not calculate 

parametric LOD scores, as GENEHUNTER and ALLEGRO does and like 

GENEHUNTER and ALLEGRO, multipoint analysis is limited by the pedigree size. 

But for non parametric analysis, error checking and haplotyping, it will often be the 

fastest program (Dudbridge et al, 2003). The MERLIN program was incorporated in 

a chromosome 1 analysis within this thesis. 
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3.6.7 Association Analysis 

Linkage and association analysis studies are two completely different approaches to 

studying the genetics of complex diseases. Association analysis is simply a statistical 

statement about the co-occurrence of alleles or phenotypes (Strachan et al, 1999). 

The principle behind association, for example, is that when an allele is associated 

with a disease, if people who have the disease also have the allele more often than 

would be predicted from the individual frequencies of the disease and allele in the 

population, then the allele is said to be associated with the disease. Therefore, a 

disease-allele association occurs when an allele occurs more frequently or less 

frequently in individuals affected with the disease than in unaffected individuals. 

There can be a positive association, in which the allele occurs more frequently in 

individuals who are affected, or a negative association, in which the allele shows up 

less frequently in detected individuals (Lynch et al, 1998). Classic association studies 

are population-based case-control studies that compare the frequency of a given 

allele marker in unrelated persons with the phenotype and controls without the 

phenotype (Khoury et al, 1993). Typically, association studies are used to evaluate 

candidate genes (or regions), where a large amount of individual patient samples are 

usually needed and patients and controls being carefully matched for age, sex and 

ethnicity, to reduce variables. Association studies are easier to conduct than linkage 

analysis, because no multicase families or special family structures are needed, also 

reports suggest that association is more powerful than linkage for detecting weak 

susceptibility alleles (Strachan et al, 1999). Other advantages of population-based 

association analyses are that they can be applied in circumstances where successful 

linkage analysis is difficult or impossible. In association studies, mode of inheritance 

and penetrance of the disorder need not be specified and allelic and/or locus 

heterogeneity may be present. Additionally, case-control association studies often 

permit further refinement of a disease gene's localisation than is possible with linkage 

analysis. 

However, there are several factors that need to be considered if a claimed association 

is to provide reliable evidence of a nearby susceptibility locus. False positive results 
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may occur in these types of studies, usually caused by factors such as undetected 

population stratification in the sample used, where the population contains several 

genetically distinct subsets of which both the disease and an allele happen to be 

particularly frequent in one subset (Lander et al, 1994). Some association tests, such 

as the transmission disequilibrium test (discussed below) and the more recently 

developed genomic control and structured association tests, account for population 

stratification (Devlin et al, 2001). Also the effects of natural selection may give false 

positive results, where people who have a disease might be more likely to survive 

and have children if they also have the allele associated. Other false positive results 

can occur because of genetic drift, which are cumulative changes in gene frequency 

due to sampling variation (Khoury et al, 1993). Also another effect that can alter 

association results is admixture which is the joining of several subpopulations into a 

single population. If one of the populations has a greater risk of the disease in 

question, then any allele that is more or less common in that subpopulation than the 

other may be statistically associated with the disease (Lynch et al, 1998). Lastly, a 

founder effect may occur within a population when a subpopulation is reduced to a 

small number before the subpopulation increases in size, for example when a small 

group of individuals migrate to an isolated geographic region. This can lead to 

chance associations in the expanding population as a result of genetic drift (Khoury 

et al, 1993). 

 

3.6.7.1 Linkage disequilibrium 

 

An association study strategy, which can be used in some cases and is popular with 

SNP studies, is called linkage disequilibrium (LD) (see 3.5.3 SNPs and the HapMap 

project). In this approach one assumes that a genetic disease commonly found in a 

particular community results from a single mutation many generations in the past. 

This ancestral chromosome will carry closely linked markers that will be conserved 

through many generations. Markers that are farthest away on the chromosome will 

tend to become separated from the disease gene by recombination, whereas those 

closest to the disease gene will remain associated with it. By assessing the 
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distribution of specific markers in all the affected individuals in a population, DNA 

markers can be identified tightly associated with the disease, therefore localising the 

disease associated gene to a relatively small region (Harvey et al, 2000). If linkage 

disequilibrium is the cause of an association, there should be a gene near to the locus 

that has mutations in individuals with the disease. However, the particular allele at 

the locus that is associated with the disease may be different in different populations. 

A disadvantage of population-based association studies is that, if the subjects are 

very distantly related, evidence of LD may only be detectable over a very small 

genomic region, necessitating screening of a large sample with densely spaced 

genetic markers. This potential problem can be minimised through careful choice of 

study populations. Recently founded genetically isolated populations are ideal for 

population genetic mapping, as the size of the genomic region(s) in LD with the 

disease is likely to be relatively large, and more easily detectable. If such a 

population was founded by a relatively small number of individuals, the risk of 

extensive allelic and/or locus heterogeneity, which reduce power to detect a disease 

locus, is decreased (see Sheffield et al, 1995, Rannala et al, 2001, Rahman et al, 

2003). 

 

Overall association studies are best used in a candidate gene approach when 

considering markers that are either within or in close linkage with a gene that is 

related to the disease phenotype. Association studies performed with candidate genes 

can directly identify the disease gene when the tested polymorphism is in strong 

linkage disequilibrium with the disease allele or is the disease allele itself. However, 

practical difficulties that have risen in studies with applying a straightforward 

association analysis, where variables within either affected groups or control 

populations have produced spurious positive associations, has led to the development 

of family-based association studies. The most popular family-based association 

method is the transmission disequilibrium test (TDT) (Spielman et al, 1993, Schaid 

D, 1998). This test simply compares the number of parents who transmit one allele to 

their affected offspring with the number who transmit their other allele. The result is 

unaffected by population stratification (Schaid D, 1998). 
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When looking at an overall view linkage and association studies are complementary. 

Linkage operates over a long chromosomal range, whether parametric or 

nonparametric, these types of studies can scan the entire genome with reasonable 

effort. But association tests like the TDT have the opposite characteristics, where 

linkage disequilibrium is seldom striking over more than a megabase. A genome 

screen by TDT would involve an extremely large operation, however, a positive 

result would localise the susceptibility region rather accurately. A natural study 

design is therefore to start with a genome-wide screen by linkage, probably in 

affected sib pairs, and then, once an initial localisation has been achieved, to narrow 

the candidate region by linkage disequilibrium mapping (Strachan et al, 1999). 

Overall, association studies performed with candidate genes can directly identify a 

disease gene when the tested polymorphism is in strong linkage disequilibrium with 

the disease allele or is the disease allele itself. Association studies are a powerful 

approach for identifying common loci of modest effect. However, positive 

association studies are often not replicated in subsequent data sets. Careful attention 

to original and replication study designs can help increase the reproducibility of 

results. Specific steps to improve the reliability of data include fully assessing 

variation at a locus, obtaining appropriate sample size given the estimated frequency 

and effect of the target variant, and evaluating cohort stratification, for example, by 

comparing allele frequencies of randomly chosen markers in suspected 

subpopulations. These steps will provide higher confidence in positively associated 

variation as well as allow unassociated loci to be more definitively excluded. 

 

3.6.7.2 Hardy-Weinberg Equilibrium 

 

The Hardy-Weinberg Equilibrium (HWE) is a law describing the relationship 

between genotypes and alleles of a genetic trait.  This relationship allows prediction 

of genotypes from information about the alleles relying on the law of joint 

probabilities that the probability of two independent events is precisely equal to the 

product of the probabilities of the events (Hardy G, 2003). Godfrey Hardy, an 

English mathematician, and Wilhelm Weinberg, a German physician, through 
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mathematical modeling based on probability developed an equilibrium equation. 

Godfrey Hardy was a mathematician who was responding to a suggestion that in 

outbred populations (e.g. humans) the frequency of a dominant phenotype should rise 

to 3/4 under Mendel's law. He considered the equilibrium result a consequence of a 

little mathematics of the multiplication-table type (Hardy G, 2003). Wilhelm 

Weinberg was interested in working-out whether the ability to bear twins was a 

Mendelian trait.  Both of them developed an equation based on a number of 

assumptions, which are: organism is diploid, reproduction is sexual, mating occurs at 

random, generations are non-overlapping, where a population needs to be large 

enough to reduce errors, migration is zero, mutation is zero and natural selection does 

not affect the gene in question, also that there is no selective advantage for any 

genotypes. The simple equation utilizes a 1 locus, 2 allele approach (Hardy G, 2003, 

Griffiths et al, 1999). For biallelic markers (eg.SNPs), genotype frequencies are 

calculated using the HWE equation p2 + 2pq + q2, where p and q equal the allele 

frequencies observed in the study population. In this thesis the HWE statistical test 

was conducted as a control of genotyping errors for markers.  Once the HWE 

statistical test has been conducted, a chi-squared analysis can test these expected 

genotype frequencies against those observed in the study populations, determining 

how well the observed genotype distribution fits the expected (Hardy G, 2003). 

 

3.6.7.3 Chi-squared test of Association 

 

The chi-squared (χ2) test of association (for independence) is a non-parametric test 

that allows the comparison of two attributes in a sample of data to determine if there 

is any relationship between them. The idea behind this test is to compare the 

observed frequencies with the frequencies that would be expected if the null 

hypothesis of no association / statistical independence were true. By assuming the 

variables are independent, we can also predict an expected frequency for each cell in 

the contingency table. If the value of the test statistic for the chi-squared test of 

association is too large, it indicates a poor agreement between the observed and 

expected frequencies and the null hypothesis of independence / no association is 
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rejected. Chi-squared test for independence is a statistical test that compares 

experimentally observed numbers of items in several different categories with 

numbers that are predicted on the basis of some hypothesis. As part of this process a 

judgment has to be made about whether the observed numbers are close enough to 

those expected (Griffiths et al, 1999, Norwood et al, 1978). If χ2 is significant at a 

defined level, for example P< 0.05, then the two variables tested are said to be 

associated with each other.  

  

3.6.7.4 Odds Ratio 

  

The odds ratio is a measure of the increased risk of disease conferred to an individual 

who carries the deleterious genetic variant. An odds ratio of 1.5 would indicate that a 

person carrying the deleterious genetic variant is 50% more likely to develop the 

disease than someone carrying the non-deleterious allele. Therefore the odds ratio is 

a way of comparing whether the probability of a certain event is the same for two 

groups, where an odds ratio of 1 implies that the event is equally likely in both 

groups. An odds ratio greater than one implies that the event is more likely in the first 

group. An odds ratio less than one implies that the event is less likely in the first 

group. The Odds Ratio (OR) itself is an epidemiological statistic, which takes values 

between zero and infinity. One is the neutral value and means that there is no 

difference between the groups compared: close to zero or infinity means a large 

difference. An odds ratio larger than one means that group one has a larger 

proportion than group two, if the opposite is true the odds ratio will be smaller than 

one (Dunn et al, 2000). For this thesis the risk magnitude was estimated for genotype 

combinations by calculating odds ratios with 95% confidence intervals, with a P 

value of less than 0.05 giving significance for the test. 

  

3.6.7.5 CLUMP program 

 

Often when analysing microsatellite markers with a simple chi-squared test for allele 

frequencies observed in case-control populations, rare alleles may affect the simple 
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chi-squared statistics’ result. The Clump program overcomes this in producing a chi-

squared value by "clumping" columns together into a new two-by-two table in a way 

which is designed to maximise the chi-squared value. It assesses the significance of 

the departure of observed values in a contingency table from the expected values 

conditional on the marginal totals (Sham et al, 1995). The present implementation 

works on 2 x N tables and was designed for use in genetic case-control association 

studies. The significance is assessed using a Monte Carlo approach (see reviews: 

Molitor et al, 2004, Wijsman et al, 2004), by performing repeated simulations to 

generate tables having the same marginal totals as the one under consideration, and 

counting the number of times that a chi-squared value associated with the real table is 

achieved by the randomly simulated data. This means that the significance levels 

assigned should be unbiased (with accuracy dependent on the number of simulations 

performed) and that no special account needs to be taken of continuity corrections or 

small expected values (Sham et al, 1995). The output CLUMP produces is a 

significance value for four different statistics (T1: raw 2 × N table, T2: the original 

table with columns containing small numbers of cases clumped together, T3: A 2-by-

2 table obtained by comparing one column of the original table against the total of all 

the other columns and T4: a 2-by-2 table obtained by clumping the columns of the 

original table to maximise the chi-squared value), assessing the strength of evidence 

for a deviation from the null hypothesis that the underlying population frequencies 

are the same for the top and bottom rows (Sham et al, 1995). 

 

3.6.8 Mutation Analysis 

When one or more promising candidate genes are identified in a region, mutation 

screening of a gene can be performed. If multiple genes are candidates, those 

screened first for mutation are usually the most promising candidates, given the 

known genetic background of the disease phenotype. A gene that encodes a 

functionally uncharacterized protein can be evaluated as a candidate using 

information such as whether it has homology to proteins that have known functions 
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consistent with the disease phenotype, and/or whether it is expressed in the tissue or 

tissues most affected by the disease. 

3.6.8.1 Types of mutations 

The different types and categories of mutations that can occur in DNA are 

summarised in Table 3.1. In genetic disorders, the most common category of disease 

mutation is the single base pair substitution, in which a single base pair of DNA is 

replaced with another base pair. 

 

Table 3.1 The different categories and types of mutations in DNA 
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3.6.8.2 Methods of mutation screening 

There are a number of methods for identifying disease mutations. The most 

commonly used methods involve PCR amplification of the coding sequence of the 

candidate gene, using genomic DNA. Once PCR products have been generated, they 

can be analysed using one of several methods. The “gold standard” method is DNA 

sequencing, which involves directly sequencing both strands of the DNA. However, 

direct generation and analysis of DNA sequence can be expensive and time-

consuming, therefore other methods are sometimes used for screening (see Taylor et 

al, 2005). One common technique is single strand conformation polymorphism 

analysis (SSCP), where PCR products are denatured and then electrophoresed 

through a non-denaturing gel. DNA mutations may alter the conformation, and 

therefore the mobility, of the single-stranded PCR product, however, some mutations 

are not detected (see review Andersen et al, 2003). Three other common methods in 

mutation screening are, denaturing gradient gel electrophoresis (DGGE) (see review 

Fodde et al, 1994), mismatch cleavage (see reviews Taylor et al, 1999, Ellis et al, 

1998) and denaturing high performance liquid chromatography (DHPLC). These 

methods use various techniques to detect differences between homoduplex and 

heteroduplex DNA molecules. Heteroduplexes are double-stranded DNA molecules 

in which the sequence differs between the two strands. They are formed by 

denaturation and reannealing of a PCR product. Detection of mutations are 

performed by mixing affected PCR product samples with a PCR product from a 

control sample prior to denaturation, to ensure that heteroduplexes as well as 

homoduplexes will form and comparisons can be made between the two DNA 

molecules (Ruano et al, 1992, Xiao et al, 2001). In the future, mutation screening 

may increasingly be performed using oligonucleotide microarrays, however, these 

techniques are still being perfected (see Taylor et al, 2005). 

Overall these methods identify DNA samples with variations. The region, containing 

the sequence variation, then needs to be directly sequenced from that sample to 

precisely characterise the mutation. 
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3.6.8.3 DNA sequencing for mutation detection 

This thesis utilises the direct method of mutation screening. When identifying genetic 

loci that are linked to specific diseases, it is necessary to determine DNA sequence 

information in order to characterise the differences between the wild-type DNA and 

the DNA associated with a disease state. In many human genetic diseases, one 

chromosome copy contains a changed base (or bases) at a particular location in a 

gene. The result is that the DNA sequence data contain two different bases at that 

position, which indicates a heterozygote. In the context of automated DNA 

sequencing, heterozygote determination consists of detecting two electropherogram 

peaks at the same position (Figure 3.6) (Comparative PCR Sequencing, Applied 

Biosystems). In the case of genomic DNA mutations, the two bases that constitute 

the mixture normally appear as electropherogram peaks in a 50:50 mixture at a single 

base position. This mix represents the different allele types of the gene present in the 

two chromosomes (see Figure 3.6). 

 

 

Figure 3.6 A heterozygote mutation (single base-pair change) generates two peaks at 

the same base position (adapted from Comparative PCR Sequencing, Applied 

Biosystems). 

 

Automated fluorescent DNA sequencing, originally developed from Sanger Dideoxy 

sequencing (Sanger et al, 1977), uses fluorescent dyes for the detection of the 
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electrophoretically resolved DNA fragments. This thesis utilised dye-labeled 

terminator sequencing, in which the dyes are attached to the terminating 

dideoxynucleoside triphosphates (Prober et al, 1987) (Figure 3.7) (specifically 

BigDye Terminator v1.1, Applied Biosystems). The major advantages of dye-labeled 

terminator sequencing are convenience, since only a single extension reaction is 

required for each template, and the use of unlabelled primers, where false 

terminations, in which the DNA fragments are terminated by a deoxynucleotide 

rather than a dideoxynucleotide, are not observed. The major disadvantage of dye-

labeled terminators is that with every polymerase the pattern of termination with dye-

labeled terminators has been found to be less even than for dye-labeled primers, 

where the presence of small or large peaks can result in errors in automated base-

calling (Rosenblum et al, 1997). 

 

 
Figure 3.7 A cycle of dye terminator sequencing. With dye terminator labeling, each 

of the four dideoxy terminators (ddNTPs) is tagged with a different fluorescent dye. 

The growing chain is simultaneously terminated and labeled with the dye that 

corresponds to that base (adapted from Automated DNA Sequencing, Applied 

Biosystems). 

 

3.6.8.4 BigDye Terminator Cycle Sequencing 

 

As specified above, this thesis used an advanced form of fluorescent dye labeling in 

the sequencing reaction step with BigDye Terminator Cycle Sequencing (Applied 

Biosystems). Applied Biosystems has developed a set of dye terminators labeled with 

novel, high-sensitivity dyes, called BigDye terminators. The BigDye terminators are 

2–3 times brighter than the original dye terminators when incorporated into cycle 
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sequencing products; they also have narrower emission spectra than the original 

(rhodamine) dye terminators, giving less spectral overlap and therefore less noise. 

The brighter signal and decreased noise provide an overall 4–5X improvement in 

sensitivity and the nucleotide/dideoxynucleotide mixes have been optimised to give 

longer, more accurate reads above 700 bases, with more even peak heights (Figure 

3.8) (BigDye Terminator Cycle Sequencing, Applied Biosystems). 

 

 

 
 

Figure 3.8 Electropherogram displaying a sequenced product utilising BigDye 

Terminator v1.1 Cycle Sequencing chemistry. 

 

3.6.8.5 Automated fluorescence DNA sequencer 

 

The invention of the automated fluorescence DNA sequencer (Smith et al, 1985, 

Smith et al, 1986, Hood et al, 1987, Hunkapiller et al, 1991) has advanced the level 

of DNA sequencing. Until recently, the most commonly used format was a horizontal 

or vertical slab gel. The ABI377 DNA Sequencer from Applied Biosystems uses 

multicolor fluorescence labeling technology and four-dye, one-lane detection (Smith 

et al, 1985). A charge-coupled device (CCD) camera is used for sequencing rates up 

to 200 bases per sample per hour. It can run 18, 36, 64, or 96 samples simultaneously 

per vertical gel (Stuebe et al. 2000). Gel plates come in four different lengths to 

optimize run times and sample resolution. Figure 3.9 shows an example of 
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fluorescence sequencing on an Applied Biosystems DNA Sequencer compared to 

radioactive sequencing. 

 

 
 

Figure 3.9 Four colour/one lane fluorescent sequencing versus one colour four lane 

method such as radioactive sequencing. Applied Biosystems DNA sequencers, such 

as the ABI377, detect fluorescence from four different dyes that are used to identify 

the A, C, G and T extension reactions. Each dye emits light at a different wavelength 

when excited by an argon ion laser. All four colours and therefore all four bases can 

be detected and distinguished in a single gel lane or capillary injection (such as on 

the ABI310 Genetic Analyser) (Automated DNA Sequencing, Applied Biosystems). 

 

 

The process of sequencing on an ABI377 begins with the sequencing reaction 

products being loaded manually into each lane of a 0.2mm vertical slab gel, made of 

polymerized acrylamide. The fluorescent dye labeled DNA fragments migrate 

through the acrylamide gel and separate according to size. At the lower portion of the 

gel they pass through a region where a laser beam scans continuously across the gel. 

The laser excites the fluorescent dyes attached to the fragments and they emit light at 

a specific wavelength for each dye (see ABI377 DNA Sequencer User’s Manual and 

Automated DNA Sequencing, Applied Biosystems). 
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3.7 Summary 

 
Regardless of the method used for mutation detection, findings in affected 

individuals should be compared with those in control samples (ideally sex, age and 

ethnically matched), to help distinguish disease causing mutations from 

polymorphisms. If a particular disease mutation is found to occur frequently in 

individuals, a specific assay such as restriction digestion, for its efficient detection 

can be developed. There are a variety of ways in which a disease mutation in a gene 

can ultimately affect the function of the encoded protein, for example a mutation may 

affect transcription, mRNA stability, translation, or protein stability, localisation, or 

function. The functional consequences of a mutation can often be predicted based 

upon the sequence change induced. Complex disorders such as migraine require 

extensive background research and preparation. From collection of large, clinically 

diagnosed (according to strict criteria, eg, IHS guidelines) families and matched 

affected/unaffected populations, to designing mapping strategies for location of 

disease causing genes. The approach to complex disorders like migraine (utilising 

genomic DNA for studies) should follow a linkage and association strategy, followed 

by mutation screening. Gene expression analysis can also be incorporated into the 

overall susceptible gene identification strategy, using new technologies such as 

microarray. However, in the case of migraine, it is difficult to obtain fresh RNA from 

individuals during a migraine attack, as the disorder usually permits them not to give 

blood at the time. This is due to the severity of the disorder and the use of 

medications at the time of attack, which can affect experimental results. 
 

This thesis focuses on two main chromosomes for migraine susceptibility, 

chromosome 19 and chromosome 1, both of which have been reported to be 

susceptible chromosomes for common migraine (MA/MO) (chapter 2). As well as 

this an introduction to a new form of migraine is presented, perhaps the most severe 

form so far, in a case/mutation analysis study of migraine coma. 
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 CHAPTER 4 

MATERIALS AND METHODS 
 

 

 

4.1 Overview of Research Design 

 
The aim of this research was to investigate the molecular genetics of the common 

forms of migraine (MA and MO) in Australian Caucasians. Specifically, this research 

will investgate susceptibility regions and candidate genes. Since migraine is a 

complex disorder, the strategy of applying a combination of linkage, association and 

mutation analysis methods was employed. The studies incorporated into this thesis 

involved all three methods with microsatellite markers and SNPs being tested in and 

near candidate genes, as well as mutation screening of migraine candidate genes via 

direct sequencing. These individual studies were applied to a population sample of 

migraine affected pedigrees and/or matched, unrelated case-control populations from 

the east coast of Australia, as well as an isolated Norfolk Island population.  Blood 

samples for these test populations were ascertained through the Genomics Research 

Centre Clinic, Southport, QLD, Australia, where extensive clinical diagnosis took 

place. Each individual undertook an examination by a clinical neurologist and filled 

an approved, detailed questionnaire (Appendix 1) adhering to IHS guidelines 

(International Headache Society, 2004) for migraine. Individuals were either 

diagnosed as MA, MO, MA/MO or non-migraine. DNA was extracted from these 

samples and examined in linkage, association and mutation screening methods. 

Specifically, microsatellite markers were genotyped on chromosome 19 (LDLR; 

case-control populations) and chromosome 1 (FASL, plus full scan and fine 

mapping; pedigrees/case-control populations). Also SNP analysis took place on 

chromosome 19 (TNFSF7; case-control population) and chromosome 1 (ATP1A4, 
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CASQ1, KCNJ9, KCNJ10, CACNA1E; case-control population). Mutation analysis 

was undertaken on chromosome 19 (INSR, NOTCH3, CACNA1A-migraine coma 

mutation; pedigrees and case study) and chromosome 1 (ATP1A2; pedigree). The 

genotype data was analysed using statistical methods incorporating the programs 

MERLIN and CLUMP, with chi-square and Odds Ratio analysis also being 

conducted. Sequencing was analysed with the Sequencher program for mutation 

screening. These studies were conducted in order to determine, or refine the search 

for, a migraine susceptibility gene or genes. 
 

4.2 The Ascertainment of Subjects 

 
The subjects ascertained in these studies gave informed consent and ethical clearance 

was granted by the Griffith University Human Research Ethics Committee. The 

study individuals resided mainly on the east coast of Australia, where they were of 

Australian Caucasian origin. A separate isolated population was obtained from a 

small island off the east coast of Australia called Norfolk Island. This island is 

situated about 1600 kilometres east, north-east of Sydney, Australia and contains a 

useful genetic isolate population for genetic studies. Subjects, for all populations 

studied, were ascertained through media and support groups and they were carefully 

diagnosed with MA or MO, MA/MO or non-migraine affected. The diagnosis was 

performed by an interview with an experienced clinical neurologist (Professor John 

MacMillan) in accordance with IHS guidelines (International Headache Society, 

2004). During the process, subjects gave a medical history report by filling in an 

extensively detailed study questionnaire following strict IHS guidelines and also 

donated 20mls of blood. 
 

4.2.1 Norfolk Island isolate population 

 

The Norfolk Island population consisted of individuals from the 2000 Norfolk Island 

Health Study. The health study involved investigation of quantitative data via 
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biochemical analysis combined with phenotypic parameter measurements for an 

overall detailed cardiovascular health profile assessment. This population possesses 

unique characteristics that include a small number of initial founders and a small 

population size which expanded slowly in isolation from other populations. The 

history of the population is derived from Polynesian maternal origins and Bounty 

mutineers mostly of Isle of Man descent. The ancestry dates back to the 1780s and 

involves a single eleven generation complex extended pedigree. Approximately 600 

subjects from almost two thirds of the resident adult population participated in the 

health study. Information on these subjects was obtained from a medical history 

questionnaire, detailing lifestyle choices and medical conditions. Lifestyle choices 

included diet, exercise levels, smoking and alcohol consumption. Family and 

individual medical histories for complex disorders was provided, including data such 

as age, gender, height, weight, waist circumference, hip circumference, body mass 

index (BMI), percentage body fat, waist to hip ratio (WHR), ancestral data, 

biological parents, siblings and children. Blood samples were collected 

(approximately 20ml) and sent to the Queensland Medical Laboratory (Southport, 

Australia) for plasma biochemical analysis, then stored at the Genomics Research 

Centre at negative 80°C. DNA was extracted following a standard salting out 

protocol (Miller et al, 1988). From these 600 individuals, migraine diagnosis was 

also obtained and performed according to IHS guidelines (International Headache 

Society, 2004).  The migraine population drawn from the health study consisted of 

142 individuals (84 MA and 58 MO). A cholesterol level study was then performed 

on these migraine affected individuals and compared to a control population deriving 

from the same region (Norfolk Island). 

 

4.2.2 Case-control population 

  

The case-control population utilised within this thesis consisted of, in total, 540 DNA 

samples from unrelated individuals. Of these samples, 270 were migraine affected 

and 270 non-migraine affected, with controls being matched to case samples by age, 

sex and ethincity. The Migraine affected population contained 90% of subjects with a 
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known family history of migraine or at least one first degree relative suffering from 

the disorder. The migraine affected individuals had an average age of onset of 19 

years, average headache duration of 20 hours and a frequency of attack of 

approximately 30 per year. The case population consisted of 167 MA and 103 MO. 

The control population was derived from the same geographic region as the case 

population, coming from the East Coast of Australia. Less than 10% of these subjects 

had a positive family history of migraine and individuals were matched with the case 

population via age, sex and Caucasian ethnicity. This reduces the amount of variables 

affecting the outcomes of a genetic study, from which spurious results could arise 

due to possible population stratification. Individuals were interviewed by a clinical 

neurologist and diagnosed according with IHS guidelines (International Headache 

Society, 2004). Detailed questionnaires were filled, informed consent given and 

approximately 20mls of blood was taken from participating individuals at the 

Genomics Research Centre Clinic, Southport, QLD, Australia. 

 

4.2.3 Migraine pedigree population 

 

Two large multigenerational pedigrees were previously collected, analysed for 

clinical characteristics and utilised in migraine linkage studies (Figure 4.1) (Lea et al, 

2003, Nyholt et al, 1998a, Nyholt et al, 1998b, Nyholt et al, 2000, Lea et al, 2002). 

These two pedigrees included 81 participating individuals.  In migraine family 1 

(MF1), a total of 27 individuals were diagnosed as migraine affected, from whom 15 

were MA diagnosed and 12 suffered from MO. A further 24 individuals were 

unaffected with migraine. The male to female ratio of affecteds in this pedigree was 

30% male, 70% female. Migraine family 14 (MF14) contained 17 migraine affecteds, 

of which 12 were MA diagnosed and 5 MO affected. This family also contained 13 

unaffected individuals that participated in the study. The male to female ratio of 

affecteds in this pedigree was also 30% male, 70% female. As well as the large 

families MF1 and MF14, this thesis also ascertained and investigated a further 21 

small multiplex pedigrees. In total, 193 family members (76 males, 117 females) 

were studied in this 21 pedigree set. Of these individuals, 168 were diagnosed as 
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migraine affected (MA=130, MO=38), leaving 25 unaffected members. An overall 

ratio of 77% MA and 23% MO consisted in this pedigree set, with 32% male MA 

sufferers and 68% female MA. Of the MO sufferers 47% were male and 53% 

females. All families underwent strict procedures of clinical diagnosis, with the 

medical history being obtained through a detailed questionnaire, adhering to IHS 

guidelines. Selected MF1 pedigree DNA samples were utilised for mutation analysis, 

while MF14 and the 21 multiplex pedigree set DNA samples were utilised for 

linkage and mutation analysis. The diagnosis of all family members, either MA, MO, 

or unaffected (NM), was conducted by an interview with Professor John MacMillan a 

clinical neurologist in accordance with IHS guidelines (International Headache 

Society, 2004). DNA extracted from blood samples followed a standard extraction 

procedure described below. 
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Figure 4.1 The two large multigenerational pedigrees, migraine family 1 (MF1) and migraine family 14 (MF14) analysed within this thesis. Black 

circle = female affected, black square = male affected, MA or MO diagnosis indicated, MU number = DNA sample number available, proband 

indicated by an arrow. 
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4.3 DNA Extraction  
  

4.3.1 White Blood Cell Isolation 

 

DNA was extracted from whole blood samples for genetic studies, based on 

protocols by Blin et al, 1976 and Miller et al, 1988.  Firstly, 20mls of each blood 

sample was thawed from -80°C storage. The contents were then transferred into a 

50ml centrifuge tube by rinsing with NKM buffer (0.14M NaCl-30mM KCl-3mM 

MgCl2), then increased to a volume of 25ml with NKM and shaken. Each tube was 

then centrifuged at 4800rpm for 25mins at room temperature.  After centrifugation, 

the supernatant was poured off from each tube and discarded.  At this stage there is a 

thick white cell layer overlaying a red blood cell pellet, which was carefully left 

undisturbed.  An addition of 10ml of RSB buffer (10mM Tris pH 7.5-10mM NaCl-

3mM MgCl2 at 4°C) was added to the thick layer in order to lyse the remaining red 

blood cells.  The tubes were then shaken vigorously after increasing the volume to 

25ml with RSB buffer.  The tubes were then centrifuged at 4000rpm for 15mins at 

room temperature.  The supernatant was poured off and the remaining few milliliters 

pipetted off carefully leaving a white blood cell pellet, which was resuspended in 1ml 

of RSB buffer, 4ml of lympholysis buffer (50mM Tris-HCl, pH 7.5-50mM EDTA-

0.5mM NaCl-1% SDS) and 250µl of proteinase K. The tubes were then placed in a 

shaking waterbath overnight at 37°C. This step lyses the whole white blood cells 

obtained within the pellet.  

  

4.3.2 Genomic DNA precipitation and Extraction 

 

After overnight digestion of proteins from the white blood cells, 2ml of sterile 6M 

NaCl was added to each tube and shaken by vortex for 15secs.  The tubes were then 

placed in a centrifuge at 2500rpm for 15mins (room temperature).  The supernatant, 

which now contains DNA, was carefully decanted into 10ml tubes and centrifuged 

again to pellet any leftover proteins. After this repeated step the supernatant was then 

decanted again into fresh 10ml tubes. Volumes were then approximately measured 

off the tubes (each tube had labeled measurements on side) and two volumes of 

absolute ethanol was then added to each tube. The tubes were then gently swirled in a 
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circular motion in order to precipitate the strands of DNA. A plastic inoculation loop 

was then used to transfer the DNA into 2ml of sterile TE buffer (10mM Tris-Cl-

EDTA pH8). The 2ml microfuge tubes of DNA/TE buffer solution were then shaken 

in a 37°C waterbath for 4-6 hrs to dissolve the DNA. 

 

4.3.3 Ethanol Precipitation and Quantitation of DNA 

 

After 4-6hrs of dissolving the DNA, 100µl of the DNA/TE buffer solution was 

pipetted into a 2ml microfuge tube, where 200µl of negative 20°C absolute ethanol 

and 10µl of 3M sodium acetate was added on top of the DNA solution. The tubes 

were then inverted several times and “snapped” frozen by placing them gently into a 

container with liquid nitrogen for precipitation of pure DNA. After several minutes 

(approx 2-5min) the tubes were placed into a pre-cooled (4°C) microfuge at 

10000rpm for 15 minutes. After centrifugation the supernatant was “vacuumed” off 

by a fine glass pasteur pipette attached to rubber tubing and a custom conical 

flask/vacuum pump assembly. Care was taken not to disturb the remaining DNA 

pellet and tubes were then placed in a centrifuge vacuum dryer (Savant) on medium 

level for 4 minutes, repeating the step if necessary (avoiding excessive drying, 

otherwise DNA is difficult to re-suspend into solution). Pellets were then 

resuspended into solution by adding 100µl of sterile ultrapure water and mixing, or 

placed on a vortex if necessary. After initial mixing the tubes were placed into a 

shaking waterbath overnight at 37°C to completely dissolve the DNA into solution. 

The following day the concentration of DNA was determined by UV 

spectrophotometer. This was quantitated by reading total optical density (OD) at 

260nm wavelength of light, with an OD of 1.0 being equivalent to 50ng/ul of double 

stranded DNA. A 1 in 10 dilution (1µl of DNA and 9µl water) was made prior to 

each reading and 8 ul loaded onto a spectrophotometer. A water reference was used 

as the standard prior to each quantitation. 

 

4.3.4 Primer dilution and Preparation  

  

The oligonucleotide primer sequences for each PCR reaction were custom designed 

by Primer ExpressTM v 2.0 software (Applied Biosystems) or obtained from previous 

publications, Linkage Mapping Sets (Applied Biosystems) (see results, chapter 5). 
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Primers were purchased from either GeneWorks Pty Ltd, PROLIGO Primers and 

Probes or Applied Biosystems. No purification step was necessary as primers ordered 

were of PCR/Sequencing Grade. However dilutions were made with sterile ultrapure 

water in order to obtain working stocks of primers at 5µM concentration. 

 

4.3.5 Primer sequences 

 

Table 4.1 Primers designed for INSR gene sequencing (Chapter 5.2.2.2). 

 

INSR gene 

region 

Oligo 

Name

Sequence 5'->3' 

5' promoter region 5P.F1 TATGGTTAGGGATGGCACTTC 

5' promoter region 5P.R1 CAGTGCGCTCCCTGTGTTCAA 

5' promoter region 5P.F2 GCCCTATTCGAGGTCTCCG 

5' promoter region 5P.R2 CGGCACAGATCCTTTCTCTACCAT 

5' promoter region 5P.F3 ATGGTAGAGAAAGGATCTGTGCCG 

5' promoter region 5P.R3 CTCTGGGTCGCGATCTGC 

5' promoter region 5P.F4 CAGTCAGCTAGTCCGTCGGT 

5' promoter region 5P.R4 TAGCAGCGCGGCCACCGCC 

EXON 1 1.F1 CCATTCAGACTCCACCCAGGGT 

EXON 1 1.R1 CCGCTCCCCCTACGCGAT 

EXON 2 2.F1 CCCGGCTGGCTGCAGAGTTTA 

EXON 2 2.R1 TCGATCCGGACAGTTCCCCGG 

EXON 2 2.F2 TAACTACGCGCTGGTCATCTTC 

EXON 2 2.R2 CCATATGGCCTGCAAAAT 

EXON 3 3.F1 AGGAATTGGACAAAGCCATTTAT 

EXON 3 3.R1 GGTGCAAAAGTAGCATCTGAGAG 

EXON 4 4.F1 AATTAGCCAGGCACGGTGGCGG 

EXON 4 4.R1 CAGACTCCCAGCATGGTTCTAT 

EXON 5 5.F1 GAATGCTAAGGACTTCAGATTGT 

EXON 5 5.R1 CCTTAAGTTGTTCTAATACACG 

EXON 6 6.F1 GCCATGAAAACTTCCTCAACTTC 

EXON 6 6.R1 CACTTGAATCATGCTGAAACCAT 

EXON 7 7.F1 CAAAACTGGCTCTTACCTTTGAA 

EXON 7 7.R1 TGGTGAGATTGTAAAAAGGAACC 

EXON 8 8.F1 CATTAGATTGTTGGGTGAGTA 

EXON 8 8.R1 GAATTCACATTCCCAAGA 

EXON 9 9.F1 GCCCTCATGATGTCTTTAACTTG 

EXON 9 9.R1 GATAGAATGGAGTGTGTGTGTGTG 

EXON 10 10.F1 TGTATGTGTGGTGTGTTGTGTGAT 

EXON 10 10.R1 ACCTCTCGGTCCCTAAGTAATGA 

EXON 11 11.F1 CCAGGGTCAAAGCCAGGGTGCCCT 

EXON 11 11.R1 TTCTGAATTGGTGAAGCATCTGCT 

EXON 12 12.F1 CATTCCTGGCAGTCTGTATTGTA 
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EXON 12 12.R1 AAGCAGGGAATCACTTGACATAG 

EXON 13 13.F1 ACAGGTGGCAGAAGTGGGATC 

EXON 13 13.R1 ATCTTCCTGCGAAGTCAGGTATC 

EXON 14 14.F1 ACACTCCCAGATGTGCAAAG 

EXON 14 14.R1 AGCTGATAGGCCTGAGAGTCAA 

EXON 15 15.F1 GCTTCCAGAATACTGACCTCTGA 

EXON 15 15.R1 GGTTAGCTTCGGATATAAAGGTTTG 

EXON 16 16.F1 CTTACATACCTGTCTGATGGGCT 

EXON 16 16.R1 TGCAGCAAGGGCAGTTTGGC 

EXON 17 17.F1 CCGGCATGGGTCCTGGATCACAGA 

EXON 17 17.R1 GGAGGATACACCCTGTGTCCT 

EXON 18 18.F1 AGGCCACAGGGTGCTGTGTGTGA 

EXON 18 18.R1 CCAGGAGCGGGTGCTCCACCGAGT 

EXON 19 19.F1 ATCCCAGTGCTGCTGAAACA 

EXON 19 19.R1 TGCCCCTTTATATTATCAGAAAAGAC 

EXON 20 20.F1 CAGGTGAACCCCTCTTAGGGCT 

EXON 20 20.R1 AAGCCCAGCGTCCATCCACC 

EXON 21 21.F1 TTGCGTGTGTGTGTGCGTTT 

EXON 21 21.R1 AGCATGATGTAAAGACAAGCTAT 

EXON 22  22.F1 CTGCAGGGACAAGAGTGGG 

EXON 22 22.R1 GACATGGTAGAGTCGTGAGAAT 

EXON 22 22.F2 ATCCTTCCTAACAGTGCCTACC 

EXON 22 22.R2 ACAGGAAGTTTTGTCTTTTATACTG 

 

 

Table 4.2 Primer sequences utilised for Sequencing of NOTCH3 for the 

CADASIL mutations (Chapter 5.3.2.2). 

  

NOTCH3 
region 

Sequence 5'->3' 

 

Exon 2 
F-TCCTCCACCTTCCTTCAC 

R-ACACACAGGGCCCACTGGT 

 

Exon 3 
F-TGTGCTGCCCAACCAAGCCA 

R-ACTGACCACACCCCCGACTA 

 

Exon 4 

F-TAGTCGGGGGTGTGGTCAGT 

R-CCTCTGACTCTCCTGAGTAG 

 

Exon 5 

F-TGACCATCCTTGCCCCCTT 

R-CTGGCCTGTGGCACACAGAT 

 

Exon 6 

F-TGGACTGCTGCATCTGTGTG 

R-ACACGCCTGTGGCACAGTCA 

 

Exon 8 

F-ATCGCACTCCATCCGGCA 

R–ACCCACCTGCCATACAGA 
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Exon 11A 

F-ATTGGTCCGAGGCCTCACTT 

R–ACCTGGCTCTCGCAGCGTGT 

 

Exon 11B 

F-CCATTCCCAACCCCTCTGTG 

R–TGCCTGTGCTCCTGGCTACA 

 

Exon 14 

F-TCCCTGGCCTGACTACCTTC 

R–CTGCAGAGGGAAGGTGAGGT 

 

Exon 18 

F-GATCCTCCCTCCCACTCCTT 

R–AGGTCCCCAGTAACTCCA 

 

Exon 19 

F-ACTGACTCTAAGTGCTTCCC 

R–AGCAGGAGGTACGTGCATGA 

 

Exon 20 

F-TGTTCCTGTGCCACTCTCCT 

R–ACCTCCTCTTCCCTCTCCT 

 

Exon 22A 

F-TTCCTCTTGACCACCCCTCG 

R–TGGCAGGCACCTGAGCGACA 

 

Exon 22B 

F-CAGGATACACTGGTTTGCGC 

R–TGCCACGTTATGGATCAGCC 

 

Exon 23 

F-GATCTACATGCTCCCGCTCG 

R–TACTCCTCCTCCATAGGCCG 

 

 

Table 4.3 Primer sequences utilised for FHM2-ATP1A2 gene sequencing 

(Chapter 7.1.2.3). 

 

ATP1A2  gene region
Product
Size-bp

Forward/Reverse Sequence 5'->3' 

EXON 1 172 
ACCTATTTAAAGCTACCCTGTTGCTT 

CCCCTGCTCTTTAGGGATACTCA 

EXON 2 165 
GCCCCTCTCTTCCCTGACTCT 

CCAGCAGTTCCCTCACCATT 

EXON 3 171 
ATATGCATCTTAGATACCTCCTCCCC 

CTTGATGCTGCATGGTTTTCTT 

EXON 4 296 
CGGATGCGTGCCCCTAC 

GTTCAGGGTTGGAGGACAGTCA 

EXON 5 233 ACTGCCTGCTCATCCCAAGT 

  TTACAGCCTAGCCCAGAGCC 

EXON 6 226 
AAGCATTTCATGAGCTGCCTG 

CTCTGCACACAGCCTTCTCCT 

EXON 7 188 
GACTATGCACTCCTTCCTCCTCA 

TTCAGGATTCAGACTCTTTCCTACAG 
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EXON 8 325 
CACAAGGCACCCAACCTGAT 

CTCAGCCTGACCCACTCACA 

EXON 9 266 
ACCTTTTTTATTCTCCTCTTTCTCTACCA 

TCTAATCCTATCCACCCCCTCTG 

EXON 10 165 
TGGTTCCCCCTCATTTCCTC 

AACATACCTGGTGTGTGTCCTGAC 

EXON 11 203 
ACTGAATTCTTGTCTCTTCTGGCA 

TTATATCCCTCTCTCTTCCTCTGTCC 

EXON 12 247 
TCTCTGTAACTACCTGTTGTCTCTCCA 

TTCTGAGCCTCCTGTTTCTGG 

EXON 13 272 
TGCGGATCTCACTGATCCCT 

CAGCTCCTTGAACTCTGGCAT 

EXON 14 206 
TGTTGTCTCCTCTCCTTCCCA 

GGACGTGTTGATTAGGGCACA 

EXON 15 256 
GGGTCAGCTGTCTCTGTCCC 

CATGCTTGTCTTGGCCCTGT 

EXON 16 282 
AAGCATGGAGTGAGAGGCGA 

GTATCCTGCAAACCATCCCAA 

EXON 17 205 
CTGATGCCCTCAGAATCTCCC 

CCCTCCTCCACCTCCTGCGCT 

EXON 18 213 
CCCATTTCCTACCCCACACA 

TCATTCCTCTGAAAGCTGGGA 

EXON 19 246 
CTGCTTCCTGCTCTGACCCT 

CAGCTTCCCGTACCTTCACAC 

EXON 20 272 
ACACTCTCATCTGTCTCTGCCCA 

CCTCCTTACAGCTCTGGTCCAG 

EXON 21 170 
CCTGCCACCTCCTTTCTTTG 

CCCCGTATGACTACTCAGGCC 

EXON 22 204 
GCTGCTGACACTCTCCTCCAT 

GAGTGGAGTCTGCGTGTGGTC 

EXON 23A 352 
CCAAGCCCCTAGGAAATTGAT 

GGATGGAAAAGGATCTGGTCG 

EXON 23B 351 
GTGTTAGAGTCCCCCCGACC 

GGTCCCTTACCAGCCTCGAC 

EXON 23C 351 
ACTTGTCTCCCAGTCGAGGCT 

TGAGTGACATCCGGACCTTGT 

EXON 23D 361 
TCTTAGTCCACAAGGTCCGGA 

CGCACCCAGAAAAAGCAAAT 

EXON 23E 352 
TGCTTTTTCTGGGTGCGG 

CATTTGCCTGGAGGGAACAG 

EXON 23F 366 
ACGTCTTAGGTGGCAGGGC 

ATAAAGCAAAATTCCAGTGCAATG 

EXON 23G 364 
CACCTCCCAAAGGCTGTCAT 

GGTCACCAATAAAGATCCTGTAGATGT 

EXON 23H 243 
GCATGGGCTAATTATCATCAATCTTT 

CTACAAGCCGAGTTCTGCCAC 
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Table 4.4 Primer sequences utilised for SNP and CA polymorphism PCR 

amplication. (Positioning of genes (cM) based on NCBI Map Viewer using 

‘deCODE’ and ‘Genes On Sequence’ mapping data) (Chapter 7.2.2.3). 

 

 

 

4.4 PCR Amplification 
  

The DNA fragments of interest in these studies were amplified using a Applied 

Biosystems GeneAmp PCR System 9600 thermal cycler (Applied Biosystems), or 

Corbett Research thermal cycler equivalent (Corbett Research, Brisbane, QLD, 

Australia). All standard PCR reactions were carried out in final volumes of 10 to 

15µl with 20 to 40ng of DNA, 0.2µM final concentrations of each primer (forward 

and reverse, 5µM stock), 200µM final concentrations of dNTPs (5mM stock, 

Genesearch, QLD, Gold Coast, Australia), 1.75mM final concentration of MgCl2 

(25mM stock, Applied Biosystems) 1 X buffer II (10 X stock, Applied Biosystems), 

1 to 3 units (5 units/µl concentration) of Taq polymerase (custom made, Genomics 

Ref SNP ID GENE 
Recombination 

mapping position 
Sequence 5'→ 3' 

rs1130183 
 

KCNJ10 
 

155.96 – 156.04cM
F-GCAAGCCCTGCCTCATGA 

R-AGGGCATTGGAAGAGAGG 

rs2494211 
 

KCNJ9 
 

156.05 – 156.08cM
F-CAGGCACAGGCAGGAAGAG 

R-GTGATTCCAACGCACACTGG 

rs6427504 
 

ATP1A4 
 

156.13 – 156.17cM
F-GCTCCAAATGTCAGGTTCCC 

R-GAGTGCTAGGCTGCTGAGCA 

rs3747623 
 

CASQ1 
 

156.16 – 156.20cM
F-CCCCTAGGCTTAATCCAGGG 

R-GGGCAGGCAGTGGAGTTTT 

Nil 
FasL 

(CA Rpt) 
174.93 – 174.95cM

F-ACCATTTCACTCACACACAAC 

R-GGTAAGGGAAGCACAATAACTG 

rs704326 
 

CACNA1E 
 

181.83 – 182.42cM
F-CCTCATTACCTCTGGATTTGACATT 

R–CATTCACCAGAGACTGCCGTT 
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Research Centre) and sterile ultrapure water. The only variable that was adjusted for 

PCR optimistation was concentrations of MgCl2, ranging from 1.75mM to 2.5 mM 

final concentration. PCR reactions that required further optimistation utilised 

‘MasterAmp’ optimisation buffers (Epicentre Technologies, MasterAmp). This 

alleviated any PCR amplification problems arising from suboptimal PCR conditions 

of primer sets. 

 

Temperature cycling conditions for standard PCR amplification included an initial 

denaturation step at 94°C for 4mins. Then, 35 cycles of 94°C for 1 min and 60°C for 

1min (denaturation, annealing and extension of products) were conducted. A final 

extension was incorporated at 72°C for 2min, while the amplification terminated at 

4°C. PCR reactions that required further optimistation used different annealing 

temperatures ranging from 52°C to 60°C, with temperatures below 60°C requiring an 

extra extension step of 72°C for 30secs within the cycling parameter. Specific PCR 

amplification conditions for certain studies are outlined below. 

 

4.4.1 Specific PCR amplification conditions 

  

4.4.1.1 PCR conditions for Chapter 7.1.2.3 

 

The PCR reaction utilised final concentrations of MgCl2, Primers, dNTPs, 10x Buffer 

and Taq polymerase with 2.5mM, 0.2µM, 200µM, 1X and 1U respectively. 

Approximately 40ng of DNA per reaction was used in the initial PCR with cycling 

conditions consisting of 94°C for 4 minutes, then 35 cycles of 94°C for 1 minute, 

55°C for 1 minute and 72°C for 30 seconds. The final PCR extension consisted of 

72°C for 2 minutes. Any primer sets displaying weak PCR products were rerun 

through optimisation buffers E or F (Epicentre Technologies, MasterAmp), this 

alleviated any PCR problems arising from suboptimal PCR conditions. 
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4.4.1.2 PCR conditions for Chapter 7.2.2.3 

 

All PCR reactions for each SNP and the FasL marker utilised a standard protocol as 

above in Chapter 4.4. Cycling conditions for ATP1A4 and CASQ1 SNPs consisted 

of 94°C for 4 minutes, then 35 cycles of 94°C for 1 minute, 55°C for 1 minute and 

72°C for 30 seconds. The final PCR extension consisted of 72°C for 2 minutes. For 

KCNJ10 an annealing temperature of 57°C was needed while the FasL marker and 

CACNA1E SNP utilised a 35 cycle - 60°C annealing step without an extension step 

incorporated. 

 

4.4.2 Agarose Gel Electrophoresis 

 

In order to test PCR reactions and to investigate size range and quantity of PCR 

products amplified, some test samples were electrophoresed through 2% agarose 

(Promega) gels. The gel consisted of 1 gram of agarose, 50ml of 1x TAE (40mM 

Tris-acetate pH 8.0 2mM EDTA) and 6µl Ethidium bromide stain. Gel loading 

samples consisted of 2µl of loading dye (37% sucrose, 0.05% bromophenol blue, 

50mM EDTA pH 8.0) and 10µl of PCR product. Electrophoresis was carried out in a 

Pharmacia Biotech mini gel electrophoresis tank at 90 volts for 30min. After 

electrophoresis the stained PCR fragments were visualised on a Pharmacia Macrovue 

UV light box. A Kodak Gel Doc system was used to take digital photos of the gels, 

where they were either printed out or stored on computer. The process of simple 

visual verification by agarose gel electrophoresis of PCR amplification products is 

the first step in optimising PCR reactions. This is performed before full population 

studies are analysed on fluorescent/laser-based instruments (ABI310 or ABI377) 

with a particular microsatellite marker, SNP or sequencing product in question. 

 

4.4.3   Restriction Enzyme Digestion  

  

All SNPs in this thesis underwent restriction enzyme digestion. The digest conditions 

for the SNPs were as follows; 10ul of the original PCR product was combined with 
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10ul of a bulk mix made up of 3U of restriction enzyme (see results chapter), 1X 

enzyme buffer and H2O. These restriction digest samples were made in 96 well PCR 

plates and were then placed in a 37°C oven overnight. After digestion the products 

were loaded and electrophoresised on 3-4% high resolution agarose gels (Progen 

Resolution PLUS agarose combined with1x TAE (40mM Tris-acetate pH 8.0 2mM 

EDTA) and 8µl of Ethidium Bromide stain) where fragment sizes were determined. 

The electrophoresis apparatus used was a Pharmacia Biotech 96 well gel tank 

running at 100-110 volts for 60min. 

 

4.5 Genescan Analysis of Microsatellite Markers 
 

To test microsatellite markers, Genescan analysis was utilised in order to define the 

exact sizes of alleles within the populations tested. Allele sizes of PCR fragments 

differ in length between individuals as different individuals have a different number 

of repeat units in particular markers (eg. a dinucleotide CA rpt unit). Each PCR 

fragment length determines an allele being tested, usually over a whole population or 

family.  To test the exact size of alleles and therefore genotype of an individual, the 

PCR products were scanned on laser-based instruments, where they were 

distinguished within 1 base-pair accuracy. For this thesis genotyping was performed 

on an ABI310 Genetic Analyser, using GeneScan analysis v3.1 and Genotyper v2.1 

software (Applied Biosystems). The PCR products which were initially fluorescently 

labeled by the forward primer of the PCR reaction (either FAM-blue, HEX-yellow, 

TET-green or NED-yellow label) were loaded onto an ABI310 Genetic Analyser by 

first mixing 0.5 to 1.0µl of product with 0.5µl of internal size standard (either 

TAMRA or ROX label) and 12.5µl of deionised formamide (up to 5 markers were 

run in one lane or injection). After mixing, the tray of 96 samples with 

formamide/dye std mix was then heated to 95°C for 4 minutes on a thermo cycler, 

then placed on ice for 2min before loading on the ABI310. The PCR products were 

then injected for 5-10sec at 15kV and electrophoresed in POP4 polymer (Applied 

Biosystems) under a constant run current of 15µA and 60°C temperature, with 

10mW of laser power. GeneScan v3.1 software (Applied Biosystems) was utilised to 
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analyse the size of the fragments. This was determined by reference to the internal 

lane size standard (red) (TAMRA or ROX labeled) incorporated with the PCR 

product. Fragment size measurements are based upon the method of Carrano et al, 

1989, where a calibration curve is drawn (the Local Southern Method was utilised on 

the ABI310) against the size standard fragments to estimate the size of the PCR 

sample fragments. Size fragment peaks are displayed in an electropherogram format 

for ease of genotyping (see Figure 4.2). 

 

 
 

Figure 4.2 An example of an Electropherogram: 1. Cross hairs - displaying X and Y 

axis positions. 2. Magnifying glass - used to zoom in a specific area or hold down 

while pressing the option key to zoom out in successively smaller scale. 3. Legend 

Text - from the sample file. 4. Dye color indicator. 5. Plot color indicator. 6. Scroll 

bar - used to scroll horizontally. Red peaks are the size std (75, 100, 139, 150, 160, 

200, 300 and 350 base pairs; 250 and 340 are left out because of mobility changes). 

Markers are coloured blue for FAM label, green for TET and black for HEX (where 

black = yellow for ease of viewing). As can be seen several PCR products, labeled 

with different fluorescent dyes can be run in the same lane. Resolution of the ABI310 

is 1 nucleotide from 20-250 basepairs and 2 nucleotides from 250-350 basepairs 

(software utilised was GeneScan analysis v3.1, Applied Biosystems). 
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4.5.1 Genotyping of alleles 

 

Genotypes were called by imputing project files into the Genotyper v2.1 program 

(Applied biosystems), where allele sizes, in nucleotide basepairs, were called by the 

software and also corrected manually (Figure 4.3). Manual intervention was needed 

in distinguishing some peaks from background artifact peaks or stutter peaks. 

Artifact or stutter peaks are part of normal PCR amplification of di-, tri- and 

tetranucleotide microsatellite markers. These minor products are 1-4 repeat units 

shorter than the main peak or allele produced and may be caused by polymerase 

slippage during elongation of the DNA (GeneScan Reference Guide). The correct 

calling of genotypes was performed by experience in distinguishing between true 

peaks and stutter peaks. With dinucleotide repeat microsatellite markers PCR 

amplification can produce stutter peaks within a maximum range of eight base pairs 

 

 
 

Figure 4.3 An example of genotype calling with the Applied Biosystems Genotyper 

v2.1 software. Peaks are labeled according to size, where two main peaks indicate a 

heterozygote individual genotype and one main peak a homozygote. Peak labels can 

be selected on the main peaks only, while leaving stutter peaks unlabelled, correctly 

calling the genotype. 
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from the true allele peak (or peaks if heterozygote). An example of a stutter pattern 

for a dinucleotide repeat marker is illustrated in Figure 4.4 (GeneScan Reference 

Guide). Another problem that was considered in the genotyping of markers was a 

phenomenon known as a 3’ A Nucleotide Addition. This is the addition of a single 

nucleotide (usually Adenosine) to the 3’ ends of the two strands of a double stranded 

DNA fragment, catalyzed by Taq polymerase. This non-template complementary 

addition, results in a denatured PCR product that is one nucleotide longer than the 

target sequence (known as “plus-A”) (Figure 4.5). The plus-A factor can cause 

problems with Genotyper software (Applied Biosystems), forcing the researcher                                          

A. 

 
B. 

 
Figure 4.4 A. Typical pattern for a dinucleotide repeat homozygote (118.6/118.6bp, 

genotype). The peaks at 116.6, 114.6 and 112.6bp are the typical 2bp stutter pattern 

seen with dinucleotide repeats, representing 2bp, 4bp and 6bp stutters from the true 

118.6bp allele. B. Typical pattern for a dinucleotide repeat heterozygote (90/98bp, 

genotype). The 2bp stutter peak to the left of each allele peak is always of lower 

intensity than the allele peak itself. The larger 98bp allele peak is of lower intensity 
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than the smaller 90bp allele. In heterozygotes, the higher molecular weight allele 

often produces a fluorescent signal of lower intensity than the lower molecular 

weight peak, suggesting a less efficient amplification of the larger fragment 

(GeneScan Reference Guide). 

 

 

to inspect all allele calls and correct calls manually. There are several ways to avoid 

problems caused by incomplete 3’ A nucleotide addition. 

 

 
 

Figure 4.5 Split peaks resulting from incomplete 3’ A nucleotide addition (GeneScan 

Reference Guide). 

 

 

One method is to modify the thermocycling conditions by increasing the final 

extension step to 72 for 30-45min (instead of 2min used in this protocol), another 

method is to increase the Mg2+ concentration. This promotes the plus-A addition to 

completion producing single peak genotypes. Other methods are reverse primer 

tailing, which is adding additional nucleotides to the 5’ end of the reverse primer (see 

Brownstein et al, 1996 and Magnuson et al, 1996) and enzymatic treatment. The 

enzymatic treatment of products is performed by adding T4 DNA polymerase to 

remove the 3’ A overhangs from PCR products (see Ginot et al, 1996) (also see 

GeneScan Reference Guide and AmpFlSTR Profiler Plus PCR Amplification Kit 
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User’s Manual, Applied Biosystems, for an overview of treating plus-A). The pattern 

of plus-A addition peaks in genotyping, though can affect the automated genotyping 

in Genotyper software (Applied Biosystems), is easily identified by an experienced 

researcher and corrected manually. Therefore no plus-A removal procedures were 

undertaken in this thesis, which would have been both more time consuming and 

expensive. 

  

4.6 DNA Sequence Analysis for Mutation Screening 
 

A direct sequencing analysis approach was undertaken in this thesis, in order to 

detect for mutations in the sequence of candidate genes. This technique was 

employed for the INSR, NOTCH3 (chromosome 19) and ATP1A2 (chromosome 1) 

genes, where the coding regions were mutation screened. Custom designed 

oligonucleotide unlabelled primers were utilised for the PCR amplification of exons 

contained within the INSR, NOTCH3 and ATP1A2 genes. All primer sequences, 

unless previously published, were designed by Primer ExpressTM v 2.0 software 

(Applied Biosystems) and compared against the human genome for specificity by 

utilising the BLAST search in Ensembl Human Genome Browser. 

(www.ensembl.org/Multi/blastview?species=Homo_sapiens) 

(see chapter 4.3.5 for a list of  all primer sequences utilised in sequencing the INSR, 

NOTCH3 and ATP1A2 genes).   

 

4.6.1 The initial PCR amplification 

 

The initial PCR reaction for sequencing followed protocols for microsatellite marker 

PCR amplification mentioned above (chapter 4.4). PCR reactions were checked on 

agarose gels (protocol above chapter 4.4.1) in order to test the specificity of the PCR 

amplification reaction. If PCR products did not show strong, clean or tight banding, 

the PCR reaction was re-optimised by changing annealing temperatures or altering 

the MgCl2 concentration in the reaction (see chapters 5, 7). Following PCR 



 

 166

amplification the products were quantitated, using methods described above (chapter 

4.3.3).  

 

4.6.2 The Sequencing reaction 

 

A sequencing reaction was performed next, this was carried out by following the 

manufacturer’s protocol for the Applied Biosystems BigDye Terminator Cycle 

Sequencing Ready Reaction Kit v1.1 (Applied Biosystems). The kit contains a 2ml 

microfuge tube of BigDye Terminator Ready Reaction Mix, which has the four 

ddNTPs labelled with four different fluorescent tags (BigDye Terminators, Applied 

Biosystems). Specifically, the sequencing reaction contained the following 

concentrations of reagents: 25ng of PCR product, 4µl of BigDye Terminator Ready 

Reaction Mix v1.1, 3.2µM of one unlabelled primer (the sequencing reaction 

contains only one primer, either forward or reverse primer, for this thesis sequencing 

was performed in both directions) and sterile ultrapure water, made up to a final 

volume of 20µl. Each tube was mixed gently and placed into a thermal cycler (either 

Applied Biosystems GeneAmp PCR System 9600 thermal cycler or Corbett Research 

thermal cycler equivalent). The sequencing reaction followed the cycling conditions 

of  an initial step of 96°C for 5 minutes denaturation, then 25 cycles of 96°C for 

30secs, 50°C for 15secs and 60°C for 4mins. A final extension step of 60°C for 

4mins was added before cooling to 4°C. 

 

4.6.3 Removal of excess Dye Terminators 

 

To remove excess dye terminators a “clean up” step was performed on the 

sequencing reaction products. Excess fluorescent dyes can cause problems in reading 

sequences after automated fluorescent gel electrophoresis. Therefore a clean product 

(incorporating a clean up step) is needed, where left over dyes are removed, 

preventing the cause of “excess dye blobs” in the readable sequence, which may 

affect mutation screening (Figure 4.6).  
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Figure 4.6 An example of excess BigDye terminators from sub-optimal ethanol 

precipitation during the clean up step of sequencing (Gel (top) and electropherogram 

view). The numbered peaks on the electropherogram correspond to the numbered 

residual dye locations on the gel above. If the precipitation protocol is followed 

properly, residual dye locations 1, 5, 6, 7, and 8 are removed completely. 

Occasionally, residual dye in the areas marked 2, 3, and 4 show up even when the 

protocol is performed carefully. The energy transfer component of BigDye 

terminators means that a very small amount of residual terminator can be detected, 

where only the first 10 bases are affected (adapted from User Bulletin, Applied 

Biosystems, 1998). 
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The purification step is performed by conducting ethanol/sodium acetate 

precipitation in microfuge tubes. After the sequencing PCR reaction, the products 

were transferred to microfuge tubes and the following reagents were added; 2μl of 

3M sodium acetate (NaOAc), pH 4.6 and 50 μl of 95% ethanol (EtOH) at room 

temperature. The tubes were then vortexed briefly and left to stand at room 

temperature for 15min in order to precipitate the sequencing extension products. 

Tubes were then placed in a microfuge at maximum speed (approx 12000rpm) for 

20min. After centrifugation the supernatant was aspirated off by a vacuum pump 

setup described above (chapter 4.3.3), where care was taken not to disturb the pellet. 

Next the pellet was rinsed with 250μl of 70% EtOH and vortexed briefly, before 

placing the tubes in the microfuge at maximum speed for 10min. Again the 

supernatant was aspirated off by vacuum, then the pellet was dried in a vacuum 

centrifuge (Savant) for 4min, or until dry (without over drying). The samples could 

now be stored at negative 20°C before loading onto a DNA sequencer.  

 

4.6.4 Sequencing of Samples 

 

Before loading, the samples were resuspended into solution by adding 3μl of a 

formamide/dye mix (5:1 deionized formamide to 50 mg blue dextran/mL in 25 mM 

EDTA) and transferred to a 96 sample tray. The DNA sequencer used was an 

ABI377 sequencer (Applied Biosystems), which uses a slab gel setup and laser 

detection for fluorescent products. Approximately 2.5 hours before run time a gel 

was made, poured and left to polymerise. Specifically, a 0.2mm thick 5% 

polyacrylamide (acrylamide/bisacrylamide 29:1) 6M urea gel was used. This gel was 

made from a, pre-packaged, Long Ranger® Singel® Pack (50ml) for 377-36cm 

sequencing (BMA-BioWhittaker Molecular Applications, Rockland, ME), consisting 

of; 21.0 g urea, 8.4 ml 30% acrylamide, 1 X TBE buffer (10 X TBE-buffer: 108.0g 

Tris base, 55.0g boric acid, 7.4g Na2EDTA), 0.07% TEMED, 0.05% Ammonium 

Persulfate (APS) (10% APS: 0,1 g Ammonium Persulfate in 1 ml ultrapure water). 

After polymerisation, the gel plates were cleaned and prepared for placement on the 

ABI377 instrument, also the samples were denatured at 95°C for 4min and “snap” 
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cooled by placing on ice. The samples, contained in the 96-well tray, needed a 

special pipette loader (two-pitch, eight-channel loader, Kloehn Company, Las Vegas, 

NV) for loading onto the gel and were “stack” loaded according to procedures in 

ABI377 DNA Sequencer 96-Lane Upgrade User’s Manual, where 1.5μl of each 

sample was loaded onto the gel. Electrophoresis was run at 48 watt for an 8hr run 

time, with the collection of data occurring in “real time”. After the run, the ABI377 

automatically analyses the raw data using Sequence Analysis v3.3 software (Applied 

Biosystems), some manual intervention was needed to align the lane guides 

incorporated within the Sequence Analysis program. 

 

4.6.5 Sequence Sample analysis 

 

The analysis of all sequences was performed by using the SEQUENCHER™ v4.2 

(Gene Codes Corporation, Ann Arbor, MI) and EDITVIEW® v1.01 (Applied 

Biosystems) programs. Sequence data was analysed in two ways for mutation 

screening, by chromatograms (Figure 4.7) using the EDITVIEW program (Applied 

Biosystems) and as strings of sequence lettering using the SEQUENCHER program 

(Gene Codes). 

   

 
 

Figure 4.7 An example of a chromatogram produced by the EDITVIEW program 

(Applied Biosystems) displaying a cross-section of sequencing peaks, with sequence 

lettering displayed directly above the peaks. 
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In the SEQUENCHER program, sample sequences were imported and aligned 

against a control sequence (from NCBI nucleotide database) of that particular region 

(exon) in a candidate gene. The program automatically highlights regions or bases 

that show differences between the control sequence and the sample. If there were any 

differences, a further inspection was made with the reverse sample sequence of that 

region. Ambiguities in the sample sequences were further scrutinized by a detailed 

screening of the sequence chromatogram, using the EDITVIEW program (Applied 

Biosystems). Overall the chromatogram screening process involved inspecting 

underlying or overlapping peaks in the sample sequence at particular base 

ambiguities, which was produced in both the forward and reverse sample sequence, 

but not the control sequence. These base changes could have indicated a possible 

mutation spot in the sample sequence and further codon data analysis was performed, 

to determine whether particular base changes would cause an amino acid change 

during translation. 

 

4.7   Statistical Analysis  
  

4.7.1 Computer Software 

 

The software utilised in this thesis for statistical analysis included: the genetic 

statistical analysis programs MERLIN and CLUMP, which were downloaded from 

the Rockefeller University Statistical Genetics department internet site 

(http://linkage.rockefeller.edu/soft/list.html). Microsoft Excel Spreadsheet software, 

which included standard chi-square and Hardy Weinberg Equilibrium analysis, was 

also utilised. The Statistical Package for the Social Sciences (SPSS) version 10 

(SPSS Inc.) program was also utilised for Odds Ratio calculations and the 

CYRILLIC v3.0 program was used for all pedigree drawing. 
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4.7.2 Chi-Square Analysis 

 

Chi square is a non-parametric test of statistical significance for bivariate tabular 

analysis, this thesis utilised the statistic in association studies, comparing a migraine 

affected population against an unaffected one. The statistical significance, in chi-

square analysis, lets you know the degree of confidence you can have in accepting or 

rejecting an hypothesis, such as is a polymorphism associated with migraine disease 

or not. Typically, the hypothesis tested with chi square, in genetic analysis, is 

whether or not two different populations (a case and a control population) are 

different enough in allele or genotype distributions that it can be generalised from the 

samples that the populations from which the samples are drawn are also different in 

the allele or genotype distribution. 

 

Comparisons of allele and genotype frequency distributions for microsatellite 

markers and SNP variants in association studies conducted within this thesis utilised, 

Microsoft Excel Spreadsheet software, where comparisons were made statistically 

using standard contingency table analysis incorporating the chi-squared statistic of 

independence with corresponding degrees of freedom. The level of significance was 

set at P < 0.05 between the case and control populations tested. In performing 

standard chi-square analysis, allele frequencies were calculated from observed 

genotype counts for all polymorphisms examined in the association studies.  This 

analysis produced a χ2 statistic with 1 or 2 degrees of freedom for alleles and 

genotypes, respectively, in SNP and FasL microsatellite analysis (see chapter 7). For 

microsatellite analysis of the LDLR gene 2 (alleles) and 5 (genotypes) degrees of 

freedom was used. The analysis also produced corresponding P-values for all allele 

and genotype distributions (see chapters 5, 7). Chi-square analysis was run from a 

Microsoft Excel Spreadsheet environment from a standard computer. Odds Ratio 

calculations were incorporated in the association study of CACNA1E (chapter 7), 

where the risk magnitudes for the SNP variant in the gene and migraine disease, were 

estimated for genotype combinations by calculating odds ratios with 95% confidence 

intervals. 
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4.7.3 Clump Analysis 

 

Clump analysis (Curtis et al, 1995) was applied to test differences in the allelic 

distribution between the groups of migraine patients and the controls in association 

studies involving the microsatellite marker of the LDLR gene (see chapter 5). This 

program was useful for association testing of the LDLR gene, because the multi-

allelic marker produced sparse contingency tables, in which the CLUMP program 

could easily statistically analyse. In this analysis, the T1 statistic produced by the 

CLUMP program was utilised. This statistic tests that if there are small expected 

values in some columns (of either allele or genotype analysis) then this value might 

not follow the expected distribution of a chi-squared statistic with the number of 

columns (allele or genotype) -1 degrees of freedom, but the significance can be 

reliably assessed using Monte Carlo simulations (see Curtis et al, 1995). Therefore, 

the results from the test for the null hypothesis of no difference in observed allele or 

genotype distributions of the LDLR marker between the case and control 

populations, was assessed for significance using Monte Carlo simulations (see Curtis 

et al, 1995).  In testing for association with the LDLR marker, the CLUMP program 

was run over 5000 simulations to estimate the P-value of statistical significance (see 

chapter 5). The CLUMP program (downloaded from a link from the Rockefeller 

University Statistical Genetics department, above) was run off a standard computer 

under a DOS operating system. 

 

4.7.4 Hardy Weinberg Equilibrium Analysis 

 

Hardy Weinberg equilibrium analysis was used in association studies within this 

thesis, as a statistical tool to test against genotyping errors that may have occurred 

during the process of microsatellite marker or SNP genotyping. The hypothesis tested 

was if the marker genotype distributions of the migraine affected population were 

significantly different than in the unaffected, control population. If this hypothesis 

was true, then it is expected that the migraine affected distribution may not be in 

Hardy Weinberg equilibrium, compared to the control population. This simple 
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statistical tool, incorporated into the Microsoft Excel Spreadsheet environment, was 

utilised for a bialleic marker (FasL, chapter 7) and SNP analysis, where Hardy 

Weinberg equilibrium tests were performed on genotype data. To perform the Hardy 

Weinberg equilibrium test for multi-allelic markers, such as the LDLR microsatellite 

marker (chapter 5), a computer program was utilised; Hardy Weinberg equilibrium 

by Guo et al, 1992.  This program calculates the expected genotype frequencies for 

multi-allelic markers, where problems can arise of incorrect chi-squared P-values due 

to sparse genotype contingency tables (see Guo et al, 1992).  For the analysis of the 

LDLR microsatellite marker (chapter 5) genotypes in this thesis, a significance level 

of P ≥ 0.05 was used for acceptance of genotyping results and Hardy Weinberg 

equilibrium (see Guo et al, 1992).  

 

4.7.5 Pedigree Data 

  

In order to analyse pedigree or family data, firstly the raw genotype data had to be 

processed properly for imputing into a linkage analysis program. Genotype data from 

Genotyper v2.1 software (Applied Biosystems) firstly needed to be converted to 

“simple text” files from the ABI310 computer (MAC format), then the files were 

directly imported into the Microsoft Excel (spreadsheet) program. After formatting, 

the files were saved from Excel to text only (.txt) files, where they were imported 

into the PEDMANAGER program (Whitehead Institute of Biomedical Research, 

1995).  The PEDMANAGER program is used to convert the raw data from the Excel 

spreadsheet to a linkage analysis format for imputing into a linkage program. The 

PEDMANAGER program can also calculate microsatellite marker allele frequencies 

and determine Mendelian inheritance errors in the raw data.  If problems did arise 

from errors in calling genotypes, these were re-checked and called within the original 

files of the Genotyper program (Applied Biosystems). 
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4.7.6 Linkage Analysis using the MERLIN program 

 

MERLIN (Multipoint Engine for Rapid Likelihood Inference) carries out single-point 

and multipoint analyses of pedigree data, including IBD and kinship calculations, 

nonparametric and variance component linkage analyses, error detection and 

information content mapping. For multipoint analyses in dense maps, Merlin allows 

the user to impose constraints on the number of recombinants between consecutive 

markers. The program estimates haplotypes by finding the most likely path of gene 

flow or by sampling paths of gene flow at all markers jointly. It can also list all 

possible non-recombinant haplotypes within short regions. The Merlin program also 

provides swap-file support for handling very large numbers of markers as well as 

gene-dropping simulations for estimating empirical significance levels (Abecasis et 

al, 2002). In this thesis the MERLIN program was utilised in conducting non-

parametric multipoint linkage analysis for microsatellite markers selected for an 

extended linkage study on chromosome 1. The program was also utilised in linkage 

analysis for a complete chromosome 1 scan (see chapter 7). Data input was 

performed by utilising the PEDMANAGER program, while the program outputs 

LOD scores and corresponding P- values (see chapter 7). The MERLIN program 

(downloaded from a link from the Rockefeller University Statistical Genetics 

department, above) was executed from a standard PC under the windows operating 

system. 
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CHAPTER 5 

ANALYSIS OF MIGRAINE CANDIDATE 

GENES IN THE C19p13 SUSCEPTIBILITY 

REGION 

 
 

 

5.1 Investigation of the Low Density Lipoprotein Receptor 

Gene and Cholesterol as a Risk Factor for Migraine 
 

5.1.1 Specific Introduction 

 

5.1.1.1 Migraine susceptibility to Chromosome 19p13 

 

Chromosome 19 has been extensively studied in relation to migraine and the 

genomic region on 19p13 has been shown to be linked to the disease in several 

different studies (Nyholt et al, 1998, Terwindt et al, 2001, Jones et al, 2001, 

McCarthy et al, 2001, May et al, 1995). However, only in Familial Hemiplegic 

Migraine (FHM), a severe rare sub-type of migraine, have chromosome 19 gene 

mutations been identified in the calcium channel gene CACNA1A (C19p13) (Ophoff 

et al, 1996). FHM is considered to be a rare and severe form of MA and mutations in 

the CACNA1A gene on chromosome 19p cause FHM in ~50% of affected pedigrees 

(Ophoff et al, 1996). We have previously reported linkage to the CACNA1A region 

on chromosome 19 in one large family segregating MA and MO (Nyholt et al, 1998), 

although mutations in CACNA1A gene for this pedigree were not revealed (Lea et al, 

2001). 
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The NOTCH3 gene on C19p13.2-p13.1, previously shown to be a gene involved with 

CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy) (Joutel et al, 1996), may also be implicated in migraine as 

hemiplegic migraine may be an allelic disorder to CADASIL (Hutchinson et al, 

1995, Verin et al, 1995). Among six people who carried a mutation in the NOTCH3 

gene, Oberstein et al, 2003 found an increase in white matter hyperintensities on 

brain MRI in those who had migraine. INSR (insulin receptor) located on C19p13.2 

near the NOTCH 3 gene has also previously been implicated in migraine. McCarthy 

et al, 2001 found five SNPs within the insulin receptor gene that showed significant 

association with typical migraine. 

 

5.1.1.2 The Low Density Lipoprotein Receptor (LDLR) and Migraine 

 

LDLR (low density lipoprotein receptor) on C19p13.2 is located in the same genomic 

region as INSR and NOTCH3 and is an interesting candidate for migraine. LDLR is 

a cell surface receptor that plays an important role in cholesterol homeostasis, 

coordinating the metabolism of cholesterol, an essential component of the plasma 

membrane of all mammalian cells (Brown et al, 1979, who has won a Nobel prize for 

his work). Kozubski et al, 1986 studied the effect of total cholesterol level on platelet 

aggregation in patients with migraine. They found that during a migraine attack a fall 

was observed in the platelet aggregation index in the group with high cholesterol 

level. They concluded that cholesterol concentration may be one of the factors 

determining differences in platelet behaviour in migraine patients. However, Vecino 

et al, 1996, studied lipid composition of platelets in patients suffering from migraine 

without aura, but found that platelet hyperactivity in patients with migraine is not due 

to an altered lipid content of these cells.  

 

Recently, Mochi et al, 2003, investigated an LDLR gene polymorphism with 

migraine without aura. They tested a triallelic (TA)n repeat in exon 18 and found the 

allelic distribution of the (TA)n polymorphism was significantly different between 

migraine without aura and controls. They suggested a possible predisposition to 
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migraine without aura in their studied population through this polymorphism or 

another polymorphism in linkage disequilibrium with the (TA)n variant (Mochi et al, 

2003). 

 

5.1.1.3 Overview of this Study; LDLR, Cholesterol and Migraine 

 

In this study, we performed a migraine association study of the (TA)n polymorphism 

within exon18 of the LDLR gene (Zuliani et al, 1990).  The gene is located at 

C19p13.2 an area of interest for candidate genes of typical migraine.  

 

In addition to our initial LDLR genetic association study, we undertook analysis of 

cholesterol levels in an isolated population of individuals from Norfolk Island, 

located off the east coast of Australia to see if there was a relationship between 

migraine and cholesterol. The Norfolk Island population is derived from Polynesian 

maternal origins and Bounty mutineers mostly of Isle of Mann descent. The ancestry 

dates back to the 1780’s and the population possesses the unique characteristics of a 

typical genetic isolate in that the isolation of the individuals and strict quarantine 

laws ensures that the community shares very similar environmental influences. 

Analysis of cholesterol levels in migraine sufferers and in non sufferers was 

compared in this population. 

 

5.1.2 Materials and Methods 

 

The overall examination of LDLR and cholesterol in typical migraine utilised two 

distinct and separate populations. The association analysis examined Australian 

Caucasian individuals affected and unaffected with typical migraine. The cholesterol 

level analysis utilised an isolated migraine case-control population from Norfolk 

Island. 
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5.1.2.1 Population Group Association Analysis 

 

The Subjects ascertained for this study consisted of Australian Caucasians, whereby 

collection and diagnosis procedures followed as per Chapter 4.2, 4.2.2. The 

individuals for the migraine population were grouped together as total migraine 

affected of which there were 242 patients, then split into subgroups of migraine with 

aura (147 individuals) and migraine without aura (95 individuals). The control 

population consisted of 242 non-migraine affected individuals chosen according to 

matching criteria (age, gender and ethnicity). 

 

5.1.2.2 Population group Cholesterol level study 

 

Individuals were obtained from a large community-based sample of migraine 

affected individuals identified from data collected during the 2000 Norfolk Island 

Health Study. This population possesses the unique characteristics of a typical 

genetic isolate in that it was recently (within the last 200 years) founded by a limited 

number of individuals from diverse ancestral backgrounds and the community has 

remained relatively isolated both genetically and environmentally. The 2000 Norfolk 

Island Health Study involved obtaining information on risk factors for heart disease 

but also investigated the existence of other health conditions in this population. Data 

was collected for factors such as obesity, hypertension, smoking, alcohol 

consumption, sedentary lifestyles, oral contraception, menopause and HRT, random 

blood sugars and diabetes, existing heart disease and family history, blood lipid 

profiles and multiple risk factors. The age, sex and birth distribution of this sample 

population is displayed in Figure 5.1, Table 5.1 and Figure 5.2. 

 



 

 179

age category

80+70-7960-6950-5940-4930-3920-2910-19 

Pe
rc

en
t 

30 

20 

10 

0 
3

11

1819

22

17

7

2 

 
Figure 5.1 Age Distribution of the Norfolk Island Health Study population (adapted 

from Norfolk Island Public Health Results Report, 2000). 

 

 

 

 

 

Table 5.1 Sex Distribution of the Norfolk Island Health Study population 

(adapted from Norfolk Island Public Health Results Report, 2000). 
 

 

Sex N Percent 

female 339 56.7 

Male 259 43.3 

Total 598 100.0 
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Figure 5.2 Birth Distribution of the Norfolk Island Health Study population (adapted 

from Norfolk Island Public Health Results Report, 2000). 

 

 

Migraine diagnosis was also obtained and performed according to IHS guidelines 

(International Headache Society, 2004).  The migraine population consisted of 142 

individuals (84 MA and 58 MO) of which 106 were female and 36 male ranging 

from 12 to 94 years of age. The control population, drawn from the same community, 

consisted of 290 non-migraine affected individuals of which 138 were female and 

152 male ranging from 15 to 95 years of age. The blood samples obtained were 

analysed biochemically for fasting lipid levels at the Queensland Medical 

Laboratory, Southport, QLD, Australia. 

 

5.1.2.3 Genotyping analysis 

 

The association analysis study, consisting of an Australian Caucasian population of 

affected and unaffected migraine sufferers, used a highly polymorphic marker 

labelled with FAM fluorescent dye. This marker spanned the (TA)n polymorphism 

on exon 18 (nucleotide 4780) of the LDLR gene (Zuliani et al, 1990). The primer 

sequences of this marker are displayed below:  
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Primer Sequences: LDLR (TA)n exon 18 (Zuliani et al, 1990). 

 

GZ-7 = CACTTTGTATATTGGTTGAAACTGT 

GZ-8 = CACTGAACAAATACAGCAACCAGGG 

 

 

PCR amplification was performed using standard conditions (Chapter 4.4) and the 

resulting fragments were sized using electrophoresis on an ABI310 Genetic 

Analyser. The data was then genotyped using Genotyper 2.1 software. 

 

5.1.2.4 Statistical Analysis 

 

The allele frequency distributions for the LDLR marker, tested in individuals that 

suffered from migraine with and without aura, were analysed. In a separate analysis 

MA and MO affected migraine individuals were split into two groups. Association 

analysis was performed using the standard chi square test and the CLUMP program 

(Sham et al, 1995). The CLUMP program is useful for association testing when 

markers produce sparse contingency tables and was run over 5,000 simulations to 

estimate the P value for this analysis. 

 

5.1.3 Results 

 

5.1.3.1 Association Analysis 

 

Association testing using independent groups of 242 unrelated, Australian Caucasian, 

migraine affected and control populations was performed. Comparison of allelic 

distributions for the LDLR marker did not provide any evidence for alteration 

between all migraine affected (total affected, MA and MO) and control groups 

examined, either by genotype or comparison of individual alleles (Tables 5.2 and 

5.3). All Monte Carlo simulations performed by CLUMP yielded a P value greater 
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then 0.05 indicating non-significance with the lowest P value being 0.191 for the 

LDLR genotypes of total migraine affected versus the controls (Tables 5.2, 5.3). 

 

Table 5.2 Genotypes obtained for LDLR through MA, MO and the total 

population for migraine affected individuals as well as the control population 

(Chi-square results are displayed below). 

 

Group LDLR Genotypes N Genotypes 

 106/106 106/108 106/112 108/108 108/112 112/112  

MA 62 21 54 1 4 5 147 

MO 45 13 34 1 1 1 95 

Total 107 34 88 2 5 6 242 

Controls 107 32 75 2 10 16 242 

Affected vs controls: χ2 = 7.31, P = 0.191, DF = 5. CLUMP:(T1) P = 0.199 

MA vs controls: χ2 = 3.35, P = 0.646, DF = 5. CLUMP:(T1) P = 0.646 

MO vs controls: χ2 = 6.85, P = 0.232, DF = 5. CLUMP:(T1) P = 0.232 

 

 

Table 5.3 Populations grouped by the LDLR allele set in basepairs (Chi-square 

results are displayed below). 

 

Group LDLR Alleles N Alleles 

 106 108 112  

MA 200 27 74 301 

MO 138 16 37 191 

Total 338 43 111 492 

Controls 322 46 117 485 

Affected vs controls: χ2 = 0.60, P = 0.742, DF = 2. CLUMP:(T1) P = 0.742 

MA vs controls: χ2 = 0.07, P = 0.966, DF = 2. CLUMP:(T1) P = 0.966 

MO vs controls: χ2 = 2.23, P = 0.327, DF = 2. CLUMP:(T1) P = 0.327 
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Using a simple chi-square test with the LDLR allele set the results for MA vs 

Controls gave χ2 = 0.07 and P = 0.966, MO vs Controls, χ2 = 2.23, P = 0.327 and 

Total migraine affected vs Controls, χ2 = 0.60, P = 0.742 (Table 5.3), this was also 

confirmed by CLUMP analysis with only slight differences in the statistical figures. 

There was also no significant difference comparing the MA and MO populations, χ2 

= 2.03, P = 0.363. Hence there was no significant difference between the populations 

either by combining or separating migraine with aura or migraine without and 

comparing the two against each other or against controls. 

 

5.1.3.2 Cholesterol level study 

 

Cholesterol levels from a Norfolk Island migraine affected population were obtained 

from 142 individuals. Total cholesterol, triglycerides, HDL (high density lipoprotein 

cholesterol) and LDL (low density lipoprotein cholesterol) averages were calculated 

and the results displayed in Table 5.4. Total cholesterol, triglycerides and LDL were 

all above the recommended lipid target levels. The control population, drawn from 

the same group, consisted of 290 non-migraine affected individuals (see Table 5.4 

showing the average lipid values for the controls). 

 

The differences in lipid levels between the two populations were only minor. Total 

cholesterol for controls compared to the migraine population was slightly lower 

being 5.707mmol/L versus 5.943mmol/L for migraine affected, although LDL was 

slightly higher at 2.939mmol/L compared to 2.824mmol/L. The triglycerides were 

normal for the controls but when comparing mean levels against the total migraine 

affected population, the difference between triglyceride levels were non significant 

(P = 0.414). Student T-Test (a statistical test of the null hypothesis that the means of 

two normally distributed populations are equal) results between the two populations 

for total cholesterol, triglycerides, HDL and average LDL levels, were non- 

significant with all P values greater than 0.05. 
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Table 5.4 Average Cholesterol levels obtained from a migraine affected 

population of 142 individuals and a control population consisting of 290 

individuals. (* = Standard Deviation). 

  

 

Values in 

mmol/L 

Average 

Total 

Cholesterol 

Average 

Total 

Triglycerides 

Average 

HDL 

(protective) 

Average 

LDL 

(atherogenic) 

Migraine 

Affected 

Population 

 

5.943 
(*3.728) 

 

2.106 
(*1.227) 

 

1.381 
(*0.354) 

 

2.824 
(*0.913) 

 

Control 

Population 

 

5.707 
(*1.199) 

 

1.961 
(*1.314) 

 

1.402 
(*0.387) 

 

2.939 
(*1.021) 

Recommended 

Lipid Target 

Levels 

 

< 4.0 

 

< 2.0 

 

> 1.0 

 

< 2.5 

 

(Recommended Lipid Target Levels from “Lipid Management Guidelines 2001” - 

National Heart Foundation of Australia and Cardiac Society of Australia and New 

Zealand) (http://new.heartfoundation.com.au/downloads/lipid_guide_2001.pdf) 

 

 

For the comparison of MA and the MO population, migraine with aura had a slightly 

higher, yet non-significant, average reading of total cholesterol, but triglycerides 

were slightly lower, LDL was similar with 2.812 for MA and 2.842mmol/L for the 

MO subgroup (Table 5.5), which was also similar to the HDL levels (1.403 for MA 

and 1.348mmol/L for MO). Overall, triglycerides, HDL and LDL were all similar in 

value between the two migraine affected subpopulations (P>0.05) (Table 5.5) and 

there was no significant difference in any lipid levels in migraine affected 

populations compared to controls. 
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Table 5.5 Average Cholesterol levels obtained from 84 MA and 58 MO affected 

individuals from the typical migraine affected population. (* = Standard 

Deviation). 

  

 

Values in 

mmol/L 

Average 

Total 

Cholesterol 

Average 

Total 

Triglycerides 

Average 

HDL 

(protective) 

Average 

LDL 

(atherogenic) 

 

MA affected 

Population 

 

6.112 
(*4.757) 

 

1.991 
(*1.263) 

 

1.403 
(*0.366) 

 

2.812 
(*0.928) 

 

MO affected 

Population 

 

5.695 
(*1.129) 

 

2.276 
(*1.178) 

 

1.348 
(*0.335) 

 

2.842 
(*0.898) 

Recommended 

Lipid Target 

Levels 

 

< 4.0 

 

< 2.0 

 

> 1.0 

 

< 2.5 

 

(Recommended Lipid Target Levels from “Lipid Management Guidelines 2001” - 

National Heart Foundation of Australia and Cardiac Society of Australia and New 

Zealand) (http://new.heartfoundation.com.au/downloads/lipid_guide_2001.pdf). 

 

5.1.4 Discussion 

 

Low density lipoprotein (LDL), the major cholesterol transport protein in human 

plasma, binds to specific receptors on mammalian cells and is taken up by receptor 

mediated endocytosis and digested in lysosomes, thereby delivering cholesterol to the 

cells (Goldstein et al, 1979). Patients with migraine have a platelet 

hyperaggregability (Couch et al, 1977), and platelets share many metabolic 
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characteristics with serotonergic neurons and endothelial cells (D'Andrea et al, 1995). 

Shattil et al, 1975 found that the cholesterol content of platelets is dependent on the 

lipid composition of the milieu and that cholesterol acquired by platelets may exert 

its effect on platelet function by a modification of the platelet membrane. 

 

Hedman et al, 1988 studied platelet function in classic migraine during attack-free 

periods; they found that migraine cases had higher levels of LDL-cholesterol. The 

data showed a decreased functional capacity of platelet beta-adrenoceptors and an 

altered metabolism of prostacyclin and LDL-cholesterol. Plasma coagulability, 

although much less studied, is also enhanced during migraine attacks (Kalendovsky 

et al, 1977). Hering-Hanit et al, 2001 suggested that there is activation of the clotting 

system in certain patients with migraine with aura. Therefore, evidence suggests that 

platelet aggregation and plasma coagulability could point towards abnormalities in 

the plasma cholesterol component and may play a part in migraine. Thus genes 

involved in cholesterol regulation and coagulation are potential candidates for 

migraine, including LDLR. 

 

However, our LDLR results show no significant difference between the three 

populations tested (MA, MO and total affected) versus the controls using the (TA)n 

marker on exon 18 of the LDLR gene. This is in contradiction to Mochi et al, 2003, 

who found significant differences in the distribution of the LDLR (TA)n alleles, in 

MO patients versus both controls and the MA subgroup. Looking at the frequencies 

of the three alleles, Mochi et al, had an average frequency of around 69% for allele 1 

(106bp), over the three groups (controls, MA, MO), 11% for allele 2 (108bp) and 

20% for allele 3 (112bp). The present study gave frequencies of 69%, 9% and 22% 

respectively for the three alleles. Between the two studies, there are only slight non-

significant differences in the frequencies of the alleles in all migraineurs combined.  

 
An area where differences could have risen between the two studies is between the 

case and control groups of the studies. Mochi et al, mention the stringent procedures 

they used in obtaining their populations, but did not age and sex match their case and 
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control populations to each other as we did. This could have a bias effect in 

association statistical analysis giving false results by not clearly isolating the disease 

itself as the factor being tested between the two main groups. The fact that the 

genotypes obtained for the (TA) polymorphism in the control group by Mochi et al, 

were not in Hardy-Weinberg and the fact that they only observed the genotype 2/4 

(108/112) in one subject compared to the 6.8 expected, may also have had an effect 

on their statistical significance.  

 

Mochi et al, could not explain their significant difference obtained between the MO 

patients and the two other populations in terms of the mechanisms involved of the 

LDLR gene to MO within their analysed population or in general. They stated that 

(TA)n, in particular, is a polymorphism in an untranslated-3'-region of exon 18 in the  

gene, and it is therefore difficult to envisage a direct pathogenic role for this 

polymorphism in migraine without aura (Mochi et al, 2003). One study describing 

this polymorphism, found it not to be functional when concerning the regulation of 

plasma cholesterol level (Weiss et al, 1997). However, the (TA)n alleles could 

conceivably exert functional influences independently of cholesterol levels (Mochi et 

al, 2003), for example regulatory mechanisms involving the blood clotting system 

(Chaves et al, 1996), which points towards a co-morbidity factor for migraine (see 

Moschiano et al, 2004 and Hering-Hanit et al, 2001). The LDLR gene has several 

exons homologous with proteins involved in the coagulation cascade and with 

complement fraction proteins (Mochi et al, 2003). Also since the (TA)n allele occurs 

in the 3’ region of the gene, a region important to mRNA stability, this allelic 

variation may affect both stability of the mRNA transcript and translation of the 

product.The mRNA of LDLR also seems highly unstable, for example, there are 

many known mutations in LDLR that cause the genetic disease familial 

hypercholesterolemia (close to 1000 mutations, see www.ucl.ac.uk/fh/muttab.html). 

These point mutations alter side chains that form conserved packing and hydrogen 

bonding interactions in the interior and interdomain interface, affecting the structural 

integrity of the LDLR gene (see Jeon et al, 2001). The sequence of mRNA contains a 

3' untranslated region of 2.5 kilobases that not only includes the (TA)n allele but, 
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multiple copies of the Alu family of repetitive DNAs (Yamamoto et al, 1984). Alu 

sequences are short stretchs of DNA characterized by the action of Alu restriction 

endonuclease. They are the most abundant mobile elements in the human genome 

and various inherited disorders have been caused by Alu-mediated recombination. 

This includes: insulin-resistant diabetes type II, Lesch–Nyhan syndrome,Tay–Sachs 

disease, complement component C3 deficiency, familial hypercholesterolaemia, 

thalassaemia and several types of cancer, including Ewing sarcoma, breast cancer 

and acute myelogenous leukaemia (Batzer et al, 2002). Variations in the (TA)n 

polymorphism may affect a number of different mechanisms within the gene, 

including possible recombination events that may occur between two repetitive 

sequences of the Alu family, which can cause sequence deletions. Alu sequences 

have been observed at the deletion joints of all four gross deletions in the low density 

lipoprotein receptor gene that have been characterized for familial 

hypercholesterolemia (Lehrman et al, 1987). Also it has been suggested that 

recombination between Alu sequences may be a frequent cause of deletions in the 

human genome. (Lehrman et al, 1987). 

 

Our analysis of cholesterol in a population affected with typical migraine gave results 

with average elevated levels of total cholesterol, triglycerides and LDL, all above the 

recommended lipid target levels. The same was viewed for the controls except for 

triglyceride levels which were within the recommended range. Comparison with 

Australian data from the 1995 National Nutrition Survey suggest that the prevalence 

of overweight and obesity amongst the Norfolk Island community mirrors and 

exceeds that observed in the overall Australian population. Also 75% of the health 

study population have at least 2 cardiovascular risk factors which could contribute to 

cardiovascular disease (CVD). Many of the CVD risk factors identified are lifestyle 

related and are largely preventable. This could give some indication of why average 

cholesterol levels are elevated within this island community. Dietary habits on the 

island include significant amounts of food frying and also addition of dairy additives, 

such as cream and cheese to vegetable and fruit dishes. There is a limited amount of 

reduced fat dairy products or polyunsaturated or olive oils used in the diet. This may 
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to a certain extent explain the high cholesterol levels seen in the island population. 

Although it is possible that these high levels may have masked some migraine 

specific cholesterol effect, it is unlikely that this effect is high or very significant. 

Overall our cholesterol level study has shown that there is no significant difference 

between a migraine affected population compared to a non-migraine control 

population when comparing cholesterol levels and looking at LDL levels in 

particular. Although both subpopulations of MA and MO individuals in this study 

were slightly over the recommended LDL target level of less than 2.5mmol/L, this 

was also the case for the controls. 

 

5.1.5 Conclusion  

 

In conclusion, our study examined the LDLR gene in an Australian Caucasian 

population and cholesterol levels in a genetically isolated Norfolk Island population 

of which both were diagnosed for typical migraine. The study found no relationship 

between any of these variables and typical migraine. Although analysing a genetic 

isolate population cannot be compared to an overall Australian Caucasian or Mochi's 

Italian population, it does present a statistically more powerful approach of analysing 

the migraine disease itself by isolating genetic variables that may exist within 

individuals of a population group. 
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5.2 No Mutations detected in the INSR Gene in a 

Chromosome 19p13 linked Migraine Pedigree 
 

 

5.2.1 Specific Introduction 

 

Migraine disease is genetically heterogeneous although the type and number of genes 

involved is still not clear. However, for Familial Hemiplegic Migraine (FHM), a 

severe rare sub-type of migraine with aura, mutations in the calcium channel gene 

CACNA1A on chromosome 19p13 have been shown to cause this disease in some 

FHM pedigrees (Ophoff et al, 1996). Other FHM pedigrees have recently been 

shown to have mutations in the ATP1A2 gene located on C1q23 (De Fusco et al, 

2003). 

 

Chromosome 19p13 is a genomic region of interest for typical migraine (May et al, 

1995, Nyholt et al, 1998, Terwindt et al, 2001, Jones et al, 2001).  Linkage studies in 

our laboratory have previously shown migraine, segregating in a large 

multigenerational pedigree, to be linked to markers spanning a 12.6cM region on 

chromosome 19p13 (Nyholt et al, 1998). This suggested the possible implication of 

the CACNA1A gene with typical migraine as well as FHM. However, direct 

sequencing of the CACNA1A gene in key members of this particular migraine 

pedigree failed to reveal any mutations (Lea et al, 2001).  

 

5.2.1.1 The Insulin Recepter Gene (INSR) and Migraine 

 

The INSR (insulin receptor) gene (C19p13.2) is a transmembrane receptor that is 

activated by insulin and belongs to the class of tyrosine kinase receptors. Activation 

of the insulin receptor induces the uptake glucose in cells. Mutations in either the 

structural gene or some of the processing steps may lead to insulin resistance (Ullrich 

et al, 1985) which can lead to Type II Diabetes, whereby cells are unable to take up 

glucose. The insulin receptor was discovered to be a candidate for migraine when 
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migraine was found to be co-morbid with diabetes (Split et al, 1997). Recent studies 

in collaboration with our group investigated the INSR gene, located telomeric to 

CACNA1A and approximately 3.8 Mb (≈3.8cM) from the previously implicated 12.6 

cM region on C19p13, in typical migraine revealing single-nucleotide 

polymorphisms (SNP) that were associated with the disease (McCarthy et al, 2001). 

In this study 24 SNPs within the INSR gene were genotyped in a Caucasian 

population comprising 827 unrelated cases of typical migraine. Five SNPs showed 

significant association with migraine with independent confirmation (McCarthy et al, 

2001). Functional studies of the INSR SNPs however showed no effect on mRNA 

levels or splicing in peripheral blood leukocytes or on binding of insulin to 

mononuclear cells. The authors speculated on possible mechanisms by which the 

INSR gene could play a role in the pathogenesis of migraine.  

 

5.2.1.2 Overview of this Study; INSR Gene and Migraine 

 

The aim of this study was to search for disease associated mutations within the INSR 

gene relating to migraine, specifically in our affected pedigree showing linkage to 

chromosome 19p13 of which the INSR gene is localized nearby (C19p13.3-p13.2). 

The INSR gene comprises 22 exons and is translated in two forms, INSRA where 

exon 11 is spliced out and INSRB containing exon 11 (Seino et al, 1989).  We 

sequenced all coding regions of the gene from DNA of six key migraine affected 

individuals of migraine family one (MF1). 

 

5.2.2 Materials and Methods 

5.2.2.1 Subjects 

The subjects whom participated in this study were of Caucasian origin. Blood 

samples were collected as well as diagnosed according to Chapter 4.2, 4.2.3. Six 

DNA samples obtained from migraine family 1 (MF1) (Figure 5.3), that showed 

linkage to 19p13 in a previous study (Nyholt et al, 1998), were screened for 

mutations in the INSR gene. MF1 was previously analysed for clinical characteristics 
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to test whether this pedigree differed from other genetically linked migraine 

pedigrees that we have investigated. The study showed there was no conclusive 

evidence that clinical characteristics differed between the genetically linked migraine 

families (including MF1) examined in the analysis (Lea et al, 2003). The pedigree 

family members tested in this study (indicated by an arrow in Figure 5.3) were 

migraine sufferers spread over three generations, of which three were diagnosed MA 

and three MO affected, two were males (one MA and one MO) and four females 

(two MA and two MO affected). The age of these patients range from 31 to 78 years 

(Migraine clinical data displayed, Table 5.6). 

  

Table 5.6 Clinical data concerning migraine characteristics of patients 

sequenced in the study. 
 

ID AGE SEX MIG(diag) Age onset Av.Duration Av.freq\yr 

Mig1 78yrs M MA 22yrs 72hrs 36 

Mig2 43yrs F MO 16yrs 48hrs 48 

Mig3 49yrs F MA 9yrs 24hrs 24 

Mig4 41yrs F MA 23yrs 48hrs 2 

Mig5 38yrs F MO 14yrs 8hrs 19 

Mig6 31yrs M MO 16yrs 7hrs 42 

 

 

5.2.2.2 Mutation analysis 

 
Mutation screening was performed by direct sequencing of the INSR gene using 

genomic DNA samples from six migraine affected pedigree members of MF1 (Figure 

5.3). Templates of PCR-DNA fragments were generated in the forward and reverse 

sequence direction using standard PCR (Chapter 4.4) and sequencing methods 

(Chapter 4.6). Table 4.1 (Chapter 4.3.5) shows a list of exon and promoter primer 

sequences used to sequence the INSR gene. The resulting products were 

electrophoresed on an ABI377 Sequencer (Applied Biosystems) and analysed using 
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Sequencer software against a control sequence (Accession number NM_000208.1) 

(APPENDIX I). Any sequencing reactions that displayed possible base change 

variations were repeated and then tested against a set of six control, non-migraine 

diagnosed, DNA samples. 
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Figure 5.3 MF1. Individuals in black have been diagnosed as MA or MO. Non-migraine individuals are in clear. Samples tested are 

indicated by an arrow and ID number. a intron 7 variation. b exon 13 variation. c intron 16 suspected variation. d exon 17 variation. 
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5.2.3 Results 

 

The six DNA samples that were examined are affected with typical migraine and 

linked to chromosome 19p13 (Nyholt et al, 1998). All twenty-two exons and the 

promoter region of the INSR gene were screened for mutations using direct 

sequencing methods. The results revealed no coding mutations detected in the INSR 

gene with the six migraine family DNA templates. However, a set of two rare 

polymorphisms or silent mutations were identified within the INSR protein coding 

regions in which no amino acid change occurred. These were found to be previously 

reported single nucleotide polymorphisms and are displayed in Table 5.8. The 5′ 

promoter region of the gene did not reveal any base pair alterations for INSR. In 

total, initially four sequence variations were found within the gene. Three variations 

(not including the intron 16 variation, Table 5.8) also appeared in up to three of the 

control sequences. One variant was found in intron 7 of the gene with a novel finding 

of possibly another SNP in intron 16 of the INSR gene. Three of the sequence 

variations within the INSR gene have previously been cited (dbSNP, NCBI) and are 

represented in Table 5.8. Figure 5.3 displays the segregation of variants between the 

six migraine affected individuals selected from MF1. Upon validation of three 

separate repeats of PCR and sequencing experiments, we further investigated the 

possible new intronic SNP. A restriction enzyme site flanking the intron 16 suspected 

G→T variation was utilised in an RFLP (restriction fragment length polymorphism) 

assay. Table 5.9 displays exon 17 of the INSR gene with primers used to amplify the 

region including the exon/intron boundary. The variation in question is highlighted 

with the restriction enzyme (Fnu4HI) recognition site (Table 5.9), which utilises the 

G allele (in bold type) as part of the recognition sequence (5'...GCNGC...3'). Upon 

digestion, introduction of a T allele would create a loss of site leaving an uncut 

482bp fragment. If the sequence contained no variation, which is homozygous for the 

G allele, two fragments of 401 and 81bp would be produced. A heterozygous mutant 

containing both alleles will leave three fragments of 482, 401 and 81bp. Digestion of 

the six DNA samples from MF1 used for sequencing all gave fragments of 401 and 
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81bp, including the two samples with the suspected intron 16 SNP (Figure 5.3 and 

5.4). 

 

Table 5.8 Variants detected during direct sequencing (utilizing the INSR 

reference sequence, Accession number NM_000208.1, as a control). Variants 

with SNP ID numbers are previously reported in dbSNP (NCBI). 

 

 

EXON/INTRON 

 

Ref SNP ID 

 

NUCLEOTIDE 

CHANGE 

 

AMINO ACID 

CHANGE 

NUCLEOTIDE 

POSITION 
Accession No: NM_000208.1 

C19 

POSITION 
(minus strand) 

INTRON 7 rs2860177 A → C - - 7118951 

EXON 13 rs2229431 C → T AAC(N)→AAT(N) 2701 7092775 

INTRON 16 suspected G → T - - 7076593 

EXON 17 rs1799817 C → T CAC(H)→CAT(H) 3361 7076297 

 

 

 

Table 5.9 The 482bp fragment containing exon 17 and flanking intron/exon 

boundaries. Intron 16 suspected SNP is indicated by a capital G underlined in 

bold italics. Primers are indicated by capital letters in bold. The Fnu4HI 

restriction enzyme recognition site is indicated in bold italics, including the 

suspected SNP. The Exon 17 sequence is displayed in capital letters.  
 

 CCGGCATGG GTCCTGGATC ACAGAactca tttcatgagt gttttcgagg gggtttgggt 

gagggcttgg gtggaaggtg Gctgcagacc cccaagggat cctccaagga tgctgtgtag 

ataagtaaga agtagTGTTT CCATGCTCTG TGTACGTGCC GGACGAGTGG GAGGTGTCTC 

GAGAGAAGAT CACCCTCCTT CGAGAGCTGG GGCAGGGCTC CTTCGGCATG GTGTATGAGG 

GCAATGCCAG GGACATCATC AAGGGTGAGG CAGAGACCCG CGTGGCGGTG AAGACGGTCA 

ACGAGTCAGC CAGTCTCCGA GAGCGGATTG AGTTCCTCAA TGAGGCCTCG GTCATGAAGG 

GCTTCACCTG CCATCACGTG gtgagtccag tgggggtggg acatgggctg gctttcctga 

cccttccctt tctctgcctc ctcctcctgc acagagcgac agAGGACACA GGGTGTATCC   

TCC 
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Figure 5.4 Agarose gel displaying the digestion of the six DNA samples from MF1 

used for sequencing. All samples produced fragments of 401 and 81bp (difficult to 

resolve). The two samples with the suspected intron 16 SNP are in lanes three and 

four. The 482bp fragment is not present in any sample. An undigested PCR product 

is shown in lane one at 482bp fragment length. 

 

 

This indicates that the sequence of these two migraine samples contains the original 

G allele and not the suspected heterozygous variation that includes the T allele. To 

confirm the artifactual nature of the SNP the RFLP assay was also used to investigate 

43 other members of MF1 (affected and unaffected). Similar to results for the initial 

six MF1 DNAs, the SNP was also not detected in these samples. 

 

5.2.4 Discussion 

 

In this present study, a set of 6 DNA samples, extracted from a migraine family 

linked to chromosome 19p13, was sequenced for the 22-exon long INSR gene. In 

previous investigations, sequence variations have been found in the INSR gene 

sequence in association with migraine (McCarthy et al, 2001) but it is not clearly 

known whether INSR plays a direct or an indirect role in migraine pathogenesis. A 

role for INSR in migraine is supported by studies investigating the relationship 

between migraine and non-insulin-dependent diabetes (NIDDM) (Split et al, 1997) 
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and also studies performed using migraine affected individuals in INSR experiments 

where glucose fasting is performed (Rose F, 1986 and Marsters et al, 1986). 

 The results of this study however proved to be negative for mutations screening 

within the INSR gene. It was first thought that one novel single nucleotide 

polymorphism (SNP) was found in intron 16 of the INSR gene resulting in a 

nucleotide change of G → T. The variation in question was at a chromosomal 

position of 7076593 on the minus strand of C19, located 74bp upstream from the 

rs1799815 SNP at 7076519 bp of the gene (Table 5.8 and Ensembl reference 

sequence; Accession number NM_000208.1). At first this possible SNP seemed to be 

rare with only two of the six migraine samples being affected and none of the six 

controls. However, upon validation by RFLP analysis the suspected SNP, in two of 

the six sequenced migraine samples, proved to be a sequencing artefact. The 

restriction site, recognised by Fnu4HI enzyme, contained the G allele homozygous 

for the wildtype in these two samples and also the four remaining MF1 samples 

(acting as controls for this validation test). Further investigation validating this test 

using 43 other members of MF1 as controls also showed these samples homozygous 

for the G allele. This means the T (mutant) allele does not exist in the true sequence. 

The cause of the sequence aberration is probably the result of a number of factors, 

including background noise that may be template related, such as primer-dimer 

interaction, slight salt level increases or the sequencing of GC-rich regions that create 

higher melting temperatures of DNA where this artefact resides. A second intron is 

the subject of a previously reported base substitution, intron 7 containing an A → C 

variation (dbSNP database, NCBI). We do not know yet if this or other SNP markers, 

within intronic or even exonic regions of the INSR gene, are involved in the 

pathogenesis of migraine. Previous findings in intron sequence investigation for the 

INSR showed that sequences of intron 10 are involved in the exon 11 splicing for 

INSRA and INSRB types (Kosaki et al, 1998). Two other base variants were detected 

within the exonic sequences of the INSR gene. Exon 13 and exon 17 were sequenced 

and two substitution variations (SNPs, also previously reported, Table 5.8) were 

detected with no consequences in the final polypeptide sequence of the INSR protein. 
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However, no polymorphisms or mutations were identified in the promoter region of 

the gene. 

  

In our investigation, mutation screening was performed using DNA samples obtained 

from a migraine family previously linked to the chromosomal region C19p13 (Nyholt 

et al, 1998).  McCarthy et al, 2001, undertook a similar approach for INSR 

sequencing. The authors used a random set of DNA samples (n=30) of migraineurs 

with aura for their polymorphism screen; however these samples were simply 

obtained from their association population, having no genetic relationship to each 

other. This study utilized key samples from a closely nit migraine pedigree, 

previously showing linkage to chromosome 19p13 (Nyholt et al, 1998) and showing 

a genetic-familial-heritability of the disease gene/s. This method of analysis was 

hypothesized to have a more useful approach to investigating the INSR gene 

(localized in the same region; C19p13.3-p13.2) in migraine. This approach is 

enhanced by the fact that we utilised a migraine affected family whereby the 

mutation screening process focused on a common disease allele or gene that is passed 

down from generations within the pedigree unit. A random sampling approach to 

mutation screening may leave too many environmental/genetic variables and possible 

interactions from other genes affecting this complex multi-gene disorder (see Chapter 

3.4). With this strategic approach we searched for mutations within the gene using 

these migraine pedigree DNA samples. Overall, the results revealed no mutations 

when directly sequencing these samples for the INSR gene. However, three known 

SNPs (two in exonic sequences and one intronic) were cited during mutation 

screening. Initially it was thought a set of two silent mutations were identified within 

the INSR protein coding regions in which no amino acid change occurred, however 

these were found to be previously reported SNPs (see Table 5.8). Although these 

were initially thought to be of limited significance it is possible they may still have 

functional involvement. The potential significance of silent mutations may relate to 

codon usage preferences, with suggestions that there could be mutational bias for the 

use of particular codons in translation of the coding sequence. Silent mutations may 

also affect splicing which can cause loss of function of part of the sequence, exposure 
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of premature stop codons, exon skipping, or inclusion of an intron in the coding 

sequence. All these affects may cause protein formation errors which in turn may 

lead to a particular genetic disease (see Cartegni et al, 2002 and Akashi et al, 2001). 

Figure 5.3 displays the inheritance pattern of all three base-pair variants (including 

intron 16s sequencing artifact). In the first branch of MF1, generation two and three, 

all the sequence variants follow a possible migraine related pattern of inheritance 

except the intron 16 artifact. Although this suspected SNP, at the time, did not occur 

in the controls as the three other sequence variations, its pattern of migraine related 

inheritance was questionable. This is because the migraine affected parent, from 

branch one of generation two, didn't contain the intron 16 suspected variant as one of 

the affected offspring from the parent resulted in. This is an additional fact that may 

lead to the confirmation of this variant as an artifact. 

 

The direct correlation with INSR and diabetes brings the INSR gene under focus with 

migraine due to the comorbidity of this disorder with diabetes. Recently a study 

found that insulin sensitivity is impaired in patients with migraine. The finding 

suggests a role for insulin resistance in the comorbidity between migraine and 

vascular diseases such as Diabetes (Rainero et al, 2005). Also INSR may be related 

to migraine in other ways where members of the insulin receptor family may be 

involved, such as the Insulin Receptor-Related Receptor (INSRR) which is localized 

in the same region (Whitmore et al, 1999) as ATP1A2 1q21-q23, a newly identified 

Familial Hemiplegic Migraine type 2 gene (De Fusco et al, 2003). However, the 

INSR gene may still be involved in migraine disorder, whereby its function could be 

altered in migraine-relevant cell types (McCarthy et al, 2001). This study utilized 

DNA from whole blood samples, further studies involving extracting RNA from 

patient samples collected during a migraine attack may prove to be useful in 

measuring INSR gene expression levels during an attack with real-time PCR. 
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5.2.5 Conclusion 

 

Though McCarthy et al, 2001 found positive associations with 5 SNPs of the INSR 

gene, sequencing of the INSR gene did not produce migraine associated mutations in 

our C19p13 (Nyholt et al, 1998) linked migraine family samples. The search for 

genes related to migraine aetiology will continue on C19p13 with other previously 

untested candidate genes, including the glutamate related GRIN3B (C19p13.3) and 

HOMER3 (C19p13.11) genes and also a galanin related receptor GPR54 (C19p13.3) 

and the tumor necrosis factor genes TNFSF7 (C19p13), TNFSF9 (C19p13.3), 

TNFSF14 (C19p13.3). 
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5.3 INVESTIGATION OF THE NOTCH3 AND TNFSF7 

GENES ON C19P13 AS CANDIDATES FOR MIGRAINE 

 
5.3.1 Specific Introduction 

 

Mutations in the neuronal calcium channel gene (CACNA1A) on 19p13.1-13.2 have 

been shown to cause FHM (Ophoff et al, 1996). Calcium channel genes may also be 

involved in typical migraine (MA and MO) as some studies have indicated that the 

FHM locus may contribute to migraine with and without aura (May et al, 1995). We 

have previously reported linkage in one large typical migraine family (Nyholt et al, 

1998) to the CACNA1A region on chr19. Also in a study by Terwindt et al, 1998 the 

authors detected an FHM mutation in the CACNA1A gene in a typical migraine 

patient with MA, suggesting that FHM may be a rare and severe form of MA. 

Typical migraine has been extensively studied on chromosome 19 showing positive 

linkage to causal markers in the C19p13 area (May et al, 1995, Nyholt et al, 1998, 

Terwindt et al, 2001, Jones et al, 2001, McCarthy et al, 2001), but only in FHM has 

the chromosome 19 gene and mutations within been identified (Ophoff et al, 1996). 
 

5.3.1.1 The NOTCH3 gene and CADASIL 

 

The NOTCH3 gene on C19p13.2-p13.1 has previously been shown to be a gene 

involved in CADASIL (cerebral autosomal dominant arteriopathy with subcortical 

infarcts and leukoencephalopathy) (Joutel et al, 1996). CADASIL is an inherited 

stroke syndrome that leads to dementia. The key features of the disorder are 

migraine, recurrent subcortical events, and dementia, in association with diffuse 

white matter abnormalities on neuroimaging (Joutel et al, 1997). The gene encodes a 

large transmembrane receptor (Joutel et al, 1997a), which has been shown to be 

expressed in vascular smooth muscle cells in adult human tissues (Joutel et al, 1998). 

In a study by Joutel et al, 1997a, this large gene, containing 33 exons, was found to 

contain a cluster of mutations in exons 3 and 4 affecting 64% (32/50) of tested 
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patients with the CADASIL disorder. Of the other 36% of CADASIL sufferers, 26% 

(13/50) have mutations in exons 2,5,11,14,18,19,22 or 23 and the other 10% (5/50) 

had no detectable mutation in the NOTCH3 gene (Joutel et al, 1997a). Mutations 

identified to date in NOTCH3 have all been missense mutations involving a loss or 

gain of a cysteine amino acid residue (Joutel et al, 1997a). 

 

5.3.1.2 The NOTCH3 gene and Migraine 

 

The NOTCH3 gene may also be implicated in migraine, as migraine shows some 

symptomatic overlap with CADASIL. This has been suggested from studies 

performed by Hutchinson et al, 1995 and Verin et al, 1995, where the authors have 

found some correlations between the two disorders. Hutchinson et al, 1995, used 

MRI to study 15 members of an Irish family, 10 of whom had evidence of 

CADASIL. Five members of this family had hemiplegic migraine. They proposed 

that hemiplegic migraine may be an allelic disorder to CADASIL. Migraine with 

aura (MA) is also included as one of the clinical hallmarks of CADASIL, with many 

CADASIL patients showing an unusually high frequency of attacks of migraine with 

atypical aura (Vahedi et al, 2004). In 2003, Oberstein et al, found that among 6 

individuals who carried a mutation in the NOTCH3 gene, there was an increase in 

white matter hyperintensities on brain MRI, compared to controls and migraine with 

aura was more common in these subjects than in their controls. 

 

5.3.1.3 Tumor Necrosis Factor and Migraine 

 

The TNFSF7 gene (Tumor Necrosis Factor Ligand Superfamily, member 7) localized 

on C19p13 is a surface antigen found on activated, but not resting, T and B 

lymphocytes (Goodwin et al, 1993). It is a 193 amino acid protein containing a 20-

amino acid hydrophilic N-terminal domain that lacks a signal sequence; an 18-amino 

acid hydrophobic region that presumably functions as a transmembrane anchor; and a 

C-terminal domain that contains 2 potential N-linked glycosylation sites is 

extracellular classifying TNFSF7 as a type II transmembrane protein. TNFSF7 is 



 

 204

homologous to the ligands of the TNF receptor family, including TNF-alpha, TNF-

beta and the CD40 ligand, showing 19 to 24% amino acid sequence identity in the 

extracellular region (Goodwin et al, 1993). TNF-alpha and TNF-beta have both been 

previously associated with migraine. Rainero et al, 2004, recently found an 

association between the tumor necrosis factor-alpha -308 G/A gene polymorphism 

and migraine. In a group of 299 migraine patients and 306 control subjects, the 

association of this polymorphism with the occurrence and clinical characteristics of 

migraine was tested. They found that homozygosity for the G allele was associated 

with an increased risk of migraine (odds ratio [OR] = 2.85, p < 0.001) (Rainero et al, 

2004). TNF-alpha is involved in the mediation of pain (see Sommer et al, 2004) and 

is required for preservation of synaptic strength at excitatory neural synapses, 

whereby it may play a role in modulating responses to neural injury (Beattie et al, 

2002). Also Empl et al, 2003, suggested that TNF-alpha could contribute to migraine 

pain generation and in their study of TNF-alpha and its soluble receptor sTNF-RI, 

they found that migraine patients tended to have less concentration levels of sTNF-RI  

than controls (Empl et al, 2003). The authors suggested that migraine patients may 

lack sufficient antagonistic sTNF-RI to neutralize hyperalgesic TNF-alpha during a 

migraine attack (Empl et al, 2003). The TNF-beta gene has been associated with 

migraine without aura. Trabace et al, 2002, found the frequency of the TNFB*2 

allele of the TNF-beta gene was significantly increased in patients with migraine 

without aura as compared with the control group (78.72% versus 61.4%, Pc =.004) 

(Trabace et al, 2002). They stated that carriage of the TNFB*2 allele confers a high 

risk for the development of migraine without aura. The data supported the hypothesis 

that TNF-beta could be a susceptibility gene in migraine without aura (Trabace et al, 

2002). Since TNFSF7 is homologous to the ligands of the TNF receptor family i.e. 

TNF-alpha and TNF-beta, (and is localised to a migraine susceptibility area at 

C19p13) we decided to investigate this gene for association with migraine. 

 

 

 

 



 

 205

5.3.1.4 Overview of this Study; NOTCH3, TNFSF7 Genes and Migraine 

 

This study investigated the migraine susceptibility locus C19p13 by testing two 

genes, from this genomic region, that may possibly be involved in the disorder. The 

NOTCH3 gene was analysed by sequencing all exons with known CADASIL 

mutations through a family previously linked to C19p13 (Nyholt et al, 1998). The 

TNFSF7 gene was also investigated using SNP case-control association analysis in a 

population of migraineurs and matched controls. 

 

5.3.2 Materials and Methods 

 

5.3.2.1 Subjects 

 

The subjects whom participated in this study were all of Australian Caucasian origin 

and were diagnosed as per Chapter 4.2, 4.2.2, 4.2.3. For mutation analysis, 12 

affected DNA samples obtained from migraine family 1 (MF1) (Figure.5.5), a 

pedigree showing linkage to 19p13 in a previous study (Nyholt et al, 1998), were 

screened for the known exon 3 and exon 4 CADASIL mutations (Table 5.9.1) in the 

NOTCH3 gene. The pedigree family members tested (indicated by an arrow in 

Figure.5.5) were migraine sufferers of which four were diagnosed MA and eight MO 

affected, two were males (one MA and one MO) and ten females (three MA and 

seven MO affected). The age of these migraine affected pedigree members range 

from 31 to 87 years. Secondly 3 of the 12 family members, from three separate 

branches of MF1 (Figure.5.5), were further screened by sequencing the rest of all 

known exons containing CADASIL mutations in the NOTCH3 gene (Table 5.9.1). 

The association study included a case-control population of 220 migraineurs and 220 

sex, age and ethnicity matched controls. 
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Figure.5.5 Migraine family 1 (MF1). Individuals in black have been diagnosed as MA or MO. Non-migraine individuals are in clear. 

Samples tested are indicated by an arrow. Samples indicated by asteric (*) were sequenced for all known CADASIL mutations in the 

NOTCH3 gene. 
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Table 5.9.1 A list of all published mutations of CADASIL from the   

Notch3 gene (Human Gene Mutation Data Base Cardiff,   

www.uwcm.ac.uk/uwcm/mg/ns/1/361163.html). Note: Mutations are 

determined by sequencing samples in both the forward and reverse directions. 

 

Accession 

Number Codon Exon 
Nucleotide 

(forward seq) 

Amino 

Acid 
CM971054 49 2 TGT-TAT Cys-Tyr 

CM003012 54 2 tCGT-TGT Arg-Cys 

CM961042 71 3 TGGg-TGT Trp-Cys 

CM023649 76 3 gTGT-CGT Cys-Arg 

CM971055 90 3 cCGT-TGT Arg-Cys 

CM001263 93 3 TGC-TTC Cys-Phe 

CM023650 93 3 TGC-TAC Cys-Tyr 

CM971056 110 3 cCGT-TGT Arg-Cys 

CM001264 117 4 TGC-TTC Cys-Phe 

CM001265 123 4 TGC-TTC Cys-Phe 

CM003013 123 4 TGC-TAC Cys-Tyr 

CM023651 128 4 TGT-TAT Cys-Tyr 

CM971057 133 4 cCGC-TGC Arg-Cys 

CM022434 134 4 TGCt-TGG Cys-Trp 

CM014589 134 4 TGC-TAC Cys-Tyr 

CM971058 141 4 aCGC-TGC Arg-Cys 

CM023652 142 4 TTC-TGC Phe-Cys 

CM003947 144 4 TGC-TTC Cys-Phe 

CM001266 144 4 TGC-TCC Cys-Ser 

CM001267 144 4 TGC-TAC Cys-Tyr 

CM971059 146 4 cTGC-CGC Cys-Arg 

CM001268 150 4 TAC-TGC Tyr-Cys 

CM971060 153 4 cCGC-TGC Arg-Cys 

CM003014 162 4 gTGC-AGC Cys-Ser 

CM961043 169 4 cCGC-TGC Arg-Cys 

CM971061 171 4 tGGT-TGT Gly-Cys 

CM033795 174 4 cTGC-CGC Cys-Arg 

CM014211 174 4 TGC-TTC Cys-Phe 

CM001269 174 4 TGC-TAC Cys-Tyr 

CM003015 180 4 TCC-TGC Ser-Cys 

CM961044 182 4 cCGC-TGC Arg-Cys 

CM001270 183 4 cTGC-CGC Cys-Arg 

CM001271 183 4 cTGC-AGC Cys-Ser 

CM971062 185 4 gTGT-CGT Cys-Arg 

CM014590 185 4 gTGT-GGT Cys-Gly 

CM023653 194 4 aTGT-CGT Cys-Arg 
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CM001272 194 4 TGT-TTT Cys-Phe 

CM003016 194 4 TGT-TAT Cys-Tyr 

CM003017 206 4 TGC-TAC Cys-Tyr 

CM003018 207 4 cCGT-TGT Arg-Cys 

CM971063 212 4 cTGC-AGC Cys-Ser 

CM033796 213 4 AGG-AAG Arg-Lys 

CM971064 222 4 cTGT-GGT Cys-Gly 

CM023654 222 4 TGT-TAT Cys-Tyr 

CM971065 224 4 TGT-TAT Cys-Tyr 

CM023655 233 5 tTGT-AGT Cys-Ser 

CM023656 251 5 aTGC-CGC Cys-Arg 

CM971066 258 5 TAT-TGT Tyr-Cys 

CM014070 332 6 cCGC-TGC Arg-Cys 

CM023657 420 8 cGGT-TGT Gly-Cys 

CM014591 428 8 TGT-TCT Cys-Ser 

CM023658 440 8 cTGC-GGC Cys-Gly 

CM023659 449 8 cCGC-TGC Arg-Cys 

CM021648 455 8 cTGT-CGT Cys-Arg 

CM961045 542 11 TGT-TAT Cys-Tyr 

CM994179 544 11 tCGC-TGC Arg-Cys 

CM961046 558 11 tCGC-TGC Arg-Cys 

CM961047 578 11 aCGC-TGC Arg-Cys 

CM003019 607 11 cCGC-TGC Arg-Cys 

CM971067 728 14 cCGC-TGC Arg-Cys 

CM023660 953 18 cGGC-TGC Gly-Cys 

CM003020 984 18 TTC-TGC Phe-Cys 

CM971068 985 18 cCGC-TGC Arg-Cys 

CM971069 1006 19 cCGC-TGC Arg-Cys 

CM994180 1015 19 cTGC-CGC Cys-Arg 

CM023661 1021 19 TAT-TGT Tyr-Cys 

CM971070 1031 19 aCGC-TGC Arg-Cys 

CM014592 1058 20 gGGT-TGT Gly-Cys 

CM971071 1231 22 cCGT-TGT Arg-Cys 

CM961048 1261 23 gTGC-CGC Cys-Arg 

 

 

5.3.2.2 Mutation Analysis 

 

Mutation screening was performed by direct sequencing of exons, exhibiting known 

CADASIL mutations, in the NOTCH3 gene utilizing genomic DNA samples from 

migraine affected pedigree members of MF1 (Figure 5.5). Templates of PCR DNA 

fragments were generated in the forward and reverse direction using standard PCR 
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(Chapter 4.4) and sequencing conditions (ABI protocols, Chapter 4.6). Table 4.2 

(Chapter 4.3.5) shows a list of exon primer sequences used in sequencing for the 

known mutations. The resulting products were electrophoresed on an ABI377 

Sequencer (Applied Biosystems) and analysed using Sequencher software (Gene 

Codes Corporation) against a control sequence (Accession number: NM_000435) 

(APPENDIX II). 

 

5.3.2.3 Association Analysis 

 

The TNFSF7 SNP, for association analysis, was selected utilising the software 

SNPbrowserTM (ABI) and Ensembl Genome Browser, NCBI SNP (dbSNP) databases. 

This synonymous coding SNP (refSNP 1862511, C/T variation, codes for amino acid 

Cysteine) is contained within exon 3 of the TNFSF7 gene with a minor allele 

frequency of approximately 0.3 (T allele). Primer sequences for the SNP were 

designed by utilising Primer ExpressTM v 2.0 software (ABI) and are displayed below. 

  

Forward primer: 5’- AGCACTGGGCCGCTCC – 3’ 

Reverse primer: 5’ - CAAAAGTGTCCCAGTGAGGTTG – 3’ 

 

The PCR reaction followed standard conditions as outlined in Chapter 4.4. SNP 

genotype analysis was performed using a restriction enzyme site that overlapped the 

SNP site (CTCCTC). Specific restriction enzyme digest conditions for this analysis 

utilized 10ul of PCR product and a 10ul mix of 3U of restriction enzyme with 1X 

enzyme buffer and H2O. Digest products were loaded and electrophoresised on 3% 

standard agarose gels running at 110 volts for 1 hour. The genotyping allele set and 

corresponding restriction digest fragment size consisted of: C allele = 192,100bp, T 

allele = 292bp, C/T = 292,192,100bp. 

 

Genotype and allele frequencies for the SNP variant were calculated from observed 

genotype counts. The expected genotype proportions according to the Hardy-



 

 210

Weinberg law were calculated and compared to observed genotypes as a control for 

systematic genotyping error and population stratification. Genotype and allele 

frequencies were initially assessed for association with migraine, then MA and MO 

populations were investigated using conventional contingency table analyses 

incorporating the standard chi-squared test for independence. 

 

5.3.3 Results 

 

5.3.3.1 Mutation analysis 

 

The DNA samples from MF1 that were examined for NOTCH3 – CADASIL 

mutations were from individuals affected with typical migraine in a pedigree 

previously shown to be linked to chromosome 19p13 (Nyholt et al, 1998).  Firstly 

twelve members from MF1 were screened in both sequencing directions for exon 3 

and 4 mutations of the NOTCH3 gene using direct sequencing methods - a diagnostic 

screening process that is utilized first in detecting CADASIL mutations. The results 

revealed no variations or mutations detected in the sequence of the two exons within 

the twelve migraine family one DNA templates. Secondly, three members of MF1 

were chosen from three separate pedigree branches to test for the rest of the exons 

with known CADASIL mutations in NOTCH3 (Table 5.9.1). These results also 

proved to be negative with no known sequence variants detected in the extended 

exon sequence analysis. The sequencing results displayed that of a normal coding 

sequence for the NOTCH3 gene (Accession number: NM_ 000435) (APPENDIX II). 

 

5.3.3.2 Association Analysis 

 

Total distribution of the rs1862511 SNP genotype and allele frequencies of the 

TNFSF7 gene in Migraine (Total), MA, MO and Control Groups are displayed in 

Table 5.9.2. The results of chi-square analysis of the TNFSF7 SNP (rs1862511) are 

displayed in Table 5.9.3. All population data of observed genotypes fitted the 

expected genotype proportions according to the Hardy-Weinberg law. Chi-square 
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results showed non-significant P values (P > 0.05) across all populations tested 

against controls. The only exception was for the MO subgroup which displayed a 

positive association for both alleles (P = 0.017) and genotypes (P = 0.036) for the 

TNFSF7 SNP (Table 5.9.3). 

 

 

Table 5.9.2 Total distribution for rs1862511 SNP genotype and allele frequencies 

of the TNFSF7 gene in Migraine (Total), MA, MO and Control Groups. 

 

 

  SNP Genotypes     SNP Alleles  

       N     

Group C/C C/T T/T alleles C T 

              

Total Migraine 116(53%) 88(40%) 15(7%) 438 320(73%) 118(27%)

MA 65(49%) 59(44%) 10(7%) 268 189(71%) 79(29%) 

MO 51(60%) 29(34%) 5(6%) 170 131(77%) 39(23%) 

control 73(43%) 81(48%) 16(9%) 340 227(67%) 113(33%)

 

 

Table 5.9.3 Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for rs1862511 SNP of the TNFSF7 gene. 

 

 

  Frequency Comparison 
     

Group Genotypes   Alleles  

Total migraine   χ2 =  4.00, P = 0.136 χ2 =  3.63, P = 0.057 

MA χ2 =  1.06, P = 0.589 χ2 =  0.98, P = 0.322 

MO χ2 =  6.65, P = 0.036 χ2 =  5.74, P = 0.017 
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5.3.4 Discussion 

 

The procedure for genetic diagnostic testing for CADASIL mutations has recently 

been revised. We undertook a similar approach to this revision in testing for these 

mutations in common migraine. A study in Britain (Markus et al, 2002), found 15 

different point mutations in the NOTCH3 gene in 48 families, 73% of which were in 

exon 4, 8% in exon 3, and 6% in each of exons 5 and 6. The authors suggested that 

on the basis of this spectrum the suggested protocol for genetic diagnostic testing for 

CADASIL would be to screen exon 4 and proceed to mutational screening of exons 

3, 5, and 6 where indicated (Markus et al, 2002). For our migraine mutation detection 

study we screened for 81% of known CADASIL mutations (exons 3, 4) firstly in a 

larger group of samples (twelve), then screened the rest of the gene with known 

CADASIL mutations (including exon 5 and 6) in three key migraine affected family 

members. A similar approach can be undertaken in diagnostic testing for other 

diseases with known mutations in genes causing a disorder, including FHM whereby 

two genes and corresponding mutations have been identified in causing this rare 

subtype of migraine. 

The NOTCH3 gene has been localised to C19p13, a region showing linkage to MF1 

a typical (not FHM) migraine pedigree. Our sequencing results for this gene, 

specifically testing exons with known CADASIL mutations proved to be negative. 

These results indicate that common migraine, at least in this pedigree, is not caused 

by mutations in the NOTCH3 gene. 

TNF-alpha and TNF-beta have both been previously associated with migraine 

(Rainero et al, 2004 and Trabace et al, 2002). Since TNFSF7 is localized to the same 

migraine susceptibility area at C19p13 and shows homology to the ligands of the 

TNF-alpha and TNF-beta genes (both localised at C6p21.3), we decided to also 

investigate this gene for involvement in migraine. A suitable informative-coding-

SNP (rs1862511), located in exon 3 of the gene (see Chapter 5.3.2.3), was selected 

for an association analysis study involving a matched case-control population. 

Overall chi-square results comparing migraine (total) and MA sub-populations with 
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sex, age and ethnicity matched controls proved to be non-significant, with P values 

of P = 0.136, P = 0.589 respectively obtained (Table 5.9.3). These values were both 

above the threshold of P<0.05 for significance. However, the MO subgroup 

displayed signs of possible involvement of the TNFSF7 SNP with this sub-

population compared to controls. P values for genotype and allele analysis were P = 

0.036 and P = 0.017, respectively (Table 5.9.3). These results indicate that this 

genetic variant may play a role in migraine without aura and warrant further 

investigation. 

 

5.3.4.1 Summary of the two studies 

 

Migraine, usually with aura, is a common feature in CADASIL patients and can be 

the presenting symptom in about one third of them (Vikelis et al, 2006). Patients with 

migraine are at an increased risk for white matter lesions. The underlying 

pathogenesis of white matter lesions in migraineurs is unknown; however they may 

represent a secondary cause for headaches such as CADASIL (see Chapter 2.2.4.4.1). 

Overall the results presented here do not support a relationship between NOTCH3 

and common migraine. Although CADASIL patients often display migraine 

symptoms there was no evidence that CADASIL mutations from the NOTCH3 gene 

are involved in typical migraine in our C19p13 linked (Nyholt et al, 1998) migraine 

family samples. The complex nature of migraine disorder may involve the CADASIL 

associated NOTCH3 gene interacting with other genes in parallel in early onset of the 

disease, as NOTCH3 is part of an intercellular signaling pathway essential for 

controlling cell fate during development (Artavanis-Tsakonas et al, 1995). Also 

common migraine may be the first sign of development of the more severe disease 

CADASIL.  

 

The TNFSF7 gene also localised to the C19p13 region did not show any association 

with typical migraine or the MA subtype, however a weak association was found 

with MO affected individuals. Since this gene shows homology to the TNF receptor 

family and both TNF-alpha and beta have previously shown association with typical 
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migraine (Rainero et al, 2004 and Trabace et al, 2002), the TNFSF7 gene (localised 

on C19p13, a previously implicated region for migraine, see May et al, 1995, Nyholt 

et al, 1998, Terwindt et al, 2001, Jones et al, 2001, McCarthy et al, 2001) was 

investigated in migraine. Our association study showed signs of possible involvement 

of this gene with the MO subtype only. The role of the TNFSF7 gene to migraine 

without aura may be seen by its relationship to the immune system. MO is 

characterized by multiple immune deficits (Covelli et al, 1991) and TNFSF7 induces 

the proliferation of costimulated T cells and enhances the generation of cytolytic T 

cells (Goodwin et al, 1993). Therefore a mutated or disfunctional TNFSF7 gene may 

cause a deficiency in the immune system which in turn causes migraine without aura. 

Also TNFSF7 may work in parallel with other genes in the tumor necrosis factor 

family; TNF-alpha may contribute to the pain mediating affect of migraine (see Empl 

et al, 2003), where an exaggerated spontaneous release in MO individuals has been 

observed. In the same study bacterial lipopolysaccharides have also been detected in 

the plasma of these MO subjects (Covelli et al, 1991), relating back to the immune 

system deficiency of MO sufferers. TNF-beta on the other hand accelerates the 

initiation of immune responses and has also been directly associated with MO (Lund 

et al, 2002, Trabace et al, 2002). However, more studies need to be performed in 

increasing sample size numbers and also confirmation from other research groups to 

give an indication of a relationship of this gene to migraine without aura. 

 

5.3.5 Conclusion 

 

It is clear that typical migraine is a complex disorder that may involve several genes 

on various chromosomes. Since the C19p13 region has been implicated in a number 

of studies it is considered a ‘hotspot’ for the disorder. Further studies need to be 

performed with TNFSF7 and MO affected individuals and also other possible TNF 

receptor family homologues on C19p13, such as TNFSF9 (C19p13.3) and TNFSF14 

(C19p13.3) should be tested for migraine involvement. It may be useful to explore 

the TNF receptor-migraine interaction further by studying these genes localized to 

the C19p13 region in migraine affected populations and/or families. 
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CHAPTER 6 

RARE FORM OF MIGRAINE LOCALISED 

TO C19p13: A CASE STUDY  

 
 

 

6.1 MINOR HEAD TRAUMA INDUCED SPORADIC 

HEMIPLEGIC MIGRAINE (SHM) COMA: A CASE 

REPORT 

 
6.1.1 Specific Introduction 

 

At present, the number of genes involved in migraine disorder is unknown. Familial 

Hemiplegic Migraine (FHM) is a severe rare sub-type of migraine with aura (MA), in 

which MA and FHM sufferers may show additional and severe neurological 

disturbance (International Headache Society, 2004). Gene mutations on chromosome 

19, unlike common migraine, have been identified in the calcium channel gene 

CACNA1A (C19p13) for FHM (Ophoff et al, 1996), with FHM type 2 being 

localised on chromosome 1q23 (ATP1A2 gene) (De Fusco et al, 2003). 

 

6.1.1.1 Migraine Coma 

 

Recently a gene mutation for a dramatic syndrome usually associated with FHM, 

commonly named “migraine coma”, has implicated exon 5 of the CACNA1A gene 

(Kors et al, 2001). Migraine coma was extensively reviewed in 1985 by Fitzsimons et 

al. The authors studied a family with documented hemiplegic migraine for a period 

of over forty years. From this study and the literature they concluded that this pattern 
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of migraine is also sometimes associated with recurrent coma which may produce 

life-threatening cerebral edema (Fitzsimons et al, 1985). Trivial head trauma, in 

FHM patients, may also be complicated by severe, sometimes even fatal, cerebral 

edema and coma occurring after a lucid interval ("delayed cerebral edema") (Kors et 

al, 2001). 

  

A study by Kors et al, 2001 investigated three subjects with delayed cerebral edema.  

Two of these patients originated from a family with severe FHM, whilst the third was 

a previously asymptomatic daughter of a sporadic patient with hemiplegic migraine 

attacks (for a review on sporadic hemiplegic migraine see Black et al, 2004).  All 

three subjects displayed a C- to-T substitution resulting in the substitution of serine 

for lysine at codon 218 (S218L) in the CACNA1A gene (Kors et al, 2001) on 

chromosome 19.  Kors et al, 2001 concluded that the novel S218L mutation in the 

CACNA1A calcium channel subunit gene is involved in FHM and delayed fatal 

cerebral edema and coma after minor head trauma. 

 

6.1.1.2 Case Study; CACNA1A Gene and Sporadic Migraine Coma 

 

The case report presented in this article further emphasises the involvement of the 

S218L CACNA1A mutation in the extremely rare disorder of minor head trauma 

induced sporadic migraine coma. 

 

6.1.2 Patient and Methods 

 

6.1.2.1 Patient Clinical Report 

 

A previously well 5 year old girl had a trivial fall onto a wooden floor from a height 

of less than three feet.  She hit her head, cried immediately and complained of 

headache. Over the following 20 minutes she became obtunded. On arrival at 

hospital within 1½ hours she had a depressed level of consciousness (Glasgow Coma 

Scale 7) and had a low grade fever with stable vital signs. She had a reduced gag and 
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a period of apnea compounded by benzodiazepine administration. She had conjugate 

eye deviation to the left and was flaccid with reduced deep tendon reflexes but had 

no focal signs in the limbs. General examination was normal with no external 

evidence of trauma. CT and MRI of brain were initially normal. Lumbar puncture 

showed an opening pressure of 17.5 cm H20; glucose 4.7 mmol/L; lactate 2.1 

mmol/L and no cells or bacteria.  Blood glucose, serum electrolytes including 

calcium, magnesium and phosphate were also normal as was subsequent urine 

metabolic screen. She was admitted to the Intensive Care Unit for ventilation and 

anticonvulsant therapy. 

 

She had had normal birth and delivery. She was always regarded as clumsier than her 

sibs. This produced numerous falls in early childhood. She had experienced three 

brief but similar periods of reduced consciousness following trivial blows to the 

head. The most recent was within the last 6 months and occasioned 2 hours of 

hyporesponsive drowsiness. There is no family history of migraine. Her parents are 

both well and she had an older sister with a clinical diagnosis of Kostman’s 

syndrome, an autosomal recessive form of congenital neutropenia. 

 

Despite improving within 6 hours, with return of spontaneous breathing and limb 

movement, she remained only partially responsive with some eye opening to voice 

and some localization to pain. She made no obvious effort to talk and ventilation was 

required because of poor respiratory effort. She had episodes of extreme sympathetic 

overactivity lasting anything up to 90 minutes requiring the use of sedatives. She 

remained stable for a period of 8 days. On the eighth day she had clinical 

deterioration with loss of brainstem reflexes associated with major swelling of the 

brain stem and cerebral cortex with more patchy white matter involvement on 

imaging. She responded to treatment with Mannitol and Methylprednisone and 

within 48 hours had recovered her brain stem reflexes although pupils remained 

dilated and unresponsive (see Figures 6.1a-6.1c). 
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Figures 6.1a Day 10: T2 Axial MRI showing cortical swelling and early white 

matter signal change. 

 

 
 

Figure 6.1b Day 10: T1 Sagittal MRI showing marked midbrain and cortical 

swelling. 
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Figure 6.1c Day 51: T2 Axial MRI showing volume loss, white matter signal change 

and porencephalic cysts in right Frontoparietal area. 

 

She was extubated after 24 days. During the subsequent 80 days of hospitalization 

she remained only partially responsive, her sleep/wake cycle was reversed and limb 

tone slowly increased particularly on the left. Nasogastric feeding and ultimately 

gastrostromy was required. 

 

She had a period of chorea lasting at least 2 weeks and at least one focal seizure. 

Electroencephalography showed generalised slowing consistent with encephalopathy. 

Follow up MRI showed a generalized loss of both grey and white matter volume, 

some cystic areas in the right frontal area and patterns in the occipital poles 

consistent with ischaemic necrosis.  

 

At 8 month review, her posture was improving but her level of responsiveness was 

unchanged. Some oral puree was taken.  At subsequent 14 month review she was 

much improved. She responded to sound normally but remained clinically blind. She 
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produced some sounds including “Mum” and “No”. Solid food of most textures was 

taken orally but all thin liquids were still administered via gastrostomy.  

Manipulative skills included finger food feeding and helping with dressing. She 

walked well.  There were significant difficulties with frustration, poor sleep and 

excessive noisemaking. Seizures were well controlled on valproic acid.  Despite 

several minor knocks to the head she had not had another episode. 

 

6.1.2.2 Genetic Diagnosis 

 

Genomic DNA was extracted from whole blood of the patient and both parents using 

a QIAGEN mini prep DNA extraction kit utilising standard mini prep kit 

instructions. Following DNA extraction direct sequencing techniques were employed 

using the highly purified genomic DNA samples. Templates of exonic fragments 

were generated in the forward and reverse direction using the primer sequences: 

 

Forward: 5’- CTTGGTGGCGGGGTTT - 3’ 

Reverse: 5’ - CTGCCTAATCCTCCCAAGAG - 3’ (Kors et al, 2001).  

 

The PCR reaction followed standard conditions (Chapter 4.4). Sequencing reactions 

were performed by following Applied Biosystems protocols for "BIG DYE" 

Terminator v1.1 sequencing conditions (Chapter 4.6). The resulting products were 

electrophoresised on an ABI377 Sequencer and analysed using Sequencer software 

aligned with a control sequence (exon 5 of CACNA1A gene, NCBI accession 

number: Z80118) (Table 6.1). 
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Table 6.1 Exon 5 of the CACNA1A gene on C19p13, (NCBI accession number: 

Z80118). 

 
  1 cttaatattc cctcaggaac acacctgctt tgtctgggag agacctgggc 

 51 gtcttggtgg cggggttttg ggggtacttg ctcatgggct tatggggcct  

101 ctctctgtgt ccccccaggt ttacaagtcg tcctgaagtc gatcatgaag  

151 gcgatgatcc ctttgctgca gatcggcctc ctcctatttt ttgcaatcct  

201 tatttttgca atcatagggt tagaatttta tatgggaaaa tttcatacca  

251 cctgctttga agaggggaca ggtaggtcca cggagcatga tgcatctttc 

301 cagttttctc cttcagggac aagctcttgg gaggattagg caggggtgtg  

351 cttctttctc ctggcagctg ggaggaccgt ctccttcaga gagcactac 

 

6.1.3 Results 

This child’s presentation closely resembles that described by Kors et al, 2001. 

Sequencing results for the S218L mutation, which previously was shown to be 

involved in “migraine coma” (Kors et al, 2001), was positive, consistent with this 

diagnosis (Figure 6.2). There was no family history of migraine, therefore both 

parents were tested for the S218L mutation on exon 5 of the CACNA1A gene. 

Neither parent showed the S218L mutation. 

 
 
 

 
 

Figure 6.2 SHM coma patient sequencing results: displaying the S218L mutation (N) 

of the CACNA1A gene. 
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6.1.4 Discussion 

 

In Sporadic Hemiplegic Migraine (SHM), sufferers have no similarly affected first 

degree relatives. SHM patients only rarely have mutations in the FHM gene 

CACNA1A (Thomsen et al, 2004) and reviewed data underlie the change in the 

International Classification of Headache Disorders 2nd edition where SHM became 

separated from migraine with typical aura or migraine with prolonged aura. All 

people with associated motor weakness should be classified as having either FHM or 

SHM (International Headache Society, 2004 and Thomsen et al, 2004). SHM - 

trauma induced coma is a rare phenotype associated with episodic ataxia and FHM. 

 

In this case report neither parent carried the S218L mutation leaving the child with a 

diagnosis of SHM coma. Clinical characteristics of the child from this study closely 

resembled the patient from the study by Kors et al, 2001, (patient III-6 from family 

two) who was asymptomatic prior to minor head injury but who had a parent with 

sporadic hemiplegic migraine. Both subjects had delayed coma onset after head 

trauma following at 1 to 1.5hrs. Both required ventilation because of poor respiration 

and both had low-grade fever. Initial cerebral CT scans revealed no abnormalities in 

the two patients who also had normal protein, glucose levels and negative bacterial 

cultures in CSF. White matter involvement became apparent in both patients and 

over 8-9 days; both subjects had neurological deterioration with loss of brain stem 

reflexes. However patient III-6 of family 2 (Kors et al, 2001) died twelve days after 

admission, reflecting the severity of this disorder. 

 

The S218L mutation may cause dysfunction of the neuronal CACNA1A calcium 

channel. The serine amino acid at nucleotide position 218 is in a highly conserved 

region between the various calcium channel pore forming subunits. This may 

indicate that an amino acid change at this position could severely affect the function 

of the ion channel. Kors et al, 2001 suggested a pathogenic mechanism affecting 

neurotransmitter release resulting from inappropriately depolarized ion channels. 

This effect on neurotransmitter release may disrupt protective mechanisms from 
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causing traumatic brain injury (see Katayama et al, 1995) and could lead to an 

exaggerated response from minor head trauma. 

 

The S218L mutation test of the CACNA1A gene is not only a useful diagnostic tool 

in confirming the association of FHM-head trauma induced coma but is worth 

pursuing in sporadic hemiplegic migraine (SHM) coma.  The diagnostic test result 

can identify those at risk of trivial head trauma induced coma and has potential in 

facilitating prevention of this dramatic syndrome. Informed patients or parents of 

patients can reduce risk through, for example, avoiding participation in contact 

sports. We should perhaps also consider the role of this gene in any presentation 

involving recurrent coma and seemingly catastrophic response to apparent trivial 

injury. There is potential confusion with non-accidental injury in childhood which 

may thus also be avoided. 

 

6.1.5 Conclusion 

 

We conclude that the S218L mutation in the CACNA1A calcium channel subunit 

gene is involved in sporadic hemiplegic migraine (SHM), delayed cerebral edema 

and coma after minor head trauma. 
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CHAPTER 7 

ANALYSIS OF CHROMOSOME 1 FOR 

MIGRAINE SUSCEPTIBILITY 

 
 

 

7.1 Analysis of Chromosome 1 Microsatellite Markers and 

the FHM2-ATP1A2 Gene Mutations in Migraine Pedigrees 
 

 

7.1.1 Specific Introduction 

 

Mutations in a neuronal calcium channel gene (CACNA1A) on chromsome 19p13.1-

13.2 have been shown to cause FHM (Ophoff et al, 1996). Calcium channel genes 

may also be involved in the more common types of migraine (with and without aura) 

and there is some evidence indicating that the FHM locus may contribute to typical 

migraine with and without aura (May et al, 1995). In 1998, Terwindt et al detected a 

CACNA1A gene mutation in a patient with MA and we have previously reported 

linkage to the CACNA1A region on chromosome 19 in one large typical migraine 

family, although mutation screening of all 47 exons did not reveal any mutations in 

this linked pedigree (Nyholt  et al, 1998 and Lea et al, 2001). 

 

7.1.1.1 Chromosome 1 and Migraine 

 

Mutations in the CACNA1A gene on chromosome 19p cause FHM in only about 

50% of affected pedigrees (Ophoff et al, 1996). A second FHM susceptibility locus 

maps to chromosome 1q23 and mutations in the sodium/potassium transporting gene 
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ATP1A2, at this site, have recently been implicated in two FHM pedigrees not 

showing linkage to chromosome 19p13 (De Fusco et al, 2003). Interestingly, we have 

previously reported evidence of linkage to microsatellite markers on chromosome 

1q31 in a large pedigree affected predominantly with migraine with aura (Lea et al, 

2002). 

 

7.1.1.2 Overview of this Study; ATP1A2 and Migraine 

 

It is possible that the chromosome 1q23 locus and the ATP1A2 gene may be 

involved in the common forms of migraine. Therefore, we tested through linkage 

analysis the FHM2-ATP1A2 locus (as well as performing a complete chromosome 

1p and 1q scan - refining the chromosome 1 migraine susceptibility regions) in 

pedigrees affected with migraine, whereby most pedigree members were MA 

diagnosed. We then sequenced the ATP1A2 gene for the known FHM2 mutations as 

well as searched for new mutations throughout the coding areas of this gene. 

 

 

7.1.2 Materials and Methods 

 

7.1.2.1 Patients and Pedigrees 

 

Blood samples were collected from Australian Caucasian participants and were 

diagnosed as per Chapter 4.2, 4.2.3. The migraine pedigrees examined in this study 

included a large multigenerational pedigree (MF14) previously linked to 

chromosome 1q31 (Lea et al, 2002) (Figure 7.1). We also tested an additional set of 

21 multiplex pedigrees segregating MA predominantly, but with a number of MO 

sufferers included also. These pedigrees each had ≥ 5 affected non-founders. There is 

also no clear and consistent mode of disease inheritance within and between the 

migraine families examined and no families had married-in affecteds. 

 

 



 

 226

7.1.2.2 Linkage Analysis of Chromosome 1 

 

We have previously performed linkage analysis of markers spanning the 

chromosome 1q31 region in MF14 (Lea et al, 2002). For the present study, we 

extended the analysis to include markers spanning the FHM2-ATP1A2 gene region 

on chromosome 1q23.  We also performed a complete chromosome 1 scan in 21 

additional multigenerational migraine pedigrees, not including MF14. For the linkage 

analysis we utilised highly polymorphic dinucleotide repeat microsatellite markers, 

including markers previously implicated in migraine where possible. 

 

 
 

Figure 7.1 Migraine family 14 (MF14), previously linked to chromosome 1q31 (Lea 

et al, 2002). Migraine affected: black circles (female) and squares (males), Diagnosis 

(below symbol): MA or MO (with ID number). 

 

 

Figure 7.2 (page 228) illustrates a physical and genetic map of chromosome 1q with 

relevant microsatellite markers, from the two analyses, displayed with genetic 
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positioning. For the chromosome 1 scan, markers were obtained from ABI Linkage 

Mapping Set Version 2 and PCR amplification was performed using ABI Linkage 

Mapping Set protocols. Extended linkage analysis in MF14 was performed using a 

separate set of markers to refine the migraine susceptibility regions on chromosome 

1q, except D1S498, D1S196, D1S238, D1S249 and D1S213, which overlap with 

ABI's Mapping Set. PCR conditions, for the extended linkage analysis, followed 

standard protocols described by Lea et al, 2002 and Chapter 4.4. The resulting dye-

labelled PCR fragments, from both analyses, were sized by electrophoresis on an 

ABI377 Sequencer or ABI310 Genetic Analyser. The resulting data was then 

genotyped utilising ABI Genotyper 2.1 software. Non-parametric multipoint linkage 

analysis was performed using the MERLIN (Multipoint Engine for Rapid Likelihood 

Inference) program. This statistical program utilises a new efficient method for 

analysing dense genetic maps in pedigree data and provides extremely fast solutions 

to common problems, such as allele-sharing analyses and haplotyping (Abecasis et 

al, 2002). MERLIN makes use of sparse inheritance trees for pedigree analysis; it 

performs rapid haplotyping, genotype error detection and affected pair linkage 

analyses. 

 

7.1.2.3 Mutation Screening of ATP1A2 

 

Following linkage analysis, direct sequencing techniques were employed using 

highly purified genomic DNA samples. Initially 8 affected probands, from 8 families 

that contributed most to significant excess sharing in the 21 pedigrees set, were 

screened for the two known FHM2 mutations occurring in exon 17 and 19 of the 

ATP1A2 gene (De Fusco et al, 2003) (Table 7.1). Then, three affected probands of 

MF14 were prepared and screened for mutations in the entire coding area of the 

ATP1A2 gene. Templates of exonic fragments were generated in the forward and 

reverse direction using primer sequences displayed in Table 4.3 (Chapter 4.3.5) and 

PCR conditions as per Chapter 4.4.1.1. The sequencing reactions followed Applied 

Biosystems protocols for "BIG DYE" Terminator v1.1 sequencing conditions 
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Figure 7.2 Cytogenetic map of chromosome 1q, displaying cytogenetic location and 

genetic distance (cM) of and between relevant chromosome 1q markers from the MF14 

extended linkage analysis and chromosome 1 scan with the 21 pedigree set. The FHM2-

ATP1A2 location and previously implicated region are indicated by bold vertical lines. 

Peak LOD* scores were obtained at markers highlighted. The positioning of the markers is 

based on NCBI Map Viewer using deCODE and Ideogram mapping data. 
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(Chapter 4.6). The resulting products were electrophoresised on an ABI377 

Sequencer and analysed using Sequencer software aligned with a control sequence 

(ATP1A2 gene, NCBI accession number: NM_000702.2) (APPENDIX III). 

 

 

Table 7.1 Exon 17 and 19 of the ATP1A2 gene showing mutation sites for 

FHM2. Brown colour lettering: untranslated intronic regions. Bold lettering: 

primers used to amplify the exonic regions of exon 17 and 19 (Capital lettering). 

Mutation sites: Exon 17; 2395T→C (L764P) (bold, highlighted), Exon 19; 2763 

T→C (W887R) (bold, highlighted) (see De Fusco et al, 2003). 

 

Exon-17 155bp 

 
ctgatgccctcagaatctccccacagGCCGCCTGATCTTTGACAACTTGAAGAAATC

CATCGCCTACACCCTGACCAGCAACATCCCCGAGATCACCCCCTTCCTGCTGTTCAT

CATTGCCAACATCCCCCTACCTCTGGGCACTGTGACCATCCTTTGCATTGACCTGGG

CACAGATATGgtgagcgcaggaggtggaggaggg 
 

Exon-19 146bp 

 
ctgcttcctgctctgaccctgcccctgcctttggccctctacccacagGGATGATCC

AGGCACTGGGTGGCTTCTTCACCTACTTTGTGATCCTGGCAGAGAACGGTTTCCTGC

CATCACGGCTACTGGGAATCCGCCTCGACTGGGATGACCGGACCATGAATGATCTGG

AGGACAGCTATGGACAGGAGTGGgtgagtggtgctgtgtaaacacagcgcacatgtg

tgaaggtacgggaagctg 

 

 

7.1.3 Results 

 

7.1.3.1 Linkage Analysis of Chromosome 1 

 

The extended linkage analysis in MF14, which included additional closely spaced 

markers spanning chromosome 1q (and FHM2-ATP1A2), revealed significant excess 
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allele sharing near chromosome 1q23 (slightly downstream from the ATP1A2 gene 

locus) with a maximum LOD* score of 1.8 (P=0.002) between the markers D1S2844 

and D1S196 at C1q23.3-q24.2 (Figures 7.2 and 7.3). The location of the previously 

implicated migraine susceptibility region that localizes to chromosome 1q31 at the 

marker D1S2782 in migraine family 14 (Lea et al, 2002) is also displayed in Figures 

7.2 and 7.3. Subsequent to the extended linkage analysis of MF14, there may 

possibly be more than one chromosome 1 susceptibility gene in typical migraine 

affected individuals. Multipoint analysis of 21 additional migraine pedigrees also 

revealed evidence for linkage of microsatellite markers spanning chromosome 1q23 

and the ATP1A2 gene. A maximum LOD* score of 1.58 (P=0.0035) was obtained at 

marker D1S2878 which localizes near to the ATP1A2 gene at C1q23.3-q24.1 

(Figures 7.2 and 7.4). These results for the MF14 migraine pedigree indicate a 

possible second susceptibility gene in the chromosome 1q23 region as well as the 

chromosome 1q31 locus. 

 

7.1.3.2 Mutation Screening of ATP1A2 

 

Initially we screened three MA affecteds from MF14 in all 23 exons of the ATP1A2 

gene. The sequencing results revealed no mutations or polymorphisms in any of the 

exons screened, including the 3’UTR region of exon 23. Secondly, we tested 

specifically for the FHM2 mutations (exon 17 and 19) (De Fusco et al, 2003) in eight 

probands from eight separate families demonstrating excess allele sharing in the 21 

pedigree set. These samples are MA founders and are therefore most likely to have 

the FHM2 mutations, if they existed in these pedigrees. However, the results proved 

to be negative revealing no mutations during sequencing of these two exons of the 

ATP1A2 gene. 
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Figure 7.3 Results of extended linkage mapping analysis for MF14 across chromosome 1q. Markers 
used for the extended analysis are displayed along the top of the figure. The Y axis shows the allele 
sharing LOD* scores resulting from analyses of the MA phenotype. The X axis shows the genetic 
distance in Kosambi centiMorgans (KcM). The location of the previously implicated migraine 
susceptibility region and the FHM2-ATP1A2 gene is displayed. 
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Figure 7.4 A complete chromosome 1 scan in 21 multiplex pedigrees segregating predominantly 
migraine with aura (MA). Markers used for the complete chromosome 1 analysis are displayed along 
the top of the figure. LOD* scores are displayed on the Y axis showing allele sharing results for 
analysis of MA only and MA/MO phenotypes. The X axis shows the genetic distance in Kosambi 
centimorgans (KcM). The location of the ATP1A2 gene is displayed. 
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7.1.4 Discussion 

 

Migraine is a polygenic multifactorial disease involving both environmental and 

genetic factors. The exact number of genes involved is unclear and the mode of 

inheritance is complex. Two genes that play a causative role in FHM, a rare subtype 

of migraine with aura, have previously been identified as CACNA1A on 

chromosome 19p13 (Ophoff et al, 1996) and ATP1A2 on chromosome 1q23 (De 

Fusco et al, 2003). We have fine-mapped the chromosome 1q23 region and 

conducted a full chromosome 1 scan (1q and 1p) using microsatellite markers. The 

analysis has provided evidence of excess allele sharing in predominantly MA 

affected pedigrees at the locus C1q23.3-q24.2 (Figure 7.2). Although the LOD* 

scores are not significant at the genome-wide level they do suggest linkage of these 

chromosome 1q markers to the common forms of migraine and the presence of a 

susceptibility gene in this region. Previous studies in our laboratory have also 

implicated a second area of interest on chromosome 1q31, which could indicate the 

possibility of two genes for typical migraine localising to chromosome 1q. Since 

typical migraine can occur in the same families as FHM we decided to investigate the 

newly discovered FHM2-ATP1A2 gene located at C1q23, one region of interest. The 

ATP1A2 gene itself codes for the ATPase, Na+/K+ transporting, alpha-2 polypeptide 

and plays a role in the exchange of sodium and potassium ions across the cell plasma 

membrane. This protein exists in four isoforms (ATP1A1, ATP1A2, ATP1A3, 

ATP1A4) of which all them show different functional roles. The ATP1A2 isoform’s 

role is to fine tune intracellular Na+, and indirectly modify Ca2+ concentration 

(Blaustein et al, 1993). It is expressed in the brain and is found in neurons, as well as 

astrocytes (McGrail et al, 1991). Functional consequences of mutations in the 

ATP1A2 gene may cause a complete loss of function of the gene, where familial 

hemiplegic migraine type 2 or permanent mental retardation in children may result 

(Jurkat-Rott et al, 2004, Vanmolkot et al, 2006). Also mutations may have an 

inhibitory affect on Na+/K+ pump activity or kinetically alter the gene in causing 

FHM2 (De Fusco et al, 2003, Segall et al, 2004). We found however, in this study 

there was no link between this gene and common migraine. The new FHM2-
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ATP1A2 gene mutations, reported by De Fusco et al, 2003, do not cause typical 

migraine in probands of affected pedigrees showing excess allele sharing of markers 

in this genomic region. It was thought possible that mutations elsewhere in the 

ATP1A2 gene may be present, so we sequenced all 23 exons of this gene in 3 MA 

affected individuals from MF14, showing excess allele sharing, but no new mutations 

or polymorphisms were found. Also the polymorphisms detected in two exons by 

Keryanov et al, 2002 (exon 14 and 20), through testing of FHM samples, were not 

revealed in our three MA affected, MF14 pedigree members. It should be noted 

however, that although no new exonic mutations were detected in this family, it is 

still possible that mutations in non-coding regions, for example promoter or intron-

exon boundaries, will be implicated. 

 

7.1.4.1 Correlation between FHM and Familial Typical Migraine 

 

Despite certain clinical characteristics, the genetic correlation between FHM and 

familial typical migraine remains unclear. We employed migraine pedigrees affected 

primarily with migraine with aura, as MF14 is essentially an MA family and the 

additional 21 families are predominantly MA affected. FHM is considered as an 

autosomal dominant subtype of migraine with aura and this is supported by evidence 

from Terwindt et al, 1998. The authors established that the FHM I1811L mutation 

might also occur in "normal" migraine patients, supporting the hypothesis that FHM 

is part of the migraine spectrum (Terwindt et al, 1998). However, one reason why the 

correlation between the two phenotypes may not be clear is the possibility that 

typical migraine genes with shared function might cluster throughout the genome, as 

we have previously reported linkage of migraine family 14 (MF14) to chromosome 

1q31 (LOD* 3.36, MA phenotype and 2.04, MA/MO) (Lea et al, 2002) and to 

chromosome Xq24-28 (LOD* 2.39, MF7/MF14) (Nyholt et al, 2000). The LOD* 

score peaks obtained in this current study were near the FHM2-ATP1A2 gene and 

not at the exact location. 
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7.1.4.2 The C1q31 locus and Migraine susceptibility 

 

Analysing in more detail the chromosome 1q31 locus should also be considered in 

the search for chromosome 1 susceptibility genes in migraine. Evidence from another 

study has shown strong linkage for the disease gene in an FHM family located at 

chromosome 1q31 (LOD* scores  > 3) (Gardner et al, 1997). The authors suggested 

that mutations of additional calcium channels (other than CACNA1A, C19p13.1) in 

the C1q31 region might cause hemiplegic migraine disease. The region does contain 

another neuronal calcium channel subunit gene (CACNA1E) (localised at C1q25-

q31) (Diriong et al, 1995) and linkage or association studies with this gene in typical 

migraine samples may be beneficial in refining the chromosome 1q31 typical 

migraine locus. 

 

7.1.5 Conclusion 

 

The chromosome 1q23 area itself covers a wide span of 1-3 cytogenetic bands, which 

is greater than 12 MB, with a heavy density of genes in this particular region. Several 

candidate genes lie within the C1q23 region, that were previously tested for FHM, 

including another gene for the <alpha> subunit of the sodium pump, ATP1A4 

(Keryanov et al, 2002). In addition, other genes that were tested for FHM by Marconi 

et al, 2003 could be investigated in typical migraine to rule out their possibility of 

involvement. Though the two studies failed to find mutations in these genes, within 

FHM families, it would be still feasible to refine the C1q23 typical migraine locus by 

using primers that amplify particular polymorphisms within these genes. Therefore 

further studies in the chromosome 1q23 and chromosome 1q31 regions investigating 

ATP1A4, CASQ1, KCNJ9 and KCNJ10, as well as the CACNA1E gene, in typical 

migraine through linkage or association studies, may be useful in defining the 

chromosome 1 susceptibility gene(s) for this disorder. 
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7.2 Association Analysis of Chromosome 1q23/31 Migraine 

Candidate Genes 

 
7.2.1 Specific Introduction 

 

Migraine with aura (MA) contains a rare severe subtype of Familial Hemiplegic 

Migraine (FHM), distinguished by migraine headache and neurological symptoms 

that are different to MA (International Headache Society, 2004). The type 2 FHM 

(FHM-2) susceptibility locus maps to chromosome 1q23 and mutations in the 

ATP1A2 gene at this site have recently been implicated in two FHM pedigrees not 

showing linkage to the chromosome 19p13 FHM 1 locus (De Fusco et al, 2003). We 

have previously provided evidence of linkage to microsatellite markers on 

chromosome 1q31 in a large pedigree affected predominantly with migraine with 

aura (Lea et al, 2002). We have also fine-mapped the C1q23 region using 

microsatellite markers providing evidence of excess allele sharing in predominantly 

MA affected pedigrees (Curtain et al, 2005). We also investigated the newly 

discovered FHM-2 (ATP1A2) (De Fusco et al, 2003) gene located at C1q23 through 

mutation analysis but found there was no link between this gene and common 

migraine (Curtain et al, 2005). 

 

7.2.1.1 C1q23/31 candidate genes 

 

In this migraine study we investigated six candidate genes that lie within the C1q23 

and the C1q31 regions. Genes investigated within the C1q23 genomic region include 

a subunit of the ATP1A2 gene, ATP1A4 an integral membrane protein catalytic 

subunit directly responsible for ion transport such as the active transport of sodium 

ions in exchange for potassium ions across cell membranes. The electrochemical 

gradient generated by this exchange is essential for maintaining membrane potentials 

and for sodium - coupled co-transport of a variety of organic and inorganic molecules 

(Keryanov et al, 2002). Another gene tested was CASQ1 (Human fast-twitch skeletal 
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muscle Calsequestrin 1) an acid glycoprotein that binds calcium ion and is believed 

to function as a storage protein for calcium. It is a low affinity but high capacity 

calcium-binding protein from the sarcoplasmic reticulum (Fujii et al, 1990). Also, the 

human KCNJ9 and KCNJ10 genes (potassium inwardly-rectifying channel, 

subfamily J, member 9 and 10) underwent investigation. They are members of the G-

protein-activated inwardly rectifying potassium (K+) (GIRK) channel family 

responsible for playing a critical inhibitory role in K+ transport throughout the 

nervous system, heart, pancreas, brain and kidney (Isomoto et al, 1997 and Takumi et 

al, 1997). These channels have widespread expression in the central nervous system, 

helping to regulate extracellular K+ ion concentrations. We also investigated a CA 

repeat polymorphism localized 46-kb upstream of the Fas ligand gene (FasL) gene on 

C1q23. FasL is a transmembrane protein belonging to the tumor necrosis family 

(TNF). It is an apoptosis inducing T-cell effector predominantly expressed in 

activated T lymphocytes, in natural killer cells and in immune privileged sites, such 

as the testes and eye (Nagata et al, 1999). 

 

The C1q31 localised gene CACNA1E was also tested for association with migraine. 

This is a second region of interest on C1 for typical migraine, as previous results 

showed linkage also to this region (Lea et al, 2002). CACNA1E is a subunit of the 

FHM-1 gene, CACNA1A on C19p13 and is responsible for producing high voltage-

activated Ca2+ currents that inactivate rapidly across cell membranes (Williams et al, 

1994). 

 

7.2.1.2 Overview of this Study 

 

Overall this study investigated six genes localised on the chromosome 1q23 and 1q31 

regions, five of which contained informative SNPs and one dinucleotide repeat 

located upstream from the FasL gene. The population utilised was a large case-

control migraine population - age, sex and ethnically matched. The migraine (case) 

subjects were predominately MA sufferers. 

 



 

 237

7.2.2 Materials and Methods 

7.2.2.1 Association population 

A cross-sectional association approach was employed, utilising genomic DNA 

samples obtained from 270 migraine affected individuals and 270 controls (Chapter 

4.2 and 4.2.2). The individuals were grouped together as total migraine affected, 

containing both MA and MO diagnosed samples. For further statistical analysis the 

groups were then split into migraine with aura and migraine without aura 

populations. The control population consisted of non-migraine affected individuals. 

 

7.2.2.2 SNP and dinucleotide polymorphism selection 

 

This study incorporated analysis of a CA dinucleotide repeat polymorphism located 

46-kb upstream from the Fas ligand gene (FasL) and also SNP analysis techniques 

within other candidate genes on chromosome 1q23 and q31. SNPs were selected 

using SNPbrowserTM Software (ABI), Ensembl Genome Browser and NCBI SNP 

databases. With an emphasis on tested and validated SNPs within coding regions and 

with high heterozygote (or minor allele) frequencies whenever possible, SNPs chosen 

for each gene were carefully scrutinized. The selection of SNPs is crucial for analysis 

for gaining as much information about the populations tested as possible. Low minor 

allele frequency SNPs provide little genetic information about a population unless the 

number of samples tested are great (eg. > 600). A detailed summary of all SNPs 

selected for this study is displayed in Table 7.2. 

 

7.2.2.3 PCR conditions 

 

Primer sequences for each SNP and the dinucleotide repeat were designed by 

utilizing Primer ExpressTM v 2.0 software (ABI) or obtained from previous 

publications (see discussion) (Table 4.4) (Chapter 4.3.5). PCR conditions are 

outlined in Chapter 4.4.1.2. 
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7.2.2.4 Genotyping analysis and Restriction Digest conditions 

 

The FasL dinucleotide rpt marker was labelled with FAM fluorescent dye label and 

following PCR loaded on an ABI310TM Genetic Analyser with Genescan AnalysisTM 

3.1 software. Genotyping was performed with ABI GenotyperTM 2.1 software. 

 

SNP analysis was performed using restriction enzyme sites overlapping the SNP in 

question. Digest conditions for all SNPs utilised 10ul of PCR product and a 10ul mix 

of 3U of restriction enzyme (see Table 7.2) with 1X enzyme buffer and H2O. Digest 

products were loaded and electrophoresised on 3-4% high resolution agarose gels to 

enable genotyping of fragments. Repeats were randomly performed to verify 

genotypic results. 

 

7.2.2.5 Statistical data analysis 

 

Genotype and allele frequencies for all SNP variants and the CA Rpt were calculated 

from observed genotype counts. As a statistical control for systematic genotyping 

error and population stratification, the expected genotype proportions according to 

the Hardy-Weinberg law were calculated and compared to observed genotypes. 

Genotype and allele frequencies were initially assessed for association with migraine, 

then MA and MO populations using conventional contingency table analyses 

incorporating the standard chi-squared test for independence. Genetic risk 

magnitudes (effect size) were estimated by calculating ORs with 95% confidence 

intervals.
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Table 7.2 A detailed summary of all SNPs selected for this study 

  

 

GENE refSNP ID Coding Alleles Translation
AA 

change 
Minor 

allele freq 
Restriction 

enzyme 
Restriction 

site 
RE Digest 

fragments-bp 

KCNJ10 rs1130183 yes,exon2 C/T non-syn Arg-Cys T=0.0240 Ear I CTCTTC 614,376,238,8 

          

KCNJ9 rs2494211 no,3’-UTR  T/C nil nil C=0.28 Rsa I GTAC 382,204,178 

          

ATP1A4 rs6427504 yes,exon3 T/C non-syn Gly-Asp C=0.337 Bcc I CCATC 365,249,116 

          

CASQ1 rs3747623 no,intron3 T/C nil nil C=0.481 Hph I TCACC 245,189,116,56

          

CACNA1E rs704326 yes,exon43 G/A non-syn Ala-Thr G=0.390 AciI CCGC 153,109,44 
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7.2.3 Results 

 

The results of association analysis of all SNPs and the dinucleotide repeat are 

displayed in Tables 7.3 to 7.9. All population data of observed genotypes fitted the 

expected genotype proportions according to the Hardy-Weinberg law. Chi-square 

results showed non-significant P values (P > 0.05) across all SNPs (and the CA rpt) 

tested, except for the rs704326 SNP from exon 43 of the CACNA1E gene on C1q31. 

P values significantly less than 0.05 were obtained in the total migraine population 

versus controls and the MA subgroup, with similar frequency comparisons 

ascertained in both genotype and allele analysis (Table.7.8 and 7.8a). 

 

 

 

 

Table 7.3 Total distribution of the rs1130183 SNP genotype and allele 

frequencies of the KCNJ10 gene in Migraine (Total), MA, MO and Control 

Groups. 

 

  SNP Genotypes     SNP Alleles  

       N     

Group C/C C/T T/T alleles C T 

Total 

Migraine 190(86%) 30(13%) 1(1%) 442 410(93%) 32(7%) 

MA 153(86%) 24(13%) 1(1%) 356 330(93%) 26(7%) 

MO 30(91%) 3(9%) 0(0%) 66 63(95%) 3(5%) 

control 177(90%) 17(9%) 1(1%) 390 371(95%) 19(5%) 
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Table 7.3a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the KCNJ10 – SNP. 

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total migraine   χ2=2.44, P=0.295  χ2=2.02, P=0.155 

MA   χ2=2.17, P=0.338  χ2=1.94, P=0.164 

MO   χ2=0.17, P=0.917  χ2=0.01, P=0.909 

 

 

 

 

 

Table 7.4 Total distribution of the rs2494211 SNP genotype and allele 

frequencies of the KCNJ9 gene in Migraine (Total), MA, MO and Control 

Groups. 

 

  SNP Genotypes     SNP Alleles  

       N     

Group C/C C/T T/T alleles C T 

Total 

Migraine 113(47%) 97(40%) 33(13%) 486 323(67%) 163(33%)

MA 94(48%) 75(38%) 28(14%) 394 263(67%) 131(33%)

MO 15(40%) 18(49%) 4(11%) 74 48(65%) 26(35%) 

control 95(39%) 118(49%) 30(12%) 486 308(63%) 178(37%)
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Table 7.4a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the KCNJ9 – SNP.  

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total migraine   χ2=3.75, P=0.153  χ2=1.02, P=0.313 

MA   χ2=4.90, P=0.086  χ2=1.09, P=0.297 

MO   χ2=0.08, P=0.961  χ2=0.06, P=0.804 

 

 

 

 

 

Table 7.5 Total distribution of the rs6427504 SNP genotype and allele 

frequencies of the ATP1A4 gene in Migraine (Total), MA, MO and Control 

Groups. 

 

  SNP Genotypes     SNP Alleles  

       N     

Group T/T T/C C/C alleles T C 

Total 

Migraine 96(41%) 107(46%) 30(13%) 466 299(64%) 167(36%)

MA 76(40%) 91(48%) 24(12%) 382 243(64%) 139(36%)

MO 16(43%) 16(43%) 5(14%) 74 48(65%) 26(35%) 

control 81(39%) 91(43%) 38(18%) 420 253(60%) 167(40%)
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Table 7.5a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the ATP1A4 – SNP.  

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total migraine  χ2=2.32, P=0.314  χ2=1.45, P=0.229 

MA  χ2=2.43, P=0.297  χ2=0.97, P=0.326 

MO   χ2=0.55, P=0.758  χ2=0.57, P=0.452 

 

 

 

 

 

 

Table 7.6 Total distribution of the rs3747623 SNP genotype and allele 

frequencies of the CASQ1 gene in Migraine (Total), MA, MO and Control 

Groups. 

 

  SNP Genotypes     SNP Alleles  

       N     

Group C/C C/T T/T alleles C T 

Total 

Migraine 93(41%) 102(45%) 33(14%) 456 288(63%) 168(37%)

MA 76(%) 83(%) 29(%) 376 235(63%) 141(37%)

MO 12(36%) 18(55%) 3(9%) 66 42(64%) 24(36%) 

control 89(41%) 103(48%) 23(11%) 430 281(65%) 149(35%)

 

 

 

 



 

 244

Table 7.6a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the CASQ1 – SNP. 

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total migraine   χ2=1.50, P=0.473  χ2=0.46, P=0.497 

MA   χ2=2.07, P=0.356  χ2=0.71, P=0.401 

MO   χ2=0.51, P=0.776  χ2=0.51, P=0.776 

 

 

 

 

 

 

Table 7.7 Total distribution of the CA Repeat genotype and allele frequencies 

upstream of the FasL gene in Migraine (Total), MA, MO and Control Groups. 

 

  Genotypes     Alleles  

 CA Rpts     N CA Rpts   

Group 14/14 13/14 13/13 alleles 14 13 

Total 

Migraine 49(24%) 101(49%) 55(27%) 410 199(49%) 211(51%)

MA 36(28%) 65(50%) 28(22%) 258 137(53%) 121(47%)

MO 13(17%) 36(47%) 27(36%) 152 62(41%) 90(59%) 

control 53(26%) 98(47%) 55(27%) 412 204(49%) 208(51%)
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Table 7.7a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the FasL – CA Rpt. 

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total migraine   χ2=0.20, P=0.905  χ2=0.08, P=0.779 

MA   χ2=1.07, P=0.586  χ2=0.82, P=0.366 

MO  χ2=3.25, P=0.197  χ2=3.39, P=0.066 

 

 

 

 

 

 

Table 7.8 Total distribution of the rs704326 SNP genotype and allele frequencies 

of the CACNA1E gene in Migraine (Total), MA, MO and Control Groups. 

 

  SNP Genotypes     SNP Alleles  

       N     

Group G/G G/A A/A alleles G A 

Total 

Migraine 134(68%) 56(29%) 6(3%) 392 324(83%) 68(17%)

MA 107(68%) 45(29%) 5(3%) 314 259(82%) 55(18%)

MO 22(76%) 7(24%) 0(0%) 58 51(88%) 7(12%) 

control 186(90%) 21(10%) 0(0%) 414 393(95%) 21(5%) 
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Table 7.8a Chi-squared (χ2) analysis of all Migraine Groups against Controls 

for the CACNA1E – SNP.  

 

                           Frequency comparison 

Group Genotypes   Alleles  

Total 

migraine  χ2=30.08, P=2.94×10⎯7  χ2=30.88, P=2.74×10⎯8 

MA  χ2=28.70, P=5.86×10⎯7  χ2=29.57, P=5.39×10⎯8 

MO   χ2=4.76, P=0.092 χ2= 4.46, P=0.035 

 

Examination through contingency table analysis of the CACNA1E frequency data 

indicated that the risk allele (A) was over-represented in the migraine group 

compared to the control group. Further comparison of the genotype data indicated a 

difference in frequency distributions (P < 0.0001). Stratified analyses of migraine 

subtypes indicated that this association was specifically attributed to the MA subtype 

group. To determine the magnitude of the increased risk of MA conferred 

specifically by having 1 or 2 copies of the risk allele (A), odds ratios were calculated 

after dichotomising the genotype frequency data into risk GA/AA vs no risk G/G 

(baseline). Comparing the MA subgroup against controls under this grouping scheme 

gave the frequencies shown in Table 7.9 and produced an OR of 4.14.with a 95% CI 

of 2.36 – 7.26 (P < 0.0001). Total distribution of the rs704326 SNP genotype and 

allele frequencies of the CACNA1E gene in Migraine (Total), MA, MO and Control 

Groups is displayed in Table 7.8 (above). 

 

Table 7.9 Distribution of CACNA1E Composite Genotype frequencies 

 

Genotypes 
Group 

GG GA/AA 
Total 

MA 107 50 (32%) 157 

Control 186 21 (10%) 201 

         Comparison G/G genotype vs. G/A-A/A, OR = 4.14 (95%CI: 2.36 – 7.26) 
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7.2.4 Discussion 

 

The C1q23 region covers a large genetic distance of 1-3 cytogenetic bands, greater 

than 12 MB in length and containing a heavy density of genes in this particular 

region. Since the discovery of FHM-2 (De Fusco et al, 2003) caused by mutations in 

the ATP1A2 gene at the C1q23 locus, this region has been the focus of intense 

genetic research for the more common types of migraine. Research on migraine is 

not only of interest at this locus, other genetic diseases and neurological conditions 

have also been associated with this region. Previously two SNPs and the CA rpt 

polymorphism from the KCNJ9, KCNJ10 and FasL genes (utilised in this study) 

were tested in a number of other genetic diseases. The KCNJ9 SNP (rs2494211) was 

found to have an association with type 2 diabetes in Pima Indians (Wolford et al, 

2001). The T allele of the KCNJ10 SNP (rs1130183) showed a significant 

association with seizure resistance in the common forms of focal and generalized 

epilepsy patients, suggesting that this variation is related to general seizure 

susceptibility in humans (Buono et al, 2004). The CA repeat polymorphism, 

upstream of the Fas ligand gene, was also found to be associated with multiple 

sclerosis (MS) (Zayas et al, 2001). In this study, as well as ours, Zayas et al, 2001 

found that the polymorphism consisted of two main alleles, 14 (allele A) and 13 

(allele B) repeats, with three others of 11, 12 and 15 repeats consisting of a minor 

allele frequency of < 1% in the populations (Zayas et al, 2001). Therefore the two 

main alleles were investigated in the multiple sclerosis study as well as this migraine 

study. From their results, Zayas et al, 2001 suggested that chromosomes with the B 

allele have a genetic background that reduces susceptibility to MS. 

 

7.2.4.1 Summary of C1q23 susceptibility region 

 

Overall, from the results displayed in Tables 7.3 to 7.4a, 7.7 and 7.7a, the SNPs 

contained within the KCNJ9, KCNJ10 genes and the CA repeat polymorphism 

(FasL) (all localised at C1q23) were not significantly associated with migraine or its 

subtypes (MA,MO) with chi-square results producing P values greater than 0.05. 
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From the three other genes tested on chromosome 1, SNPs were carefully scrutinized 

and selected to be the most informative genetic markers for these genes, as no 

previous, published, case-control studies had not been performed on these genes. The 

SNPs contained within the ATP1A4 and CASQ1 genes and also located on C1q23, 

did not show any association with migraine or its subtypes with P values being 

greater than 0.05 (Tables 7.5 to 7.6a). 

 

7.2.4.2 C1q31 susceptibility region and migraine 

 

The region C1q31 was first investigated with migraine in 1997. Gardner et al, 1997 

reported results of a linkage study investigating a large pedigree affected with 

autosomal dominant FHM.  The authors investigated 12 microsatelite markers 

spanning 44cM on chromosome 1q31 (Gardner et al, 1997). Model-based analyses of 

the markers indicated significant linkage to FHM with a maximum LOD score 

peaking slightly between markers D1S249 and D1S2782 at C1q31. In 2002, Lea et al 

reported that all their linkage peaks were maximised near the very same locus 

(D1S249) as the FHM results reported by Gardner et al, 1997. The results of Lea’s 

study interpreted together with those reported by Gardner et al, strongly support the 

idea that a common defective gene may be influencing both FHM and typical 

migraine, specifically migraine with aura disease sufferers as our study seems to 

indicate. 

 

7.2.4.3 Summary of C1q31 region, CACNA1E gene and migraine 

 

In this study the CACNA1E gene, localised at C1q31, showed significant association 

between total migraine vs controls and also the MA subtype vs controls (Table 7.8a). 

P values were strongly significant on a genome-wide scale being <0.0001. It was 

determined that the MA subpopulation was responsible for the risk allele (A) being 

over-represented indicating that this association was specifically attributed to the MA 

subtype of migraine (see Table 7.9). These results suggest that chromosomes with the 
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B allele have a genetic background that reduces susceptibility to MA and A allele 

carriers have an increased risk of susceptibility to migraine with aura. 

 

The positive association results obtained within the CACNA1E gene is interesting in 

the fact that FHM is considered to be a rare and severe form of migraine with aura 

(MA) and FHM-1 is caused by mutations contained within the calcium channel gene 

CACNA1A (localised at C19p13). CACNA1E (C1q31) is a calcium channel subunit 

of CACNA1A the sequence similarities between CACNA1A and CACNA1E are 

61% identical in humans (Williams et al, 1994). This reinforces the idea that FHM 

and specifically an FHM gene in this genomic region may also contribute to 

susceptibility to the more common forms of migraine i.e. migraine with aura, 

strongly supporting the idea that a common defective gene may be influencing both 

FHM and typical migraine. 

 

7.2.5 Conclusion 

 

Overall, from the results of this study, genes tested on C1q23 showed no association 

with typical migraine. However the CACNA1E gene localised at C1q31, containing a 

coding, non-synonymous, functional SNP on exon 43, showed strong association 

with typical migraine (specifically MA) (P<0.0001, Tables 7.8a and 7.9). It was 

determined overall that the over-representation of the risk allele (A) from this SNP 

was responsible in indicating that this association was specifically attributed to MA 

sufferers and therefore (from the results of this study) A allele carriers, of the 

rs704326 SNP on CACNA1E (Table 7.2), have an increased risk of susceptibility to 

migraine with aura. The positive association results from this will need further 

confirmation by independent researchers, including possibly an expression analysis 

or mutation analysis approach to investigate the CACNA1E gene and migraine with 

aura diagnosed RNA/DNA samples. 
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CHAPTER 8 

SUMMARY AND INTERPRETATION OF 

RESEARCH CONDUCTED 

 
 

 

8.1 Overview 

 
Migraine is a polygenic multifactorial disease involving both environmental and 

genetic factors. The exact number of genes involved is unclear and the mode of 

inheritance is complex. However, two genes that play a causative role in FHM (a rare 

subtype of migraine with aura) have previously been identified as CACNA1A on 

chromosome 19p13 (Ophoff et al, 1996) and ATP1A2 on chromosome 1q23 (De 

Fusco et al, 2003). This thesis involved genetically analysing these potential 

susceptibility regions on both chromosomes (chromosome 19 and chromosome 1), 

utilising a number of complementary strategies. These strategies consisted of family 

based linkage analyses, case-control based microsatellite/SNP association analyses 

and direct mutation screening, using specific migraine affected family members from 

pedigrees previously linked to susceptible chromosomal regions. A summary of these 

genetic results and how they relate to migraine disease follows, as well as an outline 

of our results identifying the molecular cause of a new form of migraine involving a 

case study and results of studies investigating the C19p13 localised CACNA1A gene. 

 

 

 

 



 

 251

8.2 Chromosome 19 Studies and Migraine 

 

8.2.1 LDLR, Cholesterol and Migraine 

 

The relationship between migraine and lipids has been investigated by observing 

platelets. Patients with migraine have a platelet hyperaggregability (Couch et al, 

1977), and platelets share many metabolic characteristics with serotonergic neurons 

and endothelial cells (D'Andrea et al, 1995). Shattil et al, 1975, found that the 

cholesterol content of platelets is dependent on the lipid composition of the milieu 

and that cholesterol acquired by platelets may exert its effect on platelet function by a 

modification of the platelet membrane. Hedman et al, 1988, studied platelet function 

in classic migraine during attack-free periods. They found that migraine cases had 

higher levels of low density lipoprotein (LDL)-cholesterol (Hedman et al, 1988), 

where low density lipoprotein (LDL) is the major cholesterol transport protein in 

human plasma (Goldstein et al, 1979). The data showed a decreased functional 

capacity of platelet beta-adrenoceptors and an altered metabolism of prostacyclin and 

LDL-cholesterol. Plasma coagulability, although much less studied, is also enhanced 

during migraine attacks (Kalendovsky et al, 1977). Hering-Hanit et al, 2001 

suggested that there is activation of the clotting system in certain patients with 

migraine with aura. Therefore, evidence suggests that platelet aggregation and 

plasma coagulability could point towards abnormalities in the plasma cholesterol 

component and may play a part in migraine. Thus genes involved in cholesterol 

regulation and coagulation are potential candidates for migraine, including LDLR. 

 

This research investigated LDLR as a potential candidate gene involved in migraine 

susceptibility. However, the results presented in chapter 5.1 show no significant 

difference between the three populations tested (MA, MO and total migraine 

affected) versus controls investigating the (TA)n marker on exon 18 of the LDLR 

gene (chapter 5.1). This was in contradiction to Mochi et al, 2003, who found 

significant differences in the distribution of the LDLR (TA)n alleles, in MO patients 

versus both controls and the MA subgroup. However, the authors stated that (TA)n, 



 

 252

in particular, is a polymorphism in an untranslated region at the 3' end of the gene, 

and that it was therefore difficult to envisage a direct pathogenic role for this 

polymorphism in migraine without aura (Mochi et al, 2003). An investigation of 

cholesterol levels was also conducted in a genetically isolated island population with 

case-control samples, however this also proved to have no relation to migraine 

disease. Hence results from this study do not support a significant role for the LDLR 

gene, or for cholesterol levels in general, in migraine. 

 

8.2.2 INSR and Migraine 

 

The INSR gene was also investigated as it is located in a candidate genomic region 

on chromosome 19. INSR may play a direct or an indirect role in migraine. The 

INSR gene was first investigated in human essential hypertension (HT) (Morris et al, 

1997). Insulin resistance secondary to an INSR 'defect', or other causes, increases 

insulin, which has cardiovascular effects (Morris et al, 1997). Hypertension has a 

strong relationship with stroke in that the importance of hypertension in stroke 

pathogenesis has conclusively been shown by large randomised prospective trials, 

demonstrating that treatment of hypertension reduces the risk of stroke by at least 

40% (MacMahon et al, 1990). In 1997, Merikangas et al reported an association 

between migraine and stroke and stated that severe headache and migraine should be 

considered as risk factors for the development of stroke, particularly in the absence 

of other well-established stroke risk factors (Merikangas et al, 1997). A role for 

INSR in migraine is also supported by studies investigating the relationship between 

migraine and non-insulin-dependent diabetes (NIDDM). Split et al, 1997, found 62% 

of NIDDM cases had migraine, compared with just 16% of their controls. This 

relationship is further enhanced by studies performed using migraine affected 

individuals in INSR studies where glucose fasting, meaning INSR is in low 

activation, helped trigger migraine attacks in these patients (Rose F, 1986 and 

Marsters et al, 1986).  
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This study investigated the INSR as a potential migraine candidate gene. The results 

of this study proved to be negative for mutations within the INSR gene (localised at 

19p13.2), when samples obtained from a migraine family previously shown to be 

linked to 19p13 were screened (see chapter 5.2). McCarthy et al, 2001 had also 

sequenced the INSR gene through migraineurs with aura as a polymorphism screen, 

but these samples were obtained from their association population. However, 

samples from a migraine family pedigree previously showing linkage to the 

chromosome 19p13 area of interest (Nyholt et al, 1998), should provide a statistically 

and genetically more powerful approach to investigating the INSR gene in migraine. 

The search for mutations within the gene utilising these family member DNA 

samples, however, proved to be negative. 

 

Hence results from this study did not support an INSR mutation as being implicated 

in migraine. McCarthy et al, 2001 suggested that INSR function could be altered in 

migraine-relevant cell types, such as in neurons or other central nervous system cell 

types, and perhaps only during a migraine attack. Investigating DNA from whole 

blood samples could not test this theory and leaves the INSR gene open for further 

study on migraine aetiology. 

 

8.2.3 NOTCH3, TNFSF7 and Migraine 

 

The relationship between the NOTCH3 gene and migraine can best be seen in the 

related disorder of CADASIL. Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy (CADASIL) commonly begins with 

migraine with aura, where CADASIL is most often caused by a missense point 

mutation in the NOTCH3 gene at the C19p13.1-13.2 locus. The NOTCH3 gene 

encodes a transmembrane receptor protein with an important signalling function 

during development. The gene defects (ca. 30 different mutations identified so far) 

lead to either a gain or loss of a cysteine residue in the extracellular N-terminal part 

of the molecule, most probably resulting in a conformational and functional 

alteration (Kalimo et al, 2000). In a study comparing the neuropsychologic, clinical, 
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and neuroradiologic features of individuals with a pathogenic NOTCH3 mutation and 

controls under 35 years of age, Oberstein S, 2003, found that there were no 

quantifiable physical or cognitive deficits in those with NOTCH3 mutations 

compared to controls. However, in individuals with NOTCH3 mutations, migraine 

with aura and, in a small number of cases, TIAs or (minor) stroke, did occur 

(Oberstein S, 2003). Amberla et al, 2004 observed a deterioration of working 

memory and executive function in individuals with NOTCH3 mutations in the 

prestroke phase (Amberla et al, 2004). Almost 40% of individuals with CADASIL 

suffer from migraine, predominantly with aura, with attacks being the initial 

symptom of CADASIL in almost half of affected individuals (Dichgans et al 1998). 

In some families with CADASIL, migraine with aura is the most prominent symptom 

(Verin et al 1995). 

The TNFSF7 gene is also localised to the C19p13 migraine susceptibility region 

(Nyholt et al, 1998). Recently, the Tumor Necrosis Factor family of genes have 

initiated some interest in migraine research. TNF-alpha and TNF-beta have both been 

previously associated with migraine. Rainero et al, 2004, recently found an 

association between the tumor necrosis factor-alpha -308 G/A gene polymorphism 

and migraine on C6p21.3. Also, there has been a suggestion that TNF-alpha could 

contribute to migraine pain (Empl et al, 2003). While, the TNF-beta gene (also 

localised to C6p21.3) has been associated with migraine without aura (Trabace et al, 

2002), where the authors found the frequency of the TNFB*2 allele of the TNF-beta 

gene was significantly increased in patients with migraine without aura (Trabace et 

al, 2002). 

The objective of this study was to investigate the C19p13 migraine susceptibility 

region through analysis of the NOTCH3 gene (C19p13.2-p13.1), previously shown to 

be a gene involved in CADASIL and the TNFSF7 gene (C19p13), homologous to the 

ligands of TNF-alpha and TNF-beta, genes that have previously been associated with 

migraine. The NOTCH3 gene was analysed by sequencing all exons with known 

CADASIL mutations in a typical (non-familial hemiplegic) migraine family (MF1) 

that has previously been shown to be linked to C19p13 (Nyholt et al, 1998). The 
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TNFSF7 gene was investigated through SNP association analysis using a matched 

case-control migraine population. However, the NOTCH3 gene sequencing results 

for affected members of MF1 proved to be negative for all known sequence variants 

giving rise to mutations for CADASIL. With the TNFSF7 gene, although chi-square 

results showed non-significant P values with total affected and MA populations 

tested against controls, the MO subgroup did display an association with the TNFSF7 

SNP (genotype, allele analysis P = 0.036, P = 0.017 respectively). This relates to the 

study by Trabace et al, 2002, where the authors found an association of the TNFB*2 

allele of the TNF-beta gene in MO subjects (Trabace et al, 2002) and the fact that the 

Tumor Necrosis Factor family may be of high interest in susceptibility to migraine 

disorder. 

Overall the results suggest that common migraine is not caused by any known 

CADASIL mutations in the NOTCH3 gene of interest. However, the TNFSF7 gene 

displayed signs of involvement in a MO affected population, indicating that further 

independent studies of this marker are warranted. 

 

8.2.4 A Rare Form of Migraine localised to C19p13 

 

It is known that Familial Hemiplegic Migraine (FHM) is a severe rare sub-type of 

migraine with aura and that gene mutations on chromosome 19 have been identified 

in the calcium channel gene CACNA1A (C19p13) for FHM (Ophoff et al, 1996). 

Recently, however, a gene mutation (S218L) for a dramatic syndrome associated 

with FHM, commonly named “migraine coma”, has implicated exon 5 of the 

CACNA1A gene (Kors et al, 2001). The occurrence of trivial head trauma, in such 

FHM patients, may also be complicated by severe, sometimes even fatal, cerebral 

edema and coma occurring after a lucid interval (Kors et al, 2001). Sporadic 

Hemiplegic migraine shares a similar spectrum of clinical presentation and genetic 

heterogeneity (Black D, 2004). The case report presented in chapter 6 is the first 

study that implicates the involvement of the S218L CACNA1A mutation in an 

extremely rare disorder of sporadic hemiplegic migraine (SHM), delayed cerebral 
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edema and coma after minor head trauma. The findings of this study can promote the 

introduction of genetic diagnostic testing for this rare disorder not only in familial 

cases, such as those found by Kors et al, 2001, but also in sporadic cases of delayed 

cerebral edema and coma after minor head trauma. 

 

8.3 Chromosome 1 Studies and Migraine 

 

8.3.1 ATP1A2 and Migraine 

 

Two genes that play a causative role in FHM, are the calcium channel gene 

CACNA1A on C19p13 (Ophoff et al, 1996) and the sodium/potassium transporting 

gene ATP1A2 localised at C1q23 (De Fusco et al, 2003). This thesis also 

investigated the chromosome 1 FHM2 genomic region, and involved fine-mapping 

the C1q23 region, using microsatellite markers. The results provided evidence of 

excess allele sharing in migraine affected pedigrees, with a suggestion of linkage of 

these C1q markers to the common forms of migraine (MA and MO) and the presence 

of a susceptibility gene at the C1q23 region. Previous studies have implicated the 

C1q31 locus (Lea et al, 2002), which indicates the possibility of two genes for 

common migraine localising on chromosome 1q. This study also investigated the 

FHM type 2 - ATP1A2 gene localised at C1q23 through direct sequencing/mutation 

screening methods. However, the results showed that the new FHM-2 (ATP1A2 

gene) mutations reported by De Fusco et al, 2003 do not cause typical migraine in 

probands of affected pedigrees showing excess allele sharing of markers in this 

genomic region. It was thought possible that mutations elsewhere in the ATP1A2 

gene may be present, therefore the coding areas of this gene was sequenced in 3 MA 

affected individuals showing excess allele sharing in MF14 (a pedigree previously 

linked to chromosome 1; Lea et al, 2002). However, there were no mutations present 

in these migraine affected samples when compared to a control sequence.  

 

Since the C1q23 locus covers a wide region, there are several other migraine 

candidate genes contained within the 1q23 region. Previously tested examples for 
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FHM2 were, ATP1A4, CASQ1, KCNJ9 and KCNJ10 genes (Keryanov et al, 2002 

and Marconi et al, 2003). These genes were also investigated in typical migraine 

samples in this thesis (chapter 7). 

 

8.3.2 Other candidate gene studies on C1q23 and the C1q31 region 

 

Studies in our laboratory have shown evidence for linkage of migraine to C1q31 with 

one family (MF14), predominantly affected with MA showing evidence for linkage 

to microsatellite markers in this region (Lea et al, 2002). This thesis has also 

provided some evidence for linkage to another chromosome 1 locus with evidence 

for excess allele sharing of C1q23 markers in predominantly MA affected pedigrees. 

To further investigate both chromosome 1 loci, a study involving six candidate genes 

that lie within the C1q23 and 1q31 regions was conducted through association 

analyses. The genes investigated through SNP analysis were KCNJ10, KCNJ9, 

ATP1A4 and CASQ1 on C1q23, with CACNA1E on C1q31. A microsatellite marker 

upstream from the FasL gene on C1q23 was also tested. The Fas ligand gene (FasL) 

is a transmembrane protein, which also belongs to the tumor necrosis family (TNF) 

of genes, having implications for migraine disease susceptibility (see chapters 5.3 

and 8.2.3). 

 

The relationship between the genes tested (excluding FasL), other than their 

localisation, is that they are either ion channel genes, or involved in the storage of 

ions (CASQ1; calcium ions). Since the discovery of the FHM1 gene, where the ion 

channel CACNA1A was implicated (Ophoff et al, 1996), it was thought that the 

common forms of migraine might also be caused by mutations in ion channels and 

typical migraine may be a `channelopathy' (Terwindt et al, 1998 and Ferrari et al, 

1998). Ion channels are important functional units of all cells, having special 

importance in the central nervous system, where they can modify neuronal 

excitability (Davies et al, 1999). Migraine subjects are sensitive to many internal and 

external triggers (Goadsby et al, 2002) and some of this hyperexcitability could well 

be caused by dysfunctional ion channels (Ptacek et al, 1998). 
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In this association based study of the migraine susceptibility regions on chromosome 

1, involving the candidate genes listed above, chi-square results showed non-

significant P values (P > 0.05) across all SNPs and the CA rpt tested. An exception 

was the rs704326 SNP from exon 43 of the CACNA1E gene on C1q31. P values 

significantly less than 0.05 were obtained in the total migraine population and the 

MA subgroup, with similar frequency comparisons ascertained in both genotype and 

allele analysis (see chapter 7.2). Further analysis showed that the risk allele (A) was 

over-represented in the migraine group compared to the control group, with genotype 

data producing a difference in frequency distributions of P < 0.0001 significance. It 

was determined that this association was specifically attributed to the MA subtype of 

migraine.  

 

It has been found that MA can occur in the same families as FHM (Terwindt et al, 

1998) and that previous evidence has shown that a CACNA1A mutation (I1811L) 

may cause migraine with aura (Terwindt et al, 1998). This supports the hypothesis 

that FHM is part of the migraine spectrum (Terwindt et al, 1998). The positive results 

obtained within this study (ie; an association with MA and the CACNA1E gene) are 

extremely interesting and support a correlation between the two migraine 

phenotypes. This is because: 

 

• It concurs with the hypothesis that FHM is considered to be a rare 

and severe form of migraine with aura (MA). 

• FHM1 is caused by mutations contained within the calcium 

channel gene CACNA1A (localised at C19p13), of which the 

CACNA1E gene (localised at C1q31) shares 61% identity 

(Williams et al, 1994).  

• The idea that a FHM3 gene may be localised to C1q31 (Gardner et 

al, 1997) may also contribute to susceptibility to the common 

forms of migraine (i.e. MA), strongly supports the idea that a 

common defective gene may be influencing both FHM and typical 

migraine. 
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The suggestion that the CACNA1E gene may be a good candidate for FHM and the 

common forms of migraine has been made previously, since the discovery of a FHM 

and common migraine susceptibility region localising to C1q31 (Gardner et al, 1997 

and Lea et al, 2002). Replication studies by independent research groups are now 

warranted, in order to confirm these findings and mutation screening studies are also 

warranted in the near future. 

 

8.4 Conclusions 

 

8.4.1 An approach into investigating common disorders such as migraine 

 

In investigating common disorders such as migraine, it may be beneficial to look at 

rare disorder counterparts. The relationship between the rare disorders of FHM and 

CADASIL and the common disorder of migraine, genetically, may be explored by 

investigating their co-localisation to the same chromosomal region of C19p13 

(Ophoff et al, 1996, Joutel et al, 1996 and Nyholt et al, 1998a). The identification of 

mutations in the CACNA1A gene for FHM and NOTCH3 gene for CADASIL are 

interesting, as both rare disorders are related to migraine with aura. The causes of 

MA in particular may be brain specific, involving a threshold and multiple trigger 

factors (see Goadsby et al, 2001,2002 and Welch K, 2003). An establishment of the 

cause of FHM was ascertained during a clinical investigation of CADASIL 

(Tournier-Lasserve et al, 1991). Some of the patients during this investigation also 

experienced recurrent attacks of severe migraine-like headache with aura symptoms 

including transient hemiparesis (Tournier-Lasserve et al, 1991). The close 

localisation of the genes for the rare disorders of FHM (CACNA1A; C19p13) and 

CADASIL (NOTCH3; C19p13.2-p13.1) may provide some insight into the basis of 

the cause of common disorders such as migraine. Possible abnormal neuronal 

excitability resulting from mutations within these genes may be the cause of these 

related disorders, which may give indications of how MA is caused. Neuronal 

excitability may be a factor causing migraine with aura with susceptibility to 

spontaneous or triggered synchronous depolarisation of brain cortex neurons 
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initiating a spreading depression-like event (see Barkley et al, 1990, Lauritzen et al, 

1994 and Hadjikhani et al, 2001). There is abundant evidence to support central 

neuronal hyperexcitability as a major factor in the cause of migraine (Welch et al, 

1990, Aurora et al, 1998, Hamberger et al, 1993 and Welch et al, 1993). Factors such 

as glutamate and K+ dependent mechanisms, a low brain Mg2+ and consequent 

reduced gating of glutamatergic receptors may provide the link between the 

physiologic threshold for a migraine attack and the mechanisms of the attack itself by 

promoting glutamate hyperactivity, neuronal hyperexcitability, and susceptibility to 

glutamate-dependent spreading depression (Welch et al, 1990). Mutations in the 

FHM1 calcium channel CACNA1A for example, may introduce another factor in 

causing neuronal excitability. These mutations could alter presynaptic 

neurotransmitter release, stimulating amino acid systems or inhibiting serotonergic 

systems, which may lead to postsynaptic neuronal excitability causing migraine (see 

review Fumal et al, 2004). 

 

8.4.2 Future Directions 

 

Future directions into common diseases such as migraine should involve a 

combination of research approaches, as the disease itself may be caused by a number 

of factors including environmental and a combination of multiple defective ion 

channel or other types of genes. Studies of linkage analyses and gene associations 

should involve even more stringent measures of sample ascertainment and matching. 

Variables that could affect outcomes of studies should be kept to strict quality 

control, including diagnosis, matching criteria of case-control populations and even 

genotyping of samples. The concept of utilising twins in studies and genetically 

isolated populations should also be considered more favourable in the design of a 

population study, where genetic and environmental variables can be kept to a 

minimum. With the introduction of new technologies, instrumentation and the 

reliance more and more on utilising SNP-based analyses, population studies will 

become more efficient in laboratory terms, but will still rely on an error free, clearly 

diagnosed, non-biased population sample base. For complex disorders, involving the 
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combination of possibly hundreds of genes, current genetic research has been slow 

and awaits the development of more sophisticated methods. Two future genetic 

analysis strategies are haplotype mapping, which requires genotyping of 500 000 to 

1000 000 SNPs per individual to cover the entire genome, and sequence-based 

mapping, which focuses on gene regions, thus reducing the number of SNPs to 50 

000 to 100 000. Whichever approach is employed will require cheaper genotyping 

technology than currently available, but the advantage of the sequence-based 

approach is that DNA samples can be pooled for analysis on genotyping platforms 

such as mass spectroscopy (see MassARRAY, www.sequenom.com). Other new 

technologies emerging utilise Lab–on-a-Chip systems, which cover a wide range of 

devices such as miniaturised fluidic systems, PCR performing silicon based chips, 

chip-based sequencers and microarray SNP genotyping based chips among others 

(see Gourley P, 2005, Ng et al, 2003, Figeys et al, 2000 and Jain et al, 2004). It 

remains to be seen whether these biochip devices will be useful for large-scale 

mutation-detection sequencing. If so, they may revolutionise genetic research, as the 

invention of PCR did. Regardless, they will make a huge impact and enable the use 

of genome analysis for applications such as sequencing, SNP analysis, gene 

expression profiling, drug screening and medical diagnostics. However, this 

emphasis on the underlying genetic contribution to multifactorial disorders should 

not in any way detract from the importance of trying to identify major environmental 

causal factors. 

 

In the case of FHM, where the causative genes are known, development of transgenic 

mouse strains for molecular characterisation have already begun (van den 

Maagdenberg et al, 2004), where physiological evaluation, and pharmacologic 

intervention is likely to yield important information not only for FHM but also for 

the common forms of migraine. Also, the hypothesis that common migraine may be a 

channelopathy could be tested by utilising ion channels as targets for novel anti-

migraine drugs, which may lead into the causes and detection of susceptible genes in 

the frequent forms of migraine (with or without aura). As neuromuscular 

transmission, cerebellar functions, neuronal excitability and metabolism and certain 
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drug effects suggest that ionic channels play a pathogenic role in migraine with aura 

patients (see Terwindt et al, 1998, Ferrari et al, 1998, Davies et al, 1999 and Ptacek et 

al, 1998). However, the common forms of migraine have a more complex genetic 

predisposition and may involve other types of genes, for example, the hormone 

related steroid receptor family of genes (see Colson et al, 2004,2005) and the tumor 

necrosis factor family of genes (see Rainero et al, 2004 and Trabace et al, 2002). 

Studies involving the direct analysis of human brain by extracting and utilising fresh 

RNA, then testing gene expression in microarrays, may be a concept too far stretched 

in regards to ethical approval and sample collection. However, the challenge for 

future studies is to establish correlations between the genotype and phenotype of 

migraine patients which needs more frequent and focused genetic studies and a more 

precise phenotype, based on clinical as well as on neurophysiologic and metabolic 

data. 
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APPENDIX I 

 

INSR coding sequence (4691bp) (Accession number NM_000208.1) 

 
 

 1 gagaaggacg cgcggccccc agcgctcttg ggggccgcct cggagcatga cccccgcggg 

       61 ccagcgccgc gcgcctgatc cgaggagacc ccgcgctccc gcagccatgg gcaccggggg 

      121 ccggcggggg gcggcggccg cgccgctgct ggtggcggtg gccgcgctgc tactgggcgc 

      181 cgcgggccac ctgtaccccg gagaggtgtg tcccggcatg gatatccgga acaacctcac 

      241 taggttgcat gagctggaga attgctctgt catcgaagga cacttgcaga tactcttgat 

      301 gttcaaaacg aggcccgaag atttccgaga cctcagtttc cccaaactca tcatgatcac 

      361 tgattacttg ctgctcttcc gggtctatgg gctcgagagc ctgaaggacc tgttccccaa 

      421 cctcacggtc atccggggat cacgactgtt ctttaactac gcgctggtca tcttcgagat 

      481 ggttcacctc aaggaactcg gcctctacaa cctgatgaac atcacccggg gttctgtccg 

      541 catcgagaag aacaatgagc tctgttactt ggccactatc gactggtccc gtatcctgga 

      601 ttccgtggag gataatcaca tcgtgttgaa caaagatgac aacgaggagt gtggagacat 

      661 ctgtccgggt accgcgaagg gcaagaccaa ctgccccgcc accgtcatca acgggcagtt 

      721 tgtcgaacga tgttggactc atagtcactg ccagaaagtt tgcccgacca tctgtaagtc 

      781 acacggctgc accgccgaag gcctctgttg ccacagcgag tgcctgggca actgttctca 

      841 gcccgacgac cccaccaagt gcgtggcctg ccgcaacttc tacctggacg gcaggtgtgt 

      901 ggagacctgc ccgcccccgt actaccactt ccaggactgg cgctgtgtga acttcagctt 

      961 ctgccaggac ctgcaccaca aatgcaagaa ctcgcggagg cagggctgcc accaatacgt 

     1021 cattcacaac aacaagtgca tccctgagtg tccctccggg tacacgatga attccagcaa 

     1081 cttgctgtgc accccatgcc tgggtccctg tcccaaggtg tgccacctcc tagaaggcga 

     1141 gaagaccatc gactcggtga cgtctgccca ggagctccga ggatgcaccg tcatcaacgg 

     1201 gagtctgatc atcaacattc gaggaggcaa caatctggca gctgagctag aagccaacct 

     1261 cggcctcatt gaagaaattt cagggtatct aaaaatccgc cgatcctacg ctctggtgtc 

     1321 actttccttc ttccggaagt tacgtctgat tcgaggagag accttggaaa ttgggaacta 

     1381 ctccttctat gccttggaca accagaacct aaggcagctc tgggactgga gcaaacacaa 

     1441 cctcaccacc actcagggga aactcttctt ccactataac cccaaactct gcttgtcaga 

     1501 aatccacaag atggaagaag tttcaggaac caaggggcgc caggagagaa acgacattgc 

     1561 cctgaagacc aatggggaca aggcatcctg tgaaaatgag ttacttaaat tttcttacat 

     1621 tcggacatct tttgacaaga tcttgctgag atgggagccg tactggcccc ccgacttccg 

     1681 agacctcttg gggttcatgc tgttctacaa agaggcccct tatcagaatg tgacggagtt 

     1741 cgatgggcag gatgcgtgtg gttccaacag ttggacggtg gtagacattg acccacccct 

     1801 gaggtccaac gaccccaaat cacagaacca cccagggtgg ctgatgcggg gtctcaagcc 

     1861 ctggacccag tatgccatct ttgtgaagac cctggtcacc ttttcggatg aacgccggac 
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     1921 ctatggggcc aagagtgaca tcatttatgt ccagacagat gccaccaacc cctctgtgcc 

     1981 cctggatcca atctcagtgt ctaactcatc atcccagatt attctgaagt ggaaaccacc 

     2041 ctccgacccc aatggcaaca tcacccacta cctggttttc tgggagaggc aggcggaaga 

     2101 cagtgagctg ttcgagctgg attattgcct caaagggctg aagctgccct cgaggacctg 

     2161 gtctccacca ttcgagtctg aagattctca gaagcacaac cagagtgagt atgaggattc 

     2221 ggccggcgaa tgctgctcct gtccaaagac agactctcag atcctgaagg agctggagga 

     2281 gtcctcgttt aggaagacgt ttgaggatta cctgcacaac gtggttttcg tccccagaaa 

     2341 aacctcttca ggcactggtg ccgaggaccc taggccatct cggaaacgca ggtcccttgg 

     2401 cgatgttggg aatgtgacgg tggccgtgcc cacggtggca gctttcccca acacttcctc 

     2461 gaccagcgtg cccacgagtc cggaggagca caggcctttt gagaaggtgg tgaacaagga 

     2521 gtcgctggtc atctccggct tgcgacactt cacgggctat cgcatcgagc tgcaggcttg 

     2581 caaccaggac acccctgagg aacggtgcag tgtggcagcc tacgtcagtg cgaggaccat 

     2641 gcctgaagcc aaggctgatg acattgttgg ccctgtgacg catgaaatct ttgagaacaa 

     2701 cgtcgtccac ttgatgtggc aggagccgaa ggagcccaat ggtctgatcg tgctgtatga 

     2761 agtgagttat cggcgatatg gtgatgagga gctgcatctc tgcgtctccc gcaagcactt 

     2821 cgctctggaa cggggctgca ggctgcgtgg gctgtcaccg gggaactaca gcgtgcgaat 

     2881 ccgggccacc tcccttgcgg gcaacggctc ttggacggaa cccacctatt tctacgtgac 

     2941 agactattta gacgtcccgt caaatattgc aaaaattatc atcggccccc tcatctttgt 

     3001 ctttctcttc agtgttgtga ttggaagtat ttatctattc ctgagaaaga ggcagccaga 

     3061 tgggccgctg ggaccgcttt acgcttcttc aaaccctgag tatctcagtg ccagtgatgt 

     3121 gtttccatgc tctgtgtacg tgccggacga gtgggaggtg tctcgagaga agatcaccct 

     3181 ccttcgagag ctggggcagg gctccttcgg catggtgtat gagggcaatg ccagggacat 

     3241 catcaagggt gaggcagaga cccgcgtggc ggtgaagacg gtcaacgagt cagccagtct 

     3301 ccgagagcgg attgagttcc tcaatgaggc ctcggtcatg aagggcttca cctgccatca 

     3361 cgtggtgcgc ctcctgggag tggtgtccaa gggccagccc acgctggtgg tgatggagct 

     3421 gatggctcac ggagacctga agagctacct ccgttctctg cggccagagg ctgagaataa 

     3481 tcctggccgc cctcccccta cccttcaaga gatgattcag atggcggcag agattgctga 

     3541 cgggatggcc tacctgaacg ccaagaagtt tgtgcatcgg gacctggcag cgagaaactg 

     3601 catggtcgcc catgatttta ctgtcaaaat tggagacttt ggaatgacca gagacatcta 

     3661 tgaaacggat tactaccgga aagggggcaa gggtctgctc cctgtacggt ggatggcacc 

     3721 ggagtccctg aaggatgggg tcttcaccac ttcttctgac atgtggtcct ttggcgtggt 

     3781 cctttgggaa atcaccagct tggcagaaca gccttaccaa ggcctgtcta atgaacaggt 

     3841 gttgaaattt gtcatggatg gagggtatct ggatcaaccc gacaactgtc cagagagagt 

     3901 cactgacctc atgcgcatgt gctggcaatt caaccccaag atgaggccaa ccttcctgga 

     3961 gattgtcaac ctgctcaagg acgacctgca ccccagcttt ccagaggtgt cgttcttcca 

     4021 cagcgaggag aacaaggctc ccgagagtga ggagctggag atggagtttg aggacatgga 

     4081 gaatgtgccc ctggaccgtt cctcgcactg tcagagggag gaggcggggg gccgggatgg 

     4141 agggtcctcg ctgggtttca agcggagcta cgaggaacac atcccttaca cacacatgaa 
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     4201 cggaggcaag aaaaacgggc ggattctgac cttgcctcgg tccaatcctt cctaacagtg 

     4261 cctaccgtgg cgggggcggg caggggttcc cattttcgct ttcctctggt ttgaaagcct 

     4321 ctggaaaact caggattctc acgactctac catgtccagt ggagttcaga gatcgttcct 

     4381 atacatttct gttcatctta aggtggactc gtttggttac caatttaact agtcctgcag 

     4441 aggatttaac tgtgaacctg gagggcaagg ggtttccaca gttgctgctc ctttggggca 

     4501 acgacggttt caaaccagga ttttgtgttt tttcgttccc cccacccgcc cccagcagat 

     4561 ggaaagaaag cacctgtttt tacaaattct tttttttttt tttttttttt tttttttgct 

     4621 ggtgtctgag cttcagtata aaagacaaaa cttcctgttt gtggaacaaa atttcgaaag 

     4681 aaaaaaccaa a 
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APPENDIX II 

 

NOTCH3 gene coding sequence (8091bp) (Accession number: NM_000435) 

 

 
 1 acgcggcgcg gaggctggcc cgggacgcgc ccggagccca gggaaggagg gaggagggga 

       61 gggtcgcggc cggccgccat ggggccgggg gcccgtggcc gccgccgccg ccgtcgcccg 

      121 atgtcgccgc caccgccacc gccacccgtg cgggcgctgc ccctgctgct gctgctagcg 

      181 gggccggggg ctgcagcccc cccttgcctg gacggaagcc cgtgtgcaaa tggaggtcgt 

      241 tgcacccagc tgccctcccg ggaggctgcc tgcctgtgcc cgcctggctg ggtgggtgag 

      301 cggtgtcagc tggaggaccc ctgtcactca ggcccctgtg ctggccgtgg tgtctgccag 

      361 agttcagtgg tggctggcac cgcccgattc tcatgccggt gcccccgtgg cttccgaggc 

      421 cctgactgct ccctgccaga tccctgcctc agcagccctt gtgcccacgg tgcccgctgc 

      481 tcagtggggc ccgatggacg cttcctctgc tcctgcccac ctggctacca gggccgcagc 

      541 tgccgaagcg acgtggatga gtgccgggtg ggtgagccct gccgccatgg tggcacctgc 

      601 ctcaacacac ctggctcctt ccgctgccag tgtccagctg gctacacagg gccactatgt 

      661 gagaaccccg cggtgccctg tgcgccctca ccatgccgta acgggggcac ctgcaggcag 

      721 agtggcgacc tcacttacga ctgtgcctgt cttcctgggt ttgagggtca gaattgtgaa 

      781 gtgaacgtgg acgactgtcc aggacaccga tgtctcaatg gggggacatg cgtggatggc 

      841 gtcaacacct ataactgcca gtgccctcct gagtggacag gccagttctg cacggaggac 

      901 gtggatgagt gtcagctgca gcccaacgcc tgccacaatg ggggtacctg cttcaacacg 

      961 ctgggtggcc acagctgcgt gtgtgtcaat ggctggacag gtgagagctg cagtcagaat 

     1021 atcgatgact gtgccacagc cgtgtgcttc catggggcca cctgccatga ccgcgtggct 

     1081 tctttctact gtgcctgccc catgggcaag actggcctcc tgtgtcacct ggatgacgcc 

     1141 tgtgtcagca acccctgcca cgaggatgct atctgtgaca caaatccggt gaacggccgg 

     1201 gccatttgca cctgtcctcc cggcttcacg ggtggggcat gtgaccagga tgtggacgag 

     1261 tgctctatcg gcgccaaccc ctgcgagcac ttgggcaggt gcgtgaacac gcagggctcc 

     1321 ttcctgtgcc agtgcggtcg tggctacact ggacctcgct gtgagaccga tgtcaacgag 

     1381 tgtctgtcgg ggccctgccg aaaccaggcc acgtgcctcg accgcatagg ccagttcacc 

     1441 tgtatctgta tggcaggctt cacaggaacc tattgcgagg tggacattga cgagtgtcag 

     1501 agtagcccct gtgtcaacgg tggggtctgc aaggaccgag tcaatggctt cagctgcacc 

     1561 tgcccctcgg gcttcagcgg ctccacgtgt cagctggacg tggacgaatg cgccagcacg 

     1621 ccctgcagga atggcgccaa atgcgtggac cagcccgatg gctacgagtg ccgctgtgcc 

     1681 gagggctttg agggcacgct gtgtgatcgc aacgtggacg actgctcccc tgacccatgc 

     1741 caccatggtc gctgcgtgga tggcatcgcc agcttctcat gtgcctgtgc tcctggctac 

     1801 acgggcacac gctgcgagag ccaggtggac gaatgccgca gccagccctg ccgccatggc 

     1861 ggcaaatgcc tagacctggt ggacaagtac ctctgccgct gcccttctgg gaccacaggt 



 

 324

     1921 gtgaactgcg aagtgaacat tgacgactgt gccagcaacc cctgcacctt tggagtctgc 

     1981 cgtgatggca tcaaccgcta cgactgtgtc tgccaacctg gcttcacagg gcccctttgt 

     2041 aacgtggaga tcaatgagtg tgcttccagc ccatgcggcg agggaggttc ctgtgtggat 

     2101 ggggaaaatg gcttccgctg cctctgcccg cctggctcct tgcccccact ctgcctcccc 

     2161 ccgagccatc cctgtgccca tgagccctgc agtcacggca tctgctatga tgcacctggc 

     2221 gggttccgct gtgtgtgtga gcctggctgg agtggccccc gctgcagcca gagcctggcc 

     2281 cgagacgcct gtgagtccca gccgtgcagg gccggtggga catgcagcag cgatggaatg 

     2341 ggtttccact gcacctgccc gcctggtgtc cagggacgtc agtgtgaact cctctccccc 

     2401 tgcaccccga acccctgtga gcatgggggc cgctgcgagt ctgcccctgg ccagctgcct 

     2461 gtctgctcct gcccccaggg ctggcaaggc ccacgatgcc agcaggatgt ggacgagtgt 

     2521 gctggccccg caccctgtgg ccctcatggt atctgcacca acctggcagg gagtttcagc 

     2581 tgcacctgcc atggagggta cactggccct tcctgtgatc aggacatcaa tgactgtgac 

     2641 cccaacccat gcctgaacgg tggctcgtgc caagacggcg tgggctcctt ttcctgctcc 

     2701 tgcctccctg gtttcgccgg cccacgatgc gcccgcgatg tggatgagtg cctgagcaac 

     2761 ccctgcggcc cgggcacctg taccgaccac gtggcctcct tcacctgcac ctgcccgccg 

     2821 ggctacggag gcttccactg cgaacaggac ctgcccgact gcagccccag ctcctgcttc 

     2881 aatggcggga cctgtgtgga cggcgtgaac tcgttcagct gcctgtgccg tcccggctac 

     2941 acaggagccc actgccaaca tgaggcagac ccctgcctct cgcggccctg cctacacggg 

     3001 ggcgtctgca gcgccgccca ccctggcttc cgctgcacct gcctcgagag cttcacgggc 

     3061 ccgcagtgcc agacgctggt ggattggtgc agccgccagc cttgtcaaaa cgggggtcgc 

     3121 tgcgtccaga ctggggccta ttgcctttgt ccccctggat ggagcggacg cctctgtgac 

     3181 atccgaagct tgccctgcag ggaggccgca gcccagatcg gggtgcggct ggagcagctg 

     3241 tgtcaggcgg gtgggcagtg tgtggatgaa gacagctccc actactgcgt gtgcccagag 

     3301 ggccgtactg gtagccactg tgagcaggag gtggacccct gcttggccca gccctgccag 

     3361 catgggggga cctgccgtgg ctatatgggg ggctacatgt gtgagtgtct tcctggctac 

     3421 aatggtgata actgtgagga cgacgtggac gagtgtgcct cccagccctg ccagcacggg 

     3481 ggttcatgca ttgacctcgt ggcccgctat ctctgctcct gtcccccagg aacgctgggg 

     3541 gtgctctgcg agattaatga ggatgactgc ggcccaggcc caccgctgga ctcagggccc 

     3601 cggtgcctac acaatggcac ctgcgtggac ctggtgggtg gtttccgctg cacctgtccc 

     3661 ccaggataca ctggtttgcg ctgcgaggca gacatcaatg agtgtcgctc aggtgcctgc 

     3721 cacgcggcac acacccggga ctgcctgcag gacccaggcg gaggtttccg ttgcctttgt 

     3781 catgctggct tctcaggtcc tcgctgtcag actgtcctgt ctccctgcga gtcccagcca 

     3841 tgccagcatg gaggccagtg ccgtcctagc ccgggtcctg ggggtgggct gaccttcacc 

     3901 tgtcactgtg cccagccgtt ctggggtccg cgttgcgagc gggtggcgcg ctcctgccgg 

     3961 gagctgcagt gcccggtggg cgtcccatgc cagcagacgc cccgcgggcc gcgctgcgcc 

     4021 tgccccccag ggttgtcggg accctcctgc cgcagcttcc cggggtcgcc gccgggggcc 

     4081 agcaacgcca gctgcgcggc cgccccctgt ctccacgggg gctcctgccg ccccgcgccg 

     4141 ctcgcgccct tcttccgctg cgcttgcgcg cagggctgga ccgggccgcg ctgcgaggcg 
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     4201 cccgccgcgg cacccgaggt ctcggaggag ccgcggtgcc cgcgcgccgc ctgccaggcc 

     4261 aagcgcgggg accagcgctg cgaccgcgag tgcaacagcc caggctgcgg ctgggacggc 

     4321 ggcgactgct cgctgagcgt gggcgacccc tggcggcaat gcgaggcgct gcagtgctgg 

     4381 cgcctcttca acaacagccg ctgcgacccc gcctgcagct cgcccgcctg cctctacgac 

     4441 aacttcgact gccacgccgg tggccgcgag cgcacttgca acccggtgta cgagaagtac 

     4501 tgcgccgacc actttgccga cggccgctgc gaccagggct gcaacacgga ggagtgcggc 

     4561 tgggatgggc tggattgtgc cagcgaggtg ccggccctgc tggcccgcgg cgtgctggtg 

     4621 ctcacagtgc tgctgccgcc ggaggagcta ctgcgttcca gcgccgactt tctgcagcgg 

     4681 ctcagcgcca tcctgcgcac ctcgctgcgc ttccgcctgg acgcgcacgg ccaggccatg 

     4741 gtcttccctt accaccggcc tagtcctggc tccgaacccc gggcccgtcg ggagctggcc 

     4801 cccgaggtga tcggctcggt agtaatgctg gagattgaca accggctctg cctgcagtcg 

     4861 cctgagaatg atcactgctt ccccgatgcc cagagcgccg ctgactacct gggagcgttg 

     4921 tcagcggtgg agcgcctgga cttcccgtac ccactgcggg acgtgcgggg ggagccgctg 

     4981 gagcctccag aacccagcgt cccgctgctg ccactgctag tggcgggcgc tgtcttgctg 

     5041 ctggtcattc tcgtcctggg tgtcatggtg gcccggcgca agcgcgagca cagcaccctc 

     5101 tggttccctg agggcttctc actgcacaag gacgtggcct ctggtcacaa gggccggcgg 

     5161 gaacccgtgg gccaggacgc gctgggcatg aagaacatgg ccaagggtga gagcctgatg 

     5221 ggggaggtgg ccacagactg gatggacaca gagtgcccag aggccaagcg gctaaaggta 

     5281 gaggagccag gcatgggggc tgaggaggct gtggattgcc gtcagtggac tcaacaccat 

     5341 ctggttgctg ctgacatccg cgtggcacca gccatggcac tgacaccacc acagggcgac 

     5401 gcagatgctg atggcatgga tgtcaatgtg cgtggcccag atggcttcac cccgctaatg 

     5461 ctggcttcct tctgtggggg ggctctggag ccaatgccaa ctgaagagga tgaggcagat 

     5521 gacacatcag ctagcatcat ctccgacctg atctgccagg gggctcagct tggggcacgg 

     5581 actgaccgta ctggcgagac tgctttgcac ctggctgccc gttatgcccg tgctgatgca 

     5641 gccaagcggc tgctggatgc tggggcagac accaatgccc aggaccactc aggccgcact 

     5701 cccctgcaca cagctgtcac agccgatgcc cagggtgtct tccagattct catccgaaac 

     5761 cgctctacag acttggatgc ccgcatggca gatggctcaa cggcactgat cctggcggcc 

     5821 cgcctggcag tagagggcat ggtggaagag ctcatcgcca gccatgctga tgtcaatgct 

     5881 gtggatgagc ttgggaaatc agccttacac tgggctgcgg ctgtgaacaa cgtggaagcc 

     5941 actttggccc tgctcaaaaa tggagccaat aaggacatgc aggatagcaa ggaggagacc 

     6001 cccctattcc tggccgcccg cgagggcagc tatgaggctg ccaagctgct gttggaccac 

     6061 tttgccaacc gtgagatcac cgaccacctg gacaggctgc cgcgggacgt agcccaggag 

     6121 agactgcacc aggacatcgt gcgcttgctg gatcaaccca gtgggccccg cagccccccc 

     6181 ggtccccacg gcctggggcc tctgctctgt cctccagggg ccttcctccc tggcctcaaa 

     6241 gcggcacagt cggggtccaa gaagagcagg aggccccccg ggaaggcggg gctggggccg 

     6301 caggggcccc gggggcgggg caagaagctg acgctggcct gcccgggccc cctggctgac 

     6361 agctcggtca cgctgtcgcc cgtggactcg ctggactccc cgcggccttt cggtgggccc 

     6421 cctgcttccc ctggtggctt cccccttgag gggccctatg cagctgccac tgccactgca 
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     6481 gtgtctctgg cacagcttgg tggcccaggc cgggcaggtc tagggcgcca gccccctgga 

     6541 ggatgtgtac tcagcctggg cctgctgaac cctgtggctg tgcccctcga ttgggcccgg 

     6601 ctgcccccac ctgcccctcc aggcccctcg ttcctgctgc cactggcgcc gggaccccag 

     6661 ctgctcaacc cagggacccc cgtctccccg caggagcggc ccccgcctta cctggcagtc 

     6721 ccaggacatg gcgaggagta cccggtggct ggggcacaca gcagcccccc aaaggcccgc 

     6781 ttcctgcggg ttcccagtga gcacccttac ctgaccccat cccccgaatc ccctgagcac 

     6841 tgggccagcc cctcacctcc ctccctctca gactggtccg aatccacgcc tagcccagcc 

     6901 actgccactg gggccatggc caccaccact ggggcactgc ctgcccagcc acttcccttg 

     6961 tctgttccca gctcccttgc tcaggcccag acccagctgg ggccccagcc ggaagttacc 

     7021 cccaagaggc aagtgttggc ctgagacgct cgtcagttct tagatcttgg gggcctaaag 

     7081 agacccccgt cctgcctcct ttctttctct gtctcttcct tccttttagt ctttttcatc 

     7141 ctcttctctt tccaccaacc ctcctgcatc cttgccttgc agcgtgaccg agataggtca 

     7201 tcagcccagg gcttcagtct tcctttattt ataatgggtg ggggctacca cccaccctct 

     7261 cagtcttgtg aagagtctgg gacctccttc ttccccactt ctctcttccc tcattccttt 

     7321 ctctctcctt ctggcctctc atttccttac actctgacat gaatgaatta ttattatttt 

     7381 tctttttctt ttttttttta cattttgtat agaaacaaat tcatttaaac aaacttatta 

     7441 ttattatttt ttacaaaata tatatatgga gatgctccct ccccctgtga accccccagt 

     7501 gcccccgtgg ggctgagtct gtgggcccat tcggccaagc tggattctgt gtacctagta 

     7561 cacaggcatg actgggatcc cgtgtaccga gtacacgacc caggtatgta ccaagtaggc 

     7621 acccttgggc gcacccactg gggccagggg tcgggggagt gttgggagcc tcctccccac 

     7681 cccacctccc tcacttcact gcattccaga ttggacatgt tccatagcct tgctggggaa 

     7741 gggcccactg ccaactccct ctgccccagc cccacccttg gccatctccc tttgggaact 

     7801 agggggctgc tggtgggaaa tgggagccag ggcagatgta tgcattcctt tatgtccctg 

     7861 taaatgtggg actacaagaa gaggagctgc ctgagtggta ctttctcttc ctggtaatcc 

     7921 tctggcccag ccttatggca gaatagaggt atttttaggc tatttttgta atatggcttc 

     7981 tggtcaaaat ccctgtgtag ctgaattccc aagccctgca ttgtacagcc ccccactccc 

     8041 ctcaccacct aataaaggaa tagttaacac tcaaaaaaaa aaaaaaaaaa a 
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APPENDIX III 

 

ATP1A2 coding sequence (5468bp) (Accession number NM_000702.2) 

  

 
 1 tctctgtctg ccagggtctc cgactgtccc agacgggctg gtgtgggctt gggatcctcc 

       61 tggtgacctc tcccgctaag gtccctcagc cactctgccc caagatgggc cgtggggctg 

      121 gccgtgagta ctcacctgcc gccaccacgg cagagaatgg gggcggcaag aagaaacaga 

      181 aggagaagga actggatgag ctgaagaagg aggtggcaat ggatgaccac aagctgtcct 

      241 tggatgagct gggccgcaaa taccaagtgg acctgtccaa gggcctcacc aaccagcggg 

      301 ctcaggacgt tctggctcga gatgggccca acgccctcac accacctccc acaacccctg 

      361 agtgggtcaa gttctgccgt cagcttttcg gggggttctc catcctgctg tggattgggg 

      421 ctatcctctg cttcctggcc tacggcatcc aggctgccat ggaggatgaa ccatccaacg 

      481 acaatctata tctgggtgtg gtgctggcag ctgtggtcat tgtcactggc tgcttctcct 

      541 actaccagga ggccaagagc tccaagatca tggattcctt caagaacatg gtacctcagc 

      601 aagcccttgt gatccgggag ggagagaaga tgcagatcaa cgcagaggaa gtggtggtgg 

      661 gagacctggt ggaggtgaag ggtggagacc gcgtccctgc tgacctccgg atcatctctt 

      721 ctcatggctg taaggtggat aactcatcct taacaggaga gtcggagccc cagacccgct 

      781 cccccgagtt cacccatgag aaccccctgg agacccgcaa tatctgtttc ttctccacca 

      841 actgtgttga aggcactgcc aggggcattg tgattgccac aggagaccgg acggtgatgg 

      901 gccgcatagc tactctcgcc tcaggcctgg aggttgggcg gacacccata gcaatggaga 

      961 ttgaacactt catccagctg atcacagggg tcgctgtatt cctgggggtc tccttcttcg 

     1021 tgctctccct catcctgggc tacagctggc tggaggcagt catcttcctc atcggcatca 

     1081 tagtggccaa cgtgcctgag gggcttctgg ccactgtcac tgtgtgcctg accctgacag 

     1141 ccaagcgcat ggcacggaag aactgcctgg tgaagaacct ggaggcggtg gagacgctgg 

     1201 gctccacgtc caccatctgc tcggacaaga cgggcaccct cacccagaac cgcatgaccg 

     1261 tcgcccacat gtggttcgac aaccaaatcc atgaggctga caccaccgaa gatcagtctg 

     1321 gggccacttt tgacaaacga tcccctacgt ggacggccct gtctcgaatt gctggtctct 

     1381 gcaaccgcgc cgtcttcaag gcaggacagg agaacatctc cgtgtctaag cgggacacag 

     1441 ctggtgatgc ctctgagtca gctctgctca agtgcattga gctctcctgt ggctcagtga 

     1501 ggaaaatgag agacagaaac cccaaggtgg cagagattcc tttcaactct accaacaagt 

     1561 accagctgtc tatccacgag cgagaagaca gcccccagag ccacgtgctg gtgatgaagg 

     1621 gggccccaga gcgcattctg gaccggtgct ccaccatcct ggtgcagggc aaggagatcc 

     1681 cgctcgacaa ggagatgcaa gatgcctttc aaaatgccta catggagctg gggggacttg 

     1741 gggagcgtgt gctgggattc tgtcaactga atctgccatc tggaaagttt cctcggggct 

     1801 tcaaattcga cacggatgag ctgaactttc ccacggagaa gctttgcttt gtggggctca 

     1861 tgtctatgat tgaccctccc cgggctgctg tgccagatgc tgtgggcaag tgccgaagcg 
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     1921 caggcatcaa ggtgatcatg gtaaccgggg atcaccctat cacagccaag gccattgcca 

     1981 aaggcgtggg catcatatca gagggtaacg agactgtgga ggacattgca gcccggctca 

     2041 acattcccat gagtcaagtc aaccccagag aagccaaggc atgcgtggtg cacggctctg 

     2101 acctgaagga catgacatcg gagcagctcg atgagatcct caagaaccac acagagatcg 

     2161 tctttgctcg aacgtctccc cagcagaagc tcatcattgt ggagggatgt cagaggcagg 

     2221 gagccattgt ggccgtgacg ggtgacgggg tgaacgactc ccctgcattg aagaaggctg 

     2281 acattggcat tgccatgggc atctctggct ctgacgtctc taagcaggca gccgacatga 

     2341 tcctgctgga tgacaacttt gcctccatcg tcacgggggt ggaggagggc cgcctgatct 

     2401 ttgacaactt gaagaaatcc atcgcctaca ccctgaccag caacatcccc gagatcaccc 

     2461 ccttcctgct gttcatcatt gccaacatcc ccctacctct gggcactgtg accatccttt 

     2521 gcattgacct gggcacagat atggtccctg ccatctcctt ggcctatgag gcagctgaga 

     2581 gtgatatcat gaagcggcag ccacgaaact cccagacgga caagctggtg aatgagaggc 

     2641 tcatcagcat ggcctacgga cagatcggga tgatccaggc actgggtggc ttcttcacct 

     2701 actttgtgat cctggcagag aacggtttcc tgccatcacg gctactggga atccgcctcg 

     2761 actgggatga ccggaccatg aatgatctgg aggacagcta tggacaggag tggacctatg 

     2821 agcagcggaa ggtggtggag ttcacgtgcc acacggcatt ctttgccagc atcgtggtgg 

     2881 tgcagtgggc tgacctcatc atctgcaaga cccgccgcaa ctcagtcttc cagcagggca 

     2941 tgaagaacaa gatcctgatt tttgggctcc tggaggagac ggcgttggct gcctttctct 

     3001 cttactgccc aggcatgggt gtagccctcc gcatgtaccc gctcaaagtc acctggtggt 

     3061 tctgcgcctt cccctacagc ctcctcatct tcatctatga tgaggtccga aagctcatcc 

     3121 tgcggcggta tcctggtggc tgggtggaga aggagacata ctactgaccc cattggaaga 

     3181 agaaccaggc atggaaagat ggggagctct ggaggtgttg tggggatggt gatggagagg 

     3241 gatggaaata acgggtggca ttgggtggca acatttgggg agagataatg aggcaactca 

     3301 gcaggctaag ttgcggggta tataaattgg ggtgatgacc ccatagacct aactgtgaac 

     3361 aatcagatta gacactatgt gttagagtcc ccccgaccag atccttttcc atcccactcc 

     3421 actatgttgt ctattttttc tgaggaatta agggttaccc caccctgccc actcccatcc 

     3481 cttcaacccc acttcctact gtaatagatc agcatccaaa agcaggaacc catctaaacc 

     3541 agaaggaagc cctctcagat caccccagcc tcactccatt tcccacttcc acccccgtta 

     3601 gcttcctgca ggactctatc cctggcttcc ccttcagacc ttgcaatcac aaaaggttct 

     3661 tctggtgagt gcaagagcct gagactggaa aaggtggact tgtctcccag tcgaggctgg 

     3721 taagggacct tcagggagag ctgggcagac aggtgggaga tggaggtagg gctggctgga 

     3781 ggaaggaaac aacaaaggaa gtgaggtagt gccaatgaca ggacatttga catgagtctc 

     3841 cagatagatg tcgtggactc cagctctacg tcccacattt tagaataccc caccagcaga 

     3901 acaaactcag atctcatcag ggtagcagca gaggcaggac cagaaggcaa tcaagagctt 

     3961 ccagaaatgc cacacttgtg tgccacagag ttccccgctg acccttggtt aggggtcctc 

     4021 ttagtccaca aggtccggat gtcactcatg tacttaataa cacttcacct tctgtaatac 

     4081 taagtcctca gagctccatg ctgttctgaa agggatggcc acaagttctt tcccagcctc 

     4141 ttccattccc tttcttttca tgcccatccc gatgaacctg catcattccc cgacactgcc 
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     4201 aagccaaccc tggaaaagga gttcgctggc cattggctag aatcagggtg gagaagttcc 

     4261 ctgaaccttc ctgtctccca gggacatgta tgcttccagg gacaagctta ggtcatgaac 

     4321 atggtcagaa cctttggaca agaggaaaaa tactaagaga tttgcttttt ctgggtgcgg 

     4381 tggctcatgc ctgtaatccc agcactttgg gaggccgagg caggtggatc atgaggtcag 

     4441 gagttcgagg cgagcctggc caacatggtg aaaccctgtc tctactaaaa gtacaaaaaa 

     4501 ttagccagtc atggtggcac acgcctgtaa tctcagctac tcaggaggct gaggcaggag 

     4561 aattgcttga acctgtgagg aagaggttgc agtgagctga gatcgtgcca ttacactcca 

     4621 gcctgggcga aagggtgaga ctccatctca aaaaaaaaaa aaatgatttg cttttgacgt 

     4681 cttaggtggc agggctgttc cctccaggca aatgcccttc aaaccgacga tcattgtgcc 

     4741 cacttaccct gggctggaga gttggtttca ggttcctaca ggagatagct ttctttccct 

     4801 tactccctat ctaacacttt tgctctgcag gcagccttgc ccattctcta agcctggctt 

     4861 agaaggcact gggaatgtcc tgtagagaga gacctagata ggtcatgcaa gtgagaaaga 

     4921 catctgagga aaatggaaga cctaaggcag acaggaagga agcacaaaag acaagcattg 

     4981 ggtcagaccc ataaaccacc tcccaaaggc tgtcatttca ttgcactgga attttgcttt 

     5041 atcagaagca aggaagtaag ggagtcattg ccttgggcct gggaatctaa gtgggagaca 

     5101 atattaattt ggatccgatt aattggagat tactaactgt ggacaaaagt ttatctttgc 

     5161 acaatcaata aaaatggcat ttttttagta aattaagagc ataaacaata ttgctagagg 

     5221 tggcatgttt agtctaccaa aaacaatact tttcaggcac tttagaaata tccttttaga 

     5281 agcagcgagt gcatgggcta attatcatca atctttatgt atttgttaaa gaaacatcta 

     5341 caggatcttt attggtgacc ttttgtaaga cattagtttg aggtactacc tatgtacttg 

     5401 aaaataataa agtggcattt ctttatgaaa aaaaaaaaaa aaaaaaaaaa aaaaaaaaaa 

          5461 aaaaaaaa 
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	6.1.3 Results
	This child’s presentation closely resembles that described by Kors et al, 2001. Sequencing results for the S218L mutation, which previously was shown to be involved in “migraine coma” (Kors et al, 2001), was positive, consistent with this diagnosis (Figure 6.2). There was no family history of migraine, therefore both parents were tested for the S218L mutation on exon 5 of the CACNA1A gene. Neither parent showed the S218L mutation.
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	A cross-sectional association approach was employed, utilising genomic DNA samples obtained from 270 migraine affected individuals and 270 controls (Chapter 4.2 and 4.2.2). The individuals were grouped together as total migraine affected, containing both MA and MO diagnosed samples. For further statistical analysis the groups were then split into migraine with aura and migraine without aura populations. The control population consisted of non-migraine affected individuals.


