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ABSTRACT 
 

Migraine is a common debilitating primary headache disorder with significant mental, 

physical and social health implications.  Dichotomised into migraine without aura (MO) 

and migraine with aura (MA), migrainous episodes can generally be characterised by a 

very intense, pulsating headache.  The intensity of head pain generally increases in 

direct proportion with the duration of head pain, is often unilateral and is also often 

accompanied by nausea, vomiting and heightened sensitivities to sound and/or light.  

The familial inheritance of migraine headache is evidenced by the findings of first 

degree relatives of MO and MA probands having a greater risk of developing MO and 

MA, respectively, than within the general population. 

 

Identified to be involved in nociceptive pathways, the brain neurotransmitter 5-

hydroxytryptamine’s (5-HT; serotonin) involvement in the pathophysiology of migraine 

has been substantiated by increased levels of 5-HT metabolites associated with 

migrainous episodes and reduction of 5-HT plasma levels at the onset of and during 

migraine attack.  Employing genetic linkage, genetic association and DNA sequencing 

strategies, the initial part of this study investigated the potential role of an open reading 

frame (ORF) and 3’ untranslated region (3’UTR) variants within the human serotonin 

receptor 2C (5-HT2C) gene in migraine predisposition.  Assessment of the tested 5-HT2C 

gene variants found no indication of linkage in a multigenerational pedigree cohort and 

genetic association analyses of the same two loci did not indicate significant allele 

frequency preponderance in a migraine case control cohort.  Scanning the coding 

regions of the 5-HT2C gene failed to identify the presence of sequence mutations and 

none of the migrainous individuals tested contained the ORF variant.  Hence linkage, 

association and sequence analysis results of this gene did not support a role for 5-HT2C 

in migraine aetiology. 

 

Ubiquitously expressed, the messenger molecule nitric oxide (NO) has been implicated 

in the aetiological mechanisms of migraine where it has a fundamental physiological 

role in neurotransmission, smooth muscle motility and mediation of nociception.  

Within neuronal tissue, NO is endogenously synthesised by its neuronal nitric oxide 

synthase (nNOS) isoform, where it is also abundantly present in vasodilatory nerves 

encasing cerebral blood vessels.  The second stage of this study investigated a potential 
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regulatory 5’UTR repeat sequence and a potential mRNA diversifying 3’UTR repeat 

sequence within the human nNOS gene.  Using a genetic association study design 

investigating the frequencies of these markers in case control cohorts, it was concluded 

that neither of these sequence repeat variations within the nNOS gene played a role in 

migraine susceptibility. 

 

It was the objective of the third stage of this study to investigate genetic variants within 

biosynthetic and metabolic enzymes governing the rate of 5-HT activity.  Specifically, 

relationships between the human tryptophan hydroxylase (TPH), amino acid 

decarboxylase (AADC) and monoamine oxidase A (MAOA) genes and migraine 

susceptibility were assessed.  This objective was undertaken using a novel a high 

throughput DNA pooling approach which proved to be a very accurate, sensitive and 

specific measure of estimating allele frequencies.  This study showed that the 

assessment of SNP, STR, insertion deletion and VNTR loci using DNA pooling is a 

very successful high throughput genetic locus-screening tool.  Despite further 

development of this locus-screening method, negative association results of screened 

loci within the TPH, AADC and MAOA genes, did not support their role in migraine 

susceptibility. 

 

The final aspect of this research project developed and utilised a high throughput real-

time PCR assay for genotyping individual DNA samples using a locked nucleic acid 

(LNA) nucleotide analogue.  This method of genotyping was found to be highly 

sensitive and specific in the discrimination of a single nucleotide polymorphic variant 

residing within the promoter region of the TPH gene.  The sensitivity and accuracy of 

this real-time PCR SNP genotyping assay was further enhanced by the application of a 

novel set of mathematical criteria to validate ambiguous genotypes outputted from the 

real-time PCR assay. 

 

In summary, the results of this thesis did not implicate the involvement of the tested 

variants within the 5-HT2C, nNOS, TPH, AADC or MAOA genes, in predisposition to 

migraine.  However, the highly successful application of two novel high throughput 

genotyping techniques (DNA pooling and real-time PCR SNP genotyping) will greatly 

increase the efficiency at which further potential migraine candidate loci can be 

screened for their involvement in this disorder.  Increasing genetic throughput 
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mechanisms to investigate migraine should greatly enhance the chance of identifying 

the genetic determinants of this widely distributed debilitating disorder. 
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Chapter 1 
 

Migraine; 

 

A general description 



1.1 An Historical Perspective 
Throughout the course of history Homo sapiens have documented various and 

numerous accounts of head pains and their specific effects.  Reported descriptions of 

debilitating head pain have dated back as far as 3000 B.C. throughout Mesopotamian 

writings [Pearce 1986].  The writings of Aretaeus of Cappadocia during the 1st Century 

A.D. however, appear to provide the first specific descriptions of variable head pain 

[Isler 1987].  Aretaeus of Cappadocia initially described three classes of headache, 

being (1) an infrequent, short lasting mild cephalalgia, (2) a more severe longer lasting 

cephalaea, and (3) migraine [Isler 1987].  It was not until the 2nd Century A.D. that 

Galen of Permagon first clearly distinguished migraine from other forms of head pain 

and thus first coined the term “hemicrania” to describe the unilateral pain (either right or 

left brain hemisphere) sensation extending along the longitudinal suture of the skull 

[Isler 1987; Pearce 1986]. 

 

Without the current clinical headache criteria [IHS 1988; IHS 2004; Swanson 2004] to 

diagnose individuals, it is difficult to objectively confirm whether individuals pre-dating 

these criteria suffered from migraine or not.  Of the spectrum of influential individuals 

throughout history, although difficult to establish whether suffering from great head 

pain severely affected their existence, it is interesting nonetheless to theorise whether 

their suffering may have altered the course of history.  Some notable historical figures 

to suffer from severe forms of headache include the Roman Emperor Julius Caesar (102 

– 44 B.C.), US President Thomas Jefferson (1743 – 1826), Naturalist Charles Darwin 

(1809 – 1882), German philosopher Friedrich Wilhelm Nietzsche (1844 – 1900), 

psychoanalyst Sigmund Freud (1856 – 1939) and artists Vincent van Gough (1853 – 

1890) and Pablo Picasso (1881 – 1973) [Friedman 1972; Jones 1999]. 

 

Nietzsche was severely affected with “migraine” that quite possibly accounted for his 

reported insanity late in the 5th decade of life [Friedman 1972].  A possible consequence 

from this, are his thoughts condemning Judeo-Christian morality and proposals of a 

“superhuman” race [Friedman 1972].  On a more philosophical note, Freud could recall 

suffering mild attacks of “migraine” for which he would often forget names [Karwautz 

et al. 1996].  In the context of this parapraxis, could we therefore account for the 

genesis of the “Freudian Slip” due to the action of a migraine headache?  Visually, 

Picasso would sometimes depict his head pain symptoms in his artwork and his themes 
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also closely resembled artwork of current migraine sufferers portraying their feelings of 

physical, social and mental dysfunction (Figure 1.01) [American Council for Headache 

Education 2000]. 

 
Figure 1.01.  An artistic impression of individual migraine suffering and their interpretation of the 
head pain sensation. 
 

 
 

1.2 The Economic Impact of Migraine 

1.2.1 Societal Burden 

The economic impact that migraine places upon the local, regional and national levels 

of a community can be assessed via direct and indirect means.  Direct assessment of 

migraine is quantifiable by costs attributable to clinician visits, alternative practitioner 

visits, hospitalisation and administration of prescription (over-the-counter) or non-

prescription (on-the-shelf) medication [Edmeads & Mackell 2002; Ferrari 1998b].  

Indirect means of evaluating the impact of migraine on society is attained by recording 

total work absenteeism and diminished work productivity [Gerth et al. 2001].  More 

specifically, indirect costs measure lost earnings, reduced productivity and subsequent 

output, reduced educational and job promotional levels and unwanted job changes 

[Ferrari 1998b]. 

 

The averaged annual direct cost attributable to migraine within The United States [Hu et 

al. 1999; Osterhaus et al. 1992; Streator & Shearer 1996], Canada [O'Brien et al. 1994], 

Australia [Parry 1992], Sweden [Bjork & Roos 1991], The Netherlands [van Roijen et 
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al. 1995] and The United Kingdom [Blau & Drummond 1991], collectively, has been 

estimated at a value of $US1.8 billion.  The averaged direct medical costs may however 

be somewhat underestimated given that a larger proportion of migraine sufferers do not 

seek medical attention, have not been accurately diagnosed by a qualified physician or 

do not use prescription (over-the-counter) medication [Solomon & Price 1997].  Annual 

global indirect costs have been estimated (quite conservatively) at an average of $US4.5 

billion contributing towards financial business losses due to absenteeism and 

diminished productivity as a result of impaired work function [Bjork & Roos 1991; Hu 

et al. 1999; O'Brien et al. 1994; Osterhaus et al. 1992; Parry 1992; van Roijen et al. 

1995].  Both direct and indirect financial evidence of migraine suffering therefore 

provides a substantial economic burden placed on worldwide communities. 

 

1.2.2 Personal Burden 

Although the societal burden of migraine can be quantified in monetary terms, the effect 

of personal and familial burden cannot totally be assessed by direct or indirect financial 

expenditure or loss, respectively.  Examination of personal and familial suffering due to 

migraine episodes are best performed by self-administered or clinician administered 

health related quality of life questionnaires.  General health related quality of life 

questionnaires can distinguish between different types of headache in migraineurs and 

non-migraineurs [Solomon et al. 1993, 1994; Stewart et al. 1989].  Specific migraine 

quality of life questionnaires have been used to assess individuals immediately 

preceding (24 hours) a migraine attack [Hartmaier et al. 1995; Santanello et al. 1995], 

investigating differences related to migraine severity [Wagner et al. 1996], effects of 

migraine and migraine treatments [Jhingran et al. 1998a; Jhingran et al. 1998b], 

disability experiences due to migraine [Wagner et al. 1996] and quality of life 

assessment in migrainous adolescents [Langeveld et al. 1996]. 

 

In addition to impaired general well being, a migraineur’s quality of life can adversely 

affect familial and social functional status to varying degrees.  Individual physical and 

emotional well being, social functioning and bodily pain has been found to be 

significantly greater in migraineurs than in non-migraineurs [Lipton et al. 2003b], and 

migrainous quality of life between attacks, places the individual under greater emotional 

stress and disturb contentment, vitality and sleep when compared to non-migraineurs 

[Dahlof & Dimenas 1995].  Migrainous individuals also experience increased 
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argumentative situations with their respective spouses and children, a decreased 

participation in social and familial leisure activities, a decreased satisfaction with work 

and decreased communication with family and peers [Lipton et al. 2003a; Lipton et al. 

2003b].  Migraine questionnaire respondents identified avoidance of social and familial 

leisure activities due to fear of migraine onset during such activities [Dahlof & Dimenas 

1995].  Individuals also believe that their familial and social interactions would not 

suffer if it were not for their migrainous episodes [Lipton et al. 2003a]. 

 

1.3 Significance of Migraine Research 
To local, regional and national levels of a community, migraine is an expensive disorder 

not only in terms of quantifiable medical costs but there is a remarkable financial 

burden attributable to diminished productivity and absenteeism from the work force.  In 

addition, the personal, familial and societal burden placed upon the individual migraine 

sufferer can severely disrupt their “normal” well being and functioning. 

 

Efforts are needed to continually evaluate and possibly improve migraine screening and 

treatment regimes to specifically address the direct and indirect costs associated with 

migraine suffering.  Given the substantial financial burden of migraine and other 

debilitating headache disorders, these should provide an important target for healthcare 

intervention.  Enhanced healthcare intervention may minimise burdens placed upon the 

individual, familial and societal implications. 

 

Current diagnosis of migraine is performed using reported guidelines of The Headache 

Classification Committee of the International Headache Society (IHS) [IHS 1988; IHS 

2004].  Diagnosis by this means is however dependent on patient reporting and clinician 

interpretation of IHS guidelines.  Clinical diagnosis can be time consuming and 

misdiagnosis is not uncommon.  Misdiagnoses can be of significant importance, 

particularly as inappropriate therapeutic techniques and/or incorrect drug prescriptions 

result in incorrect or non-treatment of the disorder. 

 

The fact that migraine shows strong familial aggregation is indicative of a significant 

genetic component in the disease [Russell et al. 1993; Russell & Olesen 1995; Russell 

et al. 1996a].  The identification of genetic variations within genes involved in the 

pathophysiological mechanisms of migraine (i.e. migraine candidate genes), may aid in 
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the eventual development of a genetic assay for the detection of migraine 

predisposition.  A more objective, quantifiable means of migraine diagnosis may lead to 

a reduction in possible misdiagnoses and greater clarification of ambiguities associated 

with individual interpretation of IHS guidelines.  Also, the development of an objective 

assay for individuals at an early age could raise their awareness of the various non-

genetic (i.e. environmental) factors purported to trigger migraine attacks. 

 

Identification of individual genetic susceptibility may also initiate possible metabolic 

monitoring systems for individuals who are, or may be, susceptible to migraine.  With 

known genetic characterisation at potential migraine susceptibility loci and therefore 

greater understanding of metabolic variations in predisposed migraine individuals, 

monitoring the migrainous disorder may become similar to blood pressure or serum 

glucose measurements in hypertensive or diabetic individuals, respectively. 

 

An understanding of the underlying genetic mechanisms of migraine may lead to a 

greater elucidation of its aetiology.  To achieve this, various candidate genes must be 

analysed in order to determine whether specific variations within these candidate genes 

are involved in migraine aetiology.  Genotyping and analysing candidate genes involved 

in probable pathophysiological pathways of migraine is a step towards greater 

understanding of this debilitating disorder. 

 

1.4 Research Aims 
The primary or principle aim of this research is directed towards identifying genes that 

play a role in migraine aetiology.  In addressing this primary aim, a secondary aim of 

this research is directed to the use and development of several novel high throughput 

genotyping techniques to investigate potential migraine genes. 

 

Efforts to identify genetic susceptibility to the migrainous disorder have been based on 

two widely accepted approaches.  The first approach addresses a “classical” genetic 

linkage application in an attempt to identify the segregation and transmission of a 

genetic locus (or loci) linked to a possible migraine locus (or loci) in multigenerational 

or nuclear family structures.  The linkage approach has been coined “reverse genetics” 

where its aim is to identify regions of the human genome that may harbour unknown or 

yet to be identified genes involved in migraine pathophysiology. 
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In order to assess genetic linkage, this research project will investigate a region on the 

lower (q) arm of the X chromosome previously shown to be linked to migraine in two 

Caucasian multigenerational pedigrees [Nyholt et al. 1998a; Nyholt et al. 2000].  More 

specifically, two genetic variations within the human serotonin receptor 2C gene, 

residing at Xq24, will be assessed for linkage to migraine in the same two migraine 

Caucasian pedigrees. 

 

The second approach to identify genetic susceptibility assesses the genome in a 

“forward” manner, whereby genes of known biological activity and chromosomal 

location are targeted for analysis in cohorts of unrelated individuals.  Commonly 

referred to as a genetic association study design, the aim of this experimental approach 

is to assess the frequency of known genetic variation(s) in a group of unrelated case (i.e. 

migrainous) individuals and compare those frequencies to a matched group of unrelated 

control (i.e. non-migrainous) individuals. 

 

The assessment of genetic association in a cohort of unrelated migraineurs and a 

matched cohort of unrelated non-migraineurs will investigate frequencies of genetic 

variations in several serotonergic related candidate genes and in one nitric oxide 

synthase candidate gene.  Two variations in the human serotonin receptor 2C gene, 

three variations in the human tryptophan hydroxylase gene, one variation within and 

one variation distal to the human amino acid decarboxylase gene, one variation within 

the human monoamine oxidase A gene and two variations in the human neuronal nitric 

oxide synthase gene will be assessed for genetic association in an unrelated Caucasian 

case-control cohort. 

 

In an effort to improve and increase candidate gene analysis for genetic association 

studies, a novel DNA pooling method will be optimised for all possible genetic 

variation morphologies in an endeavour to increase genotyping throughput.  

Additionally, a more efficient, highly specific, method of single nucleotide 

polymorphism genotyping will be developed using real-time polymerase chain reaction 

technology. 
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1.5 Research Hypothesis 
The hypothesis underlying this research is that variations within specific genes are the 

basis of migraine aetiology and such genes can be identified through molecular linkage 

and/or association studies.  The focus of this study will utilise linkage and association 

approaches to investigate the role of various candidate genes from the serotonergic gene 

family and a gene from the nitric oxide synthase gene family in migraine.  The study 

will also investigate whether the use of a high throughput genotyping method is an 

effective first pass screen to investigate the role of candidate genes in migraine.  Here, 

comparisons between individual genotyping methods and the high throughput DNA 

pooling method will be made. 

 

1.6 Clinical Aspects of Migraine 

1.6.1 Migraine Definition 

Migraine is a pandemic debilitating primary headache disorder whose aetiology is not 

due to any known underlying medical condition (e.g. infection, disease, tumour or 

trauma) [IHS 1988; IHS 2004].  Migraine has also been documented as one of the top 

20 leading causes of life lived with disability (both sexes) being ranked at number 19 

[World Health Organization 2001].  Divided into two main subtypes (see 1.6.3 

Migraine Classification), migrainous episodes can generally be characterised by an 

intense, pulsating headache.  The headache tends to be unilateral and is often 

accompanied by nausea, emesis, phonophobia, photophobia, and in approximately 20-

30% of migraineurs, focal neurological symptoms are also experienced preceding or at 

the onset of migraine headache [IHS 1988; IHS 2004; Lance & Goadsby 1993; 

Pietrobon & Striessnig 2003]. 

 

1.6.2 Migraine Phases 

The onset of a migraine attack can best be represented in a series of five phases that 

encompass (1) the prodrome, (2) the aura, (3) the headache, (4) the resolution and (5) 

the postdrome (recovery) (Figure 1.02) [Blau 1992]. 
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Figure 1.02.  The five phases associated with migraine headache [Blau 1992]. 
 

 

 

1.6.2.1 Phase 1; The Prodrome 

Although very subtle changes may occur, the prodrome phase is an indication that the 

onset of a migraine attack is to occur within the next 2 to 48 hours [Blau 1992].  Subtle 

changes in a migraineurs mental state, behavioural mechanisms, neurological 

functioning, muscular sensation, fluid balance and/or nutritional characteristics can have 

an excitatory or inhibitory effect.  Common prodromal symptoms include hyperactivity 

or lethargy, food cravings, tiredness and yawning, mood swings from depressive like 

symptoms to increased elation or changes in cognitive and/or sensory perceptions (i.e. 

photophobia, phonophobia, osmophobia) [Blau 1992; Cady 1999]. 

 

1.6.2.2 Phase 2; The Aura 

The aural phase of a migraine attack are the focal neurological symptoms experienced 

preceding (by 30 to 60 minutes) or at the onset of migraine headache [Jay 1999].  

Approximately 20-30% of migraine sufferers experience visual disturbances such as 

scotoma and teichopsia (Figure 1.03) [Cady 1999; Pietrobon & Striessnig 2003].  

Migraineurs may also experience non-visual (somatosensory) aura of paresthesia, motor 

weakness and/or partial paralysis [Cady 1999; De Vries et al. 1999].  This phase of a 

migraine headache only occurs for individuals diagnosed for migraine with aura [IHS 
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1988; IHS 2004].  Individuals diagnosed for migraine without aura do not experience 

the focal neurological symptoms. 

 
Figure 1.03.  Visual interpretation of the aural phase of a migrainous individual.  Eventually 
witnessing a black background with vivid colours the aural phase can begin with a blind spot 
within the field of vision progressing to small fluttering saw tooth like images (scotoma) then 
eventuating into a continuous loop saw tooth like patterns (i.e. scotoma) [Emedicine Consumer 
Health 2003].  Aural symptoms recede at the onset of migraine head pain. 
 

 
 

1.6.2.3 Phase 3; The Headache 

This phase is the most important aspect in the clinical diagnosis of migraine and is 

complete when the head pain ceases.  The headache phase generally begins as a dull 

head pain rising to a pulsating quality over time.  Generally, the headache will intensify 

with each pulse and continue until a constant pain is experienced [Lance & Goadsby 

1993].  Primarily a pulsating unilateral headache, migraineurs have also experienced a 

bilateral pulsating headache alternating between brain hemispheres [Lance & Goadsby 

1993].  Duration of the headache phase can last anywhere between 4 to 72 hours and 

throughout this time migraine sufferers generally try to avoid further central nervous 

system (CNS) stimuli [Blau 1987].  The subtle changes experienced during the 

prodrome phase become more profound during the headache phase.  Heightened 

sensitivity to light (photophobia), sound (phonophobia), and odour (osmophobia) are all 

evident.  Alimentary conditions such as vomiting (emesis), decreased appetite and 

reported instances of constipation and/or diarrhoea are also experienced by migraineurs 

during the headache phase [Blau 1987].  Irritability experienced during the prodromal 

phase can increase during the headache phase and sufferers behavioural attributes 
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toward family and/or work colleagues may be unreasonable compared to a normal 

situation with no headache.  Sufferers may experience speech difficulties and also 

experience thirst and fluid balance abnormalities [Blau 1987].  The disability 

experienced by migraineurs is therefore at its greatest during the headache phase. 

 

1.6.2.4 Phase 4; The Resolution 

Actual mechanisms of this phase are not clearly understood, but the cessation of head 

pain gradually decreases over a period of several hours leaving most migraineurs 

fatigued and tired.  The transmission of the neurotransmitter serotonin is reported to 

decrease [Cady 1999] and alertness to CNS stimuli are diminished.  If the head pain is 

not resolved during sleep (deep, rapid eye movement (REM) or a cycling of both) then 

pharmacological intervention will prevail in the resolution of migraine head pain. 

 

1.6.2.5 Phase 5; The Postdrome (recovery) 

Preceding headache termination, migraineurs experience lingering symptoms (not too 

dissimilar from the prodromal phase) of lethargy, irritability, cognitive impairment and 

stiff, sore muscles.  These symptoms however, subside over a period of up to several 

days until normal homeostatic conditions are restored in the individual [Cady 1999]. 

 

1.6.3 Migraine Classification 

In 1988 research conducted by the Headache Classification Committee of the 

International Headache Society (IHS) published the first universally accepted 

International Classification and Diagnostic Criteria for Headache Disorders, Cranial 

Neuralgias and Facial Pain [IHS 1988].  Most recently though, the IHS criteria has been 

updated to reflect knowledge attained from the past 15 years of research [IHS 2004].  

Classification of head pain can now be organised in 14 groups, with migraine, a primary 

headache disorder, organised into group 1 (Table 1.01) [IHS 2004; Swanson 2004] and 

the classification of migraine further organised into six categories (Table 1.02) [IHS 

1988; IHS 2004].  Most common of the six migraine categories are migraine without 

aura (MO) and migraine with aura (MA). 
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Table 1.01.  2004 IHS headache classification categories [IHS 2004]. 
 

Group  Headache Type 
Primary headaches   

1  Migraine 
2  Tension-type headache 
3  Cluster headache and other trigeminal autonomic cephalalgias 
4  Other primary headaches 

Secondary headaches   
5  Headache attributable to head and/or neck trauma 
6  Headache attributable to cranial or cervical vascular disorder 
7  Headache attributable to nonvascular intracranial disorder 
8  Headache attributable to a substance or its withdrawal 
9  Headache attributable to infection 

10  Headache attributable to disorder or homeostasis 
11  Headache or facial pain attributable to disorder of cranium, 

neck, eyes, ears, nose, sinuses, teeth, mouth, or other facial or 
cranial structure 

12  Headache attributable to psychiatric disorder 
Cranial neuralgias, central and 
primary facial pain, and other 

headaches 

  

13  Cranial neuralgias and central causes of facial pain 
14  Other headache, cranial neuralgia, central or primary facial pain 

 
Table 1.02.  2004 IHS migraine classification categories [IHS 2004]. 
 

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 
1.6.3  Probable chronic migraine 

 

1.6.3.1 Migraine without Aura (MO) 

Previously termed common migraine, migraine without aura (MO) typically manifests 

as a headache that lasts between 4 and 72 hours.  Unilateral head pain of a pulsating 

quality with moderate to severe pain intensity is generally intensified by physical 
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activity.  Migraine without aura is also associated with nausea and/or photophobia and 

phonophobia (Table 1.03) [IHS 2004]. 

 
Table 1.03.  2004 IHS diagnostic criteria for Migraine without Aura (MO) [IHS 2004]. 
 

A. At least 5 attacks fulfilling criteria B-D 
B. Headache attacks lasting 4-72 hours (untreated or successfully treated) 
C. Headache has at least two of the following characteristics: 

1. unilateral location 
2. pulsating quality 
3. moderate or severe pain intensity 
4. aggravation by or causing avoidance of routine physical activity (e.g. walking or 

climbing stairs) 
D. During headache at least on of the following: 

1. nausea and/or vomiting 
2. photophobia and phonophobia 

E. Not attributed to another disorder 
 

1.6.3.2 Migraine with Aura (MA) 

Previously termed classical migraine, migraine with aura (MA) typically manifests as 

recurrent attacks of reversible focal neurological symptoms lasting up to 60 minutes 

before the headache phase.  Headache with features resembling MO then follow the 

aura (Table 1.04) [IHS 2004].  Migraine with aura is often associated with headache 

satisfying criteria 1.1 Migraine without aura (Tables 1.02 & 1.03), but migraine with aura 

is also associated with headache not satisfying criteria 1.1 Migraine without aura 

(Tables 1.02 & 1.03).  In both instances, aural symptoms consist of visual, sensory and/or 

speech conditions that are fully reversible preceding the headache phase (Table 1.04).  In 

addition, the aural phase of MA can occur without the migraine headache symptoms 

(Table 1.04) [IHS 2004]. 
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Table 1.04.  2004 IHS diagnostic criteria for Migraine with Aura (MA) [IHS 2004]. 
 

1.2 Migraine with aura 
Diagnostic criteria 

A. At least 2 attacks fulfilling criterion B 
B. Migraine aura fulfilling criteria B and C for one of the sub-forms 1.2.1-1.2.6 (see Table 1.02) 
C. Not attributed to another disorder 

 
1.2.1 Typical aura with migraine headache 
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 (e.g. 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 symptoms and/or unilateral sensory symptoms 
2. at least one aura symptom develops gradually over ≥ 5 minutes and/or different aura 

symptoms occur in succession over ≥ 5 minutes 
3. each symptom lasts ≥ 5 and ≤ 60 minutes 

D. Headache fulfilling criteria B-D for 1.1 Migraine without aura begins during the aura or 
follows aura within 60 minutes 

E. Not attributable to another disorder 
 
1.2.2 Typical aura with non-migraine headache* 
1.2.3 Typical aura without headache* 
 
* Diagnostic criteria for 1.2.2 Typical aura with non-migraine headache and 1.2.3 Typical aura 
without headache are the same as the diagnostic criteria for 1.2.1 Typical aura with migraine 
headache with the exception of diagnostic criterion D 
 
1.2.2 Typical aura with non-migraine headache 
Diagnostic criterion D 
Headache that does not fulfil criteria B-D for 1.1 Migraine without aura begins during the aura or 
follows aura within 60 minutes 
1.2.3 Typical aura without headache 
Diagnostic criterion D 
Headache does not occur during aura nor follow aura within 60 minutes 

 

1.6.3.3 Other MA categories 

Familial hemiplegic migraine (FHM) a rare variant of MA is extremely debilitating to 

those who suffer from it.  In addition to the aural symptoms, an individual diagnosed 

with FHM experiences hemiparesis or motor weakness and at least one first- or second- 

degree relative has MA including hemiparesis or motor weakness [IHS 2004].  Sporadic 

hemiplegic migraine sufferers experience the same symptoms as do FHM sufferers but 

there is no evidence of first- or second-degree relatives experiencing MA with 

hemiparesis [IHS 2004].  Basilar-type migraine originates from the brainstem and/or 

both hemispheres simultaneously and there is no motor weakness [IHS 2004]. 
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1.7 Migraine Pathophysiology 
An understanding of migraine pathogenesis and the underlying physiological 

mechanisms has been facilitated with increased knowledge of cranial nociceptive 

systems and their associated vascular and neuronal interactions.  However, a plethora of 

migraine “triggers” (e.g. elevated stress levels, food additives and preservatives, 

hormonal fluctuations, specific odours or extended exposure to light and sound) has 

complicated efforts to identify the precise pathophysiological mechanisms of migraine 

for all sufferers.  Proposal of a migraine threshold has also been suggested as playing a 

role in an individuals physiological response to specific migraine triggers [Hargreaves 

& Shepheard 1999]. 

 

1.7.1 Vascular Hypothesis 

A vascular aetiology for migraine was first proposed by Graham and Wolff [1938] 

based on the changes in cerebral artery lumen diameter.  Considered as a primary defect 

of the CNS, Wolff further postulated that oligaemia within the cranial vasculature, a 

result of vasospasm producing ischemia, was the clinical basis of the aura [Wolff 1963].  

Subsequent brain acidosis then produce cerebral vasodilation within the pain sensitive 

meningeal arteries thus elevating the onset of head pain [Ray & Wolff 1940; Wolff 

1963].  Further evidence of the vascular theory of migraine pathogenesis was supported 

by the administration of ergotamine tartrate that resulted in the vasoconstriction of the 

meningeal arteries and a subsequent alleviation of head pain [Graham & Wolff 1938; 

Silberstein & Young 1995; Wolff 1963].  However, the role of the cranial vasculature as 

the sole initiator in the pathogenesis of migraine has been questioned.  The clinical 

features of the aura could not be explained by the vascular hypothesis due to dissimilar 

clinical characteristics exhibited by other ischemic conditions resulting from cerebral 

vascular disease [Welch 1997]. 

 

1.7.2 Neuronal Hypothesis 

The migraine aura phenomenon was best characterised by Leao [1944] using animal 

models to explain a series of depolarisation events across the surface of the brain.  The 

term cortical spreading depression (CSD) was coined to explain the waves of neuronal 

stimulation (scintillations) immediately followed by neuronal suppression (visual 
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scotoma) which similarly characterised the migraine aura’s focal neurological 

symptoms (Figure 1.04) [Gorji 2001; Lauritzen 1987; Leao 1944]. 

 
Figure 1.04.  Cortical spreading depression (CSD) neuronal activity of the aura experienced in 
the 20-30% of migraine sufferers [Cady 1999; Pietrobon & Striessnig 2003].  A wave of 
hyperexcitable neurons produces a CSD area whilst continuing to expand from the posterior 
region of the cortex into normal brain activity of the frontal temporal region (steps 1-6) [Lauritzen 
1987].  The rate of hyperexcitability has been measured to occur at a rate of ~2-6 mm/minute 
[Lauritzen et al. 1983]. 
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The view that the aura of migraine also generated the headache associated symptoms 

has been refuted and considered as a parallel process to the onset of head pain 

[Ebersberger et al. 2001].  Examples alluding to migraine aura being a parallel process 

to headache can first be explained by only 20-30% of migraine sufferers experiencing 

the focal neurological symptoms [Cady 1999; Pietrobon & Striessnig 2003].  An 

exception to the notion that a unilateral aura that triggers headache, is contralateral to 

the head pain has been reported [Peatfield & Rose 1991], and the fact that individuals 

can experience the aura without the onset of headache also questions the nociceptive 

processes of CSD and aura.  In addition, the oligaemia first postulated by Wolff [1963] 

has now been characterised as a depression of neuronal functioning which is still 

evident during the headache phase initiation [Cutrer et al. 1998; Olesen et al. 1990].  In 

conjunction with evidence now supporting an adequate supply of oxygen to the cerebral 
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arteries [Cao et al. 1999], the notion that the pathogenesis of migraine as solely a 

primary vascular disorder is now highly questionable. 

 

1.7.3 Trigeminovascular Hypothesis 

Activation of the trigeminovascular system incorporating both vascular and neuronal 

physiological mechanisms now best describes the pain processes of migraine whereas 

CSD best explains the aura symptoms [Pietrobon & Striessnig 2003].  Interaction of 

these physiological mechanisms provides a more plausible explanation for the 

pathogenesis of migraine headache (Figure 1.05) [Ferrari 1998a]. 

 
Figure 1.05.  The trigeminovascular system in the pathogenesis of migraine, incorporating the 
neuronal and vascular hypotheses [Ferrari 1998a]. 
 

 

 

The most significant pain producing intracranial tissues, the meninges, are implicated in 

the initiation of a migraine attack due to vasculature dilation within these structures 

[Wolff 1963].  As the meningeal arteries dilate they activate perivascular sensory 

trigeminal nerves that result in the transmission of pain signals to the caudal brain stem 

nuclei [Hargreaves & Shepheard 1999].  Specific nuclei within the brain stem (i.e. raphe 

nuclei, coeruleus and the periaqueductal grey nuclei) have been shown to be selectively 

active during a migraine attack [Weiller et al. 1995].  Activation of the specific brain 

stem nuclei prompts the release of the vasoactive peptides substance P (SP), neurokinin 

A (NKA) and calcitonin gene related peptide (CGRP) (Figure 1.05) [Goadsby et al. 

1990; Goadsby & Edvinsson 1993; Moskowitz 1984].  Release of these neuropeptides 

exacerbates the intensity of migraine head pain by distending meningeal artery 

diameter, thus increasing trigeminal nerve activation [Hargreaves & Shepheard 1999].  
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Relay of pain impulses from the activated peripheral sensory nerves to the second order 

sensory neurons within the trigeminal nuclei in the caudal brain stem and upper cervical 

spinal cord is then thought to be the final process in the development of migraine pain 

[Goadsby et al. 1991].  Initiating from the trigeminal nuclei, pain signals are processed 

by higher cortical centres in the upper frontal lobes where the pain of migraine headache 

is registered (Figure 1.05). 

 

1.8 Migraine and Serotonin 
Serotonin, (5-Hydroxytryptamine [5-HT]), a widely distributed neurotransmitter in the 

mammalian ventral and peripheral nervous systems, is implicated in numerous 

physiological processes and psychological conditions [Baskys & Remington 1996].  

Serotonin is derived from the essential amino acid tryptophan in a two-step process.  

Tryptophan is firstly hydroxylated by the enzyme tryptophan hydroxylase (TPH) to 

produce 5-Hydroxytryptophan (5-HTP) (Figure 1.06).  5-HTP is then decarboxylated by 

the enzyme amino acid decarboxylase (AADC) to produce 5-Hydroxytryptamine (5-

HT), or serotonin (Figure 1.06) [Gyermek 1996].  5-HT is then deaminated by the 

enzyme monoamine oxidase (MAO) to produce 5-Hydroxyindole acetaldehyde which is 

reduced further by aldehyde reductase to produce 5-Hydroxyindoleacetic acid (5-

HIAA), the main metabolite of 5-HT (Figure 1.06) [Gyermek 1996]. 
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Figure 1.06.  The biosynthesis and metabolism of the neurotransmitter, serotonin (5-HT) 
[Gyermek 1996]. 
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Newly synthesised 5-HT is then stored within pre-synaptic vesicles awaiting nerve 

impulses to release the neurotransmitter into the synaptic cleft.  Here it can react with 

various post-synaptic serotonergic receptor subtypes, be re-absorbed back into the pre-

synaptic nerve terminal or be metabolised into 5-HIAA (Figure 1.07) [Borne 1994]. 
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Figure 1.07.  Action mechanisms of 5-HT.  (1) Agents stimulate the biosynthesis of 5-HT within 
pre-synaptic brain neurons.  (2) 5-HT is stored in vesicles awaiting nerve impulse stimulation.  
(3) Upon stimulation, 5-HT is released through voltage-gated Ca2+ ion channels into the 
synaptic cleft.  (4) In the synaptic cleft 5-HT molecules either interact with appropriate 
serotonergic receptor subtypes, (5) be re-absorbed back into the pre-synaptic nerve terminal for 
storage awaiting further release, or (6) be metabolised into 5-HIAA [Borne 1994]. 
 

 

 

Serotonergic neurons are predominantly located in raphe nuclei of the brain stem 

projecting throughout the brain [Veenstra-VanderWeele et al. 2000] and they have also 

been identified on cerebral vessels [Appenzeller 1991].  One of the pertinent 

physiological processes of the serotonergic system is its role in nociceptive pathways, 

where they have been known to regulate transmission of pain impulses [Anthony 1987].  

Increased levels of serotonergic activity has been demonstrated to inhibit pain 

perception, whereas a decrease in serotonergic activity intensifies pain perception 

[Anthony 1987].  Stimulated or suppressive activation of the serotonergic system may 

therefore affect neuronal firing rates of cerebral neurones and/or implicate changes in 

cerebral and/or peripheral vascular tone. 

 

Evidence for the involvement of serotonin in migraine has been substantiated by (1) 

increased 5-HIAA urinary excretion being associated with migraine attacks [Curran et 

al. 1965; Sicuteri et al. 1961], (2) a reduction in plasma 5-HT levels at the onset of and 
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during a migraine attack due to 5-HT liberation from platelets [Anthony et al. 1967; 

Curran et al. 1965; Dalsgaard-Nielsen & Genefke 1974], (3) intravenous injection of 

reserpine, which depletes 5-HT storage from tissues, precipitating migraine attacks 

[Kimball et al. 1960], (4) intravenous injection of 5-HT alleviating spontaneous [Lance 

et al. 1967] or induced [Kimball et al. 1960] migraine attacks, and (5) increases in 

cerebral blood flow within the brain stem during migraine headache in MO subjects 

only [Chugani et al. 1999].  In addition, Chugani et al. [1999] also reported MO 

subjects having a significantly higher serotonin synthesis capacity in all brain regions 

studied. 

 

1.8.1 Serotonin Receptor Subtypes 

The large family of 5-HT receptor classes and their subtypes is evidence of the 

numerous and varied physiological mechanisms involving serotonin within the CNS.  

The 5-HT receptor classes consist of six G-protein coupled receptors (GPCRs) (5-

HT1/2/4/5/6/7) and a ligand gated ion channel receptor (5-HT3) [Barnes & Sharp 1999]. 

 

The heterogeneous 5-HT1 receptor class consists of the receptor subtypes, 5-HT1A, 5-

HT1B (formerly 5-HT1Dβ), 5-HT1D (formerly 5-HT1Dα), 5-HT1E and 5-HT1F [Hoyer et al. 

1994].  The 5-HT1 receptors involvement in migraine has been reported by the agonistic 

properties of the triptan family of pharmaceuticals.  With strong affinity to the 5-

HT1B/1D/1F receptor subtypes, administration of sumatriptan was shown to mediate 

constriction of distended cranial vasculature during a migraine attack [Moskowitz 

1992].  Additionally, sumatriptan also inhibited the neurogenic inflammatory response 

as a consequence of activation of the trigeminovascular system [Moskowitz 1992]. 

 

The 5-HT2 receptor class (specifically the 5-HT2B/2C subtypes) has been implicated in 

the development of migraine due to an interaction with the 5-HT2 agonist, meta-

chlorophenylpiperazine (mCPP), which can induce migraine attacks in pre-diagnosed 

migraineurs [Brewerton et al. 1988]. 

Recent evidence has now also implicated the involvement of the 5-HT7 receptor in 

migraine development [Terron 1998; Terron & Falcon-Neri 1999; Terron 2002].  

Located within the internal carotid and middle meningeal arteries [Schmuck et al. 

1996], the 5-HT7 receptor has been postulated to become stimulated after the release of 

5-HT to initiate abnormal vasodilation [Terron 2002].  An increase in vascular pressure 
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would activate trigeminal nerve terminals within the vasculature wall [Terron 2002] 

thus prompting release of SP and CGRP [Goadsby et al. 1991; Hargreaves & Shepheard 

1999]. 

 

The remaining 5-HT receptor classes (5-HT3/5/6) have either produced negative clinical 

evidence to implicate their involvement in migraine, or further research is required to 

conclusively accept or reject their role in migraine pathology [Connor & Beattie 1999]. 

 

1.8.2 Tryptophan Hydroxylase 

Tryptophan hydroxylase (TPH) catalyses the rate limiting step in the synthesis of 5-HT 

by hydroxylating tryptophan to produce 5-Hydroxytryptophan (5-HTP) (Figure 1.06) 

[Gyermek 1996].  Whilst an ictal decrease of 5-HTP has been reported in both MA and 

MO migraineurs [Ferrari et al. 1989], limited investigation of additional abnormalities 

in 5-HT enzymatic physiology has been undertaken.  Aberrant TPH functioning may 

result in non-homeostatic 5-HT synthesis [Hamon et al. 1981] with potential 

implications in the development of migraine [Chugani et al. 1999; Kimball et al. 1960; 

Lance et al. 1967] or other phenotypes arising from 5-HT synthesis dysfunction 

[Veenstra-VanderWeele et al. 2000]. 

 

1.8.3 Amino Acid Decarboxylase 

In the cascade of enzymatic reactions involved in the biosynthesis of 5-HT, the enzyme 

amino acid decarboxylase (AADC) decarboxylates 5-HTP to produce the 

neurotransmitter 5-HT (Figure 1.06) [Gyermek 1996].  Limited investigation into 

possible AADC aberrations and their hypothetical function in the development of 

migraine has yet to be elucidated.  As this is an essential enzymatic reaction in the 

biosynthesis of 5-HT, possible non-homeostatic AADC actions should not be excluded 

in the understanding of migraine pathophysiology and pathogenesis. 

 

1.8.4 Monoamine Oxidase 

The deamination of 5-HT within the CNS is achieved by the enzyme monoamine 

oxidase (MAO) type A (MAOA) (Figure 1.06) [Gyermek 1996].  Migrainous individuals 

have displayed defective MAO activity and subsequent inefficiencies in the metabolism 
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of 5-HT and subsequent accelerated firing rates of raphe neurons [Appenzeller 1991; 

Sandler et al. 1974].  Additionally, an increase in the 5-HT metabolite, 5-HIAA 

identified in urinary excretion has been associated with migraine attacks [Curran et al. 

1965; Sicuteri et al. 1961]. 

 

1.9 Migraine and Nitric Oxide 
The ubiquitous chemical messenger molecule nitric oxide (NO) has been implicated in a 

diverse range of biological effects such as neurotransmission, regulation of body fluid 

homeostasis, neuroendocrine physiology, smooth muscle motility and mediation of 

nociception [Bruhwyler et al. 1993; Hall et al. 1994].  NO is endogenously synthesised 

on demand with the enzyme nitric oxide synthase (NOS) to convert the amino acid L-

arginine into L-citrulline and NO in an oxidative-reductive pathway (Figure 1.08) [Bredt 

1999; Dawson & Dawson 1995].  Unlike most neurotransmitters that are enzymatically 

synthesised, stored in synaptic vesicles and released by exocytosis (e.g. 5-HT), NO is 

unique in that it does not adhere to this biological cascade of events.  Nor does it 

mediate its biological actions by adhering to membrane bound receptors, or terminate 

the biological cascade by reuptake mechanisms or enzymatic degradation [Bredt & 

Snyder 1992; Dawson & Dawson 1995].  A small, easily diffusible, membrane 

permeable and reactive molecule, NO is a unique neurotransmitter with its activity and 

concentration maintained by the control of it synthesis [Dawson & Dawson 1995]. 
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Figure 1.08.  Nitric oxide (NO) biosynthesis.  Nitric oxide synthase (NOS) catalyses a five 
electron oxidation of L-arginine to synthesise NO and L-citrulline.  An intermediate, L-hydroxy-
arginine is formed which is tightly bound to the NOS enzyme.  Both steps required for NO 
synthesis are dependent upon intracellular calcium (Ca2+) binding to a calmodulin (CaM) 
complex in the presence of nicotinamide adenine dinucleotide phosphate (NADPH) and oxygen 
(O2).  The hydroxylation reactions are accelerated by tetrahydrobiopterin (H4B) [Bredt 1999; 
Dawson & Dawson 1995]. 
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An important mediator of vasodilatory effects is the synthesis of NO within the 

endothelium and neuronal tissue.  Endothelium dependent vasodilation is important in 

the regulation of cerebrovascular functioning and neurogenic vasodilatory mechanisms 

may be controlled by perivascular nerve endings [Thomsen & Olesen 1998].  Sensory 

nerve endings within the perivascular space are operated by NO via the non-adrenergic 

non-cholinergic (NANC) nerves.  The NANC mediated pathway is an important factor 

in the production of smooth muscle relaxation in the cerebral circulation [Bredt 1999].  

The release of NO from the endothelium and neurons can be accelerated by the 

stimulation of specific membrane bound receptors, and thus respond to the release of 

various neuropeptides.  The release of NKA, SP and CGRP have all been considered as 

potential neuropeptides that can produce changes in vascular tone and accompanying 

head pain during migraine attacks [Kiechle & Malinski 1993; Sarchielli et al. 2000].  In 

addition, NO is known as an endothelium derived relaxing factor (EDRF), which after 

synthesis can diffuse into vascular smooth muscle where it activates soluble guanylate 

cyclase [Moncada et al. 1991].  Activation of guanylate cyclase results in the production 

of cyclic guanosine 3’,5’-monophosphate (cGMP) and the consequent relaxation of 

smooth muscle fibres and dilation of blood vessels [Moncada et al. 1991].  NO has also 

been associated with pain processes and activation of painful stimuli that register 

impulses from peripheral nerve endings relayed back to the thalamus and neocortex 

[Meller & Gebhart 1993]. 
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The role of NO in the mechanistic process of migraine head pain and not the aura has 

been implicated via the intravenous (iv) infusion of specific NO donors [Christiansen et 

al. 1999; Iversen & Olesen 1996; Iversen 2001; Olesen et al. 1994; Olesen et al. 1995; 

Thomsen & Olesen 1998].  As a consequence of its rapid inactivation, the effects of NO 

cannot directly be established experimentally, therefore the NO donor glyceryl trinitrate 

(GTN) has been used to exogenously synthesise NO [Hibbs et al. 1988].  The iv 

infusion of GTN to both migraineurs and non-migraineurs has succeeded in instigating 

headache like symptoms (Figure 1.09) [Olesen et al. 1994].  GTN iv infusion produced a 

dose dependent headache response for the duration of the infusion, and subsequent 

relief of head pain soon after the discontinuation of infusion [Iversen et al. 1989; Olesen 

et al. 1993].  The extent of pain registered by migraineurs as opposed to non-

migraineurs was significantly greater, and headaches experienced by existing 

migraineurs more often fulfilled the diagnostic criteria for migraine [IHS 1988; IHS 

2004], and a more significant level in the intensity of pain was registered [Christiansen 

et al. 1999; Olesen et al. 1993].  In a study assessing MA individuals only [Christiansen 

et al. 1999], the effects of GTN iv infusion produced migraine like symptoms satisfying 

MO, and not their usually occurring episodic MA attacks.  GTN induced headaches 

have been demonstrated to respond also to the administration of sumatriptan by 

constricting both temporal and radial arteries and reducing the head pain initially 

induced after the iv infusion of GTN [Iversen & Olesen 1996].  Migraine sufferers 

therefore seem to exhibit GTN hypersensitivity exogenously synthesising NO, thus 

instigating a cascade of events producing MO attacks.  The relationship between arterial 

dilation, smooth muscle relaxation and migraine headache has been supported by the 

successful application of the 5-HT1B/1D agonist sumatriptan.  Sumatriptan has been 

proven to be an effective treatment of migraine due to its vasoconstrictive abilities and 

thus alleviating head pain associated with migraine headache [Dechant & Clissold 

1992]. 
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Figure 1.09.  Proposed pathway of GTN-NO induced headache.  GTN diffuses through the 
endothelium into the smooth muscle cells where the production of NO is instigated independent 
of NOS enzymes [Olesen et al. 1994]. 
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1.9.1 Neuronal Nitric Oxide Synthase 

Present investigations have characterised three isoforms of the catalytic enzyme nitric 

oxide synthase (NOS) as either constitutively expressed or induced by cytokines and 

inhibited by glucocorticoids [Dawson & Dawson 1996; Young et al. 1995].  First 

identified in rat brain tissue [Bredt & Snyder 1990] and subsequent expression levels 

identified in neurons [Bredt et al. 1991], the neuronal NOS (nNOS) or NOS1 enzyme is 

one of the two constitutively expressed NOS enzymes.  Distinctly expressed in 

endothelial cells, the second constitutively expressed NOS enzyme is termed endothelial 

NOS (eNOS) or NOS3 [Janssens et al. 1992].  Collectively, both biological activities of 

nNOS and eNOS are inactive, awaiting intracellular Ca2+ levels to increase until 

sufficient amounts can bind with calmodulin thus instigating processes involved in NO 

synthesis [Kone 2001].  The third NOS enzyme is calcium calmodulin independent due 

to the tight binding of calmodulin at basal intracellular Ca2+ concentrations.  This 

induced isoform is termed inducible NOS (iNOS) or NOS2 [Kone 2001], is expressed 

in human hepatocytes [Geller et al. 1993], and is induced by cytokines and inhibited by 

glucocorticoids [Young et al. 1995]. 

 

Endogenous NO synthesis, regulated by nitric oxide synthase (NOS), is essential in the 

role of NO as a neurotransmitter in the central and peripheral nervous system [Bult et al. 

1990; Peunova & Enikolopov 1993] and the autonomic innervation of large blood 

vessels [Nadaud & Soubrier 1996].  Within neuronal tissue the expressional control of 
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NO levels is mediated by the enzymatic activity of neuronal NOS (nNOS) found to be 

abundantly present in vasodilator nerves encasing the cerebral blood vessels [Nozaki et 

al. 1993]. 

 

To further substantiate the possible role of NO in migraine, the iv infusion of a NOS 

inhibitor (546C88) has been demonstrated to alleviate most symptoms experienced 

during a migraine attack [Lassen et al. 1997; Lassen et al. 1998].  Patients administered 

with the NOS inhibitor 546C88 following a GTN induced headache have demonstrated 

significant headache relief compared to patients administered with a placebo [Lassen et 

al. 1998].  In addition, phonophobic and photophobic experiences were significantly 

relieved after 546C88 iv infusion, but relief of nauseous symptoms were not 

significantly reduced in NOS inhibited patients compared to patients administered with 

a placebo [Lassen et al. 1998]. 

 

1.10 Migraine, Serotonin and Nitric Oxide 
Based on 5-HT activation of 5-HT2B/2C receptors residing on endothelial cells within the 

dural vasculature, a link between the physiological mechanisms of 5-HT and NO in the 

pathogenesis of migraine has been hypothesised [Fozard 1995; Johnson et al. 1998].  

Released NO from stimulated endothelial cells and subsequent organic nitrates (NO 

metabolites), were hypothesised to activate sensory neurons, release inflammatory 

sensory neuropeptides, activate plasma extravasation, pain and hyperalgesia (Figure 

1.10) [Fozard 1995; Johnson et al. 1998].  Animal model studies in rats have also 

alluded to a relationship between 5-HT levels and NO induced pathological changes 

[Srikiatkhachorn et al. 2000; Srikiatkhachorn et al. 2001], possibly suggesting the NO 

hypersensitivity in migrainous individuals [Olesen et al. 1994].  Laboratory rats were 

hyposerotonin induced via the administration of the TPH inhibitor para-

chlorophenylalanine (PCPA) and GTN induced NO activation was administered 72 

hours later.  The GTN-NO induced vasodilation was prolonged further in PCPA 

induced rats compared to controlled saline induced rats [Srikiatkhachorn et al. 2000], 

but 5-HT depletion alone could not explain pain processing mechanisms in migraine 

headache [Srikiatkhachorn et al. 2001].  In addition, an increase in NOS activity was 

also observed in animal models of PCPA 5-HT depleted rats [Tagliaferro et al. 2001]. 
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Figure 1.10.  Hypothesised relationship between 5-HT and NO in the pathogenesis of migraine.  
Cross-section of a dural blood vessel displaying interictal (migraine free) and ictal (migraine) 
periods.  Increased 5-HT levels is hypothesised to stimulate NO release from endothelial cells 
thus prompting activation of sensory neurons, release of inflammatory sensory neuropeptides, 
activation of plasma extravasation pain and hyperalgesia [Fozard 1995; Johnson et al. 1998]. 
 

 

 

1.11 Therapeutic Interventions 
Current development in migraine therapeutics has resulted in various remedies each 

exhibiting differing levels of efficacy.  Therapeutic intervention differs according to 

physician prescription, individual self-prescription, administration of alternative types 

of therapies and delivery systems (e.g. oral, nasal, subcutaneous or rectal).  Migrainous 

individuals may also choose to opt for abortive or preventative therapy of their migraine 

episodes, although, preventative therapy is best advised as a last resort or if migraine 

episodes exceed various criteria (see 1.11.2 Preventative Therapies). 

 

1.11.1 Abortive Therapies 

Abortive therapeutic intervention individually targets migraine episodes as they arise 

and can be further sub-divided into general analgesics and vasoconstrictors.  Acute 

analgesic relief of migraine can be administered via a choice of three possibilities.  (1) 

Simple analgesics (e.g. aspirin or ibuprofen), (2) Non-steroidal anti-inflammatory 

analgesics (e.g. naproxen), or (3) Narcotic analgesics (e.g. codeine) can all be 

administered to temporarily ameliorate migraine headache [Spierings 1996].  The 

potential chronic attributes of migraine must be carefully considered though if narcotic 
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analgesics are the choice of migraine relief due to possible narcotic dependency.  

Inhibited oral ingestion of general analgesics can be overcome by administration of 

antiemetic medication prior to analgesic ingestion to treat the gastrointestinal 

disturbances associated with migraine [Spierings 1996]. 

 

The vasoconstrictor abortive therapies are more specific than the general analgesics and 

therefore produce a greater efficacy in the treatment of migraine.  Common direct 

mechanisms of vasoconstrictor therapy have been able to identify the relationship 

between serotonergic agonists and the 5-HT1B receptors residing on the meningeal 

vasculature [Hargreaves & Shepheard 1999].  In addition, serotonergic agonist 

properties have also been identified to inhibit 5-HT1D receptors residing on trigeminal 

nerve terminals [Hargreaves & Shepheard 1999].  Activation of 5-HT1B receptors 

constricting meningeal vasculature could help restore vascular tone during migraine, 

and activation of 5-HT1D receptors could suppress neuropeptide release from human 

trigeminal nerves [Durham & Russo 2002].  Normalisation of cranial vasculature 

diameter could subsequently suppress transmission of nociceptive stimuli to the CNS 

and hence, reduce signalling to the higher cortical pain centres. 

 

Currently, alleviation of migraine headache has best been achieved by the 

administration of the triptan class of drugs.  Sumatriptan (Glaxo Wellcome; UK) was 

originally developed as a 5-HT1B/1D agonist to specifically treat migraine [Durham & 

Russo 2002].  Triptans can alleviate migraine by constricting dilated cranial blood 

vessels, inhibiting neurogenic inflammation [Moskowitz 1992] and inhibiting central 

impulse transmission within the trigeminovascular system [Goadsby 1997; Tfelt-

Hansen et al. 2000].  In addition, triptans can also suppress neuropeptide release and 

plasma extravasation across the dural vessels [Moskowitz 1992].  Development of 

sumatriptan has led to further developments in the triptan class of drugs to improve their 

oral bioavailability, increase effect response time and increase effect duration with less 

recurrence of migraine [Ferrari 1998a].  Currently available clinical abortive remedies 

are sumatriptan, naratriptan (GlaxoSmithKline; USA), rizatriptan (Merck & Co.; USA), 

zolmitriptan (Zeneca; USA), avitriptan (Bristol-Myers Squibb; USA) and almotriptan 

(Almirall/Pharmacia; USA) [Durham & Russo 2002; Goadsby et al. 2002].  Eletriptan 

(Pfizer; USA) has recently been approved for clinical use, frovatriptan (Vanguard 

Medica; UK) is awaiting clinical approval while donitriptan is under pre-clinical 

development [Durham & Russo 2002; Goadsby et al. 2002].  Not all patients however, 
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are responsive to triptan medication, hence development of NOS inhibitors [Lassen et 

al. 1997; Lassen et al. 1998], and other non-vascular approaches are under investigation 

[Goadsby et al. 2002]. 

 

1.11.2 Preventative Therapies 

In contrast to abortive therapy targeting migraine episodes as they arise, preventative 

therapy aims to interrupt migraine attack patterns.  A realistic expectation of 

preventative relief is a 50% reduction of migraine frequency and intensity.  If 

migraineurs experience ≥ 4 migraines/month or intensity and duration of their migraine 

is too extreme and abortive medication is ineffective, alternate preventative therapies 

may be applied [Bartleson 1999; Spierings 1996].  Common preventative anti-migraine 

analgesics include β-adrenergic blockers (e.g. propranolol), ergot alkaloids (e.g. 

ergotamine, methysergide), 5-HT antagonists (e.g. pizotifen), tricyclic antidepressants 

(e.g. amitriptyline) and anticonvulsants (e.g. divalproex) [Bartleson 1999; Goadsby et 

al. 2002; Spierings 1996].  To minimise adverse reactions to preventative therapeutics, 

migraineurs may need to sample various preventative options and always begin with a 

low dosage and then increase until a sensible maximum has achieved optimum efficacy. 

 

1.12 Migraine Epidemiology 

1.12.1 Incidence 

The incidence of migraine is defined as the onset of new cases of migrainous episodes, 

either MO or MA as defined by the IHS [2004] and depicted in Tables 1.03 and 1.04, 

respectively, over a defined time period.  Incidence measures of migraine exclude pre-

existing migraineurs in the study population and record the development of migraine in 

previously known migraine free individuals.  Female MA incidence peaks between the 

ages of 12 and 13 years, whereas female MO incidence peaks between the ages of 14 

and 17 years [Stewart et al. 1991].  Male peak MA incidence rates occur at around 5 

years of age whereas male MO peak incidence occurs between 10 and 11 years of age 

[Stewart et al. 1991].  Therefore, migraine is reported to initiate earlier in males than 

females, and the incidence of MA occurs earlier than the incidence of MO [Stewart et 

al. 1991]. 
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1.12.2 Prevalence 

The prevalence of migraine is the proportion of a selected population that has had an 

episode over a defined period of time.  Prevalence rates generally measure period 

prevalence and/or lifetime prevalence of migraine.  Period prevalence is the proportion 

of individuals who have suffered from attacks of MO or MA as defined by the IHS 

[2004] and depicted in Tables 1.03 and 1.04, respectively, over a defined time period 

(generally one year).  Lifetime prevalence is the proportion of individuals that have 

suffered from attacks of MO or MA as defined by the IHS [2004] and depicted in 

Tables 1.03 and 1.04, respectively, in their entire lifetime.  Although no laboratory based 

diagnostic tool has yet been identified, clinical based criteria has assisted in the 

identification of migraine [IHS 1988; IHS 2004], migraine prevalence and migraine 

contribution to the burden placed upon society.  Migraine prevalence rates varying from 

1.0% to 27.5%, female migraine prevalence rates varying from 1.5% to 32.0% and male 

migraine prevalence rates varying from 0.6% to 22.0% are due to ethnic distributions of 

the studied cohorts (Table 1.05) [Alders et al. 1996; Cruz et al. 1995; Dahlof & Linde 

2001; Edmeads et al. 1993; Gobel et al. 1994; Hagen et al. 2000; Henry et al. 1992; 

Jaillard et al. 1997; Kececi & Dener 2002; Lampl et al. 2003; Launer et al. 1999; Lipton 

et al. 2001; Lipton et al. 2002; O'Brien et al. 1994; Sakai & Igarashi 1997; Stewart et al. 

1992; Stewart et al. 1996; Takeshima et al. 2004; van Roijen et al. 1995; Wang et al. 

2000; Wong et al. 1995; Zivadinov et al. 2001].  In general, research has reported 

migraine prevalence to be highest amongst Caucasian ethnicity [Dahlof & Linde 2001; 

Edmeads et al. 1993; Gobel et al. 1994; Hagen et al. 2000; Henry et al. 1992; Lampl et 

al. 2003; Launer et al. 1999; Lipton et al. 2001; Lipton et al. 2002; O'Brien et al. 1994; 

Stewart et al. 1992; Stewart et al. 1996; van Roijen et al. 1995; Zivadinov et al. 2001], 

followed by African ethnicity [Stewart et al. 1992; Stewart et al. 1996] and lowest in 

Asian ethnic cohorts [Alders et al. 1996; Sakai & Igarashi 1997; Stewart et al. 1992; 

Stewart et al. 1996; Takeshima et al. 2004; Wang et al. 2000; Wong et al. 1995].  

Migraine prevalence variation amongst ethnic cohorts has been attributable to differing 

cultural factors associated with, environmental risk factors, study methodology and/or 

race-related genetic and metabolic factors [Stewart et al. 1996]. 



Table 1.05.  Population-based or community-based migraine prevalence surveys (minimising selection bias from clinic-based surveys) using IHS criteria, and an 
age demographic range of 10 – 90 years.  Period prevalence surveys were for one year only.  Surveys denoted with and asterisk (*) documented migraine definition 
on a modified IHS criterion of head pain lasting 2-72 hours in lieu of the standardised 4-72 hours.  Stewart et al. [1992] period prevalence was reported for 
Caucasians (§) and African Americans (¥), respectively.  Migraine prevalence figures not reported are denoted as NR. 
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    Migraine Prevalence Source 
 

Country 
 

Sample size 
 

Prevalence 
 Male (%)  Female (%)  Total (%) 

Alders et al. [1996]          Malaysia 595 Period 6.7 11.3 9.0 
Cruz et al. [1995]           

           
            

          
           
          

         
          
           
          

           
            

             
          

          
         

            
          
             

           
           

            
          

Ecuador 2257 Lifetime 5.6 7.9 6.9
Dahlof & Linde [2001] 

 
 Sweden 

 
 1668  Period  9.5  16.7  13.2 

Edmeads et al. [1993]
 

Canada 2737 Lifetime 9.0 23.0 16.0
Gobel et al. [1994] Germany

 
4060 Lifetime

 
22.0

 
32.0 27.5

Hagen et al. [2000] Norway
 

51383
 

Period 7.4 16.1 11.8
Henry et al. [1992] * France

 
4204 Period 6.1 17.6

 
12.1

 Jaillard et al. [1997] * Peru 3246 Period 3.3 7.8 5.3
Kececi & Dener [2002] 

 
 Turkey  1320

 
Lifetime

 
7.9 17.1 NR

Lampl et al. [2003] *
 

Austria 997 Period 6.1 13.8 10.2
 Launer et al. [1999]

 
Netherlands
 

1489
 

Period 13.3 25.0 NR
Lifetime

 
13.3

 
33.0 NR

Lipton et al. [2001] USA 29727
 

Period 6.5 18.2 12.6
Lipton et al. [2002] USA 3526 Period 6.0 18.2 13.0
O’Brien et al. [1994]
 

Canada
 

2922
 

Period 7.4 21.9 15.2
Lifetime 8.0 25.0 17.0

Sakai & Igarashi [1997] * 
 

 Japan 
 

 4029  Period  3.6  12.9  8.4 
Stewart et al. [1992]
 

USA
 

20468
 

Period§ 6.1 17.6 11.8
Period¥ 3.3 17.4 10.4

 Stewart et al. [1996] USA 12328
 

Period 8.2 19.0
 

NR
 Takeshima et al. [2004] Japan 4795 Period 2.3 9.1 6.0

van Roijen et al. [1995]
 

Netherlands 10480/1008
 

Period 5.0 12.0 9.0
Wang et al. [2000] Taipei, Taiwan

 
3377 Period 4.5 14.4

 
9.1

Wong et al. [1995] Hong Kong
 

7356 Period 0.6 1.5 1.0
Zivadinov et al. [2001]
 

Croatia
 

3794
 

Period 13.0 20.2 16.7
Lifetime 14.8 22.9 19.0

 

 

 



Aside from race-related variation, up to 70% of migraine prevalence has been attributed 

to gender, age and case definition [Stewart et al. 1995] although, this meta-analysis of 

migraine prevalence may be inflated due to IHS diagnostic criteria not being applied to 

all studies included in the meta-analysis [Stewart et al. 1995].  However, overall 

migraine prevalence increases during childhood, adolescence and early adult life 

peaking at around 35 – 40 years of age for both male and female sufferers (Figure 1.11) 

[Lipton & Stewart 1993, 1998].  Throughout childhood, migraine prevalence is 

marginally higher in pre-pubescent males than in pre-pubescent females, but during 

puberty the increased prevalence of migraine in females is significantly higher than it is 

in males and the prevalence of migraine continues to be greater in females throughout 

the remainder of their lives (Figure 1.11) [Lipton & Stewart 1993, 1998; Lipton et al. 

1999].  The gender ratio of female to male migraine sufferers peaks between 3-3.5:1 

during the fourth decade of life (Figure 1.12) [Lipton & Stewart 1993; Sheffield 1998].  

The female preponderance of migraine has been largely attributable to hormonal 

changes and fluctuations from menarche and continuing until menopause [Lipton & 

Stewart 1993; Rasmussen 1993].  Menses however, is not solely causative of female 

migraine due to prevalence remaining elevated in females relative to males after 

menopause (Figures 1.11, 1.12) [Lipton & Stewart 1993].  Ethnicity, age and gender 

differences aside, one year prevalence in adult migraineurs approximates to 10-12%, 

whilst gender stratification of migraine one year prevalence in females and males 

denotes frequencies of 15-18% and 5-6%, respectively [Lipton & Stewart 1993; 

Rasmussen 2001; Sheffield 1998].  In addition, gender non-specific one year prevalence 

estimates for MO and MA were 5-6% and 3-4%, respectively [Rasmussen 2001; 

Sheffield 1998]. 

 33



Figure 1.11.  Male and female migraine prevalence by age [Lipton & Stewart 1993]. 
 

 

 
Figure 1.12.  Prevalence ratio of female to male migraine sufferers by age [Lipton & Stewart 
1993]. 
 

 

 

1.13 Migraine Co-morbidity 
Disease co-morbidity is best defined as the association of two disorders occurring in the 

same individual and being greater than coincidental chance [Feinstein 1970].  The 

presence of disease co-morbidity can both hinder and enhance clinical diagnosis and/or 

therapeutic opportunities.  Identification of disorder co-morbidity can be explained by 

one of four possible determinants [Silberstein 2001].  (1) Coincidental symptomalogy or 

clinic selection bias, (2) a unidirectional model of disease (e.g. migraine directly 

influences another disorder, and vice versa), (3) shared genetic and/or environmental 

factors between migraine and another disorder and (4) independent genetic and/or 

environmental factors predisposing to both migraine and another disorder [Silberstein 

2001]. 
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Several disorders, occurring at an elevated incidence in migrainous individuals 

compared to non-migrainous individuals, have been identified.  These include epilepsy 

[Bigal et al. 2003], depression [Low & Merikangas 2003], anxiety disorders [Lipton & 

Stewart 1998] and stroke in women under 45 years of age [Tzourio et al. 1993; Tzourio 

et al. 1995].  Migraine and epilepsy display similar chronic neurological episodes with 

similar accompanied gastrointestinal disturbances and autonomic neural features [Bigal 

et al. 2003].  Displaying a strong co-morbid relationship, migraineurs are twice as likely 

to suffer from epilepsy than non-migraineurs, and vice versa [Bigal et al. 2003].  The 

relationship between migraine and depression has been demonstrated to be bi-

directional to indicate each disorder increasing the risk of onset of the other [Lipton & 

Stewart 1998].  Anxiety symptoms have been identified to precede migrainous episodes 

which have subsequently preceded onset of depression [Breslau & Rasmussen 2001].  

In light of results reported by Tzourio et al. in [1993] and [1995], the co-morbidity 

between migraine and stroke is highly influenced by gender and age risk factors.  

Therefore, future migraine/stroke co-morbidity studies are advised to adhere to 

proposed relationship classifications of (1) co-existent stroke and migraine, (2) stroke 

with clinical features of migraine, (3) migraine induced stroke and (4) uncertain 

classification [Welch 1994]. 
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2.1 Principles of Heredity 
The foundation of all genetic research today and the basis of heredity was first proposed 

by the Augustinian monk Gregor Mendel in 1865 [Mendel 1866; Peters 1959].  

Although Mendel’s findings were not significantly considered until their re-discovery in 

1900 by three independent botanists Hugo de Vries [1900], Carl Correns [1900] and 

Eric von Tschermak [1900], his work performed on the garden pea Pisum sativum 

proposed three properties of heritability [Mendel 1866; Peters 1959].  The first property 

was unit inheritance, whereby observed heritable traits were transmitted from parent to 

offspring in an unaltered state [Speer 1998].  The second property (Mendel’s law of 

segregation) identified the two factors (alleles, collectively termed a genotype) that 

determine observable traits (phenotype) segregated and then recombined at fertilization 

to produce next generation genotypes [Speer 1998].  The third property (Mendel’s law 

of independent assortment) identifies alleles for multiple phenotypic characteristics will 

segregate independently of each other to subsequent offspring [Speer 1998]. 

 

2.1.1 Heredity Frequency 

The predictability of heritable characteristics in ensuing generations was first described 

independently in 1908 by the British mathematician G. H. Hardy [Hardy 1908; Peters 

1959] and the German physician W. Weinberg [1908].  Referred to as the Hardy-

Weinberg theory, the prediction of genotype frequencies from observed allele 

frequencies can be achieved in a large panmictic population for subsequent non-

overlapping generations.  For example, in a dichotomous-allele autosomal system allele 

A exhibits a frequency of p and allele B exhibits a frequency of (1 – p).  The frequency 

of the AA genotype is therefore p2, the frequency of the AB genotype is 2p(1 – p) and 

the frequency of the BB genotype is (1 – p)2.  The factor of 2 used to calculate the 

frequency of the AB genotype is based on the identical properties of each ordered 

heterozygous genotype (A|B and B|A).  The sum of expected genotype probabilities will 

therefore equate to 100% (i.e. p2 + [2p(1 – p)] + [(1 – p)2] = 1).  Large panmictic 

populations adhering to Mendel’s heritability laws [Mendel 1866; Peters 1959] are said 

to be in Hardy-Weinberg equilibrium (HWE).  That is, transmission of parental alleles 

to ensuing non-overlapping generations will be in a state of equilibrium and therefore 

can be predicted by the aforementioned genotype frequency calculations.  Notable 

exceptions to the Hardy-Weinberg theory do exist under the forces of evolutionary and 
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non-evolutionary events to disrupt the balance of transmitted characteristics in selected 

populations.  Deviations from HWE can arise from (1) non-random matings, (2) 

unequal survival rates, (3) divisions within population structures and/or (4) migratory 

events [Snustad & Simmons 2003]. 

 

Non-random matings can either be consanguineous, arising from genetic relatedness 

(e.g. familial member matings), or assertive, arising from phenotypic relatedness (e.g. 

similar skin colour).  In either sense, non-random matings reduce the frequency of 

predicted heterozygotes thus increasing the frequency of homozygous individuals in the 

ensuing generations [Snustad & Simmons 2003]. 

 

In panmictic populations differential rates of zygote survival will result in differential 

rates of zygote maturation and thus variation in reproductive success.  If survival rates 

are selective of genotype expression the lesser survival rates will ultimately incorporate 

inequalities in genotype frequencies as predicted by the Hardy-Weinberg principle for 

ensuing generations [Snustad & Simmons 2003]. 

 

Populations of the same ethnic background can be divided by geographical and/or 

ecological isolations that therefore correlate with observed differences at the genetic 

(i.e. genotypic) level.  Collectively termed inhomogeneous populations each sub-

divided population will be in HWE but collectively they are not.  This therefore violates 

the HWE assumption that allele frequencies are uniform throughout the entire 

population and not just each independent sub-population [Snustad & Simmons 2003]. 

 

A migratory effect involves the introduction of differing alleles from an “outside” 

genetic pool into an already established genetic pool of alleles exhibiting existing HWE.  

Introduction of new alleles may initially disrupt the state of equilibrium but random 

mating therein should bring the whole (newly created) population back into equilibrium 

after very few generations.  If both populations are panmictic there will only be a 

temporary disruption in pre-existing HWE [Snustad & Simmons 2003]. 

 

2.2 DNA Structure 
Although an understanding of the transmission of heritable characteristics had been 

established, the foundation to describe this process and other processes such as 



replication and repair of genetic material and genetic diversity amongst species was not 

elucidated until 1953 [Watson & Crick 1953].  Mendel’s fundamental unit of 

inheritance, the gene, was now explained by the structural identification of the chemical 

compound deoxyribonucleic acid (DNA).  Based on X-ray photographic evidence 

(Figure 2.01) [Franklin & Gosling 1953], the reported double helical structure of DNA 

[Watson & Crick 1953; Wilkins et al. 1953] provided unprecedented evidence of the 

structure of the chemical molecule that encodes genes and thus the transmission of 

heritable characteristics. 

 
Figure 2.01.  X-ray diffraction photograph of the DNA double helix crystal taken by Rosalind 
Franklin in 1953 [Franklin & Gosling 1953].  The central x-shaped pattern represents the 
antiparallel helices and the darker areas at the top and bottom depict arrangement of DNA 
subunits (i.e. nucleotides comprising of phosphorus, deoxyribose sugar and nitrogenous base 
molecules). 
 

 
 

Residing within all nucleated cells of living tissue the DNA double helical structure 

consists of two strands progressing in an antiparallel orientation (Figure 2.02).  The 

backbone of the structure is comprised of a sugar (deoxyribose) molecule bound to an 

external phosphate molecule [Snustad & Simmons 2000] (Figure 2.03).  Internal to the 

sugar-phosphate backbone are the four nitrogenous base molecules linked by hydrogen 

bonding [Snustad & Simmons 2000] (Figure 2.03).  The complementarity of the 

nitrogenous bases will always result in a Guanine (G) pairing with a Cytosine (C) and 

an Adenine (A) always pairing with a Thymine (T) in what has been coined Watson-

Crick base pairing (Figure 2.03) [Watson & Crick 1953]. 
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Figure 2.02.  The double helical structure of DNA [The National Health Museum 1999] 
displaying the sugar-phosphate backbone, nitrogenous bases and Watson-Crick complimentary 
base pairing [Watson & Crick 1953].  The double helical sugar-phosphate backbone runs in an 
anti-parallel direction forming sugar-phosphate links at the 5’ and 3’ carbon elements of the 
deoxyribose molecule, respectively.  The double helix maintains a constant morphology due to 
purines (A or G) always pairing with their pyrimidine (T or C) complement.  A; adenine, C; 
cytosine, G; guanine, T; thymine. 
 

5'

3'5'

3'
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Figure 2.03.  Internal and external structures of the DNA double helix and the hydrogen 
bonding between complementary nitrogenous bases [The National Health Museum 1999].  
Triple hydrogen bonding between G and C (G≡C or C≡G) always favours more rigid base-
pairing complementarity than the alternative double hydrogen bonding between T and A 
nitrogenous bases (T=A or A=T).  P; phosphate molecule, S; sugar (deoxyribose) molecule, A; 
adenine, C; cytosine, G; guanine, T; thymine*, U; uracil*.  * Of the nitrogenous bases thymine is 
present in the dsDNA polypeptide and uracil substitutes the thymine base in single stranded 
RNA polypeptide molecules. 
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2.3 The Central Dogma 
As recent as 2001, approximately 90% of the sequence of nitrogenous bases within the 

DNA helical structure had been documented [Lander et al. 2001; Venter et al. 2001], 

thus providing the platform for which a greater understanding of the genetic code used 

in protein synthesis can be elucidated.  The unidirectional cascade of cellular events 

leading to endogenous protein synthesis has been referred to as the central dogma of 

genetics (Figure 2.04) [Speer 1998].  Double stranded DNA (dsDNA) segmented into 

coding (i.e. exons), non-coding (i.e. introns), regulatory and non-regulatory sequence, 

provides a template for the transcription of a messenger ribonucleic acid molecule 

(mRNA) [Snustad & Simmons 2000].  Distinct from DNA, RNA consists of a ribose 

sugar-phosphate backbone, is single stranded and the DNA base Thymine (T) is 

substituted for the RNA base Uracil (U) (Figure 2.03).  Comprising of both exonic and 

intronic segments, the mRNA molecule undergoes intron splicing to then be transported 
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out of the cell nucleus and then undergo translation within the cell’s cytoplasm 

producing a polypeptide chain of amino acids.  Specific folding and orientation of the 

polypeptide chain is determined according to specific protein constructs and cell 

specific tissue differentiation (Figure 2.04) [Snustad & Simmons 2000]. 

 
Figure 2.04.  The central dogma of genetics exemplifying the initiation and flow of genetic 
information [The National Health Museum 1999].  Within cell nuclei pre-mRNA transcripts 
(transcribed from dsDNA templates) undergo intron splicing to produce single stranded mRNA 
sequence structures.  Migrating through pores within the nuclear envelope into the cells 
cytoplasm, single stranded mRNA transcripts are translated into a polypeptide chain of amino 
acids thus instigating cell specific protein synthesis. 
 

 
 

2.4 Human Genetic Disorders 
The phenotypic characteristics of most human disorders can be ascribed by some 

genetic component whether it is attributable to 100% or < 100% of the total observed 

phenotype.  Successful characterisation of the genetic component is however largely 

attributable to the complexity of the disease pattern of inheritance (i.e. instances where 

genotypic causality is < 100%).  The majority of human disorders obeying Mendelian 
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dominant, recessive or X-linked patterns of inheritance have been successfully mapped 

to their corresponding chromosomal location (i.e. locus) and their contributing genetic 

variants identified [Gelehrter et al. 1998].  In contrast, mapping and identifying genetic 

variants contributing to human disorders with a complex or irregular pattern of 

inheritance have been less successful [Glazier et al. 2002].  The disorders of complex 

patterns of inheritance are more often phrased complex genetic disorders/traits or non-

Mendelian disorders/traits. 

 

2.4.1 Complex (non-Mendelian) Disorders 

The “complex” nature of non-Mendelian disorders is assigned when there is an 

ambiguous relationship between the genotype and corresponding phenotype or vice 

versa.  This may arise when one genotype is responsible for more than one phenotype or 

the one phenotype can be attributed to various genotypes [Lander & Schork 1994].  

Precipitating factors distinguishing non-Mendelian from Mendelian disorders consist of 

several interactive processes.  A single gene variant interacting with one or several 

environmental factors, polygenic interaction (additive and multiplicative effects) or a 

polygenic and environmental factor interaction (multifactorial effect) all contribute to 

the complex or irregular pattern of disease inheritance (Figure 2.05). 



Figure 2.05.  A “simplified” schematic representation of precipitating factors characteristic of 
non-Mendelian disorders/traits.  Diseased phenotypes (DPh) can arise from A; interactions of a 
single genetic locus (GL1) with one or more environmental factors (E), B; polygenic interactions 
between two (GL1 and GL2) or more genetic loci, or C; multifactorial interactions between two or 
more genetic loci (GL1 and GL2) and one or more environmental “triggers” (E). 
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GL2

E A
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B

 
 

Environmental factors differentiate themselves in accordance with the diseased 

phenotype and their level of risk contributed.  Genetic characterisation of non-

Mendelian disorders is made more arduous by (1) incomplete penetrance, (2) 

phenocopy, (3) genetic (or locus) heterogeneity, (4) polygenic inheritance and/or (5) 

epistatic gene interaction [Glazier et al. 2002; Lander & Schork 1994]. 

 

Disease penetrance is the percentage of individuals exhibiting phenotypic characteristics 

of a specified disease given their corresponding variant genotype.  A completely 

penetrant disease (i.e. penetrance is 100%) signifies all individuals positive for a variant 

genotype or allele, will exhibit the disease characteristic(s).  Incomplete penetrance 

however, is indicative of a certain percentage of individuals exhibiting a genetic variant 

but not expressing the disease phenotype [Lander & Schork 1994].  A genetic disorder 

that is 80% penetrant indicates that the remaining 20% of individuals positive for that 

genetic variant do not express the disease phenotype. 
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Phenocopy is when individuals not exhibiting the variant genotype or allele do display 

the disease phenotype as a means of environmental (e.g. smoking, ultra violet 

irradiation) or random factors [Lander & Schork 1994]. 

 

Genetic heterogeneity arises when several genetic variations can independently result in 

an identical phenotype [Lander & Schork 1994; Terwilliger & Ott 1994].  Genetic 

heterogeneity can either be allele specific or locus (non-allele) specific.  Individuals 

exhibiting allelic heterogeneity differ only at a single locus where different genetic 

variants within a single gene all result in an identical diseased phenotype (e.g. Cystic 

Fibrosis) [Terwilliger & Ott 1994].  Locus (non-allele) heterogeneity however, burdens 

disease gene characterisation further due to different loci acting independently of each 

other to produce an identical disease phenotype [Terwilliger & Ott 1994].  Both 

migraine [Nyholt et al. 1998b] and the rare MA subtype FHM [Carrera et al. 1999; 

Gardner & Hoffman 1998; Ophoff et al. 1994], exhibit locus and/or allelic 

heterogeneity, respectively. 

 

Polygenic inheritance requires the presence of simultaneous genetic variants in several 

genes to produce a disease phenotype and it can have an additive or multiplicative effect 

[Lander & Schork 1994].  An additive effect is the sum of all independent genetic 

variants (each conferring a modest effect) to produce the observed phenotypic disorder 

[Snustad & Simmons 2000].  In contrast, a multiplicative effect is the interaction of 

genetic loci that promotes an elevated risk of disease than what would be generated 

independently by each genetic locus. 

 

Epistatic gene interaction occurs when disease phenotypes are influenced by two or 

more genetic variants, but the occurrence of the disease phenotype is the predominance 

of one genetic variant over the other(s) [Snustad & Simmons 2000]. 

 

The overall complexity of genetic and environmental interactions and their influence on 

the outcome of phenotypic observations is a convoluted network of varying proportions 

(Figure 2.06).  Aside from the five aforementioned influences as an example of a 

convoluted network, incomplete penetrance and phenocopy at a single genetic locus 

may increase the probability of disease but not solely determine the phenotypic outcome 

[Lander & Schork 1994; Terwilliger & Goring 2000].  Locus heterogeneity (not allele 

heterogeneity) hampers genemapping and disease gene characterisation by the presence 



of genetic markers co-segregating with a disease locus within selected familial 

structures [Carrera et al. 1999; Nyholt et al. 1998b; Ophoff et al. 1994].  Polygenic 

interactions hinder genemapping efforts because no single genetic locus but multiple 

genetic loci varyingly contribute (e.g. element of risk predisposition) to the overall 

phenotype [Lander & Schork 1994].  In addition, epistatic interactions deter 

genemapping approaches by concealing all genetic variants contributing to the disease 

phenotype by overriding the effects of the concealed genetic variants. 

 
Figure 2.06.  A more complex and expanded example of Figure 2.05 albeit a more realistic 
representation of the aetiology of complex (multifactorial) traits [Terwilliger 2001].  The observed 
relationship (Obs R/ship) between a tested genetic locus (GL) and the diseased phenotype (DPh) 
can be attributable to numerous factors.  GL can be linked to (i.e. linkage disequilibrium; LD) the 
true causative genetic variant (GD1) that can also interact with any number of other genetic 
determinants (GD2, GD3, …, GDn).  Genetic determinants can also interact with shared 
environmental (ES) factors (e.g. common household environment), individual environmental (EI) 
factors (e.g. individual lifestyle choice) and/or cultural (C) factors (e.g. different ethnic groups). 
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2.5 Disease Heritability 
The overall phenotypic variation ( ) of a (multifactorial) diseased trait is best 

exemplified by the relative contributions of the total genetic variance ( ), total non-

genetic (i.e. environmental) variance ( ) and possible covariance factors between  

and  ( ), i.e. interactions between genetic and environmental precursors 

[Griffiths et al. 1993].  Heritability estimates ( ) are therefore indexes used to quantify 

the strength of genetic variation ( ) relative to the total population variance ( ) (i.e. 

= / ).  Bounded by lower and upper limits of 0 and 1, respectively, as  

approaches 0 (i.e. → 0) the total  is best ascribed to , and as → 1 the total  

is best ascribed to  [Cummings 2000]. 
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Establishing genetic contributions to diseased phenotypes can also be achieved by 

relative risk estimates and analysis of twin study data.  Relative risk (λR) estimates are 

best denoted by a familial risk ratio (FRR) that measures the risk of disease incidence in 

a family member with an affected relative in relation to the general population [Lander 

& Schork 1994].  The magnitude of λR will therefore depend on the relationship 

between the affected family member and the at risk individual (Table 2.01).  The 

observed relationship between family members will therefore determine the extent of 

genetic relatedness (i.e. coefficient of relationship) between them (Table 2.01).  

Therefore, for an observed genetic disorder exhibiting an λS = 2, unaffected full siblings 

(who share ~50% of their genetic determinants) are at a 2-fold increase of developing 

the disorder if they have an already affected sibling with the observed disorder. 

 
Table 2.01.  The extent of genetic relatedness amongst familial members describing the 
magnitude of relative risk between them (e.g. DZ twins [λDZ] and full siblings [λS] expect to share 
50% of their genetic determinants).  MZ; monozygotic, DZ; dizygotic, λR; relative risk, rA; 
coefficient of relationship. 
 

Familial relationship level  Familial relationship  λR  rA

1st Degree  MZ twins  λMZ  1.000 
  DZ twins  λDZ  0.500 
  Full siblings  λS  0.500 
  Parent : offspring  λO  0.500 

2nd Degree  Grandparent : offspring  λ2  0.250 
  Uncle (aunt) : nephew (niece)  λ2  0.250 

3rd Degree  First cousin  λ3  0.125 
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To utilise the ascertainment of twin pair genetic data in the elucidation of the 

contributing genetic variance ( ) is assessed by describing rates of concordance 

between monozygotic (MZ) and dizygotic (DZ) twin pairs [Rannala 2001].  Rates of 

concordance amongst twin sibships therefore determine the level of agreement of 

observed phenotypic characteristics between both twins.  In other words, concordant 

twins will both express a phenotypic characteristic of interest (i.e. diseased trait), whilst 

the phenotypic trait of interest in discordant twin pairs is expressed in only one of the 

two.  If one twin is affected (with a diseased trait) to measure concordance is to 

determine what is the chance (i.e. probability) that the other co-twin is affected too 

[Neiderhiser 2001]?  Because MZ twins share 100% of their genetic variability and DZ 

twins share (on average) 50% of their genetic variability (see Table 2.01), an influential 

monogenetic disorder should exhibit a 2-fold higher concordance rate in MZ than DZ 

twin pairs [Burmeister 1999; Neiderhiser 2001].  Additionally, if the characterised 

genetic disorder is polygenic in nature, MZ twin pairs should exhibit a > 2-fold 

concordance rate than their DZ twin pair counterparts.  If however, for example, a 

monogenetic trait exhibits a < 2-fold increase in the concordance rate between MZ and 

DZ twins, shared environmental factors will also contribute to the observed (diseased) 

phenotypic characteristics [Burmeister 1999].  In addition to standard concordance rate 

measures, pairwise and probandwise twin concordance rates can also elucidate genetic 

variation of disease using twin study designs.  Pairwise concordance rates measure the 

proportion (i.e. percentage) of twin pairs both developing the (diseased) phenotypic 

characteristic(s) [Neiderhiser 2001].  Probandwise concordance rates measure the 

percentage of twins with the (diseased) phenotypic characteristic(s) that have an 

affected co-twin [Neiderhiser 2001].  In other words, pairwise concordance assesses 

twins collectively as a single entity while probandwise concordance assesses twins in a 

mutually exclusive manner. 

2
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2.6 Migraine Genetics 

2.6.1 Familial Inheritance 

The familial aggregation of the major migraine subtypes MO and MA, IHS codes 1.1 

and 1.2 respectively [IHS 1988; IHS 2004], is inherently characteristic of the genetic 

contribution to migraine [Russell et al. 1993; Russell & Olesen 1995; Russell et al. 

1996a].  A sumatriptan drug trial study (n = 196) by Russell et al. [1993] identified that 
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first degree relatives of MO probands were 2.9 times more at risk of developing MO 

than the general population.  Additionally, first degree relatives of MA probands had a 

2.2 fold increased risk of developing MA and/or MO compared with the general 

population [Russell et al. 1993].  Respective spouses of the MO and MA probands were 

not significantly identified to have an increased risk of developing MO or MA, 

respectively, in comparison to the general population [Russell et al. 1993].  This clinic-

based evaluation of MO and MA familial aggregation however, may be interpreted 

tentatively due to possible selection bias and differing methods to identify migraine 

from probands and controls.  Biased relative risk estimates are more susceptible to 

migraineurs than non-migraineurs reporting familial occurrence of MO and/or MA 

[Ottman et al. 1993]. 

 

A population-based MO and MA familial segregation study was undertaken by Russell 

& Olesen [1995] incorporating 378 probands, their respective spouses (n = 229) and 

first degree relatives (n = 1109).  Contrary to the findings of the Russell et al. [1993] 

clinic-based study, the familial risk of MO in first degree relatives was less than the 

familial risk of MA in first degree relatives [Russell & Olesen 1995].  In reference to 

the general Danish population, first-degree relatives of probands with MO were 1.9 

times more at risk of developing MO.  Alternatively, first degree relatives of probands 

with MA were 3.8 times more at risk of developing MA [Russell & Olesen 1995].  First 

degree relatives of probands not suffering migraine had no significant increased risk of 

developing MO or MA [Russell & Olesen 1995].  Spouses of MO probands however, 

were 1.4 times more at risk of developing MO, whilst spouses of MA probands were not 

significantly at risk of developing MA [Russell & Olesen 1995].  Similar relative risks 

of first degree relatives of probands with MO (λR = 1.9) and MA (λR = 4.0), compared 

to the general (Danish) population were also reported by Russell et al. [1996a] in 

another population-based familial study (n = 4000).  Spouses of MO probands were also 

1.5 times more likely to suffer MO whilst spouses of MA probands had no increased 

risk of MA occurrence. 

 

An increased risk of MO occurring in spouses of MO probands and no significant risk 

of MA occurring in spouses of MA probands may suggest MO aetiology to be a 

combination of genetic and environmental precursors, whereas MA aetiology may be 

more predominantly genetic in origin.  Although, familial aggregation studies of MO 



and MA support a significant genetic component, the differentiation between genetic 

and environmental precursors is yet to be effectively assessed. 

 

2.6.2 Migraine Heritability 

Migraine heritability estimates ( ) contributing towards the total genetic variance ( ) 

have been reported to vary between 0.34 and 0.57 [Mulder et al. 2003].  A general 

heritability estimate has also suggested that ~50% of migraine phenotypic variance is 

attributable to genetic precursors [Ziegler et al. 1998].  Whilst non-shared 

environmental variation may predominate or contribute equally to migraine aetiology, 

additive (21%) and non-additive genetic (25%) variation similarly account for the total 

genetic variance [Mulder et al. 2003]. 
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Concordance rates between MZ and DZ twins have been reportedly higher in MZ than 

DZ twin pairs for both MO and MA, respectively [Gervil et al. 1999a; Gervil et al. 

1999b; Ulrich et al. 1999b].  A population-based MO twin study by Gervil et al. 

[1999b] identified pairwise concordance rates of MZ twins (28%) to be significantly 

greater than DZ twins (18%).  In the same study [Gervil et al. 1999b], probandwise 

concordance rates of MZ twins (40%) were higher than DZ twins (28%) in MO.  

Additional probandwise concordance rates for MO have also been reportedly higher in 

MZ twins (43%) than DZ twins (31%) [Gervil et al. 1999a].  In a female only non-

discriminatory migraine twin study (i.e. MO and MA assessed together), Ziegler et al. 

[1998] reported a higher MZ probandwise concordance (63.7%) than DZ probandwise 

concordance (44%) in twin pairs reared together.  MA genetic precursors have also been 

identified via twin studies, indicating higher pairwise concordance in MZ twins (34%) 

than DZ twins (12%) and higher probandwise concordance in MZ twins (50%) than DZ 

twins (21%) [Ulrich et al. 1999b].  Higher MZ twin concordance than DZ twin 

concordance for both MO and MA is indicative of contributing genetic precursors, but 

MZ twin concordance being less than 100% is also indicative of contributing 

environmental precursors.  The extent of variability within MZ and DZ concordance 

(28-63.7% and 12-44%, respectively) [Gervil et al. 1999a; Gervil et al. 1999b; Ulrich et 

al. 1999b] is also indicative of the polygenic and multifactorial nature of migraine 

aetiology. 
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2.6.3 MO and MA Aetiological Distinction 

The notion that MO and MA are distinct and separate entities has been widely accepted 

based on IHS diagnostic criteria [IHS 1988; IHS 2004], differing familial patterns of 

MO and MA inheritance [Russell et al. 1993; Russell & Olesen 1995; Russell et al. 

1996a] and variable MO and MA heritability estimates [Gervil et al. 1999a; Gervil et al. 

1999b; Ulrich et al. 1999b].  However, challenges to this belief have arisen due to the 

co-occurrence of MO and MA being more prevalent (40-42%) [Kallela et al. 2001; 

Launer et al. 1999] than previously reported prevalence estimates (~30%) [Ferrari 

1998a] and the co-occurrence exceeding estimates expected by chance within the 

general population (9-13%) [Russell et al. 1996b; Ulrich et al. 1999a]. 

 

Support for indistinct aetiological mechanisms of MO and MA is further exemplified by 

a latent class analysis (LCA) investigation [Nyholt et al. 2004] of pre-existing IHS 

criteria [IHS 1988; IHS 2004].  Under LCA modelling, migraine classification criteria 

were applied as a severity continuum to be represented by four latent classes denoting 

asymptomatic (CL0), mild recurring non-migrainous headache (CL1), moderate 

migraine (CL2) and severe migraine (CL3) classes [Nyholt et al. 2004].  Although MA 

sufferers were predominantly found to suffer severe migraine (CL3), 24% of CL3 

individuals did not experience aural symptoms, whilst 40% of CL2 individuals 

(moderate migraine) did experience aural symptoms [Nyholt et al. 2004].  Nyholt et al. 

[2004] concluded that migrainous latent classes CL2 and CL3 could not distinctly 

recognise the IHS criteria typifying MO and MA [IHS 1988; IHS 2004] and hence, 

were not aetiologically distinct from each other. 

 

2.7 Familial Hemiplegic Migraine 
A rare subtype of MA, familial hemiplegic migraine (FHM) is a heterogenic disorder 

[Joutel et al. 1994; Ophoff et al. 1994] with a clear autosomal dominant mode of 

inheritance [IHS 1988; IHS 2004].  Experiencing symptoms of typical MA, FHM 

sufferers additionally experience hemiparesis during the aura phase of an attack.  

Additional symptoms can include hemianopsia, unilateral paresthesia, dysphasia and/or 

varying degrees of drowsiness and altered mental sates [Peroutka 1998].  A genetic 

locus for FHM (FHM1; MIM 141500) was first genetically mapped in conjunction with 

a cerebral arteriopathy, autosomal dominant, with subcortical infarcts and 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=141500


 52

leukoencephalopathy (CADASIL; MIM 125310) locus to a 30 cM interval along the p 

arm of chromosome 19 [Joutel et al. 1993].  Genetic heterogeneity of FHM was 

evidently observed at this chromosome 19p locus as 50% of observed families were 

excluded for linkage to the region [Carrera et al. 1999; Joutel et al. 1994; Ophoff et al. 

1994].  Refinement the FHM1 locus was subsequently reported by Ophoff et al. [1994] 

to a 7 cM interval along chromosome 19p13.  Further evidence for FHM genetic 

heterogeneity is exemplified by additional positive linkage results identifying additional 

FHM loci on chromosome 1q21-q23 (FHM2; MIM 602481) [Ducros et al. 1997] and 

chromosome 1q31 (FHM3; MIM 607516) [Gardner et al. 1997].  The FHM2 locus was 

refined in a large Italian pedigree to a 0.9 Mb region on chromosome 1q23 [Marconi et 

al. 2003] and the FHM3 locus spans a 44 cM region and is 30 cM telomeric to the 

FHM2 locus [Gardner et al. 1997]. 

 

Genetic characterisation of the FHM1 locus resulted in the identification of four 

missense mutations (Table 2.02) within the neuronal voltage dependent P/Q type calcium 

(Ca2+) channel α1A subunit gene (CACNA1A; MIM 601011) [Ophoff et al. 1996].  

Subsequently localised to chromosome 19p13 [Diriong et al. 1995], the CACNA1A 

gene was structurally characterised as a transmembrane protein (Figure 2.07) [Benatar 

1999].  The extent of allelic heterogeneity within the CACNA1A gene is further 

evidenced by an additional 11 missense mutations being identified in this gene (Table 

2.02) that have been associated with pure FHM and FHM co-segregating with other non-

homeostatic cerebellar phenotypes (e.g. episodic ataxia and nystagmus) (Table 2.02).  

The importance of mutations within the CACNA1A gene, although not yet specifically 

elucidated, may also affect the mediation of neurotransmitter (i.e. 5-HT) release as a 

main functional role [Dunlap et al. 1995]. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=125310
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=602481
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607516
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=601011


Figure 2.07.  Schematic of the brain specific P/Q type Ca2+ channel α1A subunit gene 
(CACNA1A).  Consisting of four homologous domains (I – IV) each consisting of six membrane 
spanning helices (S1 – S6), the CACNA1A gene spans 300 kb with a total of 47 exons.  The 
structure is folded around so that the amino (NH2) and carboxy (COOH) termini meet to form a 
cylindrical like structure [Benatar 1999; Ophoff et al. 1996]. 
 

 
 
Table 2.02.  Summary of the currently identified CACNA1A missense mutations associated with 
FHM.  Identified CACNA1A variants were observed either in families [F] or sporadic individuals 
[S].  The mutation data (column 3) represents the amino acid substitution at the corresponding 
codon position.  n; number of families and/or sporadic individuals, FHM; familial hemiplegic 
migraine, EA2; episodic ataxia type 2, A; alanine, C; cysteine, D; aspartic acid, E; glutamic acid, 
I; isoleucine, K; lysine, L; leucine, M; methionine, P; proline, Q; glutamine, R; arginine, S; serine, 
T; threonine, V; valine, W; tryptophan, Y; tyrosine. 
 

Source  n 
[F/S]  Mutation  Exon  

CACNA1A 
location  

(see Figure 2.07) 
 Phenotype  

co-segregation 

Ophoff et al. 
[1996] 

 1F  R192Q  4  I S4  FHM + EA2 

Ducros et al. 
[1999a] 

 1F  R192Q  4  I S4  FHM 

Ducros et al. 
[2001] 

 1F  R195K  4  I S4  FHM 

Kors et al. 
[2001] 

 2F  S218L  5  I S4-S5 intracellular 
loop 

 FHM + severe 
oedema 

Battistini et 
al. [1999] 

 1F  R583Q  13  II S4  FHM + ataxia 

Ducros et al. 
[2001] 

 3F  R583Q  13  II S4  FHM + ataxia &/or 
nystagmus 

Ophoff et al. 
[1996] 

 1F  T666M  16  II S5-S6 
extracellular loop 

 FHM + EA2 

Ducros et al. 
[2001] 

 9F 
1S 

 T666M  16  II S5-S6 
extracellular loop 

 FHM + ataxia &/or 
nystagmus 

Ophoff et al. 
[1996] 

 1F  V714A  17  II S6  FHM + EA2 

Ducros et al. 
[1999b] 

 1F  D715E  17  II S6  FHM + permanent 
cerebellar ataxia 

Ducros et al. 
[2001] 

 1F  D715E  17  II S6  FHM + ataxia &/or 
nystagmus 

Ducros et al. 
[2001] 

 1F  K1336E  25  III S3-S4 
extracellular loop 

 FHM 
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Table 2.02.  Continued… 
 

Source 
 n 

[F/S] 

 
Mutation 

 
Exon 

 CACNA1A 
location  

(see Figure 2.07) 

 Phenotype  
co-segregation 

Vahedi et al. 
[1999] 

 1S  Y1385C  26  III S5  FHM + permanent 
cerebellar ataxia 

Carrera et al. 
[1999] 

 1F  V1457L  27  III S5-S6 
extracellular loop 

 FHM 

Gardner et al. 
[1999] 

 1F  L1682P  32  IV S4  FHM + ataxia 

Ducros et al. 
[2001] 

 1F  W1684R  32  IV S4  FHM + ataxia &/or 
nystagmus 

Ducros et al. 
[2001] 

 2F  R1668W  32  IV S4  FHM & FHM + 
ataxia &/or 
nystagmus 

Ducros et al. 
[2001] 

 1F  V1696I  33  IV S5  FHM 

Ophoff et al. 
[1996] 

 2F  I1881L  36  IV S6  FHM + EA2 

 

Recent evidence has now identified missense mutations within the sodium potassium 

ATPase α2 polypeptide gene (ATP1A2; MIM 182340) localised to chromosome 1q23 

[Oakey et al. 1992; Yang-Feng et al. 1988] that also harbours the FHM2 locus [Ducros 

et al. 1997; Marconi et al. 2003].  Encoding a transmembrane protein also, the ATP1A2 

gene consisting of 10 membrane-spanning helices (S1 – S10) has now been identified as 

a second FHM causative gene.  A missense mutation resulting in a leucine to proline 

substitution at codon 764 (L764P) was identified in all 22 affected members of an 

Italian FHM2 pedigree [De Fusco et al. 2003].  In an additional Italian FHM2 pedigree, 

all seven FHM sufferers were identified to co-segregate with a tryptophan to arginine 

substitution at codon 887 (W887R) [De Fusco et al. 2003].  The L764P and W887R 

missense mutations are located in exons 17 (S4-S5 intracellular loop) and 19 (S7-S8 

extracellular loop), respectively.  A further two ATP1A2 missense mutations have also 

been characterised in a pure FHM pedigree and an FHM pedigree co-segregating with 

benign familial infantile convulsions (BFIC) [Vanmolkot et al. 2003].  An arginine to 

glutamine substitution at codon 689 (R689Q) and a methionine to threonine substitution 

at codon 731 (M731T) were identified in exons 15 (S4-S5 intracellular loop) and 16 

(S4-S5 intracellular loop), respectively [Vanmolkot et al. 2003].  The significance of 

ATP1A2 cellular functioning is via the regulation of the sodium ion (Na+) gradient 

essential for the membrane transport of amino acids and calcium ions (Ca2+) 

[Moskowitz et al. 2004]. 

 

The possible involvement of a third FHM causative gene residing within the FHM3 

locus is purely speculative.  Localised to chromosome 1q25-q31 is the neuronal voltage 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182340
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dependent L type calcium (Ca2+) channel α1E subunit gene (CACNA1E; MIM 601013) 

[Diriong et al. 1995; Yamazaki et al. 1998].  Structurally and genetically similar to the 

CACNA1A gene and localised to the FHM3 genetic region, the CACNA1E gene is 

therefore considered as an appropriate candidate for FHM, however, no mutations have 

yet to be identified in FHM susceptibility or causality. 

 

2.8 Typical (Non-hemiplegic) Migraine 
Understanding the genetics of (non-hemiplegic) migraine has proven difficult as a result 

of varying prevalence rates amongst ethnic populations [Stewart et al. 1992; Stewart et 

al. 1996], incomplete penetrance, varying degrees of symptoms and severity and a 

myriad of environmental triggers.  Efforts to unlock the genetic mechanisms and genetic 

transmission of typical migraine including MO and MA has been assisted by the 

identification of three genetic loci (FHM1-3) and variants within two genes 

(CACNA1A, APT1A2) co-segregating with the rare MA subtype FHM.  Using the 

genetic underpinnings of FHM, tentative genetic models (e.g. autosomal dominant 

mode of inheritance) can be used to assess the genetic architecture of MO, MA or MO 

and MA collectively. 

 

2.8.1 MO and MA Loci 

Characterisation of migraine molecular genetics and identification of genetic loci has 

gained momentum, post FHM genetic characterisation.  Based on current genetic 

knowledge [Bjornsson et al. 2003; Cader et al. 2003; Carlsson et al. 2002; Lea et al. 

2002; Nyholt et al. 1998a; Nyholt et al. 1998b; Nyholt et al. 2000; Soragna et al. 2003; 

Wessman et al. 2002] and varying environmental precursors, migraine is a truly 

identifiable multifactorial trait. 

 

2.8.1.1 Migraine Locus 1 (MGR1) 

In a genome scan study isolating the MA phenotype in 50 Finnish families, Wessman et 

al. [2002] identified significant evidence for linkage of MA to the genetic marker 

D4S1647 on chromosome 4q24 (Table 2.03).  This result was substantiated by 

multipoint parametric and non-parametric linkage analyses across a 20 cM region that 

included the D4S1647 locus [Wessman et al. 2002].  In an independent Icelandic study 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=601013
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(n = 103 families), Bjornsson et al. [2003] localised an MO locus to D4S1534 on 

chromosome 4q21 in female MO affected only pedigrees (Table 2.03).  Additional 

genetic markers juxtaposed to the D4S1534 marker continued to show support of 

linkage in this 4q21 region in female only affected pedigrees.  Exclusion of either MO 

or MA affected pedigrees is reported to minimise the risk of the other major form of 

migraine (MA or MO, respectively) impeding the end result.  It is interesting to note 

however, that the studies by Wessman et al. [2002] and Bjornsson et al. [2003] 

reporting MA and MO susceptibility loci at 4q23 and 4q21, respectively, may in fact be 

a single locus (i.e. MGR1) (Table 2.03) contributing to both MA and MO.  This then 

potentially reignites the conjecture between the disparate [Gervil et al. 1999a; Gervil et 

al. 1999b; Russell et al. 1993; Russell & Olesen 1995; Russell et al. 1996a; Ulrich et al. 

1999b], or indistinctive [Kallela et al. 2001; Launer et al. 1999; Nyholt et al. 2004] 

aetiological mechanisms of MA and MO. 

 

2.8.1.2 Migraine Locus 2 (MGR2) 

A preponderance of female migraine sufferers possibly attributable to hormonal 

influences and fluctuations after the onset of menarche [Lipton & Stewart 1993; 

Rasmussen 1993], suggests an X-linked genetic component to migraine.  The 

identification of excess allele sharing on the q arm of the X chromosome [Nyholt et al. 

1998a] thus strengthens the proposal of an X-linked locus in migraine aetiology.  

Significant excess allele sharing with genetic markers in the Xq telomeric region 

amongst two multigenerational migraine pedigrees is indicative of migraine-affected 

individuals sharing (possibly predisposing) alleles more often than expected by chance 

(Table 2.03).  Nyholt et al. [2000] further localised the X-linked migraine susceptibility 

locus with additional markers in the same two previously identified pedigrees (MO and 

MA phenotype) to span the Xq24-q28 region.  Reduction of this susceptibility region 

was achieved further to incorporate a 5 Mb region spanning Xq24, however, the region 

spanning Xq27-q28 could not be significantly excluded [Nyholt et al. 2000]. 

 

2.8.1.3 Migraine Locus 3 (MGR3) 

In a Swedish study similarly merging the MO or MA phenotype, Carlsson et al. [2002] 

identified a common haplotype in all migraine affected family members spanning a 10 

Mb region on chromosome 6p12.2-p21.1 (Table 2.03).  Single point and multipoint 
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parametric and non-parametric analyses all assigned maximum linkage scores to the 

D6S452 genetic marker [Carlsson et al. 2002].  The solute carrier family 29 (nucleoside 

transporter), member 1 (SLC29A1; MIM 602193), chloride intracellular channel 5 

(CLIC5; MIM 607293) and phospholipase A2, group VII (PLA2G7; MIM 601690) 

genes all residing under the 6p migraine susceptibility linkage peak were screened for 

mutational variants with negative results. 

 

2.8.1.4 Migraine Locus 4 (MGR4) 

Soragna et al. [2003] assessed MO to be co-segregating as an autosomal dominant trait 

within a four generation Italian pedigree.  Excluding MO with known FHM loci and 

known MA loci, single point linkage analysis localised a MO susceptibility region to 

D14S978 on chromosome 14q22.1 (Table 2.03) [Soragna et al. 2003].  Confirmatory 

parametric multipoint linkage analysis highlighted the marker D14S976, centromeric to 

D14S978 (~3 cM) and haplotype analysis identified a chromosome 14 migraine 

susceptibility region (i.e. 14q21.2-q22.3) of approximately 10 cM incorporating both 

D14S967 and D14S978 [Soragna et al. 2003]. 

 

2.8.1.5 Migraine Locus 5 (MGR5) 

A further non-discriminatory migraine study by Nyholt et al. [1998b] identified typical 

migraine linkage to the FHM1 susceptibility region [Joutel et al. 1993] on chromosome 

19p13.  In four large Caucasian pedigrees significant excess allele sharing was 

identified in only one pedigree spanning a region of 12.6 cM that incorporated the 

FHM1 CACNA1A gene.  Whilst strengthening the genetic heterogenous nature of 

typical migraine, this study failed to identify typical migraine disease (i.e. MO or MA) 

causing genetic variants within the CACNA1A gene.  In addition, maximum linkage 

scores in the 19p13 region were identified 6 cM telomeric to the CACNA1A gene 

[Nyholt et al. 1998b].  Nyholt et al. [1998b] could not conclusively exclude the role of 

CACNA1A in typical migraine, but suggested other markers in close proximity are 

implicated in some families with familial typical migraine. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=602193
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607293
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=601690
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2.8.1.6 Migraine Locus 6 (MGR6) 

Further investigation of FHM susceptibility regions for the genetic characterisation of 

typical migraine has suggested the FHM3 region (1q31) to also be involved in MO or 

MA susceptibility (Table 2.03) [Lea et al. 2002].  Of three large Caucasian pedigrees 

analysed, Lea et al. [2002] identified one pedigree to display excess allele sharing for 

both the MO and MA phenotypes at the D1S2782 marker residing within the 

chromosome 1q31 region.  Verification of initial results was achieved in a further 82 

independent pedigrees across a refined region of 7 cM. 

 

2.8.1.7 Migraine Locus 7 (MGR7) 

To further support typical migraine genetic heterogeneity, a seventh locus has been 

identified on chromosome 11q24 for the MA phenotype (Table 2.03) [Cader et al. 2003].  

As with previous loci identification [Bjornsson et al. 2003; Carlsson et al. 2002; Lea et 

al. 2002; Nyholt et al. 1998a; Nyholt et al. 1998b; Nyholt et al. 2000; Soragna et al. 

2003; Wessman et al. 2002], the 11q24 locus was identified using an autosomal 

dominant mode of inheritance.  Substantiated by multipoint linkage results, maximum 

linkage scores were recorded for the same genetic marker GATA64D03 as that 

identified by single point linkage analysis [Cader et al. 2003].  Ion channel mutational 

variants, as identified in the CACNA1A and ATP1A2 genes for the FHM1 and FHM2 

loci, respectively, have elucidated the characterisation of FHM as a channelopathy.  

Within the 11q24 MA susceptibility locus several ion channel genes, potassium 

channel, inwardly rectifying, subfamily J, member 1 (KCNJ1; MIM 600359), potassium 

channel, inwardly rectifying, subfamily J, member 5 (KCNJ5; MIM 600734) and 

glutamate receptor, ionotropic, kainite 4 (GRIK4; MIM 600282) were identified.  

However, screening of these genes for possible causative or susceptibility genetic 

variants in the aetiology of typical migraine remain to be characterised. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600359
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600734
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=600282
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Table 2.03.  Summary of currently identified migraine loci and their chromosomal location.  The MIM number is the identifier used to distinguish the migraine loci 
(MGR1-6) as assigned by the Online Mendelian Inheritance in Man (OMIM) database.  Question marks (?) indicate no locus name or MIM number identifier yet 
assigned.  LOD; Logarithm of odds, P; probability, cM; centi-morgan, cent.; centromeric, tel.; telomeric, FO; Females only, PLA; Parametric linkage analysis applying 
disease model parameters (e.g. mode of inheritance, disease gene frequency, penetrance values), EAS; Excess allele sharing 
 

   Single point linkage  Multipoint linkage  
Source  Locus  MIM  Chr  

Pedigree 
cohort  

Migraine 
type    LOD  

(P value) 
Genetic
marker 

LOD 
(P value)  Genetic 

marker(s) 
 Notes 

Wessman 
et al. 
[2002] 

   MGR1 157300             4q24 Finnish MA 4.2 (5.5×10-

6) 
D4S1647 4.45  

(3×10-6) 
D4S2409-
D4S2380 

D4S2409
4cM cent. to 
D4S1647 

Bjornsson 
et al. 
[2003]  

                  

   

? ? 4q21 Icelandic MO 2.68
(2.2×10-4) 

D4S2361 2.05 (1.1×10-

3) 
D4S1534 FO. 

D4S1534 
0.9cM tel. 
to D4S2361 

Nyholt et 
al. [1998a; 
2000] 

MGR2 300125              

   

Xq24-
q28 

Caucasian MO or
MA 

1.76 (2.2×10-

3) 
DXS1123 PLA. 

Carlsson 
et al. 
[2002] 

MGR3 607498                

   

6p21.1-
p12.2 

Swedish MO or
MA 

5.41 
(3×10-7) 

D6S452 5.78 
(1×10-7) 

D6S452 PLA.

Soragna et 
al. [2003] 

MGR4 607501              

   

14q21.2-
q22.3 

Italian MO 3.7 (1.8×10-

5) 
D14S978 5.25 

(4×10-7) 
D14S976-
D14S978 

D14S976
2.5cM cent. 
to D14S978 

Nyholt et 
al. 
[1998b] 

MGR5 607508               

   

19p13 Caucasian MO or
MA 

1.56
(3.7×10-3) 

D19S226 2.08 (9.8×10-

4) 
D19S410 PLA. 

D19S410 
1.75cM tel. 
to D19S226 

Lea et al. 
[2002] 

MGR6 607516                 

                   

                  

1q31 Caucasian MO or
MA 
 

3.36 
(4×10-5) 

 

D1S2782 EAS in MA

 2.04
(1×10-3) 

  

D1S2782 EAS in
MO/MA 
 Cader et 

al. [2003] 
? ? 11q24 Caucasian MA 4.24 

(5×10-6) 
GATA64D013 5.6

(2×10-7) 
GATA64D013

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=157300
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=300125
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607498
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607501
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607508
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607516
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2.8.2 Migraine and FHM1 (19p13) 

The genetic investigation of migraine has largely in part focussed on previously 

identified FHM loci, more specifically the 19p13 locus, and the elucidation of a role (if 

any) that these loci have in MO, MA or both.  There has been conflicting evidence as to 

the role of the 19p13 genomic region and/or the CACNA1A gene in migraine.  

Exclusion of a genomic region (~50cM) flanking the FHM1 locus [Hovatta et al. 1994; 

Monari et al. 1997] and negative linkage results for two markers tightly linked to 

CACNA1A [Noble-Topham et al. 2002] all exclude the involvement of the FHM1 

19p13 locus in migraine.  Two further studies whilst not excluding linkage to the 19p13 

region failed to identify mutational variants within CACNA1A and pedigree members 

affected with MO or MA [Kim et al. 1998; Lea et al. 2001a]. 

 

In contrast to the negative findings of an involvement of the FHM1 locus on 19p13, 

May et al. [1995] did support, albeit tentative, the involvement of this locus in the 

common forms of migraine with and without aura.  Prior to the genetic characterisation 

of CACNA1A and it’s mutational variants involved in FHM1, May et al. [1995] 

identified excess allele sharing in a German pedigree cohort at the FHM1 region on 

19p13.  This study was substantiated in a larger familial Dutch cohort by identifying 

sibling pairs suffering from migraine inheriting the same 19p13 CACNA1A region 

more often than expected by chance [Terwindt et al. 2001].  A combination of results 

from May et al. [1995] and Terwindt et al. [2001] further supported an involvement of 

excess allele sharing of the 19p13 CACNA1A region in migrainous individuals. 

Phenotypic segregation and observed allele sharing of this region was greater in MA 

only affected individuals, thus providing stronger evidence of an MA susceptibility 

locus within the FHM1 genetic locus [Terwindt et al. 2001].  These observations seem 

very plausible given that FHM is a rare severe subtype of MA. 

 

Supporting the results of May et al. [1995] and Terwindt et al. [2001], Jones et al. 

[2001] found evidence for linkage of 19p13 markers telomeric to the FHM1 

(CACNA1A) gene in the MA only phenotype.  In conjunction with the typical migraine 

studies of Nyholt et al. [1998b] of the 19p13 FHM1 locus, all four studies report 

evidence for a typical migraine locus telomeric to and distinct from the FHM1 locus 

within the 19p13 chromosomal region.  This view is supported by the direct sequencing 
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of the CACNA1A gene and failure to identify disease causing or disease predisposing 

mutations involved with typical migraine. 

 

Although conflicting results are apparent over the involvement of the 19p13 locus in 

typical migraine, evidence supporting this chromosomal region is strengthened based on 

the robustness of positive study findings [Jones et al. 2001; May et al. 1995; Nyholt et 

al. 1998b; Terwindt et al. 2001].  In addition, ambiguity of results may be a 

consequence of a true disease causing, predisposing gene in this region with only a 

modest effect contributing towards the migraine phenotype.  Alternatively, a disease 

causing, disease predisposing gene may only be evident in a small percentage of 

migraine suffering pedigrees. 

 

2.9 Migraine Gene Specific Studies 
Attempts to identify the genetic mechanisms of typical migraine have also adopted a 

‘forward genetics’ approach to assess known candidate genes hypothesised in the 

pathophysiology of migraine.  Genetic association studies do not determine familial 

inheritance patterns, however, attempt to identify particular known genetic variants that 

are associated with the phenotype (i.e. migraine) at the population level.  Associations 

are determined by comparing genotypic and/or allelic frequencies between unrelated 

affected and unaffected individuals from the general population or by comparing the 

extent of allele transmission to an affected child with unaffected parents. 

 

In a first run study to identify specific gene variants and their possible role in migraine 

aetiology, Pardo et al. [1995] identified a significant increase in the frequencies of two 

genetic variants in migraineurs than non-migraineurs.  Although variants within the red 

blood cell enzyme Esterase D (ESD; MIM 133280) and the serum protein Group-

specific component (GC; MIM 139200) occurred in migraineurs more often than 

expected by chance, their pathophysiological relevance to migraine could not be 

characterised.  Located in close proximity to a serotonin receptor gene, the ESD positive 

association could not be replicated in a later study [Nyholt et al. 1996].  Pardo et al. 

[1995] concluded the likely possibility that both the ESD and GC genetic variants were 

associated (in linkage disequilibrium) with other, more plausible genetic variants having 

a more specific pathophysiological contribution to migraine. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=133280
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=139200
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Extensive efforts have identified several candidate genes to be associated with migraine 

and thus propose their potential role in migraine pathogenesis.  A summary of these 

studies, excluding serotonin and nitric oxide candidate gene studies, is depicted in Table 

2.04. 

 

2.9.1 Dopaminergic Genes 

A pathophysiological bridge between migraine and the dopaminergic system has been 

extensively reviewed suggesting altered dopaminergic neurotransmission and 

dopaminergic hypersensitivity in migraineurs [Del Zompo 2000; Fanciullacci et al. 

2000].  Candidate gene analysis has thus comprehensively investigated the genetic 

architecture of the dopaminergic gene family and it’s possible involvement in migraine 

aetiology (Table 2.04). 

 

Translation of the dopamine transporter gene (DAT) is controlled by the 3’ untranslated 

region (3’UTR) [Heinz et al. 2000] of which the encoded DAT protein acts upon 

released dopamine within the synaptic cleft to transport it back into presynaptic 

terminals.  A variable number tandem repeat (VNTR) variant within the 3’UTR of the 

DAT gene was found not to significantly differ in the allelic frequency distribution of 

migraineurs when compared to non-migraineurs [Mochi et al. 2003b].  A cross section 

of genetic variants within the five dopamine receptor genes (DRD1-5) have not 

supported genetic evidence for the involvement of the DRD1, DRD3 and DRD5 

receptors in migraine (Table 2.04) [Del Zompo et al. 1998; Shepherd et al. 2002].  The 

DRD2 and DRD4 receptors however, have produced conflicting conclusions. 

 

A dinucleotide repeat [Del Zompo et al. 1998] and a promoter insertion deletion (indel) 

polymorphism [Maude et al. 2001] of the DRD2 receptor gene provided negative 

evidence for their genetic involvement in migraine.  However, excess allele 

transmission of the 86 bp, allele 1, fragment was observed in an MO sub-category 

characterised by enriched dopaminergic symptoms (23 probands from a total of 50 MO 

probands) (Table 2.04) [Del Zompo et al. 1998].  The dopaminergic MO sub-

classification was based on the presence of both nausea and yawning immediately 

before or during the head pain phase of the MO attack.  Conjecture though surrounds a 

restriction fragment length polymorphism (RFLP) within exon 6 of the same DRD2 

gene [Lea et al. 2000; Peroutka et al. 1997].  A positive association for the MA 
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phenotype was observed by Peroutka et al. [1997] only to be negated by an independent 

population-based association study for the same marker by Lea et al. [2000].  Whilst 

significance values for the MA phenotype compared to non-migraineurs were marginal 

(Table 2.04), the Peroutka et al. [1997] study did not adjust for multiple comparisons and 

the Lea et al. [2000] study was more powerful (i.e. larger sample size).  Thus, the Lea et 

al. [2000] study may be a true reflection of the non-involvement of the DRD2 exon 6 

RFLP in migraine aetiology. 

 

A study by Mochi et al. [2003b] identified a positive population-based allelic 

association for an exon 3 VNTR, within the DRD4 receptor gene, with the MO 

phenotype whilst an independent family-based association study by Del Zompo et al. 

[1998] found no genetic evidence for the same tested marker (Table 2.04).  Liable to 

population stratification, the study by Mochi et al. [2003b] is a less robust method of 

genetic association, if ethnic backgrounds of unrelated individuals are admixed.  The 

true role of the exon 3 VNTR variant of the DRD4 receptor will therefore need to be 

confirmed with additional, independent studies. 

 

Increased serum levels of the catalytic dopamine beta hydroxylase (DBH) enzyme have 

been observed in migrainous individuals during periods of head pain [Anthony 1981].  

Conflicting DBH genetic evidence between Mochi et al. [2003b] and Lea et al. [2000] 

for a dinucleotide repeat polymorphism may be explained by the different ethnic 

backgrounds of Italian and Caucasian subjects, respectively.  Whilst an independent 

investigation to conclusively refute the involvement of DBH in migraine with Italian 

ancestry needs to be conducted, the study by Lea et al. [2000] did conclusively confirm 

involvement of the DBH dinucleotide repeat variant in migrainous individuals with 

Caucasian ancestry.  Initial investigation of the DBH gene with migraine by Lea et al. 

[2000] identified distorted allelic transmission in 82 nuclear (trio) pedigrees, i.e. 2 

unaffected parents and 1 migraine affected child.  This result was subsequently 

substantiated by an altered allele frequency distribution between unrelated migraineurs 

and unrelated non-migraineurs for the same tested DBH dinucleotide repeat variant [Lea 

et al. 2000].  Significant association for the DBH dinucleotide polymorphism with 

migraine susceptibility satisfied the α = 0.01 significance threshold. 

 

Also significant to the dopaminergic gene family is the catalytic enzyme catechol-O-

methyltransferase (COMT; MIM 116790) and its role in the metabolism of dopamine.  

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=116790
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In the only genetic study conducted on the COMT gene to date, Erdal et al. [2001] 

identified a positive association with a functional transition at codon 158 of the COMT 

gene (Table 2.04).  Whilst encouraging, this result must be confirmed in a larger cohort 

to validate the power of the study and also be independently evaluated. 

 

2.9.2 Glutathione S-transferase Genes 

The role of the glutathione S-transferase (GST) detoxification enzymes (M1, P1 and T1) 

has been speculated via their chemical interactions with foods triggering possible 

migraine attacks [Mattsson et al. 2000].  From the same study the null genotype of the 

GSTM1 gene, not expressing the subsequent protein was found not to be involved in 

migraine for a Swedish cohort.  However, an independent Japanese study reported an 

increased frequency of the GSTM1 null genotype in MO affected individuals [Kusumi 

et al. 2003].  Conflicting results of this nature may arise due to differing allele 

frequencies amongst differing ethnically racial groups.  In contrast to the positive 

findings of GSTM1 in the Japanese cohort, Kusumi et al. [2003] concluded no genetic 

involvement of the GSTP1 and GSTT1 genetic loci in migraine susceptibility (Table 

2.04). 

 

2.9.3 Cytokine Related Genes 

A multifunctional pro-inflammatory cytokine affecting endothelial functioning and 

initiating inflammatory response elements, the actions of tumour necrosis factor (TNF; 

MIM 191160) have been implicated in migraine [Buzzi et al. 2003; Lee 2000].  It is 

therefore interesting to note that both the α and β TNF derivatives have both been 

shown to be associated to a combined (i.e. MO and MA) migraine phenotype and also 

specifically associated with the MO phenotype (Table 2.04) [Martelletti et al. 2000; 

Rainero et al. 2004].  Located within the same genomic location (6p23-p12) it is quite 

possible that both the TNFα and TNFβ tested polymorphisms are in linkage 

disequilibrium and that the transitional promoter polymorphism of TNFα [Rainero et al. 

2004] is more functionally viable than the intron 1 RFLP polymorphism of TNFβ 

[Martelletti et al. 2000]. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=191160
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2.9.4 Hormone Related Genes 

The preponderance of female migraine sufferers [Nyholt et al. 1998a] and probable 

hormonal risk factors [Rasmussen 1993] has prompted investigations into steroidal 

hormones and their potential genetic underpinnings in migraine aetiology.  In a first run 

study of the oestrogen receptor gene (ESR1; MIM 133430) and its potential role in 

migraine, Colson et al. [2004] reported a positive association with a Caucasian migraine 

population-based association cohort and a synonymous amino acid polymorphism 

within exon 8 of the ESR1 gene (Table 2.04).  This initial finding was further 

substantiated in an independent Caucasian migraine population-based association cohort 

indicating stronger statistical evidence of the ESR1 exon 8 variant (Table 2.04), or a 

nearby non-synonymous amino acid polymorphism in linkage disequilibrium with the 

tested marker [Colson et al. 2004]. 

 

Further assessment of genetic variation within hormonal genes and their potential role 

in migraine aetiology investigated a CAG triplet repeat within exon 1 of the androgen 

receptor (AR; MIM 313700) gene and an Alu insertion deletion (indel) polymorphism 

within intron 7 of the progesterone receptor (PGR; MIM 607311) gene [Colson et al. 

2005]. Whilst no significant relationship between the AR CAG repeat was observed in a 

migraine affected Caucasian population-based cohort, a significant association was 

reported for the PGR Alu indel in two independent Caucasian migraine population-

based association cohorts (Table 2.04) [Colson et al. 2005].  It was also reported that the 

frequency of unrelated migrainous individuals exhibiting one or two copies of the Alu 

insert sequence was significantly greater when compared to the unrelated non-

migrainous group for both independent cohorts [Colson et al. 2005]. 

 

Within the CNS both the ESR1 and PGR genes play an integral role in the regulation of 

neuroendocrine functioning [Greco et al. 2001].  Independent evaluation of the ESR1 

[Colson et al. 2004] and PGR [Colson et al. 2005] tested polymorphisms observed 

elevated risks of migraine susceptibility for individuals exhibiting one or two copies of 

the 594A or Alu insert alleles, respectively.  However, combined interaction analysis of 

both the ESR1 (594A) and PGR (Alu insert) risk alleles reported a more elevated risk to 

migraine susceptibility than independent risk allele assessment [Colson et al. 2005].  

Interaction of both the ESR1 (594A) and PGR (Alu insert) risk alleles reported a 3.2 

fold increase in migraine susceptibility for individuals exhibiting one or two copies of 

both the risk alleles. 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=133430
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=313700
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607311
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2.9.5 Vascular Related Genes 

The vasoconstrictor peptide endothelin (ET1; MIM 131240) is produced by vascular 

endothelial cells and is biologically mediated by the endothelin type A (ETA; MIM 

131243) and type B (ETB; MIM 131244) receptors [Tzourio et al. 2001].  Suggested to 

have a role in migraine, endothelin plasma levels have been observed to increase during 

[Gallai et al. 1994; Hasselblatt et al. 1999; Kallela et al. 1998] and between [Gallai et 

al. 1994] migraine attacks.  Whilst no genetic associations have been identified between 

migraine and ET1 or the ETB receptor, identification of two ETA variants being 

positively associated with migraine have been reported (Table 2.04) [Tzourio et al. 

2001].  Displaying a high affinity for ET1, the ETA receptor variants and their 

physiological effects of ETA functioning have yet to be characterised. 

 

Genetic findings have proposed the involvement of the angiotensin converting enzyme 

(ACE; MIM 106180) gene deletion polymorphism and MO [Paterna et al. 1997].  

Angiotensin converting enzyme is involved in the synthesis of Angiotensin I that 

subsequently acts upon vascular tone modulation and smooth muscle cell proliferation.  

Associated with the level of angiotensin converting enzyme, homozygous individuals 

for the ACE gene deletion polymorphism (DD) have shown to exhibit twice as much 

mean plasma levels of ACE [Rigat et al. 1990].  An independent genetic association 

study conducted by Paterna et al. [2000] (Table 2.04) did confirm their initial findings in 

MO [Paterna et al. 1997], but there has been no evidence to date of a possible role of the 

ACE gene deletion polymorphism in MA.  Additionally, Paterna et al. [2000] identified 

the frequency of migraine attacks to be higher in migraineurs homozygous (DD) for the 

ACE gene deletion polymorphism but no difference in migraine duration was observed.  

In contrast to the findings of Paterna et al. [2000] however, sub-categorised analysis of 

the same ACE gene deletion polymorphism failed to support an increased frequency of 

MO individuals exhibiting the DD genotype (Table 2.04) [Lea et al. 2005].  

Additionally, no relationship between migraine age-of-onset, migraine frequency or 

migraine duration and the DD genotype was observed.  However, stratification of the 

ACE gene deletion polymorphism to exhibit a dominant effect (DD/ID) was reported to 

moderately increase the risk of MA suffering (Table 2.04) [Lea et al. 2005]. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131240
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131243
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131244
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=106180
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Substantiated evidence for the genetic involvement of the Methylenetetrahydrofolate 

reductase (MTHFR; MIM 607093) enzyme have been reported in three ethnically 

diverse cohorts (Table 2.04) [Kara et al. 2003; Kowa et al. 2000; Lea et al. 2004].  

Although supportive of a genetic involvement, the MTHFR A222V genetic variant 

needs to be independently replicated in Turkish [Kara et al. 2003], Japanese [Kowa et 

al. 2000] and Caucasian [Lea et al. 2004] cohorts to ethnically validate these initial 

findings.  However, these three studies do provide compelling evidence of reduced 

MTHFR enzyme activity and increased susceptibility to the MA phenotype. 

 

There is documented evidence indicating a complex interplay of interacting mechanisms 

between migraine and ischemic stroke, either as a direct cause or an elevated risk factor 

[Tietjen 2000].  Additionally, interactions between the ACE gene deletion (DD) 

polymorphism and the MTHFR 677T allele, encoding the valine (V) amino acid 

product, have been reported to elevate the risk of small vessel infarctions [Szolnoki et 

al. 2002].  In light of this documented evidence, Lea et al. [2005] reported a synergistic 

relationship between the ACE and MTHFR genes with respect to elevated migraine 

susceptibility risk.  Specifically, individuals exhibiting a dominant effect (DD/ID) at the 

ACE locus and are also homozygous for the valine amino acid product at the MTHFR 

locus (i.e. TT) are 2.89 times more susceptible to suffer MA [Lea et al. 2005]. 

 

2.9.6 Chromosome 19p13 Candidate Genes 

Gene specific studies have also been undertaken for the low-density lipoprotein receptor 

(LDLR; MIM 606945) and the insulin receptor (INSR; MIM 147670) genes residing on 

the FHM1 19p13 locus.  A genetic involvement of the LDLR gene with the MO 

phenotype has been suggested for the exon 18 3’UTR dinucleotide repeat (Table 2.04) 

[Mochi et al. 2003a].  However, the functional relevance of this variant is questionable 

and the possibility of it being in linkage disequilibrium with another functional and as 

yet unidentified polymorphism is to be determined.  Additional support for the 19p13 

locus harbouring genes conferring increased susceptibility to typical migraine is 

demonstrated by the positive association of five independent SNPs within the INSR 

gene with migraine, and with particular significance for the MA phenotype (Table 2.04) 

[McCarthy et al. 2001].  Independently validated within United Kingdom, United States 

and Australian based Caucasian cohorts, the INSR gene however has not yet shown any 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=607093
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=606945
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=147670
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expressional significance in white blood cells, however, this does not exclude the 

function of the INSR gene in migraine. 



Table 2.04.  Summary of migraine gene specific studies, excluding 5-HT and NO gene families.  The MIM number is the identifier used to distinguish the tested 
genes as assigned on the OMIM database.  Variants denoted ¥ indicate the amino acid (single letter code) substitution at the corresponding codon number and 
variants denoted § indicate the nucleotide base change at the corresponding nucleotide number with respect to the translation (ATG) start site.  Amino acid and/or 
nucleotide substitutions for the SNPs denoted £ were not disclosed.  The PGR Alu insertion deletion polymorphism (denoted by *) is in linkage disequilibrium with 
non-synonymous and synonymous amino acid polymorphisms in exons 4 and 5, respectively, of the PGR gene. Variant gene locations are stated in brackets [ ].  
ACE; Angiotensin I-converting enzyme, AR; Androgen receptor, COMT; Catechol-O-methyltransferase, DAT; Dopamine transporter, DBH; Dopamine beta 
hydroxylase, DRD1-5; Dopamine receptors 1-5, ESR1; oestrogen receptor 1, ET1; Endothelin 1, ETA/B; Endothelin receptor types A and B, GSTM1, GSTP1 and 
GSTT1; Glutathione S-transferase mu, pi and theta, INSR; Insulin receptor, LDLR; Low density lipoprotein receptor, MTHFR; Methylenetetrahydrofolate reductase, 
PGR; Progesterone receptor, TNFα and TNFβ; Tumour necrosis factors alpha and beta, ex; exon, int; intron, UTR; untranslated region, RFLP; restriction fragment 
length polymorphism, VNTR; variable number tandem repeat, Indel; insertion deletion, SNP; single nucleotide polymorphism, CC; population based association 
study, F; family based association study, n; sample size number, HWE; Hardy Weinberg equilibrium, ↑ed; increased, assocn; association, GT; genotype, NT; not 
tested, NS; not significant. 
 

          Significance (P value)
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

Colson et 
al. [2004] 

   ESR1 133430             6q25.1 G594A¥ 
[ex8] 

Caucasian
[CC] 

275/275 MO/MA 8×10-3  3×10-3

                

   

  300/300 MO/MA 4×10-5  8×10-6 Independent
confirmation 

Colson et 
al. [2005] 

PGR 607311            

               

  

11q22 Alu indel 
[int7]* 
 

Caucasian
[CC] 
 

275/275 MO/MA 3.9×10-2  1.7×10-2  

 300/300 MO/MA 1.9×10-2  3×10-3 Independent
confirmation 

 AR  313700              

   

Xq11-
q12 

(CAG)n 
[ex1] 

Caucasian
[CC] 

275/275 MO/MA NS NS  

Del Zompo 
et al. 
[1998] 

DRD2 126450               

 

11q23 (TG)n 
[int1] 

Sardinian
[F] 

50 pedigrees MO NT 4×10-3 Excess
transmission of 
allele 1 

  DRD3  126451                
  

3q13.3 RFLP [ex1] NT NS  
 DRD4  126452                

   

11p15.5 VNTR
[ex3] 

 NT NS

Erdal et al. 
[2001] 

COMT 116790             22q11.2 V158M¥ Turkish
[CC] 

62/64 MO/MA 3.2×10-2  8×10-2 Minimal power
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126452
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=116790


Table 2.04.  Continued… 
 

        Significance (P value)  
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

Kara et al. 
[2003] 

   MTHFR 607093             1p36.3 A222V¥ Turkish
[CC] 

102/136 MO/MA 2.7×10-2  4.4×10-2 Not in HWE

                
   

E429A¥  3×10-3  2.2×10-2 Not in HWE
Kowa et al. 
[2000] 

MTHFR 607093            

   

1p36.3 A222V¥ Japanese
[CC] 

74/261 MO/MA 8.3×10-3  3.7×10-3  

Kusumi et 
al. [2003] 

GSTP1 134660                11q13 I105V¥ Japanese
[CC] 

133/372 MO/MA NS NS

  GSTM1  138350             

 

1p13.3 Null  NT 4×10-3  ↑ed Null GT in 
MO 

 GSTT1  600436                
  

22q11.2 Null NT NS  
Lea et al. 
[2000] 

DBH 223360             

                 
  

9q34 (AC)n Caucasian
[CC] & [F] 
 

177/182 &
82 pedigrees 
 

MO/MA NS 1.9×10-2 No evidence
for linkage 
  Indel NS NS

 DRD2  126450                 
   

11q23 RFLP [ex6] NS NS
Lea et al. 
[2004] 

MTHFR 607093            

   

1p36.3 A222V¥ Caucasian
[CC] & [F] 

270/270 &
92 pedigrees 

MO/MA 5.6×10-3  1.7×10-2 MA assocn 
only 

Lea et al. 
[2005] 

ACE 106180               17q23 Indel
[int16] 

Caucasian
[CC] 

 270/270 MO/MA NS NS Dominant
(DD/ID) gene 
deletion MA 
susceptibility 

Martelletti 
et al. 
[2000] 

 TNFβ  191160            

   

6p23-
p12 

RFLP
[int1] 

Italian
[CC] 

77/101 MO/MA 4×10-2  8×10-3 GT & allele
MO assoc

 
n too 

Maude et 
al. [2001] 

DRD2 126450                11q23 -141C§ 
Indel 
[promoter] 

Caucasian
[CC] 

200/464 MO/MA NS NS
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=106180
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=191160
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126450


Table 2.04.  Continued… 
 

        Significance (P value)  
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

McCarthy 
et al. 
[2001] 

   INSR 147670               19p13 SNP84£ 
[int15] 

Caucasian
[CC] 

1232/1152 MO/MA NT 2×10-3 MA only.
Independently 
replicated in 
MO. 

                   

                   

                   

                   

   

SNP90£ 
[int14] 

NT 7×10-3 MA only

SNP274£ 
[ex17] 

NT 8×10-3 MA only

SNP265£ 
[ex8] 

NT 2.3×10-2 
& 
3.1×10-2

MO/MA &
MA 

SNP81£ 
[int1] 

NT 1.8×10-2 MO/MA

Mochi et 
al. [2003a] 

LDLR 606945                

                 

   

19p13.2 G1426A§ 
[ex10] 

Italian
[CC] 
 

360/200 MO/MA NS NS

 (TA)n 
[ex18] 

3.7×10-2 NS GT & allele
MO assocn too 

Mochi et 
al. [2003b] 

DRD4 126452               11p15.5 VNTR
[ex3] 

Italian
[CC] 

194/117 MO/MA NS 9×10-4 MO assocn 
only 

  DAT  126455               

 

5p15.3 VNTR
[3’UTR] 

 NS NS  

 DBH  223360                
  

9q34 (GT)n NS NS
Paterna et 
al. [2000] 

ACE 106180              

   

17q23 Indel
[int16] 

Italian
[CC] 

302/201 MO 4.3×10-2  1.7×10-2 Gene deletion
susceptibility 

Peroutka et 
al. [1997] 

DRD2 126450             11q23 RFLP [ex6] Caucasian
[CC] 

129/121 MO/MA 3.4×10-2  1.1×10-2 MA assocn 
only 

Rainero et 
al. [2004] 

 TNFα  191160            6p23-
p12 

G-308A§ 
[promoter] 

Italian
[CC] 

229/306 MO/MA 3.5×10-7  3×10-8 GT & allele
MO assocn too 
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=147670
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=606945
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126452
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126455
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=223360
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=106180
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126450
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=191160


72

      

Table 2.04.  Continued… 
 

  Significance (P value)  
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

Shepherd 
et al. 
[2002] 

   DRD1 126449                 5q35.1 RFLP Caucasian
[CC] 

275/275 MO/MA NS NS

  DRD3  126451                 
  

3q13.3 RFLP [ex1] NS NS
 DRD5  126453               

   

4p16.1-
p15.3 

 NS NS

Tzourio et 
al. [2001] 

ET1 131240                

                 

  

6p24-
p23 
 

Indel [ex1] French
[CC] 
 

140/1039 MO/MA NS NS

 K198N¥ 
[ex5] 

NS NS

ETA  131243             

                 

  

4q31 A-231G§ 
[5’UTR] 

1.5×10-4  2.8×10-5

C+1363T§ 
[ex8] 

2.3×10-2  2.6×10-2

ETB  131244                13q22 L277L¥ 
[ex4] 

NS NS

 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126449
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126451
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=126453
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131240
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131243
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=131244
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2.10 Migraine Linkage and Associated Regions 
As depicted in Tables 2.03 and 2.04, there are several migraine linkage regions that 

overlap or reside in the general vicinity with several positively associated migraine 

candidate genes.  Of particular interest are migraine linked loci 1 (MGR1), 3 (MGR3), 5 

(MGR5) and 7 (MGR7). 

 

The serum protein Group-specific component (GC) (4q12; ~56 Mb) and the ETA gene 

(4q31; ~148 Mb) have been reported within the general vicinity of the MGR1 locus 

housing a similar location for both the MO (4q21; ~86 Mb) and MA (4q24; ~99 Mb) 

phenotypes.  Whilst the GC and ETA loci reside centromeric and telomeric to the MGR1 

locus, respectively, a 60 Mb region surrounding the 4q24 MA locus has upwards of an 

additional 170 known genes [Wessman et al. 2002].  Hence, these initial significant 

linkage and association results in conjunction with numerous untested potential 

migraine candidate loci implicate substantial evidence for a typical migraine locus, or 

loci, residing on the q arm of chromosome 4. 

 

Supporting evidence for a typical migraine susceptibility locus (MGR3) residing on the 

p arm of chromosome 6 is substantiated by significant linkage (6p21.1-p12.2; 44 – 56 

Mb) in an Italian, migraine affected pedigree and positive association of the TNFβ and 

TNFα genes (6p23-p12; 31.6 – 31.7 Mb) with migraine.  Mutational screening of a 

migraine affected pedigree for the genes SLC29A1, CLIC5 and PLA2G7 residing 

within the linkage peak region reported no mutations in migraine affected individuals.  

The reported linkage peak region extends ~12 Mb and is centromeric (~12.5 Mb) to the 

TNFα and β genes.  To date, no further candidate gene analysis has been undertaken to 

screen the ~24.5 Mb region on the p arm of chromosome 6 where substantial evidence 

exists for another typical migraine locus. 

 

Whilst there have been numerous efforts to investigate the potential role of the 

chromosome 19p13 region, that houses the CACNA1A causative gene (~13.2 Mb) in 

most FHM affected individuals, the ensuing results have been less fruitful with typical 

migraine.  However, positive linkage to typical migraine (MGR5) has been reported to a 

region that is centromeric (4 – 6 Mb) to the CACNA1A gene.  Additionally, positive 

genetic associations of typical migraine have been reported with the LDLR (~11 Mb) 

and INSR (~7 Mb) candidate genes that both reside telomeric to the MGR5 locus.  
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Hence, there is very supportive evidence to suggest that there is a typical migraine 

locus, or loci, spanning across a 10 – 15 Mb region within the chromosome 19p13 

cytogenetic band. 

 

There is evidence from both migraine linkage and migraine association analyses for a 

seventh migraine linkage locus (MGR7) on the q arm of chromosome 11.  Specific for 

the MA only phenotype, the “MGR7” migraine locus is situated within the 11q24 (~123 

Mb) cytogenetic band.  Additional independent genetic association investigations have 

reported distorted allele transmission at the DRD2 locus (11q23; ~112.8 Mb) in a MO 

cohort enriched in dopaminergic symptoms and independently validated genetic 

associations have been reported for the PGR locus (11q22; ~100.4 Mb).  More 

specifically, the very significant association results of the PGR locus were reported for 

the typical migraine, MO and female only migraine affected phenotype categories.  

These results again typify sufficient evidence to suggest yet another migraine locus 

(MO, MA or both) residing on chromosome 11q22-q24 that spans a region of ~23 Mb. 

 

2.11 Migraine Genetics and Serotonin 
The involvement of serotonergic mechanisms in migraine pathogenesis has been widely 

implicated [Anthony et al. 1967; Chugani et al. 1999; Curran et al. 1965; Dalsgaard-

Nielsen & Genefke 1974; Kimball et al. 1960; Lance et al. 1967; Sicuteri et al. 1961] 

and substantiated by the agonistic properties of the triptan pharmaceuticals to the 5-

HT1B/1D receptor sub-types [Moskowitz 1992].  Involvement of the 5-HT2B/2C receptor 

subtypes [Brewerton et al. 1988] and more recently the 5-HT7 receptor class [Terron 

1998; Terron & Falcon-Neri 1999; Terron 2002] have also implicated the role of 5-HT 

in migraine pathogenesis.  Genetic evidence supporting the involvement of serotonergic 

genes however has been less convincing than the physiological evidence (Table 2.05). 

 

Serotonin receptor 1B and 1D (MIM 182131 and 182133, respectively) genetic variants 

have not shown a genetic involvement, but this may be due to cohorts of low sample 

size and the possibility of other untested genetic variants within these two genes (Table 

2.05) [Racchi et al. 2004]. 

 

Extensive genetic investigations into the 5-HT2A/2C receptor (MIM 182135 and 312861, 

respectively) sub-type genetic variations have also shown no involvement of these 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182131
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182133
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182135
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=312861
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receptors in the aetiology of migraine (Table 2.05) [Burnet et al. 1997; Erdal et al. 2001; 

Johnson et al. 2003; Juhasz et al. 2003a; Nyholt et al. 1996; Racchi et al. 2004].  

Residing on the X chromosome, the 5-HT2C receptor gene did not reveal genetic 

differences between the sexes either.  Further analysis of the 5-HT2A receptor gene 

found no evidence for linkage [Nyholt et al. 1996], whilst an independent linkage study 

excluded both the 5-HT2A and 5-HT2C receptor involvement in migraine [Buchwalder et 

al. 1996]. 

 

In the only identified study investigating genetic polymorphisms in the biosynthetic and 

metabolic enzymes of the serotonergic pathway (Figure 1.04) and their frequency 

comparison between migraineurs and non-migraineurs, the monoamine oxidase A 

(MAOA; MIM 309850) gene was not significantly associated with migraine (Table 2.05) 

[Marziniak et al. 2004].  Residing on the X chromosome, there were no significant sex 

differences between the tested MAOA genetic variant between migraineurs and non-

migraineurs. 

 

Of the serotonergic genetic variants investigated to date, the serotonin transporter (5-

HTT; MIM 182138) has reported positive, albeit nominal, associations with migraine 

(Table 2.05) [Juhasz et al. 2003a; Kotani et al. 2002; Lea et al. 2000; Ogilvie et al. 1998; 

Racchi et al. 2004; Yilmaz et al. 2001].  Whilst a nominal allelic association was 

reported for a 5-HTT promoter insertion deletion variant and migraine (Table 2.05) 

[Juhasz et al. 2003a], subsequent concurrence of independent studies reporting no 

association for the same 5-HTT promoter insertion deletion variant (Table 2.05) [Kotani 

et al. 2002; Yilmaz et al. 2001], suggest no involvement of this genetic polymorphism 

in migraine.  Conflicting evidence of an intronic VNTR polymorphism within the 5-

HTT gene has been reported by several genetic studies [Lea et al. 2000; Ogilvie et al. 

1998; Racchi et al. 2004].  Whilst intron 2 VNTR genotypic associations were reported 

by Olgilvie et al. [1998] and Racchi et al. [2004], the more powerful allelic association 

approach failed to substantiate their genotypic findings.  No genotypic or allelic 

associations were observed in an independent study by Lea et al. [2000] which was 

supported by no evidence for linkage to the same tested 5-HTT intronic VNTR, thus 

suggesting no substantial involvement of the 5-HTT VNTR variant within the second 

intron of the gene.  A Turkish study by Yilmaz et al. [2001], whilst reporting more 

significant genotypic and allelic associations for the 5-HTT VNTR must be treated with 

caution however.  In this study they identified a nine repeat motif in one migraine 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=309850
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
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patient, but excluded this individual altogether in their genotypic and allelic analyses.  

Reducing the number of observed genotypes and /or alleles ultimately affects the 

degrees of freedom allowed in the ensuing statistical analyses.  Therefore, probability 

scores reported by Yilmaz et al. [2001] may spuriously implicate a significant 

association with the 5-HTT VNTR and migraine. 



Table 2.05.  Summary of serotonergic gene specific studies in migraine.  Abbreviations and symbol identifiers as per Table 2.04.  5-HT1B/1D/2A/2C; Serotonin receptors 
1B/1D/2A/2C, 5-HTT; Serotonin transporter, AADC; Amino acid decarboxylase, MAOA; Monoamine oxidase A, TPH; Tryptophan hydroxylase, n; sample size 
number, neg; negative, freq; frequency, rpt; repeat, Indet; Indeterminate. 
 

          Significance (P value)
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

Burnet et 
al. [1997] 

 5-HT2C  312861                Xq24 S23C¥ 
[ex4] 

Danish
[CC] 

242/129 MO/MA NS NS No sex
difference 

Erdal et al. 
[2001] 

 5-HT2A  182135              

 

13q14-
q21 

T+102C§ 
[ex1] 

Turkish
[CC] 

61/44 MO/MA NS NS  

Johnson et 
al. [2003] 

5-HT2C  312861                

                   

   

Xq24 S23C¥ 
[ex4] 

Caucasian
[CC] 

275/275 MO/MA NS NS No evidence
for linkage. 
Mutation 
screening neg. 
No sex 
difference. 
 T+2103G§ 

[ex6] 
NS NS

Juhasz et 
al. [2003a] 

5-HTT 182138               

 

17q11.1-
q12 

Indel
[promoter] 

Hungarian
[CC] 

126/101 MO/MA NS 4.9×10-2 No significant
interaction 
between the 2 
markers 

 5-HT2A  182135              

   

13q14-
q21 

T+102C§ 
[ex1] 

NS NS  

Kotani et 
al. [2002] 

5-HTT 182138                

   

17q11.1-
q12 

Indel
[promoter] 

Japanese
[CC] 

151/190 MO/MA NS NS Freq of
migraine 
attacks higher 
in s/s GT 

Lea et al. 
[2000] 

5-HTT 182138                

   

17q11.1-
q12 

VNTR
[int2] 

Caucasian
[CC] & [F] 

177/182 &
82 pedigrees 

MO/MA NS NS No evidence
for linkage 

Marziniak 
et al. 
[2004] 

MAOA 309850              Xp11.23 VNTR
[promoter] 

German
[CC] 

 119/229 MO/MA NS NS No sex
difference 
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http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=312861
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182135
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=312861
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182135
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=309850
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Table 2.05.  Continued… 
 

  Significance (P value)  
Source  Gene  MIM  Chr  Variant  Cohort  

Migraine 
(n)/Control 

(n) 
 

Migraine 
type  Genotype  Allele  Notes 

Nyholt et 
al. [1996] 

 5-HT2A  182135               13q14-
q21 

T+102C§ 
[ex1] 

Caucasian
[CC] & [F] 

96/91 & 3
pedigrees 

MO/MA NS NS No evidence
for linkage 

Ogilvie et 
al. [1998] 

   5-HTT 182138             

 

17q11.1-
q12 

VNTR
[int2] 

Danish
[CC] 

 266/133 MO/MA 4.6×10-2 NS Individual GT
& allele 
differences 

Racchi et 
al. [2004] 

5-HT1B  182131               6q13 T+261G§ Italian
[CC] 

44/33 MA NS NS  

  5-HT1D  182133              

 

1p36.3-
p34.3 

G+861C§  NS NS

 5-HT2C  312861                

  

Xq24 S23C¥ 
[ex4] 

NS NS No sex
difference 

 5-HTT  182138               

   

17q11.1-
q12 

VNTR
[int2] 

3×10-2 NS 10 rpt allele
suggestive 
protective 

Yilmaz et 
al. [2001] 

5-HTT 182138               

                 

17q11.1-
q12 
 

Indel
[promoter] 

 

Turkish
[CC] 
 

52/80 MO/MA NS NS  

 VNTR
[int2] 

Indet. Indet. 9 rpt allele
excluded from 
analysis. 

 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182135
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182131
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182133
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=312861
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=182138
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2.12 Migraine Genetics and Nitric Oxide 
Previous studies have focused efforts on investigating the endothelial (eNOS; MIM 

163729) and inducible (iNOS; MIM 163730) NOS isoforms and their relationship with 

migraine [Griffiths et al. 1997; Lea et al. 2001b].  Griffiths et al. [1997] tested a 

microsatellite marker within the eNOS isoform for both linkage and association.  

Parametric and non-parametric linkage analyses did not support a role for eNOS in 

migraine aetiology and association results failed to indicate significant differences 

between migrainous and non-migrainous individuals [Griffiths et al. 1997]. 

 

A functional bi-allelic tetranucleotide polymorphism in the promoter region of the iNOS 

gene was investigated in a population-based Caucasian cohort [Lea et al. 2001b].  Gene 

promoter polymorphisms have the potential to alter expression levels, however, the 

study by Lea et al. [2001b] could not provide evidence of an allelic association between 

migrainous and non-migrainous individuals.  The study concluded by not excluding this 

gene altogether, as possible genetic variations elsewhere within the gene (e.g. coding 

and 3’UTR variants) could also be responsible for altered expression levels [Lea et al. 

2001b].  Linkage and/or genetic association investigations of neuronal NOS (nNOS) 

isoforms variants and their possible role in migraine aetiology have yet to be identified 

in the published literature.  Investigation of subsequent nNOS variants will thus add to 

the understanding of the possible roles of NO and its regulation by catalytic enzymes, in 

the aetiology of migraine. 

 

2.13 General Project Aims 
The principle aim of this study is to investigate the role of selected candidate genes in 

migraine predisposition.  Using a genetic linkage approach, two variations within the 5-

HT2C gene will be assessed for linkage to migraine using two migraine affected multi-

generational pedigrees that have previously been shown to be linked to migraine.  Using 

a genetic association approach, two variations within the 5-HT2C gene, three variations 

within the TPH gene, one variation within and one variation distal to the AADC gene, 

one variation within the MAOA gene and two variations within the nNOS gene, will be 

tested for genetic association in a population-based cohort. 

 

http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=163729
http://www.ncbi.nlm.nih.gov/entrez/dispomim.cgi?id=163730
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To address the principle aim of this research project, a secondary aim of this research 

project will assess the usefulness and accuracy of high throughput genotyping 

techniques.  More specifically, implementation and further development of a DNA 

pooling technique will be used to screen genetic variations within the TPH, AADC and 

MAOA genes for genetic association with migraine.  Additionally, a more efficient, 

highly sensitive method of single nucleotide polymorphism genotyping will be 

developed using a real-time PCR approach in conjunction with fluorescent based 

technology. 



 

Chapter 3 
 

Research Methodology 

& 

Study Design 
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3.1 General Project Outline 
All aspects of genetic research were conducted using a cohort of multi-generational 

familial members and a cohort of singleton migraine and non-migraine controls.  All 

participant DNA was extracted from peripheral blood and specific DNA segments were 

amplified using PCR or real-time PCR technology.  Separation of amplified DNA 

segments was performed using slab gel-based and capillary-based electrophoresis in 

addition to non-gel, fluorescence based electrophoretic techniques.  Genotypes were 

thus determined and genetic data analysis was performed using standard spreadsheet 

applications, Microsoft Windows based and UNIX based operating systems and 

specialised statistical and graphical software packages programmed to run on a 

Microsoft Windows operating system. 

 

3.2 Ethical Approval 
Ethical guidelines for the current research higher degree project entitled “A DNA 

pooling approach to investigate candidate genes in migraine” were a part of the ethical 

guidelines outlining research conducted on human subjects for the ongoing project 

entitled “Molecular genetics of migraine headaches”.  Ethics approval for the ongoing 

project “Molecular genetics of migraine headaches” has been granted by the Griffith 

University Human Research Ethics Committee (HREC) under the current approval 

number HSC/09/00/v/hec.  Ethics approval from Griffith University’s HREC has been 

granted for blood collection and questionnaire information from migraine sufferers and 

family pedigree members.  All participants have been informed of the aims of the 

project, signed a consent form and donated a single blood sample and disclosed 

questionnaire information. 

 

3.3 Subject Acquisition 
The acquisition of migraine research participants was classified into two separate 

cohorts.  The first cohort consisted of multi-generational pedigrees with individual 

pedigree members either suffering or not suffering from migraine headache.  The 

second cohort consisted of a collection of unrelated individuals suffering from migraine 
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and an independent collection of unrelated individuals not suffering from migraine 

headache. 

 

Best utilised for genetic linkage studies, cohort one specifically consisted of two multi-

generational pedigrees of Caucasian ancestry and were denoted migraine family 7 

(MF7) and migraine family 14 (MF14), respectively.  Migraine diagnoses of all MF7 

and MF14 pedigree members were conducted via a personal interview by a qualified 

clinical neurologist in accordance with IHS guidelines [IHS 1988].  Individuals 

suffering from migraine were denoted as either MO or MA, and pedigree members who 

did not suffer from migraine (according to IHS criteria) were diagnosed as unaffected.  

Twenty of the 28 individuals in MF7 (Figure 3.01) and 16 of the 36 members of MF14 

(Figure 3.02) were diagnosed with MO, MA or MO and MA.  These pedigrees are 

slightly different to those depicted in previous publications investigating the X 

chromosomal component of migraine [Nyholt et al. 1998a; Nyholt et al. 2000] as 

additional individuals have been phenotypically characterised further since the initial 

studies on these families. 



Figure 3.01.  Migraine family 7 (MF7).  Shaded squares and circles represent males and females diagnosed with MO, MA or MO and MA, respectively.  Unshaded 
squares and circles represent unaffected males and females, respectively.  Unaffected individuals denoted with a question mark (?) indicate an unknown phenotype 
as a consequence of non-participation and hence no DNA sample.  Roman numerals (I, II, III, IV) indicate the pedigree generation and Arabic numerals (1-13) 
indicate the person number in each respective generation. 
 

?
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Figure 3.02.  Migraine family 14 (MF14).  Symbol identifiers and their corresponding description as per Figure 3.01. 
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Best utilised for genetic association (or case control) studies, cohort two specifically 

consisted of a group of unrelated individuals suffering from migraine and a 

corresponding (matched) group of unrelated individuals not suffering from migraine.  

Migraine and non-migraine unrelated individuals were separated into two independent 

association cohorts denoted as Migraine Association Population I (MAPI) and Migraine 

Association Population II (MAPII), respectively.  MAPI contained 275 unrelated 

migraineurs and 275 unrelated non-migraineurs, whilst MAPII contained 305 unrelated 

migraineurs and 305 unrelated non-migraineurs.  In each independent association cohort 

(i.e. MAPI and MAPII), all migraine individuals were control matched for sex, age (± 5 

years) and ethnicity (Caucasian ancestry).  Clinical diagnosis of each individual was 

performed via a personal questionnaire (Appendix B) adhering to IHS guidelines [IHS 

1988] to assess whether research participants in the association cohorts suffered from 

MO, MA, MO and MA or no migraine headache. 

 

A demographical overview of both MAPI and MAPII as depicted in Tables 3.01 and 

3.02, respectively, provide a general description of both association cohorts outlining 

general descriptive statistics of migrainous individuals. 

 
Table 3.01.  Demographic characteristics of MAPI migraineurs (n = 275).  n; individual numbers, 
%; percent, yrs; years, SE; standard error, MO; migraine without aura, MA; migraine with aura 
 

Demographic Parameter   
Males; n [%]  76 [27.6] 
Females; n [%]  199 [72.4] 
MO; n [%]  105 [38.2] 
MA; n [%]  170 [61.8] 
Mean age (yrs) ± SE [range]  53.7 ± 0.8 [16-86] 
Mean male age (yrs) ± SE [range]  53.5 ± 1.7 [16-86] 
Mean female age (yrs) ± SE [range]  53.7 ± 1.0 [21-86] 

 
Table 3.02.  Demographic characteristics of MAPII migraineurs (n = 305).  Symbols and 
abbreviations as per Table 3.01. 
 

Demographic Parameter   
Males; n [%]  44 [14.4] 
Females; n [%]  261 [85.6] 
MO; n [%]  47 [15.4] 
MA; n [%]  258 [84.6] 
Mean age (yrs) ± SE [range]  52.5 ± 0.8 [18-88] 
Mean male age (yrs) ± SE [range]  53.2 ± 1.9 [18-81] 
Mean female age (yrs) ± SE [range]  52.4 ± 0.9 [22-88] 
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3.4 DNA Isolation 
DNA from all samples in the MAPI and MAPII cohorts were previously extracted by 

technical staff at the Genomics Research Centre, Griffith University prior to the 

commencement of my PhD project. 

 

Venous blood from all migraine and non-migraine participants was collected and stored 

in ethylenediamine tetra acetic acid (EDTA) anti-coagulant vacutainers (Greiner 

Labortechnik; Poitiers, France).  Prior to DNA isolation procedures the separation of 

blood plasma from anucleated red blood cells (RBCs) and nucleated white blood cells 

(WBCs) was performed by centrifugation (Sigma 4K15 centrifuge; Osterode am Harz, 

Germany) at 3,000 rpm for 15 minutes at room temperature. 

 

Isolation of DNA from venous blood leukocytes was performed using a modified 

extraction procedure as first described by Miller et al. [1988].  In a 50 ml (plastic) 

Falcon tube (Sarstedt; Nümbrecht, Germany), a total of 20 ml venous blood was 

initially rinsed with NKM [0.14 M NaCl; 30 mM KCl; 1 M MgCl2] and centrifuged 

(Sigma 4K15 centrifuge; Osterode am Harz, Germany) at 4,800 rpm for 25 minutes at 

room temperature.  Supernatant containing lysed RBCs was discarded and the 

remaining pellet was resuspended in 10 ml of RSB [0.5 M Tris-HCl pH 7.5; 0.5 M 

NaCl; 1 M MgCl2] to lyse any residual RBCs.  The resuspended pellet was then made 

up to a total volume of 50 ml with additional RSB solution and centrifuged at 4,000 rpm 

for 15 minutes at room temperature.  Supernatant containing residual lysed RBCs was 

discarded.  The resultant pellet of WBCs was again resuspended in 2 ml of RSB and 

vortexed (Chiltern Scientific; Auckland, New Zealand).  Eight ml of lympholysis buffer 

[0.5 M Tris-HCl pH 7.5; 0.5 M EDTA pH 8.0; 0.5 M NaCl; 10% SDS] and 500 µl of 

proteinase K [2 mgml-1] were then added to the resuspended WBC solution prior to an 

agitated 37°C incubation step using a shaking water bath (Barnstead International; 

Dubuque, USA) for 12-16 hours.  Addition of lympholysis buffer enables the removal 

of lipids and proteins within the cell and nuclear membranes hence allowing release of 

DNA from the cell nucleus.  Addition of proteinase K enables the removal of histone 

proteins from the DNA strands.  One hundred mg of proteinase K was added to 5 ml of 

[10 mM CaCl2; 10 mM Tris pH 7.5] to produce an undiluted proteinase K stock solution 

at a concentration of [20 mgml-1].  Undiluted proteinase K was incubated at 37°C for 

one hour prior to a 10× dilution in [10 mM CaCl2; 10 mM Tris pH 7.5]. 
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Extraction of double stranded DNA (dsDNA) from the membrane cleaved WBCs was 

performed by adding 4 ml of a saturated 6 M salt (NaCl) solution to the lympholysis 

buffer and proteinase K treated solution following the 12-16 hour 37°C initial 

incubation period.  Tubes were inverted for approximately 15 seconds and then 

centrifuged for 2,500 rpm for 15 minutes at room temperature to separate residual 

WBCs, protein debris (pellet) and dsDNA strands in solution.  The supernatant 

containing the dsDNA in solution was decanted into two 10 ml (plastic) tubes (Sarstedt; 

Nümbrecht, Germany) and then centrifuged (Sigma 4K15 centrifuge; Osterode am 

Harz, Germany) at 2,500 rpm for a further 15 minutes to pellet out residual protein 

material.  The supernatant from both 10 ml tubes was decanted back into a clean 50 ml 

Falcon tube and approximately two volumes of 100% chilled (-20°C) ethanol (EtOH) 

(Merck; Kilsyth, Australia) was added.  Tubes were inverted and the precipitated 

dsDNA strands were transferred with a sterile inoculating loop (Copan Diagnostics; 

Corona, USA) into a 2 ml microcentrifuge tube (Quality Scientific Plastics; St Louis, 

USA) containing 1.8 ml of TE [1 M Tris-HCl pH 8.0; 0.5 M EDTA pH 8.0] buffer.  The 

precipitated dsDNA was left to redissolve at 37°C with agitation in a shaking water bath 

for 12-16 hours.  Parafilm (Pechiney Scientific Plastics; Menasha, USA) was wrapped 

around the circumference of each 2 ml microcentrifuge tube to avoid water 

contamination. 

 

Ethanol precipitation of each dsDNA sample comprised 250 µl aliquots of redissolved 

DNA in TE buffer being pipetted (Gilson; Middleton, USA) into sterile 1.5 ml 

microcentrifuge tubes (Quality Scientific Plastics; St Louis, USA).  Added to each TE 

dissolved dsDNA sample was 500 µl of 100% chilled (-20°C) EtOH and 25 µl of 3 M 

sodium acetate (Sigma Chemicals; St Louis, USA).  The 1.5 ml microcentrifuge tubes 

were inverted several times and then placed into liquid nitrogen (BOC Gases; North 

Ryde, Australia).  Snap frozen samples were then centrifuged (Heraeus Sepatech 

Biofuge B centrifuge; Copenhagen, Denmark) at 10,000 rpm for 15 minutes.  The 

supernatant was carefully decanted and the remaining pellet was dried in a DNA 

SpeedVac® (Savant Instruments; Farmingdale, USA) on medium heat for two minute 

intervals until the pellet was dry.  Each pellet was resuspended in 500 µl of dH2O by 

tapping and flicking the 1.5 ml microcentrifuge, and not vortexing. 

 



3.4.1 DNA Quantitation 

Extracted DNA samples stored in dH2O were quantitated to attain the amount, or 

concentration, of each individual DNA sample.  Individual DNA sample concentration 

measurements are recorded to ensure a uniform amount of DNA is amplified for 

genotyping purposes.  All research project participants from the multi-generational 

cohorts and unrelated migraine and non-migraine cohorts underwent DNA quantitation 

procedures. 

 

Double stranded DNA quantitation was performed using the QuantaGene RNA/DNA 

calculator (Pharmacia Biotech; Cambridge, UK).  Eight µl of resuspended dsDNA in 

dH2O was pipetted into a quartz Hellma® cuvette (light path 5 mm, centre 15 mm) 

(Hellma®; Müllheim, Germany) and DNA concentration was calculated.  The 

QuantaGene RNA/DNA calculator set up was as follows; The light path length was set 

at 5 mm, absorbance wavelength was set at 320 nm, the dilution factor was set to one 

(resuspended dsDNA was not diluted), and the set up factor was set to dsDNA for 

double stranded DNA quantitation.  A reference was initially set by recording the 

optical density (OD) of dH2O and then OD readings of each dsDNA sample were 

recorded.  Stock dsDNA solution concentrations were recorded and subsequently 

adjusted to a working concentration of 20 ngµl-1. 

 

The concentration of dsDNA can be determined by the measurement of ultraviolet (UV) 

light absorption at a wavelength of 260 nm.  The existence of a direct relationship 

between the concentration of dsDNA and UV light absorbance is represented by higher 

concentrations of dsDNA samples absorbing a greater amount of UV light, hence a 

stronger absorbance reading at a wavelength of 260 nm.  An OD reading at 260 nm 

(OD260) equating to one is indicative of a dsDNA concentration of 50 µgml-1. 

 

Hence, concentration of dsDNA is calculated in accordance with Equation 3.01; 

 

[ ] 1
260 50 −×= gmlODdsDNA µ  

 

Where [dsDNA] is the concentration of individual dsDNA samples and OD260 is the 

optical density (UV light absorbance reading) at a wavelength of 260 nm. 
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3.5 Genotyping Outline 
Genotyping DNA samples at specific genetic loci enabled the discrimination of alleles 

for each research participant from the multi-generational pedigrees and unrelated 

cohort.  Ascertainment of alleles at specific loci is therefore counted and corresponding 

frequencies observed for ensuing genetic statistical analysis. 

 

3.5.1 Individual Genotyping 

Genotype discrimination for individual DNA samples at equi-molar concentrations (see 

3.4.1 DNA Quantitation) firstly required the PCR amplification of an extracted single 

copy of DNA (see 3.4 DNA Isolation).  Individual allele specific characterisation for 

genetic loci residing within the 5-HT2C gene (see Chapter 4) and for the TPH6526 locus 

residing within the TPH gene (see Chapter 6) were initially subjected to restriction 

enzyme digestion and subsequent agarose gel electrophoresis.  Individual allele specific 

characterisations for genetic loci residing within the nNOS gene (see Chapter 5) were 

subjected to capillary electrophoresis and subsequent GeneScan analysis.  Individual 

allele specific characterisation for the TPH7065 locus within the TPH gene (see Chapter 

7) was subjected to a centrifugal real-time PCR, fluorescence based, protocol. 

 

3.5.2 Pooled Genotyping 

Genotype discrimination for pooled DNA samples at equi-molar concentrations (see 

3.9.1.4 [D] Fluorometric DNA Quantitation (part 1)) firstly required the PCR 

amplification of pooled DNA samples.  Genotype estimates of pooled DNA samples 

(see Chapter 6) for loci within the TPH, AADC and MAOA genes were subjected to 

capillary electrophoresis and subsequent spreadsheet analysis. 

 

3.6 Polymerase Chain Reaction (PCR) 
The Polymerase Chain Reaction is a laboratory based technique that allows the 

amplification of specified regions of DNA sequence for further, more specific analysis.  

All aspects of this research project requiring the analysis of specific variants within 

specific genes to assess potential relationships with migraine susceptibility utilised PCR 

technology. 
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The development of in vitro amplification of short stretches of DNA for further, more 

specific assessment resulted in the advent of the Polymerase Chain Reaction (PCR) 

[Saiki et al. 1985].  Further developments in this technique led to the use of a 

thermostable DNA polymerase, Thermus aquaticus (Taq), that could withstand high 

denaturing temperatures [Saiki et al. 1988].  Taq polymerase simplified the PCR 

procedure by enabling the amplification of short stretches of specific DNA strands to be 

performed at high temperatures as well as improving specificity, yield and length of 

amplified products [Saiki et al. 1988].  Combined with the development of heating 

blocks that could automatically be heated and cooled to the appropriate temperatures 

(i.e. thermocycling), the automation of PCR was achieved.  Automated PCR allows the 

amplification of specific segments of DNA up to a billion fold by the cycling of three 

steps.  Step 1 (Denaturation); The temperature of the heating block is increased to a 

point where denaturation of the dsDNA template occurs (~94°C).  Step 2 (Annealing); 

This step incorporates the annealing of synthetic DNA strands (oligonucleotides) that 

are complementary to their specific DNA target site.  The annealing of oligonucleotides 

(or primers as they are more commonly termed) to the DNA template occurs at a range 

of temperatures that are lower than that of the denaturation temperature.  Step 3 

(Extension); This final step of the PCR assay is optimally effective at a temperature at 

around 72°C to allow the extension of annealed oligonucleotides along their 

complementary template with the assistance of Taq DNA polymerase.  The extension of 

specific oligonucleotides for specific genetic markers is achieved by the addition of free 

ranging deoxyribonucleotide triphosphate (dNTP) molecules in the reaction solution.  

The four dNTPs are deoxyadenosine triphosphate (dATP), deoxycytidine triphosphate 

(dCTP), deoxyguanosine triphosphate (dGTP) and deoxythymidine triphosphate 

(dTTP).  The cycling of these three PCR steps results in the exponential amplification of 

sequence specific DNA template(s). 

 

3.6.1 Agarose Gel Electrophoresis 

The assessment of PCR products (i.e. amplicons) will produce a distinct fragment with 

respect to its physical size (i.e. number of nucleotide base pairs).  Individual amplicon 

fragment sizes can be determined by the application of slab gel-based electrophoresis.  

The two variants within the 5-HT2C gene and the TPH6526 locus within the TPH gene 
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underwent slab gel-based electrophoretic separation as specifically reported in Chapters 

4 and 6, respectively. 

 

PCR amplified products are loaded with 6× gel loading buffer [11 mM sucrose; 7.2 µM 

bromophenol blue; 0.5 M EDTA] into “slab” gels made of agarose powder (Promega 

Corporation; Madison, USA) in a 20-fold dilution of TAE [96.88 g Tris base; 22.8 ml 

glacial acetic acid; 0.5 M EDTA pH 8.0] buffer.  Application of an electric current 

through the agarose gel initiates the negatively charged DNA molecule to migrate 

through the gel from the negatively charged cathode to the positively charged anode.  

The speed DNA amplicons migrate correlates with their molecular weight.  Fragment 

sizes are standardised with a molecular weight marker (i.e. DNA ladder) of known 

fragment size lengths (New England BioLabs; Beverly, USA).  DNA PCR amplicons 

are visualised on an UV light box (Pharmacia; San Gabriel, USA) after ethidium 

bromide [10 mgml-1] (Sigma Chemicals; St Louis, USA) staining of the agarose gel.  

Ethidium bromide (EtBr) is an intercalating dye able to bind to the strands of DNA and 

fluoresce when illuminated under UV light. 

3.6.2 Restriction Endonucleases (REs) 

Used to individually genotype the two 5-HT2C variants and individually genotype the 

TPH6526 variant within the TPH gene, in vivo endonucleases have the ability to cleave 

random sequences of DNA, whereas restriction endonucleases (RE) are able to 

specifically recognise short stretches of DNA and cleave at site-specific nucleotide 

sequences.  Sequence sites are commonly referred to as restriction sites and the 

multitude of REs synthesised from numerous micro-organisms recognise various 

combinations of short nucleotide sequences. 

 

3.6.2.1 Oligonucleotide Site Specific Mutagenesis 

The design of PCR amplification oligonucleotides for the two 5-HT2C variants 

employed an oligonucleotide site specific or site directed mutagenesis technique that 

allowed the manipulation of DNA sequences in vitro.  More specifically, 

oligonucleotide site specific mutagenesis is based on a synthesised oligonucleotide 

encoding a desired mutation which is to be annealed to one strand of the denatured 

dsDNA sequence of relevance [Cosby & Lesley 1997].  Serving as one of the two 

primers for the amplification of DNA via PCR technology, the mutagenic 
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oligonucleotide incorporates an artificial RE recognition site into newly synthesised 

strands of DNA [Cosby & Lesley 1997].  The use of mutagenic oligonucleotides allows 

the incorporation of newly formed RE recognition sequences that are not present in wild 

type DNA sequences. 

 

3.7 Automated GeneScan™ Analysis 
The application of automated GeneScan analysis employing a capillary-based 

electrophoretic technique was used specifically for the genetic association assessment of 

migraine susceptibility with the nNOS gene (Chapter 5) and TPH, AADC and MAOA 

genes (Chapter 6).  Analysis of the nNOS gene was performed on individual DNA 

samples and analysis of the TPH, AADC and MAOA genes was performed on pooled 

DNA samples. 

 

The ABI Prism® 310 Genetic Analyzer (Applied Biosystems; Foster City, USA) is a 

laser induced fluorescence capillary based electrophoresis system designed for the 

automation of DNA electrophoresis applications.  The sensitivity and resolution of 

automated GeneScan analysis is superior to standard slab-based agarose gel 

electrophoresis applications and can resolve differences as little as one or two base pairs 

between differing DNA fragments.  The internal workings, generally depicted in Figure 

3.03, can best be described by a series of five steps. 



Figure 3.03.  The internal mechanistic processes of the ABI Prism® 310 Genetic Analyzer 
[Applied Biosystems 2002]. 
 

 
 

Step 1; DNA samples (1 ≤ n ≤ 96) post PCR, are added to a loading mix prior to 

undergoing capillary based electrophoresis and subsequent analysis.  A standard loading 

mix constitutes 1 µl of DNA (PCR amplicon), 12 µl of HiDi™ Formamide (Applied 

Biosystems; Foster City, USA) and 0.5 µl of GeneScan-350 or GeneScan-500 

TAMRA™ internal lane size standard (Applied Biosystems; Foster City, USA).  DNA 

size fragments of the GeneScan-350 and GeneScan-500 TAMRA™ size standard are 

designed to size DNA fragments in the ranges of 35-350 bp and 35-500 bp, respectively 

(Figure 3.04). 
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Figure 3.04.  An electropherogram of a GeneScan-500 TAMRA™ internal lane size standard.  
Fragment size peaks (in red) are positioned at 35, 50, 75, 100, 139, 150, 160, 200, 250*, 300, 
340, 350, 400, 450 490 and 500 bp.  The GeneScan-350 TAMRA™ internal lane size standard 
fragment sizes are identical to the GeneScan-500 TAMRA™ size standard up to a maximum of 
350 bp.  The peak denoted by an asterisk (*) at approximately 250 bp is found to abnormally 
migrate due to double strands of the DNA template not being completely separated under 
denaturing conditions.  It is therefore advised not to use the 250 bp peak as a legitimate size 
peak as more often than expected this peak will smaller than its actual size (i.e. < 250 bp) 
[Applied Biosystems 2002]. 
 

 
 

Step 2; Immediately prior to loading DNA samples onto the ABI Prism® 310 Genetic 

Analyzer each loading mix must be heated to 95°C for 3 minutes in order to denature 

each individual DNA amplicon.  Following denaturation, samples are to be placed onto 

ice for at least three minutes to prevent the re-annealing of each DNA amplicon. 

 

Step 3; Sample trays (48 or 96 well) are placed onto the autosampler (Figures 3.03 and 

3.05) where they can be directed in either or the x, y or z planes of movement.  The 

autosampler also accommodates for a range of performance and cleansing buffers to 

assist in electrophoretic separation of samples.  Reading from left to right of the 

autosampler tray (Figures 3.03 and 3.05), buffer position one contains a 310 Genetic 

Analyzer Buffer (1× concentration) with EDTA (Applied Biosystems; Foster City, 

USA), and buffer positions two and three contain dH2O as a series of wash steps. 
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Figure 3.05.  Magnified view of the ABI Prism® 310 Genetic Analyzer autosampler tray.  96 or 
48 well sample trays are placed on top of the autosampler tray for access to individual sample, 
performance buffer and cleansing wells [Applied Biosystems 2002]. 
 

 
 

Step 4; Electrokinetic injection and electrophoresis of each individual sample is initiated 

by the placement of a POP4™ polymer (Applied Biosystems; Foster City, USA) filled 

single capillary tube and electrode into each respective sample well (Figures 3.03 and 

3.06).  The ABI Prism® 310 Genetic Analyzer instrument applies a voltage via the 

electrode enabling the negatively charged DNA molecules to migrate through the 

POP4™ polymer filled single capillary towards the positively charged anode at the 

other end of the capillary [Applied Biosystems 2002]. 

 
Figure 3.06.  Magnified view of the ABI Prism® 310 Genetic Analyzer POP4™ polymer filled 
single capillary (gold) and electrode (silver) applying an electric charge to the negatively 
charged DNA molecules [Applied Biosystems 2002]. 
 

 
 

Step 5; DNA (amplicon) fragments within the loading mix solution are labelled with a 

fluorophore and upon electrical stimulation (via the silver electrode; see Figure 3.06) 

electrophoretically migrate through the polymer filled single capillary (Figure 3.06) and 

are separated according to their respective sizes.  DNA fragment sizes are determined 

after passing a laser contained within the detection window (Figure 3.03).  The laser 
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excites each respective fluorophore attached to each DNA fragment and light is emitted 

at various wavelengths greater than that of the laser (Figure 3.07).  The excited light is 

captured and separated by a spectrograph in accordance to wavelength emission.  Light 

is collected onto a charge coupled device (CCD) camera, thus enabling up to four 

different fluorophores to be captured simultaneously [Applied Biosystems 2002].  The 

GeneScan data collection (version 1.2.2) software (Applied Biosystems; Foster City, 

USA) collects the varying fluorescence emission intensities using software selectable 

filters and stores them as electrical signals for processing into coloured peaks by the 

GENOTYPER™ (version 2.1) software (Applied Biosystems; Foster City, USA) (Figure 

3.08). 

 
Figure 3.07.  Magnified view of the ABI Prism® 310 Genetic Analyzer laser detection device.  
Individual fluorophores attached to individual DNA fragments pass by the laser and are excited 
at either 488 or 514 nm.  Light from individual fluorophores are emitted at a greater wavelength 
ranging from 525 to 650 nm [Applied Biosystems 2002]. 
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Figure 3.08.  An example of processed coloured peaks from the GENOTYPER™ (version 2.1) 
software.  Peaks (1, 2, 3, 4, 5* and 6) highlighted in red denote internal lane size standard 
fragment sizes of 139, 150, 160, 200, 250* and 300 bp, respectively.  Peaks (1 and 2) 
highlighted in blue denote allele fragment sizes of a heterozygous DNA sample at ~165 and 
~180 bp, respectively.  The (5*) 250* bp fragment size peak is explained in Figure 3.04. 
 

 
 

3.8 DNA Sequencing 
DNA sequencing for this current research project was specifically used for two 

purposes.  Firstly, as detailed in Chapter 4, DNA sequencing technology was used to 

screen migraine affected individuals from the multi-generational familial cohort for 

novel mutations within the coding sequence structures of the 5-HT2C gene.  

Additionally, the same selected migraine affected individuals were screened for a 

known polymorphic variant within exon 3 of the 5-HT2C gene.  The second application 

of DNA sequencing, as outlined in Chapter 7, was to confirm genotyping results of the 

TPH7065 bi-allelic variant generated in the population-based cohort by a real-time PCR 

genotyping technique.  Additionally, a selection of ambiguous individual, population-

based cohort, sample genotypes verified by a novel set of mathematical genotyping 

criteria were sequenced for further verification. 

 

The mechanisms underlying the Sanger dideoxy method of DNA sequencing provided 

the basis of all automated DNA sequencing experiments [Sanger et al. 1977].  Based on 

a mixture of both non-labelled dNTPs and fluorescently labelled dideoxynucleotide 

triphosphates (ddNTPs) in a standard thermocycling sequencing reaction (Figures 3.09), 

the ddNTPs are incorporated at the 3’ end of a growing chain of dNTPs.  The initial 
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chain of dNTPs are formed from the 3’ end of an annealed oligonucleotide by Watson-

Crick base pairing principles [Watson & Crick 1953].  When a ddNTP is conjugated to 

the 3’ end of a growing chain of dNTPs, chain elongation is selectively terminated at an 

A, C, G or T residue due to the chain lacking a 3’-hydroxyl (3’-OH) group [Sanger F et 

al. 1977].  Automated florescent DNA sequencing incorporating the addition of one of 

the four 3’-dye labelled ddNTPs (or dye terminators) are used to identify each of the 

four A, C, G or T extension reactions (Figure 3.09). 

 
Figure 3.09.  Dye terminator cycle DNA sequencing reactions incorporating one of four ddNTPs 
each tagged with a different fluorescent dye to detect one of the four (A, C, G or T) nucleotide 
bases. 
 

 
 

All sequencing reactions were prepared from specific PCR amplicon products using the 

ABI Prism™ BigDye™ Terminator Cycle Sequencing Ready Reaction Kit (version 1.1) 

(Applied Biosystems; Foster City, USA).  Performed for both forward and reverse 

primer sequencing reactions independently, in a total pre-sequencing reaction volume of 

10 µl, 0.6 µl of specific PCR amplicon product, 0.32 µM of either forward or reverse 

PCR amplicon primer and 2.0 µl of ABI Prism™ BigDye™ terminator ready reaction 

mix (Applied Biosystems; Foster City, USA) was added.  The ABI Prism™ BigDye™ 

terminator ready reaction mix contained the four acceptor dyes [A-dye terminator 

labelled with dichloro[R6G] (dR6G) (Green), C-dye terminator labelled with dROX 

(Red), G-dye terminator labelled with dR110 (Blue) and T-dye terminator labelled with 

dTAMRA (Yellow)], deoxynucleoside triphosphates (dATP, dCTP, dITP, dUTP), 

AmpliTaq DNA polymerase, FS, with thermally stable pyrophosphatase, MgCl2 and 

Tris-HCl buffer, pH 9.0.  Pre-sequencing thermocycling was performed using a PC-960 

thermocycler (Corbett Research; Brisbane, Australia) under the following conditions; 

initial denaturation at 96°C for 5 minutes, 25 cycles of 96°C for 30 seconds, 50°C for 15 

seconds, 60°C for 4 minutes and a final extension step of 60°C for 4 minutes. 

 

Purification of pre-sequencing extension products after thermocycling to remove 

unincorporated dye labelled terminators that can interfere with post-sequencing data 
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was performed by a ethanol/sodium acetate precipitation protocol.  Into a 1.5 ml 

microcentrifuge tube 2 µl of 3 M sodium acetate (pH 4.6) (Applied Biosystems; Foster 

City, USA) and 50 µl of 95% EtOH was added.  To the sodium acetate/EtOH mix, the 

total pre-sequencing (post thermocycling) reaction volume (10 µl) was then added.  The 

samples were vortexed briefly and then left to sit a room temperature for 15 minutes.  

Samples were then centrifuged at 11,000 rpm for 20 minutes after which the supernatant 

was carefully aspirated with a pipette and discarded.  The resulting pellet was rinsed 

with 250 µl of 70% EtOH and again centrifuged for a further 10 minutes at 11,000 rpm.  

The supernatant was again carefully aspirated and discarded, and the remaining pellet 

was dried in a DNA SpeedVac® on medium heat for two minute intervals until the pellet 

was dry.  Purified DNA pellets were resuspended in 6 µl of a gel loading buffer mix 

(5:1) of deionised formamide [20 ml formamide; 1 g amberlite] (Applied Biosystems; 

Foster City, USA) and 25 mM EDTA with 50 mgml-1 blue dextran, pH 8.0 (Applied 

Biosystems; Foster City, USA).  Samples were vortexed and briefly centrifuged 

(TOMY PMC-060 Capsulefuge; Tokyo, Japan) prior to heating the samples at 95°C for 

2 minutes to denature the dsDNA PCR amplicon products.  Samples were then placed 

on ice in readiness for sequence gel loading. 

 

Sequence gels were automatically prepared using Long Ranger® Singel® packs 

(BioWhittaker Molecular Applications; Rockland, USA) for a 36 cm Well-to-Read 

(WTR) 5% slab gel with 6 M urea, 0.05% ammonium persulphate (APS) and 0.07% 

tetramethylethylenediamine (TEMED) for subsequent analysis on the ABI Prism® 377 

DNA sequencer.  Anodal and cathodal chambers of the 377 DNA sequencer were filled 

with 1× TBE [0.89 M Tris; 0.89 M Boric Acid; 0.02 M EDTA disodium, pH 8.4] buffer 

(Roche Diagnostics; Mannheim, Germany) prior to checking the gel plates for possible 

contaminants.  Gel plates were checked by running the “Plate Check E” module under 

no electrophoretic current at 1,200 scans/hour for Virtual filter set E.  Virtual filter set E 

describes the wavelength (nm) ranges of the four dRhodamine acceptor dyes (dR6G; 

565-575 nm, dROX; 620-630 nm, dR110; 535-545 nm, dTAMRA; 590-600 nm).  Pre-

running of the gel (without samples) was performed using the pre-run module “Seq PR 

36E-1200” at an electrophoretic current of 1,000 volts and a rate of 1,200 scans/hour for 

Virtual filter set E.  Pre-running of the gel terminated when a run temperature of 51°C 

was achieved.  Following the completion of the pre-run module the ABI Prism® 377 

DNA sequencer instrument was paused, gel wells were rinsed in 1× TBE buffer.  One µl 
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of resuspended samples were loaded using a two-pitch, eight channel loader and 

samples were run using the “Seq Run 36E-1,200” run module at an electrophoretic 

current of 1,680 volts, a rate of 1,200 scans/hour, run temperature of 51°C and run time 

of 7 hours for Virtual filter set E. 

 

3.9 DNA Pooling 
The prospect of using DNA pooling as an effective means to screen large numbers of 

individuals simultaneously against a high number of genetic markers and also to rapidly 

assess significant differential distributions between pools of affected and unaffected 

unrelated individuals is dependent upon the stringent methodical steps required to 

construct the DNA pools. 

 

3.9.1 DNA Pool Construction 

The procedure of DNA pool compilation from individual genomic DNA (gDNA) 

samples can best be summarised by the following chain of steps; [A] individual DNA 

isolation, [B] spectrophotometric DNA quantitation, [C] individual DNA dilution (part 

1), [D] fluorometric DNA quantitation (part 1), [E] individual DNA dilution (part 2), 

[F] fluorometric DNA quantitation (part 2), [G] individual DNA sample PCR 

amplification, and [H] DNA pool construction. 

 

3.9.1.1 [A] Individual DNA Isolation 

The isolation of individual gDNA samples from the MAPI cohort was via a modified 

salt and ethanol precipitation procedure as first described by Miller et al. [1988] and 

outlined in detail in 3.4 DNA Isolation.  The MAPI cohort consisted of 275 affected 

migraineurs and 275 unaffected non-migraineurs (Table 3.01).  Subject acquisition and 

general descriptive statistics pertaining to the MAPI cohort are described in detail in 3.3 

Subject Acquisition. 

 

3.9.1.2 [B] Spectrophotometric DNA Quantitation 

Individual gDNA samples resuspended in dH2O (see 3.4 DNA Isolation) were initially 

quantitated on the QuantaGene RNA/DNA calculator.  A detailed outline of the 



spectrophotometric DNA quantitation procedures is depicted in 3.4.1 DNA 

Quantitation.  All initial DNA sample concentrations were recorded in units of ngµl-1. 

 

3.9.1.3 [C] Individual DNA Dilution (part 1) 

Based on the spectrophotometric readings, all gDNA samples were diluted to an interim 

concentration of 40 ngµl-1.  DNA samples were diluted in dH2O in accordance with 

Equation 3.02; 

 

1

22
1 C

VCV ×
=  

 

Where V1 is the volume of undiluted sample required, C1 is the concentration of 

undiluted sample (acquired spectrophotometrically), V2 is the total volume of diluted 

sample and C2 is the concentration of diluted sample.  For example, an initial DNA 

concentration (C1) of 200 ngµl-1 to be diluted to 40 ngµl-1 (C2) requires 10 µl of 

undiluted sample (V1) plus 40 µl of dH2O in a total volume of 50 µl (V2). 

 

3.9.1.4 [D] Fluorometric DNA Quantitation (part 1) 

The efficiency and accuracy of DNA pooling is reliant upon equi-molar amounts of 

each individual gDNA sample combined in the pools of DNA.  Enhancement of DNA 

quantitation is therefore provided by the combined application of fluorimetry and a 

DNA-specific fluorophore (PicoGreen®).  The PicoGreen® dsDNA quantitation reagent 

(Molecular Probes; Eugene, USA) is an ultra sensitive fluorescent nucleic acid stain for 

quantitating dsDNA in solution [Singer et al. 1997].  The strength of the affinitive 

relationship between dsDNA and the PicoGreen® fluorophore eliminates elevated 

spectrophotometric DNA concentration recordings commonly caused by contaminants 

(e.g. residual NaCl) affecting UV light absorbance quantitation measures. 

 

3.9.1.4.1 PicoGreen® dsDNA Quantitation 

The PicoGreen® assay buffer preparation constituted a 20-fold dH2O dilution of the 

supplied (Component B) 20× TE [200 mM Tris-HCl; 20 mM EDTA pH 8.0] buffer 

(Molecular Probes; Eugene, USA).  PicoGreen® assay buffer at a diluted 1× 
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concentration is required for dilution of the PicoGreen® reagent, dilution of supplied 

(Component C) lambda (λ) DNA standard (Molecular Probes; Eugene, USA) and a 

further dilution of individual gDNA samples. 

 

On the day of each dsDNA quantitation assay the supplied 1 ml PicoGreen® reagent 

(Component A) solution in dimethyl sulfoxide (DMSO) (Molecular Probes; Eugene, 

USA) was prepared by making a 200-fold dilution in the 1× TE (Component B) buffer.  

Diluted PicoGreen® reagent was prepared in a plastic 10 ml tube to avoid possible 

absorption of the reagent with glass surfaces and covered with aluminium foil to protect 

the working PicoGreen® solution from light as it is susceptible to photo-degradation 

[Singer et al. 1997].  For optimum performance, freshly prepared PicoGreen® solution 

is sustainable for two to three hours. 

 

Accurate quantitation of diluted DNA samples (40 ngµl-1) as prepared in 3.9.1.3 [C] 

Individual DNA Dilution (part 1) are calculated against the supplied λ DNA standard 

(Component C).  A 50-fold dilution in 1× TE (Component B) buffer of the supplied λ 

DNA standard at a concentration of [100 µgml-1] was prepared to create a working 

solution of λ DNA standard at a concentration of [2 µgml-1].  A high-range λ DNA 

dilution series was prepared to create a 10 point λ DNA standard curve from 1 ngml-1 to 

1 µgml-1 (1000 ngml-1) in duplicate (Table 3.03). 

 
Table 3.03.  λ DNA high-range dilution series for the PicoGreen® dsDNA quantitation assay. 
 

Volume (µl) of  
2 µgml-1 λ DNA 

working solution 
(Component C) 

 Volume (µl) of 1× 
TE buffer 

(Component B) 

 Volume (µl) of 
diluted 

PicoGreen® 
reagent  

(Component A) 

 Final DNA 
concentration (ngml-1) 
in PicoGreen® assay 

1000  0  1000  1000 
750  250  1000  750 
500  500  1000  500 
250  750  1000  250 
100  900  1000  100 
50  950  1000  50 
10  990  1000  10 
5  995  1000  5 
1  999  1000  1 
0  1000  1000  0 (TE reference) 

 

Experimental DNA at a concentration of 40 ngµl-1 (or 40,000 ngml-1) was diluted in 

1×TE buffer (Component B) a further 80-fold.  Dilution of experimental DNA (at 40 

ngµl-1) prior to fluorometric quantitation was conducted to ensure all experimental 
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samples were within the lower (1 ngml-1) and upper (1 µgml-1) bounds of the λ DNA 10 

point standard curve.  This was achieved to eliminate extrapolation of the λ DNA 

standard curve and thus remove an unnecessary source of error in the final experimental 

DNA sample concentration calculation. 

 

3.9.1.4.2 Fluorometric micro-plate reader 

Individual gDNA sample concentrations were recorded on the Fluoroskan Ascent® 

(Labsystems; Helsinki, Finland) micro-plate fluorometer with Ascent Software™ 

(version 2.4) (Labsystems; Helsinki, Finland).  Measurement of dsDNA samples within 

the Fluoroskan Ascent® micro-plate fluorometer is achieved via a source of excitation 

light and a detector of the emission light both being positioned above the micro-plate 

wells (Figure 3.10).  The source of excitation light provided by a quartz-halogen lamp is 

filtered through an excitation filter wheel immediately below the lamp (Figure 3.10).  

Filtered light proceeding through a lens is then focused into the micro-plate well where 

it is measured in proportion to the amount of emitted fluorescence.  Emitted 

fluorescence is directed back from the sample well onto a light shield to be filtered in 

the emission filter wheel prior to a photomultiplier tube detecting the amount of 

emission light (Figure 3.10) [Labsystems 1999]. 



Figure 3.10.  A general overview of the optical system used in the operation of the Fluoroskan 
Ascent® micro-plate fluorometer for the PicoGreen® dsDNA quantitation assay.  (1) The quartz-
halogen lamp providing the source of excitation light.  (2) Excitation filter housed within the 
excitation filter wheel.  (3) Quartz-halogen lamp reference detector.  (4) The focused excitation 
light beam directed into the micro-plate well for fluorescence emission measurement.  (5) 
Emitted light being directed back towards the light shield to minimise the amount of cross talk 
between excitation and emission spectra.  (6) Emission filter housed within the emission wheel.  
(7) The photomultiplier tube used to detect the amount of emitted light.  The amount of 
fluorescence emission is directly proportional to the concentration of dsDNA. 
 

 
 

On the day of each dsDNA quantitation assay, measurement of the λ DNA standard 

dilution series was performed in duplicate to obtain a 10 point standard curve to be used 

as a calculating reference to accurately quantitate the experimental dsDNA initially 

diluted (by UV spectrophotometry) to 40 ngµl-1.  In a 96 well black micro-plate (QLAB; 

Ashgrove, Australia), 100 µl of each λ DNA standard dilution (Table 3.03) was added to 

100 µl of 1× TE (Component B) buffer. 

 

Measurement set up of the standard λ DNA dilution series was conducted by opening a 

new session within the Ascent Software™ (version 2.4).  In the Parameter tab of the 

Procedure Desktop Window the PicoGreen® dsDNA quantitation assay was set up by 

the following procedural steps.  Step 1 (General); this step describes the micro-plate 

template (Labsystems CLINIPLATE), the measurement method (Fluorometric), the 

user name and any general comments to be made concerning the assay.  Step 2 

(Incubate); all 96 well black micro-plates used were incubated at 37°C for five minutes.  

Step 3 (Shake); micro-plates were shaken for 10 seconds at an amplitude diameter of 1 

mm and a speed of 600 rpm.  The shaking of each micro-plate ensured suspension of 

both PicoGreen® reagent and λ DNA standard dilutions.  Step 4 (Measure); the type of 

sample measurement recorded was set to single mode to measure each well once in Raw 
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Fluorescence Units (RFU).  Integration time describing the length of time used to obtain 

one measurement result from a measurement point (i.e. micro-plate well) was set to 40 

milliseconds.  The lag time indicating the time before the measurement is to be recorded 

was set to zero and the filter wavelength pair was set to an excitation wavelength of 485 

nm and an emission wavelength of 538 nm. 

 

In the Area Definition tab of the Procedure Desktop Window specified wells of the 96 

well black micro-plate with λ DNA solutions therein were highlighted for analysis. 

 

In the Layout tab of the Procedure Desktop Window a description of all λ DNA 

dilutions were inputted with corresponding dilution factors (Table 3.03) in addition to 

the duplicated blank (1× TE buffer only) sample. 

 

In the Settings tab of the Procedure Desktop Window describing the instrument settings, 

all values were set at the default parameters. 

 

Analysis of the λ DNA dilution series was conducted in the Results Desktop Window 

within the Ascent Software™ (version 2.4).  The raw fluorescent unit (RFU) 

measurements depicted in the Measure 1 tab of the Results Desktop Window were 

standardised by subtracting the averaged blank RFU measurement.  The standardised 

RFU measurements of each λ DNA dilution in the Blank 1 tab of the Results Desktop 

Window were used to calculate an ensuing 10 point standard curve for subsequent 

quantitation of experimental DNA samples.  The dependent relationship between known 

λ DNA concentration (dependent variable) and standardised RFUs (independent 

variable) is befitted by a simple linear regression relationship in the form of Equation 

3.03; 

 

cmxy +=  

 

The dependent variable is denoted as x; the concentration of λ DNA [ngml-1], and the 

independent variable is denoted as y; RFUs.  Additionally, the population parameters 

(i.e. constants) of Equation 3.03 are depicted by m; the gradient (or slope of the linear 

curve) and c; the y-axis intercept.  An example of a 10-point λ DNA standard curve is 

depicted in Figure 3.11. 
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Figure 3.11.  Graphical representation of 10 point λ DNA standard curve.  The equation of the 
linear regression is y = 0.102x – 0.131 with corresponding r = 0.99909 and r2 = 0.9982. 
 

 
 

Acceptance of individual λ DNA standard curves was based on the correlation 

coefficient (r) and coefficient of determination (r2).  The correlation coefficient is a 

(unit-less) measure of the intensity of association between the two variables (dependent 

and independent) in a simple linear regression with a range of -1 ≤ r ≤ +1 [Zar 1984].  

Correlation coefficients of –1 ≤ r < 0, r = 0 and 0 > r ≥ +1 indicate negative, no or 

positive relationships between dependent (x) and independent (y) variables, 

respectively.  Used as a measure of strength of the relationship as determined by r, the 

coefficient of determination (r2) evaluates the amount of variability in either y or x that 

is accountable for the correlation of the other variable (i.e. x or y) [Zar 1984].  To 

minimise error in the calculation of λ DNA standard (and subsequent experimental 

DNA) concentrations and report all concentrations with 95% confidence λ DNA 

standard values exhibiting r ≤ 0.9747 (∴ r2 ≤ 0.95) were rejected and re-evaluated with 

fresh λ DNA stock samples. 

 

The Fluoroskan Ascent® micro-plate fluorometer set up procedure for the experimental 

DNA sample fluorometric quantitation was as per the λ DNA standard set up with the 

following exceptions.  In the Layout tab of the Procedure Desktop Window a 
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description of all experimental DNA samples were inputted (in triplicate) with the 

appropriate 80-fold dilution factor in addition with a no (DNA) template control (NTC) 

containing only the 1× TE (Component B) buffer.  Concentration of experimental DNA 

was calculated according to the linear regression relationship described in Equation 

3.03.  An average of the three replicate individual gDNA sample concentrations was 

calculated to represent the final concentration of each individual gDNA sample.  To 

accommodate for spurious concentration calculations, concentrations of individual 

sample replicates differing by > 5% (i.e. 95% confidence) were initially rejected and 

then re-quantitated from fresh stocks of gDNA.  Sample replicates differing by > 5% 

were determined by calculating the coefficient of variation (CV) relative to the mean of 

sample replicate concentrations.  The coefficient of variation (CV) is calculated to 

express the extent of sample variability relative to the mean sample concentration [Zar 

1984].  Expressed as a percentage, the CV is calculated as per Equation 3.04; 

 

100(%) _ ×⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
=

x

SDCV  

 

Where CV(%) is the coefficient of variation, SD is the standard deviation of the mean 

sample concentration and  is the mean sample concentration. 
_

x

 

3.9.1.5 [E] Individual DNA Dilution (part 2) 

Based on the more exact fluorometric concentration reading provided by the 

PicoGreen® dsDNA quantitation assay, individual gDNA samples were further diluted 

to a concentration of 8 ngµl-1.  Dilution calculations were performed as per Equation 

3.02. 

 

3.9.1.6 [F] Fluorometric DNA Quantitation (part 2) 

Step F in the DNA pool construction procedure is a second fluorometric quantitation 

step to ensure each individual gDNA sample was consistent at a concentration of 8 

ngµl-1 ± 0.5 ngµl-1.  Minimal variability (± 0.5 ngµl-1) of individual sample 

concentration is permitted.  However, sample concentration variability (ξ) exceeding the 

bounds of 7.5 ngµl-1 ≤ ξ ≤ 8.5 ngµl-1 will augment the probability of an under- or over 
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representation of individual gDNA samples in constructed DNA pool replicates, 

respectively.  Individual gDNA samples (diluted to 8 ngµl-1) were re-quantitated as per 

the procedures outlined in 3.9.1.4 [D] Fluorometric DNA Quantitation (part 1).  

Individual gDNA sample concentration measurements > 8.5 ngµl-1 were re-diluted 

(Equation 3.02) and re-quantitated as per 3.9.1.4 [D] Fluorometric DNA Quantitation 

(part 1).  Individual gDNA sample concentration measurements < 7.5 ngµl-1 were 

discarded and fresh stocks (at 40 ngµl-1) were re-diluted (Equation 3.02) and again re-

quantitated as per 3.9.1.4 [D] Fluorometric DNA Quantitation (part 1). 

 

From the ensuing spectrophotometric quantitation (Step [B]), dilution (Steps [C] and 

[E]) and fluorometric quantitation (Steps [D] and [F]) procedures a total of 238 

migraine (case) and 238 age (± 5 years) and sexed matched non-migraine (control) 

samples from the MAPI cohort were successfully prepared at a concentration of 8 ngµl-1 

± 0.5 ngµl-1.  The reduced number of migraine and non-migraine samples from the 

original MAPI cohort (i.e. 275 migraine and 275 non-migraine individual DNA 

samples) to proceed onto the penultimate step (i.e. Step [G]) in DNA pool construction 

arose from insufficient stock volumes of individual samples that were < 7.5 ngµl-1. 

 

3.9.1.7 [G] Individual DNA Sample PCR Amplification 

Following the accurate fluorometric quantitation of all individual gDNA samples, each 

individual sample was subjected to an additional sample screening procedure to assess 

their robustness in a PCR amplification assay before being aliquoted into DNA pools.  

Individual DNA sample PCR amplification assessment is best achieved with one or two 

fluorescently labelled genetic markers as provision for a more sensitive and quantifiable 

screening assay.  Use of one fluorescently labelled genetic marker is sufficient provided 

each sample is PCR amplified in duplicate to eliminate (possible) aberrant PCR 

fluorescent signals emitted from individual DNA samples.  Individual DNA samples 

emitting excessive fluorescence are diluted before re-assessment of their PCR 

amplification robustness and samples emitting insufficient fluorescence are excluded 

prior to DNA pool construction.  This final screening procedure essentially selects 

individual DNA samples with an optimum product yield [Norton et al. 2004]. 

 

Arising from the second PicoGreen quantitation assay (Step [F]), individual migraine (n 

= 238) and non-migraine (n = 238) samples were reduced from the original 275/275 
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sample size due to their concentration measurements being too low for accurate DNA 

pooling experiments (i.e. < 7.5 ngµl-1).  Hence, samples from the reduced cohort size 

were individually screened using the short tandem repeat (STR) marker DXS8092 

(UWCM; Cardiff, Wales).  The DXS8092 PCR primer sequences were as follows; 

sense primer, 5’-FAMCAC CCT ATG GCC TAG C-3’; anti-sense primer, 5’-ACC CAA 

ACT TGC TCA GG-3’.  The sense primer was synthesised with the 6-

carboxyfluorescin (FAM) fluorophore and conjugated to the 5’ end.  DXS8092 sense 

and anti-sense primers were supplied at concentrations of 758 pmolµl-1 and 315 pmolµl-

1, respectively.  DXS8092 sense and anti-sense primer stock concentrations were diluted 

to a working concentration of 10 pmolµl-1 (Equation 3.02).  In a total PCR volume of 15 

µl, 3 pmol of each DXS8092 primer (UWCM; Cardiff, Wales), 200 µM of dNTPs (New 

England BioLabs; Beverly, USA), 1× PCR Buffer II (Applied Biosystems; Foster City, 

USA), 1.5 mM MgCl2 (Applied Biosystems; Foster City, USA), 2.4 µg BSA (New 

England BioLabs; Beverly, USA), 0.6 units (U) Taq DNA polymerase (MBI Fermentas; 

Hanover, USA) and 24 ng of individual gDNA was added.  PCR thermocycling was 

performed using a DNA Engine DYAD™ thermocycler (MJ Research; San Francisco, 

USA) under the following conditions; initial denaturation at 95°C for 4 minutes, 35 

cycles of 94°C for 20 seconds, 50°C for 30 seconds, 72°C for 20 seconds and a final 

extension step of 72°C for 10 minutes. 

 

Individual sample amplicons were diluted (1:10) with dH2O and 4 µl of diluted 

amplicon with 0.5 µl of GeneScan-400HD ROX™ internal lane size standard (Applied 

Biosystems; Foster City, USA) and 4 µl of HiDi™ Formamide were assessed by 

capillary-based electrophoresis using an ABI Prism® 3100 Genetic Analyzer (Applied 

Biosystems; Foster City, USA).  The GeneScan-400HD ROX internal lane size standard 

is a high density internal size standard with 21 fragments peaking at 50, 60, 90, 100, 

120, 150, 160, 180, 190, 200, 220, 240, 260, 280, 290, 300, 320, 340, 360, 380 and 400 

bp, respectively.  Using POP4™ polymer reactions were electrophoresed using the 

“GeneScan36_POP4 Default” module.  Electrophoretic run parameters were set as 

follows; run temperature (60°C), capillary fill volume (184 steps), pre-run voltage (15 

kvolts), pre-run time (180 seconds), injection voltage (3 kvolts), injection time (10 

seconds) and run voltage (15 kvolts).  Electrophoretic current was set at 35 µAmps and 

the laser current was set at 5.3 Amps. 

 



The fluorescence intensity of individual sample amplicons measured (in duplicate) for 

the DXS8092 genetic marker was collated and their mean ( ) calculated.  Mean 

fluorescence intensities exhibiting a CV < 5% 

_

x

(Equation 3.04) and were within the lower 

and upper bounds of 1,000 and 4,000 fluorescent units, respectively, were marked for 

inclusion into the migraine or non-migraine DNA pools.  Mean fluorescence intensities 

exhibiting a CV > 5% but were within the upper and lower bounds of fluorescent 

emission were re-assessed by PCR amplification and subsequent capillary-based 

electrophoresis.  Mean fluorescence intensities exhibiting a CV < 5% and were above 

the 4,000 fluorescent upper bound were re-electrophoresed after diluting the original 

PCR amplicon by a factor greater than the original 10-fold dilution.  Mean fluorescence 

intensities exhibiting a CV > 5% and were above the upper fluorescent boundary were 

re-assessed in their entirety by re-PCR amplification and subsequent capillary 

electrophoresis.  Mean fluorescence intensities exhibiting a CV < or > 5% and were 

below the 1,000 fluorescent unit lower bound were excluded from DNA pool inclusion. 

 

3.9.1.8 [H] DNA Pool Construction 

Arising from the individual DNA sample PCR amplification assay (Step [G]), the 

number of individual migraine (n = 238) and non-migraine (n = 238) samples was 

reduced further to a total of 179 individual migraineurs and 186 individual non-

migraineurs due to inefficient amplification yields of individual DNA samples.  Even 

though individual samples are at an equi molar concentration, substantial variation in 

PCR amplification yield amongst independent DNA samples can spuriously denote 

sample representation, i.e. under- or over representation of sample alleles, in DNA pool 

constructs. 

 

Equal volumes (10 µl) of individual migraine (n = 179) and individual non-migraine (n 

= 186) samples from the original MAPI cohort were manually aliquoted to construct the 

migraine and non-migraine pools (in triplicate), respectively (Table 3.04).  Triplicate 

migraine pools were denoted MM1, MM2 and MM3, respectively.  Triplicate non-

migraine pools were denoted CM1, CM2 and CM3, respectively. 
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Table 3.04.  Demographic parameters of individual DNA samples evaluated for inclusion into 
the migraine and non-migraine pools of DNA.  As previously described (see 3.9.1.6 [F] 
Fluorometric DNA Quantitation (part 2)) individual DNA samples were selected from the 
MAPI cohort (migraine; n = 238, non-migraine; n = 238).  In the migraine and non-migraine 
pools, no significant differences in the total number of males (χ2

α=0.05,1 = 1.92 [P = 0.167]) or 
females (χ2

α=0.05,1 = 0.46 [P = 0.498]) were observed.  n; individual numbers, %; percent, yrs; 
years, SE; standard error, SD; standard deviation. 
 

Demographic Parameter  Migraine Pool  Non-migraine Pool 
Pool size; n [%]  179 [75.8]  186 [78.8] 

Mean age (yrs) ± SE  52 ± 1  52 ± 1 
Age SD (yrs)  14  14 

Total male; n [%]  29 [16]  42 [23] 
Total female; n [%]  150 [84]  144 [77] 

 

3.9.2 SNP Marker Interrogation in DNA Pools 

The experimental protocol outlining SNP allele discrimination in DNA pool constructs 

was performed for three SNPs residing within the promoter region of the TPH gene.  

Results pertaining to SNP allele discrimination, SNP allele frequency estimation and 

analysis of estimated SNP allele frequencies within independent pools of migraine and 

non-migraine individuals are outlined, in detail, in Chapter 6. 

 

Allelic discrimination at individual single nucleotide polymorphism (SNP) loci was 

determined by the mini-sequencing, SNaPshot™ single base extension assay (Applied 

Biosystems; Foster City, USA).  Additional to a pair of PCR primers designed 

specifically for template amplification in the DNA pool constructs, the SNaPshot™ 

assay requires a third (extension) primer abutting the SNP locus of interest.  During the 

extension step of the PCR cycle, freely suspended fluorescently labelled ddNTPs (i.e. 

ddATP, ddCTP, ddGTP, ddTTP) in solution will anneal to their complementary target 

and extend the 3’ end of the extension primer by an additional nucleotide.  The 

annealing of an additional ddNTP will then terminate the reaction in a sequence-specific 

manner (Figure 3.12) [Turner et al. 2002].  Hence, the PCR primers and the 

corresponding extension primer are not synthesised with specific 5’ end labelled 

fluorophores. 



Figure 3.12.  Schematic overview of the SNaPshot™ single base extension assay.  After 
completion of DNA template amplification and post PCR amplicon preparation, an extension 
primer abutting the SNP locus of interest is extended by a single fluorescently labelled ddNTP 
[Turner et al. 2002]. 
 

 
 

Allelic discrimination within the DNA pool constructs of individual SNP loci using the 

SNaPshot™ single base extension assay consists of four stages; (1) Template 

preparation, (2) Reaction preparation, (3) Thermal cycling and post-extension treatment, 

and (4) GeneScan analysis. 

 

Stage (1) Template preparation, consists of three steps.  Step 1a (gDNA amplification); 

Amplification of pooled gDNA is performed with the highly thermostable Taq GOLD 

DNA polymerase (Applied Biosystems; Foster City, USA).  Highly stable at room 

temperature, an extended initial denaturation period of 12-15 minutes at 95°C is 

required to activate the DNA polymerase.  Optimal amplification of complex pooled 

DNA templates with Taq GOLD DNA polymerase will minimise non-specific 

background and maximise amplification of required specified amplicons.  Step 1b (Post 

gDNA PCR purification); This step is performed by subjecting the DNA pool amplicon 

to treatments of Exonuclease I (Exo I) and Calf Intestinal Alkaline Phosphatase (CIP).  

In a total post PCR reaction volume of 3 µl, 1 U of CIP (New England BioLabs; 

Beverly, USA) and 2.5 U of Exo I (New England BioLabs; Beverly, USA) were added 

to each post PCR amplicon solution.  Individual reactions were incubated at 37°C for 40 

minutes to activate both enzymes followed by an incubation period of 15 minutes at 
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85°C to de-activate both enzymes.  Synthesised from an Escherichia coli strain 

(NM554) carrying the cloned Exo I gene, Exo I treatment of DNA pool amplicons 

removes residual single-stranded oligonucleotide sequence structures from homogenous 

solutions containing double-stranded extension products (i.e. post PCR amplicons).  

Synthesised from calf intestinal mucosa, CIP treatment of DNA pool amplicons 

removes all unincorporated ddNTPs and any residual 5’ phosphate groups from nucleic 

acids.  Step 1c (Acquisition of purified template); CIP and Exo I purified DNA pool 

amplicons were then stored at -20°C before subjecting them to Stage (2) of the 

SNaPshot™ single base extension assay. 

 

Stage (2) Reaction preparation combines the purified DNA pool amplicon, SNP specific 

extension primer and the SNaPshot™ multiplex ready reaction mix.  In a 10 µl total 

reaction volume, 0.6× reaction preparation buffer [1 M Tris-HCl pH 9.0; 25 mM 

MgCl2], 1.25 µl of SNaPshot™ multiplex ready reaction mix (Applied Biosystems; 

Foster City, USA), 0.1 – 0.5 pmolµl-1 of each SNP specific extension primer (Proligo; 

Lismore, Australia) and 2 µl of purified DNA pool amplicon was added.  The 

relationship between extension primer concentration and peak height in a single base 

primer extension assay has been demonstrated to exhibit a linear characteristic [Norton 

et al. 2002].  Based on this linear relationship variation in extension primer 

concentrations for a minimally required peak height of 2,000 fluorescent units is 

calculated by Equation 3.05 [Norton et al. 2002]; 

 

( )X
Y

YX
1

1 =  

 

Where X1 is the required extension primer concentration [pmolµl-1], Y1 is the required 

peak height (fluorescent units), Y is the initial peak height (fluorescent units) and X is 

the initial extension primer concentration [pmolµl-1]. 

 

Stage (3) Thermal cycling and post-extension treatment consists of two steps.  Step 3a 

(Thermal cycling); Individual SNaPshot™ reaction thermocycling was performed using 

a DNA Engine DYAD™ thermocycler under the following conditions; initial 

denaturation at 95°C for 2 minutes, 24 cycles of 95°C for 5 seconds, 43°C for 5 seconds 
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60°C for 5 seconds and a final step at 4°C for 10 minutes.  Step 3b (Post SNaPshot™ 

extension purification); Unincorporated ddNTPs from the SNaPshot™ reaction 

preparation are removed by the addition of CIP.  In a total post SNaPshot™ reaction 

extension volume of 3 µl, 0.5 U of CIP was added to each post SNaPshot™ extension 

solution.  Individual reactions were incubated at 37°C for 40 minutes to activate the 

enzyme followed by an incubation period of 15 minutes at 85°C to de-activate the 

enzyme.  A final purification step with CIP prevents residual unincorporated ddNTPs 

hindering the capillary-based electrophoretic migration of SNaPshot™ primer extension 

products. 

 

Stage (4) GeneScan analysis of fluorescently labelled ddNTPs annealed to the 3’ end of 

SNP specific extension primers are assessed by capillary-based electrophoresis.  Two µl 

of purified post SNaPshot™ primer extension product was added to 8 µl of HiDi™ 

Formamide and assessed by capillary-based electrophoresis using an ABI Prism® 3100 

Genetic Analyzer.  Using POP4™ polymer and dye set E5 reactions were 

electrophoresed using the “SNP36_POP4 Default” module.  Electrophoretic run 

parameters were set as follows; run temperature (60°C), capillary fill volume (184 

steps), pre-run voltage (15 kvolts), pre-run time (60 seconds), injection voltage (6 

kvolts), injection time (10 seconds) and run voltage (15 kvolts).  Electrophoretic current 

was set at 35 µAmps and the laser current was set at 5.3 Amps. 

 

The operation and set up of the ABI Prism® 3100 Genetic Analyzer is very similar to 

the ABI Prism® 310 Genetic Analyzer (see 3.7 Automated GeneScan Analysis).  

Notably upgraded from the 310 instrument the 3100 instrument constitutes a 16 

capillary array in lieu of the single capillary array for the capillary-based electrophoretic 

separation of DNA amplicons. 

 

3.10 Real-Time PCR 
Based on the kinetic principles of a PCR assay (i.e. repeat cycling of template 

denaturation, primer annealing and primer extension) [Saiki et al. 1985; Saiki et al. 

1988], real-time PCR has the ability of monitoring the progress of the PCR as it occurs 

in real time using fluorescence technologies.  Data can therefore be obtained throughout 

the progress of the PCR rather than at the termination of a reaction, thus minimising 
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spuriously reported end-point results due to product inhibition, enzyme instability 

and/or exhaustion of reaction reagents [Kainz 2000].  Since it’s inception to attain a 

more accurate assessment of the PCR process during the cycling conditions rather than 

at the end-point of the reaction [Higuchi et al. 1993], real-time PCR techniques have 

been implemented further to accurately quantify initial amounts of template (DNA or 

RNA) molecules over varying degrees of concentrations and also to perform accurate 

assessment of SNP allele discrimination. 

 

3.10.1 Real-Time PCR SNP Allele Discrimination 

The assessment of SNP specific allele discrimination using real-time PCR and 

fluorescence technology was based on a 5’ nuclease assay able to detect specific 

amplification products [Livak 1999].  Use of this technology, specifically outlined in 

Chapter 7, was applied to the individual genotyping of the TPH7065 bi-allelic gene 

variant within the promoter region of the TPH gene.  It must be noted however Chapter 

7 specifically outlines the method used and novel mathematical analysis of genotypes.  

Assessment of this same TPH7065 SNP with respect to migraine susceptibility is 

documented and discussed within Chapter 6. 

 

Incorporated into a single homogeneous assay is the addition of non-labelled sense and 

anti-sense primers used to amplify a specific DNA template in conjunction with two 

independent dual labelled fluorescently tagged probes each specific for the allele of 

interest.  Dual labelled (hybridisation) probes are each synthesised with variable 5’ 

fluorescent reporter molecules for the allele of interest with a common 3’ quencher 

molecule.  Under competitive conditions the denaturation of template gDNA will 

expose its single stranded conformational structure thus allowing the annealing of the 

sense and anti-sense amplicon primers in addition to one of the allele specific 

hybridisation probes.  Independent hybridisation probes specific for either of the “wild 

type” or “mutant” allele sequences will therefore anneal to their complementary single 

stranded gDNA template (Figure 3.13).  If the target sequence is present the respective 

hybridisation probe will anneal downstream from either of the sense or anti-sense 

amplicon primer sites.  Removal (or cleavage) of the hybridised probe is achieved by 

the 5’ nuclease activity of Taq DNA polymerase as the respective amplicon primer is 

extended (Figure 3.13) [Livak 1999].  Cleavage of the hybridised probe instigates the 

removal of the 5’ fluorescent reporter molecule thus increasing the strength of 



fluorescence emission in direct proportion to the amount of amplified PCR product.  

Removal of the hybridisation probe thus allows continued extension of the amplicon 

primer to the end of the template strand (Figure 3.13) [Livak 1999]. 

 
Figure 3.13.  Fluorogenic 5’ nuclease assay depicting (1) The polymerisation (or hybridisation) 
of a dual labelled allele specific hybridisation probe, (2) Strand displacement of an independent 
annealed hybridisation dual labelled probe by the 5’ nuclease activity of Taq DNA polymerase, 
(3) Cleavage of the 5’ fluorescent reporter molecule following strand displacement, and (4) 
Completion of the polymerisation process with cleaved 5’ fluorescent reporter molecules 
emitting their characteristic fluorescent signal whilst extension of the amplicon primer continues 
to the end of the template strand [Livak 1999]. 
 

 
 

Hybridisation probes mismatching with the target template remain intact (i.e. 5’ 

fluorescent molecules remaining bound to the probe) and free-floating in solution.  

Intact probes allow the close proximity of the 3’ quencher molecule to vastly minimise 
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the emitted fluorescence of the alternative 5’ reporter molecule by fluorescence 

resonance energy transfer (FRET) [Livak 1999] from the 5’ reporter molecule to the 3’ 

quencher molecule.  Individuals homozygous for the “wild type” allele will therefore 

exhibit fluorescence emission from one of the hybridisation probes, homozygous 

individuals for the “mutant” allele will exhibit fluorescence emission from the 

alternative hybridisation probe, whilst heterozygous individuals will exhibit equivalent 

fluorescence emissions from both hybridisation probes (Figure 3.14) [Livak 1999]. 

 
Figure 3.14.  Discrimination of SNP alleles using fluorogenic hybridisation probes employing a 
5’ nuclease assay.  Perfectly matched probes enhance fluorescence emission for the respective 
5’ fluorescent molecules (e.g. FAM and/or TET).  Mismatched probes minimise the efficiency of 
probe hybridisation thus maximising the ability of the 3’ quencher molecule to negate 
fluorescent emissions of specific 5’ reporter molecules [Livak 1999]. 
 

 
 

3.10.2 Locked Nucleic Acid 

The design and synthesis of dual labelled hybridisation (oligonucleotide) probes for 

SNP specific allele discrimination of the TPH7065 bi-allelic variant within the TPH 

gene (outlined in Chapter 7), incorporated the addition of locked nucleic acid (LNA) 

nucleotide analogues juxtaposed to their DNA nucleotide counterparts.  LNA is a DNA 

analogue that includes the addition of a methylene bond (or “bridge”) between the 2’-

oxygen and the 4’-carbon atoms of the ribose molecule (Figure 3.15) [Braasch & Corey 

2001]. 

 
Figure 3.15.  Chemical structure of an LNA nucleotide analogue displaying the methylene 
“bridge” adjoining the 2’-oxygen and 4’-carbon atoms of the ribose molecule. 
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As a consequence, the methylene bridge minimises the conformational flexibility of the 

ribose structure that results in several advantages in the use of LNA nucleotides 

interspersed with DNA nucleotides for the application of real-time PCR allele specific 

discrimination.  LNA nucleotides are linked by the same phosphate backbone that is 

identified in homogeneous structures of DNA or RNA oligomers (Figure 3.16).  An 

identical phosphate backbone linking two or more LNA nucleotides allows no 

altercations in their synthesis protocol and the synthesis of LNA-DNA chimeric 

oligonucleotides (e.g. dual labelled hybridisation probes) can be achieved without 

difficulty [Braasch & Corey 2001]. 

 
Figure 3.16.  Chemical structure of an LNA dimer linked by a phosphate molecule that forms 
the basis of the phosphate backbone in all DNA-DNA, RNA-RNA or DNA-LNA duplexes. 
 

 
 

DNA-LNA chimeras increase their affinity for complementary (gDNA) target 

sequences and significantly improve the thermal stability (i.e. increase melting 

temperature) when hybridised to their DNA (or RNA) complement in comparison to 

their DNA-DNA (or RNA-RNA) counterparts [Braasch & Corey 2001].  Hybridisation 

of DNA-LNA chimeras is more sensitive to mismatched complement sequences 

[Jacobsen et al. 2002a; Jacobsen et al. 2002b; Orum et al. 1999] and the use of short 

hybridisation probes containing LNA nucleotides whilst maximising thermal stability 

also maximise allele specific discrimination [Latorra et al. 2003b; Latorra et al. 2003c]. 
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3.10.3 Rotor-Gene 3000™ 

All real-time PCR experiments were performed using the Rotor-Gene 3000™ real-time 

thermal cycling instrument (Corbett Research; Brisbane, Australia).  Utilising a 

centrifugal system, gDNA samples are spun at ~500 rpm and were thermally cycled in a 

low mass air oven [Corbett Research 2003].  Sample tubes spin past two detector 

(channel) modules as a high powered light emitting diode (LED) strobes individual 

samples and a photomultiplier (PMP) collects the resultant fluorescent energy emitted 

from each sample (Figure 3.17) [Corbett Research 2003]. 

 
Figure 3.17.  Side view of the thermal cycling chamber of the Rotor-Gene 3000™.  The LED 
source irradiates individual tubes containing gDNA samples from the side wall of the chamber 
as the rotor spins at a constant speed of ~500 rpm.  The PMP detects the energy of emitted 
gDNA sample fluorescence from the base of the chamber through one of six different filters at 
specified light wavelengths [Corbett Research 2003]. 
 

 
 

Emitted fluorescent data (i.e. emitted energy) for individual gDNA samples is then 

averaged over a number of revolutions for display as levels of fluorescence plotted 

against real-time PCR cycle number [Corbett Research 2003]. 

 

Using the New Experiment Wizard of the Rotor-Gene 3000™ software (version 5.0) 

(Corbett Research; Brisbane, Australia), each real-time PCR experiment was set up for 

either a 36-well or 72-well rotor carousel for a total reaction volume of 25 µl.  The 

temperature profile for a dual labelled probe assay constituted a two-step cycling 

protocol of an initial denaturation step followed by repeated cycling of template 

denaturation and primer/probe annealing.  Acquired data was analysed via two 

independent channel detection filters (Figure 3.17).  Emitted fluorescence from the 5’ 

 120



 121

reporter molecule 6-carboxyfluorescein (FAM) at an excitation, emission spectra of 470 

and 510 nm, respectively, was acquired on channel 1.  Emitted fluorescence from the 5’ 

reporter molecule 6-carboxy-4’,5’-dichloro-2’,7’-dimethoxyfluorescein (JOE) at an 

excitation, emission spectra of 530 and 550 nm, respectively, was acquired on channel 

2.  Manual calibration of the gain setting for each filter channel, indicating at what 

fluorescence level the real-time PCR run should start at, was set to 5 and 10 for 

channels 1 and 2, respectively.  The gain value set for channel 2 being greater than the 

gain value set for channel 1 is required because of a weaker energy output from the JOE 

5’ reporter molecule compared to the FAM 5’ reporter molecule, which in turn is due to 

the longer wave length emission of the JOE 5’ reporter molecule. 

 

3.11 Genetic Statistical Analysis 
The overall aim of the statistical analysis of simple and complex genetic traits is to 

identify or map the chromosomal location of disease causing or disease predisposing 

genetic loci.  The ascertainment of familial and/or non-familial genetic data cohorts and 

the arsenal of statistical methods used to analyse that data although available in a variety 

of methods, differ mainly in superficial details.  The true difference in computing 

likelihood’s of empirical data sets therefore lies within what assumptions have been 

considered a priori.  Whilst the ensuing outline of statistical methods will only describe 

statistical theory and statistical tests pertaining directly to the current research project, 

comprehensive reviews of genetic statistical theory and methodology can be viewed in 

Terwilliger & Göring [2000], Rao & Province [2001] and/or Haines & Pericak-Vance 

[1998]. 

 

3.11.1 Statistical Inference 

The purpose of inferential statistics is to assess selected sample (n) data sets in the 

attempt to infer conclusions about characteristics of the population (N) from which the 

sample was drawn.  The foundation of statistical inference is therefore based on (1) 

construction of a probability model to describe the nature of an event, (2) a set of 

statistical hypotheses to conditionally accept (or reject) the probability model and (3) 

empirical observations of selected sample (n) data sets [Edwards 1972].  Genetically 

“speaking”, Mendelian laws of inheritance [Mendel 1866] therefore form the basis of a 

model describing the segregation and inheritance of phenotypic and/or diseased traits.  
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Acceptance (or rejection) of this example model is based on a hypothesis driven 

approach to assess empirical data observations fitting the model with a degree of 

confidence that acceptance (or rejection) of the model is true and correct. 

 

3.11.2 Statistical Hypothesis Testing 

A significant aim in the study and identification of complex (polygenic or 

multifactorial) diseased traits is to contradict the law of independent assortment of 

known genetic loci with potential (yet unidentified) disease susceptibility loci.  In 

reference to genetic linkage, the independent assortment of genetic loci, Mendel’s 2nd 

law [Mendel 1866], referred to as the null hypothesis (H0), is therefore tested against the 

alternative hypothesis (H1) of dependent segregation.  The use of statistical hypotheses 

(H0 versus H1) to therefore conditionally accept (or reject) a population (N) probability 

model based on the likelihood of the sample (n) data befitting (or not) the population 

probability model is not without potential sources of sampling and/or statistical error.  

Statistical inference of a population based on a sample is measured objectively to 

determine which hypothesis (H0 or H1) is true and correct. 

 

A probability of 5% or less is universally accepted as the nominal statistical threshold to 

reject H0 and therefore accept the alternative H1.  The set probability is termed the 

nominal significance level and is usually denoted as the alpha (α) level.  However, the 

decision to reject H0 and accept H1 with 95% confidence indicates that erroneous 

rejection of H0 will occur 5% of the time (Table 3.05).  Hence, when H0 is rejected when 

it is in fact true, a Type I error in the statistical test is evident.  The second type of 

statistical error (Type II error) is therefore evident when H0 is retained when in fact it 

truly false (Table 3.05). 

 
Table 3.05.  The two types of error encountered in statistical hypothesis testing [Zar 1984]. 
 

Empirical Decision  Actual state of nature 
  If H0 is true  If H0 is false 

If H0 is accepted  No error 
1 - α 

 Type II error 
β 

If H0 is rejected  Type I error 
α 

 No error 
1 - β 
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3.11.3 Genetic Linkage 

The underlying concept of genetic linkage analysis is to identify the co-segregation of 

known genetic loci with an unknown diseased trait locus in familial (e.g. multi-

generational) pedigree structures.  Hence, in the current project, two known 5-HT2C 

genetic loci were assessed for co-segregation with an unknown, yet to be identified, 

migraine locus on the q arm of the X chromosome in two multi-generational familial 

pedigrees. 

 

The co-segregation of genetic loci will violate Mendel’s 2nd law of independent 

assortment during a meiotic event [Mendel 1866].  The probability of genetic loci 

adhering to Mendel’s 2nd law of independent assortment is determined by the rate of 

recombination between the two loci.  Therefore, the relationship describing the 

probability of recombination between two loci is directly proportional to the genetic 

distance between them [Borecki & Suarez 2001].  Alleles of non-syntenic genetic loci 

residing on alternative chromosomes will segregate independently during meiosis.  

Alleles of syntenic loci residing at either ends of a chromosome will also segregate 

independently of each other, but alleles of syntenic loci residing in close proximity to 

each other will co-segregate during meiosis more than 50% of the time [Terwilliger & 

Goring 2000]. 

 

The measure of genetic linkage is governed by the expected number of genetic cross-

overs per meiosis between different loci [Terwilliger & Goring 2000].  This is therefore 

determined by calculating the rate of recombination between loci and is denoted by the 

recombination fraction (θ).  Alleles of different loci exhibiting θ = 0.5 indicate 

independent assortment whilst alleles of different loci exhibiting 0 ≤ θ < 0.5 indicate 

varying degrees of dependent assortment (i.e. linkage).  The overall object of genetic 

linkage analysis is to therefore estimate θ and if 0 ≤ θ < 0.5 what is the statistical 

significance of the observed deviations from H0 (i.e. independent assortment of loci). 

 

3.11.3.1 LOD Score Analysis 

The method of evaluating linkage as first introduced by Newton E Morton [1955] is a 

hypothesis driven approach to test the segregation of genomic loci under the null 

hypothesis of no linkage (H0: θ = 0.5) against the alternative hypothesis of loci being 



linked (H1: 0 ≤ θ < 0.5).  The empirical evaluation of H0 against H1 is based on the 

likelihood odds ratio between the likelihood of linkage at a particular θ (L[0 ≤ θ < 0.5]) 

versus the likelihood of no linkage (L[θ = 0.5]).  To enable an effective means of 

combining linkage data for independent familial pedigrees, the test for linkage is 

formulated by the logarithm (to base 10) of the likelihood odds ratio to report the now 

widely identified LOD score statistic (Equation 3.06) [Morton 1955]; 
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Where Z(θ) is the calculated LOD score statistic, L(0 ≤ θ < 0.5) is the likelihood of 

linkage at a particular recombination fraction (θ), and L(θ = 0.5) is the likelihood of no 

linkage. 

 

The log likelihood’s of observed familial pedigree data is effectively determined against 

a predefined set of genetic parameters (i.e. mode of genetic inheritance, allele 

frequencies for the tested locus, observed or estimated disease penetrance values, 

observed or estimated disease gene (allele) frequency and the value of θ between the 

tested locus and (possible) disease locus). 

 

Traditionally, a Z(θ) ≥ 3 is required to provide prima facie evidence in favour of linkage 

between two loci thus indicating that the odds of linkage against no linkage are 

favourable by 1,000:1 [Morton 1955].  To minimise areas of the human genome in 

search of positional candidates of diseased traits, genetic linkage analysis can also 

exclude genetic loci of known genomic location.  Traditional log likelihood ratios of 

Z(θ) ≤ -2 are considered as significant evidence against linkage with the odds of 

accepting H0: θ = 0.5 being 1:100 or less [Morton 1955]. 

 

Although the “traditionalist” approach to report positive linkages may hold true at a 

point-wise level in that an extreme deviation from the H0: θ = 0.5 occurred just by 

chance, the reality faced by genemapping efforts occurs at a genome-wide level [Lander 

& Kruglyak 1995].  To therefore minimise the occurrence of reporting false linkages at 

a genome-wide level a more statistical significant LOD score of Z(θ) ≥ 3.6 is set 

[Lander & Kruglyak 1995].  Equating to a probability (P) value ≤ 2×10-5, the 
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expectation of reporting a significant linkage (by chance) at the genome-wide level is 

therefore about 0.05.  That is, there is a 5% chance of randomly identifying a linkage 

region with a probability value (P) ≤ 2×10-5.  This therefore controls the reporting of 

false linkages to be less than 5% [Lander & Kruglyak 1995].  Linkage statistical 

significance set at less stringent criteria (i.e. Z(θ) ≤ 3.6; P ≥ 2×10-5) will increase the 

chance (i.e. P > 5%) of reporting false linkage results. 

 

3.11.4 Genetic Association 

A non-parametric approach to map disease causing or disease predisposing genetic 

locus (loci), genotypic and/or allelic association analyses can primarily elucidate a 

direct or indirect mode of genetic causation or susceptibility [Pericak-Vance 1998].  A 

direct mode of genetic causation or susceptibility indicates a bona fide role of the 

selected genetic locus (loci) assayed against the disorder of interest whilst an indirect 

mode of genetic causality or susceptibility is indicative of the known (tested) genetic 

locus (loci) exhibiting an association with another (unknown) more biologically 

significant locus. 

 

The benefit of the study and application of genetic association methods is evident when 

the ascertainment of familial (e.g. multi-generational) kindred poses difficulties due to 

the late age of onset of disease and/or complications in sample collection (e.g. 

geographical location).  Genetic association analyses are also a more powerful approach 

(than “classical” linkage studies) to identify disease causing or disease susceptibility 

loci each conferring modest effects in a multifactorial phenotype [Risch & Merikangas 

1996]. 

 

The genetic association method undertaken in this research project constituted a 

population-based (case-control) design.  A population-based association study requires 

the ascertainment of independent (unrelated) individuals suffering from a disorder of 

interest (i.e. migraine, the case group) and a mutually exclusive group of independent 

(unrelated) individuals not suffering from the disorder of interest (i.e. non-migraine, the 

control group).  Evaluation of a population-based association cohort is to assess the 

genotypic and/or allelic frequency distributions of relevant genetic loci with respect to 

diseased traits in both the case and control groups [Pericak-Vance 1998].  Measured 

outcomes of case and control genotypic and/or allelic frequencies inform of their 
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statistical comparison and whether there is a significant excess of certain locus alleles in 

the case group compared to the control group.  Therefore, genotypic and/or allelic 

associations are indicative of specific genetic variants associating with a disease 

phenotype more often than expected by individual chance occurrences. 

 

Identification of specific genetic loci being associated with diseased phenotypes can 

represent one of three possibilities.  Firstly, there is evidence of the genetic locus 

portraying a direct relationship with one or more pathophysiological cascades of the 

disease [Gambaro et al. 2000].  Hence, a previously known abnormal physiological 

state (a) in disease (d) providing the rationale to test gene (g1) has been identified to 

associate with a genetic locus (v1) of gene (g1) [g1 → v1 → a → d].  Secondly, there is 

evidence of the genetic locus portraying an indirect relationship with one or more 

pathophysiological cascades of the disease [Gambaro et al. 2000].  In this scenario, an 

observed association of a genetic locus (v1), whilst not of significant pathophysiological 

relevance, with a diseased (d) phenotype is due to the association of v1 with a more 

plausible pathophysiological genetic locus (v2) of a tightly linked gene (g2) [(g1 → v1) 

↔ (g2 → v2) → a → d].  The third possibility of a significantly observed association 

can be attributable to sub-structuring within either case and/or control groups.  

Identified as population stratification, inefficient selection of a homogenous ethnic 

cohort can result in spuriously observed associations [Freedman et al. 2004].  In 

ethnically mixed populations, diseased traits that may express higher frequencies for 

one ethnic group (E1) than the other (E2) will undoubtedly spuriously elevate the true 

diseased trait frequency for E2.  Hence, the significantly observed deviation of genetic 

variation between case and control groups is not relevant to the disease phenotype but a 

consequence of population admixture in the study.  Assessment of population admixture 

can now be evaluated and if present be corrected by methods of genomic control 

[Devlin et al. 2001] or structured association [Pritchard et al. 2000].  Alternatively, a 

family-based association study design can be implemented that utilises family based 

(allelic) controls obviating error introduced with potential stratification in population-

based association cohorts [Spielman & Ewens 1996]. 

 

3.11.4.1 Chi-square Analysis 

Statistical output generated by the comparison of genetic loci variant frequencies 

observed in case and control groups is computed by the chi-square (χ2) statistic.  A 



notable derivation of a normally distributed sample population, a χ2 distribution, or 

otherwise termed a probability density function (PDF), is characterised by non-negative 

values (0 ≥ χ2 ≥ ∞), a non-symmetrical (positively skewed distribution) and a single 

parameter (degrees of freedom) governing independent χ2 distributions (Figure 3.18) 

[Zar 1984].  The degrees of freedom (df), or often denoted as the Greek letter nu (ν), is 

the single, identifying parameter of a χ2 distribution indicating the number of 

unrestricted random variables in the distribution [Zar 1984]. 

 
Figure 3.18.  Characteristic properties of a χ2 (PDF) distribution exhibiting a non-negative limit 
(0 ≥ χ2 ≥ ∞), positive skewness and independent distributions based on df = 1, df = 2, df = 3, df 
= 13 and df = 15.  df; degrees of freedom. 
 

 
 

Applied to compare the relationship between two independent variables (observed case 

and control data), the χ2 statistic calculates the difference between observed and 

expected frequencies of case and control data under the null hypothesis of no genotypic 

and/or allelic frequency preponderance in the diseased (case) group.  Definition of the 

χ2 statistic for a 2×C contingency table is depicted in Equation 3.07; 
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with ν degrees of freedom; 

 

( )( )11 −−= CRν  

 

Where R is the number of rows in the table (for case control association analyses R = 2) 

and C is the number of columns in the table (dependent upon the type of genetic marker 

assessed, e.g. SNP or STR, and evaluation of genotype or allele frequency differences, 

C will vary accordingly).  Additionally, Oij refers to the observed genotype or allele 

frequency in the ith row and jth column of the 2×C contingency table and Eij refers to 

the expected genotype or allele frequency in the corresponding ith row and jth column 

of the 2×C contingency table if the null hypothesis were true.  Calculation of expected 

frequencies based on observed frequencies is determined by Equation 3.08; 
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Where Eij is the expected genotype or allele frequency of 2×C contingency table cell ij; 

Ri is the observed frequency total of row i for cell ij; Cj is the observed frequency total 

of column j for cell ij and nTotal is the sum of observed row totals; 

 

∑
=

k

i
iR

1
 

 

or the sum of observed column totals; 
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for the 2×C contingency table.  Note, that the sum of observed row totals should equal 

the sum of observed column totals; 
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Once the χ2 statistic has been calculated its significance can be ascertained from a table 

of critical values of the χ2 distribution (Figure 3.19) [Zar 1984]. 

 

Figure 3.19.  A PDF depicting the critical value of a χ2 statistic with three degrees of freedom 
(df = 3) at an α significance level of 0.05 (χ2

α=0.05,3 = 7.81).  Calculated χ2 statistics below or 
above this critical value are deemed non-significant or significant, respectively, with 95% 
confidence. 
 

 
 

3.11.5 Linkage Disequilibrium 

Darwinist idealism promotes evolutionary forces to select mutational events for the 

betterment of an organism’s genetic fitness and adaptability.  The lengthy process of 

selection can however, also bare witness to mutational events that promote diseased 

traits (sometimes diminishing genetic fitness) over prolonged familial generations.  The 

occurrence of novel disease causing or disease predisposing mutations will 

instantaneously promote a relationship(s) with adjacent pre-existing syntenic genetic 

loci [Devlin & Risch 1995].  A relationship of this union of loci constitutes the 

dependent association of a disease causing or disease predisposing allele (di) at a newly 

mutated diseased locus (d) with either allele (g1 or g2) of a pre-existing syntenic genetic 

locus (g), assuming both the d and g are bi-allelic loci.  The terms linkage 

disequilibrium (LD) and allelic association are often used interchangeably to denote the 

aforementioned dependent association of alleles at two syntenic loci.  The creation of 

new alleles (using the above mutational example) will therefore transmit non-randomly 

with alleles of established loci to subsequent generations in what is referred to as a 
 129



haplotype unit.  The magnitude of LD within a panmictic population is primarily 

governed by the probability of meiotic events (i.e. recombination) between associated 

loci and the amount of LD is dependent upon the age of the ancestral mutation and the 

history of human population size and structure [Weiss & Clark 2002].  Evolutionary 

forces aside, the principle force behind the dissipation of LD is the rate of 

recombination between loci over k generations which can be described by Equation 3.09 

[Sham 1998]; 
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Where k is the number of generations required for the dissipation of LD back to a state 

of linkage equilibrium, fd is the decay factor and θ is the rate of recombination between 

loci.  Graphically depicted in Figure 3.20, the dissipation of LD is best described as a 

function of the recombination between loci (i.e. recombination fraction θ).  The closer 

the two loci are (i.e. tightly linked) the extended number of familial generations is 

required to dissipate the pre-existing allelic linkage (Figure 3.20). 

 
Figure 3.20.  The dissipation of LD (Equation 3.09) in a panmictic population over several 
orders of θ [Sham 1998].  θ = 0.5 (solid line), θ = 0.1 (dash, dot, dot line), θ = 0.01 (dashed line), 
θ = 0.001 (dash, dot line), θ = 0.0001 (dotted line). 
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The rate of LD is a dynamic phenomenon given the non-uniform rates of recombination 

throughout the human genome [Stumpf 2002].  The suggestion that the human genome 

is organised into “blocks” of high LD (∴low recombination) and low LD (∴high 

recombination) also suggest the magnitude of LD extends over varying genetic 

distances for differing genetic loci and amongst heterogeneous ethnic groups [Daly et 

al. 2001; Goldstein 2001].  Whilst simulated data analysis suggests LD extending over 

physical distances as low as ~3 kb [Kruglyak 1999], empirical estimates have reported 

the extent of LD within the human genome to vary between 50 – 100 kb [Collins et al. 

1999; Lonjou et al. 1999; Reich et al. 2001] for SNP loci.  The extent of LD has also 

been empirically observed up to 4 cM (i.e. ~4 Mb) between STRs in some chromosomal 

regions [Huttley et al. 1999]. 

 

3.11.5.1 Measurement of LD 

Aside from the formation of novel haplotype structures from ancestral mutation events, 

the creation of allelic associations can also be attributable to random genetic drift, 

founder effects, selection and population admixture and stratification [Griffiths et al. 

1999].  These evolutionary forces can therefore obscure the true effect of the vertical 

transmission of meiotic events in determining the magnitude of LD between two loci.  

Inflated variation in LD and/or spurious allelic relationships between two loci can also 

be possible, hence, misrepresenting the true physical distance between them [Devlin & 

Risch 1995].  Measurement of LD magnitude between loci can therefore provide a 

logical indication of the strength of association between a disease causing or disease 

predisposing allele (di) with either allele (g1 or g2) of a pre-existing syntenic genetic 

locus (g), assuming both the d and g loci are bi-allelic.  LD magnitude can be measured 

by either calculating the square of the standardised measure (∆2) [Hill & Weir 1994], 

Lewontin’s D’ statistic [Lewontin 1964], a robust formulation of the population 

attributable risk (δ) [Levin & Bertell 1978], Kaplan and Weir’s proportional difference 

(d) [Kaplan & Weir 1992] or Yule’s Q [Yule 1900]. 

 

Assuming haplotypes are structured from a bi-allelic genetic system and based on the 

null distribution (H0) of no statistical association between a disease predisposing allele 

(di) and alleles at an adjacent locus (g1 or g2), measurement of LD was independently 

calculated for the two 5-HT2C variants and the two nNOS variants using Lewontin’s D’ 

statistic [Lewontin 1964].  By calculating the difference between the observed and 



expected (i.e. H0) number of haplotypes containing the disease causing or disease 

predisposing allele (di) and either of the g1 or g2 alleles, denoted as an LD parameter 

 

iiiiii gdgdgd pppD −=  

 

where  is the population frequency of the haplotype d
ii gdp igi;  is the allele frequency 

at the disease causing or disease predisposing locus (d) and  is the allele frequency 

at the adjacent locus (g) [Teare et al. 2002].  Dependent upon the chosen haplotype (i.e. 

d

idp

igp

ig1 or dig2) the D’ measure of LD will be either positive of negative.  To alleviate 

effects of variation in allele frequencies the absolute value of Lewontin’s D’ statistic 

[Lewontin 1964] is determined as a useful measure of LD (Equation 3.10) [Teare et al. 

2002]; 
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Applicable to STRs (and ∴variable number of tandem repeats [VNTRs]) and SNP (and 

∴insertion deletion [indel]) polymorphic loci, the 'D  measure of LD is a widely used 

measure with a range of 0 ≤ 'D  ≤ 1.  'D  = 1 denotes complete LD where a disease 

causing or disease predisposing allele (di) only ever segregates with alleles (g1 or g2) of 

another locus (∴ for a bi-allelic system, a total of three haplotypes will be observed) 

[Teare et al. 2002].  Alleles remaining in complete LD since the occurrence of an 

ancestral mutation therefore represent a complete lack of recombination between the 

two loci.  'D  = 0 denotes perfect incomplete LD that may imply a significant history 
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(e.g. age) between polymorphic loci that has achieved linkage equilibrium (i.e. 

independent segregation of alleles at differing loci). 

 

3.11.6 Expectation Maximisation Algorithm 

The expectation maximisation (EM) algorithm [Dempster et al. 1977] is a numerical 

procedure of determining the optimum maximum likelihood estimates (MLEs) of a 

vector of parameters for a given biological model (i.e. observed counts of haplotype 

data) in the absence of empirical data.  The EM algorithm comprises a series of iterative 

expectation and maximisation steps until an estimated parameter vector befitting the 

missing data best represents the available data to formulate an optimum complete data 

set [Sham 1998].  A plausible range of unknown parameter (expected) values are 

initially assumed to then calculate expected values of missing data to be incorporated 

with the available data to constitute a complete data set.  This first procedure is the 

expectation step as expected values from an assumed parameter vector are inputted as 

the first set of missing values.  The complete data set is then used to determine MLEs of 

the initial parameter estimates in an attempt to improve the initial parameter estimates.  

This second procedure known as the maximisation step uses the improved parameter 

estimates as the basis of the next expectation step to obtain an improved set of expected 

(imputed) values of the missing data.  The newly acquired (expected) missing values are 

then integrated with pre-existing available (observed) data to then formulate in another 

maximisation step to produce an even more accurate estimate of parameter values 

[Sham 1998].  Alternative expectation and maximisation steps are repeated until 

changes in the parameter estimates cease thus indicating parameter estimates best fitting 

the model of missing data. 

 

3.11.7 Statistical Power 

The notion of statistical power (ψ) is based on the probability that employed statistical 

tests will correctly identify a statistically significant result.  With reference to genetic 

association analyses, the application of statistical hypothesis testing aims to assess the 

probability model of equi-frequent genetic variation between case and control groups 

(H0) versus non equi-frequent genetic variation between the two groups (H1).  If the 

probability of committing a Type II statistical error (Table 3.05) equates to β (i.e. 
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retaining H0 when in fact it is indeed false), the compliment (1 - β) is therefore the 

probability of correctly rejecting H0.  Hence, ψ = 1 – P(type II error) = 1 -β (Equation 3.11). 

 

The statistical power (ψ) of a genetic association study is a variable parameter and can 

be completely determined as a function of three additional fixed (dependent) parameters 

constituting the significance level (α), sample size (n) and effect size (ε).  The 

significance level (α) influences the likelihood of statistical significance and as the 

stated α level increases statistical significance is more readily achieved, but the chance 

of committing a Type I statistical error (Table 3.05) (i.e. falsely reject H0 when in fact it 

should be retained) increases proportionally.  The size of a study sample (n) and its 

relationship to ψ provides a means of protection from committing a Type I statistical 

error.  The power of a study will increase in proportion to the increase in n.  If α is set to 

a more stringent statistical threshold (e.g. 5% lowered to 1%), then to retain ψ there 

needs to be an increase in n.  The third fixed parameter in determining ψ is the effect 

size (ε) one would expect to observe in a case group compared to a control group if such 

a difference in genetic variation frequency truly exists.  For example, an effect size of 2 

(i.e. ε = 2) indicates a two-fold difference in the frequency of a tested genetic variation 

in a case group compared to a matched control group.  As ε decreases, n needs to 

increase in order to retain ψ.  Smaller values of n create greater risks of failure unless ε 

is large. 

 

3.11.7.1 Migraine Association Population Power Analysis 

Statistical power assessment of the MAPI (n = 275) and MAPII (n = 305) migraine 

association cohorts was calculated in accordance with a two-way contingency table 

analysis (see Equation 3.07) [Cohen 1988; Lalouel & Rohrwasser 2002] based on 

several assumptions.  The true nature of multifactorial disorders would exhibit several 

genetic loci that each expressed, be it additive or multiplicative, a modest effect towards 

the overall phenotype.  Of the currently identified migraine loci (n = 8), 5% of this total 

number (~1) was factored to be falsely represented as a true migraine locus.  Hence, the 

adjusted statistical significance to identify one of seven loci within the genome was set 

to α = 0.007 (i.e. 0.05/7).  Therefore, the adjusted statistical significance level was 

incorporated to determine the statistical power of the MAPI, MAPII and MAPI & 

MAPII cohorts, respectively. 



 

To calculate statistical power (ψ) in a sample cohort of n migraine cases (nm) and n non-

migraine controls (nnm), the frequency of the rarer genetic variant, albeit quite 

conservative, in the control population (pnm) was set to 0.1 to detect varying effect sizes 

(1.1 ≤ ε ≤ 2.0) in the matched case population.  Frequency of the rarer genetic variant in 

the matched case population is denoted as pm and corrected statistical significance was 

set to α = 0.007. 

 

With a geometric mean of 
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where nm and nnm are the sample sizes of the case and control cohorts, respectively, 

application of an arcsine transformation to both the rare genetic frequency in the case 

group (pm); 

 

mm parcsin2=θ  

 

and the rare genetic frequency in the matched control group (pnm); 

 

nmnm parcsin2=θ  

 

with a fixed α, nm and nnm, an equi-detectable difference between pm and pnm is provided 

with a more robust ε index [Cohen 1988].  Therefore, the ε index for a difference 

between pm and pnm is denoted as; 
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The statistical power (ψ) of the MAPI and MAPII association cohorts was therefore 

calculated a priori by Equation 3.12 [Lalouel & Rohrwasser 2002]; 
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Where  (statistical power; ψ) is the Z score for the shaded area under the normal 

distribution curve to obtain a power of (1 - β) [Zar 1984], h is the ε index for a 

difference between p

β−1z

m and pnm, n is the geometric mean of the distribution and  is 

the Z score for the shaded area under the normal distribution curve at the set 

significance (α) level [Zar 1984]. 

α−1z

 

Statistical power (ψ) for the MAPI (nm = 275; nnm = 275) and MAPII (nm = 305; nnm = 

305) association cohorts calculated in accordance with the aforementioned parameters 

(i.e. α = 0.007, 1.1 ≤ ε ≤ 2.0, pnm = 0.1) are tabulated and graphically depicted in Table 

3.06 and Figure 3.21, respectively. 

 
Table 3.06.  Tabulated ψ calculations for the MAPI (n = 275) and MAPII (n = 305) association 
cohorts for an adjusted significance level α = 0.007 and a rare genetic variant frequency in the 
control group pnm = 0.1 across a range of effect sizes 1.1 ≤ ε ≤ 2.0.  ψ for the combined MAPI 
and MAPII association cohort (n = 580) α = 0.007, pnm = 0.1 is also depicted. 
 

  MAPI  MAPII  MAPI & MAPII 
ε  ψ (n = 275)  ψ (n = 305)  ψ (n = 580) 

1.1  0.0192  0.0202  0.0294 
1.2  0.0446  0.0485  0.0869 
1.3  0.0885  0.0985  0.1977 
1.4  0.1587  0.1788  0.3632 
1.5  0.2514  0.2843  0.5570 
1.6  0.3669  0.4090  0.7291 
1.7  0.4880  0.5398  0.8577 
1.8  0.6103  0.6673  0.9345 
1.9  0.7190  0.7703  0.9744 
2.0  0.8106  0.8531  0.9913 
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Figure 3.21.  A graphical representation of the ψ calculations presented in Table 3.06 for the 
MAPI (dotted line), MAPII (dashed line) and combined MAPI and MAPII (solid line) association 
cohorts. 
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Genetic studies exhibiting a probability of ≥ 0.80 at an α level corrected for multiple 

genetic determinants are considered to have enough power to detect an effect size (ε) 

between case and control cohorts.  Hence, the MAPI, MAPII and combined MAPI and 

MAPII association cohorts were powerful enough to detect effect sizes of 2, 2 and 1.7, 

respectively, (Table 3.06) and (Figure 3.21). 

 

3.12 Statistical Programs 

3.12.1 GENEHUNTER-PLUS 

Linkage analysis has proven to be an effective means of investigating diseases with 

known inheritance patterns.  Ambiguous disease models and modes of transmission, 

however, can be detrimental to classic linkage applications if disease models and/or 

modes of transmission are specified incorrectly.  A model free, or non-parametric 

linkage (NPL) approach was implemented using the GENEHUNTER-PLUS (X linked 

version 1.2) software package [Kong & Cox 1997] to therefore minimise LOD score 

analysis error under potential disease parameter and/or disease inheritance 

misspecification. 

 

GENEHUNTER-PLUS is a modification of the original GENEHUNTER program 

[Kruglyak et al. 1996] that can determine the number of alleles shared identical by 
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descent (IBD) amongst two or more affected relatives.  Measures of allele sharing IBD 

aim to deduce the extent of allele sharing inherited from a common ancestor (maternal 

or paternal) at a particular locus (or loci) in affected individuals more often than 

expected by chance.  An excess of allele sharing IBD amongst affected pedigree 

members constitutes evidence for linkage if the test statistic exceeds the nominated 

significance level. 

 

The NPLall statistic of the GENEHUNTER-PLUS program was performed to provide a 

simultaneous comparison of all alleles in all affected individuals of a given pedigree 

(MF7 and MF14).  Opposed to the NPLpairs statistic which analyses allele sharing data 

amongst pairs of affected pedigree members only, the NPLall statistic is a more powerful 

statistic as it is able to simultaneously assess more then two affected relatives sharing 

the same allele IBD [Kruglyak et al. 1996].  The NPLall statistic produced in 

GENEHUNTER-PLUS is based on a scoring function (Sall) to capture the allele sharing 

amongst all affected pedigree members given an inheritance vector (υ) as denoted in 

Equation 3.13 [Whittemore & Halpern 1994]; 
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Where a is the number of affected individuals in the pedigree, h is collection of alleles 

generated by acquiring one allele from each affected individual (with 2a possible 

collections), 2f is the total number of founder alleles in the pedigree (i.e. the total 

number of different alleles of distinct origin) and bi(h) is the total number of a specific 

founder allele (i) identified in the collection of alleles h (for i = 1,…,2f). 

 

The NPLall statistic is therefore calculated for all possible inheritance patterns which are 

then normalised by computing the Zall score (Equation 3.14) [Kruglyak et al. 1996]; 
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Where µ and σ are the mean and standard deviation, respectively, of Sall under the null 

hypothesis of no linkage (i.e. affected pedigree members allele sharing IBD conforms to 

expectations) across all possible inheritance vectors (υ).  Under the hypothesis of no 
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linkage, Zall has a mean (µ) = 0 and variance (σ2) = 1 [Kruglyak et al. 1996].  A 

maximised Z (LOD score) score across m pedigrees is then calculated by an overall Z 

statistic (Equation 3.15) [Kruglyak et al. 1996]; 
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Where m is the number of pedigrees, (Zall)i is the normalised score for the ith pedigree 

and γi is a weighting factor so that under the null hypothesis of no linkage (Z with a µ = 

0 and σ2 = 1); 

 

mi
1

=γ  

 

3.12.1.1 GENEHUNTER-PLUS Program Input 

The operation of GENEHUNTER-PLUS (X linked version 1.2) to analyse migraine 

families 7 (MF7) (Figure 3.01) and 14 (MF14) (Figure 3.02) required the input of a pre-

linkage file (gh+.pre), data file (gh+.dat) and a genehunter-plus input file (gh+.in). 

 

The standardised format of the gh+.pre file inputs data for each individual on separate 

lines that contain the following information; 

 
Column 1: Pedigree identifier (any number or character string)
Column 2: Individual identification (any number or character 

string)
Column 3: The individual’s father (founder fathers are entered 

in as 0)
Column 4: The individual’s mother (founder mothers are entered 

in as 0)
Column 5: Individual’s sex (1 = male, 2 = female)
Column 6: Individual’s disease affection status (0 = unknown, 1 

= unaffected, 2 = affected)
Columns 7 – k: Genetic data (pairs of alleles entered for k genetic 

loci)

 

Format of the gh+.dat file inputting various data parameters, disease information and 

genetic marker information is as follows*; 
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2  0  1  5 << number of loci, risk locus, sex linked (if 1), program 
  0 0.0 0.0  0 << mutation locus, mutation rate, haplotype frequencies 
(if 1) 
  1 << Marker order 
 1 2 << affection locus, number of alleles 
  0.88  0.12 << Disease gene frequencies 
 1 << number of liability classes 
  0.007  0.7  0.7 << Penetrance values (female) 
  0.007  0.7 << Penetrance values (male) 
 3 2 << The number 3 is obligatory, number of alleles for marker ki 

  0.9 0.1 << Allele frequencies for marker ki

 0 0 << Sex difference, interference (if 1 or 2) 
 0.1 << Recombination values 
  1  0.05  0.5 << Recombination varied, Increment, Finishing value 
*Character strings to the right of ‘<<’ are for descriptive purposes only and are not apart of the inputted gh+.dat 
data file. 
 

Whilst NPL analysis minimises LOD score errors due to potential disease parameter 

and/or disease inheritance misspecification, the gh+.dat file provides information on 

the type of analysis to be performed (i.e. sex linked) and the number of genetic loci in 

the analysis. 

 

Format of the gh+.in file lists the data preparation commands and GENEHUNTER-

PLUS mapping commands for the supplied gh+.pre and gh+.dat input files, and is as 

follows; 

 
photo mf7-14gh.out 
load markers mf7-14.dat 
use 
single point on 
count recs on 
haplotype on 
discard off 
max bits 16 
skip large off 
analysis both 
score all 
postscript on 
off end 0.0 
increment step 2 
scan pedigrees mf7-14.pre
total stat 

 

The photo command instructs the GENEHUNTER-PLUS program to send the analysis 

output to an (*.out) output file.  The load markers command reads in the marker-

locus gh+.dat data file that is required by every subsequent step in the GENEHUNTER-

PLUS analysis procedure.  The use command is used to select the current map that the 

scan command will operate on.  Turning on the single point option instructs 

subsequent scan and total commands to calculate and display single-point LOD and 
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NPL scores for each marker in the data set individually rather than in multi-point mode.  

Turning on the count recs command activates the recombination counting mechanism 

in the scan command and outputs the overall count of recombinants at each interval in 

addition to the expected value for the analysed data set.  Activation of the haplotype 

command instructs the scan command to report the most likely inferences made 

regarding the haplotypes of the individuals in each pedigree.  The one disadvantage of 

GENEHUNTER-PLUS is the restriction placed on pedigree sizes equating to 2n – f ≤ 16, 

where n is the number of non-founders and f is the number of pedigree founders.  The 

discard command therefore eliminates less genetically informative pedigree members 

to maximise analysis computation with minimal loss of pedigree information as a 

whole.  Unaffected pedigree members with no descendents and genetically 

uninformative parents will be discarded from the overall analysis.  The max bits 

command trims the pedigree to a maximum size (default n = 16) to again maximise 

computational efficiency.  Deactivating the skip large command allows pedigree 

individuals to be trimmed until the analysed pedigrees are small enough to be analysed 

within the setting of the max bits command.  Pedigree trimming is performed to 

maximise pedigree linkage information (e.g. unaffected individuals in the youngest 

generation).  The analysis command set to ‘both’ employs both LOD and NPL 

analyses to be performed on inputted pedigrees.  The score command sets the NPL 

scoring function and was set to simultaneously assess allele sharing IBD amongst all 

affected pedigree members (Sall scoring function) (Equation 3.13).  Activation of the 

postscript command allows the graphical output of computed LOD and NPL 

statistics.  The off end command controls how far before the first marker and after the 

last marker map scores are to be calculated (default value = 0 cM).  The increment 

step command instructs at what genetic distance intervals (e.g. every 2 cM) LOD and 

NPL scores are to be calculated.  The scan pedigrees command instructs the 

GENEHUNTER-PLUS program to read the gh+.pre pedigree input file to perform LOD 

and NPL analyses on the specified pedigrees.  The total stat command instructs the 

GENEHUNTER-PLUS program to output analysis scores from the current scan of 

multiple pedigrees.  Analysis scores include the sum of LOD scores, combined NPL 

scores, average (genetic) information content and P-values of the raw NPL score total. 
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3.12.2 CLUMP 

The CLUMP statistical program [Sham & Curtis 1995] is optimally implemented for the 

analysis of 2×C contingency tables exhibiting large values of C and sparsely distributed 

observed cell counts.  Contingency tables exhibiting large values of C and sparsely 

distributed observed cell counts are generally associated with the analysis of STR or 

VNTR genetic markers where the number of observed alleles is ≥ 3.  Potentially, the 

analysis of highly polymorphic markers in a population-based association cohort can 

introduce statistical difficulties.  Application of the CLUMP program therefore alleviates 

possible invalid association tests of significance by assessing a more realistic 

asymptotic sampling distribution of the χ2 statistic (Equation 3.07) [Sham & Curtis 

1995].  Additionally, the increased number of observed alleles will increase the number 

of degrees of freedom (ν), hence, a resultant reduction in the power of the test when a 

small sub-set of observed alleles (and not the whole set of observed alleles) actually 

contributes to the overall significant deviation between case and control cohorts [Sham 

& Curtis 1995]. 

 

Used to implement Monte Carlo statistical methods, CLUMP evaluates the significance 

of χ2 values in four modes of output (T1, T2, T3, T4) under s number of simulations.  

The level of significance for each mode is determined by observing the number of times 

each simulated test statistic is exceed by chance.  Due to deflated power estimates of the 

T2 and T3 test statistics, the T1 and T4 test statistics are recommended for association 

analyses between phenotypic traits and highly polymorphic genetic loci [Sham & Curtis 

1995]. 

 

The T1 statistic is obtained by imputing the raw 2×C contingency table data to calculate 

a χ2 value.  Monte Carlo simulations of the imputed raw 2×C contingency table assess 

the number of times simulated table data yielding a χ2 value is ≥ the χ2 value obtained 

from the observed (real) table [Sham & Curtis 1995].  The T4 statistic calculates a 2×2 

contingency table by clumping the columns of the original 2×C contingency table to 

maximise the χ2 value.  The clumped χ2 value is an inflated value for what is normally 

expected of a normal χ2 statistic with ν = 1 [Sham & Curtis 1995].  The T4 statistic 

therefore ameliorates the loss of power of the test statistic of data sets with high degrees 

of freedom. 
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3.12.2.1 CLUMP Program Input 

CLUMP analyses for the two nNOS genetic variants, the AADC D7S2422 STR variant 

and the MAOA promoter VNTR variant were initiated by launching the clump 

executable command.  All data was manually inputted to instruct the CLUMP program 

of the number of alleles, the observed allele counts for migraine (case) data, the 

corresponding observed alleles for non-migraine (control) data, the number of 

simulations to be performed (n = 5000) and the random number seed to initiate the 

random number generator compiled within the CLUMP program. 

 

3.12.3 EH+ 

A modification of the original EH (Estimated Haplotypes) program [Terwilliger & Ott 

1994; Xie & Ott 1993] used to test for allelic (marker-marker) association between loci, 

EH+ (version 1.2) is a more computationally efficient program in the presence of large 

numbers of haplotypes generated by multi-allelic data [Zhao et al. 2000].  Due to multi-

allelic loci generating large numbers of potential genotypes not observed, EH+ considers 

the input of observed genotypes only and not all possible combinations of potential 

genotypes.  EH+ can also perform the basic tests for allelic association between bi-

allelic loci.  The EH+ test for marker-marker association compares the log likelihood 

(L0) under the H0 that no markers are associated with the log likelihood (L1) under the 

H1 that the markers are associated with each other (i.e. LD).  In addition to the L0 and L1 

log likelihood’s, EH+ outputs a χ2 value and appropriate ν under the hypotheses H0 and 

H1. 

 

3.12.3.1 EH+ Program Input 

Marker-marker association analysis of genetic loci was performed independently for 

variants within the 5-HT2C and nNOS genes by first running the permutation and model 

free analysis program PM+ to produce the sole input file required for EH+ on a list of 

observed genotypic data.  PM+ requires the input of two files, (1) pm+.dat; is the data 

file of observed genotypes and individual affection status, and (2) pm+.par; is the 

parameter file describing the pm+.dat data file and the type of analysis required. 

 

The format of the pm+.dat data file was [ID] [label] [1a] [1b] [2a] [2b] … [ka] [kb], 

where [ID] is the identification number of n individuals (1, 2, 3 … n), [label] is the case 
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(1) and control (0) status of each individual and [1a] [1b] [2a] [2b] … [ka] [kb] are pairs 

of numbered alleles for k loci. 

 

The pm+.par parameter file at most contains six lines with line 1 consisting of four 

integer variables (a, b, c, d), where a is the number of marker loci in the pm+.dat data 

file, b indicates either marker-marker analysis (0) or disease-marker analysis (1), c 

informs the program if affection status of subjects is to be permuted in a disease-marker 

analysis (1) or not (0) and d is the number of permutations to be performed.  For the 

marker-marker analysis d was set to zero.  Line 2 indicates the number of alleles for all 

marker loci in the pm+.dat data file.  Line 3 consists of two variables, the first 

indicating whether genotypes in the pm+.dat data file are provided as pairs of alleles (0) 

or numbered genotypes (1) and the second denoting screen output of genotypes being 

suppressed (0) or allowed (1).  Line 4 is a numerical string of 0 or 1 indicator variables 

corresponding to each marker locus in the analysis where 0 indicates the marker is 

present in the pm+.dat data file but is not to be used and 1 indicates the marker is 

present in the pm+.dat data file and is to be used.  Line 5 is a numerical string of 0 or 1 

indicator variables for each marker determining which block a marker belongs to for 

permutation analysis of marker-marker data.  Line 6 indicates disease allele frequencies 

plus penetrance values for disease-marker analysis only.  Marker-marker analyses did 

not include parameter information at line 6. 

 

The PM+ program is run to generate the sole EH+ input data file (eh+.dat).  The 

eh+.dat file was then inputted into the EH+ program to produce the sole EH+ output 

file eh+.out in the following format; 
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Estimates of Gene Frequencies (Assuming Independence) 
----\---------------------------------------------- 
locus \ allele     1       2       3       a         k

--------\------------------------------------------ 
   1    |          p11     p12      p13      p1k      
   2    |          p      p       p       p       21 22 23 2k

--------------------------------------------------- 
# of Typed Individuals: nti
 
There are nh Possible Haplotypes of These 2 Loci. 
They are Listed Below, with their Estimated Frequencies: 
---------------------------------------------------- 
| Allele   Allele  |      Haplotype Frequency      | 
|   at       at    |                               | 
| Locus 1  Locus 2 |  Independent   w/Association  | 
---------------------------------------------------- 
   1        1              h0,11          h1,11  
   1        2              h0,12          h1,12  
   1        3              h           h   0,13 1,13

   .        .               .             .   
   .        .               .             .   
   ai       aj              h0,ij          h1,ij  
---------------------------------------------------- 
# of Iterations = ni
 
                                       df    Ln(L)    Chi-square 
---------------------------------------------------------------- 
H0: No Association                     ν0    Ln(L)0        χ20
H1: Allelic Associations Allowed       ν1    Ln(L)1        χ21

 

The above eh+.out output file is explained as follows; Observed alleles numbering 1, 

2, 3,…, ak depict frequencies of p11, p12, p13,…,p1k and p21, p22, p23,…,p2k for loci 1 and 

2, respectively, from nti successfully genotyped (i.e. observed genotypes) individuals.  

Overall there are nh possible haplotypic combinations for the two genotyped loci.  

Independent haplotypic frequency observations (h0,11, h0,12, h0,13,…,h0,ij) are based from 

the null distribution of no association between loci (i.e. linkage equilibrium) whilst 

haplotypic frequency observations w/Association (h1,11, h1,12, h1,13,…,h1,ij) are based 

from the alternative distribution of association between loci (i.e. linkage 

disequilibrium). 

 

3.12.4 2LD Calculator 

The two locus linkage disequilibrium (2LD) calculator [Zhao 2002] is a program used to 

calculate measures of gametic disequilibrium between two polymorphic loci.  The 

strength of their association using haplotypic frequency data (w/Association) requires a 

solitary data input (*.dat) file.  The format of the 2LD *.dat file is as follows; Line1 

consisting of three integer variables (a, b, c), where a is the number of alleles at locus 1, 

b is the number of alleles at locus 2, and c is the number of typed individuals (nti) as 
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depicted in the eh+.out file.  Lines 2 – h1,ij consist of the observed haplotype 

frequencies w/Association as depicted in the eh+.out file.  The strength of association 

(i.e. LD) is reported by Lewontin’s D’ statistic [Lewontin 1964]. 



 

Chapter 4 
 

Genotyping Part 1A: 
 

“An Investigation of the 5-HT2C Receptor 

Gene as a Migraine Candidate Gene” 
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4.1 Genotyping Part 1A 
Chapter 4 “Genotyping Part 1A:  An investigation of the 5-HT2C receptor gene as a 

migraine candidate gene” is the first of a series of chapters describing differing 

techniques in genotyping technology.  In what could be described as an “evolution” of 

genotyping technology, Chapter 4; Genotyping 1A begins the series by outlining 

standard PCR techniques and a slab gel based genotyping methodology, incorporating 

the use of synthesised restriction enzymes to identify either “wild-type” or “mutant” 

DNA sequences.  The identification of two polymorphic variants within the human 

serotonin receptor 2C gene was investigated using a slab gel based genotyping method 

in addition to DNA sequencing.  The aim was to determine whether variants in this gene 

are implicated in migraine. 

 

4.2 Introduction 
Migraine, a common complex neurovascular disorder, affecting ~12% of the Western 

world remains largely idiopathic.  Characteristic of this debilitating disorder are 

recurrent attacks of severe headache, vomiting, photophobia and phonophobia.  

Frequency and duration of these symptoms are highly variable among affected 

individuals.  Current clinical diagnoses of migraine categorize the disorder into either 

migraine without aura (MO) (previously common migraine) and migraine with aura 

(MA) (previously classical migraine) [IHS 1988; IHS 2004]. 

 

Evidence for genetic factors in migraine has been demonstrated by twin heritability 

studies indicating pairwise concordance rates being higher in monozygotic (MZ) twins 

than in dizygotic (DZ) twins [Honkasalo et al. 1995; Larsson et al. 1995].  Familial risk 

estimates have indicated that ~50% of migraine sufferers have an affected first degree 

relative [Goadsby et al. 1991].  Familial risk for MO and MA in first degree relatives of 

probands is increased 2.9 and 2.2 fold, respectively, in comparison with the general 

population [Russell et al. 1993].  Additionally, spouses of the probands were less 

susceptible to the risk of migraine than were first degree relatives, thus suggesting the 

importance of genetic factors [Russell et al. 1993].  Epidemiological studies conducted 

approximately 10 years apart have reported a 1-year prevalence of migraine varying 

between 17.6-18.6% amongst females, and 5.7-6.5% amongst males [Lipton et al. 2001; 

Stewart et al. 1992]. 
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The strong preponderance of females to males (3:1) suffering from typical migraine, 

and an excess of migraine affected females from male probands [Nyholt et al. 1998a] 

infers an X-linked genetic component in migraine aetiology.  However, the 

preponderance of females may also be attributable to hormonal risk factors [Colson et 

al. 2004, 2005] and/or gender specific differences.  Further support of an X-linked 

genetic component has however been documented by linkage studies reporting 

significant excess allele sharing to a genomic region telomeric to the q arm of the X 

chromosome (Xq24-q28) in two large multi-generational pedigrees [Nyholt et al. 

1998a; Nyholt et al. 2000].  Residing under this linkage peak is the serotonin 2C 

receptor (5-HT2C) candidate gene localised to the Xq24 cytogenetic band [Milatovich et 

al. 1992].  Belonging to the 5-HT2 receptor subclass, this receptor has been implicated 

in gastrointestinal and vascular smooth muscle contraction, platelet aggregation, 

neuronal depolarisation and the disorders of hypertension and migraine [Borne 1994].  

The density of 5-HT2C receptors has reported to be the highest within the choroid plexus 

of rats with lower levels of the receptor protein identified within the cerebral cortex, 

hippocampus, striatum and substantia nigra [Kennett et al. 1994].  The distribution of 

receptor proteins in the rat is very similar to the distribution in humans as these findings 

support previous autoradiographic and mRNA distribution studies [Abramowski et al. 

1995].  High levels of the 5-HT2C receptor in the choroid plexus have initiated 

suggestions that it may regulate cerebral spinal fluid levels.  Preliminary results from 

Chugani et al. [1999] also noted increased cerebral blood flow in the brain stem during 

migraine headache, and patients with migraine displaying a significantly higher 

serotonin synthesis capacity in all brain regions studied, a finding specific to patients 

with MO.  Fluctuations in serotonin levels and its metabolite, 5-HIAA have been known 

to occur, before and during a migraine attack [Anthony et al. 1967; Curran et al. 1965; 

Rolf et al. 1981].  The importance of this gene as an aetiological candidate for migraine 

is further enhanced due to evidence of serotonin receptors interacting with various drugs 

used to alleviate migraine headache [Fozard & Kalkman 1994; Kalkman 1994, 1997; 

Schmuck et al. 1996].  In addition, Kennett et al. [1994] hypothesised that the 5-HT2C 

receptor may also mediate the prophylactic effects of the non-selective 5-HT2C receptor 

antagonists in migraine treatment. 

 



4.2.1 5-HT2C Genetic Variation 

The general genomic arrangement of the 5-HT2C gene is described by six exonic regions 

spanning across the 5’ untranslated region (5’UTR), open reading frame (ORF) and 3’ 

untranslated region (3’UTR) [Stam et al. 1994; Xie et al. 1996].  Spanning across the 

5’UTR and ORF is exon 3, whilst exon 6 spans across both the ORF and 3’UTR (Figure 

4.01).  Polymorphic variations within the 5-HT2C gene have previously been identified 

within the ORF [Lappalainen et al. 1995] and 3’UTR [Song et al. 1999] areas of the 

gene, respectively (Figure 4.01).  The ORF 5-HT2C locus describes a guanine (G) to 

cytosine (C) transversion within exon 4 which subsequently encodes a non-synonymous 

serine (Ser23) to cysteine (Cys23) amino acid substitution at codon 23 [Lappalainen et al. 

1995] within the first transmembrane domain of the receptor protein [Stam et al. 1994; 

Xie et al. 1996] (Figure 4.01).  The 3’UTR 5-HT2C locus describes a thymine (T) to 

guanine (G) transversion that resides 2103 nucleotides downstream from the ATG 

translation start site [Song et al. 1999] (Figure 4.01).  Although the precise nature and 

biological function of genomic 3’UTR regions are obscure, the involvement of 

posttranscriptional control of gene expression arising from eukaryotic mRNA has been 

purported [Wang et al. 1997]. 

 
Figure 4.01.  Schematic representation and organisation of the human serotonin 2C receptor 
gene (5-HT2C) [Stam et al. 1994; Xie et al. 1996].  The two reported polymorphic loci are located 
within exon 4 (68G→C) [Lappalainen et al. 1995] and the 3’UTR domain of exon 6 (2103T→G) 
[Song et al. 1999].  Physical (nucleotide) distances are reported from the mRNA sequence.  The 
ATG translation start site within exon 3 is denoted as (+1). 
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4.2.2 5-HT2C Gene and Migraine 

Previously reported migraine linkage [Buchwalder et al. 1996] and migraine association 

[Burnet et al. 1997; Racchi et al. 2004] studies of the ORF 5-HT2C locus have provided 

less than favourable evidence for the involvement of this genetic locus in migraine 

susceptibility.  Point-wise LOD scores for microsatellite markers spanning the Xq22-

q25 genomic region assessed under an X-linked dominant mode of inheritance with a 
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diseased gene frequency of 0.1 and penetrance of 0.9 did not support evidence of 

linkage to migraine in this genomic region [Buchwalder et al. 1996].  Additionally, 

population based association studies performed in independent Danish [Burnet et al. 

1997] and Italian (MA phenotype only) [Racchi et al. 2004] cohorts failed to identify 

significant genotype and/or allele frequencies between their respective migraine (case) 

and non-migraine (control) groups.  Whilst the Danish study was seemingly powerful 

enough to detect a bona fide effect between case (n = 242; 137 men, 105 women) and 

control (n = 129; 95 men, 34 women) groups, the Italian study however, was grossly 

under powered to detect any realistic effect size (identified in a multifactorial disorder) 

between their case (n = 44; 14 men, 30 women) and control (n = 30; 16 men, 14 

women) groups.  Based on the approximate 3:1 preponderance of women to men 

suffering migraine (see Figure 1.09) [Lipton & Stewart 1993, 1998; Lipton et al. 1999], 

the aforementioned migraine association studies also report different female to male 

ratios of migraine sufferers possibly due to sampling bias. 

 

To date there has been no published reports analysing the 3’UTR 5-HT2C locus and 

migraine, hence, subsequent haplotypic analyses and the possible extent of LD between 

the ORF and 3’UTR 5-HT2C loci is yet to be determined. 

 

A comprehensive overview of the 5-HT2C gene utilizing linkage, association and 

sequencing methodology to test both the ORF and 3’UTR loci for involvement in 

typical migraine encompassing both MO and MA subtypes was thus undertaken.  

Association analysis (i.e. LD analysis) between the ORF and 3’UTR 5-HT2C loci was 

also performed. 
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4.3 Materials and Methods 

4.3.1 Subjects and Diagnosis 

Before subject acquisition, Griffith University’s Ethics Committee for Experimentation 

on Human Subjects approved ethical clearance.  All participating subjects in the study 

gave informed consent and were of Caucasian origin.  Diagnosis of typical migraine 

was carried out by an approved questionnaire (Appendix B) and clinical evaluation 

carried out by a neurologist in accordance with specified migraine diagnostic criteria set 

by the IHS [IHS 1988; IHS 2004].  Two multi-generational Caucasian pedigrees, 

denoted MF7 (see Figure 3.01) and MF14 (see Figure 3.02), shown previously to exhibit 

excess allele sharing to Xq24-q28 markers [Nyholt et al. 1998a; Nyholt et al. 2000] 

were selected for non-parametric linkage analysis of the 5-HT2C polymorphisms.  

Twenty of the tested 28 individuals in MF7 (see Figure 3.01), and 16 of the tested 36 

individuals in MF14 (see Figure 3.02) were diagnosed with either MO or MA.  

Population based association analysis was also carried out on the MAPI cohort of 275 

unrelated migraineurs (case) and 275 unrelated non-migraineurs (control) who were 

matched for sex, age (± 5 years) and ethnicity (Caucasian origin).  This association 

population provided a female to male ratio of 2.8:1 and thus a more realistic 

representation of the female and male population prevalence (∴minimising potential 

sampling bias) as opposed to other population based migraine association studies 

[Burnet et al. 1997; Racchi et al. 2004].  Ethnically matched populations are important 

to avoid population stratification and hence, the possible reporting of false positive 

associations. 

 

4.3.2 Genotype Discrimination 

DNA preparation for linkage, association and DNA sequence analysis required 20 ml of 

peripheral blood from each subject.  Isolation of DNA from venous blood leukocytes 

was performed using a modified extraction procedure as first described by Miller et al. 

[1988] as outlined in Chapter 3 (see 3.4 DNA Isolation). 
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4.3.2.1 5-HT2C ORF Locus 

The 5-HT2C 68G→C ORF locus was assessed in MF7 and MF14, and in the MAPI 

association cohort using PCR technology.  The amplification primers (Proligo; Lismore, 

Australia) were as follows; sense primer, 5’-TTG GCC TAT TGG TTT GGG AAT-3’; 

anti-sense primer, 5’-GTC TGG GAA TTT GAA GCG TCC AC-3’ [Lappalainen et al. 

1995].  Oligonucleotide site specific mutagenesis was employed in the design of the 

sense primer to introduce a mismatch between the “wild type” DNA template sequence 

(i.e. 68G) thus introducing a HinfI restriction enzyme recognition sequence.  The HinfI 

restriction enzyme (New England BioLabs; Beverly, USA) recognises the nucleotide 

sequence 5’-G▼AN[A, C, G, or T]TC-3’ to produce sticky ended fragments.  In a total 

PCR volume of 25 µl, 200 nM of each 5-HT2C 68G→C primer (Proligo; Lismore, 

Australia), 200 µM of dNTPs (New England BioLabs; Beverly, USA), 1× PCR Buffer 

II (Applied Biosystems; Foster City, USA), 1.75 mM MgCl2 (Applied Biosystems; 

Foster City, USA), 4.0 µg BSA (New England BioLabs; Beverly, USA), 1.0 U of Taq 

DNA polymerase (MBI Fermentas; Hanover, USA) and 40 ng of gDNA was added.  

Thermocycling was performed using the PC-960C cooled thermal cycler (Corbett 

Research; Brisbane, Australia) under the following conditions: initial denaturation at 

94°C for 4 minutes, 35 cycles of 94°C for 1 minute, 50°C for 1 minute, 72°C for 1 

minute and a final extension step of 72°C for 2 minutes. 

 

In a total restriction enzyme digest assay volume of 20 µl, 10 U of HinfI enzyme, 1× 

NEBuffer 2 [50 mM NaCl; 10 mM Tris-HCl; 10 mM MgCl2; 1 mM dithiothreitol (pH 

7.9 at 25°C)] (New England BioLabs; Beverly, USA) and 16 µl of the 5-HT2C 68G→C 

PCR amplicon was added.  The HinfI restriction digest assay was incubated at 37°C 

(Sanyo Scientific; Bensenville, USA) for 16 hours.  The digested DNA fragments were 

electrophoretically separated on 5% high resolution agarose gels (Progen; Brisbane, 

Australia) and run at 75 volts for 60 minutes.  DNA bands were visualised on an 

ultraviolet (UV) light box (Pharmacia; Sweden) after ethidium bromide (EtBr) (Sigma 

Chemicals; St Louis, USA) staining.  Molecular sizes (bp) of fragmented DNA bands 

were assessed by a 100 bp DNA molecular weight ladder (New England BioLabs; 

Beverly, USA).  Individuals homozygous for the 68G genotype (GG) encoding the 

Cys23Cys23 amino acid product will not undergo HinfI digestion and thus exhibit a DNA 

fragment of 104 bp.  Individuals homozygous for the 68C genotype (CC) encoding the 

Ser23Ser23 amino acid product will undergo HinfI digestion and thus exhibit DNA 
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fragments at 86 and 18 bp.  Heterozygous individuals (GC) encoding the Cys23Ser23 

amino acid product will exhibit DNA fragments at 104, 86 and 18 bp. 

 

4.3.2.2 5-HT2C 3’UTR Locus 

The 5-HT2C 2103T→G 3’UTR locus was assessed in MF7 and MF14, and in the MAPI 

association cohort using PCR technology.  The amplification primers (Proligo; Lismore, 

Australia) were as follows; sense primer, 5’-GCT TTT CAC TTC TTA AGG CCC G-

3’; anti-sense primer, 5’-CAA TTG ATG TTG AAT CCT G-3’ [Song et al. 1999].  

Oligonucleotide site specific mutagenesis was employed in the design of the sense 

primer to introduce a mismatch between the “wild type” DNA template sequence (i.e. 

2103T) thus introducing a SmaI restriction enzyme recognition sequence.  The SmaI 

restriction enzyme (New England BioLabs; Beverly, USA) recognises the nucleotide 

sequence 5’-CCC▼GGG-3’ to produce blunt ended fragments.  In a total PCR volume 

of 15 µl, 200 nM of each 5-HT2C 2103T→G primer (Proligo; Lismore, Australia), 1× 

MasterAmp PCR PreMix E (Epicentre®; Madison, USA), 0.6 U of Taq DNA 

polymerase and 40 ng of gDNA was added.  Thermocycling was performed using the 

PC-960C cooled thermal cycler under the following conditions: initial denaturation at 

94°C for 4 minutes, 35 cycles of 94°C for 1 minute, 50°C for 1 minute, 72°C for 30 

seconds and a final extension step of 72°C for 2 minutes. 

 

In a total restriction enzyme digest assay volume of 20 µl, 5 U of SmaI enzyme, 1× 

NEBuffer 4 [50 mM potassium acetate; 20 mM Tris-acetate; 10 mM magnesium 

acetate; 1 mM dithiothreitol (pH 7.9 at 25°C)] (New England BioLabs; Beverly, USA) 

and 10 µl of the 5-HT2C 2103T→G PCR amplicon was added.  The SmaI restriction 

digest assay was incubated at 25°C using a PC-960C cooled thermocycler for 16 hours.  

The digested DNA fragments were electrophoretically separated on 5% high resolution 

agarose gels and run at 75 volts for 60 minutes.  DNA bands were visualised on an UV 

light box after EtBr staining.  Molecular sizes (bp) of fragmented DNA bands were 

assessed by a 100 bp DNA molecular weight ladder.  Individuals homozygous for the 

2103T genotype (TT) will not undergo SmaI digestion and thus exhibit a DNA fragment 

of 161 bp.  Individuals homozygous for the 2103G genotype (GG) will undergo SmaI 

digestion and thus exhibit DNA fragments at 141 and 20 bp.  Heterozygous individuals 

(TG) will exhibit DNA fragments at 161, 141 and 20 bp. 
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4.3.3 DNA Sequence Analysis 

Five (1 male, 4 female) affected individuals from MF7 with an average age (± standard 

error) of 49 ± 10 years all suffering from MA were selected for DNA sequence analysis.  

An additional seven individuals (3 male, 4 female) from MF14 with an average age of 

52 ± 10 years (2 with MO, 5 with MA) were also selected for exonic mutation 

screening.  Primers specific for the coding regions of the 5-HT2C gene, that is, exons 3, 

4, 5 and 6 were designed to perform PCR amplification of coding specific DNA 

sequence (Table 4.01).  In a total PCR volume of 25 µl, 200 nM of each 5-HT2C exon 

specific amplification primer (Table 4.01) (Proligo; Lismore, Australia), 200 µM of 

dNTPs, 1× PCR Buffer II, 1.75 mM MgCl2, 4.0 µg BSA, 1.0 U of Taq DNA 

polymerase and 40 ng of gDNA was added.  Thermocycling for exons 3-6 was 

performed using the PC-960C cooled thermal cycler under the following conditions: 

initial denaturation at 94°C for 4 minutes, 35 cycles of 94°C for 1 minute, 60°C for 1 

minute, 72°C for 1 minute and a final extension step of 72°C for 2 minutes.  The exonic 

PCR fragment sizes were assessed electrophoretically on 2% agarose gels and run at 90 

volts for 45 minutes.  DNA bands were visualised on an UV light box after EtBr 

staining.  Molecular sizes (bp) of fragmented DNA bands were assessed by a 100 bp 

DNA molecular weight ladder. 
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Table 4.01.  PCR primer sequence design for sequencing of the 5-HT2C coding regions.  Exon sizes and PCR amplicon sizes are quoted in base pairs (bp).  
Genomic DNA (gDNA) physical base position quoted in base pairs (bp) and measured from the ATG translation start site within exon 3 of the 5-HT2C gDNA 
sequence (Ensembl Gene ID; ENSG00000147246).  Intronic sequence quoted in lower case font, exonic (coding) sequence quoted in UPPER CASE font; exonic 
(non-coding, i.e. UTR) sequence quoted in UNDERLINED UPPER CASE font. 
 

Exon     Exon
size 

 Sense primer (5’→3’)  gDNA  Anti-sense primer (5’→3’)  gDNA PCR
amplicon 

3  114  tcc cca gAA AGG ATG ATA TGA TG  -86 →  
-64 

 atc ctt acA GGA ATG AAT GCA C  +43 →  
+22 

 129 

4  314  ttt tca gTG TGC ACC TAA TTG G  +4,351 →  
+4,373 

 gta ctt acC ATA AAG GAT TGC C  +4,679 →  
+4,748 

  

  

  

  

329

5  201  tct ttc agA TTA TGT CTG GCC AC  +121,513 → 
+121,535 

 tta ttt acC TAT AGA AAT TGC CC  +121,729 → 
+121,707 

217

6a  3473  tcc ttt agG TGT ATC AGT TCC TA  +179,799 → 
+179,821 

 CTC CTT CTT CTT TCT TCG GCG T  +180,135 → 
+180,115 

337

6b    TGA AGT GCT GCA AGA GGA ATA 
CG 

 +180,047 → 
+180,069 

 GTT GGA GAA TGC CCT TCG GTA  +180,399 → 
+180,379 

353

6c    AAT GTG TTT GTT TGG ATT GGC 
TAT G 

 +180,307 → 
+180,331 

 GGC ATG ATT GTA AAG TAC AAG GTT 
GC

 +180,788 → 
+180,763 

  482

 

 

http://www.ensembl.org/Homo_sapiens/geneview?gene=ENSG00000147246
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4.3.3.1 DNA Gel Extraction and Purification 

Extraction and purification of gDNA from the 2% agarose gels prior to gDNA 

sequencing preparation was performed using a Qiagen (Doncaster, Australia) QIAquick 

Gel Extraction Kit Protocol.  Extraction and purification of agarose bound gDNA 

fragments was in accordance to the following steps. 

 

Step (1); Excision of the gDNA fragment from the agarose gel was performed using a 

sterile scalpel (10 blade) (Swann-Morton; Sheffield, UK). 

 

Step (2); Each gel slice was weighed on a FX-3000 balance (Selby Scientific & 

Medical; Lidcombe, Australia) in a 2 ml microcentrifuge tube (Quality Scientific 

Plastics; St Louis, USA) to which 3 volumes of Buffer QX1 to 1 volume of gel was 

added. 

 

Step (3); 2 ml microcentrifuge tubes were incubated at 50°C (Sanyo Scientific; 

Bensenville, USA) for 10 minutes or until the gel slice had completely dissolved. 

 

Step (4); The dissolved gel slice solution was assessed for a yellow colorimetric 

reaction indicating adsorption of DNA is complete and bound to the QIAquick 

membrane at a pH of ≤ 7.5.  An orange or violet end-point colorimetric reaction 

indicates the sample solution to be at a pH > 7.5, thus indicative of insufficient binding 

of DNA to the QIAquick membrane.  The pH of the dissolved agarose solution is 

lowered by the addition of 10 µl of 3 M sodium acetate (Sigma Chemicals; St Louis, 

USA) if required. 

 

Step (5); One gel volume of 100% isopropanol (Merck; Kilsyth, Australia) was added to 

the dissolved agarose sample and mixed well to increase the yield of DNA fragments < 

500 bp and > 4 kb. 

 

Step (6); A QIAquick spin column was placed into a 2 ml collection tube. 

 

Step (7); The total dissolved agarose solution was applied to the QIAquick spin column 

and centrifuged (Heraeus Sepatech Biofuge B centrifuge; Copenhagen, Denmark) at 

11,000 rpm for 1 minute to bind purified DNA to the spin column. 
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Step (8); Flow through solution was discarded and the QIAquick spin column was 

placed back into the 2 ml collection tube. 

 

Step (9); All traces of agarose gel were removed by the addition of a further 0.5 ml of 

buffer QX1 to the QIAquick spin column and centrifuged at 11,000 rpm for 1 minute. 

 

Step (10); The QIAquick spin column was then washed with Buffer PE and centrifuged 

at 11,000 for 1 minute. 

 

Step (11); The solution flow through was discarded and the QIAquick spin column was 

again centrifuged at 11,000 rpm for a further minute. 

 

Step (12); The QIAquick spin column was placed into a clean 1.5 ml microcentrifuge 

tube (Quality Scientific Plastics; St Louis, USA). 

 

Step (13); Elution of DNA from the QIAquick spin column was performed by the 

addition of 30 µl of QIAquick elution buffer to the spin column and allowing it to stand 

at room temperature for 1 minute prior to centrifugation at 11,000 for 1 minute.  The 

flow through solution containing purified gDNA was then subjected to pre- and post-

sequencing preparation as described in Chapter 3 (section 3.8 DNA Sequencing). 

 

4.3.4 Statistical Analysis 

Linkage analysis has proven to be an effective means of investigating diseases with 

known inheritance patterns.  Ambiguous disease models and modes of transmission, 

however, can be detrimental to “classic” linkage applications.  Model free linkage 

analysis was therefore carried out on the MF7 and MF14 multigenerational migraine 

pedigrees using the Sall scoring function of the GENEHUNTER-PLUS (X linked version 

1.2) program to avoid any such associated ambiguities [Kong & Cox 1997]. 

 

Population-based association analyses between the migraine and non-migraine groups 

of the MAPI cohort was performed by a standard χ2 contingency table analysis (see 

Equation 3.07).  The power of the association population was based on two alternative 

hypotheses of an associated rare allele at an adjusted α = 0.007 allowing for genome 
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wide multiple genetic determinants (n = 7) for the 5-HT2C ORF and 3’UTR 

polymorphisms exhibiting a prevalence of 15% (i.e. pnm = 0.15) and 4% (i.e. pnm = 

0.04), respectively.  Therefore, to detect a two-fold increase (i.e. ε = 2.0) in the case 

group (nm = 275) compared to the control group (nnm = 275) of the MAPI cohort, 

statistical power (ψ) of this study was calculated (see Equation 3.12) to be 

approximately 95% and 33%, respectively.  It should be noted that these power 

estimates do not factor in the effects of disease and marker parameters such as 

penetrances, trait-influencing allele frequency and distance from markers to trait-

influencing loci. 

 

Linkage disequilibrium (LD) analysis was performed on the ORF and 3’UTR 5-HT2C 

loci using the Estimated Haplotypes + (EH+) program [Terwilliger & Ott 1994; Xie & 

Ott 1993] on male and female data separately, due to males being hemizygous for X-

linked loci.  The strength of LD between the two loci was computed using the two-locus 

disequilibrium (2LD) calculator [Zhao 2002] and reported by Lewontin’s D’ statistic 

[Lewontin 1964]. 

 



4.4 Results 

4.4.1 5-HT2C ORF Locus Allele Discrimination 

PCR amplification of the 5-HT2C 68G→G ORF locus in the MAPI migraine and non-

migraine cohorts generated an amplicon product size of 104 bp and was initially 

electrophoresed on 2% agarose slab-gels to assess PCR amplification success (Figure 

4.02).  Successfully amplified DNA samples were then subjected to a HinfI restriction 

digest assay to distinguish individuals for the Cys23Cys23, Cys23Ser23 or Ser23Ser23 

genotypes, respectively.  Homozygous (Cys23Cys23) individuals exhibited a DNA 

fragment at 104 bp, homozygous (Ser23Ser23) individuals exhibited DNA fragments at 

86 and 18 bp, and heterozygous (Cys23Ser23) individuals exhibited DNA fragments at 

104, 86 and 18 bp, respectively (Figure 4.03). 

 
Figure 4.02.  5-HT2C 68G→C ORF locus PCR amplification assessment.  Successful PCR 
amplicons are depicted at 104 bp.  PCR amplicons were run on 2% agarose gels at 90 volts for 
~30 minutes.  DNA bands were visualised on an UV light box after EtBr staining.  Molecular 
sizes of fragmented DNA bands were assessed by a 100 bp DNA molecular weight ladder. 
 

100 bp

200 bp
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Figure 4.03.  5-HT2C 68G→C ORF locus HinfI restriction digest allele discrimination assay.  
Lane 1 depicts the 100 bp DNA molecular weight ladder.  Lane 8 depicts an individual DNA 
sample homozygous for the Cys23Cys23 amino acid product (GG; 104 bp).  Lanes 3-5 and 7 
depict individual DNA samples heterozygous for the Cys23Ser23 amino acid product (GC; 104, 
86 and 18* bp).  Lane 6 depicts an individual DNA sample for the Ser23Ser23 amino acid product 
(CC; 86 and 18* bp).  Lane 2 depicts a no (DNA) template control (NTC).  *The resolving power 
of the slab gel could not detect the 18 bp fragment. 
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4.4.2 5-HT2C 3’UTR Locus Allele Discrimination 

PCR amplification of the 5-HT2C 2103T→G 3’UTR locus in the MAPI migraine and 

non-migraine cohorts generated an amplicon size of 161 bp and was initially 

electrophoresed to assess PCR amplification success (Figure 4.04).  Successfully 

amplified DNA samples were then subjected to a SmaI restriction digest assay to 

discriminate individuals for the 2103TT, 2103TG or 2103GG genotypes, respectively.  

Homozygous (2103TT) individuals exhibited a DNA fragment at 161 bp, homozygous 

(2103GG) individuals exhibited DNA fragments at 141 and 20 bp, and heterozygous 

(2103TG) individuals exhibited DNA fragments at 161, 141 and 20 bp, respectively 

(Figures 4.05a and 4.05b). 

 
Figure 4.04.  5-HT2C 2103T→G 3’UTR locus PCR amplification assessment.  Successful PCR 
amplicons are depicted at 161 bp.  PCR amplicons were run on 2% agarose gels at 90 volts for 
~30 minutes.  DNA bands were visualised on an UV light box after EtBr staining.  Molecular 
sizes of fragmented DNA bands were assessed by a 100 bp molecular weight ladder. 
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Figure 4.05.  5-HT2C 2103T→G 3’UTR locus SmaI restriction digest allele discrimination assay.  
a; Lane 1 depicts the 100 bp DNA molecular weight ladder.  Lane 2 depicts an individual DNA 
sample homozygous for the 2103TT genotype (161 bp).  Lane 3 depicts an individual DNA 
sample heterozygous for the 2103TG genotype (161, 141 and 20* bp).  b; Lane 1 depicts the 
100 bp DNA molecular weight ladder.  Lane 2 depicts an individual DNA sample homozygous 
for the 2103TT genotype (161 bp).  Lane 3 depicts an individual DNA sample homozygous for 
the 2103GG genotype (141 and 20* bp).  *The resolving power of the slab gel could not detect 
the 20 bp fragment. 
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4.4.3 Migraine Genetic Linkage Analysis 

Members of the MF7 (Figure 4.06) and MF14 (Figure 4.07) pedigrees were genotyped for 

the 5-HT2C ORF and 3’UTR loci as previously outlined in sections 4.4.1 5-HT2C ORF 

Locus Allele Discrimination and 4.4.2 5-HT2C 3’UTR Locus Allele Discrimination, 

respectively.  The co-segregation of the 5-HT2C loci and a putative X-linked migraine 

locus [Nyholt et al. 1998a; Nyholt et al. 2000] within the MF7 and MF14 pedigrees was 

empirically analysed using the GENEHUNTER-PLUS (X version 1.2) genetic linkage 

programme [Kong & Cox 1997]. 

 

The Sall scoring function (see Equation 3.13) of GENEHUNTER-PLUS (X version 1.2) 

calculates identity by descent (IBD) allele sharing between all individuals in the 

inputted multi-generational migraine pedigrees simultaneously [Kong & Cox 1997].  

Reporting the GENEHUNTER-PLUS LOD* score statistic provides a more efficient 

measure of incomplete inheritance information, and selection of the exponential allele 

sharing model (asm-Exp) over the linear allele sharing (asm-Lin) provides a better fit to 

data consisting of a small number of pedigrees (n = 2) [Kong & Cox 1997].  For the 5-

HT2C ORF locus, a LOD* score of 0.0158 (P = 0.405) was reported for the MF7 and 

MF14 pedigrees, both with heterozygosity values < 0.1.  Additionally, a LOD* score of 

0.0338 (P = 0.346) was reported for the 5-HT2C 3’UTR locus in both the MF7 and 

MF14 pedigrees with heterozygosity values of 0 and < 0.1, respectively.  Very low 

heterozygosity values for either pedigree is indicative of very little genetic information, 

hence, minimising power to trace the vertical transmission of alleles (genomic regions) 

through subsequent generations.  It must be noted however, that the migraine affection 

status of additional individuals within MF7 and MF14 have been characterised further 

since the initial studies on these families as reported by Nyholt et al. [1998a; 2000].  

The high amount of homogeneity of both the 5-HT2C ORF and 3’UTR markers in MF7 

(Figure 4.06) and MF14 (Figure 4.07) pedigrees of the current research would not have 

reported dissimilar linkage results if tested in the characterised MF7 and MF14 

pedigrees assessed by Nyholt et al. [1998a; 2000]. 

 



Figure 4.06.  Migraine family 7 (MF7) depicting genotypes for the 68G→C 5-HT2C ORF locus (denoted as marker 1) and genotypes for the 2103T→G 5-HT2C 3’UTR 
locus (denoted as marker 2).  Genotypes for pedigree members denoting a question mark (?) were not recorded due to no DNA collection for that particular 
individual.  Genotypes for pedigree members denoting a dash (- -) were unsuccessful due to failure of the PCR assay. 
 

?
I:2

II:1 II:2 II:3

III:1 III:2 III:3 III:4

?
III:5 III:6 III:7 III:8 III:9 III:10 III:11 III:12

?
III:13

IV:1 IV:2 IV:3 IV:4 IV:5 IV:6 IV:7 IV:8 IV:9 IV:10

?
I:1

1: ?
2: ?

1: ??
2: ??

1: --
2: TT

1: G
2: T

1: GC
2: --

1: GG
2: TT

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: ?
2: ?

1: GG
2: TT

1: G
2: T

1: G
2: T

1: GG
2: TT

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: ?
2: ?

1: G
2: T

1: GG
2: TT

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: GG
2: TT

1: GG
2: TT

1: G
2: T

1: G
2: T

1: G
2: T

 
 

 163



Figure 4.07.  Migraine family 14 (MF14) depicting genotypes for the 68G→C 5-HT2C ORF locus (denoted as marker 1) and genotypes for the 2103T→G 5-HT2C 
3’UTR locus (denoted as marker 2).  Genotypes for pedigree members denoting a question mark (?) were not recorded due to no DNA collection for that particular 
individual.  Genotypes for pedigree members denoting a dash (- -) were unsuccessful due to failure of the PCR assay. 

?
I:1

?
I:2

II:1 II:2 II:3

?
II:4 II:5

?
II:6

III:1

?
III:2 III:3 III:4 III:5 III:6 III:7

?
III:8

?
III:9 III:10 III:11

IV:1 IV:2 IV:3 IV:4 IV:5 IV:6 IV:7 IV:8 IV:9 IV:10 IV:11 IV:12 IV:13

?
IV:14 IV:15 IV:16

V:1

1: ?
2: ?

1: ??
2: ??

1: G
2: T

1: GG
2: TT

1: G
2: T

1: ??
2: ??

1: GG
2: TT

1: ?
2: ?

1: GG
2: TT

1: ?
2: ?

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: G
2: G

1: G
2: T

1: ?
2: ?

1: ??
2: ??

1: G
2: T

1: GG
2: TT

1: GC
2: TT

1: GC
2: TT

1: G
2: T

1: G
2: T

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: G
2: T

1: GG
2: TT

1: GG
2: TT

1: GG
2: TT

1: GG
2: TT

1: GG
2: TT

1: ?
2: ?

1: GG
2: TT

1: G
2: T

1: GG
2: TT

 

164 

 

 



 165

4.4.4 Migraine Genetic Association Analysis 

The chromosomal location of the 5-HT2C gene on the q arm of the X chromosome 

(Xq24) warrants additional gender segregated statistical analyses as all males are 

hemizygous for X-linked loci.  Hence, for both 5-HT2C loci, statistical association 

analyses of both male and female data combined was performed on observed individual 

allele frequencies only.  Segregated female data analysis was conducted on both 

observed genotypic and allelic frequencies and segregated male data analysis was 

conducted on observed allele frequencies only.  Segregated male analysis is further 

advised given the female:male (3:1) preponderance of migraine sufferers, and results 

implicating an X-linked genetic component in migraine [Nyholt et al. 1998a; Nyholt et 

al. 2000].  MO and MA phenotype segregation analysis was also performed 

independently of gender status. 

 

4.4.4.1 5-HT2C ORF Locus Statistical Analysis 

4.4.4.1.1 Combined Male Female Data 

Observed male and female (combined) allele frequencies of the 5-HT2C ORF locus in 

the MAPI migraine and non-migraine cohorts are depicted in Table 4.02.  Male and 

female (combined) allele frequencies were analysed by a standard χ2 contingency test.  

Male and female (combined) allelic association for the 5-HT2C ORF locus and the 

migraine phenotype was non-significant (NS) (χ2
α=0.05,1 = 0.1; P = 0.75) (Table 4.02).  

Additionally, no significant associations were observed between the male, female 

combined MO phenotype (χ2
α=0.05,1 = 0.10; P = 0.757) or the male, female combined 

MA phenotype (χ2
α=0.05,1 = 0.05; P = 0.826) and the 5-HT2C ORF locus, respectively 

(Table 4.02). 

 
Table 4.02.  Observed male and female (combined) allele frequency data for the 5-HT2C ORF 
locus a, b. 
 

 Allele MAPI cohort 
 G  C 

Migraine (n = 275)  401 [0.86]  68 [0.14] 
MO (n =110)  162 [0.86]  27 [0.14] 
MA (n = 165)  239 [0.85]  41 [0.15] 
Non-migraine (n = 275)  395 [0.85]  71 [0.15] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine phenotypes 
and the non-migraine group. 
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4.4.4.1.2 Female Data 

Observed female genotype and allele frequencies of the 5-HT2C ORF locus in the MAPI 

migraine and non-migraine cohorts are depicted in Table 4.03.  Female genotype and 

allele frequencies were analysed by a standard χ2 contingency test.  Female genotypic 

(χ2
α=0.05,2 = 0.11; P = 0.944) and allelic (χ2

α=0.05,2 = 0.04; P = 0.842) association 

analyses for the 5-HT2C ORF locus and the migraine phenotype were NS (Table 4.03).  

Stratification of the migraine phenotype to independently assess the MO only phenotype 

in affected females did not observed a significant genotypic (χ2
α=0.05,2 = 0.41; P = 0.817) 

or allelic (χ2
α=0.05,1 = 0.01; P = 0.942) association in the MAPI cohort (Table 4.03).  

Additionally, stratification of the migraine phenotype to independently assess the MA 

only phenotype in affected females did not observed a significant genotypic (χ2
α=0.05,2 = 

0.34; P = 0.844) or allelic (χ2
α=0.05,1 = 0.23; P = 0.629) association in the MAPI cohort 

(Table 4.03). 

 

Both the migraine (P = 0.898) and non-migraine (P = 0.792) female only cohorts were 

in Hardy-Weinberg equilibrium (HWE).  Post-hoc statistical power analysis performed 

on the segregated female 5-HT2C ORF data (nm = 199 and nnm = 199) exhibiting a 

population prevalence of 15% (pnm = 0.15) for the rare (C) allele, at an α level of 0.007 

and an effect size (ε) of 2.0 reported a 88% chance of detecting such an effect size 

between the MAPI female only migraine (n = 199) and non-migraine (n = 199) cohorts. 

 
Table 4.03.  Observed female only genotype and allele frequency data for the 5-HT2C ORF 
locus a, b.  The GG, GC and CC genotypes encode for the Cys23Cys23, Cys23Ser23 and 
Ser23Ser23 amino acid products, respectively. 
 

 Genotype  Allele MAPI cohort 
 GG  GC  CC  G  C 

Migraine (n = 199)  145 [0.73]  50 [0.25]  4 [0.02]  340 [0.86]  58 [0.14] 
MO (n = 121)  86 [0.71]  33 [0.27]  2 [0.02]  205 [0.85]  37 [0.15] 
MA (n = 78)  59 [0.76]  17 [0.22]  2 [0.02]  135 [0.87]  21 [0.13] 
Non-migraine (n = 199)  144 [0.72]  50 [0.25]  5 [0.03]  338 [0.85]  60 [0.15] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine phenotypes and the non-migraine group. 

 

4.4.4.1.3 Male Data 

Observed male allele frequency data for the 5-HT2C ORF locus in the MAPI migraine 

and non-migraine cohorts is depicted in Table 4.04.  Male allele frequencies were 

analysed by a standard χ2 contingency test.  Male allelic association for the 5-HT2C 

ORF locus and migraine phenotype was NS (χ2
α=0.05,1 = 0.12; P = 0.75) (Table 4.04).  
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Additionally, no significant associations were observed between the male MO only 

phenotype (χ2
α=0.05,1 = 0.02; P = 0.897) or the male MA only phenotype (χ2

α=0.05,1 = 

0.38; P = 0.537) and the 5-HT2C ORF locus, respectively (Table 4.04). 

 

The reduced size of the male sample MAPI cohort (n = 76) subsequently reduced the 

power (ψORF = 42%) to detect a significant increased allele frequency in the migraine 

(case) group compared to the non-migraine (control) group if such a difference was 

truly evident. 

 
Table 4.04.  Observed male allele frequency data for the 5-HT2C ORF locus a, b. 
 

 Allele MAPI cohort 
 G  C 

Migraine (n = 76)  61 [0.86]  10 [0.14] 
MO (n = 32)  24 [0.39]  5 [0.50] 
MA (n = 44)  37 [0.61]  5 [0.50] 
Non-migraine (n = 76)  57 [0.84]  11 [0.16] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine 
phenotypes and the non-migraine group. 

 

4.4.4.2 5-HT2C 3’UTR Locus Statistical Analysis 

4.4.4.2.1 Combined Male Female Data 

Observed male and female (combined) allele frequencies of the 5-HT2C 3’UTR locus in 

the MAPI migraine and non-migraine cohorts are depicted in Table 4.05.  Male and 

female (combined) allele frequencies were analysed by a standard χ2 contingency test.  

Male and female (combined) allelic association analysis for the 5-HT2C 3’UTR locus 

and the migraine phenotype was NS (χ2
α=0.05,1 = 0.31; P = 0.72) (Table 4.05).  

Additionally, no significant associations were observed between the male, female 

combined MO phenotype (χ2
α=0.05,1 = 1.96; P = 0.161) or the male, female combined 

MA phenotype (χ2
α=0.05,1 = 0.39; P = 0.533) and the 5-HT2C 3’UTR locus, respectively 

(Table 4.05). 
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Table 4.05.  Observed male and female (combined) allele frequency data for the 5-HT2C 3’UTR 
locus a, b. 
 

 Allele MAPI cohort 
 T  G 

Migraine (n = 275)  420 [0.96]  19 [0.04] 
MO (n = 110)  159 [0.94]  11 [0.06] 
MA (n = 165)  261 [0.97]  8 [0.03] 
Non-migraine (n = 275)  449 [0.96]  18 [0.04] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine phenotypes 
and the non-migraine group. 

 

4.4.4.2.2 Female Data 

Observed female genotype and allele frequency data for the 5-HT2C 3’UTR locus in the 

MAPI migraine and non-migraine cohorts are depicted in Table 4.06.  Female genotype 

and allele frequencies were analysed by a standard χ2 contingency test.  Female 

genotypic (χ2
α=0.05,2 = 0.51; P = 0.47) and allelic (χ2

α=0.05,1 = 0.91; P = 0.34) association 

analyses for the 5-HT2C 3’UTR locus and the migraine phenotype were NS (Table 4.06).  

Stratification of the migraine phenotype to independently assess the female MO only 

phenotype did not observe a significant genotypic (χ2
α=0.05,2 = 0.0; P = 0.999) or allelic 

(χ2
α=0.05,1 = 0.0; P = 0.961) association in the MAPI cohort (Table 4.06).  Additionally, 

stratification of the migraine phenotype to independently assess the female MA only 

phenotype did not observe a significant genotypic (χ2
α=0.05,2 = 1.8; P = 0.406) or allelic 

(χ2
α=0.05,1 = 1.72; P = 0.190) association in the MAPI cohort (Table 4.06). 

 

Both the migraine (P = 0.489) and non-migraine (P = 0.581) female only cohorts were 

in HWE.  A priori statistical power analysis of the 5-HT2C 3’UTR locus in the total (i.e. 

male and female) MAPI cohort (nm = 275; nnm =275) denoted a 33% chance of detecting 

an effect size of 2.0 in the migraine group compared to the non-migraine group (see 

4.3.4 Statistical Analysis).  The smaller female only cohort (nm = 199; nnm =199) 

subsequently reduced the chance (ψ3’UTR = 23%) of detecting a 2-fold increase of the 

more rare 2103G variant in the migraine group. 
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Table 4.06.  Observed female only genotype and allele frequency data for the 5-HT2C 3’UTR 
locus a, b. 
 

 Genotype  Allele MAPI cohort 
 TT  TG  GG  T  G 

Migraine (n = 199)  169 [0.90]  18 [0.10]  0 [0.0]  356 [0.95]  18 [0.05] 
MO (n = 121)  108 [0.92]  9 [0.08]  0 [0.0]  225 [0.96]  9 [0.04] 
MA (n = 78)  61 [0.87]  9 [0.13]  0 [0.0]  131 [0.94]  9 [0.06] 
Non-migraine (n = 199)  184 [0.92]  15 [0.08]  0 [0.0]  383 [0.96]  15 [0.04] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine phenotypes and the non-migraine group. 

 

4.4.4.2.3 Male Data 

Observed male allele frequency data for the 5-HT2C 3’UTR locus in the MAPI migraine 

and non-migraine cohorts is depicted in Table 4.07.  Male allele frequencies were 

analysed by a standard χ2 contingency test.  Male allelic association for the 5-HT2C 

3’UTR locus and migraine phenotype was NS (χ2
α=0.05,1 = 0.91; P = 0.34) (Table 4.07).  

Additionally, no significant association was observed between the male MO only 

phenotype (χ2
α=0.05,1 = 0.03; P = 0.862) or the male MA only phenotype (χ2

α=0.05,1 = 

1.66; P = 0.198) and the 5-HT2C 3’UTR locus, respectively (Table 4.07). 

 

As with the 5-HT2C ORF locus, the reduced size of the male sample MAPI cohort (n = 

76) subsequently reduced the power of the 5-HT2C 3’UTR allelic association analysis 

(ψ3’UTR = 8%) to detect a significant increased allele frequency in the migraine (case) 

group compared to the non-migraine (control) group if such a difference was truly 

evident. 

 
Table 4.07.  Observed male allele frequency data for the 5-HT2C 3’UTR locus a, b. 
 

 Allele MAPI cohort 
 T  G 

Migraine (n = 76)  64 [0.99]  1 [0.01] 
MO (n = 32)  27 [0.96]  1 [0.04] 
MA (n = 44)  37 [1.00]  0 [0.00] 
Non-migraine (n = 76)  66 [0.96]  3 [0.04] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine 
phenotypes and the non-migraine group. 

 

4.4.5 5-HT2C ORF and 3’UTR LD Analysis 

To assess independent allele segregation of both 5-HT2C loci (i.e. H0 = linkage 

equilibrium) against alleles at one locus dependently segregating with alleles at the 

other locus (i.e. H1 = linkage disequilibrium) was performed independently of male and 
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female allelic data.  Analysis of combined male and female allelic data for X-linked loci 

would subsequently provide spurious strength estimates of LD due to total allele 

frequency observations being deflated by hemizygous male data. 

 

4.4.5.1 Female Data 

Observed 5-HT2C ORF and 3’UTR haplotypic data acquired from female only observed 

genotypes from the MAPI non-migraine group were inputted into the EH+ program to 

evaluate the null (H0) and alternate (H1) distributions of allele segregation.  Results 

pertaining to the EH+ output file assessing H0 and H1 are depicted in Table 4.08.  The 

likelihood of alleles at both 5-HT2C loci segregating dependently of each other (H1) was 

NS (χ2
α=0.05,3 = 0.88; P = 0.83).  Therefore, there is no evidence of LD between the two 

loci.  Whilst simulated data analysis suggests LD extending over physical distances as 

low as ~3 kb [Kruglyak 1999], empirical estimates have reported the extent of LD to 

vary between 50 – 100 kb for bi-allelic loci [Collins et al. 1999; Lonjou et al. 1999; 

Reich et al. 2001].  NS LD observations between the 5-HT2C loci may therefore be 

attributable to the physical distance between them (i.e. ~2 kb).  Additionally, minimal 

haplotypic information could be acquired to informatively assess the full extent of LD 

as a result of the very rare 3’UTR G allelic variant being observed. 
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Table 4.08.  5-HT2C LD analysis of the ORF and 3’UTR loci in the female only MAPI non-
migraine observed genotype data. 
 
Estimates of Gene Frequencies (Assuming Independence) 
----\---------------------------- 
locus \ allele     1       2    
--------\------------------------ 
 ORF    |         0.8487  0.1513 
 3’UTR  |         0.9615  0.0385 
--------------------------------- 
# of Typed Individuals: 195 
 
There are 4 Possible Haplotypes of These 2 Loci. 
They are Listed Below, with their Estimated Frequencies: 
---------------------------------------------------- 
| Allele   Allele  |      Haplotype Frequency      | 
|   at       at    |                               | 
|  ORF     3’UTR   |  Independent   w/Association  | 
---------------------------------------------------- 
   1        1           0.816075     0.811162 
   1        2           0.032643     0.037556 
   2        1           0.145464     0.150377 
   2        2           0.005819     0.000905 
---------------------------------------------------- 
# of Iterations = 18 
 
                                   #param   Ln(L)     Chi-square 
------------------------------------------------------------------- 
H0: No Association                      2   -189.10      0.00 
H1: Allelic Associations Allowed        3   -188.66      0.88 

 

4.4.5.2 Male Data 

Based on hemizygous male data, independent assessment of LD was performed using a 

standard 2×2 contingency table and the subsequent χ2 contingency test statistic (Table 

4.09).  Corroborating the independent female LD analysis, observed male (hemizygous) 

haplotype data did not support evidence for LD between the 5-HT2C ORF and 3’UTR 

bi-allelic loci (χ2
α=0.05,1 = 0.57; P = 0.45) (Table 4.09). 

 
Table 4.09.  5-HT2C LD analysis of the ORF and 3’UTR loci in the male only MAPI non-migraine 
observed hemizygous data. 
 

  ORF alleles 
3’UTR alleles  1  2 

1  52  3 
2  10  0 
  χ2

α=0.05,1 = 0.57; P = 0.45 

 



4.4.6 5-HT2C DNA Sequencing Analysis 

Five affected individuals (1 male 4 female) from MF7 and seven affected individuals (3 

male 4 female) from the MF14 multi-generational migraine pedigrees exhibiting excess 

allele sharing to the Xq24-q28 genomic region [Nyholt et al. 1998a; Nyholt et al. 2000] 

were screened for the 5-HT2C Ser23→Cys23 ORF variant and other mutations within the 

coding regions of this gene.  5-HT2C coding sequence PCR amplicon fragments (see 

Table 4.01) for all affected individuals were assessed prior to DNA sequencing 

preparation (Figures 4.08a-f).  Sequencing revealed no mutations or variants present in 

the coding exons in any of the selected affected MF7 and MF14 individuals.  Also, there 

was no presence of the Ser23→Cys23 ORF variant in the tested pedigree members. 

 
Figure 4.08.  5-HT2C coding sequence PCR amplification assessment for a; exon 3 (129 bp), b; 
exon 4 (329 bp), c; exon 5 (217 bp), d; exon 6a (337 bp), e; exon 6b (353 bp) and f; exon 6c 
(482 bp).  Primer sequences and exon sizes are denoted in Table 4.01. 
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4.5 Discussion 
The neurotransmitter, serotonin (5-hydroxytryptamine, 5-HT) has been implicated in a 

variety of neurological disorders, such as anxiety and mental depression, as well as 

migraine [Humphrey et al. 1990; Meltzer & Lowry 1987; Taylor 1990].  The serotonin 

transporter gene (SERT or 5-HTT) has been shown to display altered allele frequency 

distributions in a Danish population suffering from MO and MA [Ogilvie et al. 1998].  

In addition, a possible role for the involvement of serotonin in migraine has been 

suggested by Chugani et al. [1999] after observing fluctuating 5-HT levels during 

migraine attacks.  These factors considered, it is important to analyse genetic variants in 

serotonergic genes as possible candidates for migraine predisposition.  Previous 

investigations of the 5-HT2C ORF locus have reported negative findings for both linkage 

[Buchwalder et al. 1996] and association [Burnet et al. 1997; Racchi et al. 2004] to 

migraine.  The linkage findings by Buchwalder et al. [1996] ultimately concluded that 

linkage of migraine be excluded from this genomic region (Xq24). 

 

Results of the current linkage and association investigation of the 5-HT2C ORF locus 

[Lappalainen et al. 1995] concur with previously reported negative findings.  

Additionally, linkage and association analyses of a novel 3’UTR variant [Song et al. 

1999] gave negative findings regarding involvement in migraine susceptibility.  The 

linkage findings however, can best be described as inconclusive due to insufficient 

genetic information being observed in both MF7 and MF14.  If both parents are 

heterozygous, the vertical transmission of alleles to their ensuing offspring can be 

traced.  In other words, both parents are fully informative for genetic linkage analysis.  

However, if one or both parents are homozygous for a particular genetic locus, vertical 

transmission of alleles to subsequent offspring cannot be as easily identified, therefore 

parents are less informative.  As indicated, GENEHUNTER-PLUS utilises IBD allele 

sharing to identify linkage between tested marker loci and a potential disease 

susceptibility (or disease causing) locus.  All individuals with the exception of one in 

MF7 (individual II:3) (Figure 4.06) and two individuals in MF14 (individuals IV:1 and 

IV:2) (Figure 4.07) were homozygous (or hemizygous for male individuals) for the 

“wild-type” (G) allele for the ORF variant.  Additionally, all individuals in MF7 (Figure 

4.06) and all individuals with the exception of one in MF14 (individual III:6) (Figure 

4.07) were homozygous for the “wild-type” (T) allele for the 3’UTR variant.  The extent 

of IBD allele sharing in both MF7 and MF14 is very difficult to assess considering the 
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minimal genetic information observed in both pedigrees.  Also with little genetic 

information exhibited by both the 5-HT2C ORF and 3’UTR loci, little can be deduced 

regarding the extent of allele sharing IBD of the two loci in both MF7 and MF14. 

 

Genetic association analyses of the 5-HT2C ORF and 3’UTR loci tested in the MAPI 

cohort concluded no relationship with the migraine phenotype.  Additional gender and 

disease phenotype (i.e. MO and MA) segregation analysis also gave negative findings.  

Hence, no association of either the 5-HT2C ORF or the 3’UTR marker was observed 

with migraine predisposition.  Whilst a preponderant 5-HT2C ORF variant in the 

migraine affected group (male and female data combined and female only data) was 

sufficiently powerful to detect if such an effect was truly evident whilst the reduced 

numbers of male only data did not equate to be powerful enough to detect a 2-fold 

difference.  The rarity of the 5-HT2C 3’UTR variant subsequently minimised the power 

to detect a 2-fold difference in the migraine affected group (male and female data 

combined), female only data and male only data if such a difference existed. 

 

In addition to the migraine linkage results, the linkage disequilibrium results assessing 

both 5-HT2C loci are also inconclusive due to very little or no genetic information, thus 

reflecting the high level of homozygosity of both markers.  The high level of 

homozygosity for the ORF locus is also reflective of the absence of the Ser23→Cys23 

mutation from sequenced individuals from both MF7 and MF14. 

 

Overall, there was no evidence indicating that the ORF or 3’UTR markers of the 5-HT2C 

receptor gene are involved in typical migraine.  In concluding this, however, it must be 

noted that the low informativeness, low heterozygosity of these two loci and low 

frequency of the mutant alleles meant that these markers did not provide sufficient 

genetic information in either linkage or association analyses.  Results also did seem to 

indicate that LD did not exist between the two 5-HT2C markers tested.  Once again 

though, low mutant allele frequencies could result in inhibited haplotype analysis of the 

two tested markers.  Of particular note, however, is the fact that despite the MF7 and 

MF14 multi-generational migraine pedigrees displaying positive evidence of excess 

allele sharing to this Xq24-q28 chromosomal region [Nyholt et al. 1998a; Nyholt et al. 

2000], sequencing of all the coding regions of a prime candidate gene (5-HT2C) located 

within this region did not reveal any new mutations in affected members of these 

pedigrees.  Hence, the above findings do not support a significant role for the 5-HT2C 
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gene in migraine susceptibility, although, this does not completely exclude this gene as 

intron-exon boundaries or promoter region mutations may still be involved in the 

disorder. 

 



 

Chapter 5 
 

Genotyping Part 1B: 

 

“A Population Genomics Overview of the 

Neuronal Nitric Oxide Synthase (nNOS) 

Gene and its Relationship to Migraine 

Susceptibility” 
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5.1 Genotyping Part 1B 
Second in the series of genotyping techniques, Chapter 5 “Genotyping Part 1B:  A 

population genomics overview of the neuronal nitric oxide synthase (nNOS) gene and 

it’s relationship to migraine susceptibility”, outlines a capillary gel based method of 

genotyping to investigate the role of the nNOS gene in migraine.  Capillary gel based 

genotyping is a fully automated process of DNA fragment separation and DNA 

fragment size evaluation using fluorescence technology.  Automated genotyping 

techniques whilst minimising a “hands on” approach also enables greater resolution of 

DNA fragments over its slab gel based counterpart.  The identification of two highly 

polymorphic variants within the human neuronal nitric oxide synthase (nNOS) gene 

were analysed using a capillary gel based genotyping method.  Population genetic data 

for the same two nNOS variants was also collated for their investigation in migraine 

aetiology. 

 

5.2 Introduction 
Migraine is a debilitating primary headache disorder that has been documented by the 

World Health Organisation as ranking among the top 20 leading causes of disability 

[World Health Organization 2001].  Primarily diagnosed as either migraine without aura 

(MO) or migraine with aura (MA), migrainous episodes are generally characterised by 

an intense, pulsating, throbbing unilateral headache that is often accompanied by 

nausea, emesis, phonophobia and/or photophobia.  In approximately 20-30% of 

migraineurs, focal neurological symptoms (the aura) are experienced that precede or 

occur at the onset of migraine headache [Lance & Goadsby 1993]. 

 

Whilst pathophysiological and genetic mechanisms of migraine are yet to be elucidated 

in their entirety, the involvement of the ubiquitously expressed messenger molecule 

nitric oxide (NO) suggests an aetiological role for NO in migraine [Thomsen & Olesen 

1998].  NO has been demonstrated to have a fundamental physiological role in 

neurotransmission, smooth muscle motility and mediation of nociception [Bruhwyler et 

al. 1993; Hall et al. 1994].  Mediating vasodilatory effects, the synthesis of NO within 

endothelium and neuronal tissue has further emphasised its importance in the 

pathogenesis of migraine headache. 
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The role of NO in the mechanistic process of migraine head pain and not the aura has 

been implicated via the intravenous (iv) infusion of a specific NO donor, glyceryl 

trinitrate (GTN) [Olesen et al. 1993; Thomsen & Olesen 1998].  The iv infusion of GTN 

to both migraineurs and non-migraineurs has successfully provoked headache like 

symptoms with dose dependent headache responses during the GTN infusion [Iversen et 

al. 1989; Olesen et al. 1993].  Additionally, relief of head pain is noticeable soon after 

the discontinuation of GTN infusion.  To further substantiate the possible role of NO in 

migraine, the iv infusion of the nitric oxide synthase (NOS) inhibitor, L-NG 

methylarginine hydrochloride (546C88), has been demonstrated to alleviate symptoms 

experienced during a migraine attack [Lassen et al. 1997; Lassen et al. 1998].  Patients 

administered the NOS inhibitor 546C88 following a GTN induced headache have 

demonstrated significant headache relief compared to patients administered a placebo 

[Lassen et al. 1998]. 

 

Endogenous NO synthesis, regulated by NOS, is essential in the role of NO as a 

neurotransmitter in the central and peripheral nervous systems [Bult et al. 1990; 

Peunova & Enikolopov 1993] and the autonomic innervation of large blood vessels 

[Nadaud & Soubrier 1996].  Synthesised on demand, the physiological activity and 

concentration of NO is therefore maintained by the control of its synthesis.  Within 

neuronal tissue the expressional control of NO levels is mediated by the enzymatic 

activity of the neuronal NOS (nNOS) isoform, abundantly present in vasodilator nerves 

encasing the cerebral blood vessels [Nozaki et al. 1993]. 

 

Disruptions of gene expression and/or enzymatic activity of the nNOS enzyme cause 

altered activity of this enzyme to be associated with several diseased states [Wang et al. 

1999a].  The nNOS gene (12q24.2-q24.31) is comprised of 29 exons spanning 

approximately 240 kb with translation and termination recognition sequences located in 

exons 2 and 29, respectively [Hall et al. 1994; Xu et al. 1993].  Two dinucleotide repeat 

length variants exhibiting multiple alleles within the 5’ flanking region of exon 1 and 

the 3’ untranslated region (3’UTR) of exon 29 have been previously identified (Figure 

5.01) [Hall et al. 1994]. 



Figure 5.01.  Schematic overview of the two assayed microsatellite dinucleotide repeat variants within the nNOS gene.  Presented as a single copy in the haploid 
human genome the nNOS locus spans ~240 kb and is localised to 12q24.2-q24.31 [Kishimoto et al. 1992; Xu et al. 1993].  Denoted as solid boxes, the 5 prime 
[(GT)nA(TG)m] repeat variant lies between the CAAT (-106) and TATA (-28) promoter recognition sequences and the exon 29 [(TG)n] repeat variant resides within 
the 3’UTR of exon 29 (EX 29).  Physical distances are denoted as nucleotide bases with the transcription start site identified as (+1) in exon 1 (EX 1).  Translation 
and termination sites are located in exons 2 (EX 2) and 29 (EX 29), respectively [Hall et al. 1994]. 

(-112) (-106) (-28) (+1) (+25,267) (+148,076)

CAAT
boxes

(GT)nA(TG)m

TATA
box

Ex1 Ex2

(TG)n

Ex29

5' 3'

 

179

 

 

 



 180

Multiple length polymorphisms within regulatory regions of genes have previously been 

implicated in genetic susceptibility to disease [Dai et al. 2001] and are known to affect 

transcriptional activity [Naylor & Clark 1990].  The transcriptional activity of a gene 

can be modulated by enhancement or repression of its promoter activity.  DNA 

sequences exhibiting alternating purine-pyrimidine (APP) repeat motifs upstream of the 

first expressed exon have been demonstrated to modulate gene promoter activity by the 

formation of Z-DNA conformational structures [Oh et al. 2002; Schroth et al. 1992].  

Additionally, repeat sequence motifs within the 3’UTR of a gene may provide evidence 

of mRNA allelic diversity [Hall et al. 1994] or fluctuations in gene expression levels 

[Boucher et al. 1995].  It is unclear however, whether allelic variability contributes 

towards mRNA transcript generation, stability, or processing and transport [Hall et al. 

1994] which, in turn may be the contributing factors of variation (increase or decrease) 

in gene expression levels [Boucher et al. 1995]. 

 

Genetic population-based association studies of the nNOS dinucleotide repeat variant 

within the 5’ flanking region of exon 1 have provided no evidence for association to 

multiple sclerosis [Modin et al. 2001; Tajouri et al. 2004], cystic fibrosis [Texereau et 

al. 2004] or cluster headache [Sjostrand et al. 2002].  Evidence for association of the 5’ 

flanking region nNOS variant has however been identified in a cohort of Chinese 

Parkinsonian patients [Lo et al. 2002], yet these findings have yet to be replicated in an 

independent population.  Alternative genetic population-based association studies of the 

3’UTR exon 29 nNOS dinucleotide variant have failed to identify any association with 

Alzheimer’s disease [Liou et al. 2002] or schizophrenia [Liou et al. 2003].  In a 

comprehensive association study of allelic differences between asthmatics and non-

asthmatics, Grasemann et al. [2000] identified and validated a positive association with 

the nNOS 3’UTR exon 29 dinucleotide repeat variant.  They suggested that this variant 

may affect the size of the mRNA transcript, thus possibly altering transcript generation 

or processing [Hall et al. 1994; Wang et al. 1999a], although Grasemann et al. [2000] 

did not exclude the possibility of the exon 29 variant being in linkage disequilibrium 

with the true causative allelic variant. 

 

Previous population genetic investigations of the endothelial (eNOS) [Griffiths et al. 

1997] and inducible (iNOS) [Lea et al. 2001b] isoforms of the NOS enzyme has 

provided no evidence of currently known genetic variations within these genes and 

susceptibility to the migraine phenotype.  Current investigations of the published 
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literature are yet to identify any population genetic investigation with the third NOS 

isoform, neuronal NOS (nNOS).  It is therefore envisaged that the current (novel) 

population genomic evaluation of nNOS may provide a greater understanding of the 

possible role that NO and its regulation of catalytic enzymes has in migraine 

susceptibility. 
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5.3 Materials and Methods 

5.3.1 Subjects and Diagnosis 

All subjects provided informed consent to participate and were of Caucasian origin.  

Phenotypic data for the diagnosis of typical migraine (MO+MA) was collected using an 

approved questionnaire (Appendix B) and clinical evaluation was performed by a 

neurologist in accordance with specified criteria set by the International Headache 

Society (IHS) [IHS 1988].  Diagnosis of the two major migraine classes, migraine 

without aura (MO) and migraine with aura (MA) were also determined in accordance 

with IHS guidelines.  Population-based association analyses were conducted in two 

independent Caucasian cohorts matched for sex, age (± 5 years) and ethnicity.  The first 

population-based cohort denoted as Migraine Association Population I (MAPI) was 

comprised of 275 migraineurs (MO; 38.2%, MA; 61.8%) and 275 non-migraineurs.  

The second population-based cohort denoted as Migraine Association Population II 

(MAPII) was comprised of 305 migraineurs (MO; 15.4%, MA; 84.6%) and 305 non-

migraineurs.  Individuals from both the MAPI and MAPII cohorts were all unrelated 

Australian residents with British or European Caucasian ancestry. 

 

5.3.2 nNOS Variants 

Identification of the two microsatellite dinucleotide repeat variants assessed in this 

investigation have been previously described [Hall et al. 1994].  The 5 prime promoter 

repeat sequence upstream of exon one is interrupted by a single adenine nucleotide 

[(GT)nA(TG)m] and is flanked by CAAT and TATA transcription factor binding 

recognition sequences (Figure 5.01).  The exon 29 (GT)n repeat sequence variant resides 

within the 3’ untranslated region (3’UTR) (Figure 5.01).  For the purpose of this 

Chapter, the nNOS 5’ promoter dinucleotide repeat sequence variant and the nNOS 

exon 29 dinucleotide repeat sequence variant will be referred as the 5 prime and exon 29 

repeat variants, respectively. 
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5.3.3 Genotype Discrimination 

A previously described salt precipitation protocol was used to extract DNA from 

peripheral blood leukocytes [Miller et al. 1988] and is outlined in detail in Chapter 3 

(see 3.4 DNA isolation). 

 

5.3.3.1 nNOS 5 prime Repeat Variant 

The 5 prime repeat variant [(GT)nA(TG)m] was amplified using PCR technology in the 

MAPI and MAPII association cohorts.  PCR amplification primers (Proligo; Lismore, 

Australia) were as follows; sense primer, 5’-FAMCCT GCG TGG CTA CTA CAT TC-

3’; anti-sense, 5’-AGA CGT CGC AAC CCT CAT TA-3’ [Hall et al. 1994].  The sense 

primer was synthesised with the 6-carboxyfluorescein (FAM) fluorescent reporter 

molecule conjugated the to 5’ end.  PCR amplification was performed in a 10 µl total 

reaction volume with 200 nM of each 5 prime primer (Proligo; Lismore, Australia), 1× 

MasterAmp PCR PreMix E (Epicentre®; Madison, USA), 0.4 Units (U) of Taq DNA 

polymerase (MBI Fermentas; Hanover, USA) and 10 ng of genomic DNA (gDNA).  

Thermocycling was performed using the PC-960C cooled thermocycler (Corbett 

Research; Brisbane, Australia) under the following conditions: initial denaturation at 

94°C for 4 minutes, 35 cycles of 94°C for 1 minute, 55°C for 1 minute, 72°C for 30 

seconds and a final extension step of 72°C for 2 minutes. 

 

5.3.3.2 nNOS exon 29 Repeat Variant 

The exon 29 repeat variant [(GT)n] was amplified using PCR technology in the MAPI 

association cohort only.  PCR amplification primers (Proligo; Lismore, Australia) were 

as follows; sense primer, 5’-HEXTGC AGG AAC TAG GCA CAA GC-3’; anti-sense, 

5’-GAT CGA CAC ACT TGT GCA GG-3’ [Hall et al. 1994].  The sense primer was 

synthesised with the Hetrachloro-6-carboxyfluorescin (HEX) fluorescent reporter 

molecule conjugated to the 5’ end.  PCR amplification was performed in a 10 µl total 

reaction volume with 200 nM of each exon 29 primer (Proligo; Lismore, Australia), 1× 

MasterAmp PCR PreMix J (Epicentre®; Madison, USA), 0.4 U of Taq DNA 

polymerase and 10 ng of gDNA.  Thermocycling was performed using the PC-960C 

cooled thermocycler under the following conditions: initial denaturation at 94°C for 4 
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minutes, 35 cycles of 94°C for 1 minute, 55°C for 1 minute, 72°C for 30 seconds and a 

final extension step of 72°C for 2 minutes. 

 

5.3.3.3 5 prime and exon 29 Allele Specific Characterisation 

Characterisation of the 5 prime and exon 29 repeat variants was performed by capillary 

based electrophoresis and genotyped using an ABI Prism® 310 Genetic Analyzer and 

GeneScan software (Applied Biosystems; Foster City, USA) (see Chapter 3 section 3.7 

Automated GeneScan™ Analysis).  Individual sample PCR product lengths were 

assayed against TAMRA™ 350 size standard (Applied Biosystems; Foster City, USA).  

Genotyping of random individuals from the migraine and non-migraine cohorts (MAPI 

& MAPII) were duplicated to provide positive controls to assess the possibility of 

genotyping error and/or incorrect allele calling. 

 

5.3.4 Statistical Analysis 

5.3.4.1 Genetic Association 

Statistical comparison of allelic frequency distributions for the 5 prime (MAPI & 

MAPII) and exon 29 (MAPI) nNOS repeat variants was conducted using CLUMP [Sham 

& Curtis 1995].  Based on Monte Carlo simulations, the CLUMP program produces a 

normal chi-square (χ2) statistic (T1) and is optimally utilised for allele distributions 

resulting in sparsely populated 2×C contingency tables with C-1 degrees of freedom.  

The CLUMP program was instructed to perform 5000 sets of simulations to evaluate the 

significance of the supplied 2×C contingency tables.  The T1 probability (P) values 

were computed accordingly and nominal statistical significance was set at α = 0.05. 

 

5.3.4.2 Linkage Disequilibrium 

Analysis of the non-random association of alleles (linkage disequilibrium) at the 5 

prime and exon 29 repeat variant loci genotyped in the MAPI cohort was assessed using 

EH+ (version 1.2) [Zhao et al. 2000].  Pairwise linkage disequilibrium (LD) between the 

5 prime and exon 29 repeat variants is based on a likelihood ratio test where the 

likelihood of the data not assuming linkage equilibrium is calculated using an 

expectation-maximisation (EM) algorithm [Dempster et al. 1977] using the EH program 
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[Terwilliger & Ott 1994; Xie & Ott 1993].  Measures of gametic disequilibrium are 

reported by the linkage disequilibrium coefficient (D’) which is the maximum 

coefficient value obtained, given the observed allele frequencies of the 5 prime and exon 

29 repeat variant loci [Lewontin 1964].  Lewontin’s D’ statistic was calculated using the 

two locus linkage disequilibrium (2LD) calculator [Zhao 2002]. 

 

5.3.4.3 5 prime and exon 29 Dichotomisation 

Previous studies have suggested a possible relationship between the length of a multiple 

allele repeat polymorphism and the promoter function of the gene [Comings 1998; 

Rothenburg et al. 2001].  The dichotomisation of multi-allelic systems also minimises 

the loss of power when assessing each allele individually.  Alleles of both nNOS repeat 

variants (pertaining to the MAPI cohort only) were divided into two groups of 

approximately equal size with the median allelic proportion representing the distinction 

between short (S) and long (L) alleles.  The dichotomised 5 prime multi-allelic repeat 

variant resulted in short (S) (≤ 194 bp) and long (L) (> 194 bp) alleles, respectively.  

The dichotomised exon 29 multi-allelic repeat variant resulted in short (S) (≤ 173 bp) 

and long (L) (> 173 bp) alleles, respectively. 

 

The more statistically efficient dichotomised allelic systems were also assessed for 

genotypic and/or allelic association to the three migraine phenotypic classes (MO+MA, 

MO and MA) by standard χ2 analysis.  Additionally, the dichotomised nNOS allelic 

systems were assessed for significant differences of the estimated haplotype frequencies 

between the MAPI migraine (case) and MAPI non-migraine (control) cohorts.  

Haplotype frequencies were estimated using an EM algorithm implemented in the EH+ 

program.  The EH+ program was run to independently attain the log-likelihoods of (1) 

migraine (case) [ln(L, case)], (2) non-migraine (control) [ln(L, control)] and (3) 

combined migraine, non-migraine [(ln, case + control)] data.  Under the assumptions of 

allelic association and Hardy-Weinberg equilibrium (HWE) an approximate χ2 

distribution with degrees of freedom equating to the number of estimated haplotypes 

minus one is calculated by the test statistic; 2[ln(L, case) – ln(L, control) – ln(L, case + 

control)] [Terwilliger & Ott 1994; Xie & Ott 1993].  Hardy-Weinberg proportions for 

the dichotomised allelic systems were analysed using a Microsoft Excel spreadsheet 

HWE calculator.  Pairwise LD between the dichotomised 5 prime and exon 29 repeat 

variants was determined by estimating haplotypic frequencies using the EH+ program 
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[Terwilliger & Ott 1994; Xie & Ott 1993; Zhao et al. 2000] and the measure of gametic 

disequilibrium (D’) was calculated using the 2LD two locus linkage disequilibrium 

calculator [Zhao 2002]. 



5.4 Results 

5.4.1 5 prime Allele Discrimination 

Amplification of the nNOS 5 prime dinucleotide repeat variant generated a fragment 

size range of 176 – 210 bp and allele discrimination of alleles was subjected to 

capillary-based electrophoretic separation using automated GeneScan analysis.  Allele 

peak resolution was manually validated after initial automated allele size determination 

by the GENOTYPER™ software application (Applied Biosystems; Foster City, USA) 

(Figures 5.02a and 5.02b). 

 
Figure 5.02.  Automatic GeneScan electropherogram image of a; an individual heterozygote 
(192/204 bp) sample and b; an individual homozygote (182/182 bp) sample for the 5 prime 
[(GT)n(TG)m] dinucleotide repeat.  The 5 prime repeat variant was fluorescently labelled with the 
FAM (blue) 5’ reporter molecule.  The x-axis denotes the allele peak size (bp) and the y-axis 
denotes fluorescence intensity units. 
 

A 

 

B 

 
 

5.4.2 exon 29 Allele Discrimination 

Amplification of the nNOS exon 29 dinucleotide repeat variant generated a fragment 

size range of 169 – 203 bp and allele discrimination of alleles was subjected to 

capillary-based electrophoretic separation using automated GeneScan analysis.  Allele 

peak resolution was manually validated after initial automated allele size determination 

by the GENOTYPER™ software application (Figures 5.03a and 5.03b). 
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Figure 5.03.  Automatic GeneScan electropherogram image of a; an individual heterozygote 
(173/183 bp) sample and b; an individual homozygote (173/173 bp) sample for the exon 29 
[(GT)n] dinucleotide repeat.  The exon 29 repeat variant was fluorescently labelled with the HEX 
(black) 5’ reporter molecule.  The x-axis denotes the allele peak size (bp) and the y-axis 
denotes fluorescence intensity units. 
 

A 

 

B 

 
 

5.4.3 5 prime and exon 29 Dinucleotide Repeat Variants 

In an Australian control (non-migrainous) cohort (MAPI; n = 275) 16 alleles (range 176 

– 210 bp) with a heterozygosity (Hu) of 0.76 (Table 5.01) and depicting a bi-modal 

distribution (Figure 5.04) were observed for the 5 prime repeat variant.  Observed alleles 

in an independent Australian control (non-migraine) cohort (MAPII; n = 305) for the 5 

prime repeat variant were identical.  Additionally, in the same tested Australian control 

(non-migraine) cohort (MAPI; n = 275) 14 alleles (range 169 – 203 bp) with a 

heterozygosity (Hu) of 0.59 (Table 5.01) and depicting a positively skewed distribution 

(Figure 5.05) were observed for the exon 29 repeat variant. 

 

The allelic distribution of the nNOS 5 prime repeat variant similarly mirrors the allelic 

distributions of previously reported Caucasian studies [Chung et al. 1996; Modin et al. 

2001; Sjostrand et al. 2002; Tajouri et al. 2004].  Neuronal NOS investigations by 

Tajouri et al. [2004] and Modin et al. [2001] concur with the allele distribution pattern 

of the current findings.  The allelic distribution as reported by Chung et al. [1996] and 

Sjostrand et al. [2002] however, differ by three repeat motif lengths possibly 

attributable to genotyping instrument based allelic shifts or subtle population ethnic 

differences.  The overall allelic proportions between the current findings and previous 

investigations however, indicate six major alleles contributing to approximately 90% of 

the total allelic distribution pattern for the nNOS 5 prime repeat variant (Figure 5.04). 

 

The allelic distribution pattern of the nNOS exon 29 repeat variant as observed in the 

current findings were also similar to several independent studies of varying ethnic 
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cohorts [Grasemann et al. 1999; Grasemann et al. 2000; Liou et al. 2002; Liou et al. 

2003; Takahashi et al. 1997].  In all instances one major allele of ~17 repeat motif 

lengths (~173 bp) contributes to at least 50% of the total allelic distribution of the nNOS 

exon 29 repeat variant.  In other Caucasian studies [Grasemann et al. 1999; Grasemann 

et al. 2000], this 17 repeat motif allele exhibited ~77% of the total allelic distribution.  

The current findings report the 17 repeat motif allele exhibiting ~55% of the allelic 

distribution (Figure 5.05), but with only ~64% of the nNOS exon 29 repeat variant 

successfully genotyped through unforeseen circumstances, the true frequency of this 

allele was envisaged to be underestimated. 

 
Table 5.01.  A summary of the two nNOS dinucleotide repeat variants investigated for their 
potential role in migraine susceptibility. 
 

Protein  Gene  Gene 
Locus 

 Variant 
Locus 

 Variant  Hua  Obs 
alleles 

nNOS  NOS1  12q24.2-
q24.31 

 5’ flanking 
region of 
exon 1 

 [(GT)nA(TG)m]  0.76  16 

nNOS  NOS1  12q24.2-
q24.31 

 3’UTR of 
exon 29 

 (GT)n  0.59  14 

a Observed heterozygosities calculated from the MAPI non-migrainous individuals only. 
 



Figure 5.04.  Observed bi-modal allelic distribution of migraineurs (solid bars) and non-migraineurs (clear bars) for the nNOS 5 prime dinucleotide repeat variant in 
the MAPI cohort. 
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Figure 5.05.  Observed positively skewed allelic distribution of migraineurs (solid bars) and non-migraineurs (clear bars) for the nNOS exon 29 dinucleotide repeat 
variant in the MAPI cohort. 
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5.4.4 Linkage Disequilibrium (LD) 

The two nNOS multi-allelic systems displayed significant evidence for LD (χ2
α=0.05,223 = 

819.39; P = 4.59×10-69) (Table 5.02) with a corresponding measure of gametic 

disequilibrium (D’) of 0.65 (Table 5.03).  Additionally, the dichotomised nNOS allelic 

systems also displayed significant evidence for LD (χ2
α=0.05,3 = 64.22; P = 7.36×10-14) 

(Table 5.04) with a corresponding measure of gametic disequilibrium (D’) of 0.42 (Table 

5.05).  The extent of LD between multi-allelic loci has been observed at genetic 

distances of up to 4.0 cM [Huttley et al. 1999].  It has been suggested however, that 

sample size with respect to loci housing multiple alleles and thus elevated 

heterozygosities will minimise power to detect LD [Huttley et al. 1999].  Simulation 

studies have challenged this suggestion though by indicating that sample sizes of 100 or 

more, analysing loci exhibiting eight or more alleles, are powerful enough to detect 

significant LD [Slatkin 1994]. 

 



Table 5.02.  nNOS LD analysis of the 5 prime and exon 29 multi-allelic loci in the MAPI non-migraine observed genotype data.  The likelihood of alleles at both 
nNOS loci segregating independently of each other (H1) is highlighted in bold font at the bottom of the table.  The approximate χ2 distribution of allelic association 
was computed with degrees of freedom equating to the estimated number of haplotypes minus one (i.e. df; 224 – 1 = 223). 
 
Estimates of Gene Frequencies (Assuming Independence) 
----\-------------------------------------------------------------------------------------------------------------------------------------------- 
locus \ allele     1       2       3       4       5       6       7       8       9      10      11      12      13      14      15      16    
--------\---------------------------------------------------------------------------------------------------------------------------------------- 
5 prime |         0.0030          0.0015  0.1888  0.0589          0.1767  0.0363  0.0030  0.0121  0.1088  0.0846  0.3066  0.0151  0.0015  0.0000 
exon 29 |         0.0000  0.5227  0.0423  0.0045  0.0045  0.0861  0.1224  0.0257  0.0906  0.0060  0.0045  0.0211  0.0181  0.0438                 
------------------------------------------------------------------------------------------------------------------------------------------------- 
# of Typed Individuals: 331 
 
There are 224 Possible Haplotypes of These 2 Loci. 
They are Listed Below, with their Estimated Frequencies: 
---------------------------------------------------- 
| Allele   Allele  |      Haplotype Frequency      | 
|   at       at    |                               | 
| 5 prime  exon 29 |  Independent   w/Association  | 
----------------------------------------------------     Observed     Expected    Freeman-Tukey Zi 
   1        1           0.000000     0.000000               0.00         0.00        -0.00 
   1        2           0.001579     0.000000               0.00         1.05        -1.28 
   1        3           0.000128     0.003021               2.00         0.08         1.99 
   1        4           0.000014     0.000000               0.00         0.01        -0.02 
   .        .               .            .                   .            .            . 
   .        .               .            .                   .            .            . 
  16       11           0.000000     0.000000               0.00         0.00        -0.00 
  16       12           0.000000     0.000000               0.00         0.00        -0.00 
  16       13           0.000000     0.000000               0.00         0.00        -0.00 
  16       14           0.000001     0.000000               0.00         0.00        -0.00 
---------------------------------------------------- 
# of Iterations = 17 
 
                                       df   Ln(L)     Chi-square 
------------------------------------------------------------------- 
H0: No Association                     28  -2079.52      0.00 
H1: Allelic Associations Allowed       223  -1669.83    819.39 
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Table 5.03.  nNOS D’ analysis of the 5 prime and exon 29 multi-allelic loci in the MAPI non-migraine observed genotype data.  The D’ coefficient denoting the 
magnitude (i.e. strength) (highlighted in bold font) of the significantly observed LD between the nNOS loci (see Table 5.02) is summarised in the Global 
Disequilibrium Statistics and their Standard Errors section at the bottom of the table. 
 

A naive 2-locus LD calculator, version 1.00 JH Zhao 12/05/2000-15/02/2002 IoP 
Running on Tue Oct 19 14:13:01 2004 
 
Maximum number of alleles = 50 
 
224 haplotype frequencies based on a sample of 331 diploid individuals 
 
Allele frequencies 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14     15     16 
  5 prime    0.0030        0.0015 0.1888 0.0589        0.1767 0.0363 0.0030 0.0121 0.1088 0.0846 0.3066 0.0151 0.0015 0.0030 
  exon 29    0.0076 0.5227 0.0423 0.0045 0.0045 0.0861 0.1224 0.0257 0.0906 0.0060 0.0045 0.0211 0.0181 0.0438 
 
 * alleles present in the data are 14, 14 
 
Haplotype frequencies at linkage equilibrium 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1       0.0000 0.0016 0.0001 0.0000 0.0000 0.0003 0.0004 0.0001 0.0003 0.0000 0.0000 0.0001 0.0001 0.0001 
     .          .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16       0.0000 0.0016 0.0001 0.0000 0.0000 0.0003 0.0004 0.0001 0.0003 0.0000 0.0000 0.0001 0.0001 0.0001 
 
Estimated haplotype frequencies 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1       0.0000 0.0000 0.0030 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
     .          .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16       0.0000 0.0030 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
 
Table of D 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1       -0.000 -0.002  0.003 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
     .           .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16       -0.000  0.001 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 -0.000 
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Table 5.03.  Continued… 
 

Table of Dmax 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1        0.000  0.002  0.003  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
     .           .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16        0.000  0.001  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
 
Table of Dij' 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1       -1.000 -1.000  1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 
     .           .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16       -1.000  1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 -1.000 
 
Table of SE(Dij') 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1        0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
     .           .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16        0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000  0.000 
 
Table of chi-square [based on D] 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1         0.02   2.20  45.42   0.01   0.01   0.19   0.28   0.05   0.20   0.01   0.01   0.04   0.04   0.09 
     .            .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16         0.02   1.83   0.09   0.01   0.01   0.19   0.28   0.05   0.20   0.01   0.01   0.04   0.04   0.09 
 
Table of p value [based on D] 
 
locus/allele      1      2      3      4      5      6      7      8      9     10     11     12     13     14 
     1       0.9016 0.1383 0.0000 0.9239 0.9238 0.6638 0.5969 0.8181 0.6548 0.9120 0.9238 0.8351 0.8474 0.7618 
     .          .      .      .      .      .      .      .      .      .      .      .      .      .      . 
    16       0.9016 0.1759 0.7660 0.9239 0.9238 0.6638 0.5969 0.8181 0.6548 0.9120 0.9238 0.8351 0.8474 0.7618 
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Chi-squared statistic = 1656.60, df = 169, p = 0.0000 
(Pearson Chi-squared statistic of haplotype table) 
 
 
Global disequilibrium statistics and their standard errors: 
 
Phi coefficient W = (1656.60 / 662)^0.5 = 1.5819, SD = 0.2284 
Cramer's V (W/[min(14,14)-1]^0.5) = 0.4387, SD = 0.0722 
 
D' coefficient = 0.654285, SD = 0.0226 (Var = 0.000513) 
 
Kullback-Leibler information = 1.119859 

Table 5.03.  Continued… 
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Table 5.04.  nNOS LD analysis of the 5 prime and exon 29 dichotomised allelic systems in the 
MAPI non-migraine observed genotype data.  The likelihood of alleles at both nNOS loci 
segregating independently of each other (H1) is highlighted in bold font at the bottom of the 
table.  The approximate χ2 distribution of allelic association was computed with degrees of 
freedom equating to the estimated number of haplotypes minus one (i.e. df; 4 – 1 = 3). 
 
Estimates of Gene Frequencies (Assuming Independence) 
----\----------------------------------- 
locus \ allele     1 (short)    2 (long) 
--------\------------------------------- 
5 prime |           0.4628       0.5372 
exon 29 |           0.5310       0.4690 
---------------------------------------- 
# of Typed Individuals: 323 
 
There are 4 Possible Haplotypes of These 2 Loci. 
They are Listed Below, with their Estimated Frequencies: 
---------------------------------------------------- 
| Allele   Allele  |      Haplotype Frequency      | 
|   at       at    |                               | 
|5 prime  exon 29  |  Independent   w/Association  | 
---------------------------------------------------- 
   1        1           0.245754     0.142604 
   1        2           0.217094     0.320244 
   2        1           0.285206     0.388356 
   2        2           0.251946     0.148796 
---------------------------------------------------- 
# of Iterations = 9 
 
                                       df   Ln(L)     Chi-square 
------------------------------------------------------------------- 
H0: No Association                      2   -677.65      0.00 
H1: Allelic Associations Allowed        3   -645.53     64.22 

 
Table 5.05.  nNOS D’ analysis of the 5 prime and exon 29 dichotomised allelic systems in the 
MAPI non-migraine observed genotype data.  The D’ coefficient denoting the magnitude (i.e. 
strength) (highlighted in bold font) of the significantly observed LD between the nNOS loci (see 
Table 5.04) is summarised in the Global Disequilibrium Statistics and their Standard Errors 
section at the bottom of the table. 
 
A naive 2-locus LD calculator, version 1.00 JH Zhao 12/05/2000-15/02/2002 IoP 
Running on Tue Oct 19 14:41:42 2004 
 
Maximum number of alleles = 50 
 
4 haplotype frequencies based on a sample of 323 diploid individuals 
 
Disequilibria, expectations and variances 
 
   D  -0.103150 -0.102990  0.000080 
Dmax   0.245754  0.245373  0.000113 
  D'  -0.419728            0.001631 
 
Chi-squared statistic for D = 111.01, df = 1, p = 0.0000 
 
Allele frequencies 
 
locus/allele      1 (short)  2 (long) 
  5 prime          0.4628     0.5372 
  exon 29          0.5310     0.4690 
 
 * alleles present in the data are 2, 2 
 
Haplotype frequencies at linkage equilibrium 
 
locus/allele      1 (short)  2 (long) 
  5 prime          0.2458     0.2171 
  exon 29          0.2852     0.2519 
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Table 5.05.  Continued… 
 
Estimated haplotype frequencies 
 
locus/allele      1 (short)  2 (long) 
  5 prime          0.1426     0.3202 
  exon 29          0.3884     0.1488 
 
Table of D 
 
locus/allele      1 (short)  2 (long) 
  5 prime          -0.103     0.103 
  exon 29           0.103    -0.103 
 
Table of Dmax 
 
locus/allele      1 (short)  2 (long) 
  5 prime           0.246     0.246 
  exon 29           0.246     0.246 
 
Table of Dij' 
 
locus/allele      1 (short)  2 (long) 
  5 prime          -0.420     0.420 
  exon 29           0.420    -0.420 
 
Table of SE(Dij') 
 
locus/allele      1 (short)  2 (long) 
  5 prime          0.042     0.042 
  exon 29          0.042     0.042 
 
Table of chi-square [based on D] 
 
locus/allele      1 (short)  2 (long) 
  5 prime          111.01     111.01 
  exon 29          111.01     111.01 
 
Table of p value [based on D] 
 
locus/allele      1 (short)  2 (long) 
  5 prime          0.0000     0.0000 
  exon 29          0.0000     0.0000 
 
 
Chi-squared statistic = 111.01, df = 1, p = 0.0000 
(Pearson Chi-squared statistic of haplotype table) 
 
 
Global disequilibrium statistics and their standard errors: 
 
Phi coefficient W = (111.01 / 646)^0.5 = 0.4145, SD = 0.0297 
Cramer's V (W/[min(2,2)-1]^0.5) = 0.4145, SD = 0.0359 
 
D' coefficient = 0.419728, SD = 0.0404 (Var = 0.001631) 
 
Kullback-Leibler information = 0.095906 
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5.4.5 Migraine Association Population I (MAPI) 

Migraineurs (n = 275) and non-migraineurs (n = 275) of the MAPI cohort were 

genotyped for the nNOS 5 prime and exon 29 repeat variants with their allelic 

distribution results presented in Tables 5.06 and 5.07, respectively.  The reported T1 χ2 

and corresponding P values were assessed by CLUMP [Sham & Curtis 1995].  No 

significant associations were observed for the 5 prime (χ2
α=0.05,15 = 23.78; P = 0.069) 

(Table 5.06) or the exon 29 (χ2
α=0.05,13 = 15.24; P = 0.292) (Table 5.07) nNOS repeat 

variants and the migraine phenotype (MO+MA).  Additionally, no significant 

associations were observed between the MO phenotype and either the 5 prime 

(χ2
α=0.05,15 = 11.95; P = 0.683) (Table 5.06) or the exon 29 (χ2

α=0.05,13 = 17.97; P = 0.159) 

(Table 5.07) nNOS repeat variants, respectively.  The MA phenotype did however, 

exceed the nominal significance threshold for the 5 prime repeat variant (χ2
α=0.05,15 = 

26.97; P = 0.029) (Table 5.06) but not for the exon 29 repeat variant (χ2
α=0.05,13 = 17.07; 

P = 0.196) (Table 5.07). 

 



Table 5.06.  Migraine Association Population I (MAPI) observed allele counts and corresponding frequencies of the nNOS 5 prime promoter [(GT)nA(TG)m] 
compound dinucleotide repeat sequence a, b, c. 
 

Cohort  Allele (bp) 
  1 

(176) 
2 

(178) 
3 

(180) 
4 

(182) 
5 

(184) 
6 

(188) 
7 

(192) 
8 

(194) 
9 

(196) 
10 

(198) 
11 

(200) 
12 

(202) 
13 

(204) 
14 

(206) 
15 

(208) 
16 

(210) 
Migraine 
(MO+MA) 
(n=490) 

 2 
[0.004] 

0 
[0.0] 

2 
[0.004] 

97 
[0.198] 

37 
[0.076] 

0 
[0.0] 

91 
[0.186] 

9 
[0.018] 

2 
[0.004] 

4 
[0.008] 

56 
[0.114] 

44 
[0.09] 

133 
[0.271] 

10 
[0.02] 

1 
[0.002] 

2 
[0.004] 

MO 
(n=194) 

  

 

0
[0.0] 

 

0 
[0.0] 

0 
[0.0] 

41 
[0.211] 

23 
[0.119] 

0 
[0.0] 

33 
[0.17] 

4 
[0.021] 

1 
[0.005] 

3 
[0.015] 

20 
[0.103] 

16 
[0.082] 

48 
[0.247] 

5 
[0.026] 

0 
[0.0] 

0 
[0.0] 

MAb 
(n=296) 

2
[0.007] 

  

0 
[0.0] 

2 
[0.007] 

56 
[0.189] 

14 
[0.047] 

0 
[0.0] 

58 
[0.196] 

5 
[0.017] 

1 
[0.003] 

1 
[0.003] 

36 
[0.122] 

28 
[0.095] 

85 
[0.287] 

5 
[0.017] 

1 
[0.003] 

2 
[0.007] 

Control 
(n=450) 

0
[0.0] 

2 
[0.004] 

0 
[0.0] 

81 
[0.18] 

33 
[0.073] 

1 
[0.002] 

69 
[0.153] 

25 
[0.056] 

4 
[0.009] 

6 
[0.013] 

54 
[0.12] 

33 
[0.073] 

135 
[0.3] 

7 
[0.016] 

0 
[0.0] 

0 
[0.0] 

a Allele frequencies denoted in brackets. 
b Nominal association observed between the MA phenotype and control group only (T1 χ2

α=0.05,15 = 26.97; P = 0.029). 
c T1 χ2 analysis identified no other significant differences between either of the migraine phenotypes and the control group. 
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Table 5.07.  Migraine Association Population I (MAPI) observed allele counts and corresponding frequencies of the nNOS exon 29 (TG)n dinucleotide repeat 
sequence a, b. 

Cohort  Allele (bp) 
  1 

(169) 
2 

(173) 
3 

(175) 
4 

(177) 
5 

(179) 
6 

(181) 
7 

(183) 
8 

(185) 
9 

(191) 
10 

(193) 
11 

(197) 
12 

(199) 
13 

(201) 
14 

(203) 
Migraine 
(MO+MA) 
(n=366) 

 3 
[0.008] 

191 
[0.522] 

15 
[0.041] 

3 
[0.008] 

3 
[0.008] 

36 
[0.098] 

39 
[0.107] 

10 
[0.027] 

34 
[0.093] 

1 
[0.003] 

2 
[0.005] 

11 
[0.03] 

6 
[0.016] 

12 
[0.033] 

MO 
(n=138) 

  

  

3
[0.022] 

  

77 
[0.558] 

2 
[0.014] 

2 
[0.014] 

1 
[0.007] 

17 
[0.123] 

15 
[0.109] 

2 
[0.014] 

11 
[0.08] 

1 
[0.007] 

0 
[0.0] 

3 
[0.022] 

1 
[0.007] 

3 
[0.022] 

MA 
(n=228) 

0
[0.0] 

114 
[0.5] 

13 
[0.057] 

1 
[0.004] 

2 
[0.009] 

19 
[0.083] 

24 
[0.105] 

8 
[0.035] 

23 
[0.101] 

0 
[0.0] 

2 
[0.009] 

8 
[0.035] 

5 
[0.022] 

9 
[0.039] 

Control 
(n=344) 

2
[0.006] 

188 
[0.547] 

18 
[0.052] 

2 
[0.006] 

0 
[0.0] 

24 
[0.07] 

43 
[0.125] 

7 
[0.02] 

27 
[0.078] 

4 
[0.012] 

1 
[0.003] 

3 
[0.009] 

6 
[0.017] 

19 
[0.055] 
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a Allele frequencies denoted in brackets. 
b T1 χ2 analyses identified no significant differences between either of the migraine phenotypes and the control group. 
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5.4.6 Migraine Association Population II (MAPII) 

To assess the validity of the nominally significant MA association with the 5 prime 

nNOS repeat variant, this marker was further genotyped in an independent Caucasian 

cohort of 305 migraineurs and 305 sex and aged matched non-migrainous unrelated 

individuals (MAPII).  Independently replicated association analyses (T1 statistic) for the 

5 prime nNOS repeat variant supported the initial migraine (MO+MA) (χ2
α=0.05,15 = 

18.90; P = 0.218) and MO (χ2
α=0.05,13 = 9.37; P = 0.857) findings in the MAPI cohort 

(Table 5.08).  The initial (nominally significant) association of the 5 prime nNOS variant 

with the MA phenotype (Table 5.06) however could not be verified in an independent 

Caucasian cohort (MAPII) (χ2
α=0.05,15 = 19.71; P = 0.183) (Table 5.08). 

 

5.4.7 MAPI and II 

The possibility of reporting false positive association was also assessed by pooling 

observed allelic data from both the MAPI and MAPII migraine (n = 580) and non-

migraine (n = 580) cohorts to maximise the power of the study.  Pooled allelic data did 

not support evidence of an association with the 5 prime nNOS repeat variant with either 

of the three migraine phenotypes MO+MA (χ2
α=0.05,15 = 15.50; P = 0.416), MO 

(χ2
α=0.05,15 = 14.92; P = 0.457) or MA (χ2

α=0.05,15 = 13.91; P = 0.532) (Table 5.09). 

 



Table 5.08.  Migraine Association Population II (MAPII) observed allele counts and corresponding frequencies of the nNOS 5 prime promoter [(GTnA(TG)m] 
compound dinucleotide repeat sequence a, b. 
 

Cohort  Allele (bp) 
  1 

(176) 
2 

(178) 
3 

(180) 
4 

(182) 
5 

(184) 
6 

(188) 
7 

(192) 
8 

(194) 
9 

(196) 
10 

(198) 
11 

(200) 
12 

(202) 
13 

(204) 
14 

(206) 
15 

(208) 
16 

(210) 
Migraine 
(MO+MA) 
(n=516) 

 0 
[0.0] 

0 
[0.0] 

0 
[0.0] 

86 
[0.167] 

33 
[0.064] 

1 
[0.002] 

80 
[0.155] 

25 
[0.048] 

3 
[0.006] 

6 
[0.012] 

66 
[0.128] 

48 
[0.093] 

156 
[0.302] 

9 
[0.017] 

1 
[0.002] 

2 
[0.004] 

MO 
(n=74) 

  

 

 

0
[0.0] 

 

0 
[0.0] 

0 
[0.0] 

10 
[0.135] 

4 
[0.054] 

0 
[0.0] 

17 
[0.23] 

3 
[0.041] 

0 
[0.0] 

0 
[0.0] 

9 
[0.122] 

4 
[0.054] 

24 
[0.324] 

2 
[0.027] 

0 
[0.0] 

1 
[0.014] 

MA 
(n=442) 

0
[0.0] 

 

0 
[0.0] 

0 
[0.0] 

76 
[0.172] 

29 
[0.066] 

1 
[0.002] 

63 
[0.143] 

22 
[0.05] 

3 
[0.007] 

6 
[0.014] 

57 
[0.129] 

44 
[0.1] 

132 
[0.299] 

7 
[0.016] 

1 
[0.002] 

1 
[0.002] 

Control 
(n=512) 

0
[0.0] 

0 
[0.0] 

1 
[0.002] 

116 
[0.227] 

19 
[0.037] 

1 
[0.002] 

99 
[0.193] 

19 
[0.037] 

2 
[0.004] 

4 
[0.008] 

73 
[0.143] 

34 
[0.066] 

131 
[0.256] 

9 
[0.017] 

3 
[0.006] 

1 
[0.002] 

a Allele frequencies denoted in brackets. 
b T1 χ2 analyses identified no significant differences between either of the migraine phenotypes and the control group. 
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Table 5.09.  Migraine Association Populations I and II (MAPI and II) combined observed allele counts and corresponding frequencies of the nNOS 5 prime promoter 
[(GT)nA(TG)m] compound dinucleotide repeat sequence a, b. 

Cohort  Allele (bp) 
  1 

(176) 
2 

(178) 
3 

(180) 
4 

(182) 
5 

(184) 
6 

(188) 
7 

(192) 
8 

(194) 
9 

(196) 
10 

(198) 
11 

(200) 
12 

(202) 
13 

(204) 
14 

(206) 
15 

(208) 
16 

(210) 
Migraine 
(MO+MA) 
(n=1006) 

 2 
[0.002] 

0 
[0.0] 

2 
[0.002] 

183 
[0.182] 

70 
[0.07] 

1 
[0.001] 

171 
[0.17] 

34 
[0.034] 

5 
[0.005] 

10 
[0.01] 

122 
[0.121] 

92 
[0.091] 

289 
[0.287] 

19 
[0.019] 

2 
[0.002] 

4 
[0.004] 

MO 
(n=268) 

  

 

0
[0.0] 

 

0 
[0.0] 

0 
[0.0] 

51 
[0.19] 

27 
[0.101] 

0 
[0.0] 

50 
[0.187] 

7 
[0.026] 

1 
[0.004] 

3 
[0.011] 

29 
[0.108] 

20 
[0.075] 

72 
[0.269] 

7 
[0.026] 

0 
[0.0] 

1 
[0.004] 

MA 
(n=738) 

2
[0.003] 

  

0 
[0.0] 

2 
[0.003] 

132 
[0.179] 

43 
[0.058] 

1 
[0.001] 

121 
[0.164] 

27 
[0.037] 

4 
[0.005] 

7 
[0.009] 

93 
[0.126] 

72 
[0.098] 

217 
[0.294] 

12 
[0.016] 

2 
[0.003] 

3 
[0.004] 

Control 
(n=962) 

0
[0.0] 

2 
[0.002] 

1 
[0.001] 

197 
[0.205] 

52 
[0.054] 

2 
[0.002] 

168 
[0.175] 

44 
[0.046] 

6 
[0.006] 

10 
[0.01] 

127 
[0.132] 

67 
[0.07] 

266 
[0.276] 

16 
[0.017] 

3 
[0.003] 

1 
[0.001] 

204

a Allele frequencies denoted in brackets. 
b T1 χ2 analyses identified no significant differences between either of the migraine phenotypes and the control group. 
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5.4.8 nNOS Dichotomised Association 

5.4.8.1 5 prime Dichotomised Association 

Genotypic and allelic association analyses of the 5 prime dichotomised allelic system in 

the MAPI and MAPII population-based association cohorts is summarised in Table 5.10.  

No significant genotypic associations were observed for the dichotomised 5 prime 

repeat variant and the migraine phenotype (MO+MA) in either the MAPI (χ2
α=0.05,2 = 

0.52; P = 0.77) or MAPII (χ2
α=0.05,2 = 5.37; P = 0.07) cohorts respectively (Table 5.10).  

Additional independent allelic association analyses in the MAPI (χ2
α=0.05,1 = 0.27; P = 

0.61) and MAPII (χ2
α=0.05,1 = 3.44; P = 0.06) cohorts did not support any evidence for 

allele repeat length preponderance in migraine (MO+MA) susceptibility (Table 5.10). 

 

Stratification of the migraine phenotype (MO+MA) to independently assess the MO 

only phenotype did not observed significant genotypic associations for the dichotomised 

5 prime repeat variant in either the MAPI (χ2
α=0.05,2 = 1.3; P = 0.52) or MAPII (χ2

α=0.05,2 

= 0.46; P = 0.79) cohorts, respectively (Table 5.10).  Independent allelic association 

analyses of the MO phenotype in the MAPI (χ2
α=0.05,1 = 1.45; P = 0.23) and MAPII 

(χ2
α=0.05,1 = 0.31; P = 0.58) cohorts were also non-significant (NS) (Table 5.10). 

 

Stratification of the migraine phenotype (MO+MA) to independently assess the MA 

only phenotype did not observe a significant genotypic association for the dichotomised 

5 prime repeat variant in the MAPI (χ2
α=0.05,2 = 0.62; P = 0.73) cohort.  However, in the 

MAPII (χ2
α=0.05,2 = 6.48; P = 0.04) cohort statistical significance at the nominal (α = 

0.05) threshold was observed at the genotypic level (Table 5.10).  The increased 

statistical power of independent allelic association assessment resulting from a doubling 

of sample size (n) from the genotypic association assessment confirmed the negative 

association in the MAPI cohort (χ2
α=0.05,1 = 0.03; P = 0.82).  The nominally statistical 

significant observed genotypic association in the MAPII cohort for the MA only group 

dissipated when subsequent allelic association analysis was performed (χ2
α=0.05,1 = 3.62; 

P = 0.06) (Table 5.10). 

 

Overall genotypic and allelic assessment of the 5 prime dichotomised allelic system in 

migraine susceptibility was maximised by combining the MAPI and MAPII observed 

data (Table 5.10).  No significant genotypic associations were observed for the 
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dichotomised 5 prime repeat variant and the migraine phenotype (MO+MA) in the 

combined MAPI and MAPII (χ2
α=0.05,2 = 2.60; P = 0.27) cohort (Table 5.10).  

Additionally, no allelic association was observed in the combined MAPI and MAPII 

(χ2
α=0.05,1 = 0.94; P = 0.33) cohort either (Table 5.10). 

 

Stratified for the MO only phenotype no genotypic (χ2
α0.05,2 = 0.47; P = 0.79) or allelic 

(χ2
α=0.05,1 = 0.39; P = 0.53) association was observed (Table 5.10). 

 

The likelihood that the nominal MA genotypic association in the MAPII cohort 

represented a false positive was further substantiated (in addition to the MAPII allelic 

association result) in the maximised MAPI and MAPII combined cohort as no 

significant genotypic association was observed (χ2
α=0.05,2 = 5.73; P = 0.06) (Table 5.10).  

Additionally, no allelic association was observed in the combined (maximised) MAPI 

and MAPII (χ2
α=0.05,1 = 2.37; P = 0.12) cohort either (Table 5.10). 

 

The 5 prime dichotomised allelic systems for the MAPI migraine (P = 0.283) and non-

migraine (P = 0.080), MAPII migraine (P = 0.305) and non-migraine (P = 0.345) and 

combined MAPI and MAPII migraine (P = 0.935) and non-migraine (P = 0.057) groups 

all conformed to Hardy-Weinberg proportions amongst non-overlapping generations 

(i.e. HWE). 
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Table 5.10.  Migraine Association Population I and II (MAPI and II) observed genotype (SS, SL, LL), allele (S, L) and corresponding frequencies of the dichotomised 
nNOS 5 prime promoter [(GT)nA(TG)m] compound dinucleotide repeat variant a, b, c.  Short (S) allele ≤194 bp; Long (L) allele > 194 bp. 
 

MAPI  MAPII  MAPI & II 
  Genotype  Allele  Genotype  Allele  Genotype  Allele 
Cohort             SS  SL LL S L SS  SL LL S L SS  SL LL S L
Migraine 
(MO+MA) 

            62
[0.253] 

114 
[0.465] 

69 
[0.282] 

238
[0.488] 

252 
[0.512] 

45
[0.174] 

135 
[0.523] 

78 
[0.302] 

225
[0.436] 

291 
[0.564] 

107
[0.213] 

249 
[0.495] 

147 
[0.292] 

463
[0.46] 

543 
[0.54] 

MO   29
[0.299] 

  

43 
[0.443] 

25 
[0.258] 

  101
[0.521] 

  

93 
[0.479] 

  9
[0.243] 

  

16 
[0.432] 

12 
[0.324] 

  34
[0.459] 

  

40 
[0.541] 

  38
[0.284] 

  

59 
[0.44] 

37 
[0.276] 

 

  

135 
[0.504] 

  

133 
[0.496] 

MAb 33
[0.223] 

  

71 
[0.48] 

44 
[0.297] 

137
[0.463] 

  

159 
[0.537] 

36
[0.163] 

  

119 
[0.538] 

66 
[0.299] 

191
[0.432] 

  

251 
[0.568] 

69
[0.187] 

 

190 
[0.515] 

110 
[0.298] 

328
[0.444] 

  

410 
[0.556] 

Control 56
[0.249] 

99 
[0.44] 

70 
[0.311] 

211
[0.469] 

239 
[0.531] 

65
[0.259] 

118 
[0.47] 

68 
[0.271] 

248
[0.494] 

254 
[0.506] 

121
[0.254] 

217 
[0.456] 

138 
[0.29] 

459
[0.482] 

493 
[0.518] 

a Genotype and allele frequency data denoted in brackets. 
b Genotypic association observed between the MA phenotype and the control group for the MAPII cohort only (χ2

α=0.05,2 = 6.48; P = 0.039). 
c χ2 analysis identified no other significant differences between either of the migraine phenotypes and the control group. 
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5.4.8.2 exon 29 Dichotomised Association 

Genotypic and allelic association analyses of the exon 29 dichotomised allelic system in 

the MAPI cohort only is summarised in Table 5.11.  No significant genotypic (χ2
α=0.05,2 

= 0.32; P = 0.85) or allelic (χ2
α=0.05,1 = 0.32; P = 0.57) associations were observed for 

the dichotomised exon 29 repeat variant and the migraine phenotype (MO+MA) (Table 

5.11).  Stratification of the migraine phenotype to independently assess MO only did not 

observed significant genotypic (χ2
α=0.05,2 = 0.30; P = 0.86) or allelic (χ2

α=0.05,1 = 0.31; P 

= 0.58) (Table 5.11).  Additionally, the stratified MA phenotype did not observed 

significant genotypic (χ2
α=0.05,2 = 1.43; P = 0.49) or allelic (χ2

α=0.05,1 = 1.44; P = 0.23) 

association with MA specific susceptibility (Table 5.11).  The exon 29 dichotomised 

allelic systems for the MAPI migraine (P = 0.638) and non-migraine (P = 0.568) groups 

were in HWE. 

 
Table 5.11.  Migraine Association Population (MAPI) observed genotype (SS, SL, LL), allele (S, 
L) counts and corresponding frequencies of the dichotomised nNOS exon 29 (GT)n dinucleotide 
repeat variant a, b.  Short (S) allele ≤173 bp; Long (L) allele > 173 bp. 
 

  MAPI 
  Genotype  Allele 

Cohort  SS SL LL  S L 
Migraine (MO+MA)  53 

[0.29] 
88 

[0.481] 
42 

[0.229] 
 194 

[0.53] 
172 

[0.47] 
MO  24 

[0.348] 
32 

[0.464] 
13 

[0.188] 
 80 

[0.58] 
58 

[0.42] 
MA  29 

[0.254] 
56 

[0.491] 
29 

[0.254] 
 114 

[0.5] 
114 
[0.5] 

Control  52 
[0.315] 

78 
[0.473] 

35 
[0.212] 

 182 
[0.552] 

148 
[0.448] 

a Genotype and allele frequency data denoted in brackets. 
b χ2 analysis identified no significant differences between either of the migraine phenotypes and the control group. 
 

5.4.9 MAPI Haplotypic Estimates 

Haplotype frequency estimates and assessment of significant differences between the 

migraine (case) and non-migraine (control) MAPI cohorts of the 5 prime and exon 29 

nNOS variants was performed on the dichotomised allelic system.  Estimates of 

haplotype frequencies from un-phased observed genotypic data utilises the expectation-

maximisation (EM) algorithm based on the assumption of HWE.  The dichotomised 

nNOS allelic system obeying Hardy-Weinberg proportions across non-overlapping 

generations will thus maximise the performance of the EM algorithm. 
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Haplotype frequency estimates depicted in Table 5.12 indicate the long-short (LS) 

haplotype to be the most common in both case and control cohorts for the nNOS gene 

(~39%).  The alternative short-long (SL) heterogenous haplotype constitutes 

approximately one third (~31% case; ~33% control) of the estimated haplotypic 

variance.  The homogenous short-short (SS) nNOS haplotype constitutes ~14% of the 

estimated haplotypic frequency (case and control cohorts) and the alternative 

homogenous long-long (LL) nNOS haplotype accounts for ~16% and ~14% of the 

estimated haplotypic frequency in the MAPI nNOS case and control cohorts, 

respectively (Table 5.12).  The analysis of estimated haplotypic frequencies between the 

case and control MAPI cohorts did not indicate any significant association (χ2
α=0.05,3 = 

0.60; P = 0.89) (Table 5.13). 

 
Table 5.12.  Estimated haplotype frequencies of the dichotomised nNOS 5 prime and exon 29 
repeat variants.  Sample sizes (n) of the migraine (case) and non-migraine (control) cohorts 
were 174 and 149, respectively.  Haplotype frequencies were estimated from the MAPI cohort 
only. 
 

Haplotype  Frequency 
5 prime a  Exon 29 b  Migraine (Case)  Non-migraine (Control) 

S  S  0.142018  0.143170 
S  L  0.312005  0.329984 
L  S  0.386718  0.390387 
L  L  0.159260  0.136459 

a Short (S) alleles (≤194 bp); Long (L) alleles (>194 bp) 
b Short (S) alleles (≤ 173 bp); Long (L) alleles (> 173 bp) 
 
Table 5.13.  Estimated haplotype frequency association test of the nNOS 5 prime and exon 29 
repeat variants between the migraine (case) and non-migraine (control) cohorts.  Haplotype 
frequencies were estimated from the MAPI cohort only a. 
 

Cohort  n  ln(L)  χ2

Migraine (Case)  174  -349.62  31.40 
Non-migraine (Control)  149  -295.61  33.18 
Combined (Case+Control)  323  -645.53  64.22 

a Overall chi-square approximate distribution; χ2
α=0.05,3 = 0.60 (P = 0.89) using the test statistic 2[ln(L, case) + ln(L, control) – ln(L, 

combined)] 
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5.5 Discussion 
The biological actions of NO are many and varied including functioning as a 

neurotransmitter in the central and peripheral nervous systems [Bult et al. 1990; 

Peunova & Enikolopov 1993] and the autonomic innervation of large blood vessels 

[Nadaud & Soubrier 1996].  Synthesised when required, physiological activity and 

concentrations of NO within neuronal networks are mediated by the constitutive NOS 

isoform nNOS [Nozaki et al. 1993].  Identification and characterisation of genetic 

variants within the nNOS gene are an important consideration, as variation in the 

structure and/or expression on nNOS may subsequently alter NO levels and hence, any 

ensuing physiological functions reliant upon NO synthesis.  A population-based 

genomic overview of two dinucleotide repeat variants at the 5’ and 3’ regions of the 

nNOS gene [Hall et al. 1994] is provided in addition to their relationship to migraine 

susceptibility. 

 

Interestingly, the nNOS gene contains more than one transcriptional unit and alternative 

promoter regions.  Upwards of nine exon one sequence variants (with corresponding 5’-

flanking promoter sequences) have been identified, all of which splice to a common 

second exon where the translation initiation codon resides [Forstermann et al. 1998].  

Alternative promoter regions are a good indicator of variable expression levels thus 

leading to variations in transcription initiation, efficiency of translation or tissue specific 

expression levels and/or developmental expression levels amongst neurological and 

other physiological activities [Boissel et al. 1998].  In light of this, it is interesting to 

note that the difference between the allelic distribution patterns exhibited by the 5 prime 

(Figure 5.04) and exon 29 (Figure 5.05) nNOS repeat variants.  Depicted by a bi-modal 

distribution, the 5 prime nNOS repeat variant (Figure 5.04) in comparison to the 

positively skewed exon 29 repeat variant (Figure 5.05) may have arisen by greater 

mutational events over an evolutionary time scale [Zhang et al. 2004].  The non-

homologous variable exon 1 sequences of the nNOS gene although not generating 

variable nNOS protein isoforms, have been implicated in variable translational 

efficiencies of nNOS mRNA transcripts for varying tissue specific expression levels 

[Wang et al. 1999b; Zhang et al. 2004], possibly arising from natural selection 

pressures placed upon the nNOS gene. 
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The mutability of microsatellite loci has been demonstrated to be determined by a 

critical repeat motif whereby the rates of mutation expansion or contraction are 

governed [Xu et al. 2000].  With regard to the 5 prime repeat variant, rates of mutation 

expansion and/or contraction may have continued for an extended (greater than the exon 

29 repeat variant) time scale as the allelic distribution appears to be approaching a 

normal (bell shaped) distribution.  Alternatively, the exon 29 repeat variant appears to 

be a nascent microsatellite locus compared to the 5 prime locus with possible bias 

favouring expansion of future mutational events of shorter allele repeat motifs [Xu et al. 

2000]. 

 

Various biological and physiological roles of NO and its synthesis by nNOS has 

prompted an increased awareness of its potential role in numerous diseased states.  

Previous studies did not support a link between migraine susceptibility and genetic 

variations within the eNOS [Griffiths et al. 1997] or iNOS [Lea et al. 2001b] isoforms.  

In the current aspect of this research, involvement of the third NOS isoform (nNOS) 

with the assayed genetic variants within the 5’ and 3’ regions was not implicated in 

migraine susceptibility. 

 

Empirical evidence based on the current findings indicate the 5 prime and  exon 29 

nNOS repeat variants to be in highly significant linkage disequilibrium (LD) for both 

the multi-allelic and dichotomised (bi-allelic) systems.  At a distance of ~150 kb (Figure 

5.01) evidence for LD between these two microsatellite loci is not too unreasonable to 

assume [Huttley et al. 1999; Slatkin 1994].  Indication of a common haplotype spanning 

the nNOS gene is best represented by the heterogenous haplotypes (SL or LS) 

constituting ~70% of the total haplotypic variation for this gene.  To facilitate a gene-

wide representation of the nNOS gene for future investigations into the genetic 

mechanisms of diseased states, it is suggested that it would be more beneficial to assess 

the 5 prime repeat variant.  Additionally, whilst multiple repeat motif length genetic 

variants have been implied in genetic susceptibility to disease states [Dai et al. 2001] 

and alterations in gene transcriptional activity [Naylor & Clark 1990], the identification 

of Z-DNA forming sequence structure within the nNOS promoter region provides 

enhanced functional relevance of this gene region [Comings 1998].  The formation of Z-

DNA structures having been postulated to enhance or repress gene promoter activity 

would therefore implicate the nNOS 5 prime repeat variant as an appropriate functional 

candidate for future research into the basis of other multifactorial disorders. 



 

Chapter 6 
 

Genotyping Part 2: 
 

“A Genetic Analysis of Serotonergic 

Biosynthetic and Metabolic Enzymes in 

Migraine Using a DNA Pooling 

Approach” 
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6.1 Genotyping Part 2 
Chapter 6 entitled “Genotyping Part 2:  A genetic analysis of serotonergic biosynthetic 

and metabolic enzymes in migraine using a DNA pooling approach” is the penultimate 

in the series of genotyping techniques.  In what could be recognised as an adaptation of 

the previously outlined capillary-based genotyping methodology (see Chapter 5), this 

Chapter outlines the use of capillary-based genotyping technologies in a more high 

throughput manner.  The construction of mutually exclusive pools of individual 

migraine and non-migraine DNA samples in a multi-stage experimental design allows 

high throughput screening of disease candidate loci.  The identification of polymorphic 

variants within the human tryptophan hydroxylase gene (3 SNPs), human amino acid 

decarboxylase gene (1 insertion deletion and 1 STR) and human monoamine oxidase A 

gene (1 VNTR) were screened for migraine susceptibility using the DNA pooling 

technique. 

 

6.2 Introduction 
The identification of genetic determinants underlying highly prevalent ‘complex’ 

(multifactorial) disorders has provided an extensive challenge in the wake of current 

genemapping methodologies to successfully identify genetic determinants underlying 

‘simple’ Mendelian disorders.  Such studies have identified a breadth of multifactorial 

genetic determinants, that which is wide (i.e. numerous loci) although the depth has 

been shallow (i.e. limited replication).  A consequence of failed replication and/or 

contradictory findings may be attributable to the modest effects each genetic variant 

confers on an overall multifactorial phenotype.  In reflecting on this notion of modest 

genetic effect however, one must consider the possibility that differing ethnic cohorts 

and/or observable (diseased) phenotypes may exhibit variation in specific gene effects. 

 

The application of genetic (case-control) association studies has been purported to be a 

highly powerful genemapping tool for the identification of genetic loci conferring 

modest effects [Risch 2000].  However, the logistical considerations to undertake an 

association genome scan involve a significant increase in the number of individual 

genotypes (i.e. study participants) required, and a significant increase in the number of 

genetic loci to be tested (i.e. denser genetic loci resolution) [Risch & Merikangas 1996; 

Risch 2000].  To use an example, the human genome consists of approximately 3×109 
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nucleotide bases.  In reference to genetic map (sex averaged) units, 3×109 nucleotide 

bases equates to approximately 3,000 cM (1 cM ≅ 1 Mb).  Based on the association of 

genetic marker loci (i.e. linkage disequilibrium) within the human genome [Abecasis et 

al. 2001], the resolution of a densely “populated” genetic map required for a genome 

wide association scan would entail genetic markers to be evenly spaced at intervals of 

approximately 0.025 – 0.05 cM (i.e. 25-50 kb).  The number of genetic markers 

required for this association screen would therefore approximate to be between 60,000 

and 120,000.  A disorder exhibiting a genotypic risk ratio (γ) (i.e. the increased chance 

that an individual with a particular genotype has the disease) of 1.5 and a disease allele 

frequency (q) of 0.01 would approximately require 20,000 individual genotypes for 

each individual marker to have sufficient power to detect such a modest effect [Risch & 

Merikangas 1996].  Therefore, to systematically screen the human genome in an effort 

to identify a locus or loci with a marker allele(s) exhibiting differential distribution 

between the case and control groups (i.e. association) would require approximately 

between 1.2×109 and 2.4×109 individual genotypes.  At an even less extreme disease 

allele frequency (q) of 0.10, with an identical genotypic risk ratio (γ = 1.5), the total 

number of individual genotypes would still be in the vicinity between 1.32×108 and 

2.64×108. 

 

In the above-cited association genome scan examples (albeit very extreme) the scale of 

such a genotyping project whilst not impossible, the time required, the labour input and 

the expenses undertaken would be extremely immense.  To overcome the enormity of 

these genotyping efforts (i.e. number of individual genotypings) and to vastly reduce the 

time, labour and expenses required, the analysis of pooled samples of DNA opposed to 

the analysis of individual samples of DNA may provide a more feasible approach to 

systematically scan the human genome for association to multifactorial disorders 

[Norton et al. 2004; Sham et al. 2002]. 

 

The application of DNA pooling is a two-fold approach where an estimate of allele 

frequencies at a particular locus can be obtained and those frequency estimates can then 

be utilised as a first pass screen of genetic variants assayed for a genetic association 

study.  Individual DNA samples are collectively pooled to incorporate a single sample 

for subsequent analysis, thus minimising the time, labour and expense associated with 

individual genotyping. 
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In using the above example, the requirement of 20,000 individuals (γ = 1.5, q = 0.01) 

can be reduced to 20 pools of 1,000 individuals each.  The genotyping efforts required 

to scan the genome for an association are then reduced from 1.2×109 – 2.4×109 

individual genotypes to 1.2×106 – 2.4×106 individual genotypes, respectively, 

constituting an increase in genotyping efficiency of 1,000-fold.  Alternatively, the 

genotyping efforts required to scan the genome for a disorder of γ = 1.5 and q = 0.10 in 

20 pools of 1,000 individuals are reduced from 1.32×108 – 2.64×108 individual 

genotypes to 1.32×105 – 2.64×105 individual genotypes, respectively, again an increase 

in genotyping efficiency of 1,000-fold. 

 

6.2.1 Empirical DNA Pooling Applications 

From its inception as a genetic tool to estimate HLA class II DR and DQ alleles in type 

I diabetes (case) and matched non-type I diabetes (control) pools [Arnheim et al. 1985], 

the concept of DNA pooling has been implemented in numerous genetic approaches in 

the identification of allelic susceptibility to multifactorial traits.  The concept of pooling 

individual DNA samples for subsequent analyses has been used for mutation detection 

[Amos et al. 2000; Wolford et al. 2000], linkage mapping [Carmi et al. 1995; Churchill 

et al. 1993], quantitative trait locus (QTL) identification, using a “selective” DNA 

pooling study design [Baro et al. 2001; Fisher et al. 1999; Hill et al. 1999; Lipkin et al. 

1998; Mosig et al. 2001; Plomin & Craig 2001; Plomin et al. 2001], affected sibpair 

(ASP) analysis [Craddock et al. 1996], family-based association (i.e. triad pedigree 

structure) analyses [Barcellos et al. 1997; Coraddu et al. 2003; Kirov et al. 2000; 

Liguori et al. 2003; Norton et al. 2002] and population-based (case-control) association 

analyses [Bansal et al. 2002; Barcellos et al. 1997; Coraddu et al. 2003; Fisher et al. 

1999; Hill et al. 1999; Liguori et al. 2003; Norton et al. 2002; Plomin & Craig 2001; 

Plomin et al. 2001; Williams et al. 2002]. 

 

In a population-based (case-control) association study design, the use of DNA pooling 

is best applied as a candidate locus-screening tool in a multi-stage process (Figure 6.01).  

A multiple stage replication study design utilising a “relaxed” statistical threshold for 

the analysis of estimated allele frequencies in DNA pool constructs achieves a balance 

between the identification of false positive and false negative candidate loci that may 

confer modest effect sizes.  The relaxation of the nominal statistical threshold (α = 0.1) 

will consequently identify an elevated number of false positive associations.  An 
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imperative stage of any DNA pooling study design is to therefore re-assess candidate 

loci displaying “relaxed” nominal significance at the α = 0.1 level by independently 

genotyping DNA samples (that make up the DNA pool constructs).  Re-evaluation of 

the allele distribution between individual case and control DNA samples is then 

reported against the more widely accepted nominal statistical significance level α = 0.05 

(Figure 6.01).  If DNA pool analysis fails to meet the “relaxed” statistical threshold (P ≥ 

0.1), no further analysis of the assayed candidate locus is required.  If DNA pool 

analysis satisfies the “relaxed” statistical threshold (P < 0.1) but fails to meet the 

individual genotyping statistical threshold (0.05 ≤ P < 0.1), it is plausible to report that 

the assayed candidate locus is not associated with a diseased trait and/or QTL and the 

initial DNA pool result was a false positive. 



Figure 6.01.  Multi-stage (2-, 3-, 4- or 5-stage) process employed in a case-control DNA pool 
experimental design.  DNA pool results for candidate loci that satisfy a “relaxed” statistical 
threshold (P < 0.1) will warrant further investigation and/or validation by individual genotyping of 
samples included in the respective DNA pool constructs.  Statistical analyses of individual 
genotyping results of candidate loci passing the DNA pool screen are then assessed at the 
standard nominal statistical threshold (P < 0.05).  Further replication and/or validation of positive 
association results can be performed by family-based association assays.  A 2-stage design is 
denoted in blue, a 3-stage design is denoted in red, a 4-stage design is denoted in green and a 
5-stage DNA pool experimental design is denoted in black. 
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6.2.2 DNA Pooling Allelic Discrimination 

The demonstrated success of DNA pooling and the discrimination of alleles at both 

short tandem repeat (STR) (or microsatellite) [Barcellos et al. 1997; Carmi et al. 1995; 

Collins et al. 2000; Coraddu et al. 2003; Daniels et al. 1998; Fisher et al. 1999; Hill et 

al. 1999; Khatib et al. 1994; Kirov et al. 2000; Liguori et al. 2003; Plomin & Craig 

2001; Plomin et al. 2001; Shaw et al. 1998] and single nucleotide polymorphism (SNP) 

[Bang-Ce et al. 2004; Butcher et al. 2004; Chen et al. 2002; Giordano et al. 2001; 
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et al. 

000] marker loci has been conducted on numerous genotyping platforms.  Several 

methods of DNA pool allele frequency estimation have employed a number of 

corporating densitometry analysis of DNA pool 

b gel based [Barcellos et al. 1997; Collins et al. 2000; Daniels et al. 

998; Fisher et al. 1999; Hill et al. 1999; Kirov et al. 2000; Plomin & Craig 2001; 

0), the potential problems of 

rolonged time frames, increased labour requirements and an explosion of research 

expenditure associated with conducting individual sample analysis for a genome-wide 

association scan are all alleviated.  Furthermore, the sensitivity of DNA pooling is 

reliant upon a stringent series of quantitative measures applied to individual DNA 

Hoogendoorn et al. 2000; Lavebratt et al. 2004; Lindroos et al. 2002; Mohlke et al. 

2002; Norton et al. 2002; Wasson et al. 2002; Williams et al. 2002; Wolford 

2

techniques with the earliest methods in

band intensities within polyacrylamide slab-based gels [Carmi et al. 1995; Khatib et al. 

1994; Lipkin et al. 1998; Mosig et al. 2001].  Other less commonly used genotyping 

platforms to discriminate SNP alleles within DNA pools have included mass 

spectrometry [Mohlke et al. 2002], Pyrosequencing technology [Lavebratt et al. 2004; 

Wasson et al. 2002], real-time PCR methods to assess the kinetic properties of DNA 

pool amplicons [Chen et al. 2002; Germer et al. 2000], denaturing high performance 

liquid chromatography (dHPLC) [Giordano et al. 2001; Hoogendoorn et al. 2000; 

Williams et al. 2002; Wolford et al. 2000] and microarray hybridisation techniques to 

assess the affinity of different hybridisation probes specific for either of the two alleles 

presented at a SNP marker [Bang-Ce et al. 2004; Butcher et al. 2004; Lindroos et al. 

2002].  To date, the most commonly used method to discriminate alleles for either STR 

or SNP loci has been the implementation of automated fluorescence intensity measures 

attained by either capillary-based [Coraddu et al. 2003; Liguori et al. 2003; Norton et 

al. 2002] or sla

1

Plomin et al. 2001; Shaw et al. 1998] electrophoretic separation of marker alleles. 

 

6.2.3 DNA Pooling Benefits 

As documented in the aforementioned theoretical example (see 6.2 Introduction), and 

also empirically assessed [Bansal et al. 2002; Coraddu et al. 2003; Fisher et al. 1999; 

Goedde et al. 2002; Hill et al. 1999; Liguori et al. 2003; Lipkin et al. 1998; Mosig et al. 

2001; Plomin & Craig 2001; Plomin et al. 2001; Williams et al. 2002], implementing a 

DNA pool study design to scan candidate gene loci can significantly reduce the number 

of genotypes required to perform a first pass locus (or loci) screen evaluation.  

Independent of DNA pool sample size (e.g. 50 ≤ n ≤ 100

p
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nstruct.  A detailed 

rs (i.e. SNPs and STRs) assessed in a DNA pooling experimental design 

veral drawbacks have been noted.  However, with subsequent SNP and STR control 

and correction mechanisms, DNA pooling remains a viable genetic tool for screening 

on of allele 

roducts possibly being attributed to differential amplification of each allele [Liu et al. 

1997], the differential incorporation efficiencies of respective ddNTPs in each allele 

 et al. 1998; Haff & 

rections for SNP Markers 

samples prior to their inclusion in each respective DNA pool co

outline of DNA pool construction is documented in Chapter 3 section 3.9.1 DNA Pool 

Construction. 

 

In short, individual DNA samples are best subjected to a final fluorometric quantitation 

assay (i.e. PicoGreen) to record all individual samples at identical concentrations (8 

ngµl-1 ± 0.5 ngµl-1) [Breen et al. 1999].  Individual DNA samples at an equi-molar 

concentration are then subjected to an additional (fluorescent based) screening 

procedure to assess their PCR amplification robustness.  Individual DNA samples that 

pass all quantitative screening measures are then equally aliquoted (10µl) into their 

respective case or control DNA pool constructs.  For the two common most (reported) 

genetic marke

se

candidate loci in an efficient and high throughput manner. 

 

6.2.4 DNA Pooling Problems for SNP Markers 

Theoretically speaking, the amplification of bi-allelic (e.g. SNP or insertion deletion) 

markers should produce equal amplification of each allele (A and B) for each assayed 

locus.  Empirical evidence has observed however unequal amplificati

p

specific reaction associated with an allele extension assay [Barnard

Smirnov 1997] (see 3.9.2. SNP Marker Interrogation in DNA Pools), or possible 

inequalities in the emission energies of different fluorescent reporter molecules [Norton 

et al. 2002].  The fluorescent signal equating to the more efficiently amplified allele will 

therefore represent a higher than expected frequency of that allele in the DNA pool 

construct(s). 

 

6.2.4.1 DNA Pooling Cor

To alleviate unbiased estimates of pooled allele frequencies, the magnitude of allele 

specific fluorescent signals is subjected to a correction factor (k) obtained from known 

individual sample allele specific amplification patterns.  Identification and use of 



previously identified heterozygous individuals are therefore required to provide a base 

reference to pooled allele amplification because individual heterozygous samples 

exhibit an equal copy number of each respective allele [Sham et al. 2002]. 
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.2.5 DNA Pooling Problems for STR Markers 

lification of these markers.  Stutter banding, differential amplification and 

nosine base (known as ‘Plus-A’) all contribute to spurious 

estimation of STR allele frequencies in DNA pool constructs. 

 

6.2.5.1 Stutter Banding 

Stutter banding is the amplification of additional products corresponding to 1 – 4 repeat 

motif lengths (peaks) shorter than the true allele peak (Figure 6.02) [Ginot et al. 1996].  

Produced by slippage of the Taq DNA polymerase on the repeated sequence, stutter 

banding is more prevalent in dinucleotide STRs than in their tri-, tetra- or 

entanucleotide counterparts.  Analysis of STR markers in DNA pools will produce an 

igure 6.02.  Characteristic stutter banding pa  for a dinucleotide STR for an individual 
zygous DNA sample.  Indicated in red, the e allele peak heights signify a heterozygous 

dividual genotype of 174/186 bp.  Stutter peaks for the 174 bp allele are evident at 172, 170 
and 168 bp, respectively and stutter peaks for the 186 bp allele are evident at 184 and 182 bp, 

6

The analysis of STR genetic markers and the accurate estimation of allele frequencies in 

DNA pool constructs are often hindered by several artefacts commonly observed with 

the PCR amp

the addition of an ade

p

allele distribution reflecting all observable alleles of which stutter banding will 

subsequently spuriously inflate the true peak height of all but the longest allele (Figure 

6.03). 
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Figure 6.03.  An example of an observed allele distribution pattern for a dinucleotide STR 
pooled DNA sample.  Individual peak heights for alleles 1 – 9 that are used to estimate allele 
frequencies are spuriously inflated due to the characteristic stutter banding patterns of STR 
markers (see Figure 6.02).  The peak height for allele 10 is unaffected by stutter due to it being 
the longest (i.e. bp) allele in the distribution.  Allele peaks for tri-, tetra- and pentanucleotide 
STRs are less prone to stutter, therefore, allele peak heights are less spuriously inflated for 
these longer repeat motifs. 
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6.2.5.2 Differential Amplification 

Observable in heterozygous individuals, differential amplification (similar to SNP 

markers) in STR markers constitutes preferential PCR amplification of the shorter allele 

(in base pair terms) relative to the longer allele [Demers et al. 1995].  Due to the longer 

allele annealing at a faster rate, its amplification efficiency is decreased thus prompting 

a distortion in the estimation of pooled sample allele frequencies [Demers et al. 1995; 

Kirov et al. 2000]. 

 

6.2.5.3 ‘Plus A’ 

The use of thermally stable Taq DNA polymerases for complex amplification assays 

(e.g. DNA pooling) often catalyse the addition of a single adenosine base residue to the 

3’ ends of the dsDNA fragment [Smith et al. 1995].  The addition of a single adenosine 

residue, or as it is more commonly referred to as ‘Plus-A’, therefore produces a PCR 

amplicon one nucleotide longer than the true amplicon size (Figure 6.04).  Errors in 

genotyping can eventuate when the true allele peaks and the ‘Plus-A’ peaks are of 

similar height therefore leading to possible spurious automated allele calling (Figure 

6.04). 
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Figure 6.04.  An automated GeneScan analysis electropherogram of a dinucleotide STR 
depicting ‘Plus-A’ residues of a heterozygous individual.  The true (rounded) genotype is 
denoted by allele peaks at 162 and 170 bp, respectively.  ‘Plus-A’ peaks corresponding to the 
true allele peaks are denoted as +1 and reside at 163 and 171 bp, respectively.  Stutter banding 
patterns are denoted at –4 and –2 for the 162 bp allele (-4; 158 bp and –2; 160 bp) and 170 bp 
allele (-4; 166 bp and –2; 168 bp), respectively.  Peak heights depicted between the stutter 
bands, i.e. at 159, 161 bp and 167, 169 bp, are the ‘Plus-A’ peaks, respectively.  The scale 
above the peaks represents the length of product in base pairs (bp).  Figure extracted from 
Ginot et al. [1996]. 
 

 
 

6.2.5.4 DNA Pooling Corrections for STR Markers 

6.2.5.4.1 Stutter Banding and Differential Amplification Corrections 

Attempts to alleviate the problems of PCR stutter artefacts and differential amplification 

to precisely estimate STR allele frequencies initially employed a mathematical 

algorithmic approach for their correction [Barcellos et al. 1997; LeDuc et al. 1995; 

Perlin et al. 1995].  LeDuc et al. [1995] initially developed a method of arithmetic 

removal of STR stutter artefact by the construction of a stutter correction ratio (r) based 

on the individual allele stutter peak heights in relation to the smallest allele peak height.  

This stutter correction ratio (r) was determined independently for each tested STR to 

derive an unbiased measure of allele peak height.  In an advancement on stutter 

correction and therefore accuracy of allele peak height determination, Perlin et al. 

[1995] measured the true amplimere and stutter band peak heights for each independent 

allele to construct a correction matrix for independently tested STR markers.  

Accounting for each independent allele exhibiting unique stutter patterns, the correction 

matrix of Perlin et al. [1995] provided a more accurate and better corrective measure of 

pooled allele frequencies than the stutter correction ratio (r) of LeDuc et al. [1995].  To 

further refine the accuracy of allele frequency estimation from DNA pools, the stutter 

correction vector matrix developed by Perlin et al. [1995] was used by Barcellos et al. 

[1997] in conjunction with additional mathematical corrections for allele specific 

differential amplification. 

 

To negate the need for arithmetic removal of stutter and differential amplification 

(hence increase throughput efficiency) in assessing pooled allele distribution patterns 
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for any STR marker, research reported by Daniels et al. [1998] suggested the overlay 

analysis of case and control pool allele image patterns (AIP).  If DNA pooling is to be 

used to discern an identifiable, significant (α = 0.1; see Figure 6.01) relationship 

between case and control pools, measurement of absolute allele frequencies is not 

required.  Analysis of pooled PCR products will result in a consensus allele distribution 

pattern for each of the replicated case (Figure 6.05a) and replicated control (Figure 6.05b) 

pools, respectively.  The difference between the two case and control consensus allele 

distributions is determined by calculating the overall allele image pattern difference 

(∆AIP) between the case and control consensus allele distributions [Daniels et al. 1998].  

The ∆AIP is determined by first calculating the shared (Com) and non-shared (Dif) 

areas under the allele distributions, and then dividing the non-shared area by the sum of 

the shared and non-shared areas (i.e. ∆AIP = Dif/[Dif + Com]) (Figure 6.05c).  Under 

similar PCR conditions, stutter artefacts and differential amplification will be similar 

between case and control pools, hence, any difference between the allele image patterns 

(AIPs) will consequently be due to different allele frequency distributions between the 

case and control groups.  Using a relaxed statistical threshold (α = 0.1) the ∆AIP 

method has been demonstrated to identify candidate loci warranting individual genotype 

validation and/or confirmation of pooled results [Daniels et al. 1998; Fisher et al. 1999; 

Hill et al. 1999; Plomin & Craig 2001; Plomin et al. 2001]. 

 
Figure 6.05a.  Consensus allele image pattern (AIP) distribution selected from replicated case 
pools. 
 

 
 
Figure 6.05b.  Consensus allele image pattern (AIP) distribution selected from replicated 
control pools. 
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igure 6.05c.  Consensus allele image pattern (AIP) distribution overlay of both the case and 
control pools for the calculation of the allele ima e pattern difference (∆AIP).  Shared common 

reas (Com) are shaded and non-shared areas (Dif) are unshaded.  Differences in case and 
control allele distributions, significant or otherwise, are calculated by the allele image pattern 

F
g

a

statistic; ∆AIP = (Dif/[Dif + Com]) [Daniels et al. 1998]. 
 

 
 

ost m e are some drawbacks and the ∆AIP method is no 

.2.5.4.2 ‘Plus-A’ Corrections 

Corrections for the inclusion of an additional (‘Plus-A’) adenosine residue can be 

etic means that are best 

As with m ethods of analysis ther

exception.  As suggested in Kirov et al. [2000] the ∆AIP method provides no scope for 

the averaged analysis of DNA pool PCR replicates which provides a means of 

minimising error rates between replicated DNA pools and/or PCR amplification assays. 

Additionally, the ∆AIP method does not provide an avenue to assess individual specific 

allele frequency estimates of an STR locus to therefore putatively “pinpoint” where a 

positive association is being generated if it is truly present [Collins et al. 2000; Kirov et 

al. 2000]. 

 

6

alleviated by experimental means rather than the arithm

accommodated for stutter patterns and differential amplification.  Empirically assessed 

by Breen et al. [1999], ‘Plus-A’ removal can be equally successfully achieved by an 

enzymatic or thermal based assay.  Enzymatic removal requires the treatment of the 

PCR amplicon with T4 DNA polymerase to digest the adenosine artefact [Breen et al. 

1999; Ginot et al. 1996] whereas thermal treatment requires an additional 72°C 

extension step for ~50-60 minutes to drive the ‘Plus-A’ addition to completion [Breen et 

al. 1999; Smith et al. 1995]. 
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support has implicated the brain neurotransmitter 5-

ine (5-HT; serotonin), as being involved in the pathophysiology of 

an hydroxylase (TPH) to produce 5-hydroxytryptophan 

(5-HTP).  5-HTP undergoes decarboxylation by amino acid decarboxylase (AADC) to 

therefore endogenously synthesise serotonin (5-HT).  5-HT then undergoes deamination 

y its specific metabolising enzyme monoamine oxidase A (MAOA) producing 5-

6.2.6 Serotonergic Pathway and Migraine 

A wealth of scientific 

Hydroxytryptam

migraine supporting a proposed serotonergic theory of migraine.  In what is termed the 

rate-limiting step in the biosynthesis of serotonin, the precursor amino acid tryptophan 

TP) is hydroxylated by tryptoph(

b

hydroxyindole acetaldehyde (5-HIAL).  Further reduction of 5-HIAL by aldehyde 

reductase (ALR) results in the main 5-HT metabolite, 5-hydroxyindole acetic acid (5-

HIAA) (Figure 6.06). 

 
Figure 6.06.  A simplified schematic representation of the biosynthesis and metabolism of the 
brain neurotransmitter serotonin (5-HT).  TP; tryptophan, TPH; tryptophan hydroxylase, 5-HTP; 
5-hydroxylase tryptophan, AADC; amino acid decarboxylase, 5-HT; serotonin, MAOA; 
monoamine oxidase A, 5-HIAL; 5-hydroxyindole acetaldehyde, ALR; aldehyde reductase, 5-
HIAA; 5-hydroxyindole acetic acid. 
 

TP
TPH

5-HTP
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5-HT
MAOA

5-HIAL
ALR

5-HIAA
 

 

Documented evidence of increased 5-HT activity associated with a corresponding 

decrease in nociception and decreased 5-HT activity levels with a subsequent increase 

 serotonin in pain modulation [Anthony 1987].  

 

in nociception is indicative of the role of

Fluctuations in 5-HT homeostasis have been documented in migrainous episodes with 

similar conclusions.  Reviewed in Anthony [1987], observations in the fall in plasma, 

platelet and/or whole venous blood 5-HT concentrations during a migrainous episode

was supported by 12 independent studies.  Changes in 5-HT serum levels during patient 

migraine attacks [Ferrari et al. 1989] and disruptions within the synthesis [Chugani et 

al. 1999; Ribeiro et al. 1990] and metabolism [Ferrari & Saxena 1993] of 5-HT all 

substantiate the pathophysiological role of 5-HT in migraine pathogenesis.  

Hypermetabolism within the brain stem region of serotonergic raphe nuclei has also 

been documented [Weiller et al. 1995]. 

 

There has been a comprehensive effort to investigate the physiological, 

pathophysiological [Connor & Beattie 1999] and/or genetic actions [Johnson et al. 
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ea et al. 2000].  However, there has been limited 

orrespondence relating to the biosynthetic and metabolic enzymes governing the rate 

of 5-HT and their relationship, be it physiological, pathophysiological or genetic, to 

 al. [2004] did investigate a functional MAOA 

2003; Nyholt et al. 1996; Racchi et al. 2004] of 5-HT interactions with tissue specific 5-

HT receptor classes in addition to studies of the serotonin transporter (5-HTT) [Juhasz 

et al. 2003a; Juhasz et al. 2003b; L

c

migraine.  A recent study by Marziniak et

gene promoter variant in a population-based migraine association cohort, but could not 

identify any significant finding with the MAOA promoter variant and migraine 

susceptibility.  Changes in 5-HT synthesis and metabolic levels that prompt 

corresponding changes in pain processing stimuli (e.g. patient migrainous episodes) 

warrants a more detailed investigation of the genetic, physiological and/or 

pathophysiological mechanisms of the biosynthetic and metabolic enzymes of the 

serotonergic pathway (Figure 6.06). 

 

6.2.7 TPH Genetic Variation 

Localised to the p arm of chromosome 11 (11p15.3-p14) [Craig et al. 1991; Ledley et 

al. 1987] the tryptophan hydroxylase (TPH) gene (MIM 191060) encodes the rate 

limiting enzyme in the biosynthesis of the neurotransmitter serotonin (5-HT) (see 

Figures 1.04 and 6.06).  The expression of TPH within one neuronal structure, namely 

the brain stem raphe nuclei [Grahame-Smith 1964], where corresponding serotonergic 

neurons are widely dispersed throughout the brain, modulate numerous physiological 

and psychological processes [Lovenberg et al. 1967]. 

 

Three of four SNPs identified within the TPH promoter region [Rotondo et al. 1999] 

were selected in the present study to investigate their potential role in migraine 

susceptibility (Figure 6.07).  Exhibiting significant linkage disequilibrium between all 

four TPH promoter SNPs, the -7180T→G variant alters an activating protein-1 (AP-1) 

transcription factor binding site, the -7065C→T variant resides within a CAAT 

enhancer binding protein (C/EBP) site, whilst the -6526A→G variant resides within a c-

Ets transcription factor binding site [Rotondo et al. 1999].  The -5806G→T variant was 

found not to reside within or alter any known DNA binding protein consensus sites.  

Disruptions within transcription factor recognition sequence motifs have the potential to 

modulate distinct functioning as activation domains and DNA-binding domains and 
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e three transcriptional variants were investigated to determine whether they 

igraine. 

hence thes

play a role in m
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6.2.8 AADC Genetic Variation 

The gene encoding for the enzyme that is required in the decarboxylation of 5-

Hydroxytryptophan (5-HTP) to produce 5-Hydroxytryptamine (5-HT or serotonin) is 

the aromatic L-amino acid decarboxylase (AADC) gene (MIM 107930) (see Figures 

1.04 and 6.06).  Residing on the p arm of chromosome 7 (7p12.1-p12.3) [Sumi-Ichinose 

et al. 1992] nomenclature for the AADC gene is often used interchangeably with its 

alternative dopa decarboxylase (DDC) identity.  In an animal model (Rattus sp.) study 

of AADC mRNA expression, Krieger et al. [1991] identified two variable mRNA 

sequence types each specifically expressed in neuronal (i.e. brain and adrenal medulla) 

nd non-neuronal (i.e. liver and kidney) tissue.  Comparative sequence analysis of the 

e human homologue. 

 

A 4 bp insertion deletion (indel) polymorphic variant (AGAG/-) identified within the 

5’UTR (exon 1) human neuronal specific mRNA sequence [Speight et al. 2000] (Figure 

6.08) was selected for investigation into its potential role in genetic predisposition in 

igrainous individuals.  Whilst the selected AADC polymorphic (indel) variant resides 

within non-coding 5’UTR regulatory sequence and it does not appear to interrupt 

mi-Ichinose et al. 1992], the insertion (or 

deficit hyperactivity disorder (ADHD) cohort [Hawi et al. 2001].  The co-occurrence (in 

a

rat cDNA and human AADC genomic structure identified non-homology within the 

first exon only [Sumi-Ichinose et al. 1992].  Likewise with the rat model, alternative 

first exon 1 sequences may also signify differential (tissue specific) expression levels in 

th

m

putatively identified regulatory elements [Su

deletion) of a sequence motif may hinder splice junctions [Cooper & Krawczak 1993].  

Interruption of recognised splice junctions can have the potential to aberrantly affect the 

normal functioning of gene expression and subsequent protein performance by affecting 

the function and/or quality of the AADC enzyme and thus the production of abnormal 

levels of enzyme activity.  Hence, the 5’UTR (exon 1) AADC promoter variant is a 

viable candidate polymorphism in the investigation of migraine headache where altered 

serotonergic transmission has been proposed [Anthony et al. 1967; Chugani et al. 1999; 

Curran et al. 1965; Dalsgaard-Nielsen & Genefke 1974; Kimball et al. 1960; Lance et 

1967; Sicuteri et al. 1961]. al. 

 

Proximal to the AADC gene lies a (CA)n dinucleotide STR sequence motif (Figure 6.08) 

that has been shown to indicate putative excess allele transmission in an Irish attention 
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ble bowel syndrome) 

nd/or one or more of the stated psychiatric disorders (e.g. ADHD). 

individuals) or the co-aggregation (in families) of ADHD with other psychiatric 

disorders (e.g. depression, anxiety disorder) and medical conditions (e.g. migraine, 

irritable bowel syndrome) has recently been described in the affective spectrum disorder 

(ASD) hypothesis [Hudson et al. 2003].  The ASD hypothesis postulates that there is an 

underlying pathophysiologic abnormality (abnormalities) based on treatment response 

models that included monoamine oxidase inhibitors and serotonin uptake inhibitors 

[Hudson & Pope 1990; Hudson et al. 2003].  Individuals (related or un-related) 

suffering from one of the stated medical conditions (e.g. migraine) will tend to exhibit a 

higher prevalence in the other stated medical conditions (e.g. irrita

a

 
Figure 6.08.  Schematic characterisation and localisation of the assayed AADC 5’UTR non-
coding (exon 1) regulatory indel variant [Speight et al. 2000] and the (CA)n dinucleotide STR 
sequence motif (denoted as D7S2422) [Hawi et al. 2001].  The D7S2422 marker lies ~0.75 cM 
proximal (i.e. centromeric) to the AADC gene and no evidence of LD between the two variants 
was observed [Hawi et al. 2001]. 
 

1 2 3 12 13 14 15
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6.2.9 MAOA Genetic Variation 

The human monoamine oxidase type A (MAOA) enzyme (MIM 309850) displays a 

high affinity to the endogenous neurotransmitters serotonin (5-HT) and norepinephrine.  

The chief catalyst in the deamination of biogenic amines, MAOA is critical in the 

neuronal metabolism of indoleamine (e.g. 5-HT) transmitters in producing the main 5-

HT metabolite, 5-HIAA (see Figures 1.04 and 6.06).  Using an in situ hybridisation 

technique, Levy et al. [1989] mapped the MAOA locus to the p arm of chromosome X 

(Xp11.23-p11.4) for where it resides ~50 kb telomeric to it’s monoamine oxidase type 

B (MAOB) counterpart (MIM 309860) [Lim et al. 1995]. 

 

Previous investigations of the MAOA gene have reported polymorphic variants within 

intronic [Black et al. 1991; Hinds et al. 1992], exonic [Brunner et al. 1993; Tivol et al. 

1996] and promoter [Sabol et al. 1998] regions.  A non-conservative (SNP) mutation 
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errant nature of this 

 otherwise with confirmed population prevalence studies.  In 

male patients with panic disorder Deckert et al. [1999] 

reported a 5  variant of two 30 bp repeat motifs in an Italian cohort in addition to the 3, 

3½, 4 and 5 repeat lengths.  The MAOA promoter VNTR 5th variant (two 30 bp repeat 

motif) was also observed in one post mortem brain sample tissue of Caucasian ancestry 

[Balciuniene et al. 2002]. 

within exon 8 resulting in a premature STOP codon as reported by Brunner et al. 

[1993], was observed in five (5) only affected males suffering from borderline mental 

retardation and abnormal behaviour.  Hypothesised to affect monoamine metabolism 

nd hence possible disruption in indoleamine metabolism, the aba

variant has yet to be proven

an independent mutational analysis study of the MAOA gene Tivol et al. [1996] 

identified an additional non-conservative (SNP) mutation within exon 15.  Depicting 

another aberration, the amino acid lysine was substituted for arginine without altering 

the three dimensional MAOA protein structure [Tivol et al. 1996]. 

 

Displaying functionality and polymorphic in nature, a 30 bp repeat motif variable 

number tandem repeat (VNTR) locus within the MAOA promoter region (Figure 6.09) 

[Sabol et al. 1998] was investigated for its potential role in migraine susceptibility.  

Located ~1.2 kb upstream from the MAOA coding sequence structures, the MAOA 

promoter VNTR is specifically positioned at nucleotide positions –1142 to –1262 

relative to the ATG translation initiation codon (Figure 6.09) [Sabol et al. 1998].  The 30 

bp repeat motif is characterised by five repetitions of the core sequence structure 

[ACC(A, G or C)G(C or T)] that have been identified in 3, 3½, 4 or 5 juxtaposed 30 bp 

repeat motifs (Figure 6.09) [Sabol et al. 1998].  In a study investigating the activity of 

the MAOA promoter VNTR in fe
th
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Figure 6.09.  Schematic representation of the MAOA promoter VNTR polymorphism exhibiting 
2), 4 (allele 3) or 5 (allele 4) 30 bp repeat motif 
 Located between nucleotides –1142 to –1262 

the position of the VNTR was determined from the ATG translation start site (TLSS) denoted as 
re.  A fifth allele of 2 repeat units of the 30 bp 

ohort [Deckert et al. 1999]. 

the initial identification of 3 (allele 1), 3½ (allele 
lengths as first reported by Sabol et al. [1998]. 

+1 within the MAOA coding sequence structu
repeat motif was later identified in an Italian c
 

5' 3'MAOA

ATG TLSS
(+1)

(-1262) (-1142)

Allele Repeats

1
2
3
4

5 2
3
3½
4
5

ACCGGCACCGGCACCAGT ACCCGCACCAGT  
 

igating the function of the MAOA promoter VNTR 

st however higher levels of expression in the presence of longer repeat 

otifs with a possible optimal length of 4 repeats acting as an upstream activator of 

MAOA gene transcription. 

In several independent studies invest

there is a trend of increased VNTR copy number and higher levels of MAOA 

expression [Balciuniene et al. 2002; Deckert et al. 1999; Denney et al. 1999; Sabol et 

al. 1998].  Sabol et al. [1998] identified individuals positive for the 3½ or 4 repeat motif 

to exhibit higher levels of MAOA expression whilst individuals positive for the 3 or 5 

repeat motif exhibited significantly less MAOA expression.  Deckert et al. [1999] 

produced conflicting results to Sabol et al. [1998] in that they identified the 5 repeat 

motif length to exhibit increased MAOA expression in addition to the 3½ and 4 repeat 

motif, whilst the 3 repeat motif exhibited lower MAOA expression activity.  In two 

other MAOA expression studies both Denney et al. [1999] and Balciuniene et al. [2002] 

concluded that the 4 repeat motif exhibited higher MAOA expressional activity than the 

3 repeat motif.  Expressional studies investigating the effect of the MAOA promoter 

VNTR do sugge

m
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6.3.1 Subjects and Diagnosis 

 experimentation using human subjects were 

arch Ethics Committee.  Participating 

subjects, all with Caucasian ancestry, provided informed written consent to disclose 

edic pheral venous blood.  Phenotypic 

s MM1, 

MM2, MM3 and CM1, CM2, CM3, respectively.  Each independent migraine DNA 

pool consisted of 179 individual DNA samples and each independent non-migraine 

DNA pool consisted of 186 individual DNA samples (see section 3.9.1.8 [H] DNA Pool 

Construction). 

 

6.3.1.2 Individual DNA Samples 

Governed by DNA pooling results, individual DNA sample genotyping was performed 

on the MAPI population-based association cohort.  This cohort comprised of 275 

migraineurs and 275 sex, aged (± 5 years) and ethnically (Caucasian origin) matched 

6.3 Materials and Methods 

All ethical considerations pertaining to

approved by the Griffith University Human Rese

relevant m al histories and provide 20 ml of peri

data for the diagnosis of typical migraine (MO+MA) was collected using an approved 

questionnaire (Appendix B) and clinical evaluation was performed by a neurologist in 

accordance with specified criteria set by the International Headache Society (IHS) [IHS 

1988].  Diagnosis of the two major migraine classes, migraine without aura (MO) and 

migraine with aura (MA) were also determined in accordance with IHS guidelines. 

 

6.3.1.1 Pooled DNA Samples 

Preparation of individual DNA samples and subsequent preparation of DNA pools are 

outlined in detail and described in Chapter 3, section 3.9.1 DNA Pool Construction.  In 

summary, DNA pools were prepared and constructed in accordance to the following the 

step wise procedure of [A] individual DNA isolation, [B] spectrophotometric DNA 

quantitation, [C] individual DNA dilution (part 1), [D] fluorometric DNA quantitation 

(part 1), [E] individual DNA dilution (part 2), [F] fluorometric DNA quantitation (part 

2), [G] individual DNA sample PCR amplification, and [H] DNA pool construction.  

Migraine and non-migraine pools were constructed in triplicate and denoted a
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 Allele Discrimination 

ite the 

llowing 

A GCC 

 6.10) 

µl total 

ismore, 

 Buffer 

ystems; 

nits (U) 

4 ng of 

 Engine 

llowing 

 minute, 

C for 5 

non-migraineurs.  Particular (demographic) details of the MAPI cohort are to be 

referred back to Chapter 3, section 3.3 Subject Acquisition. 

 

6.3.2 DNA Pooling Methods 

.3.2.1 TPH Loci6

6.3.2.1.1 DNA Pool TPH7180 Promoter SNP 

Altering an activating protein-1 (AP-1) transcription factor binding s

TPH7180T→G promoter SNP was amplified using PCR technology and the fo

primers (Proligo; Lismore, Australia); sense primer, 5’-GAA CTT GGA AT

TTC TG-3’; anti-sense primer, 5’-TGC CAA TGG TGA ACA GTA TG-3’ (Figure

[Paoloni-Giacobino et al. 2000].  PCR amplification was performed in a 15 

reaction volume with 200 nM of each TPH7180T→G primer (Proligo; L

Australia), 200 µM of dNTPs (New England BioLabs; Beverly, USA), 1× PCR

II (Applied Biosystems; Foster City, USA), 1.0 mM MgCl  (Applied Bios2

Foster City, USA), 2.4 µg BSA (New England BioLabs; Beverly, USA), 0.6 U

of Taq GOLD DNA polymerase (Applied Biosystems; Foster City, USA) and 2

pooled gDNA was added.  PCR thermocycling was performed using a DNA

DYAD™ thermocycler (MJ Research; San Francisco, USA) under the fo

conditions; initial denaturation at 94°C for 12 minutes, 35 cycles of 94°C for 1

57°C for 1 minute, 72°C for 30 seconds and a final extension step of 72°

minutes.  The THP7180T→G SNP amplicon size produced a 173 bp fragment. 
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Figure 6.10.  Extract of the TPH gene promoter sequence, Accession number X83212 (gi 
736255).  The single stranded sequence reads in the 5’→3’ direction starting at nucleotide (nt) 
position 1 and ending at nucleotide (nt) position 2150.  Sequences highlighted in green denote 
the sense (nt 331→350) and anti-sense (nt 484→504) primers of the TPH7180T→G SNP (at nt 
397).  Sequences highlighted in blue denote the sense (nt 417→437) and anti-sense (nt 
764→783) primers of the TPH7065C→T SNP (at nt 512).  Sequences highlighted in yellow 
denote the sense (nt 910→929) and anti-sense (nt 1214→1232) primers of the TPH6526A→G 
SNP (at nt 1051).  Underlined sequences adjacent to the g, t and g nucleotides denote the 

extension primers for the TPH7180T→G, TPH7065C→T and TPH6526A→G 
SNPs, respectively. 

   1 gtcgacctgc aggtcaacgg atccgtttct gggttctcta ttctgttcca ttggtctatg 

SNaPshot™ 

 

  61 tgtctgtttt tatgccagaa ccatgctgtt ttggttactg tagctctgca gtataatttg 
 121 aagtcaggta atgtgattcc tccagttttg tgctttttgc tcaggatagc tttggctgtt 
 181 ctgggtcttt tgtgattcca tataaatttt agggttgttt tttctatttc tgtaaggaaa 
 241 gtctttggta ttttgatagg gattgccttg aatctgtaga ttgctttggg tagcatggac 
 301 atttgaacaa taaggattct tccgatccat gaacttggaa tagccttctg ttcttttggt 
 361 gtcctcttta atttctttca tgagtatttt atagttgtca ttgtagagat ctttcactcc 
 421 tttggttaat tcctaggtac ttattttatt tgtggctatt gtaaatggga ttaatttctt 
 481 tttcatactg ttcaccattg gcatacagaa atgctattga tttttgtatg ttgattttgt 
 541 atcctgcaac attagtgaat tatttaatca gttcaaatag ttttttggtg gagtctttag 
 601 gtttttccaa atataggatc atatcatctg caaacaagga taatttgact tcttcctttc 
 661 cagtttggat gccctttatt tcttctcttg tctgattgct ctagctagaa cttccagtac 
 721 tatgttgaat aatagtggtg aaattgggca tccttatcgt gttccagatc tacaaggaaa 
 781 ggctttcagt ttaggaaaga catctttgac ctcagcttgg ttctgaaagg tctctccctg 
 841 accagtattt tttatggcat tgaagtaaga gcactggatt taaactcaga cacttttgct 
 901 tgattattga tggtacttac tagcctgtgc cagaataacg tcttagagcc acccctgtgc 
 961 ttcaatttcc gtatctgtaa aatacaaata atatgtacct catagaagca ttatacagat 
1021 aaaagaaaaa tgcatagaaa agctgtaaag gtcctgagct ttaaagtaca tccatactca 
1081 gcaaaaaaga aaacaggaaa gaaaaggaac aaatcactaa tacctgcatg aaactcaaaa 
1141 gcattatgtt aagtgccagg agccaaaaat ctgtacatat ttcatgattt catttctgtg 
1201 acattccaga gaaggcaaaa ctgtggagac agaaatcaga tcagtggctg ccaggggctg 
1261 ggtgtgaggt gagagacttt agacaaggga aatttctcgc agtgatagaa atgttctata 
1321 ttttgatcgt ttggtggtta cacaactata catgtttgtc aaaactcaga attgtacacc 
1381 tcacagggtg aatattactg tatgttaatt atacatcaat aaatcttact tttcaaacat 
1441 tggaggaaag aatgtcctat aatatacctt cg
1501 gctaatcgac tgactactca accagtaaat ac

ttatgtgt acagtccttt gggataagga 
ctattcca aattttttgc ctctatgtcc 

561 tgttgttcac aatagcacgt aatatgattt tttgctaata tagaatgctt ctctgcttgc 
621 agcttaaaat ttttttttaa ttagaagggc actgaacact tctcttctaa aaagttcaac 
1681 taactgttgc tctgcctcaa ggaatggggg aaagcaccaa gagaataata agtcaggact 

tatt gctttg 
ccaa taggcg 

1
1

1741 gggc aa atagcccaga agcacagaga tgtgtgggag gtggggggat tctt
1801 gtct ca ggcgagaagc actgcagtcc tatagcaggt cattgtgtcg ataa
1861 ttatcttggt ttggagagaa tgtccaactc tggattgttc agtgttagtc agacttgtgt 
1921 ggttaaggac ggcctaacat tcacttaatt aaaacaccag tcagatacac gcagagattg 
1981 aggcgtgcaa gtctctggga gcaggcggac gcgactgccc acgccccaca cccgccggcc 
2041 ctcccttctc attggccgct gcccagctgc tccgacgccc gcttctataa gagacaggca 
2101 gcgcggggcc gccggccgac ccagcctgca cctactggcg cccgaggtga 

 

6.3.2.1.2 DNA Pool TPH7065 Promoter SNP 

Residing within a CAAT enhancing binding protein (C/EBP) site, the TPH7065C→T 

promoter SNP was amplified using PCR technology and the following primers (Proligo; 

ismore, Australia); sense primer, 5’-CTC CTT TGG TTA ATT CCT AGG-3’; anti-L

sense primer, 5’-GCC TTT CCT TGT AGA TCT GG-3’ (Figure 6.10) [Paoloni-

Giacobino et al. 2000].  PCR amplification was performed in a 15 µl total reaction 

volume with 200 nM of each TPH7065C→T primer (Proligo; Lismore, Australia), 200 

µM of dNTPs, 1× PCR Buffer II, 1.5 mM MgCl2, 2.4 µg BSA, 0.6 U of Taq GOLD 

DNA polymerase and 24 ng of pooled gDNA was added.  PCR thermocycling was 
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 DNA Pool TPH6526 Promoter SNP 

Residing within a c-Ets binding site, the TPH6526A→G promoter SNP was amplified 

Proligo; Lismore, Australia); sense 

primer, 5’-ATG GTA CTT ACT AGC CTG TG-3’; anti-sense primer, 5’-CTG TCT 

et al. 2000].  PCR 

ng of pooled gDNA was added.  PCR ther

 

seconds and a final extension step of 72 C for 5 minutes.  The THP6526A G SNP 

terrogation in 

NA Pools. 

 

ted to ers (Proligo; 

performed using a DNA Engine DYAD™ thermocycler under the following conditions; 

initial denaturation at 94°C for 12 minutes, 35 cycles of 94°C for 1 minute, 58°C for 1 

minute, 72°C for 30 seconds and a final extension step of 72°C for 5 minutes.  The 

THP7065C→T SNP amplicon size produced a 367 bp fragment. 

 

6.3.2.1.3

using PCR technology and the following primers (

CCA CAG TTT TGC C-3’ (Figure 6.10) [Paoloni-Giacobino 

amplification was performed in a 15 µl total reaction volume with 200 nM of each 

TPH6526A→G primer (Proligo; Lismore, Australia), 200 µM of dNTPs, 1× PCR 

Buffer II, 1.5 mM MgCl2, 2.4 µg BSA, 0.6 U of Taq GOLD DNA polymerase and 24 

mocycling was performed using a DNA 

Engine DYAD™ thermocycler under the following conditions; initial denaturation at

94°C for 12 minutes, 35 cycles of 94°C for 1 minute, 56°C for 1 minute, 72°C for 30 

° →

amplicon size produced a 323 bp fragment. 

 

6.3.2.1.4 DNA Pool SNP Allelic Discrimination (SNaPshot™) 

Allelic discrimination for the TPH7180T→G, TPH7065C→T and TPH6526A→G 

SNPs in the DNA pool constructs was performed using the SNaPshot™ single base 

extension assay (Applied Biosystems; Foster City, USA).  The SNaPshot™ assay 

protocol adhering to the four steps of (1) Template preparation, (2) Reaction 

preparation, (3) Thermal cycling and post-extension treatment, and (4) GeneScan 

analysis is outlined in detail in Chapter 3, section 3.9.2 SNP Marker In

D

Freshly dilu  a working concentration of 1 pmolµl-1, extension prim

Lismore, Australia) designed to read in the 5’→3’ (sense) direction for the three TPH 

promoter SNPs added at step 2 of the SNaPshot™ single base extension assay were as 

follows.  The TPH7180T→G extension primer, 5’-AAT TTC TTT CAT GAG TAT 

TTT ATA GTT-3’ was optimised to a concentration of 0.05 pmolµl-1 in a 10 µl reaction 
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 (Proligo; Lismore, Australia); sense primer, 5’-
MGAG GGA TGC TGC TCA GTA AA-3’; anti-sense primer, 5’-ATC CAG AGA 

rimer was synthesised with the 6-

carboxyfluorescein (FAM) fluorescent reporter molecule conjugated the to 5’ end.  PCR 

ion on volume with 200 nM of each 

 amplified using PCR technology and the following primers 

roligo; Lismore, Australia); sense primer, 5’-FAMGCT CCA CAT TCC TTG GGT A-

3’; anti-sense primer, 5’-AAG TGA GGG CCT TTC AAA C-3’.  The sense primer was 

volume.  The TPH7065C→T extension primer, 5’-TCA CCA TTG GCA TAC AGA 

AA-3’ was optimised to a concentration of 0.2 pmolµl-1 in a 10 µl reaction volume.  The 

TPH6526A→C extension primer, 5’-GAA AAA TGC ATA GAA AAG CTG TAA 

AG-3’ was optimised to a concentration of 0.2 pmolµl-1 in a 10 µl reaction volume.  All 

TPH promoter SNP extension primer 3’ termini abut each respective SNP site of 

interest (Figure 6.10). 

 

6.3.2.2 AADC Loci Allele Discrimination 

6.3.2.2.1 DNA Pool AADC Exon 1 Insertion Deletion 

A 4 bp (AGAG) insertion deletion (indel) polymorphism in the 5’UTR of the neuronal 

specific mRNA sequence (exon 1) of the AADC gene was amplified using PCR 

technology and the following primers
FA

GCT GGA CGC-3’ [Speight et al. 2000].  The sense p

amplificat was performed in a 15 µl total reacti

AADC exon 1 indel primer (Proligo; Lismore, Australia), 200 µM of dNTPs, 1× PCR 

Buffer II, 1.75 mM MgCl2, 2.4 µg BSA, 0.6 U of Taq GOLD DNA polymerase and 24 

ng of pooled gDNA was added.  PCR thermocycling was performed using a DNA 

Engine DYAD™ thermocycler under the following conditions; initial denaturation at 

94°C for 12 minutes, 15 cycles of 94°C for 15 seconds, 57°C for 30 seconds, 72°C for 

30 seconds, 20 cycles of 94°C for 15 seconds, 50°C for 30 seconds, 72°C for 30 

seconds and a final extension step of 72°C for 7 minutes.  The AADC exon 1 insertion 

sequence (+AGAG) amplicon size produced a 212 bp fragment, whilst the deletion 

sequence (-AGAG) amplicon size produced a 208 bp fragment.  Resolution of the 

AADC 4 bp indel was performed using capillary-based electrophoresis. 

 

6.3.2.2.2 DNA Pool D7S2422 STR Dinucleotide Repeat 

Residing approximately 0.75 cM centromeric to the AADC gene, a (CA)n dinucleotide 

STR locus (D7S2422) was

(P
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cent reporter molecule 

 MAOA Locus Allele Discrimination 

 DNA Pool MAOA Promoter VNTR 

lation initiation codon the MAOA 

promoter VNTR was amplified using PCR technology and the following primers 

stralia); sense primer, 5’-HEXACA GCC TGA CCG TGG AGA 

AG-3’; anti-sense primer 5’-GAA CGG ACG CTC CAT TCG GA-3’ [Speight et al. 

he s Hetrachloro-6-carboxyfluorescein 

°C for 10 minutes.  

moter VNTR was performed using capillary based 

hs exhibited at ~321, ~336, ~351 

synthesised with the 6-carboxyfluorescein (FAM) fluores

conjugated the to 5’ end.  PCR amplification was performed in a 15 µl total reaction 

volume with 200 nM of each D7S2422 primer (Proligo; Lismore, Australia), 200 µM of 

dNTPs, 1× PCR Buffer II, 1.75 mM MgCl2, 2.4 µg BSA, 0.6 U of Taq GOLD DNA 

polymerase and 24 ng of pooled gDNA was added.  PCR thermocycling was performed 

using a DNA Engine DYAD™ thermocycler under the following conditions; initial 

denaturation at 94°C for 12 minutes, 10 cycles of 94°C for 20 seconds, 56°C for 35 

seconds, 72°C for 35 seconds, 25 cycles of 94°C for 20 seconds, 50°C for 35 seconds, 

72°C for 35 seconds and a final extension step of 72°C for 50 minutes.  As introduced 

in 6.3.5.4.2 ‘Plus-A’ Corrections, removal of the ‘Plus-A’ artefact was undertaken by 

an extended extension step of 50 minutes at 72°C.  The thermal option was chosen over 

the enzymatic option as it is the cheaper alternative but equally efficient in removing 

‘Plus-A’ artefacts [Breen et al. 1999]. 

 

6.3.2.3

6.3.2.3.1

Residing ~1.2 kb upstream from the ATG trans

(Proligo; Lismore, Au

2000].  T ense primer was synthesised with the 

(HEX) fluorescent reporter molecule conjugated to the 5’ end.  PCR amplification was 

performed in a 15 µl total reaction volume with 200 nM of each MAOA promoter 

primer, 200 µM of dNTPs, 1× PCR Buffer II, 1.5 mM MgCl2, 2.4 µg BSA, 0.6 U of Taq 

GOLD DNA polymerase and 24 ng of pooled gDNA was added.  PCR thermocycling 

was performed using a DNA Engine DYAD™ thermocycler under the following 

conditions; initial denaturation at 95°C for 12 minutes, 35 cycles of 95°C for 1 minute, 

62°C for 1 minute, 72°C for 1 minute and a final extension step of 72

Resolution of the MAOA pro

electrophoresis with 3, 3½, 4 and 5 repeat motif lengt

and ~381 bp, respectively. 
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ual DNA samples for the 

me tested markers (see Chapter3, section 3.7 Automated GeneScan Analysis, steps 

6.3.3.1.2 Individual TPH6526 Promoter SNP 

Genomic DNA samples for the TPH6526A→G SNP were individually genotyped in the 

MAPI cohort.  Sense and anti-sense primers, PCR amplification reaction conditions and 

6.3.2.4 DNA Pool Non-SNP Allelic Discrimination 

The sense primers of all non-SNP genetic markers (i.e. AADC exon 1 indel; D7S2422 

STR; MAOA promoter VNTR) were synthesised with a fluorescent reporter molecule 

conjugated to the 5’ end.  DNA pool allele specific discrimination of the 

aforementioned genetic variants was assessed by capillary-based electrophoresis using 

the ABI Prism® 310 Genetic Analyzer (Applied Biosystems; Foster City, USA) (see 

Chapter 3, section 3.7 Automated GeneScan Analysis).  Fluorometric analysis of each 

non-SNP genetic marker was subjected to identical sample preparation and run 

conditions as would be applied in the assessment of individ

sa

1-5).  Fragment sizes of the AADC exon 1 indel and D7S2422 STR were 

electrophoretically separated in conjunction with GeneScan-350 TAMRA™ internal 

lane size standard (Applied Biosystems; Foster City, USA).  Fragment sizes of the 

MAOA promoter VNTR were electrophoretically separated in conjunction with 

GeneScan-500 TAMRA™ internal lane size standard (Applied Biosystems; Foster City, 

USA). 

 

6.3.3 Individual Genotype Methods 

6.3.3.1 TPH Loci 

6.3.3.1.1 Individual TPH7065 Promoter SNP 

At the position denoting the TPH7065C→T SNP (nt 512) (Figure 6.10) the presence of a 

naturally occurring restriction enzyme recognition sequence could not be identified.  

Application of a real-time PCR SNP genotyping assay was therefore employed to 

evaluate the individual genotype (and allele) frequencies for the TPH7065 SNP in the 

MAPI cohort.  A full description of this individual genotyping method that incorporates 

a novel set of mathematical criteria for determining ambiguous genotypes is outlined in 

detail in Chapter 7 [Johnson et al. 2004]. 
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entioned protocols (see 6.3.2.1.3 

DNA Pool TPH6526 Promoter SNP), with the following exceptions.  Taq DNA 

d not Taq GOLD DNA 

fragments were 

lectrophoretically separated on 4% agarose gels (Progen; Brisbane, Australia) and run 

PCR thermocycling conditions were as per the aforem

polymerase (0.6 U) (MBI Fermentas; Hanover, USA) an

polymerase was used.  A less thermally stable DNA polymerase enzyme is sufficient for 

individual gDNA sample amplification, whereas a more thermally stable DNA 

polymerase enzyme is required for the complexities associated with the amplification of 

pooled individual DNA samples.  Initial denaturation time required for thermocycling 

was reduced from 12 minutes to 4 minutes.  Standard Taq DNA polymerase is non-

capsulated hence less time is required to activate the enzyme. 

 

Individual genotype discrimination of the TPH6526A→G SNP was resolved by the 

implementation of a restriction enzyme digest assay.  Positioned at nucleotide (nt) 1051 

(Figure 6.10), the TPH6526 SNP site is cleaved by the Sau96I endonuclease identifying 

the nucleotide sequence 5’-G▼GN[A, C, G, or T]CC-3’ and producing sticky ended 

fragments.  In a total restriction enzyme digest assay volume of 10 µl, 2.5 U of Sau96I 

enzyme (New England BioLabs; Beverly, USA), 1× NEBuffer 4 [50 mM potassium 

acetate; 20 mM Tris-acetate; 10 mM magnesium acetate; 1 mM dithiothreitol (pH 7.9 at 

25°C)] (New England BioLabs; Beverly, USA) and 5 µl of TPH6526A→G individual 

gDNA PCR product was added.  The Sau96I assay was incubated at 37°C (Sanyo 

Scientific; Bensenville, USA) for 16 hours.  The digested DNA 

e

at 70 volts for 60 minutes.  DNA bands were visualised on an ultraviolet (UV) light box 

(Pharmacia; Sweden) after ethidium bromide (EtBr) (Sigma Chemicals; St Louis, USA) 

staining.  Molecular sizes (bp) of fragmented DNA bands were assessed by a 100 bp 

DNA molecular weight ladder (New England BioLabs; Beverly, USA).  Individuals 

homozygous for the TPH6526A genotype (AA) will not undergo Sau96I digestion and 

thus exhibit a DNA fragment of 323 bp.  Individuals homozygous for the TPH6526G 

genotype (GG) will undergo Sau96I digestion and thus exhibit DNA fragments at 182 

and 141 bp.  Individuals heterozygous at the TPH6526 locus (AG) will exhibit DNA 

fragments at 323, 182 and 141 bp. 
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.3.4 DNA Pooling Statistical Analysis 

ua

. 

tion) in allele frequency estimates across 

NA pool replicates constructed from the same set of individuals [Visscher & Le 

Hellard 2003].  The estimation of allele frequencies are therefore subjected to three 

; Visscher & Le Hellard 

ates in the initial correction factor (k) 

stimate.  Spurious estimates of k (E2) can be adjusted by genotyping an appropriate 

ing 

egrees of variation in allele frequency estimates between DNA pools. 

 

lassical applications of a χ2 contingency statistic to assess a possible departure of the 

observation of genotypic and/or allelic data.  The application of DNA pools to assess 

thesis however, introduces increased sources of the aforementioned 

3 error based on allele frequencies being estimated rather than being directly observed 

from individual genotypings.  Based on the pool specific measurement error (E3), the 

use of an adjusted χ2 test statistic (Equation 6.01) can be applied to minimise inflated 

Type I error rates possibly attributable to DNA pool allele frequency estimates and not 

observed counts [Le Hellard et al. 2002].  Equation 6.01; 

 

6

6.3.4.1 DNA Pool SNP Marker Analysis Methods 

Based on the premise that alleles at bi-allelic (e.g. SNP) loci are not amplified in eq l 

amounts in a heterozygous individual [Liu et al. 1997; Norton et al 2004], there is 

some degree of experimental error (i.e. varia

D

potential sources of error (E1 – E3) [Le Hellard et al. 2002

2003].  Commonly referred to as the standard sampling error (E1), DNA pool constructs 

can be underpowered if a finite number of individuals from a population cohort are 

randomly sampled (i.e. small sample size).  E1 can therefore be minimised by increasing 

the sample size (n) of individual DNA samples in the pool constructs.  A second 

potential source of DNA pooling error (E2) origin

e

number of individual heterozygotes or an appropriate number of replicated single 

heterozygotes.  Thirdly, a pool specific measurement error (E3) is evident if insufficient 

numbers of pool genotype replicates are performed.  E3 is therefore minimised by 

genotyping an appropriate number of pool replicates to accommodate for vary

d

C

null hypothesis of no genotypic and/or allelic frequency preponderance in the diseased 

(case) group from the non-diseased (control) group is assessed based on the direct 

the same null hypo

E

( )( )
( ) ( )( )⎥

⎥

⎦

⎤

⎢
⎢

⎣

⎡

+×

×
×χ=χ

Evarp̂var

p̂var
estadj
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022

2

2
 



 

Where χ2
adj  is the DNA pool adjusted χ2 statistic, χ2

est  is the estimated χ2 statistic (ν = 1) 

when the estimated allele frequencies are substituted for observed allele frequencies 

(see Equations 3.07 and 3.08), ( )p̂var 0  is the variance in allele frequency estimates ( p̂0 ) 

across the two pools (case and control) under the null hypothesis and 

specific error ( ) . 

et al. [2000]. 

pool constructs (n = 14) were obtained to calculate mean stutter peak heights of the 

( )Evar 3  is the 

variance in the pool E3

 

6.3.4.2 DNA Pool STR Marker Analysis Methods 

Providing a greater peak-to-peak resolution and a lower coefficient of variation, the 

measurement of peak heights was preferred to the alternative measurement of allele 

specific areas [Breen et al. 1999].  The corrections of stutter banding and differential 

amplification synonymous with pooled genotypings of STR markers was adhered to by 

methods as first described by Kirov 

 

Stutter patterns of a randomly selected group of individuals from the case and control 

observed individual allele range.  Individual distribution fragments (i.e. stutter peaks) 

for each observed allele were calculated in accordance with Equation 6.02; 

 

PS
SP

i

n

j

obs

+⎤⎡ ∑
 

S j

⎥⎢

=

tion of stutter peaks, Sj is the height of the jth stutter 

eak,  is the sum of n stutter peak heights and Pi is the height of the primary allele 

 

ij ⎦⎣ += 1

 

Where SPobs is the observed distribu

 ∑
+=

n

ij
jS

1
p

peak (Figure 6.11). 
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tutter peak heights.  More 
nt in dinucleotide STRs than their tri-, tetra- or penta- counterparts, stutter peaks (Sj) 

enoted S1-4) decrease the true heights of shorter primary allele peak heights (Pi), which 
therefore inhibit the true allele frequency estimate.  Minimising the effects of stutter peaks S1-4 

tion of the arrow (→) 
mber of repeat motif 

Figure 6.11.  Schematic representation of an individual allele observed at an STR marker 
depicting the characteristic stutter banding pattern.  Pi is the primary (observed) peak height and 
it also represents the longest allele (bp) in respect to the (observed) s
prevale
(d

will result in a more accurate estimate of the height of shorter Pi.  The direc
underneath the allele peak trace indicates the direction in which the nu
units (i.e. dinucleotide) are increasing. 
 

Pi

S1

S2

S3S4

120118116114112

 
 

The correction of allele specific differential amplification was achieved by identifying 

the relative heights of alleles of a number of heterozygous individual DNA samples 

[Kirov et al. 2000].  Depicting a range of observed alleles from individual heterozygous 

samples (n = 11), corrections for differential amplification allow for the calculation of 

the average reduction in peak heights for each repeat motif unit.  The stutter corrected 

shortest allele (bp) is not corrected further for differential amplification whilst 

subsequent larger alleles are subjected to a mean differential amplification correction 

factor. 

 

Allele peaks depicted in both case and control allele image patterns corrected for both 

stutter and differential amplification were then subjected to a standard 2×C contingency 

table analysis using the CLUMP program to report the T1 χ2 test statistic [Sham & 

Curtis 1995]. 
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6.3.4.3 DNA Pool Indel Marker Analysis Methods 

i-allele locus, the statistical analysis of pooled indel markers were 

P loci (see 6.3.4.1 DNA Pool 

 will be assessed by standard 2×C contingency table χ2 analyses.  

ll individual STR or VNTR genotyping analyses (if warranted) will be assessed by 

 1995]. 

 

Exemplified as a b

assessed and analysed in an identical manner as pooled SN

SNP Marker Analysis Methods). 

 

6.3.4.4 DNA Pool VNTR Marker Analysis Methods 

Not exhibiting the characteristic stutter and differential amplification properties 

observed profoundly in dinucleotide STRs, the MAOA VNTR polymorphic variant was 

therefore not subjected to these correction factor procedures.  Estimated allele 

frequencies were determined by allele specific peak heights expressed as a percentage 

of the total of allele peak heights.  Case and control pool replicate averaged peak heights 

were statistical assessed by standard 2×C contingency table analysis using the CLUMP 

program to report the T1 χ2 test statistic [Sham & Curtis 1995]. 

 

6.3.5 Individual Genotyping Statistical Analysis 

Governed by initial pooling statistical analysis, all individual SNP or indel genotyping 

analyses (if warranted)

A

standard 2×C contingency table analysis using the CLUMP program to report the T1 χ2 

test statistic [Sham & Curtis
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 (Table 6.01).  Detrimental to population-

ased genetic association study design is the matching of affected (case) individuals 

(non-migraine) pools were 

identical and no significant differences between the number of males (χ2
05,1 = 1.92; 

P = 0.167) and females (χ2
α=0.05,1 = 0.46;P = 0.498) in each respective pool were 

observed (Table 6.01). 

 
Table 6.01.  Genomic DNA pool demographic information of the migraine (n = 179) and non-
migraine (n = 186) pool constructs.  n; sample number, %; percentage, yrs; years, SE; standard 
error, SD; standard deviation. 
 

Demographic Parameter  Migraine Pool  Non-migraine Pool 

6.4 Results 

6.4.1 Genomic DNA Pool Demographics 

Individual DNA sample fluorescence quantitation measures from the initial MAPI 

cohort of 275 migraineurs and 275 sex, age and ethnically matched non-migraineurs 

produced migraine and matched non-migraine cohorts each of 238 individuals at equi 

molar dsDNA concentrations of 8 ngµl-1 ± 0.5 ngµl-1.  Individual DNA sample 

fluorescence gDNA screening subsequently resulted in selection of 179 individuals 

diagnosed with MA and/or MO for the case pool and 186 sex, age and ethnically 

matched non-migraineurs in the control pool

b

with a corresponding sex, age (± 5 years) and ethnically matched un-affected (control) 

individuals to minimise population stratification and sample bias that is liable to induce 

spurious associations.  The average age (± standard error) [52 ± 1 years] and standard 

deviation (14 years) between case (migraine) and control 

α=0.

Pool size; n [%]  179 [75.8]  186 [78.8] 
Ave age (yrs) ± SE  52 ± 1  52 ± 1 

Age SD (yrs)  14  14 
Total male; n [%]  29 [16]  42 [23] 

Total female; n [%]  150 [84]  144 [77] 
 

6.4.2 TPH SNP Loci 

6.4.2.1 DNA Pool TPH SNP Allele Discrimination 

PCR amplification of the TPH promoter SNPs was performed in quadruplicate for the 

MM1 migraine (case) and CM1 non-migraine (control) pools, respectively.  

Amplification of the TPH7180T→G, TPH7065C→T and TPH6526A→G promoter 

SNPs generated fragment sizes of 173, 367 and 323 bp, respectively, and were initially 



electrophoresed using slab-gel technology to assess PCR amplification success (Figures 

6.11a, 6.11b, 6.11c).  Identification of successful DNA pool (case and control) 

amplification therefore subjected each DNA pool construct to undergo the more 

quantifiable allele discrimination SNaPshot™ assay.  Subjected to capillary-based 

 246

lectrophoretic separation, the SNaPshot™ single base extension assay quantifiably 

determines pooled allele peak heights from e  

TPH promoter SNPs w gures 6.12a, 6.12 ionally, 

identification of an individual heterozygote sample initially determined by the 

SNaPshot™ assay, was run in quadruplicate in conjunction with the migraine and non-

migraine pooled SNaPshot™ assays.  A no template (H2O) control (NTC) was also run 

 quadruplicate with all SNaPshot™ assays. 

 
26A→G (323 bp) 

e

 which imated allele frequencies for thest

ere calculated (Fi b, 6.12c).  Addit

in

Figure 6.12.  a; TPH7180T→G (173 bp), b; TPH7065C→T (367 bp), c; TPH65
gDNA pool amplification assessment.  Each gel photo represents one of the four replicated 
pooled DNA samples for the migraine (case) group.  Pooled DNA samples for the non-migraine 
(control) group produced identical banding patterns (data not shown).  Pooled TPH promoter 
SNP PCR fragments were run on 2% agarose gels at 90 volts for ~30 minutes.  DNA bands 
were visualised on an UV light box after EtBr staining.  Molecular sizes of electrophoresed DNA 
bands were assessed by a 100 bp DNA molecular weight ladder. 
 

100 bp
200 bp
300 bp 367 bp

400 bp

b

 
100 bp
200 bp
300 bp

173 bp

a

400 bp

300 bp
200 bp
100 bp

323 bp

c
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s for e a; TPH7180T→G, b; TPH7065C→T and c; TPH6526A→G TPH 
s displayed similar allele peak patterns (data not shown).  The 

uorescent reporter molecules dR110™ (blue), dROX™ (red), dTAMRA™ (black) and dR6G™ 
reen) incorporated in the SNaPshot™ multiplex ready reaction mix, are specifically assigned 

p

Figure 6.13.  ABI Prism® SNaPshot™ electropherograms of one of the four replicated migraine 
(case) DNA pool th
promoter SNPs.  All control pool
fl
(g
to the ddNTPs G, T, C and A, res ectively.  The y-axis of each electropherogram is scaled in 
fluorescence (intensity) units. 
 

a TPH7180T→G 

 
b TPH7065C→T c TPH6526A→G 

 

e

llele peak height ratios (

6.4.2.2 DNA Pool TPH SNP Allele Frequency Estimation 

When alleles of pooled samples are represented in equi-molar concentrations (i.e. 8 

ngµl-1 ± 0.5 ngµl-1) there can still however be an over- or under-representation of 

specific alleles in the pools as a consequence of allele specific differential amplification, 

differential incorporation of ddNTPs in sequence specific extension assays (e.g. 

SNaPshot™) or differentia emission energies of fluorescent reporter molecules (i. . 

dR110™, dROX™, dTAMRA™, dR6G™) detecting allele specific extension products 

[Norton et al. 2004].  To adjust for possible over- or under-representation of pooled 

allele specific products, independent mean 

 

l 

a k ) were 

etermined from individual heterozygous samples (replicated 4-fold) specific to the 

assayed TPH promoter SNP (Table .  Exhibiting an equal copy number of each 

respective allele, individual heterozygous sam les should theoretically be of equal allele 

peak height at a ratio of 1:1.  Norton  [2004] however, has empirically 

demonstrated deviations from a  peak height ratio in an individual 

heterozygous sample.  Using the S shot™ single base extension assay (n = 101) 

Norton et al. [2004] identified a m  height ratio of 2.13 ranging from 1.03 

to 5.33 in individual hetero les.  The mean allele peak height ratios 

calculated from an individual heterozygous le (replicated 4-fold) for the TPH7180, 

TPH7065 and TPH6526 promoter SNPs were 3.4032, 1.0448 and 2.6018, respectively 

(Table 6.02).  SNaPshot™ assays performed on individual heterozygote sample 

d

 6.02)

p

et al.

 1:1 allele

NaP

ean allele peak

zygous samp

samp
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526 SNPs, respectively, failed to report 

eak heigh alues.  Correction fac (k) calculations for the TPH7065 and 

6 SNPs w  therefore determined  the remaining three individual sample 

(Table 6.02). 

actors (

replicates 4 and 1 for the TPH7065 and TPH6

allele p

TPH652

replicates 

 

Independent correction f

t v tor 

ere on

k ) for mean allele specific signal strengths pertaining 

ree (Table 6.02) were then applied as a reference to 

le frequency estim ed on the pooled allele specific signal 

et al. 2000]. rrected pooled allele frequency estimates for 

divi l TPH locus were lated in accordance to Equation 6.03 

et al. 2000]; 

to the th

determine p

strengths [Hoogendoorn 

each in

[Hoogendoorn 

 

 TPH promoter SNPs 

ooled a

dua

lle ates bas

 Co

calcu

( )][ B×k

A

Aht +
p̂ A

ht

ht=

pA
ˆ  is the estim  f Aht

Bht is the pooled peak height (signal strength) 

B

 

 

Where 

peak height (signal strength) for allele 

for allele 

ated frequency or allele A in the DNA pool,  is the pooled 

A, 

 and k   is the averaged predetermined correction factor.  

ool is pp AB
ˆ1ˆ −=  for 

ocus.  Replicate estimated frequencies for allele A in the case 

d therefore used to calculate estimated 

eque  (counts) for the A alle  (

(Ta

d 

bl

fre

e 

q

6.0

uen

2)

cyTherefore, the estim

each independent SNP l

(MM1) and control (CM1) pools are averaged an

allele fr

ate  for allele B in the DNA p

ncy le Â ) in a bi-allelic (e.g. SNP) locus (Table 

 is the num ple of 

l estimates for the TPH7180, TPH7065 and 

oter SNPs were calculated and are reported in Table 6.03. 

6.03).  That is, 

DNA.  Poo

TPH6526 prom

 

n×pAˆÂ

ed allele frequency (count) 

p  where = n p ber of alleles in the pooled sam



Table 6.02.  Mean allele peak height ratios ( k ) calculated for the assayed TPH promoter SNPs.  Mean ratios (A/B) for the TPH7180 (G:T), TPH7065 (C:T) and 
were 3.4032, 1.0448 and 2.6018, respectively, and concur with previously reported mean allele peak height ratios (k) for individual sample 

g he  ba e s  [N   In v. o g
T
a

PH6526 (A:G) SNPs 
ssessment usin  t SNaPshot™ single s extension as ay orton et al. 2004]. di ; Individual, Het.; Heter zy ote, Ave.; Average, SDk standard deviation, ; 

SEk ; standard error, AF say fail
 
TPH pr moter Indiv. H  sample In t. 

a
Indiv. allele 

pe ht 
Indiv. Het. llele ratio 

( ) 
Ave. Indiv Het. allele 

rati

; SNaPshot™ as ure. 

o
SNP 

 et.
replicate 

 div. He
llele 

  Het. 
ak heig

  a
k) (G:T

 . 
o ( k ) 

 
SDk   

SE k  

7180 →T    G     3.3418 3.4 32  0.0 54  0.0 27 G 1 (A) 2884  0 4 2
    T         
               
              
  3  G    3. 60       
    T  2260         
  4  G  7436  3.4346       
    T  2165         

TPH promoter 
SNP 

 Indiv. Het. sample 
replicate 

 Indiv. Het. 
allele 

 Indiv. Het. allele 
peak height 

 Indiv. Het. allele ratio 
(k) (C:T) 

 Ave. Indiv. Het. allele 
ratio (

(B)
G

863    
2 5766 3.4403

 T 1676
7675 39

k ) 
 SDk   SE k  

7065C→T  1  C (A)  923  1.0525  1.0448  0.0298  0.0172 
    T (B)  877         
  2  C  1024  1.0119       
    T  1012         
  3  C  1132  1.0699       
    T  1058         
  4  C  AF         
    T  AF         
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Table 6.02.  Continued… 
 
TPH promoter 

SNP 
 Indiv. Het. sample 

replicate 
 Indiv. Het. 

allele 
 Indiv. Het. allele 

peak height 
 Indiv. Het. allele ratio 

(k) (A:G) 
 Ave. Indiv. Het. allele 

ratio (
 

k ) 
 SDk   SE k  

6526A→G  1  A (A)  AF    2.6018  0.0419  0.0242 
    G (B) AF        
  2  A  1097  2.6119      
    G  420  

   
 

       
  3  A  1005  2.6378       

   G  381      
 4   30 2.    
  3      

     
   

 
 
 

 
 

A
 G

 10
 40

  5558 
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Table 6.03.  Allele freque
lleles A and B, the poole

ncy (count) estimate calculations for the TPH7180, TPH7065 and TPH6526 promoter SNP loci.  For a bi-allelic (SNP) locus exhibiting 
d peak heights (signal strengths) for each allele (i.e. Aht and Bht, respectively) in conjunction with SNP dependent correction factors (a k ) 

(Table 6.02) used to determine the estimated frequency or allele A (  each DNA p replicate (MM1 and CM1) usin  Equa t 
al Fre ue te f a  a d i de or oth nd M s

ency (cou r allele A

) withinare 
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Table 6.03.  Continued… 
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  Continued… 
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6.4.2.3 DNA Pool TPH SNP Statistical Analysis 
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Based on large pool specific measu e n d

test sta n be app mi  inflated Type I erro  [Le 

Hellar . 2002].  However, if served ≤ 0.01 the effect on Type I error rates is 

egligible and either a standard χ  contingency (see Equation 3.07) or adjusted 

.0139, 0.0073 and 0.0105 

nd corresponding SE estimates of 0.007, 0.0037 and 0.0053 for the TPH7180, 

2

) e

 χ2
adj  r ment errors (E3 > 0.01), the use of a  adjuste

tistic (Equation 6.01) ca  lied to mini se r rates

d et al ob  E3 
2 χ2

adj  n

(Equation 6.01) statistic will make no significant difference in statistical inference of the 

null hypothesis [Visscher & Le Hellard 2003].  Estimates of between (migraine; MM1) 

pool variations exhibited standard deviations (SD) of 0.022, 0.0121 and 0.0091 and 

corresponding standard error (SE) estimates (i.e. E3) of 0.011, 0.006 and 0.0046 for the 

TPH7180, TPH7065 and TPH6526 promoter SNPs, respectively (Table 6.03).  Estimates 

of between (control; CM1) pool variations exhibited SD of 0

a

TPH7065 and TPH6526 promoter SNPs, respectively (Table 6.03).  The analysis of 

pooled allele frequency estimates for the TPH7180 (Table 6.04a), TPH7065 (Table 6.04b) 

and TPH6526 (Table 6.04c) SNP promoter loci were therefore analysed by standard χ  

contingency analyses. 

 
Table 6.04a.  DNA pool χ2 analysis of the TPH7180T→G promoter SNP.  Allele frequency 
(count) estimates as per Table 6.03.  Allele frequency estimates denoted in brackets. 
 

  Allele Frequency (count stimates [%]   
DNA Pool  Ĝ   T̂   Total 
Migraine (MM1) (n =179)  141 [0.39]  217 [0.61]  358 
Non-migraine (CM1) (n = 186)  172 [0.46]  200 [0.54]  372 
Total  313  417  730 
  χ2

α=0.1,1 = 3.50; P = 0.062   

 
Table 6.04b.  DNA pool χ2 analysis of the TPH7065C→T promoter SNP.  Allele frequency 

ount) estimates as per Table 6.03.  Allele frequency estimates denoted in brackets. (c
 

  Allele Frequency (count) estimates [%]   
DNA Pool  Ĉ   T̂   Total 
Migraine (MM1) (n = 179)  222 [0.62]  136 [0.38]  358 
Non-migraine (CM1) (n = 186)  201 [0.54]  171 [0.46]  372 
Total  423  307  730 
  χ2

α=0.1,1 = 4.77; P = 0.029   
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Table 6  analysis of he T H6 o oter SNP.  Allele frequency 
(count) e Tabl  6 le c  e  noted in 
 

  l n ) stimates [   

.04c.  DNA pool χ2

stim r 
 t P 526A→G pr m

ates as pe e .03.  Al le frequen y stimates de brackets. 

A lele Freque cy (count  e %] 
DNA Pool  Total Ĝ  Â    
Migraine (MM1) (n = 179)  148 [0.41]  210 [0.59]  358 
Non-migraine (CM1) (n = 186)  177 [0.48]  195 [0.52]  372 

 730 
χ  = 2.88; P = 0.09   

Total  325  405 
  2

α=0.1,1

 

In all instances, the pooled allele frequency analysis between case and control pools for 

the TPH7180 (χ2
α=0.1,1 = 3.50; P = 0.062), TPH7065 (χ2

α=0.1,1 = 4.77; P = 0.029) and 

TPH6526 (χ2
α=0.1,1 = 2.88; P = 0.09) SNP promoter loci exceeded the nominal “relaxed” 

α = 0.1).  Using a 2-stage DNA pool experimental design 

1), t  subjected to individual genotyping 

pooled statistical threshold (

(Figure 6.0 hese nominal pooled results were then

to confirm (or refute) the observed pooled allele frequencies. 

 

In an attempt to assess the possible impact that E2 and E1 can have on DNA pool allele 

frequency estimate analysis, Le Hellard et al. [2002] and Visscher & Le Hellard [2003] 

also state that if the standard error ( SEk ) of the mean individual heterozygote ratio ( k ) 

is less than one tenth of the estimated ratio (i.e. SEk  < [0.1 × k ]) then the impact of E2 

(i.e. correction factor estimate) is negligible and there is a sufficient number of 

enotyped individual heterozygotes (or sufficient number of replicates) to determine an g

appropriate correction factor (k).  Alternatively, if SEk  ≥ [0.1 × k ] then further 

individual heterozygote genotyping (or increased heterozygous replicates) is required 

[Le . 200 ; V er  Le llar 200  Ad ition y, Le Hellard et al. 

 signi c t n p   f ing 

i D  constructs.  Hence, DNA pools of lesser 

ple 

ze. 

 Hellard et al 2 issch  &  He d 3]. d all

[2002] found no fi ant effec  i  pooled sam le size in the accuracy o determin

estimated allele frequencies with n NA pool

sample size (n) will not compromise the power of pooled genotypings of larger sam

si

 

In the current pooled analysis SEk  of all three TPH promoter SNPs were less than one 

tenth of the estimated correction factor ratio (k) (Table 6.05). 

 

 

 

 



Table 6.05.  Standard error (SE) calculations of the mean individual heterozygote allele ratio 
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(SEk ) for all three TPH promoter SNPs.  SEk 2
 

TPH promoter SNP  

 calculations as per Table 6.0 . 

k   SE k   [0.1 × k]  SE k  < [0.1 × k ] 
7180T→  3.4032  0.0227  0.34032  Yes G 
7065C→T  1.0448  0.0172  0.10448  Yes 
6526A→G  2.6018  0.0242  0.26018  Yes 

 

6.4.2.4 Individual Sample TPH SNP Statistical Analysis 

arranted by the empirical DNA pooling results, individual genotyping was performed 

vidual genotyping was not 

performed on the TPH7180 SNP for reasons outlined in section 6.4.2.4.3 Individual 

alysis 

dividual genotype analysis of the TPH7065C→T SNP was performed using real-time 

ohort used to verify the TPH7065 pooled SNP results (see Table 6.04b) are presented in 

Table 6.06a. 

 
Table 6.06a.  Observed individual genotype and allele frequency counts for the TPH7065C→T 
promoter SNP a, b. 
 

 Genotype  Allele 

W

on the TPH7065 and TPH6526 promoter SNPs.  Indi

TPH7180 SNP Analysis. 

 

6.4.2.4.1 Individual TPH7065 SNP An

In

PCR technology as outlined in detail in Chapter 7 section 7.3.4 Real-Time PCR 

Optimisation [Johnson et al. 2004].  Observed examples of heterozygous [CT] and 

homozygous [CC and TT] individuals are depicted in Chapter 7, Figures 7.07, 7.08 and 

7.09, respectively.  Observed individual genotype and allele frequency data of the MAPI 

c

MAPI cohort 
 CC  CT  TT  C  T 

Migraine (n = 275)  98 [0.39]  108 [0.44]  41 [0.17]  304 [0.62]  190 [0.38] 
MO (n = 121)  38 [0.39]  38 [0.39]  20 [0.18]  114 [0.59]  78 [0.41] 
MA (n = 78)  60 [0.40]  70 [0.46]  21 [0.14]  190 [0.63]  112 [0.37] 

on-migraine (n = 275)  89 [0.38]  100 [0.43]  45 [0.19]  278 [0.59]  190 [0.41] 
equencies denoted in brackets. 

N
a Allele fr
b No significant differences were observed between either of the migraine phenotypes and the non-migraine group (α = 0.05). 
 

Using a more stringent (standard) statistical threshold (α = 0.05) to assess individual 

genotypes of the TPH7065 locus, both genotypic (χ2
α=0.05,2 = 0.58; P = 0.75) and allelic 

2

te the initial pooled result for the TPH7065 SNP (see Table 6.04b).  

(χ α=0.05,1 = 0.46; P = 0.50) association analyses were non-significant (NS) (Table 6.06a) 

and therefore refu
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e (P n  e 0 1 we y-

quilibrium H

 

NP 

.95; P = 

.330) association in the MAPI cohort (Table 6.06a). 

igure 6.14.  TPH6526A→G Sau96I RFLP assay.  Lane 1 depicts the 100 bp DNA molecular 
weight ladder.  Lanes 2, 5 and 7 depict individual DNA samples homozygous for the TPH6526A 

iting notype).  Lanes 6, 8 and 10 depict 
e exhibiting DNA fragments at 182 

Both the migrain  = 0.094) a d non-migrain  (P = 0. 8 ) cohorts re in Hard

Weinberg e  ( WE). 

 

Stratification of the migraine phenotype to independently assess the MO only phenotype

in both males and females did not observe a significant genotypic (χ2
α=0.05,2 = 0.29; P = 

0.864) or allelic (χ2
α=0.05,1 = 0.00; P = 0.995) association in the MAPI cohort with the 

TPH7065 S (Table 6.06a).  Additionally, stratification of the migraine phenotype to 

independently assess the MA only phenotype in both males and females did not observe 

a significant genotypic (χ2
α=0.05,2 = 1.86; P = 0.395) or allelic (χ2

α=0.05,1 = 0

0

 

6.4.2.4.2 Individual TPH6526 SNP Analysis 

Individual genotype analysis of the TPH6526A→G SNP was performed using an RFLP 

assay with the restriction endonuclease Sau96I (see 6.3.3.1.2 Individual TPH6526 

Promoter SNP).  Observed examples of heterozygous [AG] and homozygous [AA and 

GG] individuals are depicted in Figure 6.14. 

 
F

allele exhib  a DNA fragment at 323 bp (i.e. AA ge
individual DNA samples homozygous for the TPH6526G allel
and 141 bp (i.e. GG genotype).  Lanes 3-4, 9 and 11 depict heterozygous individual DNA 
samples at the TPH6526 locus exhibiting DNA fragments at 323, 182 and 141 bp (i.e. AG 
genotype). 
 

100 bp

200 bp

300 bp
323 bp400 bp

182 bp
141 bp

1 5 1762 4

 

8 103 9 1

 

uency data of the MAPI cohort used to 

verify the TPH6526 pooled SNP results (see Table 6.04c) are presented in Table 6.06b. 

 

 

Observed individual genotype and allele freq
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ividual genotype and allele frequency counts for the TPH6526A→G 

 
Allele 

Table 6.06b.  Observed ind
promoter SNP a, b. 

 Genotype  MAPI cohort 
 GG  GA  AA  G  A 

Migraine (n = 275)  41 [0.16]  118 [0.48]  89 [0.36]  200 [0.40]  296 [0.60] 
MO (n = 121)  20 [0.21]  41 [0.43]  35 [0.36]  81 [0.42]  111 [0.58] 
MA (n = 78)  21 [0.13]  77 [0.51]  54 [0.36]  119 [0.39]  185 [0.61] 
Non-migraine (n = 275)  56 [0.22]  116 [0.46]  83 [0.32]  228 [0.45]  282 [0.55] 
a Allele frequencies denoted in brackets. 
b No significant differences were observed between either of the migraine phenotypes and the non-migraine group (α = 0.05). 
 

Using a more stringent (standard) statistical threshold (α = 0.05) to assess individual 

genotypes of the TPH6526 locus, both genotypic (χ2
α=0.05,2 = 2.45; P = 0.294) and 

allelic (χ2
α=0.05,1 = 1.98; P = 0.16) association analyses were NS (Table 6.06b) and 

therefore refute the initial pooled result for the TPH6526 SNP (see Table 6.04c).  Both 

the migraine (P = 0.858) and non-migraine (P = 0.202) cohorts were in HWE. 

 

Stratification of the migraine phenotype to independently assess the MO only phenotype 

in both males and females did not observe a significant genotypic (χ2
α=0.05,2 = 0.48; P = 

0.787) or allelic (χ2
α=0.05,1 = 0.36; P = 0.549) association in the MAPI cohort with the 

TPH6526 SNP (Table 6.06b).  Additionally, stratification of the migraine phenotype to 

independently assess the MA only phenotype in both males and females did not observe 

 significant genotypic (χ2
α=0.05,2 = 4.13; P = 0.127) or allelic (χ2

α=0.05,1 = 2.41; P = 

ignificant LD between the TPH7180, TP H6526 promoter SNPs has 

reviously been identified in cohorts of Finnish, Italian and American Caucasian 

ncestry [Rotondo et al. 1999].  Based on the NS findings of individual genotypes and 

lleles of the TPH7065 (Table 6.06a) and TPH6526 (Table 6.06b) loci and their potential 

sceptibility to the migraine (MO+MA) phenotype, individual genotype and allele 

nalysis of the TPH7180 locus was not performed.  Even though the TPH7180 pooled 

ple analysis of this locus would not satisfy the nominal (standard) 

statistical threshold (α = 0.05). 

 

a

0.121) association in the MAPI cohort (Table 6.06b). 

 

6.4.2.4.3 Individual TPH7180 SNP Analysis 

S H7065 and TP

p

a

a

su

a

association analysis satisfied the “relaxed” pooled statistical criteria it however 

exceeded the standard statistical criterion (0.05 ≤ 0.062 ≤ 0.1).  It was also envisaged 

that individual sam
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6.4.3 AADC Loci 

6.4.3.1 DNA Pool AADC Indel Allele Discrimination 

Triplicate migraine (MM1, MM2 and MM3) and triplicate non-migraine (CM1, CM2 

mplified in duplicate, thus producing six replicate 

migraine and non-migraine pools in total.  Amplification of the AADC indel 

 

 

ples was run in conjunction with the migraine and non-migraine pools.  

A NTC was also run in sextuplicate. 

 
Figure 6.15.  AADC exon 1 (AGAG) 4 bp indel (208 bp -AGAG; 212 bp +AGAG) gDNA pool 
amplification assessment.  The gel photo represents one of the six replicated pooled DNA 
samples for the migraine (case) group.  Pooled DNA samples for the non-migraine (control) 
group produced an identical band pattern (data not shown).  Pooled DNA samples for the AADC 
exon 1 indel fragment was run on a 2% agarose gel at 90 volts for ~30 minutes.  DNA bands 
were visualised on an UV light box after EtBr staining.  Molecular sizes of electrophoresed DNA 
bands were assessed by a 100 bp DNA molecular weight ladder. 
 

the deletion (-AGAG) and insertion (+AGAG) sequences, respectively, and was initially 

electrophoresed using slab-gel based technology to assess PCR amplification success 

(Figure 6.15).  Identification of successful DNA pool (case and control) amplification 

was then subjected to capillary-based electrophoretic separation to better resolve the 4 

bp indel AGAG sequence (see 6.3.2.4 DNA Pool Non-SNP Allelic Discrimination).  

Overlaid electropherograms of the migraine (case) pools (Figure 6.16a) and non-

migraine (control) pools (Figure 6.16b) using GENOTYPER™ software (Applied 

Biosystems; Foster City, USA) attest to the accuracy and reproducibility of replicate 

pools resolving the 4 bp indel.  Additionally, identification of six individual 

heterozygote sam

polymorphic variant (see Figure 6.08) generated fragment sizes of 208 bp and 212 bp for

and CM3) DNA pools were PCR a

100 bp
200 bp
300 bp

208 bp (-AGAG)

212 bp (+AGAG)
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  Automatic GeneScan overlaid electropherogram images of a; AADC indel 
ne pools (×6) and b; AADC indel non-migraine pools (×6).  Overlaid images of novel DNA 

notypes for indel polymorphic variants depict very high accuracy and reproducibility in 
ol replicates. 

Figure 6.16.
migrai
pool ge
DNA po
 

212 bp (×6)
+AGAG

208 bp (×6)

a

 

-AGAG

 

212 bp (×6)
+AGAG

208 bp (×6)
-AGAG

b

 

 DNA Pool

orphology (Figures 6.16a and 6.16b), allele frequency estimation 

eak height values and calculated as per 

oter SNPs (see 6.4.2.2 DNA Pool TPH SNP Allele Frequency 

 a l p  ht ratio (

 

6.4.3.2

Depicting a bi-allelic m

of the AADC exon 1 indel was based on allele p

the TPH p

Estimation

 AADC Indel Allele Frequency Estimation 

rom

).  The me n al ele eak heig k ) calculated from six individual 

p (Table 6.07).  

llele specific signal strength for the AADC 

in the range of previously reported 

rs [No 2004].  Corrected pooled allele frequency estimates for 

C ordance to Eq  and are depicted 

heterozygous sam

Subsequently used as the reference for a

indel locus, the observed ra

correctio

the AAD

in Table 6.08

n facto

 inde

. 

l locus were cal

les for the AADC exon 1 indel was 1.0591 

tio c

rton et al. 

culat

oncurs with

ed in acc uation 6.03
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Table 6.07.  Mean allele peak height ratios calculated for the assayed AADC exon 1 indel ( k  = 1.0591).  The mean ratio (A/B) of the AADC indel was determined by 
the deletion sequence (-AGAG) in reference to the insertion sequence (+AGAG).  Indiv.; Individual, Het; Heterozygote, ins; insertion sequence, del; deletion 
sequence, bp; base pair, Ave.; Average, SDk ; standard deviation, SEk ; standard error. 
 

Indiv.
sa

 Het. 
m  llele  t. allele 

igh  
Indiv. Het. a lele 

(ins el) 
ndiv  Het. 
rati  (ple  Indiv Het. a Indiv. He

peak he t  ratio (k) 
l
:d  Ave. I

allele 
.
o k )  SDk   SE k  

1 s (2 (A)  8 .059 0. 8  74  in 12 bp)  2656  1.029  1 1  01 0.00
   (2 (B) 2579   

2 ins (2 p)  668  .0442  
del (  p) 555  

3 ins (2 p)  713  .0686      
del (  p) 1603        

4 ins (2 p)  653  .0650      
del (  p) 491        

5 ins (2 p)  284  .0697      
del (  p) 135        

6 ins (2 p)  935  .0767      
del (  p) 1797        

del 08 bp)        
 12 b 2 1  

     
    

    208 b  2  
 12 b 1 1  

   208 b   
 12 b 2 1  

   208 b  2  
 12 b 2 1  

   208 b  2  
 12 b 1 1  

   208 b   
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a 6 e c ) e timate cal e graine pools  
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d a SD of 0.021 and 

bsequent SE estimate (E3) of 0.0094.  The observed pool specific measurement errors 

analysis of the AADC exon 1 indel polymorphic variant.  Pooled allele 
equency (count) estimates as per Table 6.08.  Allele frequency estimates denoted in brackets. 

 
  Allele Frequency (count) estimates [%]   

6.4.3.3 DNA Pool AADC Indel Statistical Analysis 

Assessment of E3 for the AADC indel pooled allele frequency estimates resulted in 

between pool variation for the migraine cohort exhibiting a SD of 0.0182 and 

subsequent SE estimate (E3) of 0.0074.  The pooled allele frequency estimate of 

between pool variations for the non-migraine cohort exhibite

su

(E3) of both the migraine and non-migraine pools being less than 0.01 resulted in the 

application of a standard χ2 contingency analysis to assess the possible departure of the 

null hypothesis of no allelic frequency preponderance in the diseased (migraine pool) 

group for the AADC exon 1 indel (Table 6.09). 

 
Table 6.09.  DNA pool χ2 
fr

DNA Pool  ins (212 bp)  del (208 bp)  Total 
Migraine (n = 179)  269 [0.75]  89 [0.25]  358 
Non-migraine (n = 186)  286 [0.77]  86 [0.23]  372 
Total  555  175  730 
  χ2

α=0.1,1 = 0.41; P = 0.52   

 

ool allele frequency analysis between the migraine and non-migraine pools for the 

or this AADC locus is not warranted.  The impact of E2 (

P

AADC exon 1 indel (χ2
α=0.1,1 = 0.41; P = 0.52) did not satisfy the nominal “relaxed” 

pooled statistical threshold (α = 0.1) (Table 6.09).  Using a 2-stage DNA pool 

experimental design (Figure 6.01), this result therefore indicates individual genotyping 

f SEk  < [0.1 × k ]) in the 

assessment of AADC pooled allele frequency estimates was negligible ( SEk  = 0.0074; 

k  = 1.0591). 

 

6.4.3.4 DNA Pool D7S2422 STR A e i

riplicate migraine (MM1, MM2 and MM3) and triplicate non-migraine (CM1, CM2 

ix replicate 

migraine and non-migraine pools in total.  Amplification of the D7S2422 STR (see 

8) g range of 189 – 223 bp and was initially 

ll le D scrimination 

T

and CM3) DNA pools were PCR amplified in duplicate, thus producing s

Figure 6.0 enerated a fragment size 

electrophoresed using slab-gel based technology to assess PCR amplification success 

(Figure 6.17).  Successful migraine and non-migraine D7S2422 DNA pool amplicons 
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ng pattern 

ata not shown).  Pooled DNA samples for the D7S2422 STR was run on a 2% agarose gel at 
nutes.  DNA bands were visualised on an UV light box after EtBr staining.  

Molecular sizes of electrophoresed DNA bands were assessed by a 100 bp DNA molecular 
weight ladder.  Note the very low (non-existent) resolving power of slab-gel based 
electrophoresis to obtain an AIP for this migraine pool replicate.  The 100 bp molecular weight 
band is obscured by the agarose gel loading dye.  * One of the migraine pool replicates was 
unsuccessfully amplified. 
 

200 bp
300 bp D7S2422 (CAn)

allele range
189 -223 bp

100 bp
 

 
Figure 6.18.  Automatic GeneScan overlaid electrop 2422 (CAn) STR 
migraine pools (×5*) and b; D7S2422 (CAn) STR non rlaid AIPs depict 
very high accuracy and reproducibility in DNA pool of each replicated 
pool AIP depicts the size (bp) of allele peaks.  Allele  red) represent 
the D7S2422 (CAn) dinucleotide repeat motif range ely.  * One of the 
migraine pool replicates was unsuccessfully amplified. 
 

were then subjected to the enhanced resolving power of capillary-based electrophoretic 

separation using automated GeneScan analysis to obtain allele distribution patterns 

(AIPs).  Overlaid electropherograms of the migraine (Figure 6.18a) and non-migraine 

(Figure 6.18b) pooled AIPs using GENOTYPER™ software again attest to the accuracy 

and reproducibility of pooling analysis, this time with STR marker loci in addition to 

the previously assayed indel locus (see Figures 6.16a and 6.16b). 

 
Figure 6.17.  D7S2422 (CAn) STR gDNA pool PCR amplification assessment.  The gel photo 
represents one of the six replicated pooled DNA samples for the migraine (case) group*. 
Pooled DNA samples for the non-migraine (control) group produced a similar bandi
(d
90 volts for ~30 mi

herogram AIPs of a; D7S
-migraine pools (×6).  Ove
 replicates.  The x-axis 
 peaks 1 – 18 (denoted in

of 189 – 223 bp, respectiv

1

3

2

4

5 6 7 8 9 10 11

a

 
 

12 13 14 15 16 17 18

21

3

4
5 6 7 8 9 10 1211 13 14 15 16 17 18

b
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 DNA Pool D7S2422 STR Allele Frequency Estimation 

 Stutter Band Corrections 

D7S2422 STR alleles firstly required the 

lation of mean primary peak heights (

6.4.3.5

6.4.3.5.1

Stutter banding patterns for individual 

calcu P i ) for each individual allele observed in 

igraine (Table 6.10a) and non-migraine (Table 6.10b) pool replicates, 

tive   Allele specific stutter patterns were determined from a random sample of 

indiv D e 18 (total) alleles observed in 

ig Figures 6.18a and 6.18b, 

Pi) and their corresponding stutter peak 

8 [203 bp], 11 [209 bp], 13 [213 bp], 14 

5 bp], 15 [217 bp], 16 [219 bp] and 18 [223 bp] (Table 6.11) were used in the 

lation of refore determine individual 

tter) distr ion fragments of the observed genotyped individual DNA samples (n = 

(Table . 

both the m

respec

14 

the m

respectively).  Raw primary allele peak heights (

heights (

[21

calcu

(stu

14) 
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ean allele specific stutter patterns to the
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Table 6.10a.  Mean primary allele peak height ( P i ) calculations for alleles 1 – 18 of the D7S2422 STR polymorphic variant in the migraine DNA pool replicates.  #; 
number. 
 

  Primary allele (Pi) peak heights Allele # [size; ]   
Meanbp

DNA pool replicate [DNA pool sample] 
 Pi peak height ( Pi ) 

[n = 5] 
 1  [   1 [MM ]  2 [M 1 MM  MMM ]  3 [ 2]  4 [ 3]  5 MM3]  

1 [ 189] 1 - - 5 4 436.7  2 4    02  59   ** 
2 [ 191] 106  1 1 1 2 56 1527.

 193] 502  5 6 7 6 24 6001.
 195] 309  3 3 5 5 81 4250.
 197] - 43  4 6 1  599.5
 199] 20  28  4  5 3  407.
 201] 27  33  3   5 8  455.
 203] 43  43  5  8 6  638.
 205] 21  22  2  4 8  335.
 207] 23  25  2  4 8  334.
 209] 38  37  4  6 5  497.
 211] 84  88  10 6 13 0  1 97  1092.
 213] 58  64  7  9 1 99  806.8
 215] 81  75  8  12 1  1 13  1042.
 217] 76  69  8  11 4  1 67  994.4
 219] 58  53  7  9 1 02  802.4
 221] 21  21  2  3 8  308.4
 223] 52 5  8   1 5  9  87.

 5  106  320  989  1   2 
3 [  1  162  259  041  

  
5   4 

4 [  2  503  766  
  

308 5   0 
5 [    3  54 60  85  * 
6 [   9  9  04  01  63  2 

87 [   5  3  85 68  71   
88 [   0  6  45  37  94

8  49
  

9 [   9  3  91  
 

4  8 
10 [   9  0  60 57  46  8 

811 [   9  5  46  14  66   
12 [   7  1  3   0  3  2 
13 [   1  6  25  83  0   
14 [   9  8  49  7  5  0 
15 [   1  6  74  7  4   
16 [   8  5  26  

 
61  2   

17 [   0  0  96 68  45   
18 [    1  1 2 12  6 

* P i  determined from 4 pool replicates [n = 4] 
** P i  determined from 3 pool replicates [n = 3] 
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Table 6.10b.  Mean primary allele peak height ( P i ) calculations for alleles 1 – 18 of the D7S2422 STR polymorphic variant in the non-migraine DNA pool replicates.  
#; number. 
 

 Primary allele (P ) peak heights  iAllele # [size; bp]  
Mean Pi peak height ( Pi )

DNA pool replicate [DNA pool sample]  
 

[n = 6] 
  1 [CM1]  2 [CM1]  3 [CM2]  5 [CM3]  6 [CM3]   4 [CM2]  

1 [1 8 2 8   34 6.9]  280  3 5  36  62  -  9  27 8* 
2 [191 1   1 7 224

 193 6 6754  7217  3 50  2  64 5406.3 
 195 2 2684  2805  1 14  92  448  2260.2 
 [19 1 5  7  -  53  00.
 19  24 9  -  -  23  236.0*  
 20  39 0  7  - 380 9.
 0 772  753  242  14  75 3.
 20  43 0  5  4 355.6* 
 20  45 5  9  -  376  9.
 20 554  634  139  10  59 1
 21 1 1038  1185  7  33  4.7 
 [21 488  571  134  11  51 7
 21 715  734  3  17  601  520.
 21 881  857   702  610.
 [2 8  776  1  180  655  555.

17 [221]  445  395  437  66  73  333  291.5 
18 [223]  144  127  163  -  -  107  135.3** 

* 

]  359  1511 691  596  395  1 97  1 .8 
3 [ ]  152  4 379  86  
4 [ ]  487  2 3  3
5 7]  422  4 0  44 19 0 4 8* 
6 [ 9]  209 1  25 5 *
7 [ 1]  360 0  39 7   31 4* 
8 [2 3]  711   7  7  56 7 
9 [ 5]  385 5  45 10 -  03  

10 [ 7]  435 0  40 7 34 0* 
11 [ 9]  619   5  6  44 .2 
12 [ 1]  138  31 7  1113  85
13 3]  560   5  4  39 .0 
14 [ 5]  732   17 0  8 
15 [ 7]  821   195  207  5 
16 19]  75 801  16 2 

P i  determined from 5 pool replicates [n = 5] 
** P i  determined from 4 pool replicates [n = 4] 
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Primary allele (Pi) and corresponding stutter (Sj) peak heights 

Table 6.11.  Distribution of primary allele peak heights (Pi) (denoted in bold) and their corresponding individual stutter (peak height; Sj) patterns for individually 
genotyped samples (n = 14).  Peak heights * and ** denote the 3rd and 4th stutter bands of the corresponding primary allele (# 3 [193 bp]), respectively.  #; number, 
bp; base pair. 
 

 
 All p]ele # [b  Individual 

#
[g ype] 

185] [187
4 

[195] 
8 

[203] 205] [ ] 
11 

[209] ] 
16 

[219

sample 
enot

 
 **

[
 * 

] 
1 

[
2 3 

193] 189] [191] [
5 

[19
6 7 

01] 7] [199] [2
9 

[
10 
207

12 
[211]

13 14 
 

15 
[217 [213] [215] ] 

17 18 
[221] [223] 

1 [ 3] 111 453 7160       123 5 1341      3 1  431  1968 45  2489 
2 [ 3] 108 170 77 7604              
3 [ 18]   17 2842 7       82 24 675 158 373 
4 [ 3]  97 51 8181              
5 [ 16]  137 59 8393          55 1744 966   
6 [ 14]  129 68 7659     7 716 526     
7 [ 13]  77 275  5407       65 2 1076 2      
8 [ 8]  165 674  8380         102 28 838 198 960 
9 [ 15]  122 542  8171        3 172 337 2221    
10  14]  160 77 7196        1 492 320     
11  15]  98 52 8421       184 10 2678    
12  3]  192 747 5 8268           
13 11]  173 672  7914     8 701 21 7 4 39      
14 8]   441  6770  122  1664 091         

3  2 3905   
4  0 640 714     7 3 2
3  6 2754   
3  0 2986 

9 3 
217 6

 1  3
 2

3 
3 

 
 

285
1439

   20
33

983
041 

3 1  3300   7 4 2
3   2455 6 523 1
[3   8 2072 14  1338 2
[3   3 2579    608 16
[3  369      

 [3 
 3 

  2979 1 8 
 

4  2   
[  1848  468  4   
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22 STR dinucleotide
repe  pecif bser tal of 14 individual DNA samp
(see eak (  primary pe late .  §; Total peak heights equate to 
deno 02. 
 
Allel

# 
n alle
mar

(s

Sj or 
Pi

tter & 
n [n]  

 Sj and Pi peak 
distribution Pob

t ) 

Table 6.12.  Stutter (Sj) and
at motif. Mean allele s
Table 6.11).  Stutter p
minator of Equation 6.

e  S

 primary peak (Pi) distribution calculations for individual alleles 3, 4, 8,
ic stutter and primary peak patterns were calculated from raw (o
S

 11, 13, 14, 15, 16 and 18 of the D7S24
ved) peak heights from a to
d using Equation 6.02

 Mean allele specific stu
primary peak patter

(see Table 6.11) 

 (CAn) 
les 
the 

s

j) and ak (Pi) allele specific distributions were calcu

le specific stutter & 
y peak pattern [n]  
ee Table 6.11) 

 Sj or 
Pi

 Mea
pri

j and Pi peak 
distribution (SPobs)  

(Equation 6.02) 

 Allele 
# 

 
 (S
.02

)  
(Equa ion 6

3    S4  110 [2]  0.01  4     
 S3   0.
 S2   0.
 S1  0.  
 Pi   0.68 

 otal§    

01 
06 

 S3  
 S

164 [12]  0.01    
588 [13]  0.05    
2679 [13]  0.24    
7656 [13]  0.68    

11197     T

 170 [1]
 640 [1]
 2842 [1]
 7714 [1]
 11366

2  
 S1  
 P

 25
i  

  Total§  

8 S3    0.  
 S2     
 S1   
 Pi   
  3  otal§   

 S3  
 S

122 [1]  0.02  11  
468 [1]  0.07    

1664 [1]  0.26    
4091 [1]  0.64    

6 45     T

188 [1]
701 [1]

 2147 [1]
 4239 [1]
 7275

03
0
0

58

2  
 S

0.1
0.3
0.

1  
 P

 
 
 

i  
Total§  

13 S3    
 S2   0.  
 S1   0.31 
 Pi   0.55 
   otal§    

 S3  
 S

94 [2]  0.02  14  
394 [2]  0.10    

1209 [2]  0.31    
2265 [2]  0.57    

3962     T

 174 [2]
 604 [2]
 1661 [2]
 2923 [2]
 5362

0.03
112  

 S1  
 Pi  

Total§  

15    
 S3    
 S2    
 S1    
 Pi    
  47  otal§    

 
4
2
1
3

 
 

0.0
0.1
0.3
0.5

 
217 [1]
655 [1]

 1744 [1]
 2966 [1]
 5582

63 [1]  0.01  16  
178 [2]  0.04    
566 [2]  0.12    

1474 [2]  0.31    
2450 [2]  0.52    

31     T

 S4  
 S3  
 S2  
 S1  
 Pi  

Total§  
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Table 6.12.  Continued… 
 

Allele  
# 

 Sj or  
Pi

 Mean allele specific 
stutter pattern [n]  

(see Table 6.11) 

 Sj and P ak  
distribution (SPobs)  

(Equation 6.02) 

i pe

18  S4  92 [2]  0.02 
  S3  267 [2]  0.05 
  S  757 [2]  0.14 
  S

2

1  1784 [2]  0.32 
  Pi  2667 [2]  0.48 
  Total§  5567   

 

From Table 6.12 the distribution of fragmented allele peaks for allele 3 for example is 

0.68 for the primary allele peak (Pi) at 193 bp and 0.24, 0.05, 0.01 and 0.01 for stutter 

peaks (Sj) 1, 2, 3 a he allele 

peak distri ution frag re then used to correct for allele specific stutter banding 

pa

igraine 

ools (see Tables 6.10a and 6.10b, respectively), correcting primary allele peak heights 

for stutter is a progressive application that initiates from the longest allele (e.g. allele 18 

at 223 bp).  The longest allele not affected by longer allele stutter banding is therefore 

left and its observed mean peak height is taken directly from Tables 6.10a and 6.10b.  

The height of the next longest allele (i.e. allele 17 at 221 bp) is subsequently reduced by 

the estimated size of the first stutter band (S1) corresponding to the longest allele (i.e. 

allele 18 at 223 bp) (Tables 6.13a, 6.13b).  The height of the third longest allele (i.e. 

allele 16 at 219 bp) is subsequently reduced by the estimated size of the second stutter 

band (S2) of the longest allele (i.e. allele 18 at 223 bp) AND the first stutter band (S1) of 

the (already corrected) second longest allele (i.e. allele 17 at 221 bp) (Tables 6.13a, 

6.13b).  The correction of stutter is therefore continued down to the shortest allele (i.e. 

allele 1 at 189 bp) where any number of stutter bands can be incorporated to correct for 

the primary allele peak height (Tables 6.13a, 6.13b) [Kirov et al. 2000]. 

 

For example, the mean allele peak height for allele 15 (217 bp) in the replicated 

migraine pools (see Table 6.10a) will be affected by (1) the 1st stutter band (S1) of allele 

16 (219 bp), (2) the 2nd stutter band (S2) of allele 17 (221 bp) and (3) the 3rd stutter band 

(S3) of allele 18 (223 bp).  Therefore, corrected mean primary allele peak heights are 

calculated in accordance to Equation 6.04; 

 

nd 4 at 191 bp, 189 bp, 187 bp and 185 bp, respectively.  T

b ments we

tterns in the migraine (Table 6.13a) and non-migraine (Table 6.13b) pooled allele 

distributions. 

 

Using the mean peak heights of individual alleles in the migraine and non-m

p
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( ) PPSPP i

n

i ⎦
⎤⎡

+1
 iObsCoi rrect

+⎥⎢⎣∑
×=

 

Where P i ted mean primary allele peak he t for the ith allele, SPObs  

obser k height distribution (see Equation 6.02 Table 6.12), 

Correct
 is the correc

ved

igh

 and is the  pea P i  is the 

le (see Tables 6.10a and 

and n  the number of stutter peaks (from longer all ) affecting the ith allele.  

a 7 om the migraine DNA pool replicates as a numerical example 

lic f  where i = 15; 

mean (uncorrected) prim

6.10b) 

Using 

in the app

P Correct15

15 (21

corrected m

pool re

 

 = 1352.4 is therefore the stutter corrected mean prim

7 (Table 6.1 .  The remaining stutter 

ary allele peak heights for the migraine and non-migraine DNA 

p  pres  T e 6.13a and Table 6.13b, respectively. 

ary allele peak height for the ith alle

 is

 15 llele

 bp

eles

(21  bp) fr

ation o Equation 6.04

P rrect  × 994.4) + (0 × 994.4) + (0.05 Co15  = [(0.31 × 994.4)] + 994.4 

 = 1352.4 

ary peak height for allele 

)

ean prim

tes lica

 in the m

are

igraine D

ented in

N

abl

A pool replicates 3a)
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Table 6.13a.  Stutter corrected mean primary allele peak heights ( P Correcti ) for the migraine DNA pool replicates.  P i ; mean (uncorrected) primary peak heights for 
the migraine DNA pool replicates (see Table 6.10a), SPObs ; Individual allele distribution fragment (i.e. stutter peak) calculations (see Equation 6.02 and Table 6.12). 
 

Allele (i) 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Allele (i) 

Pi  436.7 15 7.2 60 1.4 0.0 9.5 7.2 5.8 8.8 5.8 4.8 7.8 2.2 6.8 42. 994. 802.  308.  872 0 425  59  40  45  63  33  33  49  109 80 10 0 4 4 4 .6  

             0.02 0.05 0. 0. 48 18 14 32 0.
            17       
            0. 0. 16 0.04 0.12 31 53   
          .01 .04 2 0.   15 0 0  0.1  0.31 52  
         3 1   14  0.0  0.11 0.3  0.55   
         . 0 7   13 0 02 0.1  0.31 0.5     
           12        
       .03 0. 58       11 0 10 0.30 0.  
        10           
        9           
    .02 0.07 0.26 0.64          8 0  
            7       
               6    
               5    

0.01 .06 .25 68            4 0 0 0.    
0.05 8             3  0.24 0.6     

               2    
               1 

SPObs  

   

462.9 1985.4 7501.8 50.0 617.5 435.7 574.3 658.0 366.0 441.9 567.5 1583.7 1186.0 1511.0 1352.  914.  407.  87.6  42 4 7 1P Correcti  
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m pri ary allele peak heights (Table 6.13b.  Stutter corrected ean m P Correcti ) for the non-migraine DNA pool replicates.  P i ; mean (uncorrected) primary peak 
gment (i.e. stutter peak) calculation  (see Equation 6.

12 13 14 15 16 17 18 Allele (

height
02 an

s 
r tes (see Table 6.10b), Individua n fra s d 

 4 5 6 7 8 9  i) 

for the non-migraine DNA pool 
Table 6.12). 
 
Allele (i) 1 2 3

eplica SPObs ; l allele distributio

 10 11 

Pi  276.8 1224.8 5406.3 2260.2 400.8 236.0 319.4 563.7 355.6 854. . 349.0 441.2 7 397.0 520.8 610 5 555.2 291.5 135.3  

              0.02 0.05 0.14 0.32 0.48 18
           1       7 
            0.04 0.12 0.31 0.53   16 
     0.0      0.01 4 0.12 0.31 0.52    15 
     0.1      0.03 1 0.31 0.55     14 
      0.3    0.02 0.10 1 0.57      13 
         12          
       0.03 0.10   0.30 0.58        11 
    10               
                  9 

     0.02 0.07 0.26 0.64           8
                  7 
                  6 
                  5 

0.01 0.06 0.25 0.68               4 
 0.05 0.24 0.68                3

        2           
        1 

SPObs  

          

P Correcti  293.4 1592.3 6757.9 2260.2 4 6 1239.3 583.6 755.2 830.3 632.9 384.8 135.3  460.7 502.9 12.8 252.5 402.4 580.6 387.
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6.4.3.5.2 Differential Amplification Corrections 

 by dividing the 

rimary allele peak height by the sum of all stutter and the primary peak heights (Table 

etermined as th peak height ratios from les 3 

(Tab ).  D tial am ation tion factors for alleles 8 (1.17), 11 

(1 ), 13 14 (1.  15 (1 1.30) d 18 ( ere ap d to th

co cte  a a  h p or to  statistica nal sis

 
Table 6.14.  h ratios r alle s 8 , 1 , 14 6 n  t  D7S 22 
ST  use  in r ct if rentia mplif atio f th  lon d f le istribution.  
Sn; individual t e  umbe see ble 11) A; le B long ele 
pe , A lativ  hei t of llel R e eak ht 
ratio.  Relativ h s of alleles A an  wer  cal ate fro e ry and stutter 
p he hts a le
 

   R BR

 

From the 14 individual DNA samples used for the correction of the stutter patterns for 

the D7S2422 locus, 11 were observed to be heterozygous (see Table 6.11).  Relative 

(allele) peak heights of each individual heterozygote were calculated

p

6.14).  A relative allele peak height ratio was then determined by dividing the shorter 

(relative) peak height (AR) by the longer (relative) peak height (BR) (Table 6.14).  

Relative peak height ratios for identical genotype samples 1/7, 6/10 and 9/11 were 

averaged (Table6.14).  The differential amplification correction factor for allele 18 was 

d e average of the relative  genotype samp

and 8 

.16

le 6.14 ifferen

28),

plific correc

an(1.28), .39), 16 ( 1.41) w plie e stutter 

rre d llele pe k eights ri  χ2 l a y . 

Relative peak heig t  fo le , 11 3 , 15, 1  a d 18 of he 24
R d the cor e ion of d fe l a ic n o e ger en  o  the alle  d

 geno yp  sample n r ( Ta  6. , short alle  peak, ; all
ak R; relative height of allele A, BR; re e gh  a e B, AR/B ; relativ  p heig

e heig t  d B e cul d m observ d prima  
eak ig (see T b  6.11). 

Sn  A B A   A /BR R
1  3   0   0.5  13 .71 6 1.27 
3  4   0   0.4  

  0   0.5
  0   0.5  
  0   0.5  
  0 4
  0 .5

10  0 .31 
11 .36 
13  3  11  0.67  0.58  1.16 
14  3  8  0.75  0.64  1.17 

18 .68 8 1.42 
5  3 16 .69 3  1.30 
6  3 14 .68 5 1.24 
7  3 13 .75 8 1.29 
8  3 18 .67  0.

2  0
8  

 1.41 
1.40 

9  3 15 .7 1 
 3  14 .71  0.54  1
 3  15  0.72  0.53  1

 

6.4.3.6 DNA Pool D7S2422 STR Statistical Analysis 

Application of calculated differential amplification correction factors to allele peak 

heights corrected for stutter, the (corrected) estimated mean allele peak heights of the 

D7S2422 STR were then taken as a percentage of the total mean allele peak height for 

determining an estimated allele frequency count (Table 6.15).  Mean estimated allele 

frequency counts for both the migraine and non-migraine pools were then statistically 

assessed using the CLUMP T1 χ2 statistic [Sham & Curtis 1995].  Pooled allele 

frequency count analysis between the migraine and non-migraine pool replicates for the 
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D7S2422 STR (CLUMP T1 χ2
α=0.1,17 = 10.45; P = 0.884) did not meet the “relaxed” 

pooled statistical threshold (α = 0.1) (Table 6.15).  CLUMP χ2 analysis was run to 

perform 5,000 simulations with a random seed of 25.  Using a 2-stage DNA pool 

experimental design (Figure 6.01), this result for the STR locus centromeric to the 

AADC gene does not warrant further individual genotyping analysis. 

 
Table 6.15.  DNA pool χ2 analysis of the D7S2422 STR dinucleotide polymorphism residing 
~0.75 cM centromeric to the AADC gene (see Figure 6.08).  § Allele peak heights were 
corrected for stutter and differential amplification (see Tables 6.13a, 6.13b, 6.14).  Allele 
percentage (%) estimates taken as the proportion of individual allele height divided by the total 
allele height.  Migraine [×5] and non-migraine [×6] pool replicates comprised of 179 and 186 
individual DNA samples, respectively. 
 

Migraine Pool (n = 179) [×5]  Non-migraine Pool (n = 186) [×6] 

Allele 
#  Allele 

height§  Allele 
%  

Allele 
count 

estimate 
 Allele  Allele 

§  Allele  
Allele 
count # height % estimate 

1  462.9  0.0173  6  1  293.4  0.0150  6 
2  1985.4  0.0744  27  2  1592.3  0.0813  30 

.1  0.0569  20  13  747.0  0.0381  14 
14  1934.1  0.0724  26  14  966.7  0.0494  18 
15  1879.8  0.0704  25  15  1154.1  0.0589  22 
16  1189.1  0.0445  16  16  822.8  0.0420  16 
17  407.1  0.0152  5  17  384.8  0.0196  7 
18  123.5  0.0047  2  18  190.8  0.0097  4 

Total  26699.1  1.0000  358  Total  19588.0  1.0000  372 

3  7501.8  0.2810  101  3  6757.9  0.3450  128 
4  4250.0  0.1592  57  4  2260.2  0.1154  43 
5  617.5  0.0231  8  5  412.8  0.0211  8 
6  435.7  0.0163  6  6  252.5  0.0129  5 
7  574.3  0.0215  8  7  402.4  0.0205  8 
8  769.9  0.0288  10  8  679.3  0.0347  13 
9  366.0  0.0137  5  9  387.6  0.0198  7 

10  441.9  0.0166  6  10  460.7  0.0235  9 
11  658.3  0.0247  9  11  583.4  0.0298  11 
12  1583.7  0.0593  21  12  1239.3  0.0633  23 
13  1518

CLUMP T1 χ2
α=0.1,17 = 10.45; P = 0.884 

 

6.4.4 MAOA Locus 

6.4.4.1 DNA Pool MAOA VNTR Allele Discrimination 

Triplicate migraine (MM1, MM2 and MM3) and triplicate non-migraine (CM1, CM2 

and CM3) pools were PCR amplified in duplicate, thus producing six replicate migraine 

and non-migraine pools in total.  Amplification of the MAOA 30 bp repeat VNTR (see 

Figure 6.09) reported to generate fragment sizes of ~321, ~336, ~351 and ~381 bp for 3, 

3½. 4 and 5 repeat motif lengths [Sabol et al. 1998], respectively, was initially 

electrophoresed using slab-gel based technology to assess PCR amplification success 



(Figure 6.19).  Successful migraine (n = 5) and non-migraine (n = 6) MAOA VNTR 

DNA pool amplicons were electrophoresed using capillary-based technology to better 

resolve VNTR fragment sizes.  Electropherograms of individual migraine (Figure 6.20a) 
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nd non-migraine (Figure 6.20b) VNTR pool images overlaid using GENOTYPER™ 

software resulted in VNTR allele peaks at ~316, ~333, ~346 and ~374 bp.  Independent 

allele peak sizes differing by ~5 bp to previously reported VNTR fragment sizes [Sabol 

et al. 1998] can be attributable to automated genotyping instrument based allelic shifts.  

A common shift in allele peak sizes again demonstrates  

orphic loci.  Highly reproducible VNTR AIPs was 

igraine pool replicates with all 5 successfully amplified pools 

re 6.20a).  

plification a

s for ~30 minutes.  DNA bands were visualised on an UV light box 
lar sizes of electrophoresed DNA bands were assessed by a 100 bp 

NA molecular weight ladder.  The 100 bp molecular weight band is obscured by the agarose 
gel loading dye. 
 

a

the accuracy of DNA pooling to

identify alleles of VNTR polym

observed in the m

exhibiting a successful automated GeneScan electropherogram (Figu

Automatic GeneScan analysis of the non-migraine VNTR pool replicates however was 

successful for 2 of the 6 pools (Figure 6.20b). 

 
Figure 6.19.  MAOA 30 bp repeat motif VNTR gDNA pool PCR am ssessment.  The 
gel photo represents one of the six replicated pooled DNA samples for the non-migraine 
(control) group.  Pooled DNA samples for the migraine (case) group produced a similar banding 
pattern for 5 of the 6 replicated pools (data not shown).  Amplification of the 6th migraine pool 
was unsuccessful.  The highly frequent 316 and 346 bp VNTR fragments are crudely evident 
due to their band fluorescence intensity.  Pooled DNA samples for the MAOA VNTR was run on 
a 2% agarose gel at 90 volt
after EtBr staining.  Molecu
D

200 bp
300 bp
400 bp

100 bp
~316 bp

~346 bp
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red) represent the MAOA VNTR 30 bp motifs of 3 (316 bp), 3½ (333 
p), 4 (346 bp) and 5 (374 bp) repeats, respectively. 

 

Figure 6.20a.  Automatic GeneScan overlaid electropherogram AIPs of a; MAOA VNTR 
migraine pools (n = 5) and b; MAOA VNTR non-migraine pools (n = 2).  The x-axis of each 
migraine and non-migraine AIP depicts the size (bp) of allele peaks.  Allele peaks 1, 2, 3 and 4 
(peak numbers denoted in 
b

1 3

2 4

a

 
 

2

1

b

 
 

6.4.4.2 DNA Poo OA VN llel  Freq y Est ation

Having less profound effects n V ci t

differential amplification were not performed.  Estimated allele frequencies for 

indep dent po l re es w re d ed 

as a proportion of the total pooled allele peak heights (Table 6.16).  Estimated allele 

frequency counts were therefore determined as the mean allele peak frequency of the 

total number of alleles in each migraine (n = 358) and non-migraine (n = 372) pool, 

respectively (Table 6.17). 

 

3

4

 l MA  TR A e u cen im  

o NTR lo han STR loci, corrections for stutter and 

en o pl atic e etermin by allele specific peak heights expressed 
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Table 6.16.  Pooled allele frequency estimates for independent migraine (MM) (n = 5) and non-
migraine (CM) (n =2) pool replicates.  DNA pool allele frequencies for independent pool 
replicates (pn) were calculated by independent allele peak heights divided by the total allele 
peak height for each pool. 
 

DNA pool 
replicate  DNA pool 

sample  DNA pool 
allele (bp)  DNA pool allele 

peak height  DNA pool allele 
frequency (pn) 

1  MM1  1 (316)  6995  0.4546 
    2 (333)  1074  0.0698 
    3 (346)  7094  0.4610 
    4 (373)  225  0.0146 
    Total  15,388  1.0000 

2  MM2  1 (316)  7403  0.4467 
    2 (333)  1099  0.0663 
    3 (346)  7894  0.4764 
    4 (373)  175  0.0106 
    Total  16571  1.0000 

3  MM2  1 (316)  8081  0.4644 
    2 (333)  1370  0.0787 
    3 (346)  7671  0.4408 
    4 (373)  280  0.0161 
    Total  17402  1.0000 

4  MM3  1 (316)  8085  0.4661 
    2 (333)  913  0.0526 
    3 (346)  8115  0.4678 
    4 (373)  234  0.0135 
    Total  17347  1.0000 

5  MM3  1 (316)  7750  0.4513 
    2 (333)  1173  0.0683 
    3 (346)  8096  0.4714 
    4 (373)  155  0.0090 
    Total  17174  1.0000 

1  CM3  1 (316)  7962  0.4857 
    2 (333)  209  0.0128 
    3 (346)  7973  0.4863 
    4 (373)  250  0.0152 
    Total  16394  1.0000 

2  CM3  1 (316)  7652  0.4518 
    2 (333)  781  0.0461 
    3 (346)  8101  0.4784 
    4 (373)  402  0.0237 
    Total  16936  1.0000 
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Table 6.17.  Pooled allele frequency count estimates of MAOA VNTR migraine (n = 358) and 
non-migraine (n = 372) pools.  Mean DNA pool allele frequencies ( p n ) for alleles 1 ( p1 ), 2 ( p2 ), 
3 ( p3 ) and 4 ( p4 ) were calculated from individual DNA pool allele peak heights (see Table 
6.16). 
 

DNA pool group  
Mean DNA pool allele frequency ( pn ) 

(see Table 6.16) 
 Estimated pool allele  

frequency count 
Migraine  p1   0.4566  163 

  p2   0.0671  24 
  p3   0.4635  166 
  p4   0.0128  5 
  Total  1.0000  358 

Non-migraine  p1   0.4688  175 
  p2   0.0294  11 
  p3   0.4824  179 
  p4   0.0194  7 
  Total  1.0000  372 

 

6.4.4.3 DNA Pool MAOA VNTR Statistical Analysis 

Pooled allele frequency count analysis between the migraine and non-migraine pools for 

the MAOA promoter VNTR (CLUMP T1 χ2
α=0.1,3 = 5.81; P = 0.121) did not satisfy the 

nominal “relaxed” pooled statistical threshold (α = 0.1) (Table 6.18).  Using a 2-stage 

DNA pool experimental design (Figure 6.01), this result therefore indicates individual 

genotyping for this MAOA locus is not warranted. 

 
Table 6.18.  DNA pool χ2 analysis of the MAOA 30 bp repeat motif VNTR residing within the 
promoter region of the gene (see Figure 6.09).  Pooled allele frequency count estimates as per 
Table 6.17. 
 

  Allele frequency count estimates   
DNA pool  1 (316 bp)  2 (333 bp)  3 (346 bp)  4 (374 bp)  Total 
Migraine (n = 179)  163  24  166  5  358 
Non-migraine (n = 186)  175  11  179  7  372 
Total  338  35  345  12  730 
  CLUMP T1 χ2

α=0.1,3 = 5.81; P = 0.121   

 



 280

6.5 Discussion 
There has been documented evidence to suggest that fluctuations in the brain 

neurotransmitter serotonin (5-HT) is involved in the mediation of nociception [Anthony 

1987].  Increased 5-HT activity corresponding to a decrease in pain perception and 

alternative decreases in 5-HT activity responding to increases in pain awareness is an 

important physiological observation with reference to 5-HT homeostatic imbalances 

observed in patients migrainous episodes [Anthony et al. 1967; Chugani et al. 1999; 

Curran et al. 1965; Dalsgaard-Nielsen & Genefke 1974].  Investigations into the 

physiological, pathophysiological [Connor & Beattie 1999; Terron 1998] and/or genetic 

actions [Johnson et al. 2003; Nyholt et al. 1996; Racchi et al. 2004] of 5-HT 

interactions with tissue specific 5-HT receptor class genes in addition to studies of the 

5-HT transporter gene [Juhasz et al. 2003a; Juhasz et al. 2003b; Lea et al. 2000] has 

been the common “theme” of 5-HT and migraine research to date.  With the exception 

of Marziniak et al. [2004] however, there has been a dearth of migraine population 

genetic research investigating the potential role of 5-HT biosynthetic and metabolic 

enzymes.  A change in 5-HT biosynthesis and hence subsequent metabolic levels may 

result in corresponding altered levels of pain perception (e.g. patient migrainous 

episodes).  Hence, a more detailed and extensive evaluation of genetic variation within 

enzymes controlling 5-HT levels is warranted in the elucidation of migraine aetiology.  

To gain a greater understanding of the genomic spectrum of enzymatic regulation of 5-

HT and its potential importance in migraine susceptibility, polymorphic genetic variants 

within the tryptophan hydroxylase (TPH), amino acid decarboxylase (AADC) and 

monoamine oxidase A (MAOA) genes were screened for association with migraine 

using a DNA pooling methodology. 

 

The notion underlying a “single gene, single disease” scenario, whilst it is valid for 

disease phenotypes exhibiting an unambiguous Mendelian mode of inheritance, it is not 

so valid for complex (multifactorial) disease phenotypes exhibiting irregular (non-

Mendelian) modes of inheritance.  The breadth of multifactorial genetic determinants 

for a common multifactorial diseased phenotype may be wide (i.e. numerous) with each 

determinant expressing a modest effect towards the overall outcome (i.e. disease) [Risch 

2000].  To evaluate the full spectrum of disease candidate loci, genotyping methods to 

increase throughput of the vast amount of loci and DNA samples required to be 

analysed, whilst maintaining feasible logistical bounds (i.e. laboratory time, labour and 
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cost), are sought.  One such method to systematically scan the human genome for 

association to multifactorial phenotypes in an efficient, time and cost limiting manner is 

DNA pooling [Norton et al. 2004; Sham et al. 2002].  This approach physically pools 

individual DNA samples to reduce the amount of genotyping.  The results from 

genotyping DNA pools is interpreted as a representation of the allele frequency 

distribution one would obtain from individually genotyping all samples.  Applied to a 

variety of genetic analysis approaches (e.g. mutation detection, linkage mapping, QTL 

identification) [Amos et al. 2000; Bansal et al. 2002; Barcellos et al. 1997; Baro et al. 

2001; Carmi et al. 1995; Churchill et al. 1993; Coraddu et al. 2003; Fisher et al. 1999; 

Hill et al. 1999; Liguori et al. 2003; Lipkin et al. 1998; Mosig et al. 2001; Norton et al. 

2002; Plomin & Craig 2001; Plomin et al. 2001; Williams et al. 2002; Wolford et al. 

2000] using a wide distribution of genotyping platforms (e.g. mass spectrometry, 

dHPLC, capillary electrophoresis) [Bang-Ce et al. 2004; Barcellos et al. 1997; Butcher 

et al. 2004; Carmi et al. 1995; Chen et al. 2002; Collins et al. 2000; Coraddu et al. 

2003; Daniels et al. 1998; Fisher et al. 1999; Germer et al. 2000; Giordano et al. 2001; 

Hill et al. 1999; Hoogendoorn et al. 2000; Khatib et al. 1994; Kirov et al. 2000; 

Lavebratt et al. 2004; Liguori et al. 2003; Lindroos et al. 2002; Lipkin et al. 1998; 

Mohlke et al. 2002; Mosig et al. 2001; Norton et al. 2002; Plomin & Craig 2001; 

Plomin et al. 2001; Shaw et al. 1998; Wasson et al. 2002; Williams et al. 2002; 

Wolford et al. 2000] the use of DNA pooling can constitute a 2-fold approach.  Firstly, 

it can obtain an accurate and sensitive estimate of alleles at various genetic loci, and 

secondly, it can be implemented as a high throughput screening assay to evaluate the 

susceptibility of candidate gene loci in diseased phenotypes. 

 

The use of DNA pooling has effectively been applied to assess highly prevalent SNP 

[Bang-Ce et al. 2004; Butcher et al. 2004; Chen et al. 2002; Giordano et al. 2001; 

Hoogendoorn et al. 2000; Lavebratt et al. 2004; Lindroos et al. 2002; Mohlke et al. 

2002; Norton et al. 2002; Wasson et al. 2002; Williams et al. 2002; Wolford et al. 

2000] and STR [Barcellos et al. 1997; Carmi et al. 1995; Collins et al. 2000; Coraddu et 

al. 2003; Daniels et al. 1998; Fisher et al. 1999; Hill et al. 1999; Khatib et al. 1994; 

Kirov et al. 2000; Liguori et al. 2003; Plomin & Craig 2001; Plomin et al. 2001; Shaw 

et al. 1998] marker loci in diseased states.  Based on the abundance of these loci 

throughout the human genome the notion of conducting genome wide association 

analyses is highly feasible using DNA pooling technology.  On a lesser scale however, 

the human genome does harbour, less prevalent, genetic loci depicting similar 
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morphologies to SNP and STR loci.  Resembling SNP characteristics, insertion deletion 

(indel) polymorphisms are also bi-allelic in nature and can play an important role in the 

functionality of a gene (i.e. expression) [Conrad 2004].  Resembling similar 

morphological features of an STR locus (i.e. structured repeat sequence motifs) the 

characterisation of variable number tandem repeat (VNTR) motifs have been identified 

to also alter gene expression activity [Balciuniene et al. 2002; Deckert et al. 1999; 

Denney et al. 1999; Sabol et al. 1998; Tivol et al. 1996]. 

 

To date no published studies have utilised DNA pooling methods for the genetic 

assessment of indel and VNTR loci and their potential role in disease susceptibility.  It 

was the aim of this research to firstly investigate genetic variants in the enzymatic 

control of 5-HT not previously tested in migraine predisposition.  Secondly, SNP, STR, 

indel and VNTR genetic loci previously identified in 5-HT governing enzymes were 

assessed using a DNA pooling approach. 

 

6.5.1 Migraine and TPH 

To elucidate the potential role of the human tryptophan hydroxylase (TPH) gene in 

migraine genetic susceptibility a 2-stage DNA pooling experimental design was 

employed to screen three functional SNPs within the genes promoter region [Rotondo et 

al. 1999].  The three SNPs, -7180T→G, -7065C→T and -6526A→G, were identified to 

reside within (and alter) an activating protein-1 (AP-1) transcription factor binding site, 

a CAAT enhancer binding protein (C/EBP) site and a c-Ets transcription factor binding 

site, respectively [Rotondo et al. 1999].  Disruptions within transcription factor 

recognition sequence sites therefore have the potential to modulate their specific 

functional roles and thus alter gene activity levels. 

 

The first stage of the DNA pooling procedure subjected each TPH SNP to be genotyped 

in replicated migraine and non-migraine pool constructs to ascertain an estimate of each 

respective allele frequency.  Evaluation of the potential sources of error (E1 – E3) that 

can associate with DNA pool allele frequency estimations [Le Hellard et al. 2002; 

Visscher & Le Hellard 2003] were shown not to substantially inflate the magnitude of 

committing a Type I error, thus attesting to the sensitivity of the constructed DNA 

pools.  For all three tested TPH SNPs, pooled allele frequency analyses were positively 

identified to satisfy the nominal “relaxed” statistical threshold commonly used in DNA 
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pooling applications (α = 0.1) [Norton et al. 2002; Norton et al. 2004; Sham et al. 

2002].  Passing the first stage of a 2-stage design (Figure 6.01), the –7065C→T and –

6526A→G TPH SNPs were then individually genotyped.  However these individual 

genotyping results did not validate the initial pooling analysis.  Also, the identification 

of highly significant linkage disequilibrium (LD) between the three TPH promoter 

SNPs meant that the third (-7180T→G) SNP need not be individually genotyped.  

Although the TPH promoter SNPs had functional relevance for genetic analysis of 5-HT 

related disorders, there was no evidence from this research for their involvement in 

typical migraine (MO+MA), MO or MA susceptibility. 

 

Designed to initially screen for candidate loci associations with genetic disorders, DNA 

pooling empirically analyses estimated allele counts based on their respective estimated 

frequency within the pool constructs.  Statistical analysis of DNA pools therefore 

employs a relaxed statistical threshold (α = 0.1) to assess the association of a genetic 

locus with a disease phenotype in order to achieve an acceptable balance between the 

identification of false positive and false negative association results.  But the 

“relaxation” of statistical significance will undoubtedly elevate the number of false 

positive association results (0.05 < α < 0.1).  Therefore, pooled associations (α < 0.1) 

must be verified by observed allele count analysis by individually genotyping DNA 

samples used in the construction of DNA pools.  Individual genotype assessment will 

therefore restrict the reporting of false positives to the nominally accepted value of 5% 

or less (i.e. α ≤ 0.05).  Pooled results of the TPH promoter SNPs did satisfy the relaxed 

statistical threshold, but individual genotype analysis did not verify the pooled genotype 

analysis.  Hence, the assayed candidate TPH loci are not associated with migraine thus 

indicating that the initial DNA pool results were false positives. 

 

The constructed migraine and non-migraine pools displayed a high degree of accuracy 

in specific allele frequency estimates.  For the two TPH SNPs analysed in stages one 

and two of the DNA pool experimental design, there was a maximum 5% discrepancy 

between estimated allele frequencies in the pools and the observed allele frequencies 

from individual genotyping.  With reference to independent population genetic 

investigations of the TPH promoter SNPs, Rotondo et al. [1999] reported allele 

frequencies of the –6526A→G SNP in cohorts of Italian (A 0.58; G 0.42), US 

Caucasian (A 0.55; G 0.45), Finnish (A 0.60; G 0.40) and American Indian (A 0.60; G 

0.40) ancestry.  Additionally, Paoloni-Giacobini et al. [2000] identified the three TPH 
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SNPs plus a forth promoter SNP (-5806G→T, see Figure 6.07) to be in complete LD in 

a French control cohort.  Assigning the -7180T, -7065C, -6526A and -5806G alleles as 

haplotype 1 (T:C:A:G) and the -7180G, -7065T, -6526G and -5806T alleles as 

haplotype 2 (G:T:G:T) Paoloni-Giacobini et al. [2000] genotyping the -7065C→T SNP 

observed population frequencies of 0.59 and 0.41 for the C (haplotype 1) and T 

(haplotype 2) alleles, respectively.  The use of DNA pools to estimate allele frequencies 

for the -7180T→G (T 0.54; G 0.46) (Table 6.04a), -7065C→T (C 0.54; T 0.46) (Table 

6.04b), and -6526A→G (A 0.52; G 0.48) (Table 6.04c) TPH promoter SNPs in the non-

migraine (control) pool replicates demonstrates DNA pooling to accurately estimate 

SNP allele frequencies to within 5% of individual allele frequency observations.  

Frequencies of the -7065C→T SNP (Table 6.06a) and -6526A→G SNP (Table 6.06b) 

attained from individual genotyping in the non-migraine (control) cohort were identical 

to the reported allele frequencies of Paoloni-Giacobini et al. [2000] and Rotondo et al. 

[1999], respectively. 

 

6.5.2 Migraine and AADC 

The identification of a 4 bp indel (AGAG/-) within the 5’UTR (exon 1) region of the 

human amino acid decarboxylase (AADC) gene and an STR dinucleotide variant 

centromeric (~0.75 cM) to the AADC gene were both screened using a 2-stage DNA 

pooling design to assess their potential role in migraine aetiology. 

 

To date there has been no published reports investigating indel polymorphisms using a 

DNA pooling study design.  It was therefore important to note the accuracy of the DNA 

pooling approach to firstly detect the presence (212 bp) and absence (208 bp) of the 4 

bp indel and the very high reproducibility of the replicate migraine (Figure 6.16a) and 

non-migraine (Figure 6.16b) DNA pools.  As with the demonstrated sensitivity of the 

TPH SNP poling assays, the sensitivity assessment of a novel genetic locus (i.e. indel) 

in pools of DNA were again shown not to substantially inflate the magnitude of 

committing a Type I error when performing a standard χ2 contingency test on estimated 

pooled migraine and non-migraine allele frequencies.  Unlike the pooled analysis of the 

TPH SNPs however, the pooled analysis of the AADC indel did not meet the “relaxed” 

pooled statistical threshold (α = 0.1).  Using a 2-stage DNA pool design (Figure 6.01) 

individual genotyping was therefore not warranted, thus indicating no evidence of the 
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AADC 5’UTR (exon 1) indel to be involved in typical migraine (MO+MA) 

susceptibility. 

 

Once again the use of DNA pooling, on a novel (indel) genetic locus, demonstrated a 

high degree of accuracy in the estimation of allele frequencies to within 5%.  In a 

population data sample size of 158 chromosomes the AADC indel is documented in the 

NCBI SNP database (dbSNP) with observed allele frequencies of the insertion 

(+AGAG) and deletion (-AGAG) 4 bp variant of 0.722 and 0.278, respectively (refSNP 

ID: rs3837091).  These observed frequencies of individual genotyping results are vary 

comparable with the current DNA pooling estimation of the +AGAG (0.77) and -

AGAG (0.23) indel variant in the pooled non-migraine (control) group (Table 6.09).  

Additionally, the estimated frequencies from the non-migraine DNA pool replicates are 

very comparable to an independent population-based UK study of schizophrenia and 

bipolar disorder [Speight et al. 2000].  In this psychiatric disorder study Speight et al. 

[2000] observed in their schizophrenic control population +AGAG and -AGAG 

frequencies of 0.785 and 0.215, respectively and in their bipolar disorder control group 

frequencies for the +AGAG and -AGAG alleles were 0.738 and 0.262, respectively. 

 

The application of DNA pooling to STR genetic loci is an effective means of allele 

frequency estimation provided appropriate adjustments are made for the characteristic 

stutter patterns, differential amplification and ‘Plus-A’ artefacts that potentially hinder 

true allele frequency representation in DNA pools [Breen et al. 1999; Kirov et al. 2000].  

Using capillary-based electrophoretic analysis of the STR (D7S2422) locus proximal to 

the AADC gene, enhancement of allele peak-to-peak resolution is evident in the 

accuracy and reproducibility of both the migraine (Figure 6.18a) and non-migraine 

(Figure 6.18b) DNA pool replicates.  Accounting for ‘Plus-A’ addition within the 

experimental protocol design [Breen et al. 1999] and an effective arithmetic means of 

correcting for stutter and differential amplification [Kirov et al. 2000] the D7S2422 

locus proximal to the AADC gene was non-significant in typical migraine (MO+MA) 

susceptibility.  Based on the pooled D7S2422 allele frequencies not exhibiting 

preponderance in the migraine group compared to the non-migraine group (P > 0.1) 

individual genotyping was not performed. 

 

Allowing for subtle ethnic variation in population frequency estimates and genotyping 

instrument bias shifts in allele mobility, the non-migraine DNA pool allele distribution 
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(Figure 6.18b) and corrected allele frequencies (Table 6.15) are comparable to two 

independent population-based analyses and one independent family-based analysis of 

the same STR (D7S2422) locus (Table 6.19). 

 

Based on the analysis of European population groups and populations of European 

ancestry living abroad from the continent, the Genetic Analysis of Multiple sclerosis in 

EuropeanS (G.A.M.E.S.) collaborative network was set up to perform a multiple 

sclerosis genome-wide linkage scan with 4346 and 6000 STR loci in Australian and UK 

population cohorts, respectively.  Using a DNA pooling study design, the Australian 

G.A.M.E.S. contingent obtained AIPs and corresponding pooled allele frequency 

estimates in a cohort of 187 control individuals.  Likewise, the UK G.A.M.E.S. 

contingent control pool comprised of 219 unrelated singleton blood donors.  The 

Australian and UK G.A.M.E.S. control pool corrected allele frequency estimates for the 

D7S2422 locus are presented in Table 6.19.  Comparative observation between the 

current DNA pool research and both the Australian and UK G.A.M.E.S. AIPs indicates 

a shift in the sizing of allele fragment lengths (Table 6.19).  It may be possible that the 

allele fragment length shift is a consequence of the identification of an additional, 

shorter, allele within the G.A.M.E.S. cohorts.  Although cohorts assayed in the current 

pooling research and both the Australian and UK G.A.M.E.S. control groups are of 

Caucasian ancestry, there may still be provision for admixture within the studied groups 

due to inter-racial, non-homogenous, breeding behaviour.  From a technical standpoint 

however the shift in allele fragment size may be attributable to one of two factors.  

Firstly, the disparity of allele peak labelling for the D7S2422 locus between the current 

research project and the G.A.M.E.S. research projects may be a consequence of specific 

signal strengths or discrepancies in the resolution of signal strengths for the DNA pool 

AIPs generated using automated GeneScan analysis software.  Differences in the allele 

peak signal strength may result in the incorrect labelling of stutter peaks as observed 

allele peaks or the overlooking of true allele peaks as stutter peaks.  The second 

technical factor possibly attributing to the shift in allele fragment sizes is when there is 

an overload of size standard product signal.  In this instance the overload of size 

standard product can produce spurious peaks that cannot be corrected for by the spectral 

matrix within the GeneScan analysis software [Walker & Sawcer 2003].  Spurious 

peaks can produce distorted fragment sizing that is not identified by the GeneScan 

analysis software and thus a probable shift in allele fragment sizing. 
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In a third independent study assessing the D7S2422 locus Hawi et al. [2001] 

individually genotyped 85 nuclear pedigrees (21 families with mother and affected child 

and 64 families with mother, father and affected child) to assess the extent of allele 

transmission in Irish ADHD affected children.  Control, non-transmitted, observed 

allele frequencies of the Irish familial-based cohort for the D7S2422 locus are presented 

in Table 6.19.  As with the comparative observations made between the current research 

pooling results and the G.A.M.E.S. cohorts, there appears to be a shift in allele fragment 

sizes between the current population-based pooling research and the Irish familial-based 

study (Table 6.19) [Hawi et al. 2001].  The Irish study investigating the D7S2422 locus 

with ADHD observed a total of 17 alleles, one less than the current projects non-

migraine pool AIP (see Figure 6.18b).  Allele peak fragment sizes observed by Hawi et 

al. [2001] however were not disclosed.  Hence it is possible that the fragment size of the 

assigned allele 1 in the Irish study may well in fact be the fragment size of the current 

Caucasian pooling researches assigned allele 2 (Table 6.19).  This seems more plausible 

given the fact that that most frequent allele in the Irish study is assigned allele 2 whilst 

the most frequent allele in the current Caucasian study is assigned allele 3 (Table 6.19).  

Hence the observed allele shift between the Irish familial-based [Hawi et al. 2001] and 

the current Caucasian population-based studies of the D7S2422 locus may be 

attributable to the Irish study not observing an allele fragment at 189 bp. 

 

In light of an observable allele fragment size shift between the current non-migraine 

DNA pool allele image pattern (AIP) (see Figure 6.18b) and other reported results from 

the G.A.M.E.S. study and Hawi et al. [2001], it was important to note that there was no 

detectable allele fragment shift in the allele image patterns (AIPs) of both the migraine 

pool replicates (see Figure 6.18a and Table 6.15) and the non-migraine pool replicates 

(see Figure 6.18b and Table 6.15). 
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Table 6.19.  Allele frequency comparisons for the D7S2422 STR locus in three population-
based genetic studies (1; The current DNA pooling research, 2; The Australian G.A.M.E.S. 
cohort, and 3; The UK G.A.M.E.S cohort) and one Irish family-based genetic study [Hawi et al. 
2001] a, b, c. 
 

  Population-based studies  Family-based 
study c

Allele 
# 

 Current DNA 
pooling research b  Australian 

G.A.M.E.S. b  UK 
G.A.M.E.S. b  Hawi et al. 

[2001] 
1  0.0150  0.0173  0.0109  0.0076 
2  0.0813  0.0234  0.0245  0.3210 
3  0.3450  0.1121  0.0964  0.1070 
4  0.1154  0.3448  0.3006  0.0000 
5  0.0211  0.1505  0.1260  0.0153 
6  0.0129  0.0161  0.0114  0.0380 
7  0.0205  0.0071  0.0059  0.0230 
8  0.0347  0.0127  0.0180  0.0310 
9  0.0198  0.0091  0.0116  0.0230 

10  0.0235  0.0172  0.0227  0.0460 
11  0.0298  0.0303  0.0408  0.0610 
12  0.0633  0.0549  0.0754  0.0460 
13  0.0381  0.0411  0.0536  0.1150 
14  0.0494  0.0556  0.0668  0.0760 
15  0.0589  0.0565  0.0683  0.0610 
16  0.0420  0.0330  0.0445  0.0150 
17  0.0196  0.0133  0.0158  0.0150 
18  0.0097  0.0051  0.0067   

a Observed allele size fragment shifts may be attributable to subtle admixture within studied cohorts, specific differences in allele 
peak calling or specific differences in allele peak size standard intensities. 
b Reported allele frequency estimates for all three population-based studies were corrected for stutter and differential amplification 
artefacts. 
c The family-based study observed 17 alleles. 
 

6.5.3 Migraine and MAOA 

The genetic control and regulation of the monoamine oxidase A (MAOA) enzyme in the 

metabolism of 5-HT has important implications in the role of 5-HT related disorders 

(e.g. migraine, depression).  With respect to migraine headache, fluctuations in 5-HIAA 

(the main metabolite of 5-HT) urinary excretion has been observed [Curran et al. 1965; 

Ferrari et al. 1989; Milovanovic et al. 1999; Sicuteri et al. 1961].  Within the promoter 

region of the MAOA gene a 30 bp variable number tandem repeat (VNTR) motif has 

been identified to play a role in the transcriptional control of the gene [Sabol et al. 

1998].  With some conjecture over the number of 30 bp repeat lengths required to alter 

gene activity it however can be agreed upon that in the presence of a larger number of 

30 bp repeats, upstream activation of MAOA gene transcription is evident [Balciuniene 

et al. 2002; Deckert et al. 1999; Denney et al. 1999; Sabol et al. 1998].  This upstream 

VNTR was therefore screened in a cohort of migraine and non-migraine DNA pools to 

acquire population genetic data for assessment in migraine susceptibility. 
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To date there has been no published reports investigating VNTR polymorphic variants 

in a DNA pool experimental design.  As with the novel assessment of an (AADC) indel 

locus in pools of DNA, assessment of a second novel (VNTR) locus produced accurate 

allele discrimination when separated using capillary-based electrophoresis (Figures 

6.20a and 6.20b).  The resolution of a 30 bp VNTR can be achieved using a slab-gel 

based approach, however, the use of fluorescently labelled sense primers and capillary 

electrophoresis provides a more quantifiable assessment of each allele (peak height) for 

which allele frequency estimates are calculated from.  Individual allele peaks heights 

were recorded as a proportion of the total allele peak heights in both migraine and non-

migraine pools.  Based on this relative allele frequency pooled analysis could not 

support the involvement of the MAOA promoter VNTR in migraine susceptibility (P > 

0.1).  Individual genotyping was not conducted as this pooled result concurs with the 

combined male and female allelic association analysis of the same VNTR locus in a 

German Caucasian cohort [Marziniak et al. 2004]. 

 

The ascertainment of allele frequency estimates using well-constructed DNA pools for 

SNP, indel and STR polymorphic loci all produced very accurate results with 

subsequent individual genotyping or independent population genetic study comparisons.  

It is therefore interesting to note that the comparison of pooled VNTR allele frequencies 

is not as accurate when compared to independent genetic investigations of the same 

tested variant.  Of the current DNA pooling research, allele frequency estimates from 

the non-migraine pools for 3, 3½, 4 and 5 repeats of the 30 bp repeat motif, were 0.47, 

0.03, 0.48 and 0.02, respectively.  Independent studies of European/Caucasian ancestry 

however reported individual (male, female combined) allele frequencies of the 3, 3½, 4 

and 5 30 bp repeat motif to range from 0.328 – 0.400, 0.000 – 0.008, 0.567 – 0.654 and 

0.014 – 0.023, respectively [Deckert et al. 1999; Sabol et al. 1998; Serretti et al. 2002].  

In the current DNA pooling assessment there was no requirement of stutter pattern 

correction, as there is for STR loci, due to VNTR loci not exhibiting this characteristic.  

Additionally, there was no correction for differential amplification either.  Uncorrected 

for differential amplification in both the migraine and non-migraine pools, the 

characteristic preferential amplification often witnessed in shorter alleles over longer 

alleles may account for the discrepancies in alleles exhibiting 3 and 4 30 bp repeat 

motifs.  When compared to other studies independently genotyping the MAOA VNTR 

promoter variant [Deckert et al. 1999; Sabol et al. 1998; Serretti et al. 2002], the 

estimated pooled allele frequencies for the 3 and 4 30 bp repeat motifs were over- and 
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under represented, respectively.  This discrepancy in pooled allele frequency estimates 

appears characteristic of differential amplification.  Even though the negative findings 

of the MAOA VNTR promoter variant concur with a previously reported result 

[Marziniak et al. 2004], corrections for differential amplification of novel VNTR loci 

assessment in a DNA pooling study design should be implemented to acquire a more 

accurate assessment of pooled allele frequencies. 

 

6.5.4 Chapter 6 Summary 

In what has been an extensive investigation of several functional variants within genes 

encoding for the enzymatic control of 5-HT activity and their potential genetic 

susceptibility in migraine aetiology using a novel high throughput DNA pooling 

approach, a brief overview is warranted. 

 

The concept of pooling individual DNA samples (50 ≤ n ≤ 1000) into a single pool has 

the advantage of analysing large cohort sizes across a large array of diseased candidate 

loci.  It is therefore feasible to screen most, if not all, genetic variations within a family 

(or families) of genes that are hypothesised in the pathophysiological pathway(s) of 

human genetic disorders.  Using a 2-stage DNA pool experimental design three SNPs 

with the TPH promoter region, an indel within the AADC 5’UTR (exon 1) region, a 

dinucleotide STR proximal to the AADC gene and an VNTR within the promoter of the 

MAOA gene were all initially screened for migraine susceptibility.  The first stage of a 

2-stage DNA pool analysis initially assesses the allele frequency estimates within case 

(migraine) and control (non-migraine) and if a preponderance of allele frequencies in 

the case pool is significantly greater than the allele frequencies in the control pool (α = 

0.1), the second stage incorporating individual genotype analysis is warranted.  If 

candidate loci fail to meet the “relaxed” statistical threshold after stage one, no more 

(individual) analysis is required. 

 

Pooled allele frequency analysis of all three TPH promoter SNPs were significant at the 

α = 0.1 level.  Individual genotypic analysis of two of those SNPs however, could not 

confirm the initial pooling result.  The third TPH SNP was not individually genotyped 

as it was deemed to be non-significant if it were individually genotyped due to the 

highly significant LD relationship observed between all three SNPs.  The AADC indel, 

proximal STR and MAOA promoter VNTR loci all did not pass the first stage of the 
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DNA pooling experimental design.  In was concluded overall that of the genetic 

variants tested in the genes encoding for the biosynthesis and metabolism of 5-HT none 

of them were shown to be involved in migraine susceptibility. 

 

Although the final candidate gene analyses resulted in negative findings, the use of the 

DNA pooling approach was still considered of great benefit.  Genetic loci failing to pass 

the first stage of a DNA pool experimental design are no longer subjected to additional 

experimental assay’s and subsequent analysis.  Hence, the equivalent amount of time 

that would amount to individually genotyping the number of DNA samples within the 

pool constructs is substantially negated.  As with the application of any nascent assay 

and appropriate analysis procedures, there is a considerable amount of time and effort 

required to correctly set the assay up for future candidate gene analyses.  It is therefore 

felt that the extensive laboratory work and analysis procedures undertaken in this 

current study will provide greater ease of genotyping efforts primarily for future 

migraine candidate gene projects and genotyping projects of other morbid phenotypes in 

general. 

 

On a more positive note however, it was demonstrated that the use of DNA pools did 

provide an accurate and sensitive measure of allele frequencies at various types of 

genetic loci.  It has been well documented that the use of DNA pooling is a successful 

high throughput assay for screening SNP and STR loci, this study inclusive.  The 

successful application of DNA pooling to a novel insertion deletion (indel) locus and a 

novel VNTR locus now provides further evidence for the scope of DNA pooling 

applications to be increased for a greater investigation of genetic variations within the 

human genome. 



 

Chapter 7 
 

Genotyping Part 3: 

 

“Locked Nucleic Acid (LNA) Single 

Nucleotide Polymorphism (SNP) 

Genotype Analysis and Validation Using 

Real-Time PCR” 
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7.1 Genotyping Part 3 
This last chapter in the series of genotyping techniques, Chapter 7 “Genotyping Part 3:  

Locked nucleic acid (LNA) single nucleotide polymorphism (SNP) genotype analysis 

and validation using real-time PCR” outlines a high throughput and more sensitive PCR 

assay than that first described in Chapter 4.  In what can be described as an 

improvement of “standard” PCR genotyping applications, real-time PCR using 

fluorescent technologies in addition to a novel DNA analogue (i.e. locked nucleic acid; 

LNA) vastly improves the sensitivity and end-point analysis of individual sample 

genotypes.  To demonstrate this method of genotyping, individual DNA sample analysis 

was conducted on the -7065C→T SNP within the promoter region of the TPH gene.  

Note that the -7065C→T TPH promoter SNP is identical to one of the three TPH 

promoter SNPs assessed using DNA pooling as outlined in Chapter 6.  A complete 

analysis of this TPH SNP with respect to its potential role in migraine susceptibility is 

thus documented in Chapter 6.  Of particular importance and interest to Chapter 7 

however, is the design of a set of novel mathematical criteria used to distinguish 

ambiguous allele discrimination.  The novel mathematical criteria used in the assistance 

of genotype calling greatly enhance the accuracy and sensitivity of this high throughput 

individual genotyping approach. 

 

7.2 Introduction 
With an increase in the number of publicly available single nucleotide polymorphisms 

(SNPs) in numerous publicly accessible databases, the task of performing genome wide 

association studies has become more feasible.  It is therefore no coincidence that there 

has been a corresponding increase in the development of methods to perform high 

throughput SNP genotyping to investigate disease association using this vast number of 

available SNPs [Norton et al. 2004; Sham et al. 2002; Syvanen 2001; Tsuchihashi & 

Dracopoli 2002].  Traditional gel based SNP genotyping methodologies (as depicted in 

Chapter 4), although still effective, now seem more beneficial for smaller scale SNP 

typing, with non-gel based genotyping technologies evolving as the platform of choice 

for larger scale SNP genotyping efforts [Shi 2001]. 
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7.2.1 LNA Chemistry and SNP Genotyping 

Detection of single base substitutions using a high affinity DNA analogue known as 

Locked Nucleic Acid (LNA) [Braasch & Corey 2001; Petersen & Wengel 2003] for use 

in allelic discrimination assays has been achieved by various methods.  SNP genotyping 

using LNA chemistry has been previously used in ELISA assays to capture LNA probes 

hybridising to PCR amplicons within microtitre plates [Jacobsen et al. 2002a; Jacobsen 

et al. 2002b; Orum et al. 1999].  Additionally, SNP genotyping has been achieved by 

combining fluorescence polarisation and LNA oligonucleotides [Simeonov & Nikiforov 

2002], whilst further development of microchip technology has resulted in SNP 

genotyping using LNA microarray assays [Moller & Mouritzen 2002; Mouritzen et al. 

2003].  In addition, real-time PCR has been investigated as a platform to perform SNP 

genotyping with the utilization of LNA/DNA duplexes [Latorra et al. 2003b].  Latorra 

et al. [2003b] modified an allele-specific PCR (AS-PCR) assay by substituting the 3’ 

end of the allele specific primer with a single LNA base, specific for SNP detection.  

SYBR Green dye was used for fluorescence detection to subsequently determine 

genomic DNA amplicons using a thermal melt analysis, and validation of real-time PCR 

genomic DNA amplicon size was performed by gel electrophoresis [Latorra et al. 

2003b].  Evaluation of real-time PCR efficiency was not performed.  Similar to Latorra 

et al. [2003b] this present research incorporated real-time PCR technology, PCR 

amplicon primers and LNA chemistry.  It differs however, in that LNA bases were 

designed and synthesised (juxtaposed to their oligo DNA counterparts) specific for and 

spanning the SNP site of interest and not to terminate at the SNP site itself.  

Additionally, novel mathematical validation of PCR efficiencies and hence, observed 

genotypes was performed. 

 

7.2.2 Real-Time PCR Kinetic Evaluation 

As real-time PCR has improved the ability to quantify mRNA levels in gene expression 

studies vis-à-vis cDNA replicates, the determination of PCR efficiency has increasingly 

become an important issue to attain accuracy and reliability.  Interest in PCR efficiency 

determination has been primarily directed towards the analysis of mRNA expression 

levels by quantifying rare transcripts and small changes in gene expression [Livak 1997; 

Peirson et al. 2003; Pfaffl 2001].  Furthermore, examining the amplification kinetics 

that apply a model best fitting the raw fluorescent data, has also been used to assess 
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PCR efficiency [Liu & Saint 2002a, b; Tichopad et al. 2002; Tichopad et al. 2003].  

Determining the reaction amplification kinetics ensures that the efficiency of each 

individual sample is independently calculated and validated. 

 

Independent sample PCR efficiency is an important consideration for SNP genotyping 

due to variable efficiencies based on individual DNA templates.  This particular aspect 

of the research project investigated a centrifugal real-time PCR platform using LNA 

hybridisation probes with subsequent SNP genotype validation.  The centrifugal real-

time PCR platform independently assesses the SNP of interest by reporting each 

specific dual labelled allele specific LNA probe spanning the SNP site on separate 

fluorophore channels.  PCR amplification kinetics assessment was performed using a 

four-parametric sigmoid curve fit model.  Behaviour and therefore the amplification 

kinetics of individual genomic DNA (gDNA) templates were determined independently 

of each other to address three criteria.  Criterion A, independent fluorophore channel 

evaluation of PCR amplification efficiency; Criterion B, independent fluorophore 

channel evaluation of spurious fluorescent signal gains due to background fluorescent 

noise, primer dimer formations and any residual reagents within the reaction; and 

Criterion C, simultaneous assessment of the estimated start of the exponential growth 

phases for both fluorophore channels.  A true heterozygous sample should therefore 

satisfy Criteria A and B for both fluorophore channels along with Criterion C, whereas 

a true homozygous sample should satisfy Criteria A and B for one of the two 

fluorophore channels only, and Criterion C will not be satisfied. 

 

7.2.3 Genotyping Criteria Empirical Assessment 

Application of the aforementioned criteria for validating genotype ambiguity has been 

empirically tested in the MAPI cohort with encouraging results pertaining to its validity 

and accuracy.  Further validation was achieved through sequencing of individual DNA 

samples, confirming the results obtained from the real-time PCR allelic discrimination.  

In addition, both case and control groups of the MAPI cohort satisfied Hardy-Weinberg 

proportions and allelic frequencies for the control group were very similar to two 

independently tested Caucasian association cohorts for the same tested SNP [Paoloni-

Giacobino et al. 2000; Rotondo et al. 1999].  The application of LNA fluorogenic 

hybridisation probes for SNP discrimination in conjunction with the three novel criteria 

to elucidate ambiguous genotypes has proved to be an accurate and reliable method.  
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Undetermined real-time PCR endpoint allelic discrimination analysis and/or ambiguous 

allelic discrimination curves can be confidently resolved by applying the three criteria 

for SNP genotype validation. 

 



7.3 Materials and Methods 

7.3.1 SNP Identification 

The investigated SNP was a -7065C→T transition previously identified within the 

tryptophan hydroxylase (TPH) gene [Rotondo et al. 1999].  Identified within the 

serotonergic pathway, the TPH gene encodes the rate-limiting enzyme for the 

biosynthesis of the neurotransmitter serotonin [5-hydroxytryptophan (5-HT)] (see 

Figure 1.04).  A comprehensive overview and analysis of this same SNP using a 2-stage 

DNA pooling design assay with respect to migraine susceptibility is outlined in Chapter 

6. 

 

7.3.2 LNA Probes versus TaqMan MGB Probes 

TaqMan MGB probes [Afonina et al. 1997; Kutyavin et al. 2000] consist of a minor 

groove binder (MGB) conjugated to the 3’ non-fluorescent quencher of the allele 

specific probe.  The tripeptide, 1,2-dihydro-(3H)-pyrrolo[3,2-e]indole-7-carboxylate 

(CDPI3) binds to the minor groove of the DNA helix of the target sequence forming a 

highly stable nucleic acid duplex [Afonina et al. 1997].  Alternatively, LNA nucleotide 

analogues consist of a 2’-O,4’-C methylene bridge that reduces flexibility of the 

ribofuranose ring and locks the LNA structure into a rigid bicyclic formation (Figure 

7.01) [Braasch & Corey 2001; Latorra et al. 2003a; Petersen & Wengel 2003].  Similar 

in their ability to enhance discrimination between matched and mismatched 

hybridisation probes of considerably shorter length, sequence-specific LNA probe 

design incorporates an LNA nucleotide complementary to the assayed SNP. 

 
Figure 7.01.  Chemical structure of an LNA nucleotide analogue displaying the methylene 
“bridge” adjoining the 2’-oxygen (2’-O) and 4’-carbon (4’-C) atoms of the ribose molecule. 
 

 
 

 297



 298

7.3.3 PCR Primer, LNA Probe Design 

PCR primers and LNA probes were designed and synthesised by Proligo (Paris, 

France).  PCR primers flanking the TPH SNP producing an 89 bp amplicon (Figure 

7.02) were as follows; sense primer, 5’-AAT TTC TTT TTC ATA CTG TTC ACC A-

3’; anti-sense primer, 5’-AAT TCA CTA ATG TTG CAG GAT ACA A-3’.  Dual 

labelled LNA hybridisation probes, complementary to the anti-sense gDNA strand and 

spanning the transition site were as follows; probe 1, 5’-JOEcag AaA CgC tAt tga tBHQ1-

3’; probe 2, 5’-FAMtac AgA aAT gCt Att gat tBHQ1-3’.  LNA nucleotides are denoted in 

UPPER CASE font, DNA nucleotides are denoted in lower case font, and the LNA 

nucleotide complementary to the identified SNP is UNDERLINED.  Additional DNA 

molecules at the 5’ and 3’ ends of LNA probe 2 were included to provide a similar 

melting temperature (Tm) profile to LNA probe 1.  LNA probe 1 synthesised with the 5’ 

fluorescent reporter molecule 6-carboxy-4’,5’-dichloro-2’,7’-dimethoxyfluorescein 

(JOE) is specific for the ‘C’ allele.  LNA probe 2 synthesised with the 5’ fluorescent 

reporter molecule 6-carboxyfluorescein (FAM) is specific for the ‘T’ allele.  Adhering 

to recommended fluorescent reporter molecules and non-fluorescent quencher 

combinations, attached to the 3’ ends of both LNA probes is a non-fluorescent Black 

Hole Quencher™ (BHQ1) molecule.  Incorporation of a non-fluorescent quencher 

molecule eliminates background fluorescence and provides enhanced noise-to-signal 

ratios. 

 

Fluorogenic allelic discrimination can be inhibited if reporter molecule spectral signals 

are indistinguishable from one another.  Hence the choice of FAM and either JOE, TET, 

HEX or VIC can be selected for allelic discrimination.  Given the excitation and 

emission spectral wavelength similarities between JOE, TET, HEX and VIC, it was 

anticipated that either one of these reporter molecules would therefore be sufficient to 

detect the alternative allele in conjunction with the FAM reporter molecule.  Due to the 

design of VIC being the proprietary of Applied Biosystems, JOE and FAM reporter 

molecules were initially selected for amplification detection given their minimal cross 

talk (< 1%) between fluorophore channels on the Rotor-Gene 3000™ real-time PCR 

instrument (Corbett Research; Brisbane, Australia). 
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7.3.4 Real-Time PCR Optimisation 

Genomic DNA (n = 10) samples extracted from peripheral blood using a modified 

salting out procedure from Miller et al. [1988] were used to optimise the real-time SNP 

genotyping protocol in conjunction with a no DNA template H2O control (NTC).  Real-

time PCR was performed using the Rotor-Gene 3000™ multiplex system (Corbett 

Research; Brisbane, Australia) and data analysis conducted with the corresponding 

software interface (version 5.0) (Corbett Research; Brisbane, Australia).  In a 25 µl 

reaction volume, 200 nM of each primer (Proligo; Paris, France), 10 nM of each LNA 

probe (Proligo; Paris, France), 1× MasterAmp PCR PreMix I (Epicentre®; Madison, 

USA), 1.0 Unit of Taq polymerase (MBI Fermentas; Hanover, USA) and 24 ng of 

individual gDNA was added.  Real-time PCR cycling conditions were: initial 

denaturation at 95°C for 4 minutes and then 45 cycles of 95°C for 15 seconds and 60°C 

for 45 seconds. 

 

The allelic discrimination real-time PCR assay performed on the Rotor-Gene 3000™ 

with dual labelled LNA hybridisation fluorogenic probes mirrors the 5’ nuclease assay 

as outlined in Livak [1999] and Chapter 3 section 3.10 Real-time PCR.  Perfectly 

matched LNA hybridisation probes to their target sequence elevate the melting 

temperature (Tm) profile of the LNA probe/DNA duplex.  The presence of a perfectly 

matched probe minimises dissociation, prompting cleavage of the probe by the 

properties of Taq DNA polymerase.  In addition, the homogeneous assay is conducted 

under competitive conditions.  Therefore, a perfectly matched LNA probe to the target 

sequence will inhibit mismatched probes from hybridising.  Cleavage of the hybridised 

LNA probe releases the 5’ reporter molecule, reducing its ability to be quenched and 

thus releasing emitted fluorescence directly proportional to the amount of PCR product 

for each respective allele. 

 

7.3.5 DNA Sequencing 

All gDNA samples used for real-time PCR optimisation (n = 10) and an additional 40 

gDNA samples selected from the MAPI cohort were sequenced to validate observed 

real-time PCR allelic discrimination curves and genotypes.  A PCR product of a larger 

amplicon size (367 bp) that flanked the real-time PCR primers, the LNA hybridisation 

probes and the tested TPH SNP (Figure 7.02), was sequenced using the following 
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primers (Proligo; Lismore, Australia); sense primer, 5’-CTC CTT TGG TTA ATT CCT 

AGG-3’; anti-sense primer, 5’-GCC TTT CCT TGT AGA TCT GG-3’.  PCR 

amplification prior to DNA sequencing was carried out in a 20 µl reaction volume with 

200 nM of each sequencing primer (Proligo; Lismore, Australia), 1× MasterAmp PCR 

PreMix I, 0.8 Units of Taq polymerase and 40 ng of gDNA was added.  Thermocycling 

was performed using the PC-960C cooled thermal cycler (Corbett Research; Brisbane, 

Australia) under the following conditions: initial denaturation at 94°C for 4 minutes, 35 

cycles of 94°C for 1 minute, 58°C for 1 minute, 72°C for 30 seconds and a final 

extension step of 72°C for 5 minutes. 

 

Applied Biosystems BigDye® Terminator (version 1.1) Cycle Sequencing (Applied 

Biosystems; Foster City, USA) reaction preparation for both forward and reverse 

primers was performed as per the methods set out in Chapter 3 section 3.8 DNA 

Sequencing, and electrophoresed using an ABI-377 automated DNA sequencer™ 

(Applied Biosystems; Foster City, USA).  Editview™ and Sequencher™ software were 

used to assess and analyse all sequence data.  The TPH promoter nucleotide sequence 

(GenBank™ accession number X83212), isolated and determined by Boularand et al. 

[1995b], provided the reference sequence for comparison of both forward and reverse 

sequencing reactions to genotype heterozygotes and homozygotes (Figure 7.02).  

Pairwise BLAST analysis between the TPH promoter nucleotide sequence and the 

reported SNP was performed to identify the SNP position at nucleotide 512 based on 

the transcription initiation site at nucleotide 2118 (Figure 7.02) [Rotondo et al. 1999]. 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=736255
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Figure 7.02.  Extract of the TPH gene promoter sequence, Accession number X83212 (gi 
736255).  The single stranded sequence reads in the 5’→3’ direction starting at nucleotide (nt) 
position 1 and ending at nucleotide (nt) position 2150.  The bolded base and highlighted in 
green denotes the position of the C→T transition SNP (nt 512).  Sequences highlighted in 
yellow denote the positions of the sense (nt 417→437) and anti-sense (nt 764→783) 
sequencing primers, respectively.  Sequences highlighted in orange denote the positions of the 
sense (nt 473→497) and anti-sense (nt 537→561) real-time PCR primers, respectively.  The 
LNA probe specific for the C allele extends from nt 506→521 and the LNA probe specific for the 
T allele extends from nt 504→522.  The bolded base and highlighted in blue denotes the 
transcription initiation site (nt 2118). 
 
   1 gtcgacctgc aggtcaacgg atccgtttct gggttctcta ttctgttcca ttggtctatg 
  61 tgtctgtttt tatgccagaa ccatgctgtt ttggttactg tagctctgca gtataatttg 
 121 aagtcaggta atgtgattcc tccagttttg tgctttttgc tcaggatagc tttggctgtt 
 181 ctgggtcttt tgtgattcca tataaatttt agggttgttt tttctatttc tgtaaggaaa 
 241 gtctttggta ttttgatagg gattgccttg aatctgtaga ttgctttggg tagcatggac 
 301 atttgaacaa taaggattct tccgatccat gaacttggaa tagccttctg ttcttttggt 
 361 gtcctcttta atttctttca tgagtatttt atagttgtca ttgtagagat ctttcactcc 
 421 tttggttaat tcctaggtac ttattttatt tgtggctatt gtaaatggga ttaatttctt 
 481 tttcatactg ttcaccattg gcatacagaa acgctattga tttttgtatg ttgattttgt 
 541 atcctgcaac attagtgaat tatttaatca gttcaaatag ttttttggtg gagtctttag 
 601 gtttttccaa atataggatc atatcatctg caaacaagga taatttgact tcttcctttc 
 661 cagtttggat gccctttatt tcttctcttg tctgattgct ctagctagaa cttccagtac 
 721 tatgttgaat aatagtggtg aaattgggca tccttatcgt gttccagatc tacaaggaaa 
 781 ggctttcagt ttaggaaaga catctttgac ctcagcttgg ttctgaaagg tctctccctg 
 841 accagtattt tttatggcat tgaagtaaga gcactggatt taaactcaga cacttttgct 
 901 tgattattga tggtacttac tagcctgtgc cagaataacg tcttagagcc acccctgtgc 
 961 ttcaatttcc gtatctgtaa aatacaaata atatgtacct catagaagca ttatacagat 
1021 aaaagaaaaa tgcatagaaa agctgtaaag gtcctgagct ttaaagtaca tccatactca 
1081 gcaaaaaaga aaacaggaaa gaaaaggaac aaatcactaa tacctgcatg aaactcaaaa 
1141 gcattatgtt aagtgccagg agccaaaaat ctgtacatat ttcatgattt catttctgtg 
1201 acattccaga gaaggcaaaa ctgtggagac agaaatcaga tcagtggctg ccaggggctg 
1261 ggtgtgaggt gagagacttt agacaaggga aatttctcgc agtgatagaa atgttctata 
1321 ttttgatcgt ttggtggtta cacaactata catgtttgtc aaaactcaga attgtacacc 
1381 tcacagggtg aatattactg tatgttaatt atacatcaat aaatcttact tttcaaacat 
1441 tggaggaaag aatgtcctat aatatacctt cgttatgtgt acagtccttt gggataagga 
1501 gctaatcgac tgactactca accagtaaat acctattcca aattttttgc ctctatgtcc 
1561 tgttgttcac aatagcacgt aatatgattt tttgctaata tagaatgctt ctctgcttgc 
1621 agcttaaaat ttttttttaa ttagaagggc actgaacact tctcttctaa aaagttcaac 
1681 taactgttgc tctgcctcaa ggaatggggg aaagcaccaa gagaataata agtcaggact 
1741 gggctattaa atagcccaga agcacagaga tgtgtgggag gtggggggat tcttgctttg 
1801 gtctccaaca ggcgagaagc actgcagtcc tatagcaggt cattgtgtcg ataataggcg 
1861 ttatcttggt ttggagagaa tgtccaactc tggattgttc agtgttagtc agacttgtgt 
1921 ggttaaggac ggcctaacat tcacttaatt aaaacaccag tcagatacac gcagagattg 
1981 aggcgtgcaa gtctctggga gcaggcggac gcgactgccc acgccccaca cccgccggcc 
2041 ctcccttctc attggccgct gcccagctgc tccgacgccc gcttctataa gagacaggca 
2101 gcgcggggcc gccggccgac ccagcctgca cctactggcg cccgaggtga 

 

7.3.6 MAPI Cohort Genotyping 

The optimised real-time PCR protocol (as described in 7.3.4 Real-time PCR 

Optimisation), for the TPH C→T transition SNP was then used to obtain empirical 

genotype data from a migraine Caucasian association cohort of 275 migraineurs and 

275 sex and aged matched controls (MAPI).  Diagnosis of migraine individuals was 

performed via questionnaire with clinical evaluation performed by a neurologist in 

accordance with specified criteria set by the International Headache Society (IHS) [IHS 

1988; IHS 2004] as previously outlined (see Tables 1.01, 1.02, 1.03, 1.04).  Each 

individual real-time PCR assay was performed with known [CC], [CT] and [TT] 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=736255
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=736255
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genotypes (verified by DNA sequencing) in conjunction with a no DNA template H2O 

control (NTC). 

 



7.4 Results 

7.4.1 Simulation Studies 

Simulation of PCR parameter variables adhering to a four-parametric sigmoid model 

(FPSM) (Equation 7.01) were performed using the graphical software package 

SigmaPlot (version 8.0) (Statistical Package for the Social Sciences – SPSS; Chicago, 

USA). 

 

7.4.1.1 Four-Parametric Sigmoid Model 

The theoretical behaviour of PCR amplification divided into four reaction phases, initial 

ground (IG), exponential growth (EG), linear growth (LG) and a plateau (P) phase 

(Figure 7.03) best satisfies a sigmoid relationship.  Befitting individual sigmoid 

relationships with differing slope factors, a FPSM with the variables y0, a, x0 and b 

adheres to the function as depicted in Equation 7.01; 
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Where ƒ is the value of the function for each computed level of raw fluorescence (Rx) at 

each cycle x, y0 is the minimum fluorescence signal, a is the difference between the 

maximum and minimum fluorescence signals, x is the amplification cycle number, x0 is 

the point of inflection of the curve (at which the first derivative maximum [FDM] is 

computed) and b is the slope factor of the curve governing the rate of amplification 

(Figure 7.03). 
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Figure 7.03.  Simulated PCR phase transitions produced from SigmaPlot (version 8.0) depicting 
amplification curves for a (theoretical) true heterozygous genotype.  The theoretical behaviour 
of PCR amplification is determined by the initial ground (IG), exponential growth (EG), linear 
growth (LG) and plateau (P) phases, respectively.  Based on a FPSM (Equation 7.01), the 
variables y0, a, x0 and b are obtained to determine ambiguous genotypes based on three 
criteria. 
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Based on the four variables governing the theoretical sigmoid function of the 

transitional phases of PCR, the development of three criteria to elucidate ambiguous 

allelic discrimination was achieved.  Differing rates of template amplification will 

constitute differing slope factors (b) and hence, efficiency of DNA template growth 

after each PCR cycle.  The basis of Criterion A therefore addresses the rate of PCR 

amplification efficiency by evaluating the slope of the sigmoid curve, as depicted by the 

variable b in Figure 7.03.  The amount of PCR product in fluorescence based PCR 

assays is directly proportional to the total amount of fluorescent signal emitted at the 

conclusion of the assay.  The theoretical basis of Criterion B therefore firstly addresses 

the change in fluorescence (a) for each individual DNA sample independently of each 

other.  That is, the difference in fluorescence emission between the plateau (P) and 

initial ground (IG) phases of the PCR function (Figure 7.03).  To then normalise the net 

gain in fluorescent signal of the whole PCR assay (∆Rx), the change in fluorescence (a) 

is divided by the fluorescent signal emitted at the IG phase of the PCR, as depicted by 

the variable y0 in Figure 7.03.  Whilst both Criteria A and B assess both fluorophore 

channels independently of each other, Criterion C examines the relationship between 
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the two fluorophore channels simultaneously.  The point at which the EG phase of the 

reaction is increasing most rapidly is estimated by determining the second derivative 

maximum (SDM) (~Cycle 21) (Figure 7.03) of the original sigmoid curve fit (Appendix 

C).  The transition between IG and EG (i.e. the start of the DNA template growth) can 

be further estimated to be 80% of the SDM (~Cycle 16.8) [Corbett Research 2003].  

Therefore, Criterion C determines the standard deviation between both fluorophore 

channels for initiation of DNA template growth. 

 

7.4.1.2 Sigmoid Model Variables 

Genotype analysis is highly dependent upon the standard and quality of extracted DNA 

template.  Various DNA extraction methods (e.g. salt precipitation, spin column 

extraction) may result in slight differences in the purity and yield of DNA template in 

readiness for amplification and subsequent genotyping analyses.  To account for 

possible trace impurities, various conditions that may account for varying PCR 

efficiencies including the amount of PCR product that alters the shape of the sigmoid 

curve were simulated (Figures 7.04, 7.05, 7.06, 7.07). 

 

Based on the premise that a rate of amplification of b = 2 represents a complete 

doubling of DNA template after each cycle, this has been designated as a PCR 

efficiency equating to 1.0 (i.e. 100%).  Hence PCR efficiency (E) under this model is 

determined by Equation 7.02; 

 

b
E 2
=  

 

Therefore, as depicted in Figure 7.04, using a FPSM, changes in amplification efficiency 

(∆b) with a constant point of inflection (x0 = 25) and a constant net fluorescent signal 

(∆Rx = 1.0) displays a decrease in PCR amplification efficiency being inversely 

proportional to the slope of the sigmoid curve flattening out as b = 2.0 (E =1.0) 

approaches b = 4.0 (E = 0.5).  Therefore the steeper the rise in the curve from the start 

of EG, the more efficient (with respect to the rate of increase in DNA template after 

each cycle x) the PCR amplification. 
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Figure 7.04.  Simulation curves produced from SigmaPlot (version 8.0) examining changes in 
PCR amplification efficiency (∆b) with a constant point of inflection (x0 = 25) and a constant net 
fluorescent signal (∆Rx = 1.0).  Simulations represent amplification on one fluorophore channel 
of the Rotor-Gene 3000™. 
 

 
 

The slope of a PCR amplification curve (Figure 7.03), that is 100% efficient (b = 2), with 

a constant point of inflection (x0 = 25) can appear to fluctuate depending on the net 

fluorescent gain of individual DNA amplicons.  The direct relationship between 

fluorescence signal and amplified DNA template can therefore be evaluated by the 

application of Equation 7.03; 

 

0y
aRx =∆  

 

The direct relationship between emitted fluorescence and PCR product can however 

result from background fluorescence noise, primer dimer artefacts and/or residual PCR 

reagents.  Considered as a net gain in fluorescence signal (∆Rx) of the reaction, the slope 

of a real-time PCR amplification curve may also alter in accordance with the amount of 

net fluorescent gain (Figure 7.05).  The appearance of each curve does tend to vary from 

least efficient to most efficient, ∆Rx = 25% gain to ∆Rx = 200% gain, respectively 

(Figure 7.05).  However, within each simulation, there is a complete doubling of DNA 
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template with the appearance of each curve affected only by ∆Rx.  Therefore PCR 

amplification efficiency is not affected. 

 
Figure 7.05.  Simulation curves produced from SigmaPlot (version 8.0) examining changes in 
net fluorescent signal gains (∆Rx) with a constant point of inflection (x0 = 25) and a constant 
PCR amplification efficiency (b = 2.0; E = 1.0).  Simulations represent amplification on one 
fluorophore channel of the Rotor-Gene 3000™. 
 

 
 

Simulating changes in PCR amplification efficiencies (Figure 7.04) or net gains in 

gDNA template fluorescent signal (Figure 7.05) with all other theoretical PCR 

parameters being constant can alter the appearance of individual amplification curves.  

To assess simultaneous changes in more than one theoretical PCR parameter simulated 

changes in both PCR amplification efficiency (E) and net gains in fluorescent signal 

(∆Rx) with a constant point of inflection (x0 = 25) were performed (Figure 7.06).  

Changes in amplification efficiency (∆b) and net fluorescent signal gains (∆Rx) with a 

constant point of inflection (x0 = 25) result in variations within the slopes of PCR 

amplification curves that can be adequately fitted to a FPSM.  The simulated data set 

depicted in Figure 7.06 demonstrates the possible variability amongst individual 

genomic DNA templates selected for SNP genotype analysis. 
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Figure 7.06.  Simulation curves produced from SigmaPlot (version 8.0) examining changes in 
amplification efficiency (∆b) and net fluorescent signal gains (∆Rx) with a constant point of 
inflection (x0 = 25).  Simulations represent amplification on one fluorophore channel of the 
Rotor-Gene 3000™. 
 

 
 

Simulated data in Figure 7.07 depict PCR amplification curves with variable points of 

inflection (∆x0) (FDM) with constant PCR amplification efficiency (b = 2.0; E = 1.0), 

and constant net gains in fluorescent signal (∆Rx = 1.0).  The change in an individual 

amplification curve point of inflection (all other PCR parameters being constant) 

demonstrates a lateral shift of amplification curves to the right as x0 increases (x0 = 20 to 

x0 = 32) (Figure 7.07).  Alternatively, a lateral shift of amplification curves to the left 

consequently represents a decrease in x0. 

 

 308



Figure 7.07.  Simulation curves produced from SigmaPlot (version 8.0) examining changes in 
the point of inflection (∆x0) (FDM) with a constant amplification efficiency (b = 2.0; E = 1.0) and a 
constant net fluorescence signal gain (∆Rx = 1.0).  Simulations represent amplification on one 
fluorophore channel of the Rotor-Gene 3000™. 
 

 
 

7.4.2 Empirical Data Analysis 

7.4.2.1 Model Curve Fit Analysis 

Application of a FPSM (Equation 7.01) to the raw fluorescent data using SigmaPlot 

(version 8.0) provided the four deterministic variables (y0, x, x0, b) plus or minus their 

standard errors (± SE).  In determining the amplification efficiency (E), net fluorescent 

gain (∆Rx) and calculation of the standard deviation (SD) of the start to EG between 

both fluorophore channels (Figure 7.03), use of the SE of each respective variable was 

incorporated to distinguish between true and false genotype calls.  Genotype 

determination for ambiguous allelic discrimination was calculated using a novel “SNP 

calculator” designed in a Microsoft® Excel spreadsheet (Appendix D). 
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7.4.2.2 Genotype Determination 

The use of allelic discrimination and scatter analysis applications of the Rotor-Gene 

3000™ software (version 5.0) in conjunction with LNA hybridisation probes is very 

efficient and accurate when calling genotypes (Figures 7.08, 7.09, 7.10). 

 
Figure 7.08.  Allelic discrimination curves produced by the Rotor-Gene 3000™ analysis 
software (version 5.0) for a true heterozygote (TC) with the amplification curves for both 
fluorophore channels (JOE, FAM) satisfying the three proposed criteria.  The x-axis represents 
the amplification cycle number and on the y-axis is the raw fluorescent value (Rx).  Note the y-
axis in normalised fluorescent units (Norm. Fluoro.) is for diagrammatic purposes only.  
Application of the three genotype criteria was performed using raw fluorescent data only. 
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Figure 7.09.  Allelic discrimination curves produced by the Rotor-Gene 3000™ analysis 
software (version 5.0) for a true homozygote (CC) with the amplification curve of the JOE 
channel satisfying Criteria A and B.  The x-axis represents the amplification cycle number and 
on the y-axis is the raw fluorescent value (Rx).  Note the y-axis in normalised fluorescent units 
(Norm. Fluoro.) is for diagrammatic purposes only.  Application of the three genotype criteria 
was performed using raw fluorescent data only. 
 

 
 
Figure 7.10.  Allelic discrimination curves produced by the Rotor-Gene 3000™ analysis 
software (version 5.0) for a true homozygote (TT) with the amplification curve of the other 
channel (FAM) satisfying Criteria A and B.  The x-axis represents the amplification cycle number 
and on the y-axis is the raw fluorescent value (Rx).  Note the y-axis in normalised fluorescent 
units (Norm. Fluoro.) is for diagrammatic purposes only.  Application of the three genotype 
criteria was performed using raw fluorescent data only. 
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In some instances however, there may be some ambiguity (stemming from DNA 

template quality and possible amounts of residual reagents within each individual 

sample) over the correct SNP genotype (Figures 7.11, 7.12).  The allelic discrimination 

curves depicted in Figure 7.11 may first suggest that this individual is heterozygous.  

However, the discrimination curve on the FAM channel may be representative of true 

amplification or an artefact spuriously emitting fluorescence.  Therefore, the genotype 

of this individual cannot be called without ambiguity.  The allelic discrimination curves 

depicted in Figure 7.12 offers scepticism as to their amplification efficiency and net gain 

in fluorescence signal. 

 
Figure 7.11.  Example of an ambiguous heterozygote.  Criteria A and B (allowing 5% error) 
were not satisfied for the FAM fluorophore channel, and Criterion C was not met.  Hence a true 
homozygote (CC) is deduced.  Note the y-axis in normalised fluorescent units (Norm. Fluoro.) is 
for diagrammatic purposes only.  Application of the three genotype criteria was performed using 
raw fluorescent data only. 
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Figure 7.12.  Example of another (observational) ambiguous heterozygote.  All three genotype 
criteria were not satisfied for both fluorophore channels (allowing a 5% error).  Hence, this 
sample is excluded from genotypic and allelic association analyses.  Note the y-axis in 
normalised fluorescent units (Norm. Fluoro.) is for diagrammatic purposes only.  Application of 
the three genotype criteria was performed using raw fluorescent data only. 
 

 
 

To evaluate ambiguous genotypic data as depicted in Figures 7.11 and 7.12 the 

application of the following three criteria were employed; Criterion A:  PCR 

amplification efficiency (Equation 7.02) is to be greater than 50% (E > 0.50) and 

Criterion B: net gain of fluorescent signal (Equation 7.03) is to be greater than 25% (∆Rx 

> 0.25).  Theoretically, a true heterozygote should progress from IG to EG of the PCR 

similarly on both fluorophore channels (Figure 7.03).  Therefore, Criterion C states 

between phase transition (from IG to EG), the standard deviation (SD) between both 

fluorophore channels is to be less than two (SD < 2).  The point of IG and EG transition 

is estimated by first identifying where EG is increasing most rapidly.  This is calculated 

by the second derivative maximum (SDM) of the original sigmoid curve fit (Equation 

7.01) (Appendix C).  Therefore, the transition between IG and EG (i.e. the start of DNA 

template growth) can be estimated to be 80% of the SDM [Corbett Research 2003]. 

 

Satisfaction of all three criteria results in a sample being denoted as a true heterozygote 

(Figure 7.08), while satisfaction of Criteria A and B for one fluorophore channel only, 

and a failure of Criterion C denotes a true homozygous individual (Figures 7.09 and 

7.10).  The initial ambiguity observed in Figure 7.11 was assessed by the three allele 

discrimination criteria.  The resulting analysis concluded a true homozygous individual 

(on the JOE channel) being calculated.  The raw fluorescent data obtained from the 
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FAM channel failed to meet the criteria thresholds.  When all three criteria are not met, 

samples are excluded for ensuing genotypic and allelic association analyses (Figure 

7.12). 

 

7.4.2.3 DNA Sequencing Validation 

Following standard DNA sequencing, confirmation of the TPH C→T SNP allelic 

discrimination assay using LNA hybridisation probes and real-time PCR (n = 50, 16 

homozygotes [CC], 23 heterozygotes [CT], 11 homozygotes [TT]) was determined.  Of 

these 50 sequenced samples, 48 (96%) individually assessed at the 5% and 1% error 

thresholds confirmed DNA sequence analysis.  The remaining two (4%) samples 

assessed by the allele discrimination criteria were excluded at both the 5 and 1% error 

thresholds. 

 

7.4.2.4 Fluorophore Channel Preferential Amplification 

Of particular note, it was observed in all heterozygous individuals an enhanced 

preference of amplification parameters of one fluorophore channel (JOE) over the other 

(FAM) (Figure 7.08).  To accommodate for possible preferential amplification and/or 

enhanced hybridisation of different fluorophores, the allowance of a 5% error in 

calculating the amplification efficiency (Equation 7.02) has been applied.  The 5% error 

applied to the weaker of the two channels must then be incorporated into Criterion A to 

establish PCR amplification efficiency for the weaker fluorophore channel only. 

 

A 5% error threshold in amplification (Equation 7.02) on the FAM fluorophore channel 

was selected to conservatively report (with 95% confidence) ambiguous genotypes 

calculated by the three allelic discrimination criteria.  An additional more stringent 1% 

error threshold (99% confidence) was adapted to the calculated (ambiguous) genotypes 

for comparative purposes.  From the total association cohort (n = 550), 131 (23.8%) 

individual genotypes were considered ambiguous by a discrepancy between the 

endpoint (scatter) analysis and the corresponding allelic discrimination curves, or, if 

there was some scepticism toward the observed allelic discrimination curves.  Of the 

131 ambiguous genotypes, six (4.6%) samples differed in their calculated genotypes at 

the 5% and 1% error thresholds (95% and 99% confidence levels, respectively).  These 

six samples were sequenced (in addition to the 50 samples sequenced for real-time PCR 
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genotypes verification), of which five (83.3%) of the additional sequenced results 

confirmed the application of the allelic discrimination criteria at the 95% confidence 

level.  In total, of the 131 ambiguous genotypes, less than 1% could not be determined 

by applying a 5% error threshold (95% confidence) to the amplification efficiency 

(Equation 7.02) on the FAM fluorophore channel. 

 

7.4.2.5 Migraine (MAPI) Genotypes 

The TPH -7065C→T SNP was genotyped in the MAPI migraine (n =275) and non-

migraine (n = 275) populations with genotypic and allelic frequencies presented in 

Table 7.01.  Individual DNA samples were amplified using real-time PCR technology as 

outlined in section 7.3.4 Real-Time PCR Optimisation.  Ambiguous allelic 

discrimination was resolved by three criteria addressing PCR amplification efficiency, 

net fluorescent signal gains and the start of DNA template growth as outlined in section 

7.4.2.2 Genotype Determination.  The observed genotype and allele frequency counts 

presented in Table 7.01 are identical to the data presented in Chapter 6, Table 6.06a.  The 

TPH -7065C→T SNP data presented in Table 7.01 depicts the observed results obtained 

from using a real-time PCR assay and novel mathematical validation.  The TPH -

7065C→T SNP data presented in Chapter 6, section 6.4.2.4.1 Individual TPH7065 

SNP Analysis, Table 6.06a depicts observed individual genotype and allele χ2 analysis 

with migraine and non-migraine individuals.  Individual TPH7065 SNP analysis was 

performed in an attempt to validate initial DNA pooling results for the same TPH SNP, 

see Chapter 6 section 6.4.2.3 DNA Pool TPH SNP Allele Statistical Analysis, Table 

6.04b. 

 
Table 7.01.  Observed genotype and allele frequencies for the TPH -7065C→T SNP.  Observed 
genotype and allele counts shown in brackets. 
 

Cohort  Genotype  Allele 
  CC  CT  TT  C  T 

Migraine (n = 275)  0.39 [98]  0.44 [108]  0.17 [41]  0.62 [304]  0.38 [190] 
Non-migraine (n = 275)  0.38 [89]  0.43 [100]  0.19 [45]  0.59 [278]  0.41 [190] 

 

The observed allele frequencies in the Caucasian control population for the C (0.59) and 

T (0.41) alleles, respectively, were similar to two independent Caucasian cohorts for the 

same tested SNP [Paoloni-Giacobino et al. 2000; Rotondo et al. 1999].  Originally 

identified by Rotondo et al. [1999], the TPH C→T SNP tested in Italian, American 

Caucasian and American Indian cohorts displayed minor allele (T) frequencies between 
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0.40 and 0.45.  In addition, Paoloni-Giacobino et al. [2000], reported the TPH C→T 

SNP to be in linkage disequilibrium with three adjacent TPH SNPs in a Western 

European Caucasian cohort.  Haplotypic frequencies of 0.59 and 0.41 were reported for 

the T-C-A-G and G-T-G-T haplotypes, respectively.  The bolded nucleotides within the 

two haplotypes [Paoloni-Giacobino et al. 2000] indicate the C→T SNP tested in the 

MAPI control cohort.  Migraine genotype data analysis for both the MAPI migraine and 

control cohort groups, allowing for 5% error on the weaker channel, satisfied HWE 

conditions (P > 0.05).  By not allowing for this 5% error on the weaker channel, the 

observed data significantly deviated from HWE (P < 0.05) with an over-representation 

of homozygotes [CC] identified on the stronger channel (JOE). 
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7.5 Discussion 
The importance of population-based association studies, as a means of identifying 

genetic variants that contribute to complex phenotypic expression is now becoming 

more established [Risch & Merikangas 1996].  Risch and Merikangas [1996] further 

suggest that large scale association genetic testing must be performed on variants within 

the actual gene itself or a polymorphic variant in strong linkage disequilibrium (LD) 

with a causative variant.  The immense scale of such a task at first seemed highly 

impractical, but with the advent of the HapMap project identifying blocks of high LD 

within the human genome, the reduction in the number of initial SNPs to be tested 

(known as tag SNPs) make the proposals of Risch and Merikangas [1996] more realistic 

[Daly et al. 2001; Gabriel et al. 2002; Goldstein & Weale 2001; Reich et al. 2001]. 

 

The significance and practicality of large scale SNP genotyping have resulted in 

emerging novel methodologies [Fan et al. 2000; Olivier et al. 2002; Shi 2001; Ye et al. 

2001].  In addition, the importance of determining PCR efficiency required for gene 

expression studies [Livak 1997; Peirson et al. 2003; Pfaffl 2001] and individual 

amplification reaction kinetics [Liu & Saint 2002a, b; Tichopad et al. 2002; Tichopad et 

al. 2003] has risen accordingly.  The significance of evaluating the kinetics of PCR 

amplification for SNP genotyping is that it assesses each individual genomic DNA 

sample individually.  Based on template quality and homogeneous variations within 

each sample reaction, fluctuations in amplification efficiencies are evidently observed, 

thus resulting in minimal ambiguous genotype determination. 

 

In general, the individual sample allelic discrimination reported on the Rotor-Gene 

3000™ is very efficient and accurate.  However, there are certain circumstances when 

the allelic discrimination for one or both fluorophore channels is ambiguous and the 

sample genotype uncertain.  To evaluate these ambiguous samples, the use of a four-

parametric sigmoid curve fit model (Equation 7.01) was applied to the raw fluorescent 

data befitting the theoretical behaviour of PCR amplification (Figure 7.03).  In order to 

eliminate spurious genotypes, the application of Equation 7.01 and the behaviour of both 

fluorophore channels were used to determine three criteria for accurate allelic 

discrimination and genotyping. 
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Criterion A:  PCR amplification efficiency is to be greater than 50% (E > 0.50) 

(Equation 7.02) with a 5% error in amplification efficiency allowed for the weaker of the 

two fluorophore channels to compensate any preferential amplification.  Not allowing 

for this error in E, may result in an over-representation of the respective homozygous 

genotypes for the stronger channel and a corresponding under-representation of 

heterozygous genotypes. 

 

Criterion B:  net fluorescence gain is to be greater than 25% (∆Rx > 0.25) (Equation 

7.03).  A 25% increase in fluorescent signal from the initial single copy of template 

DNA eliminates possible increases in fluorescent signal due to background fluorescent 

noise, non-specific binding and/or unincorporated PCR reagents. 

 

Criterion C:  the difference in the estimated start cycle number between the two 

fluorophore channels must be less than two. 

 

If Criteria A and B are met for both fluorophore channels and Criterion C is satisfied, 

then the individual sample is truly heterozygous (Figure 7.08).  Theoretically, if the 

DNA sample is a heterozygote, then both LNA probes should hybridise to their 

respective target template sequence and thus produce two allelic discrimination curves 

portraying similar amplification characteristics (Figure 7.03).  The beginning of EG of 

the reaction on both channels (at amplification cycle x1 and x2) should occur almost 

simultaneously for it to be a true heterozygote.  If Criteria A and B are met for only one 

of the fluorophore channels and Criterion C is not met, then the individual sample is 

truly homozygous for the successful fluorophore channel (Figures 7.09, 7.10, 7.11).  It 

was observed that all samples that failed to meet the requirement of Criterion C also 

failed to meet the threshold values of Criteria A and B for one of the fluorophore 

channels, hence a true homozygote is the result.  Sample to be excluded from analysis 

will not satisfy any of the three allele discrimination criteria (Figure 7.12). 

 

Comparable in their sensitivity and specificity, LNA hybridisation probes have been 

proven to be an effective alternative 5’ nuclease assay to the Applied Biosystems 

TaqMan MGB 5’ nuclease assay [Letertre et al. 2003].  Specific for allelic 

discrimination, dual labelled TaqMan MGB probes and LNA hybridisation probes are 

very similar in their assay performance.  Provided raw fluorescent data for independent 

fluorophore channels can be obtained, there would be no inhibition to apply the three 
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allelic discrimination criteria to any real-time PCR instrument to assess ambiguous SNP 

allelic discrimination.  LNA hybridisation probes designed specifically for the assayed 

SNP will be further enhanced with conjugated 5’ reporter dye molecules minimising 

spectral overlap, with their appropriate 3’ non-fluorescent quencher molecule.  It should 

be noted that another article has recently been published that also describes the use of 

LNA hybridisation probes for real-time PCR SNP analysis, although this application did 

not incorporate corrections into the genotype calling [Ugozzoli et al. 2004]. 

 

The use of allele specific hybridisation probes containing LNA bases in conjunction 

with the Rotor-Gene 3000™ centrifugal real-time PCR platform has been found to 

effectively address the issues of a reliable, efficient, high throughput SNP genotyping 

assay.  Addition of LNA bases within the synthetic oligonucleotide ensures the stability 

and efficiency of hybridisation to the target template sequence.  Variation between 

individual DNA sample templates that may give rise to fluctuating and/or ambiguous 

allelic discrimination between respective fluorophore channels has also been 

accommodated.  By applying a FPSM to raw fluorescent data obtained from the real-

time PCR assay the application of three criteria were used to assess the validity and 

accuracy of possible ambiguous genotypes arising from the Rotor-Gene 3000™ 

software.  True heterozygous individuals must satisfy the criteria set for Criterion A; 

PCR amplification efficiency (E), Criterion B; net fluorescent gain (∆Rx), and Criterion 

C; EG initiation between both fluorophore channels.  True homozygous individuals will 

satisfy Criteria A and B for one fluorophore channel only, whilst Criterion C will not be 

met.  Confirmatory sequencing of samples (n = 50) and similarly matched allele 

frequencies from two independent Caucasian cohorts for the same tested SNP [Paoloni-

Giacobino et al. 2000; Rotondo et al. 1999] has provided a high degree of confidence in 

the implementation of the three novel criteria to effectively determine ambiguous 

genotypes generated from a real-time PCR platform.  Application of the three allelic 

discrimination criteria provided an easy to use semi-automated genotype confirmation 

protocol. 
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8.1 Thesis Results Summary 
The scope of the research undertaken in this thesis was principally aimed at the 

investigation of known genetic variations and their potential role in migraine 

predisposition.  Specific targets of this investigation focused on a receptor class of the 

brain neurotransmitter serotonin (5-HT) in addition to several enzymes governing its 

biosynthesis and metabolism.  Targeting an additional neurochemical that has also been 

implicated in pain process signalling (nitric oxide; NO), variation within the neuronal 

isoform of the nitric oxide synthase (nNOS) gene (required for the synthesis of NO) was 

also investigated into migraine predisposition.  The investigations of these known 

genetic variants employed two widely accepted approaches, namely, genetic linkage and 

genetic association.  Genetic cohorts used in this study comprised multi-generational 

familial pedigrees in addition to independent (case control) cohorts of unrelated 

individuals.  In an attempt to improve upon existing laboratory based methods to 

genotype DNA samples, this research project also investigated the feasibility and 

potential of two novel high throughput genotyping procedures (DNA pooling and real-

time PCR SNP typing).  Based on a genetic association case control design, DNA 

pooling drastically minimises the number of genotyping experiments by physically 

pooling individual DNA samples into one sample.  Real-time PCR SNP typing is a very 

sensitive and accurate means of individually genotyping DNA samples in a lesser time 

frame than that associated with standard PCR SNP typing procedures. 

 

8.1.1 Migraine and 5-HT2C 

Residing within a region of the q arm on chromosome X that had been previously 

identified as showing excess allele sharing in migraine familial pedigrees [Nyholt et al. 

1998a; Nyholt et al. 2000], two variants within the human serotonin receptor 2C (5-

HT2C) gene were assessed for genetic linkage and genetic association to migraine 

susceptibility.  Additional DNA sequencing of several migraine affected individuals 

was performed to detect novel mutations and a known missense mutation.  Genetic 

linkage and genetic association studies for both 5-HT2C variants were negative and no 

novel mutations or the known missense mutation was detected in any of the sequenced 

migraine affected individuals.  Overall, there was no evidence indicating that either of 

the tested 5-HT2C variants was involved in migraine predisposition. 
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8.1.2 Migraine and nNOS 

The role of nitric oxide (NO) in the pathogenesis of migraine headache has been 

repeatedly demonstrated by exogenous synthesis of NO to induce migraine headache in 

known migrainous individuals and migraine like symptoms in non-migrainous 

individuals.  The synthesis of NO, which is controlled by neuronal nitric oxide synthase 

(nNOS), is essential for neurotransmitter functioning within the central nervous system 

and autonomic innervation of large blood vessels.  A genetic association study design 

was employed to investigate the potential preponderance of nNOS functional variants in 

a migrainous, unrelated population compared to a non-migrainous, unrelated 

population.  The findings of this genetic association study concluded that the nNOS 

isoform was not involved in migraine aetiology.  Both nNOS variants tested in the non-

migrainous, unrelated population were in linkage disequilibrium indicating that only 

one variant need be tested for gene-wide representation of the nNOS gene and future 

investigations into the genetic mechanisms of diseased states. 

 

8.1.3 Migraine and 5-HT Enzymes 

Based on the analgesic properties of the triptan family of efficacious drugs, in particular 

their agonistic interactions with the 5-HT1 class of serotonin receptors, the role of the 

brain neurotransmitter serotonin is a high volume research topic in the elucidation of 

migraine pathogenesis.  Whilst there have been numerous accounts of genetic research 

into the serotonin receptor class of genes, and the gene involved in the transport of the 

molecule, there has been a dearth of genetic research into the enzymes that control the 

activity of serotonergic levels in vivo.  Using a novel high throughput candidate screen 

assay in a population-based genetic association cohort, this research investigated genetic 

variations of the tryptophan hydroxylase (TPH), amino acid decarboxylase (AADC) and 

monoamine oxidase A (MAOA) genes.  Results did not implicate any of these tested 

variants in migraine susceptibility. 

 

8.1.4 DNA Pooling 

The use of a novel DNA pooling genotyping technique undertaken as a major laboratory 

component of this current research project provided promising results regarding its 

application to a variety of genetic marker loci studies.  Using a 2-stage experimental 
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design, three TPH single nucleotide polymorphisms (SNPs), an AADC dinucleotide 

short tandem repeat (STR), an AADC bi-allelic insertion deletion and an MAOA 

variable number tandem repeat (VNTR) polymorphic locus were all screened using 

replicated pools of unrelated migrainous individuals compared to replicated pools of 

unrelated non-migrainous individuals.  Corrected SNP allele frequency comparisons 

between pooled and individual genotyping were all within a 5% discrepancy.  The 

corrected STR allele frequency comparison between the non-migraine, control DNA 

pool of the current research project is comparable with the corrected allele frequency 

estimates of the two independent, DNA pool based, population genetic studies and the 

observed allele frequencies of a third independent, family-based, study of the same STR 

(D7S2422) locus.  Allele frequency comparisons have taken into account an observable 

shift in allele fragment sizes possibly due to genotyping instrument bias, subtle effects 

based on imperfect, non-homogenetic reproductive ancestry and/or disparity of allele 

peak labelling.  Corrected insertion deletion allele frequency estimates from the current 

pooling project and observed independent allele frequencies published in the National 

Centre for Biotechnology Information SNP database (NCBI dbSNP) were comparable 

to within a 5% discrepancy.  Uncorrected VNTR allele frequency estimates from the 

current pooling project and independently published findings suggest that a simple 

mathematical correction procedure for differential amplification (as like the procedure 

used for STR loci) be implemented for a more accurate comparison of pooled and 

individual genotyping data.  Well documented and proven in the screening of SNP and 

STR loci, the novel application and success of DNA pooling to screen insertion deletion 

and VNTR loci now provides further evidence for the scope of DNA pooling to screen a 

broader range of genetic loci. 

 

8.1.5 Real-time PCR SNP Typing 

The application of a second novel high throughput genotyping technique, this time on 

individual DNA samples rather than the analysis of pooled DNA samples was 

performed using a real-time PCR genotyping platform.  To enhance the sensitivity of 

SNP specific allele discrimination using the real-time PCR platform, highly stable and 

highly specific locked nucleic acid (LNA) nucleotide analogues were incorporated into 

the design of independent (SNP specific) hybridisation probes.  Empirical SNP analysis 

produced very encouraging results with the application of LNA real-time PCR SNP 

typing.  This was made possible by the design of a novel set of mathematical criteria 
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used to evaluate and validate ambiguous allelic discrimination.  Addressing the 

properties of PCR kinetics, the set of novel genotype calling criteria can be used to 

calculate PCR amplification efficiency, net gain in fluorescent signal with respect to the 

amount of amplified DNA template and the point at which the amplification of DNA 

template initiates.  Using these criteria genotype and allele frequency analysis of the 

specific SNP were corroborated by DNA sequencing and comparative frequency 

analysis with other published reports for the same tested SNP.  Additionally, unrelated 

migraine and unrelated non-migraine populations were in Hardy-Weinberg equilibrium 

after genotype validation using the specified criteria. 

 

8.1.6 Future Project Applications 

The successful application of both DNA pooling and real-time PCR genotyping 

techniques now warrants a platform for which future migraine research experimental 

designs can be based.  Selection of migraine candidate genes from previously identified 

migraine linkage regions can now be rigorously screened for their potential involvement 

in migraine susceptibility using a 5-stage DNA pool design.  Candidate loci passing 

statistical significance at all stages that incorporate MAPI pools, MAPI individuals, 

MAPII pools, MAPII individuals and an existing cohort of migraine triad pedigrees 

would undoubtedly satisfy the replication and stratification issues faced by previously 

reported migraine candidate gene studies.  Such a DNA pooling approach would 

however be most effective for candidate loci with a minor allele frequency greater than 

or equal to 5% (MAF ≥ 0.05). 

 

The successful demonstration of the selectivity and specificity of LNA hybridization 

probes to genotype individual SNP loci can be further developed by a number of means.  

The union of DNA pooling and LNA real-time PCR would benefit SNP genotyping 

efforts by further reducing the time required and hence increase the genotyping 

throughput immensely.  The potential to multiplex SNPs for either individual sample 

and/or pooled sample genotype analysis is more than feasible given the specified 

attributes that LNA nucleotide analogues provide.  An additional future application for 

LNA SNP detection is the possibility of designing allele specific expression assays to 

specifically detect allele specific expression patterns within individuals given their 

observed allelic “profile”. 
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Based on the DNA pooling and LNA real-time PCR results of the current project, the 

above mentioned future applications using these technologies is by no means beyond 

the realms of possibility.  These should therefore provide greater genotyping throughput 

and more sensitive and selective assays for SNP specific allele detection. 

 

8.2 Migraine Research; Postscript 
Migraine is experienced throughout a diverse range of ethnic populations, age 

demographic sub-groups and socio-economic status levels and involves a host of 

triggering mechanisms.  In the general population, migraine can be a non-

discriminating, non-specific debilitating disorder.  However, there is also a wealth of 

knowledge that indicates that first degree relatives of migrainous individuals are at a 

higher risk of developing migraine with respect to the general population.  These 

familial tendencies exemplify the genetic basis of migraine. 

 

Based on self evaluation or a clinician’s interpretation of the International Headache 

Society’s migraine criteria [IHS 1988; IHS 2004], the subjectivity of migraine 

diagnoses can make phenotypic evaluation and subsequent investigations of the genetic 

mechanisms of migraine difficult.  Identification of genetic mechanisms however, and 

possible development of an objective (e.g. genetic) assay would make the diagnosis of 

migraine and the two main subtypes, migraine without aura and migraine with aura, 

much more definitive. 

 

There are several successful efficacious migraine treatments developed from the triptan 

class of pharmaceuticals.  However migraine efficacy is variable and the triptans are not 

useful for all migraineurs.  Attempts to address this conundrum are now shifting to the 

potential development of pharmaceutical treatments that specifically suit the needs of 

individuals who suffer from migraine.  The hybrid union of pharmacology and genetic 

research, pharmacogenetics, is an expanding discipline where efficacious 

pharmaceutical treatments are manufactured to address the specific needs of individual 

patients based on their genetic profile.  The genetic profile of a migraine affected 

individual would constitute a combination of all the known genetic variants expressed 

in that individual that would increase their susceptibility to migraine.  However, the 

ascertainment of a definitive migraine genetic profile has provided an extensive 

challenge in the elucidation of the genetic mechanisms involved in migraine aetiology. 
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Now that the molecular basis of most Mendelian disorders displaying a clear mode of 

inheritance has been defined, the shift in genemapping efforts has progressed to the 

highly prevalent complex multifactorial disorders, migraine being no exception.  Whilst 

the underlying algorithms used to evaluate genetic data are based on similar principles, 

the main difference in the choice of statistical evaluation is what assumptions are made 

in relation to the ascertained cohort of familial or singleton subjects [Terwilliger & 

Goring 2000].  Hence, aside from the mutually exclusive genetic profiles of research 

participants, the most probable variation observed in the investigation of a genetic 

disorder is within the study design itself. 

 

Based on the phenotype of interest and the ascertainment of the most viable cohort 

pertaining to the studied phenotype, the method of genemapping choice involves the use 

of one of three approaches; pedigree and affected sib pair (ASP) linkage studies and 

association studies of population (singleton) samples.  Each of the three methods of 

susceptibility gene identification has each encountered their fair share of failure and 

success.  Although, the investigation of common complex, multifactorial, human 

diseased traits has witnessed the number of failure’s far outweighing the level of 

successes up to this point in time.  However, the preponderance of failed genemapping 

efforts has been somewhat shrouded by one or more of four contributing factors 

[Freimer & Sabatti 2004]; (1) Heterogeneity of genemapping design and application 

will expect to produce variability in the end result, (2) The availability of appropriate 

technologies and subsequent statistical analysis methods, (3) Inappropriate uniformity 

of statistical threshold (namely in association study designs) interpretation, and (4) Use 

of nonstandardised strategies in the selection of end point phenotype analysis. 

 

It is not all doom and gloom however when it comes to the identification of 

susceptibility and/or causal genes in common complex human disease(s).  The use of 

population isolates in pedigree linkage analysis enables a more complete genealogy of 

the cohort for which a more complete characterization of the phenotype.  Additionally, 

use of ancestral pedigree members in larger familial cohorts to identify the sharing of 

shorter stretches of the genome around a potential disease locus is more beneficial than 

present day affected members for which a greater chance of meiotic events in and 

around a potential disease locus has occurred [Freimer & Sabatti 2004].  The use of 

population isolates in pedigree linkage analysis as performed by the Icelandic 
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organization deCODE Genetics has produced encouraging results in the elucidation of 

genetic contributions to common complex disease.  One such example is the 

identification of a schizophrenic locus on chromosome 8q and subsequent positional 

cloning of the susceptibility gene Neuregulin 1 (NRG1) [Stefansson et al. 2002].  

Ensuing from these linkage results, the NRG1 gene has been assayed in a Scottish 

population association cohort with encouraging results confirming the involvement of 

NRG1 in schizophrenia [Stefansson et al. 2003].As a caveat however, different pedigree 

population isolates have also reported evidence of linkage to schizophrenia to other loci 

[Fallin et al. 2003].  Additionally, there is also reported disparity as to the involvement 

of NRG1 in schizophrenia susceptibility in heterogeneous cohorts [Thiselton et al. 

2004].  Whilst pedigree linkage analyses in the identification of common complex 

disease is yet to be conclusively proven in terms of replication, they still provide a very 

effective means of narrowing susceptible genomic intervals in the search of positional 

candidate genes. 

 

The choice of an ASP study design to assess genotype relative risks (on the phenotype) 

of realistic small to moderate effect sizes predominantly lack the sufficient power given 

the large number of sibling pairs required [Kruglyak & Lander 1995].  To overcome this 

genemapping approach it has been demonstrated to collaborate scientific endeavours in 

order to attain ASP cohorts of such great magnitude.  Exemplifying this is the 

identification of the susceptibility gene, Caspase Recruitment Domain-Containing 

Protein 15 (CARD15) in the previously identified chromosome 16q region [Cavanaugh 

2001; Hugot et al. 2001] in Crohn’s disease.  It must be noted however, that attempts to 

pool ASP cohorts amongst consortia must genotype and analyse the exact same set of 

marker loci and the clinical assessment of the studied phenotype be unequivocal. 

 

The final genemapping methodology (i.e. population association analysis) has of recent 

time’s generated renewed vigour given the current technological advancements of now 

performing whole genome association scans utilizing upwards of 250,000 SNPs that 

incorporates bead chip technology (Illumina, Inc.).  Replication of genetic association 

analyses have however been primarily hindered by confounding effects, in particular 

ethnic stratification within the attained association cohort.  In what has been a 

successful application of association studies using population samples is the 

unequivocal replication of the involvement of the apolipoprotein E4 allele (ApoE4) in 

Alzheimer’s disease [Strittmatter & Roses 1996]. 
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In light of the sprinkling of successes achieved in mapping susceptibility loci to 

common complex diseases, there appears to be no preferential methodology over the 

other.  The use of genetic isolates in pedigree linkage analyses, consortia to 

substantially increase the size of studied ASP cohorts and/or utilization of the rapid 

advancements in genomic technology to conduct large scale genemapping projects, all 

appear to provide a means of identifying susceptibility loci.  But in order to maximize 

the power of a complete study and therefore minimize the reporting of false positives, it 

would be beneficial to sample a combination of cohort structures in the elucidation of 

common complex disease loci. 

 

Investigation of the genetic mechanisms underlying migraine aetiology has successfully 

identified three susceptibility regions within the genome for familial hemiplegic 

migraine (FHM1-3), a rare subtype of the migraine with aura phenotype.  More 

specifically, FHM causative variations have been characterised within the CACNA1A 

and ATP1A2 genes that reside in the FHM1 and FHM2 susceptibility regions, 

respectively.  Typical migraine linkage studies to date have positively identified eight 

distinct genomic regions (4q24 [Wessman et al. 2002], 4q21 [Bjornsson et al. 2003], 

Xq24-q28 [Nyholt et al. 1998a; Nyholt et al. 2000], 6p21.1-p12.2 [Carlsson et al. 

2002], 14q21.2-q22.3 [Soragna et al. 2003], 19p13 [Nyholt et al. 1998b], 1q31 [Lea et 

al. 2002] and 11q24 [Cader et al. 2003]) harbouring linkage to MO, MA or the 

combined MO+MA (migraine) phenotype. 

 

Susceptibility genes for the more prevalent forms of migraine are however still to be 

conclusively identified despite encouraging evidence for linkage to these eight loci.  

Positional candidate cloning efforts for the eight migraine loci is s till somewhat in its 

infancy given the current amount of published literature.  Associated with the migraine 

(MO+MA) phenotype, the endothelin type A (ETA) receptor, displaying a high affinity 

for the vasoconstrictor peptide endothelin (ET1), resides some 50Mb telomeric from the 

4q24 locus.  Whilst confirmatory and/or validatory studies should be performed on the 

ETA locus a 60Mb region harbouring the 4q21 and 4q24 loci also contains upwards of 

170 known genes.  Identification of potential migraine candidates in this region are still 

to be carried out and subsequently assessed in familial and/or singleton migraine 

cohorts.  Whilst several studies have postulated migraine loci on chromosome Xq, the 

most prominent candidate gene (5-HT2C) in a region of excess allele sharing (Xq24-q28) 
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failed to indicate any involvement in the migraine phenotype.  At this stage there has 

been no further identification of plausible candidates in the X-linked region to warrant 

their investigation in migraine susceptibility.  Good evidence for positional cloning 

efforts has been independently assessed on chromosome 6p.  Whilst mutational 

screening of the candidate genes SLC29A1, CLIC5 and PLA2G7 under a confirmed 

linkage peak (6p21.1-p12.2) were negative in a multigenerational pedigree, independent 

assessment of the TNFα and TNFβ candidate genes (6p23-p12) resulted in positive 

association with migraine susceptibility.  The TNFα and TNFβ candidates are yet to be 

tested in the pedigree conferring linkage to the 6p migraine locus and no further 

candidate gene analysis has been undertaken to screen a 24.5Mb interval along the same 

chromosomal region.  Harbouring one of the lesser known genomic intervals (12Mb), 

upwards of 45 known genes and 100 predicted genes have been identified under the 

14q21.2-q22.3 MO susceptibility locus.  More specifically the probable candidates 

GCH1, SPG3A, PTGDR, PTGER2 and BMP4 have been identified but are yet to be 

tested to potentially delineate the role of the chromosome 14 MO locus.  Positive 

linkage to typical migraine at the 19p13 locus has been reported to a region centromeric 

(4-6Mb) to the CACNA1A gene, which is known to exhibit causative variants in the 

FHM phenotype.  Positive genetic associations of typical migraine have also been 

reported with the LDLR (11Mb) and INSR (7Mb) candidate genes that both reside 

telomeric to the 19p13 locus.  Hence there is very supportive evidence to suggest that 

there is a typical migraine locus spanning across a 10-15Mb region within the 

chromosome 19p13 cytogenetic band.  Since both FHM and typical migraine display 

some clinical overlap, it has been postulated that the more prevalent migraine 

phenotypes (i.e. MO+MA, MO and/or MA) may also be a channelopathy.  Hence it is 

interesting to note that evidence for excess allele sharing of both the MO and MA 

phenotypes is reported on 1q31, telomeric to a region (1q23) harbouring a second 

causative gene (ATP1A2) for the FHM phenotype.  Additionally, identification of a 

chromosome 11 locus (11q24) also harbours the ion channel candidate genes KCNJ1, 

KCNJ5, GRIK4 and SCNB2.  These candidates however are yet to be characterized for 

possible causative variants in migraine susceptibility. 

 

Complementing the migraine linkage study approach, genetic association study designs 

testing known genetic variants in migraine candidate genes have provided mixed 

results.  The seemingly complex interactions of neuronal, vascular, hormonal and/or ion 

channel functioning in the pathogenesis of migraine may be responsible for the varying 
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number of positive candidate gene results.  Additionally, there is evidence contradicting 

several independent research findings for the genetic association of migraine candidate 

genes.  In what appears to be the contributing force in these contradictory findings, the 

underlying variation in ethnic ancestry may have a significant effect on the results that 

identical candidate gene loci have produced.  With the exception of one publication 

cited in this dissertation [Paterna et al. 1997], all other genetic association studies 

adopted a dichotomous approach in the analysis of the migraine phenotype.  In what has 

appeared to be the “norm” when applying a “forward genetics” approach in the 

investigation of migraine susceptibility, the combined (MO+MA) migraine phenotype is 

segregated to assess the impact that genetic loci have on the independent MO and MA 

phenotypes.  This dichotomous approach has also resulted in an equal, if not greater, 

amount of negative findings. 

 

The application of a dichotomous study design to independently assess MO and MA 

may however overlook more specific mechanisms that underlie the complete aetiology 

of the MO and/or MA phenotype(s).  Hence, to further elucidate the genetic 

mechanisms of migraine, a new direction may need to be adopted to incorporate as 

much phenotypic information as possible (see section 8.2.1 Hierarchical 

Reductionism).  With particular relevance to this novel approach (see section 8.2.1 

Hierarchical Reductionism), it may be important to dissect and quantify the migraine 

phenotype so that more pertinent and specific genetic profiles may be characterised. 

 

8.2.1 Hierarchical Reductionism 

The notion of adopting a hierarchical reductionist approach to study the migrainous 

disorder would provide a means of explaining complicated phenomena, i.e. the disease 

phenotype, in direct terms of its smallest parts.  By minimising or reducing a complex 

multifactorial phenotype into smaller components it may be possible to establish a 

greater understanding of underlying mechanisms of the disease in its entirety (Figure 

8.01). 

 

In an effort to incorporate maximum phenotypic information, current applications of 

identifying genetic mechanisms in the total migraine phenotype and then the MA 

phenotype, may need to be reduced further into simpler, more specific sub-phenotypes.  

For example, and based on the hierarchical tree depicted in Figure 8.01, the migraine, 
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MA phenotype may be reduced further into one of the three clinical manifestations 

(migraine demographics, symptoms and pre-clinical symptoms), and then further 

categorised to investigate for example, one of the four demographic parameters 

(migraine attack frequency, migraine duration, total number of migraine attacks and 

migraine age of onset).  Reduction of the migraine phenotype would aim to address the 

hypothesis that specific genetic variations may play a role in specific aspects of the 

migraine phenotype (i.e. migraine attack frequency → migraine demographics → 

clinical manifestations → MA → migraine) (Figure 8.01).  Hence, if the tested 

hypothesis were true and genetic markers could be isolated as being involved in for 

example higher migraine attack frequencies compared to lower migraine attack 

frequencies, then a specific method of migraine relief may be considered individually 

for each patient’s profile (Figure 8.01).  Additional reductionist analysis of the spectrum 

of migraine symptoms may find a correlation with vomiting and a specific genotype, or 

risk allele, of a particular candidate gene involved in homeostatic functioning of the 

gastrointestinal pathway.  The specific genotype, or risk allele, involved with vomiting 

may be different to another genotype, or risk allele, of another migraine candidate gene 

that may be associated with the frequency or severity of head pain.  In the overall 

context of migraine, these specific genotypes, or risk alleles, may act independently of 

each other in some individuals or they may interact with each other, synergistically, in 

different individuals.  The identification of genotype, or risk allele, combinations may 

also be of significant relevance to the potential goal of defining individual genetic 

profiles in migraine affected individuals and thus aid in the development of appropriate 

treatment and appropriate monitoring of specific treatment responses.  This hypothetical 

example is just one of many potential possibilities that may be applied in the future of 

migraine research with the aim of addressing individual migraineurs specific needs and 

the variations faced in the efficacious treatment of this disorder. 



Figure 8.01.  Schematic representation of a possible hierarchical structure and the deterministic variables contributing to the MA phenotype.  By reducing the 
dichotomised migraine phenotype (i.e. MA and MO) into smaller, simpler mechanisms a more complete overview of the whole disease and to what extent do the 
underlying manifestations contribute to an individuals migraine attacks may be elucidated for specific genetic variants. 
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8.3 Project Conclusions 
Using a genetic linkage and genetic association approach this study investigated 

common genetic variations within genes that have biological relevance in neuronal 

processes with particular reference to biological molecules (i.e. serotonin and nitric 

oxide) involved in pain processing stimuli.  There was no evidence to imply that the 

tested 5-HT2C loci were involved in migraine predisposition.  Additionally, there was no 

evidence to suggest that tested variants within the 5-HT2C, nNOS, TPH, AADC and 

MAOA genes were associated with migraine.  In assessing the TPH, AADC and 

MAOA loci, this project found the use of novel DNA pooling and real-time PCR 

genotyping methods to greatly facilitate the throughput, sensitivity and accuracy of 

existing, standard genotyping techniques.  Real-time PCR genotyping was further 

enhanced with a novel set of mathematical algorithms to assist with allele 

discrimination. 

 

In an attempt to assist with the identification of genetic determinants in migraine 

aetiology, novel directions may also be required to interpret the spectrum of 

deterministic variables that encompass the migraine phenotype.  To further elucidate the 

MO and MA sub-phenotypes, a hierarchical reductionist approach may need be applied 

to study migraine in terms of simpler components.  Analysis of the components of 

migraine may aid in detecting specific symptoms that correlate with specific gene 

variants and could also determine whether these act independently or synergistically.  It 

is hoped that the high throughput techniques developed in this thesis will aid in the 

identification of comprehensive genotypic risk profiles that characterise migraine and 

that aid in defining more effective diagnosis and treatment of this truly pandemic 

disorder. 
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Appendix A 
 

Glossary 
 



Allele One of several alternative forms of a gene occupying a given locus.  
A single allele for each genetic locus is inherited separately from 
each parent. 

  
Amplicon A term for any small, replicating DNA fragment.  That is, specific 

DNA products PCR amplified. 
  
Association A statistically significant correlation between an environmental 

exposure, a trait or a biochemical/genetic marker and a disease (e.g. 
migraine) or condition.  An association may be an artefact (random 
error-chance, bias, stratification) or a bona fide effect.  In 
population genetics a positive association may be attributable to 
population stratification, linkage disequilibrium or direct causation. 

  
Base pair (bp) Two nitrogenous bases (adenine and thymine or guanine and 

cytosine) held together by hydrogen bonds.  Two strands of DNA 
are held together in the shape of a double helix by the hydrogen 
bonds between base pairs. 

  
Candidate gene A gene selected for study because it is either known to be located 

by linkage analysis in a region of interest, or previous or existing 
data implicate the gene or its variants in a plausible disease model. 

  
Centromeric Genetic loci that reside towards the centromere of a chromosome. 
  
Cohort A group of individuals of the same species, identified by a common 

characteristic.  For example, a cohort of unrelated individuals who 
suffer from migraine or a cohort of unrelated individuals who do 
not suffer from migraine. 

  
Concordance The expression of one or more specific traits, or disease phenotype 

(e.g. migraine), in both members of a pair of twins. 
  
Dizygotic Dizygotic twins (fraternal twins) are the result of two separate 

zygotes, or two separate eggs fertilised by two separate sperm.  
They can be any combination of the sexes (two males, two females 
or one of each). 

  
Dysphasia An impaired coordination of speech whereby, for example, an 

individual suffering a migraine attack has an inability to speak 
words, to think of correct words or an inability to understand 
written or spoken words. 

  
Emesis Medical term for vomiting or to vomit. 
  
Extravasation A discharge or escape, as of blood, from a vessel into the tissues. 
  
Genetic fitness Of concerning the parental generation and the relative contribution 

of their genotypes to the offspring generation relative to the 
contributions of other parental genotypes.  That is, the number of 
offspring they manage to produce and successfully rear to 
reproductive age. 
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Genotype The two alleles inherited at a specific locus that constitutes the 

genetic makeup of an organism.  If the alleles are the same, the 
genotype is homozygous, if the alleles are different, the genotype is 
heterozygous. 

  
Haplotype A particular combination of alleles for two or more loci in a defined 

chromosomal region that tend to be inherited together to subsequent 
generations. 

  
Hemianopsia Loss of one half of the filed of vision in one or both eyes. 
  
Hemiparesis Paralysis affecting only one side of the body. 
  
Hyperalgesia The excessive sensitivity or sensibility to pain. 
  
Identity by 
descent (IBD) 

Alleles that trace back to a common, shared, ancestor.  For siblings, 
it refers to the inheritance of the same allele from a given parent. 

  
Ischaemia An inadequate supply of blood flow to an organ or part (i.e. 

occluded blood flow) resulting in tissue damage and localised death 
due to an inadequate supply of oxygen. 

  
Linkage The tendency of “genes” on the same chromosome to co-segregate.  

That is, linked genes transmit to the same gamete more than 50% of 
the time, which therefore reflects a lack of meiotic crossovers (i.e. 
recombination) between the two genes. 

  
Linkage 
disequilibrium 
(LD) 

Two alleles at different loci that occur together on the same 
chromosome (or gamete) more often than expected by random 
chance.  It is a measure of co-segregation of alleles in a population.  
Also called allelic association or marker-marker association. 

  
Locus The position on a chromosome at which the gene for a particular 

trait, or disease trait, resides.  A genetic locus may be occupied by 
any one of the alleles for the gene.  Plural; loci 

  
Monozygotic Monozygotic twins are identical twins, which are the result of a 

single zygote (fertilised egg) splitting into two cell masses and 
becoming two separate individuals.  The twins are genetically 
identical and are always of the same sex (both males or both 
females). 

  
Motif Element of structure or pattern that recurs in many contexts.  For 

example, a small structural domain that can be recognised in a 
variety of proteins or repeated pattern of nucleotide bases within a 
region of DNA sequence (i.e. short tandem repeat – STR marker). 

  
Nociceptive The process of pain transmission, usually relating to a receptive 

neuron for painful sensations. 
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Nystagmus An involuntary, rapid, rhythmic movement of the eyeball, which 
may be horizontal, vertical, rotatory or mixed. 

  
Oedema The presence of abnormally large amounts of fluid in the 

intercellular tissue spaces of the body. 
  
Oligaemia A deficiency in the amount of blood in the body or any organ or 

tissue. 
  
Oligonucleotide Linear sequence of synthesised DNA nucleotides (up to 20) joined 

by phosphodiester bonds.  Also termed primers. 
  
Osmophobia Heightened awareness or sensitivity to odours. 
  
Panmictic Characteristic of random matings. 
  
Paraesthesia An abnormal sensation (i.e. burning, prickling, tingling etc.) in an 

organ, part, or area of the skin. 
  
Phenotype The physical appearance or characteristic of an organism or 

documented disease characteristic.  The phenotype can be 
determined by the genotype alone, interactions between different 
genotypes or interactions between genotype(s) and the 
environment. 

  
Phonophobia Heightened awareness or sensitivity to sound. 
  
Photophobia Heightened awareness or sensitivity to light. 
  
Proband The family member through whom a familial medical condition or 

disorder comes to light.  The proband might for example, be a baby 
born with down syndrome or the first member of a family to be 
clinically diagnosed in accordance with the International Headache 
Society’s migraine criteria. 

  
Relative risk The ratio of the risk of the phenotype among individuals with a 

particular exposure, genotype or haplotype to the risk among those 
without that exposure, genotype or haplotype. 

  
Scintillations Visions of sparks, flashes and/or stars experienced by (MA) 

migraineurs during the aural phase of their attack. 
  
Scotoma A blind spot within the visual filed experienced by (MA) 

migraineurs during the aural phase of their attack. 
  
  
Sibling relative 
risk 

The decreased risk for a sibling of an affected individual compared 
to the decreased risk in the general population. 

  
Short tandem 
repeat (STR) 

A DNA variant due to tandem repetition of a short DNA sequence 
usually two to four nucleotides in length.  Also called a 
microsatellite marker. 
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Syntenic Genetic loci residing on the same chromosome. 
  
Teichopsia A jagged, shimmering visual sensation experienced by (MA) 

migraineurs.  Also referred to as the scintillating scotoma of 
migraine. 

  
Telomeric Genetic loci that reside towards the natural end of a chromosome 

(i.e. telomere). 
  
Vasospasm The sudden decrease in the internal diameter of a blood vessel that 

results from contraction of smooth muscle within the wall of the 
vessel. 
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Appendix B 
 

General Medical History 

Questionnaire 

 

(incl. Migrainous status) 



 
 
GOLD COAST CAMPUS 
 

Genomics Research Centre
School of Health Sciences

 
Genomics Research Centre Clinic 

Suite1, 103-113 Nerang Street 
Southport   Queensland 4215 

Tel: +61 (0) 7 55097317 
 Fax: +61 (0) 7 55097320 

Email: L.Griffiths@griffith.edu.au

 

ID No:   

GENOMICS RESEARCH CENTRE GENERAL 

QUESTIONNAIRE 
 

We would be grateful if you could complete this questionnaire. Please answer all of the 

questions that you can and with as much detail as possible eg. Siblings (male or 

female) Children (male or female) Grandparents (maternal MGM or paternal PGM) 

 

Thank you for your participation. 

 

A1. 

GENERAL FAMILY HISTORY 

 

Name:            

Date of Birth:     Country of Birth:      

Sex:  M  /  F 

Occupation      if retired previous occupation    

 

A2. 

What is/was your mothers name?         

What was your mothers maiden name (if known)?       

What was the date and country of her birth?       

If your mother is deceased what year did she die?       

 

 

What is/was your fathers name?         

What was the date and country of his birth?       
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If your father is deceased what year did he die?       

 

A3. 

What country was your maternal grandmother (MGM) born?     

What country was your maternal grandfather  (MGF) born?     

What country was your paternal grandmother (PGM) born?     

What country was your paternal grandfather (PGF) born?     

 

A4. 

Are you a twin? Y / N  If YES, are you identical or non-identical?    

Do you have any other brothers or sisters? Y / N 

If YES, please detail their sex and year of birth 

1.             

2.             

3.             

4.             

5.             

6.             

7.             

8.             

9.             

 

A5. 

Do you have any children? Y / N 

If YES, please detail their sex and year of birth 

1.             

2.             

3.             

4.             

5.             

6.             

7.             

Your Address          

            

Telephone Number H:     W:      
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B1. 

GENERAL MEDICAL HISTORY 

 

Blood Pressure:        mm/Hg 

Height:     cm Weight:     kg 

Waist Circumference   cm Hip Circumference    cm 

Staff only to complete: Waist/Hip Ratio:      BMI:     

 

B2. 

SMOKING 

 

1. Have you ever smoked cigarettes, cigars or a pipe? 

Never smoked  Yes, current smoker   Yes, ex-smoker   

2. If YES, at what age did you start smoking?    

3. Do you smoke at all now? Y / N 

4. If you are an ex-smoker at what age did you quit?    

5. How many cigarette/cigars do you or did you smoke on average each day?   

6. Are you regularly exposed to someone else’s smoke at work, school or home? Y/N 

 

B3. 

ALCOHOL CONSUMPTION 

 

1. What is your current alcohol consumption? 

Never   

Social Occasions only    1-5 standard drinks/week    

6-10 standard drinks/week   11-15 standard drinks/week    

16-20 standard drinks/week   21-30 standard drinks/week    

31-40 standard drinks/week   >40 standard drinks/week    
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B4. 

EXERCISE 

 

1. Do you exercise? 

Never      < once/month   

< once/fortnight     < once/week    

1-2 times/week     2-3 times/week   

4-5 times/week     >6 times/week   

 

If you answered YES, what type(s) of exercise do you participate in?  

           

           

            

2. On average, how much time would you spend exercising per session? 

< 20 minutes   20-30 minutes   30-45 minutes   

45min-1hr   1-1.5hrs    1.5-2hrs    

2-2.5hrs    2.5-3hrs    > 3hrs     

 

B5. 

FEMALES ONLY 

 

1. How old were you when you had your first period?    

2. Are you still having regular periods? Y / N 

3. If not, how old were you when you had you last regular period?    

4. What is your menopausal status? 

Definitely Pre-Menopausal    (Menstruating regularly) 

Definitely Post-Menopausal    (Ceased menstruating) 

Menstruating, but not regularly    

Have you had a hysterectomy Y / N 

5. How many pregnancies have you had (including miscarriages, stillbirths and 

terminations)?    

6. How many children did you breast-feed?    

7. Have you ever taken the oral contraceptive pill? 

No    

Yes, current   
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Yes, ex-user   

8. If YES, how old were you when you started on the pill?    

9. How long have you been or were you on the pill?     

10. Have you ever had hormone replacement therapy (HRT)? 

No       Don’t know      

Yes, current      Yes, ex-user      

If YES, how old were you when you went on to HRT? ______ for how long?______ 

11. Have you ever had severe menstrual problems? Y / N 

 

C1. 

MIGRAINE 

 

1. Do you or have you ever suffered from migraine attacks? Y / N 

1a. Do or did you have different types of headaches?  Y / N 

2. Does anyone in your family suffer from migraine?  Y / N 

If YES, please detail:           

            

If you do not suffer with migraine please go to Q16a. 

3a. On average how long do / did your migraine attacks lasts? 

< 1hr    1-<3hrs    3-4hrs     

4-12hrs    12-24hrs    1-3days    

3-4 days    4-6 days    > 6 days    

3b. What was the duration of your longest migraine? 

< 1hr    1-<3hrs    3-4hrs     

4-12hrs    12-24hrs    1-3days    

3-4 days    4-6 days    > 6 days    

4. On average how often do / did you get migraine attacks? 

< 1/month    1-3/month    3-4/month    >4/month   

5. How many migraine attacks have you experienced? 

1-4   5-10    10-20    >20    

6. How old were you when the migraines started?    

7. Do you still get migraines? Y / N 

If NO, how old were you when they stopped?   

8a. During or just prior to migraines, what, if any symptoms do you suffer from  

Nausea      Vomiting      
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Diarrhoea     Increased sound sensitivity    

Altered vision     Increased light sensitivity    

Dizziness or double vision   Increased sensitivity to smells   

Weakness     Pain on one side of the head   

Numbness or tingling    Pain on both sides of the head   

Speech problems    Discomfort on moving head   

Throbbing Pain     Discomfort on moving eyes    

Prevention of normal physical activity       

Other            

8b. Do you have any of the following symptoms before a migraine? 

 (Please circle all that apply) 

Visual disturbances Y/N   Numbness or tingling Y/N   Speech problems Y/N 

9. Which, if any of the following can trigger your migraine (choose all that apply) 

 Bright light     Fatigue    Stress    Trauma     

 Particular odours (Please circle) perfume, cigarettes, petrol      

Weather changes      Holiday/ Relaxation    

(Women only) Hormonal changes       

 Particular foods (Please circle) red wine, other alcohol, chocolate, oranges, ripe 

cheese, other dairy products.  Other foods and beverages    

         Unknown     

10. Do you take any prescribed treatment or medication for migraine? Y / N 

 Please detail the prescribed treatment or medication      

            

11. Have you ever been treated with serotonin (5-HT1) type drugs eg. triptans:  

(eg. sumatriptan, naratriptan or imigran)  Y / N 

12. If YES, did you find this medication effective? Y / N 

13. Do you take any other treatments / medication for migraine? Y / N 

14. If you do take other treatments / medication?  Please specify medication name 

Pain killer (aspirin)    Natural Remedies (herbs)    

Medication for nausea          

Other (neck manipulation/massage etc)       

15. Is this medication/ treatment effective? Y / N 

16a. Have you ever been diagnosed with or treated for: 

Chronic neck pain  Y / N 

Chronic back pain  Y / N 
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Depression   Y / N 

Panic disorder  Y / N 

16b. (Migraine suffers only) 

If YES, Did this condition begin before the onset of your migraine? Y / N 

Please specify which condition     and duration    

 

D1. 

HYPERTENSION 

 

1. Do you suffer from hypertension (high blood pressure)?  Y / N 

2. Does anyone in your family suffer from hypertension?   Y / N 

If YES Please indicate who: 

Mother      Father      Siblings    

Children      Grandparents     Others    

3. If you do suffer from high blood pressure, do you take medication? Y / N 

 If YES, please detail the type of medication      

            

4. How old were you when you were first diagnosed with hypertension?    

5. What was your blood pressure prior to taking medication?    

6. Have you ever suffered from hypertension during pregnancy?  Y / N 

7. Were you diagnosed with Toxiaemia or Pre-eclampsia during pregnancy? Y / N 

8. If YES please indicate with which child?       

 

D2. 

CARDIOVASCULAR HEALTH 

 

1a. Do you or did you suffer from Ischaemic Heart Disease (eg. angina, heart attack, 

etc.)? Y / N 

1b. Does or did any of your family suffer from Ischaemic Heart Disease? Y / N 

If YES, please indicate who: 

Mother      Father      Siblings    

Children      Grandparents     Others    

1c. What age were you when first diagnosed?    

1d. Do you take any medication for Ischaemic Heart Disease? Y / N 

 380



If YES please detail:         

            

2a. Do or did you ever experience any of the following? (choose all that apply) 

Palpitations     Dizziness     Breathlessness    

Chest Pain    Blackout     Ankle Swelling    

Pain radiating to neck, jaw and arm     None of these    

2b. Have you ever lost the use of an arm, leg, your vision or ability to speak? 

No      Yes < 24hours     Yes > 24hours    

2c. Have you ever had a Stroke? Y / N 

2d. If YES, at what age?    

2e. Has anyone in your family had a stroke? Y / N 

If YES, please indicate who: 

Mother      Father      Siblings    

Children      Grandparents     Others   

3a. Do or did you suffer from High Cholesterol? Y / N 

 If YES, What was your last reading? _____________mmol/L 

3b. If YES, are you on medication or a special diet and if so please detail   

           

            

3c. Does anyone in your family have high cholesterol? Y / N 

If YES, please indicate who: 

Mother      Father      Siblings    

Children      Grandparents     Others    

D3. 

THYROID DISEASE 

 

1. Do or did you have thyroid disease? Y / N 

2. If YES, what type? 

Hypothyroidism      Hyperthyroidism     

Other        Don’t know      

3. What type of medication are/were you taking?      

            

4. What age were you diagnosed?    

5. Does any of your family have thyroid problems? Y / N  

If YES, please indicate who and what type? 
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Mother      Father      Siblings    

Children      Grandparents     Others   

 

D4. 

KIDNEY / LIVER DISEASE 

 

1. Have you ever been diagnosed with kidney or liver disease? Y / N 

Please indicate which type of disease        

2. If YES, at what age were you diagnosed?        

3. What treatment(s) are / were you receiving?      

           

           

            

4. Have any of your family been diagnosed with either kidney or liver disease? Y / N 

If YES, please indicate who and which disease they were affected by: 

Mother      Father      Siblings    

Children      Grandparents     Others   

 

D5. 

DIABETES 

 

1. Do you have diabetes? Y / N 

2. If YES, what type? 

  Insulin dependent Type 1     Non-insulin dependent Type 2   

  Only during pregnancy     Not sure      

3. At what age were you diagnosed with diabetes?      

4. Are you on a special diet and / or medication to control your diabetes? If so, 

please detail.          

           

            

5. Do you still have diabetes? Y / N or are you a borderline diabetic? Y / N 

6. Does anyone in your family have diabetes? Y / N 

7. If yes, please indicate wether it is Type 1 or Type 2 diabetes. 

Mother     Father      Siblings    

Children     Grandparents     Others    
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E1. 

ARTHRITIS 

 

1. Do you suffer from arthritis? Y / N 

2. If YES, which areas of your body are affected (choose all that apply) 

 Knee   Hip    Hand    Wrist    

 Elbow   Shoulder   Other Sites (please detail)   

            

3. What treatment / medications are you receiving?      

           

            

4. At what age were you first diagnosed with arthritis?      

5. Have you had any joints replaced because of arthritis? Y / N 

6. If YES, please give details.        

            

 

7. Does anyone else in your family have arthritis? Y / N 

If YES, Please indicate who and where they are affected: 

Mother      Father      Siblings    

Children      Grandparents     Others   

 

E2. 

RHEUMATOID ARTHRITIS 

 

1. Do you suffer from rheumatoid arthritis? Y / N 

2. If YES, at what age were you diagnosed?    

3. What treatment are / were you receiving?      

           

            

4. Does anyone else in your family have rheumatoid arthritis? Y / N 

If YES, Please indicate who and where they are affected: 

Mother      Father      Siblings    

Children      Grandparents     Others   
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F1. 

BREAST CANCER 

 

1. Have you been diagnosed with breast cancer? Y / N 

2. If YES, at what age were you diagnosed?    

3. What type of tumour were you diagnosed with?      

            

4. What type of treatment did you receive (choose all that apply) 

 Surgery      Chemotherapy     Radiotherapy   

 Mastectomy     Double Mastectomy    Don’t Know   

 Other (please detail)          

None    

5. Did the cancer metastasise? (spread to another site in your body and grow eg. lymph 

nodes) Y / N 

6. If yes, where did it metastasise to?        

            

7. Has anyone else in your family been diagnosed with breast cancer? Y/N 

If YES, Please indicate who and where they are affected 

Mother      Father      Siblings    

Children      Grandparents     Others   

 

F2. 

SKIN CANCER 

 

1. Have you been diagnosed with skin cancer? Y / N 

2. If YES, at what age were you diagnosed?    

3. What type of skin cancer were you diagnosed with? (choose all that apply) 

 Basal Cell Carcinoma (BCC)      Melanoma     

Squamous Cell Carcinoma (SCC)     Other (Solar Keratosis)   

4. Where was / were the cancers located? (choose all that apply) 

Face/scalp     Head/neck     Arms (including hands)   

Chest/abdomen     Back      Legs (including feet   

Other         Don’t Know    

5. What type of treatment did you receive? (choose all that apply) 

Surgery     Chemotherapy     Radiotherapy    
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 Other (eg freezing, burning)      None      

6. Has anyone else in your family been diagnosed with skin cancer? Y / N 

If YES, Please indicate who and where they are affected 

Mother      Father      Siblings    

Children      Grandparents     Others   

7. What would you consider your skin type to be?(eg. Fair, olive etc.)    

8. Have you ever been sunburnt so badly that your skin peeled, blistered or turned 

red for two days or more? Y / N 

9. If YES, how many times has this occurred? 

1-3 times     3-5 times     5-8 times    

8-10 times    10-15 times     >15 times    

 

F3. 

OTHER CANCERS 

 

1. Have you been diagnosed with any other type(s) of cancer? Y / N 

2. If YES, what type(s) of cancer and at what age were you diagnosed?   

            

3. Has anyone else in your family been diagnosed with another type cancer? Y / N  

If YES, please indicate who and the type of cancer they had. 

Mother      Father      Siblings    

Children      Grandparents     Other    

 

G1. 

MULTIPLE SCLEROSIS 

 

1. Have you been diagnosed with multiple sclerosis (MS)? Y / N 

2. If YES, at what age were you diagnosed with multiple sclerosis?    

3. What type of treatment do / did you receive?       

4. Has anyone else in your family been diagnosed with multiple sclerosis? 

If YES, Please indicate who and where they are affected 

Mother      Father      Siblings    

Children      Grandparents     Other    

5. Where did you live until the age of 15 (city or town)?      

6. Do you have any allergies? Please detail        
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7. Have you had a serious viral illness (eg Meningitis)      

8. Do you suffer from any neuromuscular or neural degenerative diseases? Y / N 

If YES, please detail the disease, age of onset and treatment.    

            

 

G2. 

NEUROLOGICAL DISORDERS 

 

1. Have you been diagnosed with any of the following? Y / N 

(choose all that apply) 

Parkinson’s disease      Alzheimers disease     

Epilepsy        Motor neuron disease    

Clinical Depression      Manic Depression     

Bipolar disorder       Obsessive Compulsive disorder   

Schizophrenia       Personality disorder    

Psychosis       

Any other neurological disorder        

            

2. At what age were you first diagnosed?    

3. What treatment  are you  or did you receive?      

            

4. Has anyone else in your family been diagnosed with any of the above-mentioned 

disorders? Y / N 

If YES, please indicate who and the disorder they are affected by: 

Mother      Father      Siblings    

Children      Grandparents     Other    

 

Thank you for your participation 
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Appendix C 
 

Second Derivative 

Maximum (SDM) 

Estimation 



The theoretical behaviour of PCR amplified DNA templates can be sectioned into four 

phases that constitute an initial ground (IG), exponential growth (EG), linear growth 

(LG) and a plateau (P) phase (Figure C.01).  To accommodate for varying rates of DNA 

template amplification a four parametric sigmoid model (FPSM) best fits the behaviour 

of the PCR.  A full description of the FPSM is presented in Chapter 7 section 7.4.1.1 

Four Parametric Sigmoid Model. 

 

From the equation 
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x0 is the point of inflection of the sigmoid curve at which the first derivative maximum 

(FDM) is estimated (Figure C.01). 

 

Simplistically, the derivative of a function at a fixed point on a curve can describe the 

slope of the tangent drawn at that point.  The derivative can also describe the rate at 

which the value of the function is changing at that point, in other words, the 

instantaneous rate of change of the function for a defined interval. 
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Figure C.01.  A graphical depiction of the theoretical behaviour of genomic DNA template PCR 
amplification.  Consisting of four phases, initial growth (IG), exponential growth (EG), linear 
growth (LG) and plateau (P), PCR amplification of genomic DNA with variable amplification 
efficiencies best fits a four parametric sigmoid model (FPSM).  Fully described in Chapter 7 
section 7.4.1.1 Four Parametric Sigmoid Model, the minimum fluorescence signal is 8 units 
(y0 = 8), the difference between the maximum and minimum fluorescence signals is 8 units (a = 
8), the point of inflection is PCR cycle number ~25 (x0 = 25) and the slope factor governing the 
rate of amplification is 2 (b = 2).  The y-axis is scaled in fluorescent (F) units and the x-axis is 
scaled in PCR cycle number.  Estimation of the FDM (d’y/dx’) is graphically depicted in Figure 
C.02. 
 

FPSM (y 0 = 8; a  = 8; x 0 = 25; b  = 2)
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(s ee  Figure  C.03)

 
 

The instantaneous rate of change for each raw fluorescent data point (i.e. the first 

derivative) acquired from the Rotor-Gene 3000™ real time centrifugal PCR instrument 

was estimated by determining the rate of change in the y, fluorescence, value (d’y) over 

the rate of change in the x, cycle number, value (dx’).  d’y/dx’ for each raw fluorescent 

data point was determined to estimate the FDM of the FPSM (Figure C.02).  The point at 

which the first derivative (d’y/dx’) is maximised is where the original FPSM is constant 

over a specified interval.  In all instances, there was 100% concordance between the x0 

value computed from the SigmaPlot (version 8.0) graphical software package and the 

FDM value estimated from the graphical plot of d’y/dx’ (Figure C.02). 
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Figure C.02.  A graphical depiction of d’y/dx’ of all raw fluorescent data points presented in 
Figure C.01.  The first derivative maximum (FDM) graphically estimated concurs with the x0 
(FDM) value computed with the SigmaPlot software package for the same tested genomic DNA 
template samples.  Estimation of the SDM (d”y/dx”) is graphically depicted in Figure C.03. 
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Since the first derivative is itself a function, the derivative of the first derivative can 

therefore be estimated.  Known as the second derivative, the maximised value of the 

second derivative (SDM) was estimated to determine the point at which the EG phase of 

the PCR is increasing the most rapidly.  A graphical depiction of the SDM (d”y/dx”) is 

presented in Figure C.03.  Note that Figure C.03 depicts two points at which the SDM 

estimation is greatest.  The boundary between the positive limit (Lim∆x→+0) and negative 

limit (Lim∆x→-0) represent the LG phase of the PCR (see Figure C.01).  As ∆x 

approaches the positive limit (Lim∆x→+0) the rate of DNA template amplification is 

approaching its maximum value (Figures C.01 and C.03).  The transition between IG and 

EG at which the initiation of DNA template growth occurs was therefore estimated to 

be 80% of the SDM (Lim∆x→+0) at cycle number ~16.8 (Figures C.01 and C.03). 
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Figure C.03.  Graphical plot of the d”y/dx” of all d’y/dx’ data points presented in Figure C.02.  
The maximised positive limit (SDM Lim∆x→+0) is the value used to estimate the initiation of DNA 
template growth.  That is, 80% of SDM Lim∆x→+0 ≈ 16.8. 
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Appendix D 
 

Real-time PCR “SNP 

Calculator” 



Real-time PCR SNP Genotype Validation 
 

Introduction 
 

This Excel spreadsheet provides a means to validate ambiguous SNP genotypes 

generated from real-time PCR.  Information used to calculate ambiguous SNP 

genotypes is provided from the raw fluorescent data used to produce the allelic 

discrimination curves.  The PCR amplification kinetic properties are used to evaluate 

PCR amplification efficiency, net fluorescent signal gain and simultaneous assessment 

of the estimated start of the exponential growth phases for each fluorophore channel, to 

therefore individually assess genomic DNA samples. 

 

For additional information refer to Chapter 7 and Johnson et al. [2004]. 

 

The theoretical behaviour of DNA amplification during the PCR is best represented by a 

sigmoid function as depicted in Figure D.01 below. 

 
Figure D.01.  A four parametric sigmoid function describing the theoretical behaviour and 
properties of the kinetics of PCR amplification. 
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In addition, individual genomic DNA samples will differ in their rates of amplification 

after each PCR cycle.  Differing rates of amplification will therefore constitute differing 

slope factors and thus appearance of the amplification curve.  Therefore, the four 

parametric sigmoid function (Equation D.01, below) best describes the relationship of 

the real-time PCR assay. 
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Where   

 ƒ is the value of the function for each computed level of raw fluorescence 

(Rx) at each cycle x 

 y0 is the minimum fluorescence signal 

 a is the difference between the maximum and minimum fluorescence signals

 x is the amplification cycle number 

 x0 is the point of inflection (FDM) 

 b is the slope factor of the curve governing the rate of amplification 

 

SNP Validation Procedure 
Step 1 

Determine the four variables (y0, a, x0, b) and their standard errors (SE) required for the 

four parametric sigmoid model. 

Step 2 

Enter in reporter dye and their corresponding allele 

Step 3 

Input a ± SE, y0 ± SE, x0 ± SE and b ± SE 

 

Cells coloured green allow user input for fluorophore channel 1 

Cells coloured pink allow user input for fluorophore channel 2 

All other cells remained locked and/or provide output to the end user 
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Step 1.  Determining y0, a, x0, b 

Simply export the raw fluorescence data from each individual fluorophore channel of 

the real-time PCR instrument into an interim Excel spreadsheet.  The raw fluorescence 

data versus amplification cycle number can then be transferred to a statistical graphics 

package (e.g. SigmaPlot version 8.0, SPSS) to fit the four parametric sigmoid model to 

the empirical data. 

 

Step 2.  Assigning specific alleles to specific reporter dyes. 

In the “Genotype Validation” worksheet (Table D.02), type in the reporter dye and which 

nucleotide the fluorescent reporter molecule is specific for. 

 

NOTE; The weaker of the two fluorophore channels has been designated as channel 

1. A 5% error in amplification efficiency has been calculated for this channel ONLY 

and not for channel 2. 

 

Step 3.  Input sigmoid model variables. 

The sigmoid model variables as determined from step 1 can now be inputted for each 

individual fluorophore channel. 

 

SNP Validation Output 
 

Set up as a guide, the "Example" worksheet (Table D.01) displays the typical output 

observed when calculating ambiguous genotypes. 

Upon entering the sigmoid model variable values, the calculated genotype will 

be displayed for fluorophore Channel 1/2. 

 

As indicated in the "Example" worksheet (Table D.01), a calculated [TC] 

heterozygous individual will display 'TRUE' for the [TT] homozygote, [TC] 

heterozygote and [CC] homozygote cells. 

Therefore; 

A calculated [TT] homozygous individual will display 'TRUE' for the [TT] 

homozygote cell and display 'FALSE' for the [TC] heterozygote and alternative 

[CC] homozygote cells. 
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A calculated [CC] homozygous individual will display 'TRUE' for the [CC] 

homozygote cell and display 'FALSE' for the [TC] heterozygote and alternative 

[TT] homozygote cells. 

And; 

Individual DNA samples to be excluded for ensuing genotypic and allelic 

association analyses will display 'FALSE' in the [TT] homozygote, [TC] 

heterozygote and [CC] homozygote cells. 

 

The worksheet entitled "Genotype Validation" (Table D.02) is the user interface to input 

data to calculate ambiguous genotypes. 

 



Table D.01.  Example calculation of a true heterozygous (TC) individual using the real-time PCR SNP calculator.  SE denotes the standard error of the four 
parameter variables (a, y0, x0, b) and the “Plus”, “Minus” columns of the two fluorophore channels display the maximum and minimum range of the parameter 
variables (i.e. a ± SE, y0 ± SE, x0 ± SE, b ± SE). 
 

           
Channel 1 2         

Fluorophore FAM JOE         
Allele T C         

           
           

Channel 1  Channel 2 
Parameter (SigmaPlot) SE Plus Minus  Parameter (SigmaPlot) SE Plus Minus 

a 2.438 0.05357   2.49157 2.38443 a 3.267 0.04231   3.32931 3.24469
y0 5.598 0.02386    5.62186 5.57414 y0 6.364 0.02009   6.38409 6.34391
x0 31.81 0.2841    32.0941 31.5259 x0 32.73 0.1534   32.8834 32.5766
b 3.994 0.2533    4.2473 3.7407 b 2.914 0.134   3.048 2.78
           

E 0.5007511      0.4708874 0.5346593 E 0.6863418 0.656168 0.7194245
a/y0 0.4355127      0.4431932 0.4277664 a/y0 0.5164991 0.5215011 0.5114653

Exp start 20.8       20 20.8  Exp start 22.4 22.4 22.4
           

Example of a true heterozygous individual 
   

       
        

           Channel Homozygote Heterozygote Homozygote
TT          TC CC½ 

TRUE          TRUE TRUE
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Table D.02.  Genotype validation user interface of the Microsoft® Excel real-time PCR SNP calculator.  End users input each fluorophore (for channels 1 and 2) and 
the respective alleles they were specifically designed for to hybridise to.  End users also input the FPSM parameter variable values ± SE for both channels 1 and 2 
to then obtain calculated genotypes for individual samples. 
 

           
Channel 1 2         

Fluorophore           
Allele           

           
           

Channel 1  Channel 2 
Parameter (SigmaPlot) SE Plus Minus  Parameter (SigmaPlot) SE Plus Minus 

a     0 0 a     0 0
y0     0 0 y0     0 0
x0     0 0 x0     0 0
b     0 0 b     0 0
           

E #DIV/0!      #DIV/0! #DIV/0! E #DIV/0! #DIV/0! #DIV/0!
a/y0 #DIV/0!      #DIV/0! #DIV/0! a/y0 #DIV/0! #DIV/0! #DIV/0!

Exp start #DIV/0!      #DIV/0! #DIV/0! Exp start #DIV/0! #DIV/0! #DIV/0!
           
           
           

           Channel Homozygote Heterozygote Homozygote
-         - -1/2 

#DIV/0!          #DIV/0! #DIV/0!
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