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Summ ary

This thesis describes genome-wide gene mapping analyses as applied to bipolar affective 

disorder (BPAD). This condition is a severe recurrent psychiatric disorder, with a 

substantial familial component and an estimated population prevalence of approximately 1 

to 2%. The sample used in this thesis comprised 260 affected sibling pairs (ASPs) for the 

preliminary screening stage {Stage 1) and some 395 ASPs used in the follow-up phase 

(Stage If). ASPs were required to have one sibling with a diagnosis of bipolar I disorder 

(BPI), and the other with one of a range of broader diagnoses within the affective 

spectrum.

As part of the collaborative W ellcome Trust UK/Irish BPAD Sib-Pair Study a joint 

British/Irish sample (255 ASPs) was examined for genetic linkage with 398 microsatellite 

markers across the genome. This thesis includes genotyping and statistical analysis of the 

entire human genome (of which, data from chromosomes 2, 5, 6, 9, 10, 11, 17, 18, 19, 20, 

21 and 22 was generated by the author; chapter 3). As part of a two-stage strategy, this 

study established a maximum likelihood score (MLS) threshold equivalent to a point-wise 

p-value of 0.05, to identify regions to be pursued in a second stage {Stage II). Seventeen 

non-contiguous regions of the genome exceeded this threshold, however, no region 

achieved statistical criteria for genome-wide significance. Regions exceeding the threshold 

occurred on chromosomes 2, 3, 4, 6, 7, 9, 10, 12, 17, X, and chromosome 18 where the 

most significant MLS of the genome was observed. Second stage genotyping of an 

expanded sample set (total 395 ASPs) was performed on all of these regions to a final 

genetic resolution of approximately 5cM (chapter 4). Increases in maximum likelihood 

scores were detected on chromosomes 2, 4, 6, 7, 9, 10, and 18, with the linkage scores on 

chromosomes 4 and 6 exceeding the genome-wide level for statistically suggestive linkage. 

Power studies indicate that the Stage II sample has sufficient power to detect genes of 

small effect. Variance components analysis, using either age-at-onset (AAO) or a 

dimensional score for psychotic symptoms (pDim) was carried out on the Stage I  sample. 

A linkage signal, coincident with the chromosome 2q Stage I  linkage result, was detected 

using AAO (chapter 6). Exploratory analyses were conducted to investigate the possibility 

of a ‘ parent-of-origin effect’ operating on chromosome 18 (chapter 5).

The results of these analyses conducted in this thesis confirm the view of a complex 

genetic architecture to bipolar affective disorder. The largest samples currently available to 

the research community, including the present one, are likely too small to identify



replicable genetic linkage to any specific locus. However, the rapid evolution of gene 

mapping technologies is expected to have a profound effect on gene-mapping of complex 

disorders such as BAPD. Already studies with samples similar in size to the sample used in 

this thesis, are reaping the benefits of highly accurate automated technologies. While the 

effect sizes of individual genes are likely to be very small of BPAD, these methodological 

refinements could yet assist in mapping susceptibility loci for this most severe psychiatric 

condition.
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On the Molecular Genetics of Bipolar Affective Disorder

Chapter 1

Introduction
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1.1 Bipolar Affective Disorder

1.1.1 History of Affective disorders (From Hippocrates to Falret)

The origin and concept o f bipolar disorders has is genesis in the work and views o f the 

Greek physicians o f the classical period. The existence o f  morbid states o f  mania and 

melancholia were known to philosophers and physicians o f the pre-Hippocratic era. It was 

Hippocrates (460-337 BC) that first systematically described mania and melancholia. The 

etymology of the term melancholia  coming from the Greek language (melas, -anos  black 

-chole  bile) is clearer than that o f the term mania.

However, it was Aretaeus of Cappadocia in the 1“ century AD who m ost explicitly 

describes the intimate link between the two states of melancholia and mania. In his 

publications 'On the Aetiology and Symptomatology o f  Chronic d isease’ and  ‘The 

Treatment o f  Chronic disease’ he described mental disorders very carefully, with entire 

chapters devoted to concepts of both states. Through his insights, Aretaeus characterised 

melancholia and mania as having the same aetiology (disturbance in the function of the 

brain and other organs). He identified mania as a worsening of melancholia, describing it 

as a phenomenological antithesis of melancholia (Angst and Marneros, 2001). It should be 

noted the concepts of these conditions were much broader than their modern equivalent. In 

fact they tended to include, amongst others, schizoaffective disorders, mixed states, some 

types of schizophrenia, acute organic psychoses and ‘atypical’ psychoses, in addition to 

mania and melancholia (Marneros, 1999). Nevertheless, Aretaeus’ connection between 

melancholia and mania can justifiably be considered the first concept of bipolarity.

It was in 1851 that Jean-Pierre Falret published his fourteen sentence long statement in the 

Gazette des Hopitaux entitled " De la fo lie  circulaire ou form e de maladie mentale 

characterisee par Valternative reguliere de la manie et de la melancholic’, in which he 

outlined the novel entity of the 'fo lie  circulaire’ or circular/cyclical madness. Falret 

published his findings within three years (Falret, 1853), becoming the first author to define 

the sequential change from mania to melancholy, with an interval of normality between 

these states.

In the same year as Falret’s monograph, Jules Baillarger published his paper 'De la folie a 

la double form e' in which he disputed the inclusion o f an interval between the two states; 

nevertheless, there was now an emerging concept o f a bipolar disorder. Indeed, within 30
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years the concept o f the ‘circulates Irresein ’ or circular insanity, was finding general 

acceptance among the psychiatric profession (Kahlbaum, 1884).

1.1.2 From birth to rebirth

Emil Kraepelin (1856-1926), a German psychiatrist, was one o f the most influential o f his 

time. In his Compendium der Psychiatrie  (1883) he first presented his nosology, or 

classification o f  disorders (Kraepelin, 1883). Kraepelin divided mental illness into 

exogenous disorders, which he felt were caused by external conditions and were treatable 

(melancholia), and endogenous disorders, which had such biological causes as organic 

brain damage, metabolic dysfunction or hereditary factors and were thus regarded as 

incurable (dementia praecox). The unification o f ‘circulares Irre se in ’ with depressive 

types and the birth o f ‘m anisch-depressives Ir r e s e in ' (m anic-depressive insanity) 

proceeded over the course of two monographs in 1899: the first ^Die Klinische Stellung der 

M elancholie’ (Tlie Clinical Position o f Melancholia) (Kraepelin, 1899b), and the sixth 

nosological compendium (Kraepelm, 1899a).

This unification o f all affective disorders within the concept o f manic depression illness 

however, caused consternation amongst Kraepelm’s peers. Specifically amongst Wernicke, 

Kleist, Leonhard and Neele, each o f whom favoured sub-dividing and differentiating 

affective disorder. The elaborate classification system developed by these authors did not 

however, find general acceptance, The nosological sub-divisions that included the einpolig 

and zweipolig affective disorders were lost in the over complicated classification system. 

W hilst the unipolar/bipolar nosological distinction remained largely unrecognised by the 

international psychiatry community, Kraepelin’s unitary concept o f bipolar disorder was 

adopted worldwide.

It was not until 1966, that the two independent publications o f Angst, (1966) and Perris, 

(1966) heralded the ‘rebirth’ o f bipolar disorders. Not only have these authors have been 

variously credited with the replication and developm ent o f  the ideas o f Falret and 

Baillarger, but they have also incorporated the fundamentals o f Wernicke, Kleist, Leonhard 

and Neele. The conclusions drawn by Angst, (1966) and Perris, (1966) provide evidence 

supporting the interplay between genetic and environmental influences, and the role o f 

gender in the aetiology o f endogenous depression. Perhaps the most important findings 

how ever, were the acknow ledgem ent o f  m anic-depression as a nosologically
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heterogeneous condition, with significant differences between bipolar and unipolar 

depressions.

1.1.3 Current definition and diagnostics for bipolar affective disorder

The core phenotype describing bipolar affective disorder (BPAD) is one of pathological 

disturbance in mood (affect) ranging from intense elation (mania) to acute depression, 

usually accompanied by perturbations in thinking and behaviour. In addition the phenotype 

may include psychotic symptoms, such as delusions and hallucinations. In the context of a 

modem diagnosis of bipolar disorder, classification systems such as the Diagnostic and 

statistical manual version IV  (DSM-IV; APA, 1994) or International Classification o f  

Disease version 10 (ICD-10; WHO, 1992) have been widely adopted and have lead to 

robust and reliable classifications of psychiatric illness with high inter-rater reliability. The 

categorical phenotype of bipolar affective disorder is divided by the DSM-IV criteria into 

bipolar I disorder (BPI) in which a subject experiences at least one full-blown manic 

episode (see table 1.1) at some time during the course o f illness, and bipolar II disorder 

(BPII) in which the subject never experiences a full manic episode, rather experiencing one 

or more milder hypomanic episodes (i.e. sub-manic episodes).

(I) Elevated, irritable or expansive mood for at minimum of 1 week 
(or any duration if hospitalised)

(II) During mood disturbance thiee or more o f tlie following symptoms 
(greater than 4 if mood is only irritable)

(a) Inflated self esteem or grandiosity
(b) Decreased need for sleep
(c) Increased verbal communication
(d) Racing thoughts orflight o f fancy
(e) Easily distracted
(f) Increase in goal-directed activity or psychomotor agitation
(g) Irresponsible behaviour

(III) Mood disturbance causes marked impairment in functioning
(IV) Symptoms do not meet criteria for mixed episode
(V) Symptoms are not due to substance abuse/general medical condition

Table 1.1 Summarised DSM-IV operational diagnostic criteria for a manic episode. I-V are all required 
for diagnosis o f a full manic episode.

This sub-classification introduces a degree of subjectivity into the diagnosis of affective 

disorder, as it requires estimation of the degree of functional impairment caused by the 

manic episode. This makes subjects near the threshold difficult to classify reliably 

(Bowden, 2002). However, despite these misgivings some authors (Simpson et al. 1993)



report BPII to be the most common bipolar phenotype, which can be reliably identified by 

experienced diagnosticians (Simpson et al, 2002). Others however, remain less convinced 

as to the nosological identity o f BPII (Coryell et al. 1989; Coryell, 1996). The DSM-IV 

criteria for diagnosis o f affective disorder, which includes cyclothym ia and bipolar 

disorder (not otherwise specified) are outlined in p a n e l  I (adapted from  M uller- 

Oerlinghausen et al. 2002 and Bowden, 2002).

1.1.4 Clinical manifestations

Although the subjective feelings described by most melancholic and manic individuals do 

bear some resemblance to the mood changes o f everyday life, they clearly go beyond the 

common experience. The DSM-IV criteria for manic and major depressive episodes are 

outlined in tables 1.1 and 1.2 respectively, with the DSM-IV affective disorders described 

in more detail in p a n e l  \.

(I) Five or more o f tlie following symptoms present during the same week 
and representing a change fiom normal functioning: (at least one o f (i) 
depressed mode or (ii) loss o f interest or pleasure.

(a) Depressed mood
(b) Loss o f interest in pleasure
(c) Change in appetite and/or weight
(d) Sleep change
(e) Loss o f energy
(f) psychomotor agitation or retardation
(g) Diminished concentration
(h) Recurrent thoughts o f death / suicidal ideation
(i) Feelings o f worthlessness or excessive or inappropriate guilt

(II) Mood disturbance causes clinically significant impairment in fimctioning
(III) Symptoms do not meet criteria for mixed episode
(IV) Symptoms are not due to substance abuse or general medical condition

Table 1.2 DSM-IV operational diagnostic criteria for major depressive episode. (I-IV required).

These diagnostic guidelines list symptoms that are not universally present in all patients. It 

has been noted by Negrao, (1997) that insomnia and loss o f energy are particularly 

characteristic o f more severe depression. However, given the lack o f  obvious underlying 

cause o f such a varied collection o f symptoms, the leading theories o f  the underlying 

biology are principally derived from successful pharmacological intervention (see section 

1 .2 ),
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PANEL I

DSM-IV category Criteria

Bipolar I disorder One or more manic (see table 1.1) or mixed,

episodes. A minimum duration o f 1 weekf 

is required. Usually, accompanied by one 

or more major depressive episodes, duration 

o f 2 weeks.

Course specifiers and examples

To describe current (or most recent) episode:

Mild, moderate, severe without psychotic features

Severe with psychotic features

In partial or tliil remission

W ith catatonic features

W ith postpartum onset

To describe most recent major depressive episode: 

Chronic

W ith melancholic features 

With atypical features

To describe pattern of episodes:

W ith or without full interepisode recovery 

W ith seasonal pattern

W ith rapid cycling (in excess o f 4 episodes in 

previous 12 months).

Bipolar II disorder Recurrent major depressive episodes lasting To describe current (or most recent) episode: 

A minimum period o f  2 weeks. One or more Hypomanic

hypomanic episodes (milder than manic) o f Depressed

a 4 day minimum duration.

To describe current (or most recent) major 

depressive episode and pattern of episodes: 

See bipolar I  disorder

Cyclothymic disorder Chronic (>2 years), flurtuating mood Over 2 years any symptom-free intervals last no

disturbance, involving numerous periods longer than 2 months,

of mild hypomanic and depressive 

symptoms that do not meet criteria 

for a major depressive episode (2 yearsj 

with symptom-free intervals < 2 months).

Examples:

Very rapid cycling (over days)

Recurrent hypomanias without depressive 

symptoms. Indeterminate whether primary or 

secondary (due to a general medical condition or 

substance abuse).

DSM-IV=Diagnostic and Statistical Manual o f Mental Disorders, 4th edn.

Adapted from Muller-Oerlinghausen et al. (2002) and Bowden, (2002). 

jShoiter duration allowed if hospitalisation is required.

|One-year minimum duration for children/adolescents)

Bipolar disorder Disorders with bipolar features that do not

(not otherwise meet criteria for any specific bipolar

specified) disorder.
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1.2 Pharmacological Evidence fo r  aetiology o f B PAD

Monoamine Hypothesis

There are two principal types o f monoamines (catecholamines and indolamines) that serve 

as neurotransmitters. The catecholamines, synthesised from a common tyrosine precursor, 

mclude dopa, dopamine, noradrenaline (NA) and adrenaline (see figure 1 . 1 (a ) below), 

whereas the indolamines, which include serotonin (5-HT), are tryptophan derived (see 

figure 1 . 1 (b ) below).

The monoamine hypothesis proposed by Schildkraut, (1965) supposes that aspects o f the 

affective disorder phenotype are due to abnormalities in the monoamine neurotransmitter 

system at one or more sites in the brain. The hypothesis suggests alterations in 

neurotransmitter receptors, as well as in the concentrations and/or the turnover o f amines 

(Bunney and Davis, 1965, Schildkraut, 1965, H eningeret al. 1996) are responsible for the 

precipitation o f affective symptoms. The monoamine theory originated with the fortuitous 

discovery in the 1950s that iproniazid, a drug used to treat tuberculosis, induced a mood- 

elevating effect in some patients receiving the drug. It was found to increase concentrations 

o f NA and 5-HT by inhibiting the metabolic enzyme monoamine oxidase (MAO; see 

figure 1.1, Goodman and Gilliam, 2001). In contrast, reserpine, a compound that was used 

mainly in hypertension and schizophrenia prophylaxis, was reported to produce 

depression-like symptoms in some patients. Subsequently, it was demonstrated that 

reserpine caused the depletion o f presynaptic stores o f  noradrenaline, serotonin and 

dopamine. Hence, the monoamine hypothesis proposed that depression is caused by a 

functional deficiency o f amines, particularly noradrenaline (NA), whereas mania is caused 

by a functional excess o f amines at critical synapses in the brain (Bunney and Davis, 1965; 

Schildkraut, 1965; Heninger et al. 1996).
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The actions o f classical tricyclic antidepressants (TCAs), such as imipramine, were 

considered supportive o f the monoamine hypothesis for mood disorders. These drugs were 

found to alleviate the symptoms of depression by increasing the availability o f monoamine 

transmitters in the synaptic cleft. This was achieved by actively blocking the re-uptake into 

the presynaptic terminals, thereby increasing the concentration o f monoamines available to 

interact with synaptic receptors (see figure 1.2). In contrast, MAOIs, such as iproniazid, 

were shown to inactivate monoamine oxidase thereby preventing oxidative deamination o f 

both noradrenaline and serotonin, leading to an increase in intraneuronal stores o f  both 

transmitters, and subsequently, greater levels o f their release from nerve terminals.

Since the proposal o f the monoamine hypothesis, genes coding for numerous components 

o f both the catecholamine and indolamine synthesis pathways (see figure 1.1) have been 

implicated as candidate genes in BPAD (Craddock et al. 2001; see section 1.5.4). As it is 

the enzymes that regulate the homeostasis o f biogenic amines, underlying mutations that 

lead to altered enzymatic efficiencies have received considerable attention as putative 

candidate genes for BPAD (Craddock et al. 2001). The monoamine hypothesis has lead to 

the development o f various pharmacological solutions to amine imbalances. The efficacy 

o f MAOI’s, tricyclic antidepressants, selective serotonin/noradrenaline reuptake inhibitors 

in relieving the symptoms o f depression and mania lend support to a neurochemical basis 

for the aetiology o f affective disorder.

Glutamate Abnormalities

Aetiological theories also include a possible role for glutamate in the pathophysiology of 

BPAD. Glutamate is synthesised from glucose and glutamine in presynaptic neuron 

terminals and is stored in synaptic vesicles. Once released into the synaptic cleft, it acts on 

receptors. This action is subsequently terminated by its reuptake into the presynaptic 

neuron (see figure 1.1). The effects o f glutamate are mediated through four major families 

o f  receptors, which can be described as either ionotropic or metabotropic. The former 

includes the A^-methyl-D-aspartate (NMDA) receptor, and functions by regulating ion 

channels in the post-synaptic membrane by allowing passage o f  calcium ions (and to a 

lesser extent sodium and potassium ions) when suitably stimulated. Stimulation occurs 

only under conditions where the potential surrounding the membrane rises above -65m V 

and when the receptor is bound by glutamate and glycine.
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It was observed that abuse o f the drug phencyclidine ( ‘angel dust'), the anaesthetic 

ketamine, and MK-801, all o f which are NMD A receptor antagonists, caused a psychosis 

resembling both the positive (i.e. delusions and hallucinations; cf. psychotic BPAD 

symptoms) and negative symptoms o f schizophrenia (Javitt and Zukin, 1991). A consistent 

finding in studies assessing the effects o f psychotogenic NMDA receptor antagonists has 

been an associated excessive release o f glutamate and consequent over-stimulation of 

postsynaptic neurons (Moghaddam et al. 1997; Moghaddam and Adams, 1998).

Studies have investigated the role o f the excitatory amino acids such as glutamate in 

depression, but have produced conflicting evidence. Mauri et al. (1998) have found 

elevated plasm a and platelet levels o f glutamate in depressed patients compared to 

controls. However, others have failed to detect differences in serum levels o f  glutamate 

between patients with depression and matched controls (Maes et al. 1998). Antidepressant 

therapy seems to reduce plasma concentrations o f glutamate (Maes et al. 1998), and 

tricyclic antidepressant drugs appear to modify the activity o f glutamatergic neurons 

(Bouron and Chatton, 1999).

Lamotrigine, which is an anticonvulsant, is used in BPAD for its mood stabilising 

properties. Its mechanism of action probably includes the inhibition o f excessive release o f 

glutamate. The efficacy o f lamotrigine m the depressive phase o f bipolar disorder has been 

demonstrated in a placebo controlled design (Calabrese et al. 1999). While this suggests 

the involvement o f glutamate, alternative mechanisms o f action o f the drug may be 

operative, such as inhibition o f sodium and calcium channels.

It has been suggested that inefficiencies in NMDA receptors may lead to a loss o f 

stimulation o f inhibitory GABAergic intemeurons, leading to disinhibition o f various 

afferents to the cerebral cortex. These inputs are thought to involve acetylcholine, 

dopamine, serotonin, noradrenaline and glutamate itself, via a recurrent feedback loop also 

mediated by a GABAergic intemeuron. This disinhibition o f afferents to the cortex would 

lead to a flood o f  unmodulated stimulatory activity, which could produce psychotic 

symptoms (Olney and Farber, 1995b, Carlsson et al. 1999).

This postulated mechanism is in keeping with the gating hypothesis o f schizophrenia 

(Eccles, 1969; Leonard et al. 2001). In normal individuals, there is thought to be a sensory 

gating system, involving mainly the thalamus, by which afferent information is filtered,
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preventing the cortex from being inundated by unmodulated information. According to this 

hypothesis, this filtering system is deficient in schizophrenia, allowing the cortex to be 

swamped with excessive excitatory stimuli, or ‘noise’, with resultant delusions and 

hallucinations (Olney and Farber, 1995a; Leonard et al. 2001). An analysis o f 

microsatellite markers in the a -7  nicotinic receptor region, previously implicated in 

auditory gating deficit in SZ and also with reported linkage to BPAD (Turecki et al. 2001) 

is presented in this thesis (see chapter 7).

Neuroendocrine Changes

The hyperactivity o f the hypothalamic-pituitary-adrenal (HPA) axis is one o f the most 

consistent findings in biological psychiatry. In response to stress, corticotropin-releasing 

hormone (CRH) is released from neurons in the paraventricular nucleus o f  the 

hypothalamus, and is transported to the anterior pituitary where systemic release o f 

adrenocorticotropic hormone (ACTH) is initiated. This, in turn, acts upon the adrenal 

cortex to release corticosteroid hormones (Wang and Nemeroff, 2003).

Depressed patients have been shown to exhibit increased concentrations o f cortisol in 

plasma, urine and cerebrospinal fluid, an exaggerated cortisol response to ACTH, and an 

enlargem ent o f both the pituitary and adrenal glands (Gold et al. 1988; Owens and 

Nemeroff, 1993, Holsboer and Barden, 1996; Nemeroff, 1996). However, it is believed 

that these alterations in the HPA axis are secondary to hyper-secretion o f  corticotropin- 

releasing hormone (CRH). E.xcessive secretion o f CRH has behavioural effects in animals 

(alterations in appetite, activity and sleep) that mimic those seen in depressed patients 

(Owens and Nemeroff, 1993). Moreover, depressed patients have shown elevated CRH 

concentrations in the cerebrospinal fluid, and increased CRH mRNA and protein in the 

paraventricular nucleus o f  the post-mortem hypothalamus, and a blunted ACTH response 

to a CRH challenge (Gold et al. 1988; Nemeroff, 1996). Also a down-regulation o f CRH 

receptors in the frontal cortex has been described in cases o f successfiil suicide amongst 

depressed patients (Nemeroff, 1996).

The assessment o f  HPA function has typically investigated with either o f  two tests: the 

dexamethasone suppression test (DST) and the CRH-stimulation test. In the former, 

normal controls show that the synthetic gluocorticoid dexamethasone interacts with the 

HPA axis resulting in suppression o f cortisol secretion. However, in patients with mood 

disorder there is a reduced incidence o f response to dexamethasone (Carroll et al. 1981).
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Data for Swann et al. (1992) suggest that increased cortisol secretion is a characteristic o f 

the depressed state in mixed manics. However, patients in the BPAD manic phase may also 

have increased DST non-suppression (Christie et al. 1986),

The CRH-stimulation test, where CRH is administered intravenously, measures ACTH and 

cortisol levels over regular intervals prior and post injection o f CRH, When compared to 

normal control subjects, the ACTH response to exogenous CRF is blunted in depression 

but not in mania. During acute depressive episode, both cortisol concentrations at 16:00 

hours after dexamethasone (previous night 23:00 hrs), and cortisol release after subsequent 

infusion o f CRH, were significantly elevated in depressed BPAD patients compared with 

UPD and with control subjects (Schmider et al, 1995; Rybakowski and Twardowska, 

1999), W hile the mechanisms for these alterations in the HPA axis o f patients with 

affective disorders arc unknown, glucocorticoid receptor dysfunction has been one 

mechanism proposed (Pariante and Miller, 2001; Watson and Young, 2002), However, 

although polymorphisms o f the glucocorticoid receptor gene exist, no specific variant has 

been linked to either glucocorticoid resistance or major depression (Koper et al, 1997), 

Nevertheless, the existence o f reduced HPA axis suppression by dexamethasone in first- 

degree relatives o f  depressed individuals suggests that altered feedback inhibition may 

represent a genetic (trait) vulnerability to the depressive disorders (Modell et al, 1998, see 

section 1,4,2,5),

1.3 Epidemiology o f bipolar disorder

1.3.1 F am iliality

1.3.1.1 Rates o f disease

Narrowly defined BPI phenotype has a lifetime population prevalence o f approximately 

0,5 to 1%, with no evidence that rates vary widely among different demographics (Robins 

et al, 1984; Craddock and Jones, 2001), The annual incidence o f  bipolar disorder is 0,009% 

and 0,0096% for males and females respectively (Bebbington and Ramana, 1995), with a 

mean age o f onset around 21 years o f age (Smith and Weissman, 1992), Bipolar illness is 

associated with high morbidity and mental health service utilisation, with an estimated €2.8 

billion cost to society in the UK alone (Das Gupta and Guest, 2002). The suicide rate 

among subjects is 1.5% for the first 10 years subsequent to diagnosis (Sharma and Markar, 

1994), with approximately 15% o f  patients eventually dying by suicide (Guze and Robins, 

1970; WHO, 2001).
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1.3.1.2 Birth Cohort effect

A change in the rate o f mood disorder in successive birth cohorts has been described in 

some studies (Robins et al. 1984; Rice et al. 1987), although the effect has been less clearly 

demonstrated in bipolar disorder than in unipolar illness (Klerman, 1988). Gershon et al. 

(1987), in a study o f first degree relatives o f bipolar probands, reported approximately 

twice the lifetime risk o f affective disorders in relatives bom after 1940 compared with 

those bom before this date. Theories to explain this finding include poor diet and extreme 

environmental stressors during World War II. However, this cohort effect is by no means a 

universal finding (Pauls et al. 1992) and may simply be an artefact o f  methodology 

(Giuffra and Risch, 1994). The important potential contributors to such an artefact include 

an increased willingness o f younger subjects to report episodes o f  mood disturbance and 

increased forgetfulness o f past episodes in older subjects.

1.3.1.3 Age A t Onset

The age at onset (AAO) o f  bipolar disorder is variable, with peak AAO from late teens to 

early-to-mid twenties. Approximately half o f all cases have AAO below 30 years, and 90% 

o f  patients with bipolar disorder present before the age o f 50 (Goodwin and Jamison, 

1990). This puts limitations on genetic analysis. Subjects below the age o f 30 remain at 

substantial risk o f developing the disorder, and hence information about genetic risk tends 

to be incomplete. Analyses that use AAO as a quantitative phenotype are presented later in 

this thesis (Chapter 7).

1.3.1.4 Familiality

In the case o f Mendelian diseases, where each mutation is both necessary and sufficient to 

produce a disease phenotype, detection across family studies is, by m odem  standards, 

relatively routine. In contrast to this, complex genetic disorders are not inherited in clearly 

identifiable M endelian pattems. An examination o f the affection rates o f  individuals 

related to a proband can help in the development o f  a model for a mode o f  transmission 

appropriate to the disorder (Risch, 1990b) (see segregation analysis, section 1.3.5).

Prior to such an analysis, data assessing the familial nature o f BPAD are required. The first 

family studies in BPAD were conducted from 1929 to 1954 (i.e. prior to Angst, (1966) and 

Perris, (1966) introducing the nosological distinction between bipolar/unipolar). In these 

studies the risk to siblings ranged from 2.7% to 23% with a mean o f 10.9% (Tsuang and 

Faraone, 1990). Each o f the studies found relatives o f  probands with mood disorder to be
14



at a greater risk for manic-depressive psychosis than the -0 .7%  general population risk 

reported by early epidemiological studies. However, over the last 30 years numerous 

studies have been completed which use modem diagnostic tools such as DSM-IV or ICD- 

10. Data, collated by Craddock and Jones, (1999), have shown that throughout 21 such 

studies, each has consistently found a measure o f lifetime risk o f bipolar disorder higher 

than 1 in the first degree relatives o f a bipolar disorder proband. The relative risk (ks), used 

to measure the familial aggregation o f disorder, is defined as the ratio o f risk o f bipolar 

disorder m first degree relatives o f bipolar probands to the risk in first degree relatives o f 

controls or, for studies that did not include controls, to an assumed general population 

baseline risk o f 1%. Using eight o f the studies that included their own control groups, a 

meta-analysis showed no evidence o f heterogeneity between the studies and provided an 

overall estimate o f the risk in first degree relatives o f  BPl probands o f 7 percent (Cl 5-10 

percent; Craddock and Jones, 1999). Thus, observing values consistently in excess o f  equal 

risk (i.e. relative risk o f 1) provides evidence o f familial aggregation o f  bipolar disorder. 

However, such family data do not prove that bipolar disorder is genetic, merely that it is 

familial.

J.3.2 Adoption Studies

Although family studies clearly demonstrate a familial component to BPAD, they cannot 

distinguish the proportions attributable to genetic and environmental factors. An adoption 

study design facilitates evaluation o f the role o f  genetic factors in bipolar affective 

disorder, independent o f influence attributable to family environment. A comparison can 

be made between prevalence o f a trait in biological relatives separated through adoption, 

and that o f their adoptive relatives. Adoption studies employ two distinct designs, each of 

which has their associated advantages and shortcomings. There is the “adoptees’ families” 

approach (Ingraham and Kety, 2000) where adopted probands are studied relative to their 

two families. Alternatively, the “high-risk adoptees” approach studies the adopted-away 

offspring o f an affected parent. Should an increase in disease in biological over adoptive 

parents be observed or, in the latter study design, a disease increase be observed in adopted 

individuals, this would suggest a disease predisposition that is not attributable to 

environmental factors (or prenatal ‘environment’ o f the womb). Although this study design 

attempts to control the environmental component, it should be noted that modem adoption 

agencies endeavour to match the socioeconomic backgrounds in the adoptive process 

thereby biasing estimates o f environmental effects (Gelder, 1991).
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There are a hmited number o f studies in bipolar affective disorder that use the adoption 

strategy in parsing the genetic versus environmental contributions to transmission o f  the 

disorder. The first study by Mendlewicz and Rainer, (1977) investigated prevalence o f 

mood disorder in biological and adoptive parents o f 29 bipolar and 22 normal adoptees. 

They also tested biological parents o f 31 affected non-adoptees. Evidence shows the 

biological parents o f probands to have an 31% prevalence o f  affective disorder (a 

prevalence level similar to that o f  the parents o f the affected non-adoptees), whereas 

significantly the adoptive parents were found to have 12% prevalence. This study also 

included, as a control for environment, a sample o f parents o f probands that had contracted 

poliomyelitis. The group was included to control for the effect on parents o f  raising a 

disabled child (Mendlewicz and Rainer, 1977). (The control study indicated the degree of 

psychopathology in these parents to be within the same range as in the group o f  adoptive 

parents). This can be taken as evidence implicating strong genetic, as distinct from 

environmental roles, for inheritance in bipolar disorder. The study preformed by Cadoret, 

(1978) used the offspring of psychiatrically affected and unaffected parents to further 

demonstrate the genetic component o f affective disorder. Adopted-away offspring of 

affectively ill biological parents were shown to have an excess incidence o f affective 

disorder.

The Swedish study o f von Knorring et al. (1983) found no significant difference in rates o f 

affective illness between any o f the groupings that they studied. Although this is in total 

contrast to other studies preformed thus far, there is, however, the suggestion that since 

diagnoses o f depression were based on indirect sources there may be an underestimate of 

the true prevalence. Wender et al. (1986), using an adoptee-as-proband approach, observed 

a genetic contribution to mood disorder. Although findings are based on a small sample set 

of only ten bipolar subjects, a trend o f increased incidence o f bipolar disorder in biological 

relatives o f probands was found. Indeed, Wender et al. (1986) found an increased risk of 

suicide (15 fold), coupled with an eight-fold increase o f unipolar depression, amongst 

biological relatives o f probands when compared to their adoptive relatives and that o f 

matched controls.

1.3.3 Twin studies

The aim of these studies is to provide an estimate o f trait concordance using identical or 

monozygotic (MZ) twins who share 100% o f their genes, and fraternal or dizygotic (DZ) 

twins who share 50% o f their genes. The underlying assumption is that both MZ or DZ
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twins share a relatively common environment. Twin studies typically examine the trait 

concordance rates between MZ and DZ pairs, where one o f the pairs is selected as the 

proband. Since MZ twins are genetically homogeneous, environmental influences should 

be responsible for trait differences between them. On the other hand, DZ twins are not 

genetically identical to one another, with differences within a twin pair possibly due to 

environmental and/or genetic factors. For an autosomal dominant M endelian trait, MZ 

twins would be expected to show 100% trait concordance, whereas DZ twins would be 

expected to show, on average, -50%  concordance rates (-25%  for autosomal recessive). 

However, if  a trait is purely a function o f  the shared environment, then trait concordance 

rates should, on average, be the same for either group.

Reference Diagnosis MZ
pairs

MZ
concordance

(%)

DZ
pairs

DZ
concordance

(%)
Luxenburger, (1928; 1930) Bipolar 4 75 13 0
Rosanoff et al. 1935) Bipolar 23 70 67 16
Kallmann, (1953) Bipolar 27 96 58 26
Slater, (1953) Bipolar 3 67 13 23
Da Fonseca, (1959) BP-t-UP 21 71 39 38
Haivald and Hauge (1965) Bipolar 15 67 40 5
‘ Kringlen, (1967)® Bipolar 6 33 20 0
PoUin etal. (1969) BP-^UP 24 4 58 0
*Allen et al. (1974) Bipolar 5 20 15 0
‘Bertelsen et al. (1977) Bipolar 34 62 37 8
’Torgersen, (1986)® Bipolar 4 75 6 0
*Kendler et al. (1993e) Bipolar 13 38.5 22 4.5
*Cardno et al. (1999) Bipolar 22 36.4 27 7.4
‘McGuffin et al. (2003) Bipolar 30 40 37 5.4

Table 1.3. Twin studies o f bipolar disorder showing pairwise concordance rates (not age-corrected) for 
monozygotic (MZ) and dizygotic (DZ) twins. ®Possible sample overlap. ‘Modern concept o f bipolar 
disorder used. [Adapted fiom Allen, (1976) and Craddock and Jones, (1999)]

A summary o f the concordance/discordance rates repotted from thirteen twin studies are 

outlined in table 1.3. Despite differences in ascertainment and diagnostic methods, twin 

studies o f bipolar disorder are consistent in observing greater concordance amongst MZ 

twins than DZ twins. Craddock and Jones, (1999) have estimated a proband-wise MZ 

concordance for narrowly defined bipolar disorder o f 50% (95% confidence intervals 40%- 

60%). This estimate was obtained through pooling the data from studies using the modem 

concept o f bipolar disorder (see table 1.3). However, since some o f these studies used 

questionnaire or assessments based on hospital notes, it is likely that this represents an 

underestimate o f the true concordance. Craddock and Jones, (1999) suggested true levels
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may be closer to those o f Bertelsen et al. (1977). Nevertheless, MZ concordance rates are 

less than 100%. Incomplete phenotypic concordance such as is observed provides evidence 

that non-genetic influences play an important role in determining the expression o f bipolar 

disorder.

1.3.4 Heritability

Twin data can also be used to make estimates o f the heritability o f a disorder. Heritability 

is a measure o f the extent to which genetic factors are responsible for influencing the 

phenotypic variability o f a trait in a population. There are two different measures, both 

often referred to as heritability. The first, the broad sense heritability, is the proportion of 

the total phenotypic variance accounted for by all genetic components (i.e. additive, 

dominance and epitasis). The second, or narrow sense heritability, is the proportion o f the 

phenotypic variance accounted for by the additive genetic component alone.

Heritability in the broad sense {h^) is defined as the ratio o f the genetic and phenotypic 

vanances.

Where Vg is defined as the variance m phenotype that is attributable only to genetic 

influences. Vp is defined as the sum of the variances attributable to both genetic (V^) and 

environmental (Ve).

Partitioning the phenotypic variability in this way assum es that the genetic and 

environmental components o f  a trait are statistically independent. Thus a heritability 

tending towards zero indicates no genetic variability, whereas a o f  1 is indicative o f a 

trait that is independent o f environmental influences (for the sample being considered).

Estimates for the heritability o f BPAD range from 59% to 87% as outlined for selected 

studies in table 1.4
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Study Heritability

Bertelsen et al. (1977) 0.59

Tsuang and Faraone, (1990/ 0.63

Kendler et al. (1995) 0.79

Cardno et al. (1999) 0.87

McGuffin et al. (2003) 0.85

Table 1.4: Estimates for heritability for bipolar disorder from studies where numbers o f MZ twins are 
greater tlian 20 and tliat use a modern defmition of BPAD (^composite phenotype o f  mood disorder 
used; estimate based on data from studies conducted between 1928 and 1986).

Kendler et al. (1995) used a best-fitting model in which they found no significant 

contribution from shared family environment to the liability o f BPAD. The most recent 

study o f McGuffm et al. (2003) has estimated heritability rates in excess o f 80% (lower 

confidence limit o f more than 70%). This level o f heritability was reported whether a broad 

or narrow diagnostic perspective was taken, thereby allowing this group to report BPAD to 

be substantially heritable. However, given the sample sizes involved in this study, the fact 

that they did not find any evidence o f common environmental effects is not conclusive 

evidence that such effects do not exist. McGuffm et al. (2003) further report the genetic 

influence on liability to m ania (-71% ), to be distinct from the genetic liability to 

depression.

The results o f biometric modelling suggest (with varying degrees o f  heritability estimates) 

that genetic factors are predominantly responsible for familial aggregation, and provide 

little suggestion that shared family environment plays a major role. Data is consistent in 

reporting estimates o f heritability less than 100%, suggesting that while genetic liability is 

strongly implicated, there is also an environmental influence to be considered.

1.3.5 Segregation analysis

Once a trait has demonstrated a familial aggregation with a probable genetic aetiology, 

segregation analysis can be used to evaluate the mode o f transmission o f  the genetic 

component. As a precursor to such analysis, the sibling relative risk can be used to 

give an indication o f the plausible mode o f transmission. For example, if  q is the disease 

population prevalence (~1% for bipolar disorder; see section 1.3.1.4) then the Xs is 

expected to be approximately \!2q, \!Aq and \! -yjq under the assumption o f a dominant, 

recessive and a multifactorial mode of inheritance, respectively (Emory, 1986).
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Segregation analysis, using com plex m athem atical m odelling , aim s to determ ine the 

transm ission pattern o f  a trait based on its observed d istribution w ithin fam ilies. For 

exam ple, i f  a  single m ajor locus (SM L) is the underlying cause o f  the trait (i.e. necessary 

and sufficient for causing the trait), then segregation analysis tries to identify the particular 

M endelian model that determ ines the transm ission o f  the trait. For disorders thought to be 

genetically  com plex, segregation analysis is used to dem onstrate the incom patibility o f  

observed data with the SM L model, and attem pts to fit observed familial data with models 

that describe m ultifactorial/oligogenic modes o f  transm ission with genes o f  varying effect 

sizes (>ts). The genetic models that are usually tested in segregation analysis include both 

SML and multifactorial (m ultiplicative, additive) models.

W here this type o f  analysis is used in studying bipolar disorder there have been a  variety o f 

conclusions drawn. Craddock et al. (1995b) have review ed the literature with respect to 

epidem iological, family and twin studies o f  bipolar disorder, adjusting for m ethodological 

differences. The results and their likely values are tabulated below (see table 1.5).

Lifetime Risk for relative Lifetime Risk (Range) % Most likely

Monozygotic Twin 45 - 7 5 60

Sibling 4 . 5 - 9 7

Parent/Offspring 4 . 5 - 9 7

Population 0.5 - 1.5 1

Table 1.5: Estimates o f relative risk for bipolar disorder [Adapted from Craddock et al. (1995b)]

The risk ratio (X) has been defined by Risch, (1990b) in term s o f  additive genetic variance 

(Va), dom inance variance (V d) and recurrence risk com ponents. Specifically , >ir, the 

relative risk o f  relative R ,  is the ratio o f  the recurrence risk o f  relative o f  an affected 

individual to the recurrence risk o f  the general population. W hen the sibling relative risk is 

not higher than that o f  the offspring {ks=Xo=T, see table 1.5), there is no evidence for a 

dom inance variance com ponent for the disease (Risch, 1990b). Therefore, according to the 

single locus model derived by Risch, (1990b), a risk to m onozygotic tw ins (Xmz) o f  13 is 

predicted. Using the approxim ation described earlier, a Xmz o f  19 is predicted, based on 

population prevalence o f  1%, which estim ates Xs=10 (Emory, 1986). Such values are not 

in keeping with the observed Xmz o f  -6 0  (see table 1.5). On the basis o f  data described in 

table 1.5, this m odel contradicts the findings o f  o ther authors who suggest a SML model
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fits familial transmission data (Gershon et al. 1976; O'Rourke et al. 1983; Nelson et al. 

1995; Spence et al. 1995).

Models that specify a multilocus model with a single locus with a Xs value o f 3.0 and with 

all remaining loci o f small effect, or models with 2 or 3 loci with Xs values o f 2.0, and all 

remaining loci o f small effect, appear to be the most consistent with the observed familial 

data (Risch, 1990b). This is a view supported by Craddock et al. (1995b), who suggest a 

multiplicative model, involving three or more loci is consistent with the observed data, 

representing plausible models for the inheritance o f bipolar disorder.

1.3.6 Considerations o f Phenotypic Subtypes o f the Bipolar Spectrum

In the absence o f  a clear understanding o f the biology o f  psychiatric illnesses the most 

appropriate boundaries between the subtypes o f affective disorders and between affective 

disorders and other psychiatric conditions remain unclear. Diagnostic tools such as DSM- 

IV, ICD-10 and Research diagnostic criteria (RDC; Spitzer et al. 1978) are used to describe 

what is known as the ‘bipolar spectrum’. This term describes the progression in symptom 

severity and impairment o f patients. It follows, broadly speaking, the following hierarchy: 

BPI -  BPII -  Cyclothymia -  Affective personalities (Akiskal, 1983). However, the 

fundamental flaw with this quantitative spectrum model is that it omits a number of 

diagnostic groups (section 1.3.6.1, 1.3.6.3, 1.3.6.4) that are reported in the families and co

twins o f bipolar patients.

I.3.6.1 Unipolar Depression (UPD)

The occurrence o f an episode o f mania at some time in the course o f illness is a DSM-IV 

nosological distinction between bipolar and unipolar disorder (also commonly known as 

unipolar major depression or recurrent unipolar depression). Angst, (1966) found that 

relatives o f probands with unipolar illness were at increased risk o f  unipolar disorder, 

however among relatives o f bipolar probands there was an excess o f both unipolar and 

bipolar disorders. A review of 12 family studies by McGuffin and Katz, (1986) reported 

wide scale replication o f this pattern. The average risk of bipolar and unipolar illness in the 

first degree relatives o f bipolar probands was estimated to be -7 %  (see table 1.4) and

I I . 4% respectively (estimated by Smoller and Finn, (2003) to be 8.7% and 14.1% 

respectively); whereas the familial risk in relatives o f unipolar probands was 0.6% for 

bipolar and 9.1% for unipolar disorder (McGuffm and Katz, 1986). The observation that 

the risk for bipolar disorder is no different to the general population has been widely
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reported (Gershon and Liebowitz, 1975; Angst et al. 1980; Gershon et al. 1982; Coryell et 

al. 1984; Weissman et al. 1984; Andreasen et al. 1987a; Rice et al. 1987). This body of 

data has, when compared with the population risks o f ~3% for unipolar disorder (Sturt et 

al. 1984) and 0.5 - 1% for bipolar disorder (Craddock and Jones, 1999), lead to the 

suggestion that bipolar affective disorder is a more severe disorder than unipolar 

depression (McGuffin and Katz, 1986) and, that unipolar relatives o f bipolar probands 

have a more genetic form o f the illness (Blacker et al. 1993; Blacker et al. 1996). In fact 

between 33-66% o f cases with unipolar depression in relatives o f a bipolar individual can 

be considered to be ‘genetically bipolar’, as they share a common susceptibility with the 

bipolar form o f  the affective illness (Blacker et al. 1993). Blacker et al. (1996) has found 

that these patients are more readily identifiable through the use o f modified RDC criteria, 

typically presenting with later A AO, higher measures of both incapacity and psychoticism.

1.3.6.2 B ipolar II

BPII disorder is found with increased frequency in the families o f BPI probands compared 

to the general population (Gershon et al. 1982; Rice et al. 1987; Heun and Maier 1993). 

However, as mentioned in section 1.1.3 the diagnosis o f BPII can be complicated when 

appraising the extent o f the hypomanic episodes, especially at thresholds levels. Risks of 

BPII disorder have tended to be highest between relatives o f BPII probands as opposed to 

probands with either BPI or UPD (Gershon et al. 1982 Coryell et al. 1984; Endicott et al. 

1985; Andreasen et al. 1987a; Heun and Maier, 1993; Simpson et al. 1993). However, the 

observation that familial risks o f UPD are comparable across these proband groups and (in 

some reports) that risk o f BPI is also elevated in relatives o f BPII probands, lead to the 

suggestion that these affective disorders are not entirely aetiologically distinct (Gershon et 

al. 1982, Andreasen et al. 1987a; Rice et al. 1987; Heun and Maier, 1993). Indeed, some 

authors argue for the status o f BPII as a separate disorder (Coryell et al. 1989; Strober, 

1992; Coryell, 1996). However, it seems likely that BPII is a heterogeneous entity in which 

some cases are more closely related to BPI, some to UPD, yet others may represent a 

genetically distinct disorder that breeds true (Blacker and Tsuang, 1992; Heun and Maier, 

1993; Coryell, 1996).

1.3.6.3 R apid  Cycling B ipolar disorder

Currently accepted (DSM-IV) specifiers or course modifiers that further describe bipolar 

disorder include a variety o f distinctive symptomatic or temporal features. These include 

the degree o f severity (or remission) o f the current or most recent manic, mixed, or major
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depressive episode; existence o f psychotic, melancholic, or atypical features; association 

with a recent childbirth; and others. Among these, the condition o f  ‘rapid cycling’ BPAD, 

has been identified in some studies (Bauer et al. 1990; Coryell et al. 1992; Bauer et al, 

1994), These studies have shown 10% to 15% of patients diagnosed with BPI or BPII 

disorder have cycle lengths o f short duration, typically experiencing 4 or more cycles per 

annum (versus the more typical temporal pattern o f 4 episodes in 10 years). However this 

is not a universal finding (Numberger et al. 1988, Wehr et al. 1988). This rapid cycle is 

more common in females and can be induced by a variety o f m edications including 

anti depressants. Whether there is a long-term morbidity risk associated with rapid cycling, 

as is seen in the short term, remains to be fully evaluated (Maj et al. 1999).

1.3.6.4 Schizoaffective disorder

At the psychotic end o f the spectrum, patients present with a composite illness known as 

schizoaffective disorder. The diagnostic criteria for schizoaffective disorder, as defined by 

DSM-IV, require concurrent schizophrenic and full affective disorder symptoms, with 

hallucinations or delusions (psychotic symptoms) for a period o f at least a fortnight. These 

must occur in the absence o f prominent mood symptoms, with schizophrenia and organic 

aetiology as exclusion criteria. There are two forms, manic (SA-BP) and depressive (SA- 

UP) type schizoaffective disorder which have been separated by family study (Andreasen 

et al. 1987b). Family studies preformed by Gershon et al. (1982) show that relatives of 

schizoaffective probands are at increased risk o f both BPAD and to a lesser degree, 

schizophrenia. Zerbin-Riidin, (1988) has described schizoaffective disorder having a 

genetic component at least as large as that o f BPI. In a review o f familial evidence from 

twin, family and adoption studies, Bertelsen and Gottesman, (1995) suggest neither a 

continuum between the functional psychoses o f schizophrenia and BPAD (Crow, 1986), 

nor the co-occurrence o f both schizophrenia and affective disorder in these patients, could 

be responsible for the observed data. Indications are that first degree relatives o f 

schizoaffective probands have a significantly higher risk o f developing either BPAD or 

schizophrenia, rather than schizoaffective disorder, w hereas elevated rates o f 

schizoaffective disorders have been documented in relatives o f both bipolar (Baron et al. 

1982; Gershon et al. 1982; Maier et al. 1993) and schizophrenic probands (Gershon et al. 

1988; Kendler et al. 1993b; M aier et al. 1993). However, these studies are limited by 

sample sizes.
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The mam difficulty in defining the bipolar spectrum phenotype is that it attempts to deal 

with a combination o f quantitative and qualitative symptoms. Kelsoe, (2003) describes the 

continuum o f  BPAD as less o f a one dimensional spectrum than a ‘multidimensional 

space’. Within this ‘space’ it is proposed that there is room for “quantitative relatedness 

among qualitatively different features o f illness”, a theory that is supported by the actual 

phenotype seen in families. This difficulty in defining the most accurate phenotype not 

only makes clinical diagnosis complex (Akiskal and Pinto, 1999), but also is difficult for 

the molecular genetic mapping o f disease genes (Craddock and Jones, 2001). A common 

method used to resolve these issues is the use o f different diagnostic models in genetic 

studies (Blacker et al. 1993; Craddock and Jones, 1999, see chapter 3; section 3.2 and table 

3.1).

1.4 Linkage Statistics

Introduction

In linkage analysis coseggregation o f two genetic loci is examined in a family to determine 

whether they segregate independently (in accordance with M endel’s law) or tend to be 

inherited together, violating M endel’s law. Owing to the inverse relationship between 

physical distance between loci and probability o f recombination between them, alleles 

located in close physical proximity on the same chrom osom e, in the absence o f 

recombination events, will be inherited together. To carry out linkage analysis, it is 

hypothesised that a genetic polymorphism (Vogel and Motulsky, 1986), o f unknown 

location, is responsible for some phenotypic variation. Through the phenotypic and 

m olecular observances and violations (from genotypic data) o f  M endel’s law of 

independent assortment, attempts are then made to locate or ‘m ap’ this disease locus 

relative to known genetic loci using linkage analysis. Given the low probability o f 

recombination events over a single generation it is possible to screen the entire human 

genome for linkage using a set o f widely spaced highly polymorphic molecular markers.

1.4.1 LOD score method

Morton, (1955), recognising that the typical method o f sampling families was in fact 

sequential, proposed the use o f sequential test procedures in linkage analysis between two 

loci. By applying the sequential probability ratio test which proposes accumulating data 

until a stopping criterion is met (Wald, 1947), a ratio o f  the null hypothesis o f 

recombination fraction (9) equal to 0.5 and the alternative hypothesis o f 0 < 0.5 was used
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to test for linkage at a particular locus. The sequential sampling should continue until to the 

following criteria are met:

Z , < Z ( d ) < Z o \ Z o - - 2 , ,  Z/ = -2 

W here Z(d) is the lod  or lod  score defined by Barnard, (1949) as the logio normalised 

likelihood ratio Z(6)=logio[L(6i)/L(do)J summed over all pedigrees in the sample (at 

similar 0). When Z(6) is equal to or greater than the upper bound, Z{6)=3 the hypothesis o f 

free recombination is rejected; w'hereas if the Z(6) is less than the low'er bound o f  -2, the 

hypothesis o f  free recombination (i.e. the absence o f  linkage) is accepted. This log- 

likelihood approach, calculated at set values o f 0, allows the summation o f  linkage 

evidence from sequentially sampled pedigrees (assuming homogeneity). The probability or 

likelihood o f the data given the null hypothesis (0 = 0.5), and the altemative hypothesis 

(0.5 > 0 > 0) can be calculated from the number o f observed recombinant ( r )  and parental, 

or non-recombinant (n r )  offspring, where

2(0 ) = log,,
L { da t a \ 0 . 5>e >0)  

L{data I e = 0,5)
= logi,

(0.5)" (0.5)"'"'

This likelihood calculation can be extended to deal with situations where phase-unknown 

pedigrees are included in the sample set.

Z(0) = log„

/
1 ( 0 ^ ( 1 - e ) ' " '  ^ 1
2

V i(0.5)''(0.5)'"'J 2 i(0.5)""(0.5)''JJ

In both equations above the assumption o f equal recombination for both sexes is made, 

though differences are well documented. The maximum lod score, Zmax or Z serves as a 

measure for the weight o f the data in favour o f the hypothesis o f  linkage. Increasingly 

positive estimates o f Zmca are indicative o f stronger likelihood o f linkage (i.e. Z^ax as an 

index o f 10 as to odds o f linkage). It is quoted along with the corresponding estimate o f the 

recombination fraction.

The criteria established by Morton, (1955) are used to determine the threshold necessary to 

convey significant evidence o f linkage. For autosomal chromosomes this corresponds to 

Zmax greater than or equal to 3 (>2 for X-chromosome). These criteria are based on the 

probabilities o f type I  (a )  and type II  ((3) errors. W here a  refers to the probability o f
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concluding that there is linkage when in fact there is not (i.e. rejection o f the true null 

hypothesis -  a false positive result); and p refers to erroneously accepting the null 

hypothesis and concluding no linkage.

Declaring a linkage result to be significant when the cumulative Z(6) evidence exceeds 3, 

amounts to carrying out a likelihood ratio test with a fixed sample size. However, this is 

conceptually quite different to the sequential test procedure (Ott, 1999). The distribution of 

the statistic is asymptotically distributed under the null hypothesis as with degrees of 

freedom equal to the number of parameters maximised (usually 0), and is one tailed, as 0 is 

only tested to be equal to or less than 0.5:

p(Z)=0.5(x '>(21nl0)xZ)

It may therefore be shown that a lod score of 3 corresponds to a nominal p-value o f 0.0001, 

which in Bayesian terms translates to a posterior probability of 20:1 in favour of linkage 

(i.e. p-value of 0.05; see chapter 3, section 3.4.1 for more detail). The lod score method is, 

under the correct parameters, the most powerful statistic for measuring linkage in 

sequentially tested pedigrees. However, when the parameters are misspecified (i.e. 

penetrance, heterogeneity, allele frequencies) estimates of the Zmax will tend to be biased. 

For instance, when full penetrance is assumed while in fact it is incomplete, the expected 

maximum lod score is somewhat smaller than when incomplete penetrance is properly 

incorporated into the analysis (Ott, 1999). This can be extended to situations where the 

observed penetrance is less than 100%, although the incorrect penetrances have been 

assigned (Clerget-Darpoux et al. 1986). However, it has been shown that if  there is 

sufficient latitude in parameter estimates, then the effects of model misspecification can be 

limited (Dumer et al. 1999). This requires a balance between the levels of multiple testing 

and information gained from such tests. In the case o f disease like BPAD, the genetic 

parameters are unknown and must be estimated.

1.4.2 Model free Methods

1.4.2.1 Affected sibling pair method

When dealing with parametric (lod score) linkage analysis, mode of inheritance of the loci 

must be specified exactly. However, model free or “non-parametric” analysis does not 

require this specification, and can test for linkage without making assumptions as to the 

mode of inheritance of a trait being studied. Central to non-parametric tests for linkage are
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the assessment o f  the sharing characteristics that exist between affected relative pairs. 

Deviations from the expected levels o f allele sharing between affected members at genetic 

loci can provide a measure o f linkage between a polymorphic marker and a trait.

The affected sibling pair (ASP) method o f Penrose, (1935) is based on the relative 

frequencies o f pairs o f siblings concordant or discordant for two traits whose linkage is to 

be investigated. Since this method did not use information from parental phenotypes, much 

o f the data collected was uninformative. Nevertheless, this method is credited with 

detecting the first autosomal linkage in humans; that between Lutheran and Secretor blood 

groups (Mohr, 1954).

Current ASP methods are based on the hypothesis that if  a marker locus is closely linked to 

a disease locus, then, when the disease locus is transmitted, so too is the marker locus. 

Thus, attention is focused on the offspring that are presumed to receive the disease locus 

(i.e. affected offspring). This approach avoids the problems inherent o f  incomplete 

penetrances, but is limited by the assumption that phenocopies are not contributing factors 

to the affected phenotype. The relevant observation in these methods is how frequently two 

affected offspring share the same parental marker allele(s) -  such copies are said to be 

identical by descent (IBD) see figure 1.3 below. Other, less powerful methods are based on 

sharing o f alleles between affected siblings identical by state (IBS). Such sharing describes 

the situation were sibs share the same allele, but not known to be inherited from the same 

parent. Alleles that are IBD are always IBS, however the opposite does not hold.

2 / 4  2 /1 /  3
0 1 1 2  Alleles shared

25% 50% 25% Probability

Figure 1.3. : Identity by Descent shaiing probabilities. Nuclear family with an ASP showing IBD- 
sharing possibilities for a marker where all four parental alleles, denoted as 1,2,3 and 4 can be 
distinguished. By fixing tlie genotype o f tlie first sibling (1 /3 ) and by listing the otlier sibling’s possible 
genotypes (2 /4 , 2 /3 , 1/4, and 1/3), it can be seen that, under Mendelian inheritance (i.e. null 
hypothesis), siblings are expected to share zero, one, and two alleles with a probability o f  25%, 50% and 
25%, respectively.
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In a situation were there exists a sufficiently polym orphic m arker that parents show four 

d ifferent m arker alleles (figure 1.3), the num ber o f  alleles that are shared betw een the 

offsprm g can be 0, 1 or 2. I f  the M endelian laws o f  inheritance are observed then the sibs 

will share these alleles in the expected proportion o f  1 : 2 : 1 (see table 1.6). However, if  

the m arker is close to a disease causing gene, then either one o r both o f  the parents 

presum ably have the disease allele syntenic with one o f  the m arker alleles, which is then 

likely passed on to the affected offspring. Thus, in a linkage situation such as this, one 

would expect a deviation towards higher proportions o f  allele sharing IBD.

Pair type 0

Alleles Shared IBD 

1 2

Monozygotic twins 0 0 100

Siblings 25 50 25

Parent-child 0 100 0

Grandparent-grand child 50 50 0

Half-siblings 50 50 0

Uncle-nephew etc. 50 50 0

Cousins 75 25 0

Table 1.6: Expected percentage o f affected pairs sharing 0, 1 and 2 alleles Identical by Descent (IBD) at 
a marker locus under die null hypothesis o f no linkage.

The linkage test, denoted the maxim um  lod score m ethod (M LS) com pares the probability 

o f the observed genotype data in the affected siblings (or other relative) pairs as a function 

o f  the proportion sharing 0, 1 and 2 alleles IBD (zo, Zj and Z2) w ith the corresponding 

probability o f  the observed m arker data under the null hypothesis o f  linkage (which for 

sibs is Zo= 0.25, Zj = 0.50, 0.25; see table 1.6 for other pair types). In order to m ake this

MLS statistic analogous to param etric analysis, the logio is calculated for the likelihood 

ratio.

For example, in a sam ple o f  100 ASPs w here there is com plete inform ation regarding IBD 

status, if  10 pairs shared zero alleles (Zo=10/100), 50 pairs shared one allele (z/=50/I00), 

and 40 pairs shared two alleles IBD (Z2=40/100), then:

MLS = log
'  0 .r0 .5“0.4^ ^

10 0.25 '“0 .5* 0 .2 5 ^
= logio(15325) = 4.19



1.4.2.2 M a x im isa tio n  o f  IBD sharing p ro b a b ilitie s

It is often the case that unequivocal IBD sharing status o f  siblings cannot be achieved. This 

m ay be due to incom plete pedigree data, as in m any situations the nature o f  the trait (i.e. 

late onset disorders such as Alzheim er's disease or prostate cancer) precludes the collection  

o f  parents. For this reason m ethods that can m ake inferences based on the observed  

sam ple/population  a lle le  frequencies have been d evelop ed . R isch  has d evelop ed  a 

m axim um  likelihood m ethod for situations o f  incom plete marker inheritance data (R isch, 

1990c, R isch, 1990d). This method m axim ises the likelihood o f  incom plete genotype data 

w ith respect to the probabilities o f  sharing zero (Zo), on e (Zj), or tw o (22) a lle les IBD. 

M axim isation o f  observed sharing probabilities is performed by restricting Zj to 0 .5  and Zg ^ 

0 .2 5  (or Z2 ^  0 .25). Since either Zo or is m axim ised, the statistic has the sam e distribution 

under the null hypothesis as does a standard parametric lod score (H olm ans, 1993). The 

restrictions on the a lle le  sharing values represent a m odel w here the total phenotypic  

variance is due to the additive effects o f  differing loci, approximating a m odel o f  genetic  

heterogeneity  a llow in g  for no interaction betw een  loc i (assum es no e ffec ts  due to 

dom inance variance).

1.4.2.3 H olm an's possib le  triangle

The m axim isation o f  the likelihood  ratio by R isch, (1990d ) has been show n to allow  

parameters values that are b iologically  im plausible (Faraway, 1993; H olm ans, 1993). For 

exam ple, the case o f  none o f  the sib-pairs sharing any alleles (i.e. Zo~l) is not com patible 

with any genetic m odel o f  inheritance (in larger samples).

R isch, (1990b) has shown that the maximum likelihood sharing probabilities for zero {Zo), 

one {Zi), or tw o {Z2 ) a lleles can be expressed (as below ) in terms o f  the relative risks to 

m onozygotic tw in (M Z), sibling (S) and offspring (O).



In terms o f population prevalence it can be shown that ‘k o < ‘ks and Xmz> (see table 1.5). 

Therefore, Holmans, (1993) proposed to restrict the maximisations further to the set of 

sharing probabilities compatible with these biologically observed parameters.

The inequalities that define the 'possible triangle ’ are:

Zi + Zjsl, ^  + 2zjsl,

which when plotted (figure 1.4) can be seen to define a triangular region in the zy and 

plane.

2z,=l

0.75

z (0 5 ,0 .5)
2

0.25 (0 .5 ,0 .25)

0.25 0,50 0.75 1.00

Figure 1.4. : Holman's Possible Triangle for possible IBD probabilities. Direction of the inequalities is 
shown by red arrows, area of tlie possible triangle is the included space in tlie z,/z2 plain.

A more powerful test o f linkage can be obtained by restricting the alternative hypothesis to 

this region (Holmans, 1993). This restriction follows a multiplicative (epistatic) model, 

within which allowance has been made for the effects o f one allele at a locus masking the 

effects o f another allele (i,e, dominance variance effects; Nyholt, 2000), thereby modelling 

the inheritance modes o f complex disorders more accurately (Holmans, 1993; Nyholt, 

2000), Maximum likelihood scores obtained in this way have been shown to be mixtures of 

the x \  under the null hypothesis (Holmans, 1993; see chapter 3, section 3,2),

Indeed, Holmans, (1993) has shown that this method has increased power in situations 

where (a ) autosomal dom inant/recessive model applies, ( b ) where the information 

available is incomplete due to low PIC values (see section 1.4.3 below), and (c) at high
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recombination fractions between the disease and marker loci. However, this is offset by the 

reduced power to detect if  the additive model is implicated (i.e. with z, ~  0.5).

1.4.2.4 Exclusion Analysis

When screening the human genome, it should be noted that the absence o f  linkage can be 

useful in narrowing the regions o f the genome that may possibly contain a susceptibility 

locus. Classically, values o f 6 between a disease and a marker locus are considered 

excluded (or perhaps more accurately termed highly improbable) if  the lod score is less 

than or equal to -2, corresponding to a likelihood ratio o f 100:1 (or more) against linkage. 

This methodology extends to multipoint analyses, in which negative linkage data can 

extend across large tracts o f chromosome for closely spaced markers, in the absence o f a 

disease locus. An alternative approach adopted by Edwards, (1987) uses a Bayesian 

approach whereby the exclusion o f one genetic region increases the probability o f a disease 

locus being present in other regions. This method is restricted to single gene disorders, (or 

disorders with a small number o f loci). Initially, an assumption is made that the disease has 

equal probability o f  being in any interval o f a given size. Each linkage analysis then 

modifies this prior probability, resulting in a posterior probability o f disease location. 

Kainulamen et al. (1990) successful used this application o f exclusion mapping with 

Marfan syndrome. Another approach to exclusion mapping is through the use the Risch, 

(1990c) lod score statistic (Kruglyak and Lander, 1995). This approach tests a specific 

hypothesis concerning the degree o f allele sharing at each location in the genome (see 

chapter 3, section 3.3.6).

The use o f  such tests, however (irrespective o f  their m ethodology) are open to 

misinterpretation (Terwilliger and Ott, 1994; Guo, 2002). Careful consideration as to what 

exactly is being excluded and the assumptions made by these methods is required before 

firm exclusions o f genomic regions can be made (Guo, 2002). The increased possibility o f 

falsely excluding the location o f a susceptibility gene o f small effect should be cause for 

extreme caution in the interpretation o f data generated by exclusion analyses,

1.4.2.5 Quantitative Traits

A quantitative trait is a phenotype with a continuous (rather than a discrete) distribution. 

The normal, or a log normalised distribution, is a typical example o f such a distribution. 

For quantitative traits, an individual is no longer classified as affected or not affected, but 

by the specific value o f some trait measure that is continuously variable in the population.
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Examples o f such measured traits include the levels o f cholesterol in the blood, blood 

pressure, height, the age o f onset o f a trait or the rating on a dimension scale.

Haseman and Elston, (1972) derived a method to analyse linkage to genetic loci assumed 

to underly quantitative traits is based on the regression o f  the square o f  the sib-pair trait 

differences on their estimated correlation at a specific marker locus. The hypothesis that 

siblmgs who share more alleles at a locus affecting the trait should be phenotypically more 

similar than siblings that share fewer alleles can be tested using Haseman-Elston approach, 

or variations thereof. Such linkage to quantitative trait loci (QTL) in sibling pairs is based 

on the premise that greater sharing o f genetic marker alleles identical by descent (IBD) 

should correlate with smaller intra-pair phenotypic differences at a locus that influences the 

phenotype. Originally the Haseman-Elston (HE) approach required IBD status at the 

marker locus to be determined with certainty, however the m ethod has since been 

generalised to incorporate estimates o f the proportion o f alleles shared using maximum 

likelihood methods. Amos et al. (1989) proposed the use o f a weighted-least-square (WLS) 

approach to compensate for the failure o f the square o f the trait differences to be constant 

for each value o f IBD sharing when linkage is present. This variation is a property’ that 

violates the assumptions made m the HE approach. Using the WLS approach has lead to an 

increase in the power o f this QTL detection method. Kruglyak and Lander, (1995) have 

described an approach that does not make any assumptions as to the underlying phenotypic 

distribution (i.e. normal distribution is assumed in the HE analysis and in maximum 

likelihood variance estimation) in a ‘Non-parametric’ QTL analysis. In this analysis the sib 

pairs are first ranked according to the absolute value o f the phenotypic difference, then for 

each locus a QTL statistic based on the IBD is generated. This Non-parametric method is 

robust to both the violations o f  assumptions o f a normal phenotypic distribution and, to 

situations o f incomplete data (Kruglyak and Lander, 1995).

An alternative approach to assessing the evidence for linkage that is attributable to a QTL 

is by means o f variance components analysis (Almasy and Blangero, 1998). In this method 

each position o f  the genome is assessed to determine whether a significant amount o f 

variance in a trait measure can be attributed to a QTL at that position. This is achieved by 

calculating the maximum likelihood values for the mean trait value, additive and 

dominance variance com ponents for the QTL, additive and dom inance variance 

components for other unlinked loci, and an environmental variance component. The 

significance o f the QTL effects may be tested by comparing the maximum likelihood
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estimate o f the param eters with one in which the QTL variance com ponents are 

constrained to equal zero. As this method is used in chapters 6 and 7 with respect to QTL 

m apping using age-at-onset and/or psychosis dim ension it is described more 

comprehensively in chapter 2, section 2.5.5.7. These methods o f  mapping loci that 

influence quantitative traits are used in chapters 6 and 7 with respect to QTL mapping 

using age-at-onset (AAO) and psychosis dimension.

1.4.2.6 Genome scans

In a situation where there is no prior linkage evidence (or when existing evidence is 

fraught with non-replications) and no evidence o f the genetic model for a trait, it can be 

difficult to take a starting point for a genetic study in search o f linkage. If an investigator 

sets out with a genomic screen in mind, tests one m arker and achieves an interesting 

linkage result, should this investigator abandon the proposed screen to focus on this 

marker, and thereby employ a pointwise significance level? Lander and Kruglyak, (1995) 

have suggested that any targeted investigation o f a few markers or chromosome regions 

would be a forerunner o f a broader investigation should the initial linkage test prove 

negative. Lander and Kruglyak, (1995) further argue that the assessment o f data from such 

a targeted search should be subject to the same criteria as a full search for linkage at every 

point o f  the genome. Since it makes little sense to employ a different threshold depending 

on whether the inevitable false positive fluctuations happen to occur at the outset or at a 

later stage in the search, the use o f a genome scan to extract the full inheritance 

information is advocated from the outset (Lander and Kruglyak, 1995). Therefore, a 

candidate region can be evaluated on the basis o f a p-value corrected for multiple testing 

that reflects a genome-wide significance, rather than a point-wise level. Although such 

criteria may seem harsh, it is necessary to have rigorous evidence at hand prior to 

undertaking positional cloning, efforts which otherwise may be based on false positive 

data.

Various criteria have been suggested in order to distinguish between true and false positive 

results. For a single gene disorder a LOD score threshold o f 3 has been generally accepted 

as evidence for a “significant” finding. This was originally chosen for considering linkage 

between a trait locus and a single marker, and not for use in screening a multitude o f 

markers. Ott, (1991) proposed a correction to this lod score (when using multiple markers) 

by adding the logio[number o f tests] to 3 in order to calculate an appropriate threshold for 

the number o f tests carried out. Another correction is the Bonferroni method, whereby the
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significance levels are adjusted by multiplying by the number o f  tests performed. These 

correction methods are highly conservative as they presuppose that the tests that have been 

carried out are independent. This however is not the case in a genome scan that uses 

markers that are in linkage with one another. This non-independence (or correlation) 

between markers depends on the strength o f their linkage to each other. Any markers that 

are within 50 cM are correlated to some extent, with an increase in the correlation for 

markers closer together. However, the precise manner in which the number o f independent 

tests being applied in a genome screen should be evaluated is unclear. Therefore, the use of 

simulation studies is advocated.

There are varying schemes by which appropriate levels o f significance for genome scans 

are determined (Thomson, 1994; Lander and Kruglyak, 1995). If a two stage approach is 

adopted then less stringent criteria are applied, thereby allowing a greater number o f false 

positives proceed to the second stage where they will be fme mapped, and exposed as such 

(Thomson, 1994; Holmans and Craddock, 1997; W illiams et al. 1999a). Lander and 

Kruglyak, (1995) have shown that m a simulated genome scan, under the null hypothesis 

o f independent assortment (3cM resolution, 100 sib-pairs with parents genotyped; 80% 

marker heterozygosity) Imkage significant at a 5% level at one marker occurred 22 times. 

These authors produced a second set of random simulated data, in which 4 o f these 22 

regions were ‘replicated’. This illustrates how, when a low significance level is adopted, 

multiple regions will be followed up and spurious replication can occur by chance. 

Applying the criteria described in table 1.7, none o f the regions in either the original, 

replicate, or combined simulated samples reached genome-wide significance. Lander and 

Kruglyak, (1995) expect regions at a p=0.05 to occur ~24 times per genome scan by 

chance.

Significance
p-value

Number expected 
by chance per genome scan

0.05 -24

0.01 7 -8

0.001 ~1

0.0001 -0.2

0.00002 -0.05

Table 1.7 Genome-wide significance p-values as estimated by Lander and ICruglyak, (1995).
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Therefore, under these conditions there is a 5% chance o f randomly finding a region with a 

p-value as extreme as 0.00002. This is equivalent to a threshold level lod score o f  3.6. Such 

strict criteria are required to minimise the instances o f encountering false positives. 

However, this may lead to incorrect exclusion o f some true peaks (false negative; type II 

errors), especially when dealing with a polygenic disease model where weak linkage 

signals are to be expected. To facilitate reporting linkage signals, in a m anner that will 

allow weaker or sub-threshold signals to be described Lander and Kruglyak, (1995) 

proposed (now widely adopted) statistical criteria for their description.

Allele-sharing methods in sibs

Term LOD Score p-value Number expected per 
genome scan

Suggestive 2.2 0.00074 1

Significant 3.6 0.000022 0.05

Higlily Significant 5.4 0.0000003 0.001

Confmned - <0.01* -

Table 1.8 : Guidelines for interpretation of linkage results derived from genome scans in complex traits. 
*Tlie level o f  significance required in the replication dataset is considerably lower as a specific 
hypothesis is now being tested.

These authors also suggest (for the purposes o f comparisons with other researchers), a 

nominal p-value o f 0.05 (expected to occur once per chromosome) should also be used to 

report linkage signals. It can be seen from table 1.8 that the proposed criteria for 

confirmation o f linkage are at necessarily lower levels, and should ideally be replicated by 

an independent group o f investigators.

Power calculations have been performed showing that these criteria may be overly 

conservative (Holmans and Craddock, 1997). These authors investigated simulated 

genomic screening strategies in a complex disease in which nuclear families with one 

affected sibling pair were available. A comparison between the maximisation o f  the power 

o f the study and the efficiency o f  screen (measured in total number o f genotypes) has 

indicated a two-stage study design employing grid-tightening, where suggestive regions 

are followed up in a larger sample set with a higher density o f markers, to be the optimal 

strategy. Decisions regarding whether to genotype parents depended on the relative costs in 

the first or second stage and the investigators knowledge of the sample homogeneity. 

Under stratification the type I error (false positive) probability is not increased if  parents 

are genotyped.
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The diminishing cost o f genotyping samples for large numbers o f  accurately mapped, 

highly polymorphic microsatellite markers has lead to the increased use o f  genomic 

screens in recent years. A total o f 20 and 18 genome scans have recently been used in 

m eta-analytic studies for schizophrenia and bipolar affective disorder respectively 

(Levinson et al. 2003; Lewis et al. 2003; Segurado et al. 2003).

1.4.2.7 Peak location estimates and their properties

The study conducted by Roberts et al. (1999) has used data from sample sizes o f between 

200 and 1600 nuclear families. These authors report variation in the position o f  a linkage 

signal for a known disease locus o f between 18.5 -  5.6 cM (depending on the methods 

used to quantify variation) for sample sizes o f 400 families. The standard error in the 

variation can be as much as 21 cM for the optimum strategy used. Even with samples o f 

1600 families, variation can still be as much as 10.7 cM. Their findings suggest that the 

variability in position is substantial o f  complex disorders. Smaller samples sizes (n=200) 

modelled by Roberts et al. (1999) show 95% confidence intervals in variation estimates 

from between 100 to 29 cM depending on the methods used. Other work seems to support 

these authors’ estimates. Indeed, Hovatta et al. (1998) have shown that the average 

deviation o f location estimates for a true disease locus was from between 6.8 to 9.5 cM, 

with 200 affected sib pairs and a relatively weak genetic signal (corresponding to a 95% Cl 

o f  over 10s o f cM). Even with in excess o f 500 animals in a backcross population, 

confidence intervals extended over many 10s of cM for genes o f moderate to small effect 

(Darvasi et al. 1993). In other sets o f simulations, location estimates have been reported 20 

cM from the true locus (Hauser and Boehnke, 1997).

A disease susceptibility locus may be identified via a peak in the test statistic when plotted 

against the genetic map. However, the erratic nature o f these peaks can make their 

interpretation difficult. Terwilliger et al. (1997) has proposed that, when using an affected 

sib-pair sample, broader linkage peaks are more likely to contain a susceptibility locus than 

are narrower peaks. The rationale being that among affected individuals shared haplotype 

at the disease locus extends over a wider region than among unaffected individuals. The 

broader signal can be viewed as a composite o f linkage signal from the underlying 

susceptibility locus and the marker to marker linkage signals. These peak width differences 

may aid in linkage mapping, justifying assignment o f lower priority to narrower peaks.
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This approach in evaluating linkage peaks provides a framework for methods that use the 

length o f shared haplotypes in populations to map disease gene. Goldin and Chase, (1997) 

have also suggested that the occurrence o f  consistent positive lod score over a broader, 

rather than a narrow genetic region, to be more indicative o f a true linkage signal.

1.5 Genetic Studies in bipolar disorder.

1.5.1 Genome Scans.

A genome scan is a powerful technique that tests a chosen disorder for linkage to highly 

polymorphic markers that are evenly dispersed throughout the full com plem ent o f 

chromosomes (usually at -lO cM  intervals). Such a technique does not require prior 

knowledge o f the function o f any genes, or o f the biology o f the trait in question. Genome 

scans represent a logical starting point in efforts to map a susceptibility locus, and are 

typically followed by fine mapping o f the implicated regions, identification o f  a series of 

potential candidate genes, and ultimately causative mutations.

The simplest approach in the search for disease susceptibility loci is to use equally spaced 

markers to perform a global linkage search o f the whole genome. This can be achieved by 

genotyping every individual in a sample at every marker locus. However, such an approach 

wastes a great deal o f effort in genotyping large areas o f the genome that are eventually 

found to be devoid o f evidence for linkage. Efficient design o f genome scans for linkage 

analysis is therefore an important issue.

Brown et al. (1994) report a multiple-stage procedure for analysis o f  multi-generation 

pedigrees that uses the APM method o f analysis. In this progressive approach, widely 

spaced markers are initially typed, and regions with linkage evidence that exceeds a 

threshold are further investigated with additional markers. This method proceeds in an 

iterative manner, in which additional markers are typed in regions that continue to exceed a 

threshold APM score. Brown et al. (1994) used simulated data to evaluate different starting 

grid intervals for markers, varying the number o f stages and APM score cut off points. 

This method has also simulated whether single or two adjacent markers should be required 

to be above the cut off point to determine when an area should be further investigated. By 

assuming a fully penetrant autosomal dominant disease model and a goal o f  reaching a 

significance level o f 5%, Brown et al. (1994) has shown the optimal strategy is to start with 

a 20cM grid and adopt a four-stage, non pairwise approach (as opposed to a pairwise 

design where both o f two adjacent markers must be above the cut o ff point).
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Rjsch, (1990d) has suggested an efficient strategy would be to begin by genotyping the 

affected relative pairs with a panel o f microsatellites for a preliminary linkage analysis, 

then to type the whole pedigrees for the loci that initially showed at least suggestive 

evidence o f linkage (as in Williams et al, 1999a). However, the efficiency o f  this strategy 

in terms o f information gained from additional pedigree members was not as great as first 

reported (Risch, 1992). Hauser et al. (1996), described an interval mapping method, 

recommending a screening phase in which only affected sib pairs are genotyped at markers 

spaced 10-20 cM, and targets all regions with maximum lod scores greater than 1 by typing 

additional markers on additional families and family members.

Holmans and Craddock, (1997) further investigated the strategy proposed by Hauser et al. 

1996, concluding that while it is most efficient not to type parents in the screening stage if 

Hardy-Weinberg equilibrium (HWE) holds, if this does not hold, failure to type parents at 

the first stage increases the amount o f genotyping required (approximately 37% more 

genotypes are required to detect a locus Xs=2, if 100 sib pairs are genotyped in situations o f 

presence or absence o f HWE). The strategy o f  sample splitting was also investigated by 

Holmans and Craddock, (1997). These authors considered an approach in which part of the 

sample is typed in a screening stage, with promising results followed up in a second stage 

using the entire sample (grid-tightening). By simulation, using a fixed sample o f 200 pairs 

of affected siblings (with parents available for genotyping), these investigators found that 

under a variety o f plausible disease susceptibility models for complex diseases, both 

sample splitting and grid tightening were important in increasing the efficiency o f a 

genome scan. By showing that typing half the sample o f affected pairs with a coarse grid 

o f markers in the screening stage to be an efficient strategy under a variety o f conditions, 

Holmans and Craddock, (1997) demonstrated that sample splitting, in addition to grid 

tightening, is a useful strategy for increasing the efficiency o f a genome scan study. This 

strategy was used in the Wellcome Trust UK-Irish genome scan described in this thesis.

There have been several genome scans conducted in BPAD, with sample sizes ranging 

from a single extended pedigree to collections o f nuclear families (see table 1.8). Many of 

the regions identified have been implicated by more than one independent group. These 

include 4pl6 , 4q32, 4q35, 6q l l ,  lOp, l l p l l ,  12q24, 13q, 18pl l ,  18q22, 21q21, 22ql l  & 

Xq23. With such a large body o f data available and no seemingly common susceptibility 

loci identified, two meta-analyses (Badner and Gershon, 2002; Segurado et al. 2003) have 

been conducted in efforts to resolve true linkage signals from random fluctuation.
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1st Author, Year Sample Fed
(n)

Affcctcd No. of 
subjects mariners Analysis Pctfotmed Asceitainiiient Follow-up Rcgion(s) Comments

Coon, 1993 USA, Utah 8 51 328 Pairwise lod score; -i-ives followed up 
w / APM

BPI proband < 30 y .o. & >2, 1st degree 
relatives w / BPI, BPII or RUP 5q

AD Model; 5q35-pter (3 
markers), llq22(lm kr) w / 

lod>l. APMp<0.01 
(D5S62)

Straub, 1994 Columbia/
Hadassah 47 490 5-153® Lod score analysis & Model free APM 

&ERPA
12/ped; <2 with BPI; max. 1 affected 

parent 21q22(PFKL) Large lod score in one ped, 
APMp<0.003

Blackwood, 1996 Scotland 1 27 193 ® Lxxl score, m u n k , Affected only, 
ERPA.

Large family size & more than one 
family member with BPI 4pl2-13 11 ped. typed only w/chr 4 

markers

Mclnnes, 1996 Costa Rican 2 31 473 2pt linkage BPI probands in multiplex pedigrees 18q22-23 16q lip  13-14 Only Narrow BPI model 
considered

Polytneropoulos, 1996 Old Order Amish 1 10 1772 2pt linkage 5 BPI, 2BPII 6ptel, 4ptel 9qll-13 
19pl3-ql3

Ginns, 1996 Old Order Amish 1 81 -400 ASP, APM, TDT, lod score 16 diflf. 
Models 31 BPI, 50 w / other psych, diagnosis 6pter, 4pter, 9ql-13, 

19ql3-ql3
Evidence from Non-para & 

parametric

Rice, 1997 Chr 1,6, 8, 10, 12 65/318 D1S1648,D6S1009,
D10S188

Stine, 1997 

Edenbeig, 1997

1 Chr 2, 11, 13, 14, X 

I
§  Chr 3,5,15,16,17,22 
Z

97 392

53/318

74/318

ASP, some multipoint

BPI proband w / BPI/SABP 1st degree 
relative w / 2 living sibs & >1 parent 

unaffected by BPI/SABP; Non 
systematic: 2 additional affected relatives 

with SABP/BPl/BPII/RUP

13ql4-32 Xp22 Xq26-28

16p5q3D15S217, 
D17S961, D22S533

Several large marker gaps; 
later, additional markers & 
analysis show suggestive 

Unkage to lOq

Detera-Wadleigh, 1997 Chr 4, 7,9, 18, 19, 
20,21 126/318 4p, 4q, 7p, 7q. 9q. 20p, 

20q& 21q

Adams, 1998 Australian 1 11 214 Lod score analysis & APM method Minimum of 3 affected, >2 w/BPI 4q35
Analysis of a further 10 

families supports the finding 
for 4q35

Ginns, 1998 Old Order Amish, 
USA. 4 68 980 Non-Parametric. Used SIBPAL & 

GENEHUNTER-PLUS.
Systematic ascertairmient ofbipolar 

probands in Lancaster County 4pl2-I3,4q, suggestive ‘Mental health wellness' 
phenotype

Detera-Wadleigh, 1999 

Morissette, 1999

NIMH-CNG + 
Right extension of 

Amish 880

French Canadian

22

1

159

53

607

332

ASP, Multi-pt, lod score 
ADomVARec

2pt, SimAPM, SimlBD & GH

BPI/II proband w/ ^  living affected 
relatives & < 1 source of BP

Lithium responder BPI probands w / 
family history of affective disorders

13q32; lq31-32; 18pll 

12q23-24

Also identified 7q31 & 
22qll-13 as interesting. 

Reported confirmation of 
4pl6(?), 12q23-24, 21q22 

Suggestive threshold reached 
only after several analyses 

(see also c5 & 21)



Ped Affected No. o f
Analysis Perfoimed1st A uthor, Year Sample

(n) subjects maikem Ascertain mcnt FoUow-np Region(s) Comments

Friddle, 2000 Johns Hopkins, 
USA. 50 236 267 Parametric lod score BPI proband w / >2 affected sibs & 1 

affected parent 8q24; 4q; 7p All produced Hlod scores >2 

Re-analysis o f previous
Fotoud, 2000 NIM H 97 392 318 Model free ARP As 1997 study lOp

21 mkrs w / lod> l, w /4  
>2.00 Further 52

N IM H effort. Lod score 2.5 
at D10S1423

individuals genotyped w / Results suggest presence of 
novel BAD suscept. locus on 

4q35.
Adams, 2000 Australian 1 35 214 2-pt A.Dom 3pt, APM, NPL w, 

GENEHUNTER
Multi-generational peds w /  >2 BPI & 1 

addnl affected relative
these mkrs & lod +ive for 
3 mrkrs. Best linkage at
4q35. Follow-up linkage
w / 10 peds, evidence of

4q35 in 1 ped.

Kelsoe, 2001 San Diego, USA. 20 76 443 Model free ARP proband w / BPI or BPII & >2 relatives 
w / BPI/BPII /SA BP/RU D

22ql3 3p21,3q27,10q26, 
13q31-33,5pl5, 22q22

c22 result is significant. 
Others all reach suggestive 

level.
13ql4 (NPL=4.09) result

Badenhop, 2001
Australian 

(UK descent) 1 6 400 Lod score, Multi-pt & NPL >3 affecteds, >2 w BPI 13ql4, 3q21-25 5q37, 9q33 under all analyses. 
Haplotype analysis 

narrowed this to 6 cM

Max Zmax = 4.34 at 0 = 0  
at m rk so n 2 0 p ll.2 -q ll.2  

w / 100% penetrance.

D20S604, D20S604,

Radhakrishna, 2001 Turkish 1 13 230 ILINK, MLINK and  UNKMAP Large pedigree w / apparent AD 
transmission

D20S470, D20S836& 
D20S838 under 100% 

penetrance 
Max. Unkage at 8q24.

Cichon, 2001 Germany, Israel, 
Italy 75 275 382 Parametric & NPL & GH-imprinting BPI proband v i /  both parents & 1 

affected sib, or 1 parent & 2 affected sibs

13ql2-13, 18q21-22, 
( 10p25-26 published

Putative imprinted loci at 
2p24-21 & 2q31-32

separately) Maternally inqjrinted loci at 
14q32& 16q21-33 

Suggestive results on 
7qlI.2.A lsoD 6S1050&

Parametric (m u n k , FASTLINK Excellent lithium responders. Pedigrees Linkage to 15ql4 D22S420. Further analyses 
suggested that 15ql4 

implicated in aetiology of 
BP AD, whereas 7 q ll.2  

relevant for lithium 
response.

Turecki, 2001 Ontario, Canada 31 106 378 HOMOG), w / >4 ped members (> 2 affected (ACTC), lod =3.46, locus-
Non-para. (SIMIBD) including proband); > 15 y.o. specific p=0.000014

Ekholm, 2002 Finnish 1 18 386 Lod score 8 BPI, 3 BPII/BP-NOS/cyclothymia, 
6RUP

Xq25,4q32, 12ql5, 
18pll, 19ql3, 7q31,5q31 Max. linkage on Xq25, w / 

others >110q22



Pcd \ffrc trd No. of
1st Author, Year Sample (n) subjects maikeis Analysis Petfonncd Ascertainment FoUow-up Region(s) Comments

Ewald, 2002 Danish (Aarhus 
county) 2 25 613 2-pt linkage analysis NPL & PL

Narrow: BP, single manic episode or SA 
manic/depressed type. Broad inclusive of 

modest depressive episodes

12q24.3, Ip22-p21, 4pl6, 
6ql4-q22, 10q26, 16pl3.3

2pt Hlod >15 for 11 
(4mkrs Hlod> 2.0)

12q24.3 significant & lp22- 
p21, evidence from both 

NPL & PL analysis.

Badenhop, 2002 Australian (UK or 
IRL) 13 69 400

Two-point LOD score analysis was 
carried out under heterogeneity. Non- 

parametric multipoint analysis was 
carried out on regions of interest.

pedigrees w ' illness for >2 generations, 
w / >3 affected (>2w/ BPI)

Max. linkage at 3q25-26 
lod=2.49 at D3S1279. 6 

mkrs in 3q25-26 w / Hlod 
>1.5, 3w /H lo d >  2.0.

Also linkage at 9q31-q33, 
13ql4& 19ql2-ql3. Several 

individ peds show LOD 
>1.5 at 18pll, 18ql2, 22qll

Multi-pt shows ~20cM 
region of 3q25 w / 

NPL=2.8 (p=0.004).

& 8p22-23.

Ekholm, 2003 Finnish 41 163 389 ASP; 2pt w / MLINK & HOMOG; 
SIBPAIR

>2 siblings w / BPI or SABP

Significant linkage to 
16pl2 (Zmax=3.4); 2pt 

lods>2on4q32,12q23&

After fine mapping 4q32 was 
signif.(Zmax=3.6); 16pl2 

Zmax=2,7Xq25.
16pl3 significant at the

Ch 1, 6, 8, 10, 12 & 513 
(298 ®)

As other Wave II groups, condtl genome-wide p<.05 levels Epistasis observed between
Mclnnis, 2003 all Wave II data in 153 analysis using GH-plus. Simulations 20pl2, llp l5 , 6q24, & 20pl2& 13q21, 16pl3&

condtl. analysis W / MERLIN 10pl2 nominally 
significant linkage

9q21

Zandi, 2003 C h2,ll,13 ,14& X

228

105 GH-plus & GH-X NPL; ARP & ASP; 
Used GENEFINDER on chrl 1

Unilineal Pedigrees w / BPI proband & 
>1 BPI or SABP Ist-degree relative.

Max. Linkage on llpl5.5 
(NPL=2.96, p=0.002) & 

X pll.3 (NPL=2.19, 
p=0.01)

In broad model found

If reanalysed w / Stine et al. 
(1997), no linkage evidence. 

Authors feel linkage 
implicate MAOA, DRD5 

& /or TH

I >90% Caucasian & of European suggestive linkage to
Chr5 showed linkage in

Dick, 2002 §  Ch3, 5, 15, 16, 17 84 GENEHUNTER-PLUS NPL; ARP & American ancestry. D16S2619.

Z  &22 56 ASP& ASPEX
Lod=2.13(ARP). wave II set but not in

Combining initial & 
replication samples 
increased lod=2.8.

combined sets.

WUlour, 2003 Ch 4, 7, 9, 18, 19, 
20,21 107 GH-plus NPL; ARP & ASP

4q35 (D4S3335-D4S2390) 
lod=2.49. Loci at 4q32 & 

20pl2 approach 
suggestive: lods of 2.16 & 

1.82.

Combined genotype data w / 
1997 study (Detera- 

Wadleigh, 1997). 20pl2 
yielded a NPL=2.38, 

(suggestive) [HLOD=2.98|.
No support for 4q32 & 4q35.

Unilineal Pedigrees w / BPI proband & Max. linkage at 17q 
(lod=2.4)&6q(lod=2.2).

6q (lod=3.8 at 113cM) in aU
Dick, 2003 NIMH Wave III 250 720 391 MERLIN >I BPI or SABP Ist-degree relative. 

>90% White & of Euro-US ancestry.
399 NIMH pedigrees. MZ 

twins in original report.



1st Author, Year Sample Ped Aifected No. o f
(n) sabjects maikent Analysis Pcrfonned Asccitainment FoUow-op Regioii(s) Comments

Liu, 2003

Curtis, 2003

Mclnnis, 2003

Ewald, 2003

Pato, 2004

Middle, 2004

US /  Israel

UK (2 )/Icelandic

40

(5)

Johns Hopkins, 
USA.

Danish (Aarhus 
county)

Azores & mainland 
Portugal

Azores & mainland 
Portugal

65

1 inbred

16

25

307

68

237

343

365

245 «

47

75

MLINK (A .D om /A .R ec); H o m o g ; 
MAPMAKER/SIBS (used p a irs= l; i.e. 

1st sib in each ped)

2pt & 3pt w / PL & NPL. Regions w / 
p<0.01 assayed w / 4pt PL analysis 
under assumption of heterogeneity. 

V it e s s e , F a s t l in k , m f l in k

Linkage, using GH-plus, ASPEX, GH- 
imprinting

Significant linkage on 
>2 individuals (over 16 y.o.)/pedigree 2pl3 16. led 3.20  ̂Ĉ hCT 

w/BPI orSABP. Unilineal transmission 9q31, 10q24, 13q32, 14q21 
& 17qll-12 

Supports 12q23-q24(4pt 
lod=2.8), & suggests loci 

on Ip, Iq & 3 (4pt lod=2). 
A tDlS243 0od=3.1) in a 

single pedigree.

Regions 2pl3-14 and 13q32, 
have also been linked to SZ.

Multiple cases of BPAD in > 3 
unilineally transmitting generations, 

w/absence of SZ.

613 AD & ARec, NPLall (GH), APM, PL

Same as Friddle (2000)

See Ewald, 2002

Linkage detected 8q24, 
18q22, 4q32, 13ql2, 4q35, 

10q26, 2pl2, & 12q24, 
Max. linkage at D8S256 at 

8q24, NPL 3.13.

366

11,190
SNPs

OENEHUNTER

MERLIN

Pedigrees w / >2 affected (2 generations 
native to Azores)

Pedigrees w / >2 affected (2 generations 
native to Azores)

Authors advocate fme 
mapping 12q23-q24 in 

genetically loaded pedigrees.

PCX3 consistent previous 
findings, 18q22 linkage 
predominantly ped w / 

father or paternal lineage 
affected. Also evidence for 

paternal imprinting at 13ql2 
& lq41.

Evidence on 2q31.3, 10, NPLaU=7.47 (p=0.0039) for 
12q24, and21q22.3 D2S1391 (186.1cM)

Follow-up of 6q & 11 to 
4.2cM resolution, significant 

linkage at D6S1639 
(NPL=3.06; p=0.0014) &at 

D11S1883 (NPL=3.15;
p=0.0014) 

Significant linkage on 
Linkage detected on 2p+q, 6q22(NPL=2.5 in full ped 

4, 6q, 11, 16, 20. set); l l p l l  significant w /12 
___________________________ ped. set NPL=4.44

Evidence on 2q, 5q, 6q, 
7p, 11, 19&20q;

Table 1.9: Summary of Whole Genome Scan in BPAD conducted to date. NPL=non-parametric linkage; PL parametric linkage; GH=GENHUNTER; ASP=affected sib-pair 
ARP=affected relative pair, APM affected pedigree member. ® Varied marker coverage; ® Genotyping on chromosome 4 for 11 additional pedigrees using a fme mapping set 
of 87 markers; @513 markers used; 298 were common aaoss all pedigrees.® Up to 842 markers typed in selected pedigrees.



1.5.2 Genetic Linkage to Bipolar Disorder

Chromosome 4

A genome scan conducted in a single extended Scottish pedigree has produced a two-point 

lod score o f 4.1 (under dominant model o f inheritance), whilst neighbouring markers 

yielded a 3-point LOD score o f 4.8 at 4p l6  (Blackwood et al. 1996). Results o f linkage 

analysis in a series o f 11 pedigrees further support this finding. When Polymeropoulos and 

Schaffer, (1996), who also report linkage in this region, pooled their data with pedigree 22 

in the Blackwood sample set o f pedigrees, the linkage was increased to 5.07 (6=0.05), 

further implicating a susceptibility locus at 4p l6-pl5 .3 . Other groups have provided some 

support for these findings (Detera-Wadleigh et al. 1997; Asherson et al. 1998; Ewald et al. 

1998b). This region o f 4p is known to harbour the W FSl locus, responsible for Wolfram 

syndrome in which heterozygous carriers are at a 26-fold increased risk o f  psychiatric 

illness (Sv^ift et al. 1998; Cryns et al. 2003). Taken together, these data suggest the 

possibility o f a susceptibility locus for BPAD in the region.

Investigators have also implicated regions o f chromosome 4q as harbouring potential 

susceptibility loci for BPAD. Mclnnis et al. (2003b), Ekholm et al. (2003) and Liu et al. 

(2003) have all reported strong linkage to 4q32-31. Adams et al. 1998 report the possibility 

of an additional locus further distal at 4q35. However, the combined NIMH wave 1 & 11 

analyses (Detera-Wadleigh et al. 1997; W illour et al. 2003) do not support this finding 

(Willour et al. 2003). A more detailed summary o f studies on this chromosome is presented 

in chapter 4 (section 4.1.3.1).

Chromosome 11

Egeland et al. (1987b) in a study based on a large pedigree from the Older Order Amish 

community', reported linkage between BPAD and the c-Harvey-ras-A (HRAS) oncogene 

and the insulin (INS) loci on 1 Ip. However, others investigators were unable to replicate 

this finding (Detera-W adleigh et al. 1987; Hodgkinson et al. 1987; Gill et al. 1988; 

Mendlewicz et al. 1991; Mitchell et al. 1991). Moreover, a reanalysis o f the Older Order 

pedigree, which included several new individuals and, most importantly, changes in 

clinical status o f some individuals, markedly reduced the linkage between BPAD and both 

HRAS and INS (Kelsoe etal. 1989; Pauls e ta l. 1991).
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Chromosome 12

This chromosome has been the focus o f interest owing to the presence o f the Darier-White 

(DW) disease locus at 12q23-24.1 (Craddock et al. 1993, Monk et al. 1998). DW, a rare 

autosomal dominant monogenic trait that affects adhesion o f  epidermal cells, has been 

reported co-segregating with affective disorder in some pedigrees (Craddock et al. 1994b). 

One such pedigree generated a lod score m excess o f 4. Several additional studies provide 

additional support for a susceptibility locus in this area (Dawson et al. 1995; Jones et al. 

2002 ).

Chromosome 18

Markers on this chromosome have produced varying degrees o f support for linkage to 

BPAD over the last decade. Indeed this chromosome can be considered one o f  the most 

promismg (in terms o f replications) and at the same time confiising (in terms o f  analytical 

approaches adopted) regions o f the genome linked to BPAD. Linkage in BPAD pedigrees 

was first reported at markers in the peri-centromeric region by Berrettini et al. (1994). This 

result encouraged others to investigate linkage on chromosome 18 (McMahon et al. 1995; 

Stine et al. 1995). Stine et al. (1995) detected excess allele sharing in the region implicated 

by Berrettini et al. (1994), and reported excess paternal allele transmission on 18q. This 

finding was replicated by McMahon et al. (1997), and the linkage signal which was 

previously characterised as emanating from pedigrees exhibiting paternal transmission of 

disorder, refined to excess patemal allele transmission to affected individuals. Linkage and 

the parent-of-origin finding has been continually reported and refined by this group 

(McMahon et al. 2001, M clnnis et al. 2003b) with Schulze et al. (2003) reporting a 

patemal lod score o f 5.42 (p=0.0066) in pedigrees characterised by BPII-BPII siblings. 

Many other groups have reported linkage to chromosome 18 (Coon et al. 1996; de Bruyn et 

al. 1996; Freimer et al. 1996; Gershon et al. 1996; Ewald et al. 1997; Detera-Wadleigh et 

al. 1999) Although there is a general trend o f linkage to chromosome 18 it is not without 

reports to the contrary' (Knowles et al. 1998; Bowen et al. 1999). Chromosome 18 is the 

subject of exploratory analysis in the Wellcome Trust sample, details o f which are outlined 

in chapter 5 o f this thesis.

Chromosome 21

Evidence for linkage between BPAD and 21q22 was first reported by Straub et al. (1994) 

in a single large pedigree with a lod score o f 3.41 with the PFKL (Phosphofructokinase, 

Liver) locus. In a subsequent study (Aita et al. 1999), with denser marker coverage in 40
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multiplex BP pedigrees, this group reported supporting evidence with a 2-point lod score 

o f 2.76 at the D21S1260 locus, about 6 cM proximal to PFKL. Liu et al. (2001b), report a 

follow-up study including a larger sample set with an additional 331 typed individuals 

from the original 40 families, improved marker coverage, and an additional 16 pedigrees. 

The analysis o f all 56 pedigrees, supported their previous results, with a two-point lod 

score o f 3.56 with D2IS 1260. Several other groups have confirmed the presence o f weak 

or suggestive evidence for linkage in this region (Gurling et al. 1995; Detera-Wadleigh et 

al. 1996; Vallada et al. 1996; Detera-Wadleigh et al. 1997; Smyth et al. 1997b; Detera- 

W adleigh et al. 1999; Kwok et al. 1999; Morissette et al. 1999; Kelsoe et al. 2001) with 

suggestions o f genetic heterogeneity, however, one group has reported completely negative 

results (Byerley et al. 1995).

X Chromosome

BPAD and a sex-linked mode o f transmission had long been considered a possibility. This 

was primarily based on the observations o f an excess o f affected females and a deficiency 

o f male-to-male transmission. Such findings were supported by evidence for linkage 

between manic-depressive illness (see section 1.1.2) and deutan/protan colour blindness 

(deficiencies in green and red perception, respectively) on Xq28 (Mendlewicz and Fleiss 

1974; Del Zompo et al. 1984, Baron et al. 1987). Pekkarinen et al. (1995) have reported 

lod scores in excess o f 3.5 to markers on Xq26, however further analysis has reduced this 

evidence (Ekholm et al. 2002). With the advent o f more robust diagnostic criteria and the 

use o f highly polymorphic markers, evidence for a susceptibility locus on the X- 

chromosome has waned (Berrettini et al. 1990; Gill et al. 1992; Smyth et ai. 1997a; 

Vallada et al. 1998; Hawi et al. 1999). Moreover, the methodology of the original reports 

have been criticised in the literature (Baron 1991; Pekkarinen et al. 1995), with diminished 

support for linkage in reanalysed samples (Baron et al. 1993; Mendelbaum et al. 1995).

1.5.3 Common susceptibility regions to psychoses

Bipolar affective disorder and schizophrenia are functional psychoses that share several 

epidemiological features (Numberger and Berrettini, 1998). Multigenic inheritance has 

been suggested as the most likely mode o f  transmission for both disorders (Risch and 

Baron, 1984, Risch, 1990b; Craddock et al. 1995b). Although the repeated oscillation in 

affect is not a symptom o f schizophrenia, the characteristics which describe the manic 

(table 1.1) and depressed (table 1.2) episodes o f BPAD are to some extent shared. For 

instance negative symptoms such as avolition, poverty o f thought and antisocial behaviour
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share some o f the clinic symptoms of the depressed episode, whereas the positive 

symptoms of schizophrenia patients (delusions, hallucinations and thought disorder) are 

qualities shared by BPAD patients experiencing a manic episode. Given the symptomatic 

overlap o f these two conditions, coupled with familial evidence of an increased relative 

risk of unipolar and schizoaffective disorder in families with either BPAD (Gershon et al. 

1982; Winokur et al. 1982; Weissman et al. 1984) or SZ (Gershon et al. 1988; Kendler et 

al. 1993c; Maier et al. 1993, Somnath et al. 2002), it is conceivable that a subset of 

susceptibility loci common to both disorders may exist. This concept of an aetiological 

overlap between the two disorders conflicts with the Kraepelinian dichotomy (see chapter 

1, section 1.1.2), however as Angst and Mameros, (2001) report, Kraepelin himself 

acknowledged this overlap may indeed exist. Nevertheless, as has been noted by Bertelsen 

and Gottesman, (1995), the lack of evidence from MZ twin pairs where one shows 

categorical BPAD and the other categorical SZ is perhaps the strongest argument against 

the concept of a continuum of the psychosis. However, recent molecular analyses into both 

BPAD and SZ are producing co-incident linkage findings with a regularity that warrants 

fiirther consideration.

Linkage o f schizophrenia and bipolar disorder to lOpM

Evidence for linkage to 10pl4 has been detected in several schizophrenia pedigree sets. 

DeLisi et al. 2002 has reported a maximum lod score of 3.6 in the 10pl5-pl3 region of the 

chromosome. Straub et al. 1998 has detected a linkage signal (lod=1.9; p=0.006) in the 

same region as Schwab et al. 2000 (NPL=2.49; p=0.007) and Faraone et al. 1998 (p-values 

of 0.0006 and 0.0004 for microsatellites in the 10pl4 region), all in schizophrenia 

pedigrees. Whereas, the NIMH Bipolar Initiative report a lod score of 2.5 (p^O.OOl) in 

their pedigrees (Foroud et al. 2000), with further evidence reported by Ewald et al. (2003b) 

detecting an NPLaiiof 4.02 (p=0.02). Thus, it has been hypothesised that 10pl4 may 

represent a genomic region harbouring a susceptibility locus common to both disorders.

Linkage o f schizophrenia and bipolar disorder to 13q32

Several investigators studying BPAD have reported linkage at markers in the 13q32 

region. A genome scan conducted by Detera-Wadleigh et al. (1999) described a linkage 

signal (lod=3.5; p=0.00003) at two markers in the 13q32 region, while Kelsoe et al. (2001) 

also report linkage for BPAD at markers in the 13q31-q34 region (lod=2.4). Evidence is 

also provided by Badenhop et al. (2001), who report an NPL of 4.09 (p=0.008) centromeric 

to Kelsoe and Detera-Wadleigh in the 13ql4-q32 region. Other studies continue to
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implicate this region and linkage to BPAD (Liu et al. 2001a; Liu et al. 2003; Potash et al. 

2003b; Shaw et al. 2003). Lin et al. (1997) has reported a suggestive linkage to 

schizophrenia at 13q32 markers (lod=2.58, p < 001). Further support for a susceptibility 

locus for schizophrenia in this location has been reported by Blouin et al. (1998), 

Brzustowicz et al. (1999), Cardno et al. (2001) and Camp et al. (2001). Hattori et al. (2003) 

have reported an association, in two independent pedigrees, between BPAD and two 

overlapping genes G72 and G30 located at 13q32-q33 which are transcribed in the brain, 

whereas prior to this finding Chumakov et al. (2002) had reported an association between 

G72/G30 and schizophrenia. Most recently Schumacher et al. (2004) has reported 

association of variations in G72 with both schizophrenia and BPAD.

Linkage of schizophrenia and bipolar disorder to 18pll.2

A review of the linkage data for 18p (see chapter 5) shows that the region identified by 

Berrettini et al. (1994) has been the focus of intense investigation. However, studies have 

had mixed success in replicating this original finding, with some authors failing to detect 

any linkage evidence (Knowles et al. 1998; Bowen et al. 1999). However, other studies in 

the 18pll region have produced p-values ranging from 0.01 to 0.0001 (Stine et al. 1995; 

Nothen et al. 1999; Turecki et al. 1999b). In a meta-analysis conducted by the genetic 

analysis workshop 10 (Lin and Bale, 1997) approximately 1200 affected BPAD individuals 

(382 affected sib-pairs) were assayed for linkage, with results showing a p-value of 

0.000000028 for marker D18S37. (However, subsequent and more complete analysis by 

Mclnnes et al. (2003b) has refuted the reported excess sharing described by Stine et al. 

(1995) for D18S37). Using a schizophrenia sample Schwab et al. (1998) have reported 

evidence of linkage at the same 18pll markers previously reported linked to bipolar 

illness. However this evidence must be taken m context of the broad diagnostic model used 

by the authors, which included 25 individuals with affective disorder (2 o f which were 

BP). Nevertheless, these data suggest a potential shared susceptibility gene in this region. 

Possible candidate genes in this region include an inositol monophosphatase gene (IMPA2) 

and the a-subunit of the olfactory heterotrimeric guanine binding protein (G-protein) G- 

olf„ (Jones and Reed, 1989), also known as GNAL.

Following activation by receptor binding, G-proteins exert their effects via a coupling of 

their a  subunit to second messenger systems, which in turn leads to cellular responses that 

include protein phosphorylation and gene transcription (Manji and Lenox, 2000). Evidence 

from clinical and pharmacological studies suggests the abnormal function and/or



expression o f these proteins, especially the G a  subunits, may play a pivotal role in the 

pathophysiology o f affective disorders (Chen et al. 1999). However, recent studies by 

Tsiouris et al. (1996) and Zill et al. (2003) appear to exclude the GNAL locus as a major 

susceptibility factor for the bipolar disorder.

For many decades now, lithium has been the drug o f choice in the long term prophylaxis of 

BPAD, however the molecular mechanism by which it exerts its therapeutic effects are 

undetermined. Myo-inositol monophosphatase (IMPase) in the phospholipase C signalling 

system has been shown to be inhibited by lithium, which it is thought leads to a mood 

stabilising effect (see section 1.2 above). Sjoholt et al. (2000) has performed preliminary 

polymorphism screening in a series o f bipolar individuals, identifying nine polymorphisms 

in the 1MPA2 gene (18pl 1.2).

Linkage of schizophrenia and bipolar disorder to 2 2 q ll-1 3

Velo-cardio-facial syndrome (VCFS) is a disorder caused by deletions in the region o f 

22ql 1.2-ql 1.23. The symptoms o f this disorder include palate abnormalities, cardiac 

malformations, leaming disabilities and characteristic facial appearance, however there is 

also a documented increased instance o f both schizophrenia and bipolar disorder, with 

psychotic symptoms (hallucinations and delusions) in these patients (Shprintzen et al. 

1992; Pulver et al, 1994; Carlson et al. 1997; Bassett and Chow, 1999). Some investigators 

have described the psychotic episodes as being more akin to those experienced in bipolar 

disorder (Papolos et al. 1996; Carlson et al. 1997), while others describe these episodes as 

more schizophrenic in nature (Pulver et al. 1994). Indeed, it was Pulver et al. (1994) that 

first implicated the 22q ll-13  region and schizophrenia. This has been replicated by the 

Schizophrenia Linkage Group (Gill et al. 1996) and by others (Vallada et al. 1995a; 

Vallada et al. 1995b, Polymeropoulos et al. 1994; Badner and Gershon, 2002; DeLisi et al. 

2002). Moreover, this linkage signal has been reported m BPAD samples (Papolos et al, 

1996; Lachman et al, 1997; Detera-Wadleigh et al, 1999; Saito et al. 1999; Mujaheed et al. 

2000; Kelsoe et al. 2001, Potash et al. 2003b). Thus, evidence would seem to suggest that 

there is a locus or loci at 22ql 1-13 that influence susceptibility to either o f these functional 

psychoses. In fact recent reports from Barrett et al, (2003) suggest a G-protein receptor 

kinase 3 (GRK3), located at 22ql2  may play a role in BPAD susceptibility. This gene 

product is widely expressed in the brain, and has been shown to inducible by amphetamine 

in an animal model o f mania (The behavioural hyperactivity induced by amphetamines in 

animals and man mimics aspects o f mania (see table 1,1), and hence has been suggested to
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model components o f the pathophysiology o f mania; Niculescu et al. 2000). Barrett et al. 

(2003) have reported an association between a dysregulation in GRK3 expression (which 

alters signalling desensitisation G protein-coupled receptor signalling) and bipolar 

affective disorder. Features o f  a manic phase (table 1.1) include many characteristics that 

can be considered psychotic, therefore this GRK3 locus may be a gene that predisposes an 

individual suffering from schizophrenia or bipolar disorder to a psychotic episode.

Thus far there has been limited analysis investigating the overlap between the BPAD and 

SZ spectrum o f psychoses. Linkage support for a continuum between theses functional 

psychoses has been, at best, mixed (Berrettini 2000a), with the most encouraging evidence 

coming from Bailer et al. (2002). These authors have reported a potential susceptibility 

locus on 3q that may be common to both SZ and BPAD m their sample.

1.5.4 Association Studies in Bipolar disorder

An alternative approach to mapping disease loci uses the concept o f allelic association. 

Where linkage can be considered an examination o f the co-segregation o f alleles within 

pedigrees, association is the examination o f alleles in populations. Association studies use 

either a case-comparison or a family-based association methodology. The latter compares 

rates o f allele transmissions and non-transmissions (at a specific locus) to a sample o f 

affected individuals, whereas the case-comparison approach uses a set o f unrelated affected 

individuals and a set of unrelated comparison individuals, testing the frequency o f alleles at 

a specific locus in each group. Transmission rates can be evaluated by any o f a series of 

family based association tests (F-BAT), many o f which are robust to the effects o f 

population stratification. A review o f  association studies reports 50 candidate genes 

investigated in bipolar disorder over the past 10 years (Craddock et al. 2001). In the 

absence o f clear understanding o f disease pathophysiology o f BPAD, candidate gene 

studies that are considered in these association tests have typically been chosen based on 

pharmacological evidence. To date, the majority o f candidate gene studies have focused on 

neurotransm itter systems, with investigators examining polymorphisms within genes 

encoding proteins involved in the metabolism, reuptake or action o f  dopamine, serotonin 

and noradrenalin (Craddock and Jones, 1999). Some o f these have been at least partially 

replicated and are discussed briefly.
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Catechol-O-methyltransferase (COMT)

Catechol-O-methyltransferase is an enzyme involved in the degradation o f monoamines. A 

functional polymorphism has been characterised that is responsible for substantial 

variability in COMT enzymatic activity. A relatively low activity allele codes for a 

methionine residue at amino acid 158 o f membrane bound COMT, whereas a high activity 

variant has a valine at this site. Homozygosity for COMT158met leads to a 3-4 fold 

reduction in enzymatic activity, compared with homozygotes for COMT158val. There are 

several reports o f an association between the low-activity allele and the development o f a 

rapid-cycling form o f bipolar disorder, suggesting this variant may be a course modifier for 

BPAD (Lachman et al. 1996; Kirov et al. 1998; Papolos et al. 1998; Rotondo et al. 2002), 

however this association is not universally detected (Kunugi et al. 1997). The COMT locus 

maps to chromosome 2 2 q ll, a region implicated in velo-cardio-facial syndrome (VCFS) 

and psychiatric disorders (Gill et al. 1996; Mujaheed et al. 2000; Kelsoe et al. 2001).

Monoamine Oxidase A (MAOA)

Monoamine oxidases are involved in the oxidative deamination o f neurotransmitters such 

as serotonin, dopamine and noradrenaline - as a result these enzymes represent plausible 

candidates for association studies. Results reported in the literature are mixed, with some 

investigators reporting association between MAOA (X pl 1.2-11.4) and bipolar disorder 

(Lim et al. 1995; Rubinsztein et al. 1996), and others not (Craddock et al. 1995a; Kirov et 

al. 1999; Turecki et al. 1999a; Syagailo et al. 2001). Thus far, two meta-analyses have been 

carried out on the MAOA polymorphisms and bipolar disorder. Due to discemable allele 

frequency differences between Caucasian and Japanese populations, Furlong et al. (1999a) 

have performed separate meta-analysis o f  published studies using the MAOA-(CA)„ 

microsatellite in intron 2 and the G941T silent cDNA polymorphism o f the MAOA gene. 

They report associations detected between MAOA-(CA)„ and bipolar disorder in both 

populations. A second meta-analysis has also reported a weak association with MAOA- 

(CA)n microsatellite (Preisig et al. 2000). Indeed, a number o f groups have reported an 

association between this microsatellite and bipolar disorder in females (Ho et al. 2000; Lin 

et al. 2000; Preisig et al. 2000).

Brain derived neurotrophic factor (BDNF)

The gene for brain derived neurotrophic factor (BDNF) growth factor, is expressed in 

foetal and adult brain and is located on chromosome l l p l 3 .  This region has been 

implicated in BPAD previously (see section 1.5.1). BNDF is considered not only for its
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impact on neurons in the adult brain, but also for its putative involvement in learning, 

motivation, and regulation o f mood (Eisch et al. 2003). Nibuya et al. (1995) and Smith et 

al. (1995) have shown that in instances o f stress, a precipitating factor in clinical 

depression, endogenous hippocampal BDNF levels are decreased, whereas they are 

increased by antidepressant treatments. Administration o f exogenous BDNF to the murine 

hippocampus or posterior midbrain nuclei has been shown to reduce depression-related 

phenotypes (Siuciak et al. 1997; Shirayama et al. 2002). Other investigators propose that 

BDNF, through its receptor tyrosine kinase receptor B, may act on downstream signalling 

elements such as CREB protein to mediate the hippocampal neuroadaptations seen after 

antidepressant treatment (Nibuya et al. 1996; Thome et al. 2000). There have been several 

association studies in both BPAD and SZ using polymorphisms at this locus. Some of 

these have reported significant results (Krebs et al. 2000; Neves-Pereira et al. 2002; Sklar 

et al. 2002), while others have not detected any association (Hawi et al. 1998; Wassink et 

al. 1999; Nakata et al. 2003). FBAT results for the val66met SNP have shown a significant 

association for G allele (valine) and bipolar disorder in studies by Sklar et al. (2002) and 

Neves-Pereira et al. (2002).

Tyrosine Hydroxylase (TH)

Tyrosine Hydroxylase is a catalytic component o f the biosynthetic pathway that converts 

tyrosine into catecholamine neurotransm itters such as dopamine, noradrenaline and 

adrenaline. Theories that implicate TH centre on how disturbances in the activity or 

expression o f this enzyme effect neurotransmitter concentrations at nerve synapses. The 

gene for TH is located at 1 Ip 15, in the region implicated by the original Old Order Amish 

study conducted by Egeland et al. (1987b). Though replications o f this linkage result were 

not forthcoming (see section 1.5.1), Leboyer et al. 1990 have reported a significant 

association with two restriction fragment length polymorphisms (RFLP) at TH in a French 

case-control sample. However, there has been several association studies (investigating 

these and other polymorphisms), including meta-analyses which report no evidence for 

association between TH and BPAD (Komer et al. 1994; Turecki et al. 1997; Furlong et al. 

1999b; Souery et al. 1999; Souery et al. 2001; Serretti et al. 2003).

Serotonin transporter (5-HTT)

Selective serotonin reuptake inhibitors (SSRI) are powerful pharmacological agents that 

are capable o f inducing mania in individuals with BPAD, but more importantly they are 

major effective anti-depressants. The site o f action o f  SSRI mediation is at the serotonin
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transporter (5-HTT). Hence, the 5-HTT has been the focus o f numerous association studies 

(Anguelova et al. 2003). Anguelova et al. (2003) have identified 45 studies that have 

investigated at least one o f the two commonly studied 5-HTT variants (the 5-HTT 

prom oter 44 bp insertion/deletion (n=3,467) and the intron 2 VNTR (n=3,620) 

polymorphisms). In a meta-analysis the overall odds ratio (OR) is greater than one, 

showing significant association between BPAD and both variants. However, this study has 

shown that neither o f the polymorphisms represents a gene variant o f  major effect (OR of 

1.14 and 1.18 for the insertion/deletion and VNTR respectively). Anguelova et al. (2003) 

suggested that the detected association may be caused by a large effect, perhaps from one 

individual study (Collier et al. 1996). Alternately, the magnitude o f the odds ratios may 

simply reflect sampling variance (Craddock et al. 2001). An earlier study, conducted by 

Furlong et al. (1998), found no association with the VNTR polymorphism in a m eta

analysis using bipolar individuals (n=375) o f European Caucasian origin. These authors 

did however report an association with the deletion (lower activity variant) in the 5-HTT 

promoter. Conversely, a meta-analysis o f published case-control data has been reported by 

Craddock et al. (2001) to show no evidence supporting a role for the lower activity variant 

m susceptibility to BPAD.

1.6 Genetically Complex disorders

1.6.1 Penetrance, Variable Expressivity and Phenocopies

Where heritability and relative risk estimates strongly implicate a genetic component to a 

disorder, model fitting exercises (see segregation analysis, section 1.3.5) often fail to 

support a single major locus, favouring a non-Mendelian genetic architecture as a likely 

alternative. In addition, considerations must be made for incomplete genetic penetrance for 

a disorder in which a genotype-phenotype correlation is not observed. Penetrance, the 

proportion o f heterozygotes that express a dominant phenotype, or homozygotes that 

express the recessive phenotype, can make inferences based on genotype to phenotype 

more difficult. A similar confounding factor is that o f  variable expressivity. Expressivity, 

which refers to the degree of variation in phenotypic severity o f individuals with similar 

genotype, can be either approximately consistent or extremely variable, both within and 

between pedigrees. Intrafam ilial variability can be attributed to factors such as 

environment, mosaicism, or epistatic interactions. These factors may, in addition to 

possible allelic or non-allelic heterogeneity (see section 1.6.2), be also responsible for 

interfamilial variability o f expression. The existence o f phenocopies, where the phenotype 

arises entirely due to non-genetic factors, also presents difficulties in gene mapping o f
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complex disorders. While all, or a selection, of these confounding factors may be operating 

BPAD, the particulars o f specific loci remains equivocal.

1.6.2 Genetic Heterogeneity

A potentially confounding factor in the study of genetic disorders (simple or complex) is 

genetic heterogeneity. This is where distinct mutations at the same locus (allelic 

heterogeneity) or different loci (non-allelic or locus heterogeneity) can cause similar and 

possibly indistinguishable phenotypes. In linkage analysis, allelic heterogeneity is not 

problematic because all families (including those with different mutations) will show 

linkage to the same chromosomal region. However, in fine mapping, allelic heterogeneity 

can have a pronounced effect on the efficacy of association based methods (Terwilliger 

and Weiss, 1998). Non-allelic genetic heterogeneity, where two or more loci contribute 

independently to disease susceptibility, can have pronounced affect on the power of a 

sample to detect linkage. This problem may be minimised by ascertainment of ethnically 

homogeneous samples, collection of single extended pedigrees segregating with the 

disorder or by stratifying a sample based on some a priori characteristic before analysis. 

As a strategy for mapping of susceptibility loci, the latter methodology has been shown to 

be effective in Alzheimer’s disease by stratification by AAO (Levy-Lahad et al. 1995, 

Rogaev et al. 1995; Sherrington et al. 1995, Blacker et al. 2003). When pedigrees cannot 

be assigned unequivocally to one or more sub-groups the admixture test (Hodge and 

Spence, 1983; Ott, 1983; Ott, 1999) can be used to test for linkage where only a 

proportion, a ,  of the families are assumed to be linked. While several reports have 

implicated locus heterogeneity in BPAD (Friddle et al. 2000; Morrisette et al. 1999, 

Escamilla, 2001), evidence from segregation analyses suggests such genetic heterogeneity 

may not be applicable to the majority o f BPAD pedigrees (Craddock et al. 1995b).

1.6.3 Gene-Gene Interactions

Many complex genetic traits are influenced by loci that, though not in themselves 

causative, function by modifying susceptibility to the trait. The simplest form of genetic 

interaction between such loci can be described as an additive effect, whereby distinct loci 

each contribute in a cumulative manner to disease susceptibility. However, the epistatic 

model describes a more complex interaction. This model hypothesises the interaction of 

loci where the collective effect on susceptibility to a disorder is greater than the sum of the 

contributions from individual loci. The degree and type o f genetic interaction strongly 

influences the ability to detect genes using linkage analysis (Risch, 1990c; Risch, 1990b).
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Such gene-gene interactions have been outlined in insulin-dependent diabetes mellitus 

(IDDM) using a sib-pair design (Cordell and Todd, 1995). In addition to demonstrating an 

association between IDDM and human leukocyte antigen (HLA) genes, these authors have 

detected evidence of gene-gene interactions between IDDMl and 1DDM2 loci (Cordell and 

Todd, 1995; Cordell et al, 1995b). It has been shown that the additive and epistatic models 

can be distinguished using relative risk data (Risch, 1990b), Through the use segregation 

analysis (section 1.3.5), Risch, (1990b) and Craddock et al. (1995b) have indicated that for 

BPAD an epistatic interaction is most probable.

1.6.4 Gene-Environment Interactions

In addition to the confounding role of genetic heterogeneity and gene-gene interactions, 

there may also be environmental factors that could influence an individual’s susceptibility 

to a complex disorder. The environmental contribution to BPAD is evidenced by the 

variable concordance rates amongst BPAD MZ twins (40-70%; see section 1.3.3).

There are several reported instances of gene-environment interactions that influence 

susceptibility to disorder. The magnitude of gene-environment effects can be best 

illustrated in the case of idiopathic cerebral thrombosis, where the G20210A mutation in 

the prothrombin gene leads to a 3 to 6 fold increase in risk of venous thrombosis, whereas 

patients that take oral contraceptives and are heterozygous at the G20210A mutation have 

a 149 fold increase in risk of thrombosis (Martinelli et al, 1998). Other examples of gene- 

environment interaction include the increased risk of Alzheimer’s disease due to the e4 

allele of apolipoprotein E and the instance of head trauma (Mayeux et al. 1995).

Studies in BPAD have, as yet, not attempted to examine the environmental pressures that 

influence familiality of the disorder. Nevertheless, serotonin and its promoter have been 

the focus of numerous studies where environmental stressors have been correlated with 

affect. Investigations conducted by Murphy et al. (2001) have shown that 5-HTT -/- and 

+/- mouse strains exhibited more fearful behaviour and greater increases of 

adrenocorticotropin hormone (see section 1.2) in response to stress, as compared to 

homozygous (+/+) controls. Bennett et al. (2002a) have shown that in Rhesus Macaques, 

whose length variation of the 5-HTT promoter is analogous to that o f humans, the short 

(deletion) 5-HTT promoter allele (see section 1.5,4) is associated with decreased 

serotonergic function among monkeys reared in stressful conditions, but not among 

normally reared monkeys. Moreover, Hariri et al. (2002) have shown that humans hetero-
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or homozygous for the short 5-HTT promoter allele exhibit greater amygdala neuronal 

activity in response to fearful stimuli as compared to individuals homozygous for the long 

(insertion) allele. Most recently Caspi et al. (2003) have reported correlations between 

stressful life events (i.e. employment, financial, housing, health, and relationship problems) 

and the short allele o f  the 5-HTT promoter. These authors have shown that the percentage 

o f individuals meeting diagnostic criteria for depression at age 26 is maximised in a subset 

o f their sample where individuals were hom ozygous for the short allele and had 

experienced four or more stressful life events. Evidence that 5-HTT promoter variations 

moderate the effect o f life events on depression should not, however, be taken to constitute 

unam biguous evidence o f a gene-environm ent interaction. Caspi et al. (2003), 

acknowledging that exposure to life events may in themselves be influenced by genetic 

factors, substituted the age 26 measure o f depression for a younger aged measure o f 18 and 

21 (i.e. prior to the measured life events between 21 and 26). W hereas the interaction 

between the 5-HTT promoter and life events predicted depression at the age o f 26 years, 

this same interaction does not predict depression reported at age 18 or 21 years (i.e. pre-life 

stress), supporting the cause-effect order, indicating that the finding o f Caspi et al. (2003) 

as a true gene-environment interaction.
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1.7 Statem ent o f  Aim s

The principal aim of this thesis is to map loci that confer susceptibility to bipolar affective 

disorder in sample of affected sibling pairs (ASP) ascertained throughout Britain and the 

Republic of Ireland. The statistical analyses that are employed in this thesis shall attempt to 

maximise the power of the sample, while minimising assumptions of the underlying 

genetic model. A staged approach to genome scanning, as advocated by Holmans and 

Craddock, (1997) is employed and will facilitate extraction o f the maximum amount of 

genetic information, while also mindful of the economic constraints of the project (see 

section 1.5.1). The use o f a large ASP sample to assess linkage using non-parametric 

allele-sharing methods is expected to be robust in the detection o f genes for complex 

genetic traits, especially in cases where the underiying genetic model appears complex (see 

section 1.4.2).

Genetic investigation into the aetiology of bipolar affective disorder is further complicated 

by heterogeneities inherent in the nosological systems used to describe the disorder (see 

section 1.1.4). Therefore, given the spectrum of BPAD (see section 1.1.3 and 

considerations outlined in section 1.3.6), a nested set o f diagnostic models is used to 

describe the phenotype. It is anticipated that the genetic component will be greatest for the 

narrow diagnostic model of BPI sib-pairs only. Hence, ascertainment of pedigrees for both 

the screening phase (Stage I) and follow-up phase (Stage 11) of the genome scan is 

conditional on proband diagnosis of BPI (see p a n e l  l ) ,  and at least one other sibling with 

affective disorder.

The principal focus of this study is to engage in an unbiased analysis of the human genome 

in search of susceptibility loci for BPAD (chapters 3 and 4). The psychiatric phenotypes, 

based on categorical diagnoses defined by DSM-IV criteria (APA, 1994), are used to 

define nested models from BPI disorder to the broader BPAD spectrum. Genotyping is 

carried out using a semi-automated fluorescence based methodology, which has been 

commercially validated. The entire Stage I patient sample, including parents and 

unaffected sibs (where available), is genotyped for microsatellites positioned at regular 

(~IOcM) intervals throughout the human genome. This interim genome scan data is then 

used to direct the Stage II efforts to refine areas that achieve point-wise statistical 

significance in Stage I. In addition to the categorical genome scan, an exploratory analysis 

is presented examining possible parent-of-origin effects operating in BPAD (chapter 5). A 

secondary analysis attempts to map quantitative trait loci (QTL) that may influence some
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o f the more heritable symptoms of bipolar disorder (chapters 6 and 7). It is envisaged that 

the completed Wellcome Trust genome scan, and its related QTL scans, will facilitate the 

identification o f susceptibility loci relevant to BPAD.
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Chapter 2

Materials & Methods
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2.1 Introduction

The methods described in this chapter are procedures common to chapters 3, 4, 5, 6 and 7. 

Specific methods and their details are accounted for in the Materials and Methods sections 

of each chapter.

2.2 Patient Collection and Diagnosis

The UK-Irish Wellcome Trust Bipolar Affected Sibling Pair Genome Scan study, as 

detailed previously (chapter 1, section 1.7), represents a collaborative effort between two 

centres. Probands were ascertained from across Ireland by clinicians based in St. James’ 

Hospital, Dublin and Trinity College Dublin, and across the UK by collaborators at the 

University of Birmingham. Sources o f probands include, but were not exclusive to, media 

advertisements for the project, contact with consultant psychiatrists, general practitioners, 

community nurses, social workers and patient groups throughout the Republic of Ireland 

and in Britain. Sample ascertainment and collection was completed over approximately a 

three year period from 1996 to 1999.

Once participants had conformed to best practice guidelines in accordance with ethics 

standards for multi-centre studies, written informed consent was then obtained from 

affected individuals and/or parents/guardians. Such contributors were interviewed by 

clinical psychiatrists in a semi-structured research consultation using the Schedule for 

Clinical Assessment in Neuropsychiatry (SCAN; Wing et al. 1990). A consensus verdict as 

to their mental health was reached using the above-mentioned instrument in conjunction 

with review of past mcdical history and, where possible, through interview with family 

members.

In order to establish a consensus diagnosis, case vignettes were prepared and reviewed by 

an independent psychiatrist. Regular meetings were held between all interviewers and 

raters so as to maximise clinical consistency and reliability. Where these diagnoses 

concurred, a consensus was reached under criteria of both the Diagnostic and Statistical 

manual o f  Mental Disorders version IV  (DSM-IV; APA, 1994), and the International 

Classification of Diseases 10th edition of the World Health Organisation, 1992 (ICD-10; 

WHO, 1992). Failing such consensus, all available matenal was fully reviewed and either 

an agreed upon diagnosis was reached or the case was recorded as having unknown 

diagnosis. Diagnoses and clinical notes were recorded for each person interviewed, along 

with any unaffected individuals. All such data and details o f pedigree structure were
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ultimately recorded in an adapted version of the MEGABASE database (Fenton and 

Sandkuijl, 1992).

Uniformity of diagnosis in the form of an inter-rater reliability assay was assessed using 

clinical data from twenty cases (representative of the cross section of subjects recruited). 

These data were rated by each investigator and compared against consensus to obtain 

individual kappa coefficients o f reliability (Cohen, 1968). Such reliability, assessed by 

Professor Nick Craddock, was shown to be highly consistent, yielding a mean weighted 

kappa for the DSM-IV diagnosis of 0.88 (S.D. = 0.06).

The sample population consisted of both Irish and British affected sibling pairs, and 

families where available. The proband had a DSM-IV diagnosis of bipolar I disorder (BPI), 

and at least one subsequent sibling had a DSM-IV diagnosis o f BPI, Schizoaffective 

disorder - bipolar subtype (SABP), bipolar II disorder (BPII), bipolar disorder - not 

otherwise specified (BP-NOS), or Recurrent Unipolar Disorder (RUP),

In conjunction with the SCAN diagnostic interview, blood samples of approximately 10- 

30ml were drawn from probands (and consenting family members) EDTA vacutainers. In 

addition to these samples one 3-10ml coagulated sample was collected for separation and 

storage of serum for possible future protein expression or biochemical assays. Samples for 

DNA extraction were frozen at -70°C, or processed immediately,

2,3 DNA Extraction from  Whole Blood & Quality Control

2.3.1 DNA Extraction

DNA extraction from whole blood was performed using a modification o f the standard 

phenol/chloroform method (Sambrook et al. 1982). Within the confines o f a biohazard 

hood, 6ml samples of anticoagulated blood were allowed to thaw at 4°C for between two to 

four hours. Samples were treated with an equal volume of sterile deionised water and 

double volume o f lysis buffer (section 2.6), to lyse erythrocytes. Samples were then 

allowed to mix on a rotary platform at 4°C for 30 minutes. Samples were then centrifuged 

at 6000 rpm for 15 minutes at 4°C; supernatant removed, and pellet gently resuspended 

using 25ml of lysis buffer at 4°C, Centrifugation was repeated at 6000 rpm for a further 15 

minutes. Supernatant was again removed and pelleted lymphocytes resuspended in 1.5ml 

of suspension buffer (section 2.6). Sodium Dodecyl Sulphate (SDS) and Proteinase K

(Sigma) were added to each sample, to 1% (w/v) and 0.4 mg/ml respectively. Samples
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were further incubated overnight at 37°C with the aid of gentle agitation by means of an 

oscillation platform. This allowed for the denaturation and digestion of enzymes and other 

proteins that remained in solution.

The DNA was first extracted with Tris-saturated phenol (GibcoBRL), then repeated with 

phenolxhroroform/isoamylalcohol (50:50 v/v). In order to remove all traces of protein 

contam inants this was follow ed by two additional ex tractions using 

chloroform/isoamylalcohol (1:24 v/v). The DNA was precipitated after the final extraction 

with 50|.il 3M sodium acetate solution and two volumes o f 100% ethanol at -20°C. 

Precipitated genomic DNA was removed using a sterile pipette, this was subsequently 

washed in 70% ethanol to remove salt residue. The sample was then allowed to air-dry, 

after which it was resuspended in 200-300ml of Tris/EDTA (TE) buffer, the volume of 

resuspension buffer being dependent on the original blood volume, 'fhe samples were 

stored at 4°C for 72 hours, with periodic agitation so as to facilitate full resuspension of 

DNA. All supernatants were preserved until visual verification was made of DNA 

precipitation. All procedures were carried out within the confines of biohazard or fiime 

hoods where appropriate. Stock DNA solutions were now stored at -20°C.

2.3.2 Quantification and Qualification

In order that the quality and quantity of DNA be detemimed, dilutions from stock solutions 

were analysed by means of spectrophotometry (Shimadzu UV mini 1240 UV-Vis 

spectrophotometer) at both 280 nm and 260 nm. Beer’s Law which describes the 

relationship between DNA absorbance at 260nm (A260) aiid its concentration was used to 

derive the formula:

{DNA]{^glml) = AjggX 50(figlml) x (dilution factor) 

where dilution factor represents the dilution made o f the test aliquot taken from the stock 

solution.

The A260:A280 ratio, indicative of DNA purity, was used to assay for presence of RNA 

and other impurities. A value less than 1.8 suggests presence o f protein and/or aromatic 

substances, whereas a value greater than 2 indicates RNA contamination. Once the DNA 

quality reading was within the tolerances set (i.e. 1.8 < A260:A280 < 2.0), samples were 

deemed to have passed our quality control. However, if the sample was considered to be of 

insufficient purity, a re-extraction was performed on either the pellet or stock blood 

samples.
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2.3.3 Sample Records and Storage.

A selection of nine, sealed, 96 deep-well boxes for storage of the Stage I  DNA samples and 

a further six sealed 96 deep-well boxes for storage of the Stage 11 DNA samples were 

arranged with 600ml of DNA per well at a working concentration o f 20ng/nl. Electronic 

and hard copies of the sample description to well locations were stored locally at the 

laboratory. These aliquots were stored at 4°C for use in polymerase chain reaction (PCR) 

amplifications. It was considered that the continual use o f this DNA would not warrant 

storage at -20°C as repeated freeze-thaw cycles may cause structural damage to the 

working stocks.

2A Semi-Automated Microsatellite Genotyping Using Fluorescent Labels

2.4.1 AB1377XL

A single ABI 377XL DNA Sequencer (Perkin Elmer/Applied Biosystems International) 

was used in each of the two centres at Dublm (Trinity College) and Birmingham 

(University of Birmingham) as part of the genome scan project (chapters 3, 4). This was 

principal means by which data was generated through-out all chapters.

The ABI 377XL, controlled by an Apple Macintosh Power PC 4400 via serial connection 

and runnmg proprietary PE ABI Collection™ software (version 2.6), is a semi-automated 

vertical gel electrophoresis system. The principle by which the genotyping data is gathered 

is based upon the excitation emission spectra of the four fluorescently labelled molecules 

incorporated within DNA molecules of varying molecular weight. A charge-coupled 

device (CCD) detector reads fluorescence from chemical tags as they are excited by an 

argon-ion laser.

PCR amplifications were loaded into the 64 wells of a 4% polyacrylamide gel (section 

2.6), and fluorescence at four wavelengths were recorded as fragments pass the horizontal 

detection region of the gel. The dual mode argon-ion laser in the ABI PRISM 377 

Sequencer emits light at 488 and 514 nm. Dyes with excitation curves that cross this 

detection region were excited. The four wavelengths were resolved by means of 

proprietary multicomponent software. This software used a matrix that was specific to the 

dye set adopted. Spectral overlap between dyes was compensated by means of a matrix 

file, thereby preventing excess bleed-through of one dye into the adjacent channels (figure 

2 . 1) .
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Wavelength (nm)

6-FAM HEX I NED — ROX
TAMRA

Figure 2.1. The Spectral overlap that defines the ABI Filter Set D fluorescent dyes. For illustrative 
purposes tlie yellow fluorescent dyes are indicated in black (i.e. NED and TAMRA).

The impoitance o f the quantum yield o f  a fluorescent molecule, the measure o f the amount 

o f light energy used to excite a molecule versus the am ount o f  light emitted as 

fluorescence, was key in determining empirical pools o f TAMRA labelled PCR amplicons. 

It was noted that a TAMRA labelled PCR product required a two-fold increase in the 

volume over NED labelled product, when pooled with other non-yellow fluorescent dyes. 

It can be seen from figure 2.2 that although the emission maxima o f both yellow dyes is 

around 560 nm, the fluorescent emission o f NED is approximately 66% greater than 

TAMRA on ABI 377 instrument.

100

 NED
 TAMRA

C

640520 540 560 580 600 620
Wavelength (nm)

Figure 2.2 Quantum yield o f both tlie yellow NED and TAMRA dyes (blue and green respectively).

The fluorescence data for each gel was stored in bitmap form at (approximately 24.5

megabytes per 2.5 hour gel electrophoresis period). This image, with its embedded data,

can then be further analysed by ABI software. This system is a particularly advantageous

one to adopt as there are several proprietory marker sets that have been specifically

tailored to this system (chapter 4, section 4.2.3).
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2.4.2 Polymerase Chain Reaction

One of each pair of the Linkage Mapping Set version 2 (LMS2) primers was end-labelled 

with one of three fluorescent dyes. The ABI licensed dye NED was replaced by TAMRA 

in the synthesis of primers for Stage 11. This represented a viable economical alternate to 

the licensed NED dye, despite caveats outlined in section 2.4,1 above. In order to promote 

the non-template directed nucleotide addition during amplification a reverse primer 

chemistry (tailing) was incorporated in the LMS2 primers (Brownstein et al. 1996).

Fluorophores whose emission spectra are outlined in figure 2.1, were detected only in the 

regions outlined by shaded bands. These bands are representative of optimal collection 

wavelengths for each dye. Light emissions occurring at wavelengths of 560 nm (HEX: 

green), 580 nm (NED or TAMRA: yellow), and 540 nm (FAM: blue) were detected by the 

CCD camera, translated by the collection software using a matrix file, into green, yellow 

and blue respectively.

All primer sets were amplified using a standard PCR solution, the constituents o f which 

were minimised to keep potential for human error to a minimum. The principal 

components of this PCR solution comprised of a proprietary True Allele™ PCR pre-mix 

solution containing an antibody-labelled high fidelity Taq polymerase, dNTPs, ddH20 and 

PCR buffer. The thermal cycling conditions recommended by ABI were used throughout 

for LMS2 microsatellites (see table 2.1), except where otherwise indicated.

No. of Cycles Temperature Time

1 cycle 95°C 12 minutes

94°C 15 seconds

10 cycles 55°C 15 seconds

72°C 30 seconds

89°C 15 seconds

20 cycles 55°C 15 seconds

12°C 30 seconds

1 cycle 72°C 10 minutes

Table 2.1 Standard LMS2 piotocol for amplification o f genome scan microsatellite markers.
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rhermocycling PCR reactions were carried using the 64 well format using the protocol 

outlined in Table 2.1 above. Polypropylene PCR plates supplied by Sorenson Ltd. were 

used with MJ Research peltier units PTC-200 or Tetrad PTC-225.

A standard 10 |i PCR reaction volume (table 2.2) was used. This incorporated 2^il of 

10ng/[Al genomic DNA samples aliquoted to each well, in manner that corresponded to the 

arrayed DNA in the deep well storage blocks.

Component Volume (̂ .1)

True Allele™ PCR Premix 6.0

ddH20 1 -  1.7

DNA 2.0

Primer pairs (5pMol per primer) 0.3 -  1

Total volume 10.0

Table 2.2 Components o f tlie PCR reaction for amplification o f the LMS2 miaosatellite markers.

A positive control with known genotype and at least one negative control from which 

genomic DNA was omitted, were amplified in each 96 well plate. DNA from individual 

1347.02 o f the Centre d'Etude du Polymorphisme Humain (CEPH) DNA collection, 

supplied by Applied Biosystems, was used both as positive control, and for inter-gel allele 

alignment. Negative controls were included to serve as notification o f contamination.

2.4.3 Gel Electrophoresis

PCR product sizes from microsatellites were resolved on 4% polyacrylamide denaturing 

slab gels (6M urea). Products were electrophoresised in a 64-lane format. Electrophoresis 

was carried out at 3000 Volts (60 milliamperes; 200 Watts; Laser Power: 40.0 milliWatts), 

at a constant temperature of STC, using IX TBE buffer, for a maximum duration o f 3.5 

hours.

Reagent Quantity

Urea 11 g

ddHjO 16 nl

TBE [lOX] 3 |.il

Polyacrylamide 3 |xl

Table 2.3: Components o f a 4 % polyacrylamide gel used to resolve PCR product for microsatellites.
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Once ingredients listed in table 2.3 were in solution, the mixture was filter sterilised. Gel 

mixtures were polymerised with the addition of 150|il APS (10% w/v) (see section 2.7) 

and 21|J,1 TEMED. Slab gels, 2 mm width, were poured between two high clarity laser 

grade glass plates measuring 36cm x 24cm. Polymerisation took up to 45 minutes to 

complete, after which glass plates were cleaned of excess polymerised gel, mounted on the 

ABI 377XL and allowed to heat to the run temperature of 5 1°C.

2  4.4 Size Standards

The size standard used in each assay was dependent on the type o f polymorphism being 

studied. When probing with microsatellites whose product size was less than 400 base 

pairs (bp), the ROX 400HD (PE-ABI) was used (figure 2.3), whereas if the product size 

extended beyond 400 bp, as was the case with selected tri- and tetra- nucleotides, the ROX 

500XL standard (PE-ABI) was used (figure 2.4). Size standards were used as an internal 

size standard (i.e. run in the same lane as each sample). DNA fragments utilised in these 

standards were labelled with a fourth fluorescent dye, ROX, with emission peak at 615 nm 

(red).

Figure 2.3: Graphical representation o f ROX 400HD internal size standard used in each ABI gel lane.

u _____

Figure 2.4: Graphical representation o f ROX 500XL internal size standard used in each ABI gel lane.
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2.4.5 Processing o f the Gel File

Data gathered by the ABI 377 Collection™ version 2.6 software was transferred via 

network connection to an analysis station for processing. Analysis was carried out on an 

Apple Macintosh computer with processor type G3 or greater, with a minimum of 32 MB 

RAM, under operating system 9.2 or higher. Processing of the ABI 377 sequencer gel 

image was performed by the ABI GeneScan™ version 3.1.2.

This application was used, through its neural-net based tracking routines, to detect and 

track individual lanes of a gel. The resulting ‘lanes’ are the product o f user defined 

tolerances. Prior to completion of the tracking phase, these lanes may be altered manually 

to more accurately reflect actual lanes. Once achieved, all data concerning the magnitude 

of fluorescence was extracted as a function of time. Each lane was then visualised as a 

line-plot of intensity of fluorescence on the Y-axis, against scan number, or time, on the X- 

axis.

Sizing was achieved through the use of the Local Southern method (Ghosh et al. 1997). 

The Local Southern method determines the sizes of fragments by using the reciprocal 

relationship between fragment length and mobility.

+ Ln ,

where L is length in base pairs, m is m obility, and c is a constant. Lg and mg are the sam ple 

length and m obility, respectively.

Using the four fragments closest in size to the unknown fragment to determine a regression 

equation, the Local Southern operates according to the following procedure. Two separate 

regression equations are created using three standard points o f these four fragments: two 

points below and one point above the fragment o f interest; and one point below and two 

points above the fragment. The equations are solved for the fragment of interest, and the 

mean of the two sizes thereby derived is used to determine the unknown fragment length. 

Data for fluorescence and peak-size from each lane were then output into sample files.

2  4.6 Genotype Data Management

The ABI GENOTYPER version 2.5 software package was used to assign fragment sizes to 

alleles. This application used the genescan  output files, translating the extracted files into

a horizontal display as in figure 2.5. genotyper  tem plates were used to store information
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unique to the polymorphism being studied. These parameters (fragment size range, colour 

and marker name) were used by g e n o t y p e r , in conjunction with peak labelling algorithm 

parameters (see appendix A.l), to generate genotypes for the polymorphism studied. These 

allele size labels were then inspected for any errors that may have occurred in allele 

assignment. Amplification of microsatellite markers typically led to a characteristic pattem 

of stutter fragments o f smaller size, differing by the length of the repeat unit (see figure 

2.5). This effect is less pronounced for selected Stage 11 markers where tetra and tri

nucleotide repeats were used.

Provisional allele calling by the g e n o t y p e r  software, which is based on the microsatellite 

stutter pattem, was perfomied for all individuals for each marker assayed. Restrictions in 

utility of the algorithm employed for peak labelling meant that allele assignment was often 

incorrect. Reasons for such erroneous allele assignment could include, amongst others, 

intra-gel fluctuations in polymer concentration, or sub optimal amplification conditions. 

Collectively these have the effect o f producing either an excess or insufficiency in 

fluorescence levels, thus leading to a sub-optimal peak shape or height. Nevertheless, an 

individual experienced in genotyping with this application could easily recognise the 

existence of valid allelic patterns. All alleles were visually screened and problematic 

electropherograms were either corrected or marked as unreadable and repeated.

Sam ple A

-9  00 
-6 0 0  
-3 0 0

128,29

Sam ple B
-6 0 0

-1 50
-1 00

Sam ple C

-6 0 0  
-3 0 0  
-1 50

I  136 17 I I  140 19 I

Figure 2.5 . An example of a typical microsatellite stutter pattern.

Sample a )  homozygous genotype; B) heterozygous genotype witli widely spaced alleles and differential 

amplification o f tlie larger product; c )  heterozygous genotype where alleles differ by 4 base pairs, 

illustrating a typical composite genotype.
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Genotypes for a specific marker were exported from the g e n o t y p e r  application to a MS- 

EXCEL spread sheet particular to that marker. Information was listed in each o f five 

columns, which included the sample identifier, marker name, genotype (allele 1 / allele 2), 

and an "overflow" field. The overflow field was used to record the numeric value o f any 

samples that had more than two alleles, thereby notifying the operator o f genotyping 

errors. Samples which failed to produce a readable genotype were given a nominal 

homozygote genotype of allele size of -1.

2.4.7 Data Handling and Allele Binning

Once all samples had been genotyped for an entire chromosome (Stage I) or chromosomal 

region (Stage II) in the sample populations specific to each stage, the data was exported to 

the MEGABASE application as a plain-text comma separated value (CSV) file compatible 

with MS-DOS. In order that both inter- and intra- gel variations were controlled for, a 

control value (CON) representing a standard which is both microsatellite and gel specific, 

was entered on a separate line preceding the data from each 64-lane gel o f the CSV file 

(see Appendix A.2).

The CON value was calculated using the control allele from CEPH individual 1324.02 

genotype which was closest to the midpoint of the allele size range (ASR) particular to the 

microsatellite marker. Once this was identified, the mean value of this allele in each gel 

was then used to calculate a CON value for each gel. Thus, the CON value becomes 

representative of the mean migration point of the modal fragment size specific to a gel. 

Tliis is, of course, relative to the migration of size standard fragments, and is calculated for 

each marker. A finalised marker file, in CSV format, was then imported into the pedigree 

management database, m e g a b a s e  (figure 2 .6 ) .
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■ Edit/Md rtarkers staff

■■1 ■■
Figure 2.6: Screen capture from the m e g a b a s e  genotype management database application (adapted 
from Fenton and Sandkuijl, 1992).

M e g a b a se , using the CON value, aligned allele sizes from each gel with those of the first 

gel. This was done through the formula for adjustment of alleles. Where any allele a in gel 

N, of size On and associated control value cjv, is adjusted to size A as outlined:

A =  +  (Cj — Cjy)

where ci is the control value of the first gel.

The facility within m e g a b a se  to display the full complement of alleles for all individuals 

in a graphical manner (figure 2,7) was used to identify clustering of allele sizes. These 

clusters, defined by deviations around a mean allele size, allowed the recoding from the 

ABI units (which equate approximately to base pair length) to integer categories, or ‘bins’. 

These were created manually using vertical lines to delimit the extremities of successive 

bms. Alleles that deviated significantly for the mean allele size typically existed in a region 

that was between ‘bins’. These represented samples that required fiirther investigation, to 

allow proper categorisation.
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Figure 2.7. Allele binning saeen from the m e g a b a s e  database and genotype management application.

Central to the use of m e g a b a s e  as a data management system was its ability to output

genotype data files in the standard l i n k a g e  format. This format is the precursor to most 

linkage analysis programs. Issues surrounding data quality control and flow management 

of the large volumes of data produced by the genome scan project are detailed in chapters 3 

& 4, and in appendix G.

2,5 Statistical Methods

2.5.1 PEDCHECK

PEDCHECK version 1.1 is an application for detecting marker typing incompatibilities in 

pedigree data (O'Connell and Weeks, 1998). Error detection was of highest importance as 

elimination o f data inconsistencies is essential to the success of any linkage analysis. The 

algorithms which comprise the PEDCHECK package may be divided into four sub-sections. 

All four levels were used in our analysis. Briefly, Level 1 detection uses the individual's 

genotypes as given in the pedigree data files to check for Mendelian inconsistencies 

between parents and offspring. Thus, as level 1 checked data at a nuclear family level, it 

was responsible for the detection of the following errors, a.) where a child and parent's 

alleles were incompatible; b.) where a person was half-typed. This was checked because 

the majority o f currently available programs cannot handle incomplete genotypes, c.) 

where greater than 4 alleles existed in a sibship. d.) where more than 3 alleles existed in a 

sibship when there was a homozygous child; e.) and finally to ensure X-linked pedigrees 

had males scored as homozygous.
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Once all inheritances satisfied level 1 criteria p e d c h e c k  proceeded to use the Lange- 

Goradia algorithm to complete genotype elimination at a level 2 stage (Lange and Goradia, 

1987). The Lange-Goradia algorithm, a modification on Lange and Boehnke, (1983) 

compared genotypes within nuclear families rather than parent-offspring triples. The 

m anner in which this algorithm operates for complex pedigrees can be shown to be a 

sequential progression through a list o f  nuclear families, repeatedly or iteratively, until no 

further genotypes can be eliminated. In a particular iteration, for each pair o f genotypes o f 

a father and mother, (formed from the observed genotype data o f these two individuals), all 

possible zygotes are generated and subsequently compared with the observed genotype 

data o f all children in the nuclear family. The Lange-Goradia algorithm has been shown to 

eliminate all inconsistent genotypes for any pedigree without loops. Less consistent results 

are found when inbreeding loops are included. However, given the nature o f  the pedigrees 

which comprise the genome scan sample, the situation relating to loops will not concern us 

greatly. Given the high level o f accuracy deployed by the Lange-Goradia analysis, level 2 

was guaranteed to detect any inconsistencies in our data. Thus, once there were no level 2 

errors detected our pedigrees were said to be Mendelian consistent. A further two levels of 

genotype checking were employed with level 3 responsible for the identification o f 

individuals with so called ‘critical genotypes’ -  those causative for inheritance 

inconsistencies. W hilst the fourth level determines the alternative typings that a critical 

genotype can have, and then computes an odds ratio statistic to assist in determining the 

most likely person to be in error.

P E D C H E C K  is capable o f using a variety o f standard file types. For our purposes the file 

structure took the form o f two standard l i n k a g e  format input files: a pedigree file (plain 

text) in LIN K A G E format containing, on each line, family # and individual identifiers, sex, 

affection status, and genotypes, for each individual (see Appendix A .3.2); a data file 

containing marker order and allele frequencies (see Appendix A.3.1).

2 .5 .2  SiBERROR

S IB E R R O R  is an algorithm developed to be applied to affected sibling pairs in order to 

identify pedigree errors in the data (Ehm and Wagner, 1998). This application, executed 

remotely at the HGMP, was used to identify the types o f relationships amongst sibs, that 

would have led to an inflated allele-sharing statistic had they been allowed to remain in the 

sample. Examples o f these include half siblings, unrelated individuals, identical twins, 

non-paternities and non-matemities.
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The test statistic is based on the summation over the number o f alleles shared identical-by- 

state (IBS) by a pair o f siblings. This summation occurs across a large number o f  markers, 

considering in tum, the number o f alleles and allele frequencies for those markers. Thus, 

reports o f a large negative statistic will be indicative o f  half-siblings and/or unrelated 

individuals, whereas large positive values identify monozygotic twins. Input files for this 

application are o f  the form used for pedch eck  (section 2.5.1).

2.5.3 Error checking w ith  RELATIVE

The RELATIVE application (Goring and Ott, 1997) computes likelihoods o f  various 

biological relationships between two individuals from their observed marker genotypes. As 

such, this was applied to ASP data so the probability o f relatedness o f  ASPs could be 

determined where both parents were absent from the sample. When the ‘sib’ option was 

specified, the program computed likelihoods for the probability o f siblings with one or no 

parents genotyped, being full sibs, half-sibs or unrelated.

Input syntax

The application takes a control file as input, with lines containing:

1 or 2, specifying the ‘sib’ or ‘general’ options respectively;

<relative_output.txt>, text file o f output file;

< n am e> , o f  lin k a g e  form at data and ped igree files;

pnor probabilities a sib pair are full sibs, half-sibs, and unrelated;

prior probabilities a sib pair are full sibs, half-sibs when the mother is typed;

prior probabilities a sib pair are full sibs, half-sibs when the father is typed.

2.5.4 Two-point Linkage Analysis

SPLINK, an application for linkage analysis using affected sib pairs, was used to generate 

two point maximum likelihood scores (version 1.09; Holmans, 1993; Holmans and 

Clayton, 1995). This application used the method of maximum likelihood to estimate the 

probability that two affected sibs shared 0, 1 or 2 autosomal marker haplotypes identical- 

by-descent (IBD). In the case o f the X chromosome IBD probabilities were estimated 

through the use o f the maternal haplotypes only. Pedigrees containing greater than two 

affected sibling pairs were treated by the s p l in k  algorithm s as an approximation to 

independent comparisons. However this approach allows, not a genuine, but rather a 

maximum pseudo likelihood to be calculated. W eighting o f  such larger sibships is
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achieved using the 2/n weighting factor, where n is the number o f affected sibs in the 

family. In the calculation of the maximum likelihood score (MLS) o f linkage, the 

probabilities for IBD sharing were subject to the constraints of the possible triangle 

(Faraway, 1993; Holmans, 1993; chapter 1 section 1.4.2.3 and figure 1.2).

Where there was incomplete pedigree data, and assignment o f parental haplotypes 

ambiguous, uncertainties were reduced through the inclusion of data from sibs who were 

either unaffected or unknown. Failing this, haplotype frequency became important in its 

resolution. In addition, the s p l i n k  program was used to estimate sample allele frequencies 

from the Wellcome Trust (WT) observed data, using the -asp- flag. This operational flag 

used data from individuals classed as diagnosis ‘unaffected’ or ‘unknown’, s p l i n k  also 

calculated two indices of informativeness, the heterozygosity {H) and the PIC value. Both 

m.easures were calculated using the observed allele frequencies of each marker as follows:

whereas the other mdex, the polymorphism information content, which is denoted PIC and 

defined as follows:

where pi is the frequency of the /th allele at the locus, n is the total number of alleles.

The PIC value can be seen as the probability that a marker genotype of a given offspring

Before s p l i n k  analysis could proceed, pedigree data must be converted from the l i n k a g e  

format to a s p l i n k  compatible form. This was achieved using the p e d 2s p l  application. 

Batch files were use to accelerate this process (see Appendix A.4.1). Two input were 

required for s p l i n k  analysis: a post p e d 2 s p l  pedigree file (See Appendix A.4.1) and a data 

file (See Appendix A.3.2) in l i n k a g e  format from which s p l i n k  deduced marker order.

The SPL IN K  application carries out 2-point analysis on a per marker basis. Data must be 

input for an individual genetic marker and then analysed and output. To facilitate 

automation of this process, batch files were prepared so as to expedite the analysis of 

whole chromosome input files. These files, written in plain text, were converted to

n

will allow deduction of which of the two marker alleles of a given parent it had received.
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executable files using the chmod u+x filename.txt command in the U N I X  shell o f the 

HGMP-RC, which directed the sequential analysis of each marker (see Appendix A.4.2).

2.5.5.1 M ultipoint Non-Parametric Linkage (NPL) Analysis.

Multipoint NPL scores were calculated with the g e n e h u n t e r  (version 2.1_r4 beta; 

Kruglyak et al. 1996) program, which could be either accessed remotely at the HGMP-RC 

or locally on selected Apple Macintosh computers (OS X 10.3 or greater).

In order that full inheritance information be extracted from our data set GENEHUNTER used 

a Hidden Markov Model (HMM) approach to calculate the inheritance distribution 

conditional on the genotypes at all marker loci, and deduces an Non-Parametric Linkage 

(NPL) statistic from this data. Thus, flill mheritance information was extracted on a per 

chromosome basis, using a com.bination of identity-by-descent (IBD) information when 

available, and identity-by-state (IBS) information from other affected pedigree members, 

where present. Marker allele frequencies used in the analysis were taken from the -asp- 

output of the SPLiNK two point linkage program (2.5.4). Significance levels generated by 

G E N E H U N T E R  are calculated by comparison with an approximation to the normal 

distribution, as this distribution is slightly narrower than the normal, the p-values should be 

viewed as conservative estimates.

For non-parametric analysis IBD sharing information for the set of all affected relatives in 

a family is captured in a statistic developed by Whittemore and Halpem, (1994). The Saii 

measure was the method of choice for a number of reasons. This was principally due its 

ability to increase statistical power by considering larger sets o f affected relatives, rather 

than just pairs (as is the case with the Spairs option). This is achieved in part, by a sharp 

increase in weighting being applied as the number o f affected individuals sharing a 

particular allele within a pedigree increases. Also, in simulations performed by Kruglyak et 

al. (1996) the Saii or NPLaii statistic proved again to be more robust than the Spa,rs or 

NPLpairs and out-performed the affected pedigree member (APM) methods o f Weeks and 

Lange, (1992) and Weeks and Lange, (1988) requiring between two to seven times fewer 

pedigrees to detect linkage. Indeed, the power of the NPLaii method was roughly equivalent 

to that of the LOD score analysis under the correct model (Kruglyak et al. 1996). Perhaps 

the major advantage to the NPL method is that it assesses IBD sharing on the basis of 

information from multiple markers and all genotyped relatives, thereby being less likely to 

be misled by chance sharing of alleles and is less sensitive to mis-specification of allele
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frequencies. Also noted was the ability o f g e n e h u n t e r  to use surrounding markers to 

generate an elevated level of information content across markers where single marker 

analysis shows low levels of informativity.

2.S.S.2 Alterations to default g e n e h u n te r  parameters.

A default increment option was used, which instructs the NPLaii statistic to be evaluated at 

each marker locus and regularly at points corresponding to 20% of each inter-marker 

interval. The off end option was used in each set of analysis so as to extend the measure of 

linkage 10 cM beyond either end of the genetic map. This facilitates full multipoint linkage 

information being extracted from the extremities of the map.

The count recs on option instructs g e n e h u n t e r  to make recombination counts, and report 

observed and estimated values for the intermarker genetic distance, accordmg to the 

specified "map Kosambi' function. Using this function can allow regions of excessive 

recombination to be identified. Such excess can be suggestive of genotyping error.

Input files required by g e n e h u n t e r  are of the form of standard l i n k a g e  pedigree and 

locus data files. However, the data file was slightly modified, with locus 1 (the disease 

locus) excluded from the analysis (outlined in appendix A.3.1). Batch files were prepared 

to expedite the process of whole chromosome analysis. Batch files were initiated with the 

"run’’ command from within the GENEHUNTER environment.

25.5.3 Automated nuclearisation o f pedigrees.

The FORTRAN application m a k e n u c 50,  compiled and executed upon data from within the 

U N IX  shell at HGMP-RC, was used to nuclearise Stage I  and Stage II  pedigrees in an 

automated fashion. This application required user input to define the number of individuals 

in the data set to be processed, number of diagnostic models used, number of loci probed, 

an input file in standard l i n k a g e  pedigree and an output file name. It was essential that our 

families were nuclearised prior to input into m a p m a k e r / s i b s  (section 2 .6 .8) .  A typical 

output from m a k e n u c 50 did not allow the user to recognise which particular families had 

been nuclearised, as all family identifiers were recoded. However, text output to the screen 

at the HGMP-RC allowed users to monitor this process.
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2.5.5.4 M ultipoint M axim um  Likelihood Linkage Analysis (MLS).

The program m a p m a k e r / s ib s  (version 2.0; Kruglyak and Lander, 1995) uses IBD sharing 

between affected sibling pairs in a manner that is restricted to two generation nuclear 

families (see section 2.5.5.3). The methods employed allow for dominance variance whilst 

adhering to the constraints imposed by Holman’s possible triangle of biologically plausible 

sharing probabilities (see chapter 1.4.2.3; Holmans, 1993; Lander and Kruglyak, 1995). 

The multipoint mapping of loci in nuclear pedigrees allows for greater than two affected 

sibs and will weight these accordingly, m a p m a k e r / s i b s  uses the information from all 

genetic markers to infer the full probability distribution o f the IBD status at each point 

along the region. As the primary analysis in Stage I  and Stage 11, a non-parametric 

maximum likelihood score was calculated using these IBD probability distributions.

2.5.5.5 Alterations to default parameters.

The o ff end 10 option in chromosomes from both Stage 1 and Stage 11 analyses was used to 

examine evidence for linkage extending 10 cM beyond either end of the genetic map. The 

MLS was calculated at 1 cM intervals. This requires careful interpretation when 

considering such data. All analyses were considered o ff end 0 and o ff end 10.

The infomap option was used to generate an f  (s) (information content) score, expressed as 

the inheritance information extracted from the data as a proportion of the complete 

inheritance information. This quantity measures the extent to which the uncertainty in the 

IBD distribution for the Stage I  or Stage 11 sample is resolved by the genotype information. 

As such an index (distributed between 0 and 1) approaches unity, levels of unextracted 

information rapidly diminish. The r^(s) value is a function of both marker heterozygosity 

and intermarker genetic distances.

The exclude option in m a p m a k e r / s ib s  was used to perform exclusion lod analysis. An 

exclusion lod score was generated for models o f several relative risk (?is) values.

Input files required by m a p m a k e r / s ib s  are, as with g e n e h u n t e r , of the form of standard 

LINKAGE pedigree and locus data files. However, the pedigree file was first modified by 

MAKENUC50 (see section 2.5.5.3), and the locus order in the data file was defined so as to 

ignore the first locus (see appendix A.3.1). Batch files were used with m a p m a k e r / s ib s  to 

analyse data from each disease model in tum (see appendix A).
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25.5.6 CRI-MAP and Web basedMap-o-MaT.

The CRI-MAP application (Lander and Green, 1987), and its related web based M a p - o - M a t  

application (Matise and Gitlin, 1999), were used to validate marker orders for 

microsatellites included in the second stage of the genome scan. This was an essential 

analysis, as the marker orientations as described in the available databases (see e- 

bibliography) and the literature were often conflicting. Therefore, the CEPH and DeCode 

databases were used to assemble marker maps (using m a p -o - m a t ; version 1.1), and the 

observed data from Stages I  and II were used in c r i - m a p  to confirm the marker orientation.

Data Translation (pre-CRl-MAP)

Input data files were in c r i - m a p  format. To convert files from linkage format to c r i - m a p  

the LNKTOCRi (version 2.1) application was used (Dr. Frank Dulbridge, pers. comm.).

Input requirements for LNKTOCRI

• Name of the linkage pedigree file (XXX.ped)

• Assign a c r i - m a p  file name (XXX.gen)

The LNKTOCRI was provided with details o f the number o f nuclearised pedigrees, number 

of loci in the l i n k a g e  (XXX.ped) file, followed by user preferences and an indication of 

the binary nature of the data file.

Data preparation & Map Validation

Once data was translated from l i n k a g e  to c r i - m a p  format (see section 2.5.5.6.1) the 

prepare command of c r i - m a p  was executed using the '"crimap XXX.par prepare"' syntax 

(Lander and Green, 1987). The XXX.gen file was required to create the XXX.dat, XXX.par 

and XXX.ord  files, which describe the parameter, processed data and order files 

respectively.

A ll

This option calculated the logio likelihoods for all permutations of inserted locus orders 

with respect to a framework of ordered loci. One convenient use of this option was to 

position a new locus (which would be specified as the single inserted locus) with respect to 

a  framework of loci of a known order.
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Build

This option facilitated the construction of a marker map by sequential incorporation of loci 

relative to a pair of linked, highly informative reference loci. The first locus in a list of loci 

to be inserted (specified in the .par file) was placed in each possible map interval. The 

resulting locus orders were then tested for compatibility with the reference loci; each order 

not excluded was subjected to full maximum likelihood estimation. The order having the 

highest logio[likelihood] was calculated, and any order whose logio[likelihood] was less 

than this, by more than the specified tolerance (PUK_LIKE_TOL = 3.0), was eliminated. 

The build option output included a sex-averaged and a sex-specific recombination fractions 

(and the corresponding Kosambi centiMorgans for all positioned loci).

Jlipsn

The flips option o f c r i - m a p  allows the re-arrangement of a user specified (flips«) quantity 

of adjacent markers in a process known as a ‘tuple’. In a two marker tuple (n=2) each 

marker in turn is re-arranged with respect to surroundmg markers o f a reference order (e.g. 

A-B-C-D-E becomes B-A-C-D-E). The relative logio[likelihood] (i.e. the logio[likelihood] 

of the reference order, minus that of the permuted order) is computed, with negative 

differences indicating a likelihood in favour of the rearranged order. The total number of 

orders that must be evaluated is given by the following equation

(/7z - /2 + l)(/z!-(« - 1)!) + (« - 1)!

where m is the total number of loci in the reference marker set. For n = 2 the relative 

logio[likelihoods] for all permutations are output. However, for higher values o f n, only the 

permutations whose logio[likelihoodsj are at least that o f the original order, less 

PUK LIKE TOL, are displayed (PUK LIKE TOL is the tolerance for discarding locus 

orders which is set to 3.0 by default).

All of the above routines were used with observed data from Stage I  and Stage 11 of the 

Wellcome Trust genomes scan. Marker genotype ‘dumps’ o f CEPH data were obtained 

from the CEPH website (see e-bibliography), and used to construct maps, which were 

validated using combined DeCode and CEPH data with the m a p - o - m a t  (vl . l )  web-based 

application (Matise and Gitlin, 1999; see e-bibliography).
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Remapping (part o f  the Ma p - o -MAT suite)

REM AP  runs all analyses on available permutations o f catalogued makers and returns the 

permutations that exceed a specified LOD threshold. For each marker to be mapped, the 

m ultipoint likelihood o f  each possible map position was calculated. The m ost likely 

position once identified was reported. Included in the m a p - o - m a t  output were any other 

positions whose likelihood was within the specified odds threshold o f  the most likely 

position. The most likely position was reported with other possible positions proceeding in 

order o f decreasing likelihood.

Required Input: Chromosome number, ordered list of marker names, lod score threshold. 

25 .5 .7  M erlin

In efforts to detect underlying quantitative trait loci the m e r l i n  and m i n x  applications 

(version 0.9.12b; Abecasis et al. 2002) were used to conduct variance component (VC) 

analysis on the autosomal and X chromosomes respectively. Using a VC model, it is 

possible to test the null hypothesis that the additive  genetic variance due to a particular 

QTL is zero (i.e. no linkage). This can be accomplished by comparing the likelihood of the 

no variance model with that o f a model in which the additive variance due to a particular 

QTL IS estimated.

The general variance components model for QTL {Y) is given by:

Y = n  + g + G + e,

where ^  is the overall mean o f the quantitative trait, g is a random effect due to a major 

gene with additive variance and dominance variance cr^, G is a random polygenic 

effect with variance a^, and e is the non-shared environmental effect (or random error) 

with variance a^. The variance o f the trait value o f each individual in a pedigree can be 

expressed as follows:

+  cTd +  c Tg  +  c r " .

and the covariance between the trait values o f two related individuals can be given by :

+  0 cTg >

where (j) is the coefficient o f relationship between the two individuals and A is the 

probability that the two individuals share both their alleles IBD at the major locus (Amos 

1994; Almasy and Blangero, 1998). By conditioning on the IBD score at a marker locus, 

the covariance can be shown to be a function o f the recombination fraction between the 

QTL and the m arker locus (Almasy and Blangero, 1998). The variance components
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method uses maximum likelihoods to estimate parameters o f  the covariance conditioned on 

the IBD marker sharing at marker locus. Having taken log likelihoods o f  the data, summed 

over all independent pedigrees, A lm asy and B langero, (1998) have show n the test for 

linkage to be equivalent to testing cr̂  = 0 {Ho) versus cr̂  > 0 {H i). The difference between  

the tw o log 10 likelihoods is an expression equivalent to the classical parametric LOD score 

o f  M orton, (1955). H ence tw ice the difference in natural log-likelihoods o f  which produces 

a test statistic that is distributed as a 50:50 mixture o f  X\ and x l  (S e lf  and Liang, 1987).

In p u t f ile s

M e r l i n  is capable o f  using standard l i n k a g e  .dat and ped files as detailed in Appendix  

A .3.1 and A .3.2 (phenotypic data can be appended to the file as outlined).

The execute com m and is as follow s:

. / m e r l i n  -p  XXX.ped -d  XXX.dat - - q u i e t  - - v c  --tnarkerNames - - g r i d  1 - x x  > XXX.out

The application m e r l i n  (0 .9 .12b) requires M AC OS X (10.3 or higher) with minim um  o f

G3 processor with 256M b RAM  (for availabilitj' see e-bibliography).

2 5 .5 .8  ASPE X

The A S P E X  suite o f  programs (H inds and R isch, 1996) can be used for perform ing  

multipoint linkage mapping o f  affected sibling pair data for discrete traits, how ever in this 

thesis it w as used to explore possib le  parent-of-origin effects on chrom osom e 18 (see  

chapter 5). O f the five main analysis applications contained in the suite, S IB _ IB D  w as used 

to calculate IBD inform ation for all affected  sib ling pairs. W here marker data from  

additional siblings w as available, it w as used to reconstruct m issing parents. For a given  

A SP, the first sib in that pair, in addition to any siblings in the pedigree that were not part 

o f  an A SP were used to reconstruct parental genotypes. In the com m on case o f  concordant 

affected  sib pairs, th is meant that one affected  and all unaffected  sibs w ere used in 

reconstruction. By selecting the sex_split true parameter, it w as possib le to separate 

LOD scores for maternal and paternal sharing contributions, w ith  the most_likely 

operator specified  along with sex_spiit, the maternal and paternal scores were reported 

using the overall m axim um -likelihood model.

In p u t f i le s  required:

The S IB _ IB D  application requires a x x x . t c l  parameter file (see Appendix A .5) in addition 

to a standard l i n k a g e  file containing nuclearised pedigrees.
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2.6 Buffers and Media

Phenol/Chloroform

500ml Tris saturated phenol

500ml chloroform (containing 4% (v/v) isoamyalcohol)

Solution stored at room temperature,

EDTA

186.1g EDTA 

1 L ddH20

Adjusted to pH 8.0 using lOM NaOH tlien sterilised by autoclaving at 121°C, three atmospheres for 15 

minutes. Tliis was tlien stored at room temperature.

Gel Loading dye: (for use with standard agarose gel)

95% formamide 

2% 0.5 M EDTA

3% xylene cyanol/bromophenol blue suspension.

Gel Loading dye: (for use with ABl polyacrylamide gel)

5 % formamide 

2% 0.5 M EDTA 

3% Detran blue (Sigma).

Lysis buffer:

1.6M Sucrose

5mM Tris-HCl pH 7 5

2.5mM M gCb

1:200 Triton X-100 (Sigma)

Suspension buffer:

lOmMTris-HCl pH 7.5 

lOmM EDTA pH 8.0 

lOmMNaCl
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TE (Tris/EDTA) buffer:

lOmMTris-HCl pH 7.5 

10m M EDTApH8.0.

Tris-Borate-EDTA (TBE) IX:

45mM Tris base 

45mM Boric acid 

ImM EDTApH 8.0

Tris-Acetate-EDTA (TAE) Ix:

40 iriM Tris base 

40 mM Acetic acid 

1 mM EDTA pH 8.0

Proteinase K

500 mg Proteinase K

50 ml sterile milliQ water

this was stored at -20°C in 1ml aliquots

10% Sodium Dodecyl Sulphate (SDS)

50g SDS

500ml of sterile milliQ water 

Solution stored at room temperature.

10% Am monium  Persulphate (APS)

0.5 g of ammonium persulphate 

made to 10ml with milliQ serile water.

Solution was stored at 4°C for up to 14 days.

Ethidium Bromide

Used as supplied

Phenol, buffer-saturated', GibcoBRL, Cat #15513-039 

Used as supplied
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Polyacrylamide solution,

Long Ranger Gel Solution (50%); FMC Bioproducts, Cat #50611 

Used as supplied

TEMED

Used as supplied

Agarose gel (1.5%)

1,5g agarose 

90ml ddH 20 

10ml TAE IX
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Chapter 3

The W ellcom e Trust B ipolar Affected Sibling Pair Genome Scan

Stage I

Screening Phase
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3.1 Introduction

3.1.1 Background and Aims

The presented study. The UK/Irish Sibling-Pair Bipolar Affective Disorder Genome Scan 

represents a comprehensive examination of all human autosomes and sex chromosomes. 

This study, collaborative between Birmingham University and Trinity College Dublin, 

proposed to undertake a two-stage genome screen (using both grid tightening and sample 

splitting) in a large sample of BPAD sib-pairs. The sample was collected in centres 

throughout the UK and the Republic of Ireland, whilst genetic analysis was undertaken in 

laboratories in Dublin and Birmingham under the joint supervision o f Professor M. Gill 

and Professor N. Craddock. These data, from the pooled Irish and British sample, should 

aid in identification of genes influencing susceptibility to bipolar affective disorder.

Given that genotype and linkage data w'as generated at two separate sites, the need for a 

strategy common to both centres was identified from the outset o f the project. The 

combined sample of pedigrees, and reagents required to analyse the human genome, were 

common to both and were shared evenly between sites. Both sites adopted a semi

automated fluorescence based genotyping scheme (see Chapter 2, section 2.4), with data 

being generated at both sites from the ABI Linkage Mapping Set version 2 (LMS2) 

genotyping kit. This product, standardised by the proprietor, in association with its 

standard analytical softw'are, allowed for a high level of inter-site data accuracy.

Data which was generated at each site was managed using a local copy of m e g a b a s e , an 

M S-DOS program developed by Fenton and Sandkuijl, (1992). This database, originally 

used as a genetic database for polycystic kidney disease, was adapted by Ian Fenton for use 

with psychiatric disorders, allowing users to interrogate patient files, edit fields, and output 

pedigree information in a variety of formats. The function of this application was primarily 

for the input, establishment o f allele size bins (see section 2.4.7) and the output of 

phenotypic and genotypic data in a suitable format for linkage analysis.

3.2 Study Design

The study was designed as a two stage process. A Stage I  sample of affected sibling pairs 

and their relatives was screened for linkage as described in this chapter. This was 

augmented by a Stage 11 sample set which included a further complement of affected 

siblings and relatives. Samples from both stages included all available relatives of 

probands. The Stage 1 sample was assayed for genetic linkage at a microsatellite marker
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resolution o f approximately 10 centiMorgans (cM). This screen o f the genome was used to 

generate a sub set o f chromosomal regions might be identified for subsequent finer 

mapping during Stage II. The purpose of this strategy was to maximise the information 

obtained for the study while minimising costs (Holmans and Craddock, 1997). A nominal 

threshold for linkage at a point-wise maximum likelihood score (MLS) o f  0,74 (Nyholt, 

2000; see below) was used as a cut-off point, below which regions were deemed (in 

association with data from exclusion analysis) not to be o f sufficient interest to warrant 

further investigation.

The second stage used a more focused genetic map o f approximately 5cM in the regions 

identified for follow-up at Stage I. This strategy, and variations thereof are discussed by 

Holm ans and Craddock, (1997). Through the use o f  com puter sim ulations they 

investigated the relative efficiency o f two-stage strategies involving combinations o f both 

grid tightening (the use o f additional markers in particular regions o f a test area consequent 

to a preliminary survey that used less tightly spaced markers) and sample splitting. The 

aim of Holmans and Craddock, (1997) was to reduce the quantity o f  genotypes required 

(cost), whilst minimising loss o f power (efficiency). Though the authors conclude an 

optimal strategy involves a combination o f both splitting and tightening, emphasis was not 

placed on genotyping parents in the screening stage {Stage I). W hile their conclusions 

concur with those o f Holmans and Clayton, (1995) regarding the utility in genotyping 

parents, the authors concede an assumption o f Hardy-Weinberg equilibrium in establishing 

the most efficient strategy. An approach that ignores information from parents (or other 

relatives) by letting them remain un-genotyped does not facilitate analytical techniques that 

can exploit their affection status, nor does make effective use o f relatives in identification 

o f M endelian inconsistencies. Such information, if available, can allow unequivocal 

assignment o f IBD status amongst sib-pairs. In addition, genotyping parents in the first 

stage sample set was also necessary precaution, since, given the origins o f  the sample 

(section 3.3.1), there exists a possibility o f population stratification. Therefore, genotyping 

o f parents was performed in Stage I  to reduce the probability o f false positive ( a  or type I) 

error.

Central to the strategy outlined is the adoption o f a suitable minimum threshold by which 

genomic regions may be identified for follow-up in Stage II. If an overly conservative level 

is adopted then the probability o f missing areas representative o f  true linkage may become 

unacceptable. Therefore, the false-negative (|3 or type II) error rate must be kept to an
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acceptable minimum to ensure such linkage signals are not overlooked. For that reason, it 

is envisaged that the lenient point-wise MLS threshold o f 0.74 will allow a manageable 

number o f  false-positive linkage results to progress to the Stage 11, where they will be 

exposed by the larger sample set and its higher resolution o f  genetic map.

The principal means by which linkage statistics were derived was by multipoint maximum 

likelihood score (MLS) using the m a p m a k e r / s ib s  analysis package (Kruglyak and Lander, 

1995; see chapter 2 section 2.5.8). This set o f analytical applications can extract complete 

multipoint inheritance information for each affected sibling pair o f a nuclearised pedigree. 

The manner in which this is performed has been outlined previously (see section 2.5.4). 

Briefly, this method adheres to the restrictions o f  the biologically feasible sharing 

probabilities as described by the Holmans, (1993) possible triangle (A). The restriction to 

this triangle follows a multiplicative m.odel, representing epistasic interaction amongst loci, 

and allows for dominance variance. A more powerful test o f  linkage can be obtained by 

restricting the alternative hypothesis to this region (see figure 1.2 chapter 1; Holmans, 

1993, Holmans and Clayton, 1995). Given the strengths o f this approach, it has become the 

method o f choice (Hinds and Risch, 1996; Kruglyak et al. 1996) when studying complex 

genetic disorders, for which multiple interacting genes are thought to underlie 

susceptibility. Using the methods developed by Self and Liang, (1987) the asymptotic 

distribution o f the underlying restrictions have been shown to be a mixture o f the 

distributions with 0, 1 and 2 degrees freedom. These mixing properties are a function of  

the allele frequencies and may be expressed in terms o f  Z2 sharing probabilities of 

approximately 0.402, 0.50 and 0.098 (Nyholt, 2000).

p(ML5^) = 0.402 X p^Xo > 2 In 10 x

+ 0.500 x p( x f >21n  10 x MLS^)

+ 0.098 X p(;̂ ;2 > 21n 10 x

However, since with zero degrees freedom is defined as 0, the resultant maximum 

likelihood score will have a mixture o f  X\ îid x l  distributions. Thus, to obtain a nominal 

threshold o f p < 0.05 an MLS^> 0.74 is required for autosomes. Whereas for X-linked data 

the thresholds, defined by Cordell et al. (1995a), can be shown to be a mixture o f  brother- 

brother, sister-sister and brother-sister IBD sharing o f  maternal alleles. Consequently this 

‘X- MLSa’ threshold should be greater than 1.18 for a p-value < 0.05. Such thresholds
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were used to isolate regions of the genome that were to progress beyond the screening 

stage so as to be examined more closely in the Stage //analysis.

To ensure these regions were not simply spurious linkage signals generated by chance or in 

a manner specific to m a p m a k e r / s i b s  algorithms, a collection o f supportive evidence was 

evaluated. These supportive trends were generated in a number o f ways, some of which 

were restricted to the possible triangle as described previously. Single point maximum 

likelihood scores were generated using the s p l i n k  application (Holmans and Clayton, 

1995; Holmans et al. 1995), while multipoint non-parametric lod (NPL) scores were 

calculated using g e n e h u n t e r  (Kruglyak et al. 1996) the NPLaii as detailed in section 

2.6.5,1. Graphical representations o f these single point MLS and m ultipoint NPLaii 

statistics can be found in A ppendix B.2. Any significant deviations from the 

m a p m a k e r / s i b s  statistic emanating from either or both o f these applications would 

advocate caution in the interpretation o f the results.

There are several features, summarised Guo and Elston, (1999), which make a useful probe 

set. (i.e. polymorphic markers, typically microsatellites, with high PIC and LIC scores). 

These include the laborious task o f assembly o f a microsatellite m arker set that are 

compatible with criteria described in section 3.3.2, that are both economical and facilitate a 

standardised set o f assay conditions. Since the Stage I screening study would take place in 

either o f two centres, it was decided a commercially developed set o f polymorphic 

microsatellites would be used. This afforded the collaborative benefits inherent in such a 

resource. Specifically, by using a pre-optimised and evenly resolved marker set, firmly 

based on a validated genetic map architecture, the levels o f  data accuracy from both 

centres should be greatly enhanced. The main components o f this resource have been 

detailed in chapter 2, section 2.4.

Genotyping for this study was completed by the author (36% o f markers; n=72, using a 

sub-set o f 9 o f the 14 markers panels) and colleagues in the Dublin site, and by Dr. Bennett 

and co-workers at the Birmingham site. This chapter presents the results o f  statistical 

analysis of all chromosomes. Specifics o f  the data generated by the author are outlined in 

Appendix C and in the statement concerning the ‘attribution o f data’ at the beginning of 

this thesis.
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Given the :sptectrum of affective disorder, the study design comprised five affectation 

models whe;rc:by an individua was deemed as having an affected phenotype. These models 

were designiedl conceptually with the hypothesis o f DSM-IV Bipolar I disorder (BPI) being 

most represiemtative of a genetcally homogeneous bipolar affective disorder. This core BPI 

phenotype hias> a much higher iiagnostic constancy as documented by Rice and co-workers 

(Rice et al. 19>86; Rice et al. P92) in addition to higher diagnostic reliability (Andreasen et 

al. 1981; Kellter et al. 1981) tPan do the broader phenotypes. Craddock et al. (1995b) have 

also describ)ed the DSM-IV cnteria for BPI disorder as a more robust measure o f a true 

case of affetcti've disorder.

M odel Nuimber D iagJostic Criteria (D SM  IV)______________________________________

1 Bipoar I disorder only
2’. M odil 1 + SchizoafiFective disorder (bipolar type)
3i Modsl 2 + Bipolar II disorder
4: Model 3 + Bipolar disorder -  N ot otlierwise specified
5 Model 4 + Recurrent unipolar depression

Table 3,1 : Diiseaise affection status as per diagnostic model used in Stage I  o f  the genom e scan.

The specifics of each diagnostic group are outlined in greater detail (Table 3.2, section 

3.3.1). The prim ary analysis, preformed by m a p m a k e r / s i b s , describes multipoint 

maximum liike;lihood allele sharing under the narrowest of models (i.e. BPI -  BPI affected 

siblings only/).

3.3 Methods

3.3.1 Sample Description.

The Wellco'mie Trust UK/Irish sample collected for Stage I  comprised 150 nuclear 

pedigrees containing it least one affected sibling pair (ASP). All psychiatric evaluation 

was by conisemsus as detailed previously (Chapter 2 section 2.2), whereas diagnostic 

models were dlefined ising DSM-IV only. The sample is comprised o f 529 individuals, 

some 72% olf w /̂hom ha/e varying degrees of psychiatric disorder.
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Diagnostic model: 1 2 3 4 5

Pedigrees with:
Affected sibling pair only 59 70 71 78 89
ASP + 1 parent 20 21 22 22 23
ASP + both parents 30 31 33 34 37

N o extra unaffected siblings 67 81 84 91 111
1 unaffected sibling 30 30 31 32 28
2 or more unaffected siblings 12 11 11 11 11

Total (pedigrees) 109 122 126 134 150
Total ASPs (all pairs) 154 193 201 216 260
Total ASPs (weighted) 129 153 159 170 198

Num ber of
pairs: 93 98 100 106 111
trios: 13 19 21 22 30
quads or greater: 3 5 5 6 9

Genotyped individuals witli: Total Male Female

Bipolar I disorder 298 129 169
Schizoaffective (bipolar) disorder 13 7 6
Bipolar II disorder 25 8 17
Bipolar disorder (NOS) 8 2 6
Major depressive disorder (recurrent) 37 10 27
Classed as unknow n/otlier 148 71 77
Total 529 227 302

Table 3.2 : Individuals for whom genotypes were generated in Stage I  o f  the genom e screen. Legend: 
ASP- Affected Sibling Pair, diagnoses as referred to in text (American Psychiatric Association, 1996); 
unweiglited sibling pairs calculated as the sum over all pedigrees using n (n -l)/2 , where n is the number 
of affected siblings in die pedigree; weiglited sibling pairs calculated similarly, using (n-1).

3.3.2 M arker m ap an d  genotyping

The genetic map used in the genome scan, Linkage Mapping Set version 2 (LMS2), was 

developed com mercially by Applied Biosystem s Ltd. This set describes 400 highly  

mformative microsatellite markers, derived from the Genethon map, evenly spaced across 

the entire length o f  the human autosome and X chromosome complement (Weissenbach et 

al. 1992, Gyapay et al. 1994; Dib et al. 1996). These Genethon markers, comprised o f  

dinucleotide repeats, would normally be subject to the effects o f  so called stutter bands and 

non-templated adenine addition. The non-templated adenylation (plus A) is a phenomenon 

associated with the terminal transferase activity o f  Taq  polymerase (Hu, 1993). This 

creates a situation whereby a portion o f  the amplification is subject to the plus A effect, 

whilst others are not affected. The resultant signal generated by fragments that undergo 

such amplification is depicted in figure 3.1.a.
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Figure 3.1.a: Figure 1. Typical electrophoresis pattern of a (CA)n microsatellite marker with shadow 
bands. The two alleles of this heterozygous sample are eight bases apart, and are shown with their 
estimated size. The rightmost peak of each group corresponds to an extra base addition (peaks labelled 
+ 1). On the left, peaks correspond to shppage of the Taq polymerase (labelled -2 and 4), and the ‘+1 
peaks’ of these ‘slippage peaks’. For this marker, the normal peaks and the +1 peaks have a similar 
height. This means that, depending on the samples, the g e n o t y p e r  software will choose one peak or 
tlie other for tlie allele, leading to errors in the genetic data.

However, there are several molecular techniques that can help to circumvent this problem. 

These include post-PCR treatment with T4 polymerase to remove the problematic adenine 

(Ginot et al. 1996), and/or lengthening o f  the final extension step o f  the PCR protocol from 

10 to 30 minutes to allow all fragment amplification to proceed to completion. However, 

Brownstein et al. (1996) have described a method, used in the ABI LMS2 set, whereby the 

5 ’ end o f  the non-fluorescently tagged primer set has been modified by adding a seven 

base pig-ta il which facilitates up to 100% adenylation o f  PCR product (figure 3.1 b).

136.17

B

 I I
136.17

X

138.13

Figure 3.1.b: Characteristic (CA)„ banding pattern of a microsatellite marker as analysed by the 
GENOTYPER suite. Representative electropherograms of amplicons synthesised with (A) and without (B) 
the use of the ‘pigtail’. Each electropherogram provides a profile of an identical m iaosatellite locus 
amplified under standard conditions. The y-axis represents the relative fluorescence of the detected 
fragments as tliey occurred over time. The x-axis represents time and is displayed ia ABI data points 
(approximate to base pairs).

The primer pairs comprising the ABI LMS2 were pre-optimised in several ways. Firstly 

they all used a standard amplification protocol (see chapter 2, section 2.4.2) using the 

proprietary True A llele Premix (Taq/dNTPs/buffer) solution. The primer sets were 

arranged into panels o f  markers, not necessarily by chromosome, but in a manner that 

allowed for maximum efficiency for a systematic genome scan. Typically panels were
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arranged so that markers from consecutively numbered chromosomes could be amplified 

in batches where PCR fragment length and fluorophore colours were not coincident. The 

Dublin chromosome allocation for this stage of the collaborative spanned 14 panels (see 

Appendix C) with amplicon sizes ranging a minimum of 75 base pairs to the maximum 

observed allele size of 395 base pairs. (The average intermarker genetic distance was 

9.6cM).

3.3.3 Multiplex PCR and Product Pooling

Amplification of genomic DNA was carried out according to the descriptions of section 

2.4.2. Groups o f 2-5 primers were co-amplified in a multiplex reaction to ensure the most 

economic use of time and reagents, thereby minimising the cost of genotype production. 

The LMS2 markers, though derived from publicly available primer sequences, were 

modified as described earlier (Brownstein et al. 1996). The specifics of these modifications 

are not disclosed by the proprietor, which meant that to establish the most efficient pools a 

degree of empirical weighting, based on characteristics specific to each marker, was the 

only recourse available for identifying compatible primer sets. Characteristics such as 

fragment length, fluorescence intensity data and quality of signal (derived from simplex 

reactions) were some o f the key elements used in designing optimally functioning 

multiplex pools. Amplification pools were designed so as to maximise the 0 -  400 base 

pair detection range of the ABI 377XL.

These pools were used to assay the 529 individuals that comprise the Stage /  screening set. 

The amplifications were carried out m 64 well PCR plate format, included in which were 

62 DNA samples from the Stage I  sample set with two controls (one negative ddH20 

sample and one positive CEPH DNA sample). These were electrophoresed and analysed 

using ABI hardw'are and software (See Chapter 2, section 2.4,3), Alleles were re

categorised using the histogram function of the m e g a b a s e  application as detailed in 

section 2.4.7 of chapter 2.

3.3.4 Logistics and Quality Control

3.3.4.1 Generation and flow  o f data

A genome scan that is conducted over two centres in two distinct phases generates a 

considerable quantity o f data. This data takes the form o f raw (ABI gel images), 

intermediate (data extracted to g e n o t y p e r  format) and completed phase information 

(excel documents and m e g a b a s e  outputs), all in large quantities. The management of this
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volume o f information necessitates adherence to a stringent system o f  organisation, 

otherwise data integrity can be compromised. To accomplish this task a process flow was 

generated from the outset, observance o f which was designed to minimise human error and 

maximise data integrity. This process flow is described in Appendix G.

The process begins with the samples themselves. Back-up blood from patients were stored 

m EDTA vacutainers at -10°C in laboratory freezers. The samples (600^,1 o f DNA per well 

at a working concentration o f 20ng/(o,l) comprised some 8 full, and one half filled, 96 deep 

well DNA storage blocks. Each deep well block contains a maximum 62 (32 in the case o f 

the half block) DNA samples, one negative control and one positive control o f DNA from 

CEPH individual 1347.02. Samples were assayed in batches o f 64 to facilitate a one-to-one 

relationship between samples as they were stored and gel files generated. PCR amplified 

samples were electrophoresed on polyaciylamide gels with their corresponding g e n e s c a n  

sample sheet data embedded into the gel image. Prior to executing each data gathering 

session, the graphical user interface (GUI) o f the ABI c o l l e c t i o n  software (version 2.1) 

allowed for annotations in the user field. Annotations included the names o f  markers that 

constituted the pooled multiplex PCR reaction products specific to the gel. Thus far, each 

gel file corresponds to each sample sheet, which m turn corresponds to each pool of PCR 

amplifications, and in tum to each box containing working dilutions o f DNA samples.

At this stage a backup o f the genotype data was made with the files transferred to an 

backup storage medium. Gel files, with their embedded data, are then read by ABI 

OENESCAN (version 3.1.2) and processed as described previously in chapter 2 section 2.4.5. 

Individual sample files that have been extracted from the gel images are then imported to 

GENOTYPER (version 2.6). Once automated analysis o f these sample files was completed 

and a manual confirmation of the allele assignment made, a tabularised output o f genotype 

data was saved to marker specific Microsoft e x c e l  spreadsheets. These spread sheets were 

stored on the analysis computer until all data pertaining to the particular marker was 

collected across the entire sample. Once data for the entire complement o f microsatellites 

for a chromosome had been collected, data contained in each e x c e l  file was exported in 

plain text comma separated value (CSV) fashion, compatible with M S-DOS. These files, and 

their e x c e l  originals, were all recorded to back-up disk. The files were then transmitted to 

a m aster copy o f the m e g a b a s e  application and ‘binned’ according to the procedure 

outlined in chapter 2 section 2.4.7.
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3.3A.2 Data manipulation

The data flow continues with an output from m e g a b a s e  in l i n k a g e  file format. The 

M EGABASE application was instructed to output microsatellite data in a manner that 

corresponds to the ordered genetic position of probes relative to the p-terminus of their 

respective chromosomes. These linkage files were edited manually, removing extraneous 

data and re-coding the liability classes to reflect each of the diagnostic models used in the 

analysis. This procedure was identified as one of the potential sources for introduction of 

error to the process. To control for this source of human error. Dr. Segurado wrote EXCEL 

visual basic macros to accomplish these two tasks. These applications, though written for 

VISUAL BASIC for APPLICATIONS were validated only for e x c e l ’ 97 . e x c e l  2000 and e x c e l  

v.x superseded this application, neither of which were completely compatible with these 

macros. Thus, with the questionable fidelity of these macros, a grass roots approach of 

using xMS-DOS programmes to accomplish the editing was adopted. Dr. Pelios from our 

collaborators in the Department of Psychiatry, University of Birmingham, tailored his 

C O N V E R T A U T O  application to the diagnostic models as outlined in table 3.3. The 

CONVERTAUTO (version 2 . 1)  native to MS-DOS, was used to complete the editing in a highly 

standardised manner. The use of such an application was expected to significantly reduce 

the potential for human error in handling such large quantities of data.

3.3A.3 Data Cleaning

Data integrity is a critical factor in genome scanning with a large quantity of markers. 

While the ability to discern errors in genotypic data is facilitated by use of highly 

polymorphic marker loci, one must expect that errors in the raw data are unavoidable. 

However, in many cases the errors manifest as inconsistencies between parents and 

offspring in the inheritance of alleles.

These post-coNVERTAUTO files were then transmitted on by file transfer protocol (FTP) to 

the Human Genome Mapping Project (HGMP) resource centre. There data was examined 

for Mendelian inconsistencies using the p e d c h e c k  application as detailed previously 

(Chapter 2 , section 2 .5 . 1) .  Any errors are output to a pederror text file, which can be 

retrieved via FTP and inspected. Data contained in these files were used to identify 

erroneous inheritance patterns. First response to any errors was to check the 'binning' of 

individuals concerned; if their alleles existed on the border between bins then it may have 

been quite possible that they were simply incorrectly binned (see chapter 2 section 2 .4 .7) .  

Any re-binning was verified using the raw genotype data. Failing this, e x c e l  files and
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original genotype data for the pedigree can be used to trace inheritance vectors and rectify 

errors where possible. This process o f data input to m e g a b a s e , binning then output, 

followed by recoding using a u t o c o n v e r t , then re-transmission to HGMP and re-analysis 

is preformed in a iterative manner until no further errors can be detected. All error free 

LINKAGE data was then recorded to Zip disk with accompanying back up o f the master 

copy o f MEGABASE, both o f which were stored on and off site.

In samples o f small nuclear families, all data errors are not readily manifest. It is therefore 

paramount that every effort be made to uphold data integrity. Dual reading o f  genotypic 

data and standardised data entry are two means by which errors can be kept to a minimum. 

Additional potential typing errors can be identified through examination o f individual 

chromosomes for evidence o f double cross-over events between markers within small 

(<30cM) genetic distance. It has been shown previously that levels as high as 90% of 

apparent cross-over events result from previously undetected genotyping errors (Buetow, 

1991).

3.3.4A Thresholds for Maximisation o f Sibling pair resource

The success rate m genotyping can have a significant effect on the power o f the study. 

Threshold levels for genotyping to be deemed successful for a microsatellite probe were 

set at 95% o f  the total available persons. This target level was realistic, and meant any 

remaining un-genotyped individuals would have a high probability o f  having their 

genotype inferred from available observed data (Kruglyak and Lander, 1995; Kruglyak et 

al. 1996). In order to minimise any genotype biases, this 95% target was to be achieved 

cumulatively between one amplification o f the genome sample and one further set, which 

would comprise all samples that failed initial amplification. As described earlier, samples 

were PCR amplified in a per box manner, where each box comprises sets o f 62 samples 

and 2 controls. Should 50% o f this primary amplification fail, the entire box was re- 

amplified.

Where Mendelisation inheritance errors occurred with any degree o f consistency, a clinical 

sample mix up was assumed to have occurred within the pedigree. The individual (if 

possible to isolate the error source unequivocally) or pedigree responsible was removed 

from the data set.
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3.3A.3 Assessing suitability o f generated data to Affected Sib-pair strategy

When dealing with a sample set that is used to generate allele sharing statistics based upon 

affected sibling pairs, it is essential to test for the existence o f any biological relationships 

that may affect these statistics. Specifically, the presence of monozygotic siblings will 

inflate this statistic (see Dick et al. 2003), while inclusion of half-sibs, that have not been 

recorded as such, can also effect sharmg statistics. To identify sources that affect linkage 

statistics, two applications s i b e r r o r  and r e l a t i v e  were used to examine the data. The 

S IB E R R O R  application, detailed in chapter 2 section 5.2, was used to assess the Stage 1 

sample set for monozygotic twins not reported as such (Ehm and Wagner, 1998), whilst the 

RELATIVE (Goring and Ott, 1997) was used to test for half-siblings. These programmes 

identify, on the basis of probabilities, pedigrees that contain such individuals. These 

pedigrees were then assessed further to ascertain the effect their inclusion had on the 

linkage statistic. In the case of MZ siblings this resulted in the removal of one of the co- 

twins, or for half-siblings, removal of the half-sib that was without affected true sibs. Six 

monozygotic twins were identified in the Stage 1 sample, and removed from the sample.

3.3.5 Power Calculations and Significance levels

To estimate the power of the Stage I  sample to detect linkage, simulated replicates were 

used to estimate probabilities whereby average maximum likelihood scores exceeded 

various criteria. The replicate samples were of identical structure to that of Stage I  

collection in terms of availability of DNA and pedigree construction. A lOcM intermarker 

distance was simulated for 400 microsatellite markers (each with 5 equifrequent alleles and 

heterozygosity o f 80%). Four distinct measures of genetic effect were modelled by 

evaluating a locus specific recurrence risk (K )̂ at 1.25, 1.5, 2 and 3. For each instance, the 

disease locus was modelled in a position most difficult to detect (i.e. midway between two 

flanking markers).

A similar strategy was employed for estimation of the significance levels. To illustrate the 

random fluctuations expected in a whole genome scan, simulated genotypes were 

generated under the assumption o f independent assortment throughout the genome. When 

considering the null hypothesis where there is no underlying trait causing loci, all positive 

scores in the data represent random fluctuations and are not evidence of true linkage. As 

with the power simulations, a simulation data set of 400 microsatellite probes was used, 

each with four equifrequent alleles (heterozygosity of 75%), across a lOcM genetic map.
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Genotype data was simulated exclusively for individuals from whom DNA was available. 

Random fluctuations in MLS from 1000 iterations o f this model genome scan were 

recorded, from which sample specific significance levels were generated (see section 

3.4.1).

3.3.6 Statistical Analysis

The statistical analysis carried out on the data generated in Stage 1 was subject to three 

separate analyses, each o f  which used allele frequencies particular to this sample (see 

chapter 2, section 2.5.4). M a p m a k e r / s ib s  was predetermined to be the primary analysis 

package, with s p u n k  (two-point lod) and g e n e h u n t e r  (NPLaii) analysis performed for 

reasons o f verification o f  m a p m a k e r / s i b s  MLS statistics only. Data was generated for 

each statistical application for each o f diagnostic models (see table 3.1). An hypothesis o f 

Bipolar I (BPI) disorder (DSM-IV) being most representative o f a homogenous genetic 

disorder (Craddock et al. 1995b) indicates diagnostic model 1 to be the principal diagnostic 

group by which underlying susceptibility loci may be identified. As such, linkage statistics 

based on model 1 analysis, carried out by m a p m a k e r / s ib s ,  reinforced by evidence from 

NPLaii ( g e n e h u n t e r )  and single point MLS ( s p l i n k ) ,  formed the criteria by which 

genomic regions would progress beyond the screening phase to Stage 11 (see Chapter 4). 

The methods o f these analyses are outlined in chapter 2 sections 2.5.4, 2.5.5 and 2,5.6 

respectively.

In addition to assessing the divergence from the null hypothesis o f  equal sharing o f alleles, 

the affected sibling pair method can also be used to identify regions o f the genome more 

probable not to harbour susceptibility loci. Such analysis was used to identify and exclude 

regions, under a model 1 diagnostic, likely not to contain susceptibility genes.

The locus-specific recurrence risk, Xs, was used to measure the magnitude o f risk to a

sibling o f an affected individual relative to the population prevalence o f disease. This can

be interpreted as the degree o f disease-effect attributable to a locus at a given genomic

location. For a particular value o f Xs, the power to detect or exclude a locus can be

calculated (Hauser et al. 1996). This is generally done through the use o f Risch’s lod score

statistic, which is made dependent on a specific genomic position and a particular value o f

Xs (Risch, 1990d). This exclude  option o f the m a p m a k e r / s ib s  application is therefore

m o d e l d ep e n d en t. M a p m a k e r / s ib s  c a lc u la te s  e x c lu s io n  b y  c o m p a r in g  th e  lik e lih o o d  o f  th e

o b se rv e d  sh a rin g  p ro p o rtio n s  o f  0 , 1 an d  2 a l le le s  b e tw e e n  a f fe c te d  s ib lin g s  {zo, zi, zj), to
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their likelihood under a Mendelian expectation o f ao=l/4, a\=M2, and a2=l/4. When using 

m a p m a k e r / s ib s  under the assumption o f no dominance variance, the predicted sharing 

proportions at a locus conferring a specified Xs, can be described by:

Where = the relative risk ratio for a sibling attributable to that locus.

The no dominance variance assumption (i.e. Xm-1 = 2(Xs-l) and As = ^o; Risch, 1990b) 

allows us to simplify the sharing proportions above to the one variable, Xs. Given test 

values o f  Xs o f  1.5, 2 and 3 (corresponding to a Z 2^03 , z 2=0375 and 22=0.416 

respectively) exclusion maps were generated for each chromosome under the primary 

diagnostic model.

3.4 Results

3.4.1 Power and  significance level simulation

If one chooses tw o loci at random from the human genome there exists a prior probability 

o f approximately 1 in 50 o f these being linked (44 autosomes and two sex chromosomes), 

and a corresponding prior probability o f 49 in 50 o f being unlinked. Given a conditional 

probability o f 1:1000 (i.e. odds o f linkage Z(d)=3) o f  this occurrence, it can be shown that 

there exists a jo int posterior probability o f 20, and an overall odds in favour o f linkage o f 

-20:1 . This corresponds to a conventional p=0.05 threshold o f statistical significance. 

Using this data Lander and Kruglyak, (1995) and Feingold et al. (1993) have expanded 

upon Morton, (1955) to develop criteria for significance levels applicable to data generated 

for whole genome scanning (see table 3.3).

Software developed by Dr. Peter Holmans was used to performed power simulations for

the Stage 1 screening sample using an adaptation o f a custom written application (Williams

et al. 1999a). Calculations have shown that for the narrow diagnostic model (Model 1),

under a null hypothesis o f no linkage, a maximum likelihood score o f  1.75 is expected to

occur once at random per genome scan. This MLS corresponds to a suggestive  linkage
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finding for the Stage 1 sample, under the criteria described by Lander and Kruglyak, 

(1995). A genome-wide MLS greater than 3.25 could be expected only once in every 20 

genome scans in the absence of genuine linkage. This corresponds to statistically 

significant level o f linkage at a genome-wide level of 0.05 according to the criteria of 

Lander and Kruglyak, (1995). As detailed in the study design (Chapter 3 section 3.2), in 

order to obtain a nominal or point-wise threshold of p-value less than 0.05 an MLS> 0.74 

is required for autosomes. Similarly for X-linked data the thresholds for X-MLS should be 

greater than 1.18 for a p-value < 0.05.

Locus Effect Maximum Likelihood Power under
Size Scores Model 1 M odels

MLS > 2 0.66 0.80

K  = 2 MLS > 3 0.34 0.59

Exfh-'ctiti Awr.:: 2 .7 3 .5

MLS > 2 0.88 0.98

X, = 3 MLS > 3 0.77 0.93

Expt-acii Awrr.:.- 4 .0 .5.^

Table 3.3: Results for power study for scanning stage sample-specific to tlie Stage I  sample.

Results of power calculations (tabulated above in table 3.3) show that the Stage I  sample 

has sufficient power to detect a locus of effect size, Xs, of 3. The probability of generating 

an MLS greater than 2 for such a locus is approximately 88% under the narrow diagnostic 

model (model 1), whereas there is a 98% probability o f detecting such a maximum 

likelihood score in the broad diagnostic model. These results indicate that the screening 

stage has adequate power to detect loci of small effect sizes and produce expected average 

maximum likelihood scores of 2.7 and 4, under diagnostic model 1, for modelled relative 

risks of 2 and 3 respectively.

3.4.2 Quality control and Genotyping error detection.

Genotype data was produced from a set of 400 microsatellites developed for a commercial 

genome scanning kit. Despite the marketed robustness of this kit, some of the markers 

failed to produce reliable and reproducible amplification signals. A total of seven such 

markers, from six chromosomes, were identified for replacement. These include D2S396, 

D5S428, D6S1610, D10S192, D11S901, D1IS4175, and D22S423. One o f the pnncipal 

criteria of the design stage for genome scanning strategy indicated an average intermarker 

distance of approximately lOcM necessary for the screening stage. As such, five of these

100



six chromosomes were now, as a result o f  the failed markers, below an acceptable 

threshold for intermarker distances. Replacement markers were drawn from the Genethon 

linkage map (Gyapay et al. 1994) for chromosomes 2, 5, 6 and 9 (D2S2354, D5S618, 

D6S1616, D6S1650, D9S1818). The final Stage /  genetic map had an average intermarker 

distance o f 9.52cM,

O f the 194 m icrosatellites genotyped in Ireland, the author is responsible for those 

indicated by asterisks in Appendix C (n=72). These 194 probes were assayed in 529 

mdividuals according to conditions described earlier (chapter 2 section 2.4.2). Standard 

PEDCHECK (sec chapter 2, section 2.5.3) data cleaning was performed in Dublin to identify 

inheritance inconsistencies. These data, coupled with s i b e r r o r  (see chapter 2, section 5.2) 

outputs, identified a total o f six monozygotic twins, previously recorded as full siblings. In 

these families (pedigrees 347, 5015, 5023, 5050, 50502, 50512) full concordance o f 

genotypes was reported in the Dublin generated data, however there was an overall 

genotype discordance o f 1.62% for the entire sample.

The application r e l a t i v e  (see chapter 2, section 2.5.3), was used in calculation o f 

likelihoods for probabilities o f sibs with one or no parents genotyped, o f being full sibs, 

half-sibs or unrelated individuals. Situations where the r e l a t i v e  null hypothesis was 

rejected occurred in pedigrees # 608, 5249, 50021 and 50530 respectively.

Figure 3.2: Phenotypes of individuals from pedigree 608; #1, #3 and #4 are BPI; #5 is schizoaffective 
Bipolar disorder and #6 is BP-NOS. Persons 9, 10 and 21 are phenotype unknown/unaffected.

Pedigree 608 depicted in figure 3.2 above, was retained in the analysis as there were 

additional full sibs from whom useful linkage data was extracted. Inconsistencies in four 

pedigrees (332, 6010, 50005 and 50020) identified by r e l a t i v e  were flirther investigated. 

Of these, two individuals 6010.02 and 50005.02 were caused inheritance problems. All 

clinical information and genotypic data for the MZ twins, problem individuals (where 

identified) or pedigrees were removed from m e g a b a s e  before generating l i n k a g e  files.
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Chromosome 2 5 6 9 10 11

No. o f Markers 30 22 21 21 19 16

No. o f Genotypes 14399 10212 9811 9689 8894 7334

Genotype Success Rate 88.7% 85.8% 86.4% 85.3% 86.5% 84.7%

Chiomosome 17 18 19 20 21 22 Mean

No. o f Markers 15 14 12 13 5 6

No. o f genotypes 6579 6617 5456 5775 2073 2429

Genotype Success Rate 81.1% 87.4% 84% 82.1% 76.6% 74.8% 85.1%

Table 3.4: A per chiomosome desaiption o f the 12 autosomes genotyped and analysed in Dublin.

A genotypic success rate o f 85.1% was calculated for the genome scanning stage (see table 

3.4 above). The total o f 89,268 genotypes generated represents a 9.9% shortfall from the 

target level described in chapter 3 section 3.3.4 (maximum genotypes for Dublin 

chromosomes was 104,954 covering 48 .74% o f the genome). The various sources o f this 

deficit, sub-optimal multiplex reaction efficiency, sample contamination etc. represent 

areas that can be improved upon in the Stage 11 follow-up sample. Indeed errors such as 

those originating from inaccurate pipetting o f reagents are quite plausible. Dr. Phil 

Bennett, a member of the collaborative staff in Birmingham, consistently achieved higher 

first pass genotyping, which he attributed to the use o f a Biomek robotic pipetting device.

The overall mean intermarker spacing for the genome scanning phase was 9.52ciVI, with 

mean polymorphism information content (PIC) of 75.23% (9.74cM intermarker spacing 

and -75%  PIC for data generated in Birmingham). The mean information content 

calculated for data produced for the Dublin subset o f the genome was 0.639 (overall 

genome-wide multipoint information content o f  0.708 see table 3.5). Information content 

values averaged across chromosomes analysed in Dublin are outlined in table 3.5 below. 

Given the observed recombination counts were on average some 9.05% greater than those 

expected from Genethon data, the possibility o f genotyping error cannot be discounted.
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Chromosome No. of 
Markers

Mean
Spacing

(cM)

Expected
recombination

Observed
recombination

Mean
Information

Content
Het PIC

W eighted ASPs 

Model 1 Model 5

2 30 9.059 2070.635 2316.901 0.684 0.792 0.765 113.867 175.633
5 22 9.595 1598.788 1750.493 0.660 0.807 0.781 108.591 168.682
6 21 9.580 1524.122 1622.319 0.664 0.766 0.737 111.238 173.286
9 21 7.865 1252.717 1461.191 0.676 0.781 0.752 105.905 166.190
10 19 9.672 1335.539 1470.750 0.636 0.764 0.732 106.895 168.316
11 16 9.780 1130.823 1295.688 0.622 0.782 0.753 103.375 164.500
17 15 9.757 1084.908 1197.807 0.651 0.774 0.740 106.400 163.667
18 14 10.292 1050.664 1146.815 0.651 0.765 0.740 111.714 173.000
19 12 8.455 747.155 820.934 0.666 0.791 0.764 104.833 164.000
20 13 8.442 809.733 876.085 0.659 0.796 0.770 101.923 159.231
21 5 10.325 330.887 354.971 0.537 0.726 0.694 89.200 142.200
22 6 9.940 392.362 421.663 0.557 0.761 0.736 87.667 139.333

Total 194
Mean 9.397 0.639 0.775 0.752 104.301 163.170

Table 3.5. Details o f the genomic subset typed in Dublin. Expected and observed recombination data 
from g e n e h u n t e r ;  mean information content from m a p m a k e r / s i b s ;  mean heterozygosity (Het) and 
PIC from s p l i n k ;  number o f weiglited ASPs calculated as tlie sum o f (n-1), where n is the number of 
affected siblings within each family.

Output files generated by s p l i n k  two-point analysis, indicated that each marker was 

genotyped for a mean of 117.89 weighted siblmg pairs under the narrow disease model 1, 

and for mean 183 .87 under the broad disease model 5.

3.4.3 M ultipoint Linkage Results

Presented are the results from primarv' analysis of the genome scan screening stage (figure 

3.3). These data are generated using m a p m a k e r / s i b s . Each chromosome is described in 

turn in a standard form. Specifically, multipoint maximum likelihood scores (MLS) are 

plotted as a function of position in centiMorgan; secondary axes are used to plot 

information content across the chromosome also as a function of centiMorgan position. 

Diagnostic models 1, 3 and 5 (as outlined in section 3.1) are colour coded red, _!>rcen and 

blue  respectively. Models 2 and 4 are not presented in the interests of clarity. 

Microsatellite marker positions are indicated (x) at an arbitrary height o f I MLS unit above 

the x-axis, these points are coincident with highest local information content as described 

by the secondary axis. The minimum threshold o f a MLS = 0.74 (1.18 for sex 

chromosome) is indicated by dotted grey line on each graph, regions in Model 1 {red 

outline) that exceed this threshold are selected for follow-up in the second stage o f this 

genome-wide scan.
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Figure 3.3: Linkage details for Chromosomes 1-22 and X chromosome from Stage I  
MAPMAKER/SIBS scores (as described in section 3.4.3).
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Figure 3.3: Linkage details for Chromosomes 1-22 and X chromosome from Stage I  
MAPMAKER/SIBS scores (as described in section 3.4.3)... continued.
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Figure 3.3: Linkage details for Chromosomes 1-22 and X chromosome from Stage I  
MAPMAKER/SIBS scores (as described in section 3.4.3)... continued.
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MAPMAKER/SIBS scores (as described in section 3.4.3)... continued.
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Figure 3.3: Linkage details for Chromosomes 1-22 and X chromosome from Stage I  
MAPMAKER/SIBS scores (as described in section 3.4.3)... continued.
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Figure 3.3: Linkage details for Chromosomes 1-22 and X chromosome from Stage I  
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Chromosome cM from pter Cytogenetic
Location

Bounded by 
Microsatellites

Mean Information 
Content Model 1 MLS

18 4 to 29 18pll DI8S63-DI8S464 0.64 1.54

7 102 to 117 7pl5-q21 D7S502-D7S515 0.74 1.40

17 123 to 147 17q23-q24 D17S785-D17S928 0.63 1.38

18 67 to 103 18q21-q22 DI8S1102-DI8S61 0.63 1.23

X 104 to 105 Xq21.1 DXS99I-DXS8055 0.80 1.18

9 43 to 53 9p21 D9SI7I-D9SI8I7 0.71 0.99

10 29 to 51 10pl5-pl2 DI0S189-DI0S197 0.65 0.98

17 90 to 94 17pl5-q21 DI7S1868-DI7S785 0.65 0.94

6 77 to 82 6p21 D6S276-D6S462 0.70 0.89

2 268 to 276 2q37 D2S126-D2SI25 0.74 0.86

10 72 to 74 10qll-q21 D10S197-DI0I652 0.66 0.85

17 -9 to 3 17pl3 D17S849-D17S938 0.71 0.84

3 42 to 44 3p26-24 D3S1304-D3S1266 0.85 0.79

4 62 to 63 4pl5-pl4 D4S39I-D4S1592 0.76 0.79

4 86 to 88 4ql2-ql3 D4SI592-D4S2964 0.78 0.78

6 108 to 112 6ql3-ql4 D6S462-D6S292 0.64 0.78

12 90 to 92 12q21 DI2S83-DI2S35I 0.75 0.77
Table 3.6: Details of 17 regions originating from a total of 11 chromosomes, in which multipoint likelihood scores exceeded the nominal point-wise threshold of 0.74 
(p=0.05). Regions are listed in order of descending MLS magnitude. All centiMorgan distances are relative to the p-terminus and measured according to the Kosambi 
mapping function. Cytogenetic positioning data is taken from the UCSC genome browser (November 2003 Freeze) http://genom e.ucsc.edu/. Mean information content is 
calculated from m a p m a k e r / s i b s  output statistics. Model 1 is comprised of the narrowest diagnostic of BPI-BPI affected sibling pairs only. All microsatelhtes are derived 
from the publicly available Genethon probe set.

116



C h r o m o s o m e  2 C h r o m o s o m e  3 C h r o m o s o m e  4 C h ro m o s o m e  6

9.2
6.7 ' 
5.8 ;

13.4

7.1
7.8
9.1 

6.4 j
11.4 
4 . 8 ;
8.2

10.5 

7 . 2 ;

12.5

10.7 ■ 

10.1 

10.1

11.6 

9.2 '
7 .0  ■

10.8 

8,7
10.2

7.1 I
10.4

13.4 

6 , 2 ;
10.6

7.1 '

D2S319

D2S2211 13.3
D2S162
D2S168 13.8

D2S305 8.0
D2S165 12.0
D2S367
D 2S2259 lO.O
D2S391 13.0
D2S337 8.4D2S2368
D2S286 11.8

D2S2333 7.1

D 2S2216 11.0

D2S160 9.0

D2S347 11.0

D2S112 8.2

D2S151
9.0

12.3
D2S142
D 2S2330 9.6

D2S335 9.9

D2S364 12.3
D2S117

13.5
D2S325

9.0D 2S2382

D2S126
7.0

10.0
D2S396
D2S206

D2S338
D2S125 *

1 region

D 3S1297
9.0

D 3S1304
13.0

D 3S1263 9.3
D 3S2338 *

12.0
D 3S1266

D 3S1277 14.0

D 3S1289 14.0

D 3S1300 10.0

D3S1285 10.0
D 3S1566 6.0

D3S3681
5.2
7.1

D3S1271 10.4
D 3S1278 6.7
D 3S1267 7.1

D3S1292 13.6

D 3S1569 10.8

D3S1279 12.1
D3S1614 11.0
D3S1565 4.0

12.4
D3S1262
D 3S1580 14.2

D3S1601

D3S1311

D4S412

D4S2935

EMS403

EMS419

D4S391

D4S405

D 4S1592 *  

D4S392

EMS2964
D 4S1534
D 4S414
E>4S1572

D4S406
E>4S402
D 4S1575

E>4S424

D4S413

D 4S1597

EMS1539
D4S415

D4S1535

D4S426

5,0 . 

12,5

7,9 
7.0 '

11,0 

10.0  ' 

9.3 ' 

11.7 '

9 .7  ' 
5 .2  * 
9 1 '

8.6 I
12.3 ' 

10 .0  ' 

10 .0  '

D6S1574
D6S309
D6S470

D6S289
D6S422
D6S276
D6S1610

E)6S257 ’

D6S460

D6S462

D6S434 *

D6S287
E>6S262
D6S292

D6S308
E>6S441

D6S1581

D6S264

D6S446

D6S281

2 regions

1 region 2 regions

Figure 3.4 : Ideogramatic representation of the 11 chromosomes to be followed- 
up in the Stage II sample. The 17 regions which underwent grid-tightening to an 
average genetic resolution o f  5 cM are indicated in red gradient. The marker at 
which the maximum narrow diagnostic model MLS occurred is indicated with 
an asterisk.

C h r o m o s o m e  7 C h r o m o s o m e  9 C h r o m o s o m e  10 C h r o m o s o m e  12

3.9 :
8.7 _

11.8 

6.3 ■
7.8 ■ 

13.2

5 , 1 ;  
12,4 

12,0

8.0
7.0 '

13.2

10.2

9.0
8.0  ■ 
6.0 ;

10.0  '

D7S531
D7S517
D 7S513

D7S507
D7S493
D 7S516

D 7S484
D 7S510

D7S519

D7S502

D7S669
E>7S630
D7S657

E>7S515

D7S486

D7S530
D7S640

E)7S684
D7S661
D7S636
D7S798

D7S2465

9.3 _ 

11.1 
3.9 :
9.1
7.1 ■
7.0 '
7.2 ■ 
4  5 ;

13,9 

11.1 

10 .0  * 
3 . 2 :  

11.4

9.0 * 

8.6 *
8.3 ‘ 
7-2 !

12.1 
2.8 :

D9S288

D 9S286

E>9S171
D9S161
D 9S1817
D 9S273
E)9S175

D 9S287
D 9S1690

D 9S1677

E>9S1776
D 9S1682
D 9S290
D 9S164

11.3 
5 . 2 ;

11.9 

11.7 
6 .2  * 
6.0 . 
9.7  ̂

9 .3  * 

10.6
11.4

6.9 '  
3 . 0 :  
9.4

11.1 

2.4 ■

D10S591
D 10S189

D 10S1653
D 10S548 4
D 10S197

D I0S 208

D 10S196 *

D 10S1652

D 10S537

0 1 0 S I6 8 6

D10S185

% \m
D 10S1693

D 10S587
D 10S217
D10S1651
D10S212

13.8

8.3 
9.8 
5 . 4 ;

10.0
10.0

8.3 ‘ 
4 . 2 ;  
8-2 .

13.7

9.3 ] 

10.0  '

7-5 ]
12.8

9.0 ' 

13.5

9.0 '  

10.0  *

■ D 12S99 
• D 12S336

D 12S364
D 12S310

D 12S1617

D 12S345
D12S85
D 12S368
D 12S83

D 12S326 *  
D12S351 

D 12S346 
D 12S78

D 12S79

D 12S86

D 12S324
D12S1659
D 12S1723

1 region 2 regions 1 region

1 region

C h r o m o s o m e  15

9.0
7.0
6.0 

10.0
5.0
9.0 
5.7

10,6
6.9 
9 4
7.9 

12.7

D 15S128 6.0
D15S1002 9.0
D15S165 8.0
D15S1007 10.0
D 15S1012 5.0
D15S994 7.0
D15S978 12.0
D15S117
D15S153 15.0
D15S131
D15S205 10.0

D15S127 8.0

D15S130 11.0

D 15S120 12.0

1 2 0

11.6

C h r o m o s o m e  17

D 17S849 i 
D17S831 

D 17S938 
D17S1852

D 17S799
D 17S921
D17S1857

D 17S798

D17S1868

D 17S787
D 17S944 i

D 17S949

D 17S785

D 17S784

D 17S928

C h r o m o s o m e  18 C h r o m o s o m e  X

6.0 _ 
11.0 

13.9

9 .0  ‘ 

13.1 

10.0 

10.0  * 

13.8 

12.0 

11.0 

I I . 0
7 .0  '
6 .0  ‘

D 18S59
D18S63

D 18S464

D 18S53

D 18S478

D 18S I102

D 18S474

D 18S64

D 18S68

D 18S61 ^

D 18S1161
D 18S462
D 18S70

5 . 6 ;  
9.8 

12.1 

11.9 

7.0 I 
9.7

10.4 

7.7 ' 
5,9  I

11.7 '

12.6

10.1

13.5 

12.0

9.6

10,2

D X S987

D X S1226

D X S1214 
’ D X S1068 

D X S993

D X S986
D X S990
D X S1106

DXS8055

■ DXSlOOl 

DXS1047

■ DXS1227 

• D X S8043

■ DXS8091 

DXS1073

a-CH RNA 3 regions 
region

2 regions 1 region



In a two-stage study design, clear guidelines as to what constitutes a region o f  interest are 

required from the outset. These criteria, described in section 3.4.1, should be necessarily 

lax to ensure all possible genomic segments showing linkage can be included in Stage II  o f 

the scheme. As such, seventeen discontinuous regions o f the genome were identified which 

produced sufficient linkage signal to surpass a point-wise nominal significance level o f 

MLS = 0.74 (equivalent to a p-value o f 0.05). The areas o f the genome selected for further 

investigation originate from eleven separate chromosomes. Specifically these regions are 

located cytogenetically at 2q37, 3p26-24, 4p l5 -p l4 , 4q l2 -q l3 , 6p21, 6q l3 -q l4 , 7pl5-q21, 

9p21, 10pl5-pl2 , lG qll-q21, 12q21, 17pl3, 17pl5-q21, 17q23-q24, 1 8 p ll, 18q21-q22, 

and Xq21.1 (see Table 3.6). Peaks located at 4p l5 -q l3 , 6p21-ql4, 10pl5-q21, and 17pl5- 

q24 can be seen in figure 3.3 to be regions described by two separate linkage signals. 

These signals, owing to the proximity o f adjacent peaks, may actually portray linkage 

signals that emanate from the same underlying source (Terwilliger et al. 1997).

3.4.4 Exclusion lod analysis.

The process o f  evaluating linkage information to generate exclusion criteria has been 

outlined earlier in this chapter (section 3.3.6). Such techniques can be used to locate areas 

of the genome likely not to harbour susceptibility loci. Chromosomes were systematically 

examined under each o f three locus models conferring a sibling relative risk (Xs) o f  3, 2 

and 1.5 for the narrow diagnostic model (BPI-BPI) only. A comprehensive exclusion 

analysis under these conditions is outlined in table 3.7 below. Each chromosome is 

presented as a percentage o f the excluded centiMorgans under the effect sizes tested.
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h =  3 2 1.5

Chromosome 1 90% 47% 7%
Chromosome 2 96% 81% 15%
Chromosome 3 93% 71% 21%
Chromosome 4 94% 32% 0%
Chromosome 5 97% 62% 2%
Chromosome 6 89% 49% 24%
Chromosome 7 81% 37% 3%
Chromosome 8 84% 3% 0%
Chromosome 9 89% 43% 6%
Chromosome 10 73% 36% 24%
Chromosome 11 78% 36% 0%
Chromosome 12 100% 82% 13%
Chromosome 13 100% 75% 29%
Chromosome 14 97% 52% 0%
Chromosome 15 100% 67% 2%
Chromosome 16 100% 97% 28%
Chromosome 17 76% 29% 0%
Chromosome 18 33% 19% 2%
Chromosome 19 93% 64% 18%
Cliromosome 20 74% 40% 4%
Cluomosome 21 62% 5% 0%
Chromosome 22 81% 43% 0%
Genome-wide Mean: 94% 70% 9%

Table 3.7: Exclusion data for the screening stage of the genome scan. Percentage of each 
chromosome that yields a multipoint exclusion lod score < 2 assuming an underlying locus 
conferring effect sizes of the order of 1.5, 2 and 3 in magnitude.

3.5 Discussion and further work.

3.5.1 Significance

The screening stage of the genome scan, using 398 microsatellite markers, has identified 

17 approximately discontinuous regions which achieved nominal significance under the 

relaxed criteria of a point-wise MLS > 0.74. Nyholt, (2000) has outlined, as described in 

table 3.8, the thresholds for maximum likelihood scores under the restrictions imposed by 

the possible triangle, corresponding to the LOD score criteria outlined in Lander and 

Kruglyak, (1995).

Lander & Kruglyak, (1995) 
Autosomal

Nyholt, (2000) 
Autosomal X-linked

Significance p-value LOD p-value MLS^ MLSi

Suggestive 1.7x10' 1.86 7.4x10-^ 2,45 3,06

Significant 4.9x10'^ -3.3 2 .2x10 ' 3.93 4.62

Nominal point-wise 0.05 0.5875 0.05 0.74 1,18

Table 3.8: Comparisons between the Lander and Kruglyak criteria for significance levels in 
genome scanning using LOD scores and Maximum likelihood scores (MLS). Scores calculated 
witli restriction to tlie possible triangle (A) where indicated.
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A multipoint MLS measuring 1.75 in magnitude is expected to occur once per genome 

scan using simulations with a sample o f the same structure as the Stage I  sample. This 

equates to a suggestive level o f significance according to the Lander and Kruglyak criteria. 

However, as can be seen in table 3.8, this suggestive level is 0.7 discrepant to the proposed 

genome-wide levels for statistical significance (Lander and Kruglyak, 1995). There are 

several possible reasons for this. Most obviously, these significance levels are sample 

specific rather than idealised conditions. Lander and Kruglyak, (1995) use (1) a tighter 

marker map o f 3cM, (2) an artificially high heterozygosity o f  0.80 for all markers, (3) a 

sample o f 100 sib-pairs with all parents fully genotyped. These simulated sample 

properties are unrepresentative o f the Stage I  sample. Hence the use o f  Peter Holm ans’ 

method, as in Williams et al. (1999a) and again in adapted form in Bennett et al. (2002b), 

which describes a more realistic approach for the Stage I  sample. This method is based on 

the data generated from 1000 replicates o f the Stage I  sam ple, com prising 400 

microsatellite markers with four equifrequent alleles (heterozygosity o f 0.75), genotyped 

for all individuals for whom DNA is actually available. An MLS in excess o f 3.25 was 

expected to occur less than once per twenty genome scans using the screening stage 

sample, corresponding to a genome-wide significance o f 5%.

Results from the observed genome scan data set show that neither the significant nor 

suggestive (MLS > 1.75) levels o f statistical significance were achieved. These results may 

seem disappointing at first glance, however given the nature o f  the heritability o f bipolar 

affective disorder (Craddock and Jones, 1999) and mathematical modelling o f the disorder 

(Craddock et al. 1995b), this is arguably not entirely unexpected. This then raises the 

foreseeable question o f adequacy o f power m the Stage I  sample. To address this issue the 

largest multipoint MLS of 1.54 (model 1) was appraised. Simulation shows a level o f 

statistical power in excess o f 95% to detect an MLS o f 1.54 or greater when modelling a 

true locus o f effect size X-s = 3 (80% exists when modelling Xs = 2; see table 3.3). Thus the 

results for Stage I, while serving the purpose o f a genomic screening stage, also provide 

substantial evidence for the argument against the existence o f genes o f  m ajor effect 

contributing to bipolar affective disorder. Indeed the largest estimated gene-specific effect 

size (ks), generated at D18S452, o f 1.63, is consistent with calculations from theoretical 

studies suggesting the presence o f multiple loci with effect sizes below a sibling recurrence 

risk magnitude o f two.
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As a tool to eliminate regions o f the genome showing negative linkage signals from 

subsequent gene mapping efforts, exclusion mapping can be seen two lights. Firstly, such 

methods will test for areas o f the genome in which Xs o f set values (i.e. 1.5, 2 and 3) are 

detectable. Calculations performed in this manner are tabulated in section 3.7 above, and 

have lead to the exclusion o f -94% , 70% and 9% of the genome for Xs o f 3, 2 and 1.5, 

respectively. This type o f analysis can be extremely beneficial, however, as outlined by 

Guo, (2002) Xs is a function described by the following equation

As =1 + G + £  + ( G x £ )  

where G denotes the contribution from the genetic component, E  the contribution from the 

environm ental com ponent and G x E  the contribution from the gene-environm ent 

interactions. Guo, (2002) notes that since the genetic and environmental components are 

intertwined, without knowledge of the specifics o f either, exclusion mapping can be a 

misleading for diseases o f a multifactorial nature. Guo, (2002) continues in his letter to the 

editor by advising extreme caution when using >̂ s as a measure o f the genetic effect for 

complex diseases.

3.5.2 Published studies with coincident linkage signals

This study has shown that 17 discontinuous regions have achieved the threshold for 

linkage which will allow them to proceed through the screening stage. These regions will 

undergo grid-tightening to a final average intermarker genetic distance o f  5cM and will 

also be genotyped to a similar resolution in the Stage II  sample set. Given the time and 

financial constraints involved in our collaboration, a degree o f  prioritisation o f the 17 

regions was required. Most obvious and primary to the ranking o f regions o f interest was 

the contributory evidence from m a p m a k e r / s i b s  and g e n e h u n t e r  analyses under the 

narrow' model 1 diagnostic. While m a p m a k e r / s i b s  tests against the null hypothesis o f no 

excess allele sharing and returns only a positive score, the supportive statistical analysis 

GENEHUNTER retums both positive and negative results in its statistic. Thus, the amplitude 

o f the negative linkage signal constructed by GENEHUNTER can indicate genomic sectors 

that can be allocated lesser degrees o f priority in terms o f  follow-up in Stage II. Several 

investigators have described the properties o f simulated non-parametric linkage peaks, 

concluding that higher priority be ascribed to broader peaks (see Darvasi et al. 1993; 

Goldin and Chase, 1997; Hauser and Boehnke, 1997; Terwilliger et al. 1997; Hovatta et al. 

1998, Roberts et al. 1999; Chapter 1 section 1 .4.2.7).
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Complementary to this approach is the accumulation of evidence from published literature. 

However, such evidence must not be allowed to over-burden any decisions made in regard 

to precedence of one genomic region over another. There are understandable biases to this 

method. Given the existence o f publication biases, relying on such available data can 

create a distorted sense of what is representative of true linkage. Possibly the most efficient 

use o f available data is made in the field of meta-analysis o f genome data. Recently Dr. 

Segurado (from our group) and collaborators have performed a large meta-analysis of 

genome scans in bipolar affective disorder (Segurado et al. 2003). This standardised data 

set, which included the Stage I  screening set described here, in conjunction with data from 

17 other genome scans, has been used in an attempt to detect regions of common linkage 

signal throughout all scans. Other methods of meta-analysis, not as methodologically 

rigorous as Segurado et al. (2003), using published data from 11 studies have been 

completed (Badner and Gershon, 2002), The approaches used by botli author groups have 

their advantages and disadvantages. However, save actual provision of raw genotype data, 

the methods of Levinson et al. (2003) and Segurado et al. (2003) represent the best 

possible solution to meta-analysis.

Data from meta-analysis would be extremely beneficial in weighting regions for Stage II 

analysis. Though this was unavailable at the time of decision making, results from such 

studies are alluded to in the chromosomal review section below. Given the relaxed 

threshold employed in this two-stage process, it is expected that some of the regions that 

are to be followed up are actually representative of a combination of actual linkage signals 

and random linkage ‘noise’. Therefore, it may seem premature to formulate biological 

hypotheses to support these regions at this stage. Such hypotheses are presented briefly in 

chapter 4, and with more thoroughness in subsequent chapters. For the purposes of marker 

orientation all regions that are followed-up in Stage II are illustrated in figure 3.4. Regions 

exceeding the threshold analysed in Dublin are presented below, those from the 

Birmingham centre are reviewed in chapter 4 section 3.1.

3.5.2.1 Chromosome 18

There have been many reports of linkages to chromosome 18, originating with Berrettini et

al. (1994), and progressing through Stine et al. (1995) which first described a parent-of-

origin effect. Chromosome 18 has been the focus of intensive investigation since these

original reports. Segurado et al. (2003) have shown that bins extending across the entire

chromosome (when considering models 1-3) produce linkage signals of vaiying levels of
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significance. This chromosome yielded the highest narrow model MLS of 1.54 for the 

Stage 1 screening phase and is to be followed-up in two discontinuous areas at 18pl 1 (from 

4 to 29cM) and at 18q21-q22 (from 67 to 103cM), bordered by D18S63-D18S464 and 

D18S1102-D18S61 respectively. (Cytogenetic positioning data is taken from the UCSC 

genome browser July 2003 Freeze http://gcnomc .ucsc .eduA. An in depth summary of the 

results and discussion relating to putative parent of origin effects (with accompanying 

analysis to that end) is reported in chapter 5.

3.S.2.2 Chromosome 2

A region at 2q37 (270cM from p-terminus, bordered by D2S126-D2S125) which, under 

our narrow diagnostic model yielded a multipoint MLS=0.86 is described. The nearest 

marker to the maximum peak w'as D2S125 at 270.3cM, with a single point MLS of 1.15. 

Stine et al. (1997) reported a p-value < 0.01 at D2S427, a marker tliat is within the follow- 

up region. Zandi et al. (2003), in the second wave of the NIMH genome scan, follows up 

work first reported in the initial NIMH genome scan report by Stine et al, (1997). Although 

specific NPL scores are not reported by Zandi and colleagues, graphical reports of 

chromosome 2 are included in their paper. A region spanning 160-220cM shows uniformly 

positive Z(aii) scores, with a maximum at approximately 185cM Z(aii)~ 1-25. Approximately 

32cM centromeric to our area of interest lies the maximum lod score reported by 

Morissette et al. (1999). Ewald et al. (2003a) report an NPL score of 7.47 and 7.46 (p- 

values of 0.0039) at D2S1391 and D2S152 respectively; markers located at 186.2 and 

188.1cM from the pter. Whilst these regions are more centromeric than our qter region of 

interest, it is noted by Terwilliger et al. (1997) how considerable ‘peak-drift’ can occur 

when dealing with small sample sets. Indeed, the typical sample size used in studies of 

complex disorders, as described by Roberts et al. (1999), can exhibit pronounced drift. 

Goldin and Chase, (1997) have suggested that the occurrence of consistently positive lod 

score over a broader rather than a narrow genetic region is more indicative of a true 

linkage signal.

Kelsoe et al. (2001) indicate a lod score greater than 2 detected on chromosome 2q. 

However, given the uniformity of the negative linkage statistics emanating from all 

surrounding markers, this group were inclined not to pursue this region further. Their 

reasoning is in keeping with suggestions made by Goldin and Chase, (1997). Cichon et al. 

(2001) have also reported consistently positive NPL scores in this area, with a maximum of

2.64 (p=0.0047^; HLOD maximum of 2.76 (a=0.63) between 2q21-2q33.
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The region implicated by Stage 1 analysis is known to harbour the ATSV locus (axonal 

transporter o f synaptic vesicles). Keller et al. (1999) proposed a critical role for this gene in 

the development o f  axonal neuropathies resulting from impaired axonal transport axonal 

transport o f  synaptic vesicles. The ATSV locus is located some 485kb p-terminal o f 

D2S125.

3.5.23 Chromosome 9

The peak linkage statistic from chromosome 9 originates from a region 43 to 53cM from 

the p-terminus, bordered by microsatellite markers D9S171-D9S1817. Chromosome 9p21, 

has been previously reported by M orissette et al. (1999), where the same markers 

described in this study (D9S171 and D9S161) returned the maximum scores o f 1.37 and 

1.14 respectively in a large bipolar pedigree from Quebec. Cichon et al. (2001) have 

reported a two point lod score o f 1.29 using their recessive narrow model for D9S161 and 

a score o f 1.267 for their recessive broad model for D9S171. In recent genome scans 

Ekholm et al. (2003) reported Zmax statistic o f 1.2 at D 9S1121 (~ 44cM) produced under 

their broad diagnostic category, while W illour et al. (2003) in the NIMH follow-up report 

have calculated a multipoint NPL o f approximately 1,00 in an area centromeric to the 

Stage 1 finding. Mclnnis et al. (2003b) have recently shown an NPL of 1.8 (p=0,04^ in a 

position 52cM from the p-terminus at 9pl3  (D9S1118).

3.5.2.4 Chromosome 10

On chromosome 10 there are two regions that exceed the follow-up cut-off minimum level 

MLS o f 0.74. These regions are between 29 to 51cM (10pl5-pI2) bordered by DI0S189- 

D10S197 and a smaller region from 72 to 74cM (10pl2-q21.2) bordered by D10S197- 

D10S1652. Although our region o f interest extends from 10pl5 to 10q21.2, covering some 

65.4cM (56.8 Mb), as Terwilliger et al. (1997) indicate, a true linkage peak may be broader 

than spurious peak. There have been numerous other investigators reporting positive 

linkage statistics for chromosome 10.

The region of chromosome 10 between 27 to 49cM (10pl5-p l2), defined in our scanning

stage, describes an area that has previously been implicated by both Foroud et al. (2000) in

the NIMH Bipolar Initiative (at DIOS 1423 at ~35cM producing a LOD = 2.5) and more

recently by Ewald et al. (2003a). Using an inbred family, Ewald et al. (2003a) report

genome scan results that overlap with this Stage I  region. Reporting an NPL^i score of 4.02

(p=0.0234) for D10S595 (centromeric of Stage I  marker DIOS 189), with a total of 6
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markers overlapping with this follow-up region with NPL^^ scores greater than 3.5. In an 

Irish schizophrenia sample Straub et al. (1998) has detected a linkage signal in this same 

region (LOD of 1.9; p=0.006). In a follow-up scan Straub et al. (2002) has shown 

extensive linkage heterogeneity amongst their pedigree collection, with per family NPL 

scores ranging from 1.4 to approximately 5.8, indicating that locus heterogeneity, as 

opposed to a simple additive model is likely a feature of schizophrenia. Schwab et al. 

(2000) (DIOS 1423 yielded an NPL=2.49 with a p-value of 0.007) and Faraone et al. (1998) 

have reported linkage to this region, again with schizophrenia pedigrees. With the recent 

proliferation of linkage reports to this chromosome for both BPAD and SZ, this region 

may harbour susceptibility loci that are common to both disorders. This will be discussed 

further in chapter 6 in the context of analysis of the psychosis phenotype.

3.5.2.S Chromosome 17

Tliere are 3 regions on chromosome 17 that meet criteria for follow-up in Stage II. These

are cytogenetically located between 17q23-q24 (bordered by markers D17S785-D17S928)

123 to 147cM from the p-terminus; 17pl5-q21 (bordered by markers D17SI868-DI7S785)

90 to 94cM from p-terminus and at 17pl3 (bordered by markers DI7S849-DI7S938) -9 to

3cM from the p-termmus. Our signal from the most p-terminal region is 40cM from the

serotonin transporter gene at I7ql 1-12 (SERT), a region in which Murphy et aJ. (2000) has

previously reported linkage to bipolar disorder. Most recently, Dick et al. (2003) has

reported their strongest findings on chromosome 17q, with a LOD score of 3.63, at the

marker D17S928. This marker is the same probe which generated an MLS of ~1.37 in our

sample. The Stage I  chromosome 17 finding is located distal to an area o f reported linkage

in a previous collection o f 153 pedigrees from the NIMH Bipolar Genetics Initiative. That

study reported its maximal signal on chromosome 17 at marker D17S1531 (NPL = 2.07;

LOD = 1.2 using the intermediate disease definition, model 2 (Mclnnis et al. 2003a).

Unfortunately, Dick et al. (2003) failed to exclude all o f their monozygotic twins from

their analysis, and have since reported corrections to these results. However, in an erratum

statement (personal communication) they note that analysis of the corrected dataset

reduced the evidence for linkage from chromosome 17q from the genome-wide significant

to the genome-wide suggestive level with maximum LOD -  2.4. Most recently in a report

by Liu et al. (2003) a LOD score of 2.75 at I7 q ll-1 2  (D17S921 and DI7S900) using a

dominant model for BPAD has been reported. Williams et al. (2003a) in a large sample of

schizophrenia affected sibling pairs report highly suggestive MLS of 3.35 in a region

cytogenetically located at I7pl I.2-q25.1 (with one family yielding an MLS o f 8.68 at 17q
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approximately 77cM from the p-terminus).

3.5.26  Chromosome 6

On chromosome 6 there are two regions that surpass the minimum level o f multipoint 

MLS = 0.74. These regions are positioned between 77 to 82cM (6p21) bordered by 

D6S276-D6S462 and from 108 to 112cM (6 q l3 -q l4 ) bordered by D6S462-D6S292. 

Mclnnis et al. (2003a) report in the NIMH 153 pedigree sample, a linkage signal at 6q24 

(NPL = 2.5, p=0.008; LOD = 1.4; ASPEX MLS = 1.6), however this signal originates from 

a region some 5 IcM more distal than the Stage I  signal (relative to the p-terminus). Dick et 

al. (2003) reported a maximum LOD score o f 3.61, near marker D6S1021, however this 

sample included some 12 MZ twins. Analysis o f the corrected dataset reduced the evidence 

for linkage on 6q from the genome-wide significant to the genome-wide suggestive level 

with a maximum LOD 2.2 (Dick et al. 2003). Nevertheless, Dick ct al. note in their 

erratum (pers. comm. John Numberger) that a combined analysis o f all 399 NIMH 

Genetics Initiative bipolar pedigrees (Hinrichs, Bertelsen, and Reich, unpublished data) 

continues to show genome-wide significance for 6q (maximum LOD o f 3.8 at 113cM). In 

addition to evidence from studies o f the bipolar disorder phenotype, there are two potential 

schizophrenia loci which have been reported in genomic regions that effectively flank the 

Stage I  region o f  interest (Moises et al. 1995, Schwab et al. 1995; Straub et al. 1995; Cao 

et al. 1997; Schwab et al. 2000; Williams et al. 2003a).

3.5.3 Summary

A collaborative investigation between the University o f  Dublin and the University o f 

Birmingham has resulted in the collection and analysis o f a sample o f  sibling pairs affected 

by bipolar affective disorder. Analyses was in the form o f a genome screen, using 529 

individuals clinically defined by five diagnostic models. The total collection for this 

screening stage {Stage I) comprises 150 affected sibling pairs described by the narrow 

model and 260 ASPs as described by the broadest model. The genotyping was completed 

in two centres, at Dublin and Birmingham. A two stage strategy was employed where the 

sample was split into two sub-sets, with Stage I  functioning as crude probing phase whilst 

Stage II  operated as a refinement stage (see chapter 4). Non-parametric linkage analyses of 

each chromosome was performed but failed to identify any regions o f the genome as 

statistically significant in terms o f linkage. Seventeen regions which exceeded the nominal

autosomal MLS^ o f 0.74 (or a sex chromosome MLS^ o f 1.18) were indicated for follow-
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up at Stage II. These regions are located discontinuously or otherwise on chromosomes 2, 

3, 4, 6, 7, 12, 17, 18 and X.
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Chapter 4

The Wellcome Trust Bipolar Affected Sibling Pair Genome Scan

Follow-up Phase 

(Stage II)
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4.1 Introduction

4.1.1 Study Rationale and Design

The strategy for the Wellcome Trust sibling pair study employed the two stage method as 

described by Holmans and Craddock 1997. An extended sample o f nuclear families was 

collected in the UK and the Irish Republic. Its purpose was to supplement the sample 

described previously in chapter 3, section 3.3.1, by including newly available affected 

and/or unaffected individuals in the existing pedigrees, while also to increase the Stage I  

sample. The strategy aimed to genotype all regions that had achieved the point-wise cut-off 

maximum likelihood score of 0.74 for autosomes, or 1.18 for the X chromosome (see 

chapter 3, section 3.2). All nominally significant regions were to be assayed for linkage at 

an approximate genetic resolution o f 5cM. While initially targeting the genomic regions 

that had exceeded threshold levels, the ultimate goal of this project is to genotype the 

entire complement of chromosomes to a similar resolution.

4.1.2 Regions for Grid Tightening

As was the case with the screening stage, genotypmg of the Stage II  sample was carried 

out in two centres located in Ireland at the University of Dublin, Trinity College and in the 

UK at Universities of Birmingham and subsequently at Cardiff Given that genotype and 

linkage data for Stage I  was generated at two separate sites, each site was afforded first 

refusal on work carried out locally when apportioning follow-up stages within the 

collaboration. The seventeen regions that exceeded the thresholds in Stage I  are illustrated 

in genome plots (figure 4.1.1 to 4.1.3 below). Model 1, the narrow diagnostic model 

(which includes BPI-BPI sibling pairs only) was used to identify regions of nominally 

significant maximum likelihood scores, according to the criteria described in chapter 3 

section 3.2.
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Figure 4.1.1 Genome-wide scan MLS data for chromosomes 1 to 5 (Stage I) under diagnostic model I, 
the cumulative distance along the genome is shown on the x axis and the maximum likelihood scores 
on the y axis. Solid line at MLS = 0.74 represents threshold levels for follow-up in Stage II. 
Chromosome numbers are indicated numerically.
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Figure 4.1.2 Genome-wide scan MLS data for chromosomes 6 to 12 (Stage I) under diagnostic model I, 
the cumulative distance along the genome is shown on the x axis and the maximum likelihood scores 
on the y axis. Solid line at MLS = 0.74 represents threshold levels for follow-up in Stage II. 
Chromosome numbers are indicated nimierically.
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Figure 4.1.3 Genome-wide scan MLS data for chromosomes 13 to 22 plus X (Stage I) tmder diagnostic 
model I, the cumulative distance along the genome is shown on the x axis and the maximum likelihood 
scores on the y axis. Solid line at MLS = 0.74 (or 1.18, as in the case for the X-chromosome) represents 
threshold levels for follow-up in Stage II. Chromosome numbers are indicated numerically (X 
chromosome adjacent to chromosome 22).

The 17 regions were identified as described previously (chapter 3 section 3.4.3). However, 

in a two-stage strategy, criteria for defining boundaries for each o f the follow-up regions 

were also required. To that end, criteria for interpretation o f linkage peaks were explored. 

It has been suggested that in a genome-wide multipoint analysis, true and false lod peaks 

have somewhat different characteristics, with genuine peaks tending to be wider than false 

peaks (Terwilliger et al. 1997). The cause o f this phenomenon is that amongst affected 

individuals, shared haplotypes at a disease locus extend over a wider region than among 

unaffected individuals. This was first noted by W eber and Stephenson (W eber and 

Stephenson, 1993, 1994) and extended upon by Houwen et al. (1994). Others authors 

(Darvasi et al. 1993; Goldin and Chase, 1997; Hauser and Boehnke, 1997; Terwilliger et 

al. 1997; Hovatta et al. 1998; Roberts et al. 1999) have variously described the properties 

of non-parametric linkage peaks representative o f actual disease loci (see chapter 1, section 

1.4.2.7). These authors have acknowledged the problems inherent in linkage analyses o f 

the complex traits, and have concluded that in situations where peaks are o f similar height, 

higher priority should be attributed to broader linkage peaks, as in simulations these are 

more representative o f  an underlying disease haplotype (Roberts et al. 1999).

For likelihood curves with a single interior maximum, it is possible to construct a support 

interval spanning the peak linkage score by using w-unit approach described by Edwards,

(1992). The extremities o f the support interval are defined by the param eter values
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(centiMorgan/genetic distance) that correspond to the [maximum likelihood score -  m] 

values. The value m = 2 has been recommended. However, Conneally et al. (1985) have 

described similar guidelines for Zmcurl support interval, conditional to Zmov being greater 

than or equal to 3. I f  Zmax stays below the critical limit o f  3 then Conneally et al. (1985) 

stipulate that the support interval should not be drawn. When considering the Stage I  

analysis, which yielded seventeen regions o f  linkage that exceeded the low threshold level, 

this same problem was encountered. Since there were no significant MLS values (i.e. MLS 

> 3; see chapter 3, section 3.4.1), the adapted criteria o f  Conneally et al. (1985) or 

Edwards, (1992) cannot be applied.

Where permitted, a reduction o f  1 MLS unit from the peak height was used to define 

follow-up regions. However, it was often the case that the maximum peak height was such 

that a deduction o f  this order would define a follow-up region which included the null 

hypothesis (M LS=0). This situation clarifies the stipulation made by Conneally et al. 

(1985). Therefore, a combination o f  the ‘minus 1 lod unit’ approach, literature reviews to 

support inclusion o f  additional markers, support for these markers across all diagnostic 

models (see genome plot figures 4.1.1-3 (narrow), 4.2 (intermediate) and 4.3 (broad) for 

MLS scores across all chromosomes) and a degree o f  a d  /20c justification (with respect to 

broad signals below nominal significance levels), allowed regions for follow-up to be 

defined.
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Figure 4.2: Genome-wide scan MLS data for chromosomes 1 to 22 plus X (Stage J) under diagnostic model 3 (intermediate), the cumulative distance 
along the genome is shown on the x axis and the maximum likelihood scores on the y axis. Solid grey line at MLS = 0.74 & 1.18 represents threshold 
levels for follow-up in Stage II. Chromosome numbers are indicated numerically (X chromosome adjacent to chromosome 22).
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4.1.3 Published Support for Follow-up Regions

All regions that achieved the point-wise threshold MLS level of 0.74 in Stage I  have been 

examined with respect to published literature. A synopsis o f the literature has been 

conducted for chromosomes genotyped in Dublin and reported upon in chapters 3 and 5 

(chromosome 18). Published linkage reports from chromosomes 3, 4, 7, 12 and X, also 

surpassing the MLS level of 0.74 (1.18 in the case of the X-chromosome), genotyped in 

Stage I  at the University of Birmingham, are reviewed. Cytogenetic locations quoted for all 

chromosomes described below are current as of the 2003 November Freeze of the UCSC 

human genome reference sequence. Positions quoted in megabases (Mb) or centiMorgans 

(sex-averaged, Kosambi) are relative to the p-terminus, and derived from the 

UCSC/eGenome databases (November 2003 Freeze; see e-Bibliography).

4.1.3.1 Chromosome 4

Chromosome 4p

The peak m a p m a k e r / s ib s  scores generated on chromosome 4 can be described by 

boundary microsatellite markers D4S391 (27.36 Mb; 4pl5.1) to D4S1592 (57.53 Mb; 

4ql2), cytogenetically located at 4pl5-pl4, and by markers D4S1592 to D4S2964 (81.23 

Mb; 4q21.21). The MLS values for narrow diagnostic (model 1) peaks at D4S405 (61cM; 

40.2 Mb; 4pl4-13) and D4S392 (87cM; 70.77 Mb; 4ql3) were 0.901 and 0.915 

respectively. The highest MLS score o f 1.39 was generated for D4S405 (40.2 Mb) under 

the intermediate diagnostic model.

Blackwood et al. (1996) have reported linkage at markers p-terminal of the Wellcome 

Trust (WT) Stage I  signal, when conducting a genome-wide scan in a single extended 

family affected with BPAD. Microsatellite marker D4S394 (6.96 Mb) generated a two- 

point lod score of 4.1 under their dominant model o f inheritance, whilst neighbouring 

markers yielded a 3-point LOD score of 4.8. Results o f linkage analysis in a further 11 

pedigrees support this finding. When Polymeropoulos and Schaffer, (1996), who also 

report linkage in this region, pooled their data with pedigree 22 in the Blackwood sample, 

the linkage signal at D4S394 was increased to 5.07 (0=0.05), further implicating a 

susceptibility locus at 4pl6-pl5.3. Support for the “Blackwood region” (D4S431-D403; 

4pl6-4pl5.3; at 6.4 and 13.44Mb respectively) has been reported by others (Detera- 

Wadleigh et al. 1997; Asherson et al. 1998; Ewald et al. 1998b).
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Ewald et al. (1998b) tested two Danish families for linkage to BPAD, reporting the highest 

two-point LOD score o f 2.0 (0 = 0.03) at D4S394. This locus was again detected in the 

Ewald et al. (2002) genome-wide scan, with a two-point LOD o f 1.97 for D4S394, in 

addition to a two-point LOD o f 1.44 for D4S1551 (4pl5.2; 24.4 Mb; marker D4S1551 is 

adjacent to p-terminal boundary marker D4S391 iox Stage /  data). Asherson et al. (1998), 

in a sample o f  schizophrenic pedigrees (including schizoaffective individuals), reported a 

lod score o f  1.12 at m arker D4S403 (13.439 Mb, 4p l5 .3 ) under both dominant and 

recessive modes o f  transmission, with no statistical support for heterogeneity within their 

sample. Detera-Wadleigh et al. (1997), in the NIMH initial BPAD sample set, detected 

modest increases in identical-by-descent allele sharing (p<0.05) at D4S2397 (27.1 Mb) and 

D4S391 (27.3 Mb) on 4pl5.3. This elevated sharing was detected in the region implicated 

by the current WT study -  Stage I.

Detera-W adleigh et al. (1999) found evidence (lod o f 3.24 at 0 = 0; narrow model) 

supportive o f Blackwood et al. (1996). However, Detera-Wadleigh and colleagues report 

linkage to probe D4S2632, a probe physically positioned at -35 .6  Mb, some -28 .7  Mb 

from the maximum peak o f Blackwood. However, this m arker is in the 4p region from 

D4S391 (27.3 Mb) to D4S1592 (57.5 Mb) that surpassed the threshold MLS level o f 0.74 

from the Stage I  sample. In fact the entire D4S2408 (30.992 Mb) -  D4S2632 (35.538 Mb) 

interval described by Detera-Wadleigh et al. (1999) as exhibiting elevated allele sharing 

(lod=l .77; p=0.0022), is contained within the Stage I  follow-up region.

It is o f note that the W FSl locus, responsible for the recessive condition known as

Wolfram syndrome (WFS; MIM 60621), has been mapped to chromosome 4p l6 -p l5 .3

(6.296 Mb) by Strom et al. (1998) and Inoue et al. (1998). Reports indicate heterozygous

carriers for WFS to be at a 26-fold increased risk o f psychiatric illness, in particular

affective illness, when compared to control populations (Swift et al. 1998; Cryns et al.

2003). Given its proximity to previous linkage findings o f others (Blackwood et al. 1996),

investigators, using a sample derived from the Blackwood set o f pedigrees that exhibited

linkage to 4p, identified two amino acid altering mutations within the W FSl locus (Evans

et al. 2000). Although these authors could not show mutations segregating with BPAD,

there is intriguing evidence to suggest that Wolfram Syndrome, analogous to the situation

with Darier’s Syndrome on chromosome 12 (see section 4.1.3.4 below), may provide akey

in disentangling the complex inheritance o f BPAD. In an effort to further refine their

BPAD linkage signal, Evans et al. (2001) have produced a high-resolution physical map of
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6.9 Mb o f human chromosome 4pl5 .3-p l6 .1 . This map includes the 5.8 Mb, so-called 

‘critical region’ for bipolar disorder as identified in their Scottish pedigree set.

Authors Ginns et al. (1998), using a method which is essentially the opposite o f standard 

approaches in mapping BPAD susceptibility loci, used absence o f any psychiatric disorder 

in Old Order Amish sample to map regions o f  the genome protective for BPAD. This 

mental health ‘wellness’ approach has identified two regions o f chromosome 4, one o f 

which is localised at D4S2949 (4pl6-15.3; 11.212 Mb) producing an NPL score o f 4.05 

(p=0.000522). This reported strong evidence is consistent with a hypothesis o f an allele or 

set o f alleles that could prevent or modify the clinical manifestations o f BPAD and related 

affective disorders.

A recent report by Als et al. (2004) has shown support for a 7.75cM region o f chromosome 

4pl6 .1 , (D4S394 to D4S1605) in an association study for BPAD, SZ and a combined 

analysis o f  both phenotypes. However, although M uir et al, (2001) found association 

between schizophrenia and markers close to the D5 dopamine receptor, DRD5 (located 

between markers D4S403 and D4S419 assayed in Stage I), they were unable to show a 

similar association in BPAD (or UPD). Williams et al, (2003a), also, in a large sample of 

affected schizophrenic sibling pairs (n=353), reported a linkage signal o f  approximately 

1,2 at ~60cM to p-terminus. Therefore, given the moderate evidence o f linkage at 4p l5 - 

q21 from the three diagnostic models and the evidence described above relating to 

previous findings at or adjacent to the Stage I  peak, markers D4S419 (18.54 Mb) to 

D4S1534 (86.76 Mb) were used to define the follow-up region in Stage II.

Chromosome 4q

Several investigators have implicated regions o f chromosome 4q as harbouring potential

susceptibility loci for BPAD. Mclnnis et al. (2003b) reports an NPL o f  2.8 for D4S1629 at

4q32 (158.8 Mb). Detera-Wadleigh et al. (1997) describes increased IBD allele sharing at

D4S1647 (p<0.05; 99.89 Mb), while Ekholm et al. (2003) have detected a 3 point Zmaxof

3.6 for markers in the region 4q32. Liu et al. (2003) has reported in their genome-wide

scan a locus at 4q31 (lod=3.16), and Adams et al. (1998) produced NPL linkage evidence

of 3.57 (p=0.0002) at D4S2924 (187.15 Mb). Evidence on 4q does not appear to be robust

in the NIMH pedigrees; although W illour et al. (2003) reported a 4q35 peak (LOD = 2.49)

between markers D4S3335 (185.8 Mb) and D4S2390 (190.3 Mb) in the NIMH replication

set, their combined analysis o f wave I  (Detera-Wadleigh et al. 1997) and wave II  pedigrees
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failed to reach a suggestive level for linkage. These regions however, are substantially 

removed from D4S2964 (4ql3), the most q-terminal of the Stage I  markers to be followed- 

up in Stage 11 analysis under the narrow diagnostic criteria. However, as mentioned in 

section 4.1.2 above, when deciding on follow-up regions for Stage II, all evidence was 

considered. This is especially relevant in the case o f chromosome 4q31-32, since the 

broader models from Stage 1 analysis show greater support for a susceptibility locus in this 

region (see genome plot figures 4.2 for intermediate model and 4.3 for the broad model 

linkage evidence) than the narrow model (which did not reach levels o f nominal 

significance; see figure 4.1.1). When viewed in conjunction with the published reports 

implicating 4q31-32, the follow-up region for Stage //w as  extended to D4S1597 (170.53 

Mb) to include this area of the chromosome.

4.1.3.2 Chromosomes

An interval of approximately 3cM (42-45cM) exceeded the Stage I  threshold level. The 

maximum MLS is localised at microsatellite D3S2338 (16.841 Mb; 3p25), with a follow- 

up region defined between D3S1297 (2.71 Mb) to D3S1277 (34.63 Mb). The signal 

generated was evident only in the narrow BPI-BPI sibling-pair diagnostic model (model 1), 

with a maximum likelihood score of 0.787. Suggestive linkage has been reported to 3q28 

(Liu et al. 2003) and to 3q21 (Kelsoe et al. 2001), but there are few reports for BPAD in 

the 3p26-24 region. Edenberg et al. (1997) report excess allele sharing at p-terminal loci, 

with their maximum peak distal to D3S2338 at D3S3038 (21.93 Mb). The follow-up 

sample of NIMH pedigrees did not replicate this finding (Dick et al. 2002), however in an 

additional set {wave III) of NIMH pedigrees there was evidence, similar in magnitude to 

Stage 1, in the p-terminal region (Dick et al. 2003 erratum). Non-parametric analysis, on 

the combined wave I  and II NIMH pedigrees, produced a linkage score of 2.0 at D3S2387 

(1.03 Mb; 3p26) located p-terminal of the Stage 1 score.

However, it is o f note that analyses conducted in schizophrenia (Pulver et al. 1995; 

Ekelund et al. 2000; Pulver et al. 2000) have also implicated this region. In fact, the 

linkage signal from Pulver et al. (2000) (NPL = 2.71, p = 0.008) was generated at 

D3S1297 (2.03 Mb; 3p25-24.3) from six schizophrenic pedigrees with 16 subjects 

diagnosed with psychotic affective disorders. Evidence was not seen in pedigrees that were 

co-segregating phenotypes of a schizophrenia spectrum personality disorder, thereby 

suggesting that such a signal maybe distinct to an affective disorder phenotype. The

GSMA schizophrenia meta-analysis (Lewis et al. 2003) also showed highest score at
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3p25.3-p22.1; the majority of this score coming from the Lindholm et al. (2001) 

schizophrenia genome scan (peak Lindholm marker D3S1263, 11.49 Mb). Given the 

evidence both BPAD from schizophrenia linkage studies describe above, the follow-up 

region far Stage 11 extended from markers D3S1297 (2.03 Mb) to D3S1277 (34.63 Mb) 

inclusive.

4.1.3.3 Chromosome 7

The chromosome 7 linkage signal is bordered by microsatellites D7S669 (77.49 Mb) to 

D7S657 (92.42 Mb), with the Stage 1 second highest narrow diagnostic model MLS of 1.4, 

occurring at D7S630 (88.06 Mb; 7q21). This region o f the genome has recently been 

implicated in a conditional analysis as performed by Mclnnis et al. (2003a). This group 

have detected a three-fold increase in their linkage signal at D7S821 (from an NPL of 0.7 

to 2.1) conditional on the presence of linkage at 6q24. Tliis probe (D7S821, 95.65 Mb) is 

approximately 3 Mb from the boundary of the region described by the Stage 1 linkage 

findings. The evidence for a possible susceptibility locus on chromosome 7 does not 

appear to be distinct to BPAD (Detera-Wadleigh et al. 1997; Mclnnis et al. 2003a), with 

linkage signals reported for this region in schizophrenia pedigrees (Faraone et al. 1998; 

Blouin et al. 1998, Ekelund et al. 2000). Given the topography of the region implicated in 

Stage 1 (see figure 4.1.2), Stage 11 analysis will incorporate data from markers D7S516 

(27.94 Mb) to D7S515 (101.26 Mb) inclusive.

4.1.3.4 Chromosome 12

Under the narrow diagnostic model a region of approximately 2cM (90-92cM; 12q21) 

exceeded the point-wise significance of MLS=0.74. The region in question is at 

microsatellite D12S326 (76.47 Mb) and produced an MLS of 0.77. This marker is located 

8.6cM p-terminal o f D12S82 (89.14 Mb), which generated an NPLaii score of 3.92 for 

Morissette et al. (1999). This group report uniformly positive LOD scores (>1) in the 

region where the Stage 1 linkage signal was generated.

Chromosome 12 has been the subject o f candidate gene studies focusing on the 12q24-23 

region which is more q-terminal than the marker implicated by the Stage 1 screening phase. 

The gene responsible for Darier-White disease (OMIM 124200; 109.25 Mb), also known 

as keratosis follicularis, has been mapped to 12q24.1 (Craddock et al. 1993; Monk et al. 

1998) and identified as ATP2A2. This gene, the sarcoplasmic/endoplasmic reticulum Ca^^-

ATPase type 2 isoform (SERCA2), is functional in the intra-cellular calcium signalling
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process (Sakuntabhai et al. 1999). The Darier-W hite disease (DW), a rare autosomal 

dominant skin disorder, is characterised by loss o f adhesion between epidermal cells 

(acantholysis) and abnormal keratinisation (epidermal differentiation). Various clinical 

studies have described the co-occurrence o f neurological and psychiatric symptoms with 

DW, including mood disorders (Craddock et al. 1994b), epilepsy (Burge and Wilkinson, 

1992), mild to moderate mental retardation (Svendsen and Albrectsen, 1959; Getzler and 

Flmt, 1966; Burge, 1994) and a slowly progressive encephalopathy (Venenice et al. 1996).

The observed co-segregation o f BPAD with a mapped monogenic condition such as 

Darier-White (DW) disease may facilitate the localisation o f a susceptibility locus. Since 

the first linkage report o f a two-point LOD score o f 4.29 in a BPAD sample comorbid with 

DW disease (Craddock et al. 1993), investigators have replicated and refined the genetic 

linkage signal (Dawson et al. 1995; Ewald et al. 1998a; Morissette et al. 1999; Jones et al. 

2002; Curtis et al. 2003). Thus far, the highest maximum LOD score o f 4.9 was reported in 

a French Canadian sample (Getzler and Flint, 1966), although at an oral presentation at the 

World Congress o f Psychiatric Genetics in Quebec 2003 Barden, (2003) presented data 

implicating a locus in the vicinity of B3GNT4 (P-l,3-N-acetylglucosaminyltransferase 4; 

12q24.2-12q24.3; 121.13 Mb), but centromeric of fZJ22477(Lim kain p2; 12q24.2-24.3; 

122.75 Mb). At time of writing the specific details of the gene implicated in the Barden, 
(2003) report have not been disclosed.

In Stage 1 analysis, a second more telomeric signal at D12S324 (within 12q23-q24; 

MLS=0.67), though failing to reach nominal significance, is within the broad DW region 

from which these linkage reports have proliferated. Indeed, marker D12S324 (124.98 Mb) 

is within 1 Mb p-terminal o f D12S1639 (124.63 Mb), the probe implicated by Ewald et al. 

(2002) (LOD=3.42; 0=0) in two large Danish BAD families. Although the maximum 

linkage peak in the WT Stage I  analysis for chromosome 12 occurred at D12S326 (76.47 

Mb), previous evidence has implicated a susceptibility locus in the 12q23-24 region 

(-109.25 Mb) in the vicinity o f D12S324. Therefore, the extremities o f the Stage //m arker 

set extend from D12S345 (32.22 Mb) to D12S1723 (130.32 Mb) inclusively.

4.1.3.S Chromosome X

Linkage signals from Stage I  analysis show two distinct peaks located between 

microsatellite markers DXS8051 to DXS1068 (X p22.2-pl 1.4) and between markers 

DXS986 to DXS8055 (Xq21-q24). The former, a bimodal peak, did not reach the nominal
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X-MLS^ significance level of 1.18 (see chapter 3, section 3.2; Cordell et al. 1995a), 

however the latter, with an X- M LS^of 1.184 marginally surpassed the nominal level 

between 99 to 107cM, at marker DXS990. The MLS components were predominantly 

derived from brother/sister pairs followed by brother/brother pairs (MLS=0.88 and 0,3 

respectively). The p-terminal boundary of the follow-up region is adjacent to the interval 

that encompasses the monoamine oxidase A (MAOA; 42.396 Mb) locus. Numerous 

studies have implicated an association between MAOA and BPAD (Craddock et al. 2001), 

with a recent report from the wave 11 NIMH bipolar initiative pedigrees further implicating 

a locus in this chromosomal location (Zandi et al. 2003). However, when wave 1 (Stine et 

al. 1997) and wave 11 pedigrees were analysed jointly the evidence at GATA144D04 

(G 10578) was reduced from an NPL of 2.19 to 1.26. Nevertheless, given the proximity of 

the two loci (GATA144D04 at 44.839 Mb; MAOA at 42.396 Mb) this may be considered 

as further evidence implicating a MAOA region in BPAD.

However, while there have been numerous publications based on data from the X- 

chromosome, implicating a range of psychiatric disorders (Paterson, 1998), clarification of 

underlying susceptibility loci is hampered by inconsistencies and variations in both 

location and signal origin (i.e. brother/brother, brother/sister or sister/sister pairs). No 

support could be drawn for regions further q-terminal as implicated by others (Pekkarinen 

et al. 1995; Ekholm et al. 2002; Ekholm et al. 2003). The Stage 11 follow-up region was 

therefore defined in the broadest possible terms from DXS1060 (4.87 Mb) to DXSlOOl 

(118.59 Mb), thereby encompassing the MAO locus and both Stage 1 linkage peaks shown 

in figure 4.1.3.

4.2 M aterials and M ethods

4.2.1 Sample Description

The specifics o f sample collection and ascertainment have been outlined in chapter 2, 

section 2.2. Members of new pedigrees and individuals additional to pedigrees in Stage I 

were diagnosed according to DSM-IV criteria (APA, 1994). Briefly, ascertainment was on 

the basis of proband affected with DSM-IV bipolar I disorder (BPI). Affective siblings 

were gathered only through such index cases, with their inclusion conditional on a 

consensus diagnosis being reached. Each affective sibling pair was classified into one of 

five diagnostic models. The models were determined by the affective phenotype of the 

member of the sibling pair that was not a proband. The five diagnostic models were 

condensed to three as outlined in table 4.1
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Stage II Stage I  M odel Diagnostic Criteria (D SM  I\0
M odel Number

Narrow 1 Bipolar I disorder only
2 Model / + Schizoaffcctive disorder (bipolar type)

Intermediate 3 M odel 2 + Bipolar II disorder
4 Model 3 +  Bipolar disorder -  N O S

Broad 5 M odel 4  + Recurrent unipolar depression

Table 4,1: D isease affection status as per diagnostic model. M odels 2 and 4 in grey are not used in Stage 
II  analysis; M odels N arrow , Intermediate  and B road  correspond to Stage I  m odels 1,3 and 5 respectively; 
N O S  =  not otherwise specified.

The models described in table 4.1 as 2 and 4 were examined in Stage I  o f  the genomic 

screen. Stage /  maximum likelihood scores based upon these models invariably showed 

linkage signals that could be described as intermediary to models 1 and 3, and models 3 

and 5 respectively. The model descriptions were decided upon prior to commencement o f 

sample collection, and the number o f individuals diagnosed with either SABP or BP-NOS 

(see table 4.2) was less than had been envisaged. Therefore, owing to the increased number 

o f statistical tests that inclusion of models 2 and 4 represented, a proposal to analyse only 

three models was adopted. These groupings described by a Narrow M odel o f BPI sibling 

pairs only, an Intermediate M odel incorporatmg the narrow model plus schizoaffective 

disorder (bipolar type) and BPII affected sibling-pairs, and finally a B road  M o d e l  

extending the disease affection model to include Bipolar disorder -  not otherwise specified 

and recurrent unipolar depression (characterised in table 4.2 below). It should be noted that 

all affected sibling pairs include a proband with BPI diagnosis.
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Diagnostic model: Narrow Intermediate Broad

Pedigrees with:
Affected sibling pair only 89 105 138
ASP + 1 parent 36 40 45
ASP + both parents 34 39 49

N o extra unaffected siblings 79 104 154
1 unaffected sibling 58 60 56
2 or more unaffected siblings 22 20 22

Total (pedigrees) 159 184 232
Total ASPs (all paiis) 218 283 395
Total ASPs (weighted) 186 229 305

Num ber o f
pairs: 136 146 174
trios: 20 33 45
quads or gieater: 3 5 13

Genotyped individuals with: Total Male Female

Bipolar I disorder 464 204 260
Schizoaffective (bipolar) disorder 22 14 8
Bipolar II disorder 46 12 34
Bipolar disorder (NOS) 14 2 12
Major depressive disorder (recurrent) 76 21 55
Classed as unknow n/other 265 120 145
Total 887 373 514

Table 4.2: Individuals for whom  genotypes were generated in Stage II  o f the genom e screen. Legend: 
ASP- Affected Sibling Pair; diagnoses as referred to in text (American Psychiatric Association, 1996); 
unweiglited sibling pairs calculated as tlie sum over all pedigrees using n (n -l) /2 , where n is tlie number 
o f affected siblings in the pedigree; weighted sibling pairs calculated similarly, using (n-1).

The complete sample (described as the Stage 11 sample set) consisted o f  ( a )  the pedigrees 

described in Stage /; (b )  individuals additional to the Stage 1 pedigrees, gathered in the 

sampling process that could not be included in the initial stage, and (c) additional new  

pedigrees. The Stage //sam p le increased the total number o f  genotyped individuals to 887. 

This total number o f  genotyped members o f  the study sample set represents 622 affected 

individuals from 395 affected sibling pairs. The composition o f  the Stage II sample set is 

described in detail in table 4.2.

4.2.2.1 Identification o f  markers fo r  Stage II analysis.

Fundamental to successfiil genetic mapping o f  disease susceptibility loci for any disorder 

is the integrity o f  the genetic map and its resolution. In Stage 1 analysis, all chromosomal 

maps were derived from the standardised Genethon maps (W eissenbach et al. 1992; 

Gyapay et al. 1994 and Dib et al. 1996) However Stage II analysis, on occasion,
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necessitated inclusion of markers not previously mapped by these groups, thereby 

requiring construction and validation of new genetic maps.

A comprehensive process of construction and validation, using prior knowledge o f a 

genetic mapping ‘framework’ as described in the LMS2 literature (ABI proprietary 

publications) and in publicly accessible databases (i.e. NCBI, GDB, eOenome; see e- 

Bibliography) was applied to all Stage II  follow-up regions. Markers with robust 

amplification protocols, repeat lengths that did not overlap with LMS2 markers, those 

amenable to multiplex PCR and with high PIC values, were selected where possible. Such 

markers have been catalogued and are commercially available (Weissenbach et al. 1992; 

Gyapay et al. 1994; Dib et al. 1996), however, an economic alternative is to use publicly 

accessible databases such as the NCBI, Genetic DataBase and Research Genetics Ltd 

(RGL; see e-bibliography).

Probes from the RGL catalogue (see appendix D) were segregated into their respective 

chromosomes. To determine a putative mapping order, with sex specific and sex-averaged 

mtermarker distances (calculated according to Marshfield data), marker assay and locus 

numbers (DxSxxxx) were input to the 'buildyour own m ap' applet o f Marshfield Clinic’s 

web resource. A map was synthesised in this manner for all follow-up regions that 

included non-LMS2 markers. Through this process a set of di-, tri-, and tetra- nucleotide 

markers from the RGL set, intermediary to framework (ABI) microsatellites, could then be 

identified. Tetranucleotide markers, being robust to automated genotyping, were preferred 

over di- and tri- nucleotides. Once a mapping set was derived, markers were re-entered to 

the Marshfield map site to establish final intermarker map distances (RGL database 

sample, with intermediate and final Stage II map is detailed in Appendix D).

4.2.2.2 Validation o f Microsatellite maps

Data for each of these microsatellite probes was then downloaded from the CEPH database

(http://\v\v\v.ccphb.fr/ccphdb/dumps.html). These marker ‘dumps’ consist of all available

CEPH data for a particular marker, which can be assembled into standard l i n k a g e

pedigree and data files (see Appendix A.3) .  The c r i - m a p  application (Lander and Green,

1987) was used to assay marker order. Given the relatively dated nature o f the CEPH

database (Weissenbach et al. 1992; Gyapay et al. 1994; Dib et al. 1996), a database in

which markers are often not fully characterised, alternative sources (literature surveys,

eGenome physical location and UCSC Golden path genome browser) were also used to
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verify marker order. Such literature surveys lead to the elimination o f one marker, L76630, 

from chromosome 15 (see Chapter 6 section 6.2.4; Leonard et al. 2002).

Validation of the genetic map order and inter-marker distances was achieved through 

multiple comparisons via the m a p - o - m a t  (v l.lb ; Matise and Gitlin, 1999) application (see 

chapter 2 section 2.5.5.6). All marker orders were validated only by comparison with both 

CEPH and DeCode maps. In addition the c r i - m a p  flips (see chapter 2, section 2.5.5.6) 

option was applied to all Stage I  and Stage 11 observed data in order to further validate the 

marker maps. Results are summarised m Appendix E.

4.2.3 Power and Significance

The genome scanning approach adopted in the current study uses a two-stage methodology 

mcorporatmg sample splitting and grid tightenmg as outlined by Holmans and Craddock, 

(1997) (See chapter 1, section 1.5.1). The second stage of this approach is designed to 

identify false positives and refine regions likely to represent genuine linkage signals. 

However, the two-stage design be problematic when attempting to evaluate the statistical 

significance of any linkages detected (Kruglyak and Daly, 1998). Studies typically have 

either not adequately addressed such issues in their significance estimates (Sawcer et al. 

1997a), or adopted conservative methodology (Pato et al. 2004). In a two-stage simulation 

study each Stage 1 data set produces a series of simulated hot-spot regions, each o f which 

are then fine mapped in a related Stage II simulation. Replicates, usually at least one 

thousand sets, must each follow-up a ‘hot-spots’ particular to its Stage 1 simulation data. 

Kruglyak and Daly, (1998) has shown that by failing to adhere to these specific criteria in a 

Stage 11 simulation (as was the case in Sawcer et al. 1997a), the resulting simulated data 

describes an increase in mapping density at arbitrary regions of the genome. This data, 

which closely models an initial screening stage genome scan in terms of false positive 

linkage peaks, has been shown to be inadequate for use in a follow-up o f Stage 1 

provisional linkage signals (Lander and Kruglyak, 1995; Sawcer et al. 1997a; Kruglyak 

and Daly, 1998).

A two phase simulation that attempted to model the WT two stage genome scan was used

to establish suitable Lander and Kruglyak, (1995) criteria for statistically suggestive and

significant levels of linkage. These simulations used the observed pedigree structure and

allele frequencies from Stage 1 coupled with those o f the extended Stage 11 sample.

Simulations also conserved the original pattern of missing genotypic data for markers in
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either stage. Thus, it was envisaged that an over rehance on ‘m odelled’ markers (see 

chapter 3, section 3,3.5) could be avoided, and more accurate representation o f 

significance levels produced.

To control for the random fluctuations expected in whole genome scanning a series o f 

1000 sim ulated genome scan data-sets were generated under the assum ption o f 

independent assortment. In this situation where there is no underlying trait-causing loci, 

any linkage signals detected can be said to represent random fluctuations / or chance 

linkage occurrences. For the first part o f the two-stage simulation, a gene-dropping 

strategy was employed (Sawcer et al. 1997b; Abecasis et al. 2002). The advantage o f this 

approach is that it directly models the observed data in terms o f m arker informativity, 

presence or absence o f genotype at each locus for each individual. When this approach is 

com pared to one that uses pseudo-m arkers, each with four equifrequent alleles 

(heterozygosity o f  75%) across a lOcM genetic map, the advantages in terms o f generating 

a more accurate representation o f  the null hypothesis for a sample are appreciable 

(Kruglyak and Daly, 1998, Abecasis et al. 2002). Stage II  o f the simulation used, where 

possible, gene-dropping techniques as described above. However, in the absence o f 

observed marker data for simulated follow-up regions, pseudo-markers had to be modelled.

To estimate the power o f the Stage II  sample to detect linkage, simulated replicates where 

used to estimate probabilities whereby maximum likelihood scores exceeded various 

criteria (i.e. MLS > 1, 2 or 3). The replicate samples were o f identical structure to that of 

Stage II  collection in terms o f availability o f DNA and pedigree construction. A lOcM 

inter-m arker distance was sim ulated for 400 m icrosatellite m arkers (each with 5 

equifrequent alleles and heterozygosity o f 80%). Four distinct measures o f genetic effect 

were modelled by evaluating a locus specific recurrence risk (Xs) at 1.25, 1.5, 2 and 3, for a 

disease locus modelled in a position most difficult to detect (i.e. midway between two 

flanking markers). Phenocopy percentage was set to 0% or 25% to model the expected 

probability that a random case does not have the disease allele.

4.2.4 Genotyping

Genotyping was carried out in a manner similar to Stage I  for framework LMS2 markers. 

PCR amplification conditions have been described previously (see Table 2.1; chapter 2). 

Briefly, pre-optimised primers were obtained from Applied Biosystems International
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(ABI), amplified using the proprietary polymerase, dNTPs and buffer contained in the 

True Allele Pre-mix cocktail.

In the case o f non-LMS2 markers, optimisation temperature-gradient PCR was performed 

by varying the annealing temperature (T a) within a range o f  ± 5°C o f the melting 

temperature (T m ) o f  each probe set. Melting tem peratures were calculated using the 

following equation.

Tm = [TC  X (A + T)] + [4°C x (G + C)]

Where A, T, G and C are the number o f adenine, tyrosine, guanine and cytosine bases 

comprising the oligonucleotide respectively. Once PCR optimised, these non-LMS2 probes 

were included, where possible, in PCR multiplex reactions. Primer sequences for markers 

that were non-LMS2 are detailed in Appendix C. Fluorescent dyes were as Stage I  

markers, with the exception o f TAMRA being used in lieu o f NED labelling (see chapter 2, 

section 2.4.2). Pooled PCR products were resolved by molecular weight via gel (4% 

polyacrylam ide) electrophoresis using an ABI 377XL DNA sequencer. Completely 

genotyped markers were stored in association with phenotypic data, using a modified 

version o f the m e g a b a s e  application (Fenton and Sandkuijl, 1992). Genotype data was 

imported into this application in plain text comm a separated value (CSV) format 

compatible with m s - d o s . Procedures for binning o f alleles and output o f l i n k a g e  data files 

were identical to the Stage 1 process and have been outlined in chapter 2 section 2.4.7.

4.2.5 Data handling and quality control

As with Stage I, a considerable quantity o f data was generated for the follow-up stage. This 

data was subject to the same data flow and error minimisation procedures as outlined in 

Appendix G. For a microsatellite to be deemed successfully genotyped, it was required that 

data be generated for at least 95% of total available DNA samples. Data back-up schedules 

were similar to those outlined in Stage 1, with additional monthly back-ups o f  m e g a b a s e  

and any completed data files archived on CD-ROM discs. Data generated between a 

scheduled back-up was automatically duplicated to off-site data storage magnetic tapes on 

a nightly basis.

Prior to linkage analysis M endelian inheritance checks were perform ed using the

p e d c h e c k  application (see chapter 2 section 2.5.1). Data files free from inheritance
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inconsistencies were then subject to monozygotic and half-sibling detection through the 

use o f  SIBERROR and r e l a t i v e  applications (see chapter 2 section 2.5.2 and 2.5.3).

4.2.6 Statistical analysis

Analysis o f linkage data was carried out using computers remote from the laboratory site. 

UNIX workstations at the Human Genome Mapping Project research centre (HGMP-RC) 

were accessed and controlled via Virtual Network Connection (V N C ) software. All data 

was transmitted to the HGMP-RC via file transfer protocol ( f t p ).  The s p u n k  application 

(chapter 2 section 2.5.4) was used to generate allele frequencies for all probes. Allele 

frequencies for LMS2 microsatellite markers genotyped in Stage I  were updated to reflect 

frequencies o f the full Stage II  sample set. As with the Stage I  analysis, all Stage 11 data 

was assayed for excess allele sharing IBD among affected sibling pairs using the 

>4APMAKER/s i b s  application (see chapter 2 section 2.5.5.4) for primary (and both s p u n k  

and G E N E H U N T E R  for secondary supportive) evidence o f linkage. The g e n e h u n t e r  

application was used to obtain recombination counts to estimate post-hoc genotyping error 

rates (see chapter 2 section 2.5.5.1).

4.3 Results

4.3.1 Validation o f M arker Positions.

Marker genotypes for the Centre d  'Etude du Polymorphisme Humain (CEPH) pedigrees 

were obtained and assembled into u n k a g e  format pedigree and locus data files. These 

files were converted to c r i - m a p  format using the l n k t o c r i  format translator provided by 

Dr. Frank Dulbridge o f the HGMP Centre (pers. comm.). Files were made ready for c r i - 

m a p  using the prepare option as outlined in chapter 2 section. Data from the all, fixed, flips  

(2 and 3 marker tuple LOD > 3; see table 4.3) and the build  analytical options were used to 

estim ate m arker orders (see chapter 2, section 2.5.5.6 for a description o f these 

commands).

Yu et al. (2001) has noted the positions of markers on commonly used genetic maps (e.g.

M arshfield, CEPH, CHLC) are based upon a lim ited num ber o f  meioses. Indeed

Terwilliger et al. (1992) has suggested such a limitation may lead to incorrect order o f

marker loci, in addition to providing poor estimates o f recombination fractions. Such

problems are exacerbated when dealing with markers that are closely linked, but show low

order o f support for their map position (Keats et al, 1991). This problem is most apparent

when poorly characterised genetic maps are used for fine mapping (since closely spaced
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m arkers m ust be utilised). D ata produced in linkage studies that rely on such inaccurate 

recom bination fractions will experience loss o f  power, and bias m ap positioning for trait 

loci (Risch and Giuffra, 1992; C lerget-D arpoux et al. 1986). The effect o f  errors in genetic 

m aps becom es increasingly serious as m ore m arker loci are analysed jo in tly  (Goring and 

Terwilliger, 2000c). Indeed, this is precisely the reason why some groups have opted not to 

use m ultipoint linkage analysis (Hovatta et al. 1998).

W ith such caveats in mind, putative genetic m ap order was assayed using the m a p - o - m a t  

web applet o f  M atise and Gitlin, (1999). m a p - o - m a t  im plem ents m any sub-routines o f  the 

CRI-MAP application (Lander and Green, 1987) using genotype data from its own database. 

This dataset is a com pilation o f  m arker genotypes for the CEPH pedigrees obtained from 

the M arshfield Centre for M edical G enetics and the Foundation Jean D ausset CEPH 

databases. M ore recently. The SNP Consortium  (TSC-SNP) and DeCode databases have 

been added to this resource (M atise and G itlin, 1999).

Probe Theta Map Cimiulative logio(L) Families Het.

Name (6)
Distance

(cM) Distance (Likelihood) Odds Genotyped (%)

D9S157
0.08 8.5

0.0
69.08 1.20E+69

186 0.87

D9S171
0.03 2.8

8.5
27.5 3.16E-I-27

186 0,85

D9S2154
0.04 3.6

11.3
39.1 1.26E+39

154 0.69

D9S161
0.02 1.9

14.8
18.98 9.55E+18

185 0,86

D9S319
0.03 3.2

16.7
22.42 2.63E+22

154 0.82

D9S1817
0.03 3.2

19.9
3.07 1.17E-t-03

153 0.87

D9S773 23.1 4 0.58
Table 4.3: Example of FIXED analysis both estimates distance between markers and gives local support 
for a given order by mnning a FLIPS calculation with 2 markers per tuple. Colunans 2-4 gives theta (the 
recombination fraction) and the estimated Kosambi map distance in centiMorgans. For each marker, 
tile cumulative distance is also given. Columns 5-6 give tiie LOD score and the odds (10 raised to the 
lod score) o f the given order versus the reverse order for each successive pair o f  markers. Data is from 
combined analysis o f CEPH and DeCode databases.

A nalysis presented in Tables 4.4 and 4,5 (a ) show results o f  positioning assays for the 

chrom osom e 9 follow-up region using m a p o m a t . M arkers D9S157 to D9S1817 inclusive 

are genotyped for both the CEPH and D eCode collections o f  pedigrees. However, m arker 

D9S773 is only genotyped in CEPH fam ilies (n=4), and w as therefore subject to a 

remapping analysis (see chapter 2, section 2.5.5.6). Support for the reference order is 85.71 

to 1 when com pared to the reversed order betw een D9S733 and D 9S1817 in the CEPH
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families alone, whereas likelihoods o f the reference order do not change from -303.93 

when assayed against the combined (CEPH and DeCode) data set (identical results were 

calculated for the all option). Both c r i - m a p  (on Stage 11 data) and m a p - o - m a t  (published 

data) analyses were performed for all Stage 11 follow-up regions that use non-LMS2 (i.e. 

not ABI/Genethon) markers (See Appendix E).

Data for the expected marker positions agreed with that o f the observed order in all but one 

incident. Observed output from Stage / /d a ta  for markers on chromosome 10 is shown in 

table 4 .5( b ) .  It can be seen that #11 (GGAA2E03) produced a negative odds difference, 

indicating odds in favour o f the "flips5' order (see chapter 2, section 2.5.5.6). This marker 

was previously reported as being in the interval between markers 10 to 12 (DIOS 197 and 

D10S208). However, subsequent ‘builds’ of the human genome have mapped this marker 

to a region more q-terminal than previously reported. The Stage 11 c r i - m a p  analysis has 

reflected this error, showing marker #11 to have a higher probability to be located in the 

revised position (approximately 6310:1 against reference position).

Since the computational demands for higher order flipsn  analysis was prohibitive a build 

analysis (see chapter 2, section 2.5.5.6) was conducted to further map GGAA2E03. By 

setting the reference order continuous from marker #0 to #25 (excluding #11 which was 

used in the build analysis) it was possible to establish the correct position o f  #11 with 

respect to the reference microsatellites. Its position between m arker #18 and #20 was 

derived from both buildinf (using most to least informative markers) and build analyses 

and is also in agreement witli physical positioning data from the Human Genome sequence 

data build 34, (see e-bibliography; Appendix E.7).
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CEPH data
__________________________Possible Orders____________________________ logip(L) Odds Likelihood
D9S157 D9SI7I D9S2I54 D9SI6I D9S3I9 D9SJ8I7 D9S773 -0- 1 -142.03999

- - - - - D9S773 D9S1817 1.93 S.SlE-f-Ol -143.96999
- D9S2154 D9S171 - - - - 3.8 6.31E-f03 -145.83999
- - - D9S319 D9S16I - - 5.29 1.95E-I-05 -147.32999
- - - - D9SI817 D9S319 - 9.07 1.17E-I-09 -151.10999
- - D9S161 D9S2154 - - - 12.13 1.35E-I-12 -154.16999

D9S171 D9S157 - - - - - 24.8 6.31E-I-24 -166.83999

DeCode data
Possible Orders log,o(L) Odds Likelihood

D9SI57 D9S171 D9S2154 D9S161 D9S3I9 D9S18I7 -0- 1 -160.82001
- - - - D9S1817 D9S319 12.67 4.68E-t-12 -173.49001
- - - D9S319 D9S161 - 13.56 3.63E+13 -174.38001
- D9S2154 D9S171 - - - 23.6 3.98E-1-23 -184.42001
- - D9SI61 D9S2I54 - - 25.6 3.98E+25 -186.42001

D9S171 D9S157 - - - - 44.28 1.91E-I-44 -205.10001

Combined (CEPH & DeCode)
_________________________ Possible Orders____________________________ logio(L) Odds LikeUhood
D9S157 D9S17I D9S2I54 D9SI61 D9S3I9 D9SI8I7 D9S773 -0- 1 -303.92999

- - - - - D9S773 D 9SJ8I7 3.07 1.17E-f-03 -306.99999
- - - D9S319 D9S161 - - 18.98 9.55E-t-18 -322.90999
- - - - D9SI817 D9S319 - 22.42 2.63E-K22 -326.34999
- D9S2154 D9S171 - - - - 27.5 3.16E-I-27 -331.42999
- - D9S161 D9S2154 - - - 39.1 1.26E+39 -343.02999

D9S171 D9S157 - - - - - 69.08 1.20E-(-69 -373.00999
Table 4.4; M APOM AT Flips (2 tuple) analysis o f chromosome 9 follow-up region using CEPH & DeCode data. M arker reference order and its logio 
likelihood appear on first line o f each table. Each subsequent line shows which markers were rearranged (in black) followed by the corresponding LOD score 
(the likelihood o f the reference order minus the likelihood o f the rearranged order). A positive score of n means that the odds are 10": 1 in favour o f the 
reference order. A negative score o f n means that the odds are in favour of the rearranged order are 10";1.
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1

D2S126

2

D2S2228

3

D2S2354

4

D2S2297

5

D2S427

6

D2S206

7

D2S336

8

D2S338

9

D2S2968

10

D2S2253

11

D2S125

Log
Likelihood

-167.77

D2S2228 D2S126 6.21
- D2S2354 D2S2228 - - - - - - - - 12.41
. - D2S2297 D2S2354 - - - - - - - 16.71
. - - D2S427 D2S2297 - - - - - - 13.83
- - - - D2S206 D2S427 - - - - - 6.69
- - - - - D2S336 D2S206 - - - - 12.94
- - - - - - D2S338 D2S336 - - - 10.84
- . - - - - - D2S2968 D2S338 - - 2.31
- - - - - - - - D2S2253 D2S2968 - 19.99
- - - - - - - - - D2S125 D2S2253 1.91

IBi
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 -855.55
- - - 4 3 0.44
- 2 1 2.36

I I 10 0.34
12 10 I I -0.97

12 11 -0.71
- - - - - - - - - - - 13 - 11 - - - - . . - 2.68

12 13 11 2.75
- - - - - - - - - - 12 13 14 10 I I 2.91

13 14 12 I I 0.82
12 10 14 I I 2.65

12 14 I I 2.34
13 - 14 I I 0.82

. - . . . - - - - - 12 10 13 14 I I -2,53
12 13 14 I I -3.80

25 24 1.96
Table 4.5: (A) Expected order. Typical output describing c r i - m a p  flips (two marker tuple) for chromosome 2q using m a p - o - m a t . (B) Observed data. Chromosome 10, 
describes c r i - m a p  flips (three marker tuple). Marker U I  I  was previously located as in reference order, however subsequent ‘builds’ of the human genome have relocated this 
maker q-terminal of its reference position. Original order (bold) and its logio(likelihood), followed by flipped orders, with their relative logio(likelihoods). logio(likelihoods) = 
logio(likelihood of original order) - logio(likelihood of current order).
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4.3.2 Stage II Linkage Results

4.3.2.1 Significance a nd  Power level sim ulations

A series o f 1000 simulated screening stage and accompanying follow-up genome scans 

were performed as detailed previously (see section 4.2.1). Simulation analysis o f the 

Wellcome Trust Stage II  sample has shown that under the null hypothesis o f no linkage an 

MLS o f 2 .41 is expected to occur on average once per two-stage genome scan in any o f  the 

three diagnostic models. This equates to the genome-wide suggestive level o f linkage in a 

specific diagnostic model (Lander and Kruglyak, 1995). However, simulation data has also 

shown that an MLS o f 1.33 is expected at the same genomic position in all three diagnostic 

models at least once per genome scan. The MLS value for genome-wide significant 

linkage (i.e. once per twenty genome-wide scans) as described in Lander and Kruglyak, 

(1995) is 3.77 for any o f the narrow, intermediate or broad diagnostic models, or an MLS 

o f 2.57 if  present in all diagnostic models at the same locus. As outlined previously 

(Chapter 3 section 3.2), the criteria for nominal point-wise threshold o f p-value<0.05 

requires an autosomal derived M LS> 0.74. Similarly for X-linked data the thresholds for 

X-MLS nominal significance are in excess o f 1.18 for a p-value < 0.05.

Xs plienocopy % e(MLS) p(MLS>3) p(MLS>2) p(M LS>l)

1.25 0 1.44 0.07 0.22 0.63

1.25 25 2.81 0.36 0.7 0.95

1.5 0 2.27 0.25 0.51 0.84

1.5 25 4.39 0.73 0.92 0.99

2 0 3.81 0.60 0.85 0.99

3 0 6.14 0.94 0.99 1
Table 4.6: Power analyses for tlie Stage II  sample. e(MLS) is expected maximum likelihood score; 
p(MLS><|)) is tlie probability o f a detecting an MLS greater than (p for a given ks.

Estimates for the power o f the Stage II sample to detect loci o f small effect (i.e. ks = 1.25, 

1.5, 2 and 3) have been carried out, using the narrow diagnostic model, according to the 

methodology described in section 4.2.3 for this chapter. Simulations (table 4.6) have 

shown that there is a probability o f at least 50% of detecting an MLS o f 2 when is 1.5. 

Similarly there is a probability o f at least 85% o f  detecting an MLS o f 2 when the relative 

risk to siblings is 2.0. According to the simulation data the probability o f  detecting loci o f 

very small effect sizes (i.e. Xs=1.25) an MLS greater than 3 will be marginal (~7%) when 

compared to the power at MLS greater than 1 (i.e. 63%). Phenocopy percentage was set to
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either 0%  or 25% (for of 1.25 and 1.5) to model the expected probability that a random 

case does not have the disease allele.

Should the phenocopy percentage be increased and the disease allele frequency to remain 

constant, a decrease in the measure will occur. Intuitively, this is because as the disease 

risk to siblings o f phenocopy individuals is minimal (equivalent to the population 

prevalence), the risk to siblings of all affected individuals (genuine and phenocopy) will be 
decreased. Therefore, as the phenocopy percentage increases, a rarer disease allele is 

required to maintain the same as was modelled in the absence of phenocopy effects (see 

table 4.6).

4.3.2.2 Quality control and  Genotyping error detection.

The overriding emphasis in complex trait mapping is on the generation and management of 

accurate genotype data. The consequence o f poor data management has been noted 

previously in this chapter (see section 4.1.3.2 and chapter 3, section 3.5.2.5; Dick et al. 

2003). In simulation studies, misreading an allele as the next largest or next smallest 

results in overestimation o f recombination fraction and an associated loss in expected lod 

score (Terwilliger et al. 1990). For detection o f linkage to a disease locus o f unknown map 

position, loss in linkage information is a far more serious problem than a bias in 

recombination fraction (Ott, 1999). In sample sets, comprising numerous small nuclear 

pedigrees, such as the W ellcome Trust (WT) Stage II  sample, identification o f  all 

genotyping inaccuracies can prove difficult. It is therefore vital that every effort be made to 

uphold data integrity. To that end, samples from Stage II were periodically re-genotyped 

by an experienced  independent analyst (Dr. R icardo Segurado) to assess 

quality/consistency o f genotype data. Levels o f consistency were in excess o f 98.5%. 

Where genotypic data was disputed a third independent analyst (Dr. Ziarah Hawi) was 

consulted.

All pedigree genotype data was assessed for M endelian inconsistencies using the

PEDCHECK application. Once all M endelian inconsistencies were remedied to the

satisfaction o f two independent analysts, data was assessed for relatedness using the

SIBERROR and RELATIVE applications (Goring and Ott, 1997; Ehm and Wagner, 1998). The

SIBERROR ap plication  w a s instrum ental in id en tifica tion  o f  p ed ig rees (5050, 5269, 8084,

50542) containing individuals with a highly significant genotype concordance rate. These

individuals were flagged as likely MZ twins and removed from the analysis. The

discordance rate for these monozygotic twins was 1.65% in the Stage II  sample. (An
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approximation o f genotype error rate can be measured using the ratio o f the number of 

mismatch genotypes in monozygotic twms to the total number o f genotypes available over 

all monozygotic twins genotyped in the sample; 35/2114=1.65%). Further analysis, using 

the RELATIVE application, identified individuals 6010.02 and 50512.05 as being half rather 

than full-siblings, as had been recorded at time o f ascertainment. Thus, one o f each pair o f 

twins and both half-sib individuals were excluded from analysis. The inclusion o f the 

CEPH individual 1347.02, and re-genotyping in Stage 11 o f  individuals 301.01 and 301.02 

(from Stage /), was used to ensure allele binning was consistent between Stages 1 and 11 o f 

the WT genome-wide scan.

A total o f 161,517 genotypes were generated in the Stage 11 sample set. Table 4.7 (below) 

summarises details for each o f the follow-up chromosomes. A total o f 198 follow-up 

markers were characterised in the Stage II sample. Linkage analysis was perform.ed on a 

total set o f 218,488 genotypes, for 313 markers, across 17 regions o f  interest as detailed 

previously (chapter 3 section 3.2.). Exact details o f the marker locations and the inter

marker centiMorgan distances (sex-averaged Kosambi mapping function) are outlined in 

appendix C.2. The total number o f genotypes generated equates to approximately a 2.62% 

discrepancy between the target genotyping levels o f 95% o f each marker studied.

The shortfall can be accounted for through a number o f sources; (a ) under the WT

genotypmg strategy, and in the interests o f avoiding a genotyping bias, samples having

failed two attempts at genotyping are coded as homozygous zero (i.e. no genotype).

Therefore, shortfalls in Stage I  data represent components o f the Stage II  deficit reported

here, (b ) Genotyping was carried out in two centres, one in Ireland (Dublin, TCD) and at

the collaborative site in the UK (previously University o f Birmingham, subsequently

University o f  W ales, Cardiff). Although every effort was made to minimise inter-site

variables (i.e. DNA quantity and quality, standardised reagents and hardware and software)

there is a degree o f  subjectiv ity  to a lle le  ca llin g  w hen using  the ABI genotyper

application. Issues such as peak height to width ratio or split peaks can cause

inconsistencies in allele calling when the software is operated by less experienced analysts;

(c) As was noted in Stage 1 analysis, data generation in the UK was facilitated by means o f

an automated pipetting device, the use o f which has improved genotyping accuracy,

through-put, and contributed to the minimisation o f error (Dr. Phil Bennett, pers. comm.).

Genotype success rates for follow-up regions in Stage 11 are tabulated below (see table

4.7). Details o f each chromosome that have been followed-up from Stage 1 analysis are
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presented. These are described in terms o f  number o f  genotypes and relative success o f  

genotyping as generated for Stage II markers, additional information regarding markers 

genotyped in Stage I  only is also included. In the interests o f  maximising linkage data 

extracted from each follow-up region, genotypic data from all markers characterised in 

Stage 1 were analysed in conjunction with new and follow-up markers. Total number o f  

genotypes generated exclusively in follow-up regions was 161,517.

Chromosome 2 3 4 6 7 9

No. of Markers in follow-up 
region only
No. of Genotypes in follow- 
up region only

Mean Success Rate

11

9112

93.92%

11

8846

91.18%

26

21625

94.31%

23

18156

89.51%

21

16997

91.77%

6

5164

97.58%

Standard Deviation 3.43% 2.98% 3.26% 4.41% 3.55% 2.85%

No. of Mar kers from Stage I 25 16 7 8 12 18

No. of Stage I  Genotypes

Mean Genotype Success 
Rate from Stage I

Standard Deviation

11947

93.70%

3.89%

8719 

97.14% 

2.26%

3602

97.46%

1.97%

3858

91.03%

4.21%

6479

94.39%

2.59%

8297

90.38%

7.25%

Total No. of Markers 36 27 33 31 33 24

Cluomosome 10 12 17 18 X Totals
No. of Markers in follow-up 
region only 14 16 24 19 27 198

No. of Genotypes in follow- 
up region only 11445 14112 18376 15366 22318 161,517

Mean Success Rate 92.69% 92.52% 86.81% 91.69% 94.25% 92.38%

Standard Deviation ?>21% 3.21% 4.26% 3.82% 4.75% 3.62%

No. of Markers from Stage! 11 6 0 6 6 115

No. of Stage I Genotypes 5134 2975 0 2845 3115 56,971

M ean G enotype Success 
Rate from Stage I

91.52% 93.91% 0 92.97% 98.33% 94.08%

Standard Deviation 5.36% 5.16% 0 1.51% 1.75% 3.6%

Total No. of Markers 25 22 24 25 33 313

Table 4.7: Details of genotyping for the 11 follow-up chromosomes; mean genotyping rate corresponds 
to die average number of genotypes per marker.
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In table 4.8 below, information pertaining to each follow-up chromosome is presented in 

terms o f  marker resolution, marker informativity and effective sample sizes (from the 

narrowest to the most broad diagnostic model). Effective sample sizes (weighted ASPs) for 

the follow-up regions range from 156-178 ( J  = 165) for the narrow diagnostic model, to 

between 264-293 (^= 274 ) for the broad diagnostic model. The average information 

content across the follow-up regions is 78.5%.

Data quality was also assessed using the observed and expected recombination fractions 

between markers. This data can be gathered from the counts on setting in g e n e h u n t e r , 

and are presented in table 4.8 below. Deviations from the expected recombination count 

can be indicative o f  incorrect recombination distances specified in the l i n k a g e  file 

parameters and can also be used to identify the presence o f  genotyping errors. Terwilliger 

et al. (1990) has demonstrated how misreading an allele as the next largest, or smallest, 

results in the overestim ation o f recombination fraction and subsequent decrease in 

expected lod score. This has been also been assessed by Williams, (1999) who report a lod 

score reduction o f 20-35% resulting from 5-10 o f such false genotypes (i.e. allele 

miscalls). These percentages are based on a sample o f ASPs (n=200) where parents are not 

genotyped. By way of an assessment o f the error rate generated by gel-to-gel variations 

and consistency in allele calling, the variation o f c o n  values (see chapter 2, section 2.4.7) 

of 100 microsatellite markers were measured across the Stage I  and Stage 11 samples (see 

table 4.9). Results show a mean between-gel variation o f 0.25 bp (standard deviation o f 

0.13 bp), indicating that these samples o f  genotypes are unlikely to representative o f 

binning errors (i.e. allele miscalls).
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Chromosome Markers Mean Markers Mean Observed Mean Mean Het PIC Mean Mean
Genotyped Intermarker

spacing
(cM)

Genotyped Inter-marker
spacing

(cM)

Rec Rec Information
Content

Information
Content

Weighted
ASPs

Weighted
ASPs

Full
Chromosome

Full
Chromosome

Follow-up
Region

Follow-up
Region

Full
Chromosome

Full
Chromosome

Full
Chromosome

Follow-up
Region

Full
Chromosome

Full
Chromosome

Full
Chromosome

Follow-up
Region

Narrow Broad Narrow Broad

2 36 7.58 11 4.04 3690.323 3999.653 0.5291 0.8299 0.788511 0.761190 130.89 205.86 168.27 278.18
3 27 8.04 11 5.25 3022.935 3110.093 0.5720 0.7879 0.790160 0.764350 136.64 220.07 163.54 272.63
4 33 6.50 26 5.56 2911.751 3026.958 0.7059 0.7988 0.760521 0.729156 160.03 262.58 170.74 283.04
6 31 5.94 23 5.06 2543.416 2714.399 0.6849 0.7623 0.769059 0.740116 146.61 240.48 157.65 262.69
7 33 5.31 21 3.61 2313.753 2472.924 0.6840 0.8479 0.798254 0.772794 145.94 236.26 164.62 272.33
9 24 7.01 6 4.34 2273.421 2541.256 0.5391 0.8059 0.767706 0.737907 123.34 197.33 178,16 293.83
10 25 6.91 14 4.71 2389.861 2678.385 0.5865 0.7494 0.781578 0.751479 133.92 216.29 159.26 265.81
12 22 7.90 16 5.71 2314.233 2354.157 0.6692 0.7305 0.765283 0.738908 152.33 247.96 165.56 274.06
17 24 5.62 24 5.62 1795.603 2061.591 0.7454 0.7454 0.771820 0.771820 156.00 259.17 156.00 259.17
18 25 5.09 19 4.07 1739.771 2144.399 0.7151 0.7682 0.766852 0.739930 151.00 246.76 162.26 269.74
X 33 6.02 27 4.88

Total: 313 198
Mean: 6.598 4.81 0.6431 0.7849 0.775974 0.750765 144 234 165 274

Table 4.8. M arker details for the eleven chromosom es characterised in Stage II. Expected and observed recom bination (Rec) from g e n e h u n t e r ;  mean inform ation (info) 
content from m a p m a k e r / s i b s ;  m ean heterozygosity (Het) and polymorphism information content (PIC) from s p l i n k ;  num ber o f  weighted ASPs calculated as the sum of 
(n-1), where n is the number o f affected siblings within each family.
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Locus Lower Upper A Locus Lower Upper A Locus Lower Upper A Locus Lower Upper A
Name Limit Limit name Limit Limit name Limit Limit name Limit Limit
D10S1651 221AA 227.85 0.41 D10S185 212.64 213.14 0.50 : D9S1776 181.49 181.61 0.12 D6S276 226.55 227.02 0.47
D10S1652 290.90 291.28 0.38 D10S189 194.73 194.85 0.12 i D9S1818 158.14 158.38 0.24 D6S281 139.81 139.96 0.15
D10S1653 127.99 128.34 0.35 DIOS196 113.71 114.11 0.40 D9S1826 221.45 221.68 0.23 D9S157 229.35 229.62 0.27
D10S1686 262.50 262.94 0.44 D10S197 176.40 176.60 0.20 i D18S843 184.91 185.32 0.41 D9S161 138.31 138.65 0.34
D18S1102 99.01 99.23 0.22 D10S208 188.55 188.79 0.24 D18S976 184.81 184.93 0.12 D9S164 96.79 96.83 0.04
D18S1127 198.44 198.63 0.19 D10S212 201.97 202.20 0.23 1 D9S1817 299.90 300.23 0.33 D9S167 319.08 319.45 0.37
D18S1129 252.23 252.29 0.06 D10S217 109.72 109.90 0.18 D17S784 239.40 239.60 0.20 D18S64 191.83 192.05 0.22
D18S1132 124.16 124.25 0.09 D10S249 135.93 136.11 0.18 . D17S785 176.64 176.85 0.21 D18S68 291.41 291.53 0.12
D18S1147 138.24 138.67 0.43 D10S537 157.37 157.63 0.26 D17S787 158.49 158.94 0.45 D18S70 117.05 117.43 0.38
D18S1161 231.15 231.51 0.36 D10S547 252.01 252.36 0.35 D17S798 316.25 316.46 0.21 D9S171 165.02 165.23 0.21
D18S1163 203.67 203.79 0.12 D10S548 193.56 193.74 0.18 ' D2S2211 249.70 249.76 0.06 D9S175 270.15 270.62 0.47
D17S1852 202.63 202.98 0.35 D10S587 104.15 104.19 0.04 : D2S2216 222.94 223.09 0.15 D2S112 80.12 80.28 0.16
D17S1857 171.17 171.51 0.34 D10S591 319.38 319.74 0.36 D2S2259 322.72 322.80 0.08 D18S51 280.35 280.49 0.14
D17S1868 197.59 197.71 0.12 D10S597 292.59 293.06 0.47 D2S2330 180.21 180.61 0.40 D18S53 169.60 169.92 0.32
D2S305 338.20 0.33 D18S450 223.88 224.02 0.14 ; D2S2333 97.82 97.89 0.07 D18S59 166.66 166.88 0.22
D2S319 136.17 136.42 0.25 D18S462 306.09 306.20 0.11 i D2S2354 260.45 260.54 0.09 D2S286 96.51 96.62 0.11
D2S325 171.09 171.55 0.46 D18S464 312.59 313.06 0.47 D6S262 175.17 175.34 0.17 D2S117 212.33 212.77 0.44
D2S335 197.88 198.03 0.15 D18S465 240.07 240.31 0.24 D6S264 118.87 119.30 0.43 D2S125 100.78 101.05 0.27
D2S337 308.35 308.58 0.23 D18S474 142.11 142.29 0.18 : D2S126 138.42 138.87 0.45 D18S63 269.83 269.90 0.07
D2S338 279.52 279.77 0.25 D18S478 256.40 256.57 0.17 ; D2S142 246.51 246.92 0.41 D9S273 212.17 212.22 0.05
D2S347 292.11 292.53 0.42 D2S2368 109.75 109.96 0.21 : D2S151 246.69 246.99 0.30 D9S283 95.96 96.01 0.05
D2S364 242.43 242.91 0.48 D2S2382 318.25 318.37 0.12 i  D2S160 217.48 217.65 0.17 D9S285 109.14 109.22 0.08
D2S367 319.78 319.88 0.10 D9S1677 257.62 257.96 0.34 1 D2S165 161.99 162.36 0.37 D9S286 150.97 151.27 0.30
D2S391 154.39 154.43 0.04 D9S1682 154.14 154.48 0.34 : D2S168 177.08 177.21 0.13 D9S287 303.64 303.85 0.21
D6S257 184.04 184.10 0.06 1 D9S1690 240.45 240.65 0.20 i D18S61 171.38 171.87 0.49 D18S37 99.14 99.62 0.48

Mean between gel variation (A) 0.2504

Table 4.9; Results o f gel-to-gel variations for 100 microsatellite markers measured for c o n  allele assignment Upper and Lower limit refers to the highest and lowest 
observed value for alleles that match the c o n  allele, respectively. A -refers to the differences between the upper and lower limits. The mean between gel variations is the 
average differences in base pairs (bp) observed for the 100 miaosatellites tabulated.
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4.3.2.3 Stage II -  M ultipoint linkage results and  Tables

Seventeen discontinuous genomic regions in Stage lih a i  met and/or surpassed a point-wise 

nominal significance MLS threshold level o f 0,74, have been followed-up in the Stage II 

analysis. The maximum Stage I  scores for each o f these regions have been described in 

table 3,6 o f  chapter 3. Each follow-up region, its cytogenetic location, boundary 

m icrosatellite probes and maximum likelihood scores are reported in table 4,10, 

Illustrations o f the maximum likelihood scores generated for each diagnostic model for 

each region are depicted in figure 4,4,

Presented are the results from primary analysis of the genome scan follow-up stage. These 

data are generated using m a p m a k e r / s i b s . Each chromosome o f  the 11 follow-up 

chromosomes is described in turn in a standard form. Specifically, multipoint maximum 

likelihood scores (MLS) are plotted as a function o f chromosome position (in Kosambi 

centiMorgan), a secondary axis is used to plot information content across the chromosome 

also as a function o f centiMorgan position (black trace). Narrow, intermediate and broad 

diagnostic models (as outlined in section 4,2,1) are colour coded red, green  and blue  

respectively. Microsatellite marker positions are indicated (x) at a height o f 0,74 MLS 

units above the x-axis (1,18 for X-chromosome), these points are coincident with highest 

local information content as described by the secondar>' axis. Data from two-point linkage 

analysis ( SPLINK) and from secondary m ultipoint linkage analysis ( g e n e h u n t e r ) are 

included in Appendix B.4 and B,5,
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'igure 4.4: Results o f  lultipoint linkage analysis detailed for all follow-up chrom osom es in Stage II.
M axim um  likelihood scores as generated by MAPMAKER/SIBS are plottted (see section 4.3.2.2).
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Figure 4.4: Results of lultipoint linkage analysis detailed for all foUow-up cliromosomes in Stage II. 
Maximum likelihood scores as generated by MAPMAKER/SIBS are plottted 
(see section 4.3.2.2)... continued.
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Figure 4.4: Results of lultipoint linkage analysis detailed for all follow-up cliromosomes in Stage II. 
Maximum likelihood scores as generated by MAPMAKER/SIBS are plottted 
(see section 4.3.2.2)... continued.
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Figure 4.4: Results of lultipoint linkage analysis detailed for all follow-up cliromosomes in Stage II. 
Maximum likelihood scores as generated by MAPMAKER/SIBS are plottted 
(see section 4.3.2.2)... continued.
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Figure 4.4: Results o f lultipoint linkage analysis detailed for all follow-up cluomosomes in Stage II. 
Maximum likelihood scores as generated by MAPMAKER/SIBS are plottted 
(see section 4.3.2.2)... continued.
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iromosome MLS>1.25
(cM)

MLS>1.25
(Mb)

Cytogenetic
Location

Stage II 
Peak Borders

Peak
Microsatellite

Marker

Narrow Model 
Stage II

Maximum
MLS

cM MLS cM MLS (Mod(

2 272.36 to qter 237.5-tel 2q37-2qTel D2S338-2qTel D2SI25 TTh 1.14 273 2.08 (I)
3 BNS BNS BNS BNS BNS BNS BNS BNS BNS
4 44.94-57.4 27.4-55.6 4pl5.1-ql2 D4S391-D4S428 D4S405 51.74 0.58 57.8 1.76 (B)
4 76.46-91.46 62.3-81.2 4ql2-q21 D4S398-D4S2964 D4S392 81.74 1.82 81.34 2.38 (B)
4 130.28-132.7 120.6-135.3 4q26-q28 D4S402-D4S1575 D4SI6I5 131 1.39 131 1.47(1)
6 79 50.8-72.2 6pl2-ql3 D6S257 D6S257 79 1.26 79 1.26 (N)
6 104-116 94.8-107.8 6ql6-q21 D6S300-D6S268 D6SI021 112 1.34 112 2.61 (B)
7 97.4-105.84 82.4-92.4 7q21 D7S524-D7S657 D7S630 98 1.33 98 1.33 (N)
9 47.29-58.29 25.4-67.9 9p21-pl2 D9S171-D9SI817 D9S16I 53 1.73 53 1.73 (N)
10 27-31 8.76-12.7 10pl4-pl2 D10S1728-DI0S2325 DI0S547 29 1.56 29 1.56 (N)
10 45.83 15.7-31.7 lOpll.2 DI0SI653-D10S208 D10S548 45.83 1.11 52.3 1.11 (N)
12 BNS BNS BNS BNS BNS BNS BNS BNS BNS

17 BNS BNS BNS BNS BNS BNS BNS BNS BNS

18 60.69-72.79 33.2-51.5 18ql2 D18SI102-D18S1127 DI8S450 63.13 1.35 63.13 1.35 (N)
18 91.71-92.63 59.1-61.1 18q22 DI8S51-D18S465 D18S68 91.91 1.46 91.91 1.46 (N)

X (total) 104.66-123.66 91.8-116.1 Xq21-22 DXS990-DXS8088 DXS1I06 BNS BNS 114.66 1.97 (I)

X (b/s) 104.66-123.66 91.8-116.1 Xq21-22 DXS990-DXS8088 DXSI106 BNS BNS 114.66 1.40 (I)

Table 4.10: Details of the 11 chromosomes, in which multipoint likelihood scores exceeded the nominal threshold of 0.74 (or 1.18 of X-chromosome) for /  (point-wise 
p-value of 0.05). Linkage peaks above an MLS of 1.25 are described (see section 4.4.2). All centiMorgan distances are relative to the p-terminus and measured according to 
the Kosambi mapping fiinction. Cytogenetic positioning data is taken from the UCSC genome browser (see e-bibliography). Model 1 is comprised of the narrow diagnostic 
of BPI-BPI affected sibling pairs only. BNS^below nominal significance level in Stage II. (N /l/B  = narrow, intermediate or broad diagnostic models, respectively).
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Cytogenetic
Location

Position 
cM Mb

Multipoint
MLS

IBD
%

Nearest
Marker

Two point LOD scored 
Narrow Intermediate Broad

2q37-2qter 273 24L5 1.14 55.0 D2S125 2.11 2.52 2.25
4pl4-pl3 57 40.3 0.58 53.8 D4S405 0.96 2.32 2.17
4ql2-q21 82 70.8 1.82 56.3 D4S392 2.16 2.64 3.3
4q26-q28 132 128.7 1.39 56.5 D4S1615 0.69 0.29 0.23

D4S402 1.67 1.94 1.73
6pl2-ql3 79 56 1.26 56.0 D6S257 1.9 1.24 0.73
6ql6-q21 112 104.7 1.34 55.5 D6S1021 1.06 0.99 2.62
7qll.2 83 70.7 1.20 56.0 D7S1816 1.26 1.21 1.45
7q21 98 88.1 1.35 56.3 D7S630 1.95 2.03 1.47
9p21-pl2 53 27.6 1.74 56.6 D9S161 1.71 1.39 1.43

D9S319 1.93 2.02 1.39
10pl4-pl2 29 10.6 1.56 56.0 D10S547 1.03 0.16 0.05
lOpll.2 45 26.5 1.12 56.5 D10S548 0.73 0.04 0.03

D10S197 1.55 2.45 3.18
18ql2 63 44.3 1.35 57.6 D18S450 0.23 0 0
18q22 92 59.7 1.46 56.7 D18S48 0.79 0.22 0.22

D18S474 0.55 0.04 0
Table 4.11: Details of chromosomal regions that exceeded tlie MLS of 1 in Stage //; Maximum 
likeliliood scores, Percentage IBD sharing, nearest marker to tlie maximum and its two-point lod score 
as calculated by s p u n k  (under tlie all diagnostic models).

4.3.2A  Exclusion Lod Analysis

Exclusion analysis (see chapter 3, section 3.3.6) was performed under the narrow 

diagnostic model across all chromosomes included m the Stage II linkage analysis. Results 

are tabulated below (table 4.12) as a percentage o f  the total length o f  a chromosome 

(Kosambi cM) producing a multipoint exclusion lod o f  < -2. The process o f  evaluating 

linkage information to generate exclusion criteria has been outlined in chapter 3, section 

3.3.6. Chrom osom es that were assayed for linkage in the follow -up stage were 

systematically examined under each o f  three locus models confernng a sibling relative risk 

(Xs) o f  3, 2 and 1.5 for the narrow diagnostic model (BPI-BPI) only (see table 4.12).

X-s - 3 2 1.5

Follow-up chromosome 
Chromosome 2 99.65% 95.10% 70.94%
Chromosome 3 98.73% 91.14% 73.85%
Chromosome 4 98.69% 80.28% 41.28%
Chromosome 6 100.00% 81.35% 46.07%
Chromosome 7 99.49% 66.72% 23.20%
Chromosome 9 96.14% 53.07% 33.75%
Chromosome 10 97.88% 82.54% 62.43%
Clnomosome 12 100.00% 98.92% 60.19%
Cliromosome 17 100.00% 97.32% 40.35%
Cliromosome 18 97.89% 62.00% 21.18%

Table 4.12: Autosomal Exclusion data for tlie follow-up stage of tlie genome scan. Percentages of each 
chromosome tliat yields a multipoint exclusion lod score < -2 assuming an underlying locus conferring 
effect sizes (>̂ s) of tlie order of 3, 2 and 1.5 in magnitude.
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4.4 Discussion and further work

4.4.1 Discussion o f significance

The purpose o f the second stage screen o f the genome was to refine linkage signals 

detected in the first stage. Seventeen regions exceeded the threshold o f a multipoint MLS 

of 0.74 in Stage 1 (see chapter 3, section 3.2). Thresholds corresponding to strict genome- 

wide significance levels (Lander and Kruglyak, 1995) for the m a p m a k e r / s ib s  maximum 

likelihood score, under the possible triangle restrictions (see chapter 1, section 1.4.2.3), 

were 3.77 {significant), 2.41 (suggestive), and 0.74 (nominal p-value o f  0.05) for the 

autosomes. Though no region identified in Stage I  achieved the level o f suggestive linkage 

in Stage 1 (Lander and Kruglyak, 1995), a total o f two o f the seventeen regions have 

yielded suggestive levels o f linkage in Stage 11. One o f these regions, on chromosome 6, 

has achieved both the ‘diagnostic model dependent’ (i.e. MLS>2.41; see section 4.3.2.1) 

and ‘across-diagnostic m odel’ (i.e. MLS>1.33; see section 4.3,2.1) levels o f suggestive  

linkage (see section 4.4.2.3 below). An estimate o f the gene-specific effect size o f  the 

putative loci identified in Stage 11 on chromosome 6 is X,s o f 1.13 at D6S1021. No region 

in the WT study reached the genome-wide statistical levels required to support the 

presence o f a susceptibility gene to BPAD at a significant level (i.e. MLS>3.77; Lander 

and Kruglyak, 1995).

The exclusion lod analysis (table 4.12) disqualified -99%  o f the Stage II  follow-up regions 

from harbouring a susceptibility locus that could confer a relative risk o f  3 (at a lod score 

of -2). This is in keeping with the findings of Craddock et al. (1995b), who have suggested 

a model where three, possibly more loci, with a Xs < 2. O f the sixteen autosomal regions 

that were targeted in the Stage 11 analysis, 97.6% could be excluded from harbouring a 

locus o f A.S = 3. Nevertheless, as discussed previously (chapter 3, section 3.5.1 and chapter 

1, section 1.4.2.4), the nature and validity o f exclusion analyses requires careful 

consideration, especially in the context o f complex traits, where components o f gene-gene 

and/or gene-environmental interactions are strongly implicated (Terwilliger and Ott, 1994; 

Guo, 2002).

4.4.2 Stage II Linkage Results

4.4.2.1 Chromosome 2

Genotyping the Stage 11 sample in the region between microsatellite markers D2S126 

(222.22 Mb) to D2S125 (241,89 Mb) has produced net increases in maximum likelihood
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scores. The 2q37 follow-up region is now characterised for eleven microsatellite markers 

with a mean inter-marker genetic distance of 4,04cM. A narrow diagnostic model MLS of 

1.48 was produced at marker D2S125, with an MLS>1 region extending from 271.52cM to 

the q-terminus. However, the peak MLS statistic o f 2.08 for Stage 11 was generated using 

the intermediate diagnostic model, defined by a broader interval (MLS>2), which extended 

from D2S2968 (266.6cM; 238.38 Mb) to the q-terminus. Evidence generated under the 

NPLaii option of g e n e h u n t e r  was supportive o f m a p m a k e r / s i b s  data. These linkage data 

further refine the Stage 1 data, suggesting the MLS signal generated in the first stage was 

not the product of false positive (type I, or a )  error. Furthermore, the signal has been 

refined from 49cM (see chapter 3, section 3.5.2.2) to a 12cM region from D2S2253 

(241.12 Mb) to the q-terminus (see figure 4.4). Recent meta-analysis by Segurado et al. 

(2003) has implicated a region of 2q (128.41-154.4 Mb; 2q22.1-q23.3) as harbouring a 

susceptibility locus for BPAD (p<0.05). This study ranked arbitrary bins (~25cM) most-to- 

least likely to contain a susceptibility locus, under two diagnostic models. The second 

model in Segurado et al. (2003) (inclusive of BPI, SABP and BPII) was identical to the 

intermediate model used in the WT Stage 11 study. Under this model the 2q22.1-q23.3 

region was ranked 3̂ *̂ likely (p<0.05). However, the region implicated in the Stage 11, 

intermediate model, was ranked considerably lower at 49*, with the majority of evidence 

coming from the Stage 1 data (R. Segurado. pers. comm.) As noted in chapter 3 (section 

3.5.2.2) genes such as the axonal transport of synaptic vesicles locus (ATSV; 2q37; 241.97 

Mb) and the serotonin 2B transporter receptor gene (HTR2B; 2q36.3-37.1; 232.18 Mb) are 

known to be located in this region. It is also noteworthy that in this 2q region Paunio et al. 

(2001) has detected a putative susceptibility locus in a schizophrenia sample 

(p=0.0000032; 2pt lod=4.43 at D2S427; 232.89 Mb) using a small Finnish isolate. This 

region was also implicated in the schizophrenia GSMA as performed by Lewis et al. 

(2003).

4.4.2.2 Chromosome 4

The linkage data for chromosome 4 has been reviewed in this chapter (section 4.1.3.1). 

The Stage 1 linkage results were characterised by a set of two narrow model peaks, 

between D4S419 (18.5 Mb) and D4S1534 (86.8 Mb) that exceeded the nominal 

significance level under the narrow diagnostic model, and one 4q region that exceeded the 

nominal significance level under the intermediate diagnostic model. While the 4q region 

did not stnctly meet the criteria for follow-up under the WT two-stage strategy, it did have

a narrow model peak of 0.56, with support from the intermediate model (MLS=0.99).
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Results for the Stage II  analysis show the highest narrow diagnostic model MLS o f 1.82, 

immediately q-terminal o f  marker D4S392 (at 70.77 Mb). This marker is located between 

the Stage I  narrow model peaks that occurred at D4S1592 (57.53 Mb) and D4S1534 (86.77 

Mb) respectively. Under the intermediate model the score increased, as was the case in 

Stage I, to a maximum MLS o f 2.24 at D4S392. The highest score achieved across all 

models was in the broad diagnostic model, with an MLS of 2.38, again at D4S392. This 

marker is within 4 .6 Mb of the EPHA5 ephrin receptor locus (66.19 Mb), one o f a family 

o f  receptors implicated in modification o f the strength o f  existing synapses (Murai and 

Pasquale, 2002). It has been shown that Eph receptors are localised on extending axons in 

the developing nervous system. This is a temporal occurrence, with receptors detected in 

the postsynaptic (dendritic) side of the synapse in the mature nervous system (Martone et 

al. 1997; Buchert et al. 1999). Eph receptor play key roles in diverse functions such as 

ensuring developing axons establish contact with intended targets, signal potentiation in 

the synaptic cleft, and in the formation o f memory (Gerlai and McNamara, 2000; Murai 

and Pasquale, 2002). Murai and Pasquale, (2004) have noted that genes for ephrin-A l, - 

A3, -A4, -A5, and -B2 are all in chromosomal regions that have been linked to 

schizophrenia, and that ephrin-B2, located on 13q33 represents a plausible candidate for 

BPAD (Detera-Wadleigh et al. 1999; Badenhop et al. 2001; Kelsoe et al. 2001; Liu et al. 

200 la; Liu et al. 2003; Potash et al. 2003b; Shaw et al. 2003).

The second region o f chromosome 4 that underwent grid tightening and genotyping in the 

Stage II  sample set, was located on 4q between D4S406 (112.17 Mb) and D4S1539 (176.4 

Mb). The Stage 1 results showed support for a nominally significant locus in this region 

under the broader diagnostic models. The maximum MLS score achieved in Stage II  was 

in the 4q28 region, with a score o f 1.39 at D4S1615 (128.7 Mb) under the narrow 

diagnostic model. As the model broadened this marker continued to show support with 

MLS of 1.47 and 1.1 for the intermediate and broad models respectively.

Other investigators have previously reported linkage to 4q. However, although Ekholm et 

al. (2003) and M clnnis et al. (2003b) have detected a linkage signal at D4S1629 (158.8 

Mb), these linkage signals are ~25cM more q-terminal than the signal generated in the 

Stage II  analysis. It is o f note that the mastermind-like-3 locus, (M AM L3) whose gene 

product functions as a transcriptional co-activator for Notch receptors (Wu et al. 2002), is 

located -1 2  Mb q-terminal o f the linkage signal at D4S1615. The N 0T C H 4  receptor,
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which plays an essential role in neurogenesis (Beatus and Lendahl, 1998; Wang and 

Barres, 2000) and has previously been implicated in schizophrenia (Wei and Hemmings, 

2000), shows increased activation by MAML3 when compared with other members o f the 

MAML family o f transcriptional co-activators (Wu et al, 2002).

Indeed it is also o f note that M AM LJ  (which share structural similarities and biological 

activity with M AM LJ)  has been shown to have polyglutamine tracts within its genomic 

structure. The pathological expansion o f unstable trinucleotide repeats, which leads to 

protein instability and the formation o f nuclear inclusions in neurons, has been implicated 

m numerous neurological diseases (Cummings and Zoghbi, 2000; Chai et al. 2001). 

Although does not undergo such an expansion itself, Chai et al. (2001) has shown

that M A M L l  associates with ataxin-3 (the disease protein causative o f spinocerebellar 

ataxia type 3) in the nuclear inclusion bodies formed when ataxin-3 has an expanded 

polyglutamine tract.

4.4.2.3 Chromosome 6

Linkage analysis on chromosome 6 detected two regions o f interest in Stage I, with 

markers D6S257 (55.96 Mb) and D6S434 (102.4 Mb) producing maximum likelihood 

scores o f 0.88 and 0,78, respectively. Analysis o f locus D6S257 in Stage 11 shows 

continued support, with a two-point lod score of 1.90 under the narrow diagnostic model 

(57.95% IBD sharing). Multipoint MLS show a peak linkage score o f 1.26 at D6S257, also 

under the narrow diagnostic model. Distal to these linkage data, under the broad diagnostic 

model, a two-point lod score o f 2.62 (58.65% IBD sharing) was detected at D6S1021 

(marker specific p-value o f 0.000451). It is at this marker, located 104.71 Mb from the p- 

terminal (-2 .2  Mb q-terminal to D6S434), that an MLS o f  2.61 was detected in the broad 

diagnostic model in Stage 11 analysis. Simulation analysis has shown that this score 

exceeds the genome-wide level for suggestive linkage (MLS=2.41). Indeed, an MLS in 

excess o f 1.33 detected on the same chromosome across all three diagnostic models, is 

expected to occur once by chance by genome scan. MLS data at D6S102I was 1.34, 1.43 

and 2.61 in the narrow, intermediate and broad diagnostic models respectively, this trend 

o f maximum likelihood scores offers further evidence supporting the suggestive linkage at 

D6S102I detected in the broad diagnostic model.

It is o f  particular note that using a sample o f  Portuguese origin Pato et al. (2004) has

reported an NPL score o f 2.59 (increased from 2.02 in their screening phase) at this same
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marker. Linkage to D6S1021 was also detected in an additional Portuguese sample (NPL 

o f 1.86) by Middleton et al. (2004). The NIMH genome scans conducted by Rice et al. 

(1997), Mclnnis et al. (2003a) and Dick et al. (2003) have all shown support for linkage 

between markers on 6q and BPAD. Though none o f these NIMH samples in themselves 

reach the statistically significant level for linkage, a combined analysis o f  the three 

detected a significant lod score o f 3.8 at D6S1021 (pers. comm. Dr. John Num berger Jr.). 

As was the case with the WT sample, linkage evidence derived from the broadest 

diagnostic model has shown the greatest support for a BPAD susceptibility locus in the 

NIMH pedigrees. Other studies have also detected linkage between markers at or in the 

vicinity o f D6S1021 and BPAD (Ewald et al. 2002; Mclnnis et al. 2003a).

Fine mapping o f the D6S1021 region has been carried out by Pato et al. (2004), and has 

lead to the detection o f a second suggestive linkage peak at D6S1639 (NPL=3.06 at 145 

Mb). This signal has since been confirmed (NPL of 4.44), and replicated (NPL o f 4.20), at 

statistically significant levels by Middleton et al. (2004). Although a second linkage at 

D6S1639 was not detected in the WT sample, it should be noted that the fine mapping 

region in Stage //ex ten d s to D6S292 (136.3 Mb), some ~15cM centromeric o f  D6S1639. 

It is however, o f further note that Mclnnis et al. (2003a) have reported epistatic interaction 

between D6S311 (148.58 Mb) and chromosome 5 at D5S2500 and also with chromosome 

7 at D7S821 (95.65 Mb). As will be discussed in chapter 8, such conditional analysis that 

models epistasis and/or heterogeneity represents an obvious progression for the WT 

sample.

Micro satellite marker D6S1021 (104.71 Mb) is within ~1 Mb o f  the PREP  locus (105.77 

Mb). This locus encodes prolyl endopeptidase (EC 3.4.21.26), a large cytosolic enzyme 

involved in the maturation and degradation o f  peptide hormones and neuropeptides. 

Plasma concentrations o f PREP  have been reported to be abnormal in patients with 

affective disorders — levels are elevated in manic phase, whereas they are decreased in 

unipolar and bipolar depression (Maes et al. 1994; Maes et al. 1995). The effect o f  anti

depressant and anti-manic medication has been shown to restore prolyl endopeptidase 

activity to normal levels (Maes et al. 1995). It has been suggested that prolyl 

endopeptidase may be involved in regulating inositol metabolism in mammalian cells 

(Williams et al. 1999b; Williams et al. 2002). Williams et al. (1999b) have found that in 

Dictyosteliiim discoideum, the P R E P  homologue D poA  plays an im portant role in

regulation o f inositol-(l,4,5)-triphosphate (IP3) concentrations. These authors have
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docurrented an inverse relationship between prolyl endopeptidase activity and IP3 

concertration. These alterations in IPS concentration do not appear to be mediated through 

the coiventional mechanism involving phospholipase C via activation o f  cell surface 

receptors by extracellular signals. Rather, in mutant DpoA  the IPS concentrations are 

influerced by increased conversion o f IP5 to IPS. This alternative source o f IPS has also 

been cocumented in mammalian cell lines (Van Dijken et al. 1997). W illiams et al. 

(19991) postulate that depression could result from a reduction in prolyl endopeptidase 

activit' that leads to an increase in the IPS plasma concentration. This imbalance may 

subsecuently be redressed through lithium inhibition o f inositol m onophosphatase 

(IMPa;e) and inositol polyphosphatase (see Appendix i). Thus, with such a biologically 

plausille candidate gene in the immediate vicinity o f the linkage signal detected at 

D6S1C21, mutation analysis at the PREP  locus is advocated as part o f a follow-up strategy 

o f this Tiaximum likelihood score on chromosome 6.

4.4.2A Chromosome 7

Linkage on chromosome 7 (7pl5-q21) was detected at D7S6S0 (MLS=1.4) in Stage I. The 

Stage I linkage findings continue to show support for a locus at D7S6S0 (88.06 Mb), 

producng a narrow model maximum likelihood score o f 1.S5. The three adjacent markers, 

in botl  ̂the p and q terminal directions, show support for a locus o f small effect size with 

an aveage MLS o f 1.22 across 14cM. As the diagnostic model broadened, the linkage 

signal lecreased to a region spanning 4.9cM, with an intermediate maximum likelihood 

score (f 1.07 at D7S6S0. The linkage signal generated in Stage I  was over a broad region. 

Markes across a ~72cM region were required to adequately follow-up the screening stage 

signal n Stage 11 analysis. This has produced a narrow model linkage signal o f 1.20 at 

D7S1H6 (S'toge /  MLS=0.44, 70.68 Mb), 14.5cM centromeric o f  D7S6S0, possibly 

reflectiig the increased power in Stage II  to detect loci of small effect.

4.4.2.5 Chromosome 9

The peJc linkage finding from chromosome 9 described in Stage 1 originated from a region 

43.8S ti 52.8ScM from the p-terminus and bordered by microsatellite markers D9S171 and 

D9S18 7 (SS.85 Mb). The increase in sample size and refinement o f genetic map in Stage 

II  has iad to an increase in maximum likelihood score for the narrow diagnostic model 

from  t99 to 1.74. The highest m ultipoint score was achieved at 52.75cM, between 

D'9S21 4 and D9S161 (49.07cM -  5S.67cM; 26.06-27.62 Mb; 9p21), with an MLS greater

thian 1 across a ~22cM region from D9S171 to D9S27S (24.42-67.99 Mb). As the
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diagnostic model broadens the peak MLS is not as pronounced, however the MLS interval 

greater than 1 narrows to regions at or immediately adjacent to D9S161 (27.62 Mb). The 

genome scan meta-analysis (GSMA) performed by Segurado et al. (2003) indicates the 

highest ranked genetic bin from D9S1869 to D9S1853 as providing suggestive evidence 

(GSMA p=0.006) o f  linkage to BPAD. This ‘b in’ overlaps directly with the region 

implicated in the W T Stage II  analysis. Attention has also been focused on this region by 

others (Morissette et al. 1999; Cichon et al. 2001; Ekholm et al. 2003; M clnnis et al. 

2003a). However, given that some these groups (or a sub-set o f  their data) were 

contributing authors to the GSMA of Segurado et al. (2003) this may, at first glance, not 

prove unexpected. However, the methodology o f  the GSMA is such that the magnitude of 

the lod score is not considered, rather the ranking in context o f  the genome scan from 

which the score is generated (weighted accordingly) provides the contributory evidence of 

linkage. Therefore, with this region o f chromosome 9 implicated at a ‘suggestive’ level 

based upon evidence from 18 genome scans, and with additional evidence from the WT 

Stage II  data, this region may, subsequent to fine mapping efforts, be shown to harbour a 

susceptibility locus for BPAD. Nevertheless, m the absence o f  specific candidate genes in 

this region, exon trapping methods such as those used by Chen et al. (2003) may offer a 

means o f isolating candidates.

4.4.2.6 Chromosome 10

Chromosome lOp

There has been an increase o f  linkage score at markers in the p 15-12 region o f

chromosome 10, with D10S547 (29.13cM; 10.55 Mb) showing the greatest evidence with

an MLS of 1.56. This maximum linkage peak is defined by an MLS>1 which extends from

D10S1728 (26.13cM; 8.76 Mb) to D10S2345 (~32cM; 36.81 Mb). M arkers, within the

follow-up region, that are located more centromeric show a lesser degree o f  linkage under

the narrow diagnostic model, however, as the model broadens evidence at DIOS 197

(52.13cM; 26.53 Mb) peaks at 1.01. The p-terminal linkage signal at D10S547 is in the

region o f  chromosome 10 that was ranked 12*'' in the recent BPAD m eta-analysis

(Segurado et al. 2003) and also implicated by the schizophrenia meta-analysis (Lewis et al.

2003). Indeed there have been several reported linkages in both BPAD and SZ that directly

overlap with the Stage II  linkage signals (these have been reviewed in section 3.5.2.4 in

chapter 3). Given that this linkage finding appears to be reported in both psychoses, it is

possible that a susceptibility locus common to SZ and BPAD may exist in this region.

Gershon et al. (1988) and Maier et al. (1993) have shown that rates o f unipolar depression
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are higher among relatives o f  schizophrenia probands, whereas others have reported 

increased rates o f schizophrenia in relatives o f probands with schizoaffective disorder 

(Gershon et al. 1982; Kendler et al. 1986). Therefore, there may exist a susceptibility locus 

common to both disorders in this region o f chromosome 10 that exerts a pleiotropic effect, 

which results in affective disorder in some families and SZ in others. This notion o f a 

common susceptibility locus will be addressed in chapter 6 in context o f the psychosis 

phenotype.

Chromosome lOq

Segurado et al. 2003 has shown the region from 62 to 91cM ranked second highest in their 

meta-analysis under a narrow model. However, the linkage signal at lOql l-q21 (73.13cM) 

from Stage I  (MLS=0.84) no longer exceeds the 0.74 nominal significance level in Stage 

II, suggesting that a susceptibility locus in lOq is not characteristic o f the WT sample.

4.4.2.7 Chromosome 12

A broad region from D12S345 to D12S1723 has been genotyped in Stage II. This region 

includes markers that surround the linkage signal generated by D12S326 (MLS=0.77; 

76.47 Mb), and extends q-terminal to include regions implicated by others (Dawson et al. 

1995; Ewald et al. 1998a, Morissette et al. 1999; Jones et al. 2002; Curtis et al. 2003). This 

q-termmal region o f Chromosome 12 has attracted considerable interest because o f the 

existence o f individuals with BPAD comorbid with Darier-White disease. The DW locus 

has been mapped to the 12q23-24 region (109.25Mb). Though not reaching nominal 

significance in Stage I, it was tested for linkage in Stage II  given prior evidence o f linkage 

to BPAD, and particular interest o f members o f the WT collaborative (Craddock et al. 

1993; Craddock et al. 1994b; Jones et al. 2002). Neither the region that exceeded the 

nominal threshold, nor markers in the DW region have produced linkage signals in the 

second stage sample that would suggest an underlying susceptibility locus.

4.4.2.8 Chromosome 17

Although three regions (17pl3, 17pl5-q21, 17q23-q24) were above the 0.74 threshold for 

nominal significance in Stage I, results were uniformly decreased across the entire 

chromosome in Stage II  The highest evidence o f linkage was detected at the q-terminus, at 

m arker D17S784 (78.5 Mb), which did not reach levels for nominal significance, 

producing an MLS of 0.486.
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4.4.2.9 Chromosome 18

This chromosome produced the highest narrow model MLS o f  1.54 for the Stage I  

screening phase and was followed-up in two discontinuous regions. Specifically, these 

were located on 18pll (from 4 to 29cM; 3.4-9.95 Mb) bordered by D18S63-D18S464 (the 

region where highest MLS o f 1.54 was detected), and at a second more distal region 

atl8q21-q22 (from 67 to 103cM; 33.17-65.59 Mb) between D18S1102 and D18S61.

The Stage I  maximum likelihood score on 1 8 p ll has decreased from 1.54 to -0 .37 , 

indicating the likelihood that the linkage previously detected (see figure 4.4) was a false 

positive result. In the Stage II  analysis this 18p region was grid-tightened to an average 

inter-marker distance o f 3.8cM. Prior to grid tightening the interval centromeric o f the 

maximum Stage I  MLS, (between D18S452 and D18S464; 5 .8-9.95 Mb) was characterised 

by PIC values o f 0.85 and 0.45. In this ~12cM interval, two additional markers were 

genotyped m Stage II, thereby increasing the resolution to ~4.15cM, with an average PIC 

o f 81%. This increase in PIC is reflected in the increase in total information content which 

was extracted from the sample (increase from a mean o f 58% to 79%). This, in part, may 

account for the disparity between the first and second stage maximum likelihood scores.

Linkage data for Stage II  in the interval 18q21-22 produced MLS peaks o f 1.36 (63.I3cM ) 

and 1.46 (91.91cM) for the narrow diagnostic model. This represents a small increase in 

linkage evidence, which in Stage I  was characterised by two peaks at 78cM and 97cM, 

with MLS o f 1.23 and 1.25 respectively. The highest peak on chromosome 18 is now 

located at D18S68 in a region with an MLS>1 from 92 to lOOcM (59.69 Mb). The linkage 

signal across this 18q region is broad, however the amplitude o f  the peaks does not 

facilitate any speculation as to the location o f an underlying susceptibility locus. As the 

diagnostic model broadened, the linkage signal decreased both in height and width to a 

region surrounding D18S1 127 (72.8cM; 51.52 Mb). Supportive evidence from the 

GENEHUNTER application showed an NPLaii score o f 2.03 ( g e n e h u n t e r  generated p-value 

o f 0.0064) at D18S68. Segurado et al. (2003) has reported the 18.3 bin (18ql2.3-q22.1) as 

exhibiting a p-value of between 0.1 and 0.05, across models used, with the adjacent bin 

18.2 (18pl l-q l2 .3 ) exhibiting p-values less than 0.05. The linkage signal from the WT 

Stage II  sample is broadly defined by both bins 18.2 and 18.3.
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The Stage 11 analysis has produced moderate support for a locus in the 18q region, 

evidence that does not, however suggest a readily identifiable susceptibility locus. 

Nevertheless, since there is a large body of evidence that implicates 18q with respect to 

BPAD, the findings o f the Stage 11 analysis further contribute to the hypothesis o f  a 

susceptibility locus in this region. An in depth summary o f the results and discussion 

relating to putative parent o f origin effects (with accompanying analysis to that end) are 

reported in chapter 5.

4.4.2.10 Chromosome X

Evidence for linkage was greatest in the narrow diagnostic model in Stage 1 with an MLS 

o f 1.18 at 105.66cM (Xq21.1). The threshold, as defined by Cordell et al. (1995a) for the X 

chromosome under the restrictions o f the possible triangle restrictions is also 1.18. The 

Stage 11 maximum likelihood scores did not exceed this threshold for nominal significance 

at any position using the narrow diagnostic model, irrespective o f  how the MLS data was 

generated (i.e. brother/brother, brother/sister, sister/sister pairs or total MLS for each 

position). An MLS o f 1.96 was the only linkage signal that exceeded the point-wise 

threshold for significance, albeit under the intermediate diagnostic model. This linkage was 

detected at DXS1 106 (114.66cM , Xq22; 101.5 Mb), its MLS com ponents were 

predom inantly derived from brother/sister pairs followed by brother/brother pairs 
(MLS=1.42 and 0.58 respectively). This linkage signal is several centiMorgans (~35cM) 

centromenc to that detected by on Xq26-27 by others (Pekkarinen et al. 1995; Ekholm et 

al. 2002, Ekholm et al. 2003).

4.4.2.11 Chromosome 3

The maximum likelihood scores in Stage I  described a narrow interval from 42.33- 

44.33cM that exceeded the nominal threshold MLS o f 0.74. The maximum score o f 0.78 

occurred at D3S2338 (43.33cM; 16.82 Mb). However, the surrounding region subsequent 

to grid-tightening and characterisation in the followed-up sample, generated a Stage II 

maximum score o f 0.31, indicating that the nominal significance was likely the product of 

random fluctuations in linkage signal (i.e. false positive).

4.4.3 Further Study

Based on evidence from the two-stage genome scan conducted (summarised in table 4.10 

and 4.11) there is justification for 10 regions (2q37-2qter, 4ql2-q21, 4q26-q28, 6ql6-q21, 

7q21, 9p21-pl2, 10pl4-pl2, lO pll.2 , 18ql2, 18q22-12) to be pursued in a further refined
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mapping effort. The observed data in these regions are in keeping with that o f  a complex 

disorder defined by a multifactorial inheritance. This is consistent with epidemiological 

studies o f  Craddock et al. (1995b), who have suggested that a m ultiplicative model 

involving three (or more) loci o f small effect are most consistent with observed data for 

BPAD. Evidence for linkage under the narrow diagnostic model did not reach levels o f 

statistical significance (i.e. MLS>3.77), however, a number o f regions (chromosomes 4 

and 6) have exceeded the genome-wide level for statistically suggestive linkage (i.e. 

MLS>2.41) in models other than that o f the narrow diagnostic. Therefore, efforts to map 

susceptibility loci in this sample should draw on linkage data for all models, further 

refining marker resolution in these regions. Indeed, a study conducted by Schulze et al. 

(2003) has shown the benefits o f using a sequence based strategy to orientate fine mapping 

microsatellites. Although Feakes et al. (1999) have argued a limit to the benefits that can 

be gained from typing additional markers, showing increased m arker density beyond a 

2.5-5cM  level in linkage studies can lead to a decline in efficiency (owing to accumulation 

o f mapping and genotyping errors), Schulze et al. (2003) have increased marker resolution 

to a mean of 1.2cM, further refining the support interval for their linkage signal. Other 

possible means o f refining the Stage II linkage signals include (a ) conditional analyses 

(Mclnnis et al. 2003a) for detection o f linkage to the categorical phenotype, or ( b ) the use 

o f  endophenotypic data, or a candidate symptom approach for detection o f linkage to 

quantitative trait loci (QTL). A candidate symptom approach to mapping QTL is 

considered m chapters 6 and 7.

4.5 Sum m ary

A genome scan has been performed in two stages according to the criteria o f sample

splitting and grid-tightening outlined by Holmans and Craddock, (1997). The Wellcome

Trust funded collaborative study between research groups at the University o f Dublin and

the Universities o f Birmingham and Cardiff, has collected and analysed a sample o f sibling

pairs affected by bipolar affective disorder. This two-stage strategy has proven a cost

effective m ethod to scan the entire com plem ent o f  hum an sex and autosom al

chromosomes. Statistical non-parametric linkage analysis has revealed 17 regions that

achieved (or surpassed) the nominally significant MLS threshold o f  0.74 (or 1,18 for the

X-chromosome) in Stage I. O f these seventeen regions 13 have remained above this

threshold, with 2 achieving a statistically suggestive level. The completed genome scan has

not detected a locus o f major effect, however this is not entirely unexpected for a complex

disorder such as BPAD (Risch, 1990b; Craddock et al, 1995b),
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The strengths o f the categorical phenotypic definition approach is routed in the use o f 

standardised diagnostic criteria and structured interviews, however the validity o f  the 

resulting clinical entities for genetic studies has not been adequately examined (Craddock 

and Jones, 2001; Leboyer, 2003). This approach has been based on the demonstrated inter

rater reliability  o f  assessm ent procedures; however, it is not known if  such 

reliability/reproducibility o f diagnosis represents the most homogenous genetic construct 

o f BPAD. In fact, the extent o f the phenotypic spectrum (see chapter 1, section 1.3.6) may 

have contributed to the failure o f psychiatric genetics to produce consistent linkage 

findings (Leboyer, 2003).

Alternative, but related analytical techniques such as quantitative trait loci (QTL) detection 

using candidate symptom and endophenotype methodologies have recently been increasing 

in prominence (Merikangas et al. 2002; Wilcox et al. 2002; Leboyer, 2003; Faraone et al. 

2004). With the limitations o f the categorical phenotype approach in mind, chapter 6 and 7 

of this thesis present a candidate symptom approach o f mapping quantitative trait loci. It is 

hoped that by using an approach that attempts to study the core symptoms of BPAD, a 

reduction in the phenotypic heterogeneity (see chapter 1, section 1.1.3 and 1.1.4) can be 

achieved, and may more readily facilitate mapping o f susceptibility loci to BPAD.
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Chapter 5

Exploratory analysis pertaining to a possible parent-of-origin effect on

chromosome 18.
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5.1 Introduction & Study Proposal

The pattern o f inheritance and the morbid risks for various biological relatives o f 

individuals with affective disorder suggests oligogenic or m ultifactorial models o f 

inheritance (Craddock et al. 1995b). Although no susceptibility genes have yet been 

identified, in recent years a number o f putative susceptibility loci have been reported 

(Craddock and Jones, 2001). However, there exist a number o f alternative non-Mendelian 

genetic phenomena that are currently being explored in the field o f molecular psychiatric 

research (see section 5.2 o f this chapter). Presented are exploratory examinations into one 

such confounding effect.

In Stage /  o f a genomic screen for susceptibility loci attributable to BPAD, a total o f 17 

discontinuous regions o f the genome reached and/or exceeded an MLS threshold o f 0.74 

This maximum likelihood score was equivalent to a nominal point-wise significance o f 5% 

under the Model 1 diagnostic o f BPI-BPI siblings only, (see chapter 3). The regions 

showing the strongest evidence for linkage under our primary diagnostic model were on 

chromosomes 18p and 18q, with an MLS o f 1.54 at 17 cM and o f 1.24 at 78 cM (distal to 

pter) respectively. Given the previous investigations outlined in section 5.2.5 o f this 

chapter, an analysis o f  this parent-of-origin phenom enon was undertaken. This 

examination was initially performed in the Stage I  data set at regions o f  linkage in 

chromosome 18. Subsequent to grid-tightening and fine mapping o f  the chromosome 18 

regions, such analysis was then applied to the Stage II  sample set.

5.2 Contributory evidence implicating non-Mendelian inheritance for BPAD

5.2.1 Clinical evidence of a parent of origin effect in BPAD.

Clinical observations on the transmission of bipolar affective disorder (BPAD) have noted 

a possible parent o f  origin effect. Mott, (1911) writing on the subject o f insanity noted, 

“the mothers transmit much more frequently than the fathers to the offspring” . Reich et al. 

(1969) described a BPAD sample in which they observed females to be those more likely 

to transmit the affective phenotype. Patients with bipolar disorder are more likely to have 

affected mothers than fathers, and more often have affected m aternal relatives than 

paternal relatives (Winokur and Reich, 1970). Carter et al. (1992) have shown offspring o f 

affected mothers or fathers were at similar high risk o f illness them selves when the 

parental psychiatric disorder was severe. However, when the parental disorder was less 

severe, the offspring o f affected mothers were at greater risk o f illness than the offspring of 

affected fathers.
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More recently, McMahon et al. (1995) examined a series o f thirty one densely affected 

pedigrees exhibiting apparent unilineal transmission o f bipolar affective disorder. This 

sample showed a higher than expected incidence of affected mothers, a higher 

concentration of illness in maternal relatives, and an increased risk o f BPAD amongst the 

offspnng of affected mothers. This finding was replicated by Gershon et al, (1996) in a re

analysis of 22 pedigrees described by Berrettini et al. (1991). To examine this hypothesis 

fijrther a collaborative multi-centre family sample (Rice et al. 1997) was made available at 

the Genetic Analysis Workshop 10 (GAWIO), comprising 3,394 individuals of which 

1,041 (585 female, 455 male) were affected with a range of bipolar or related affective 

disorders. The analysis showed 107 paternal transmissions and 204 maternal transmissions 

across five data sets (x =30.25 p < 0.01) (Lin and Bale, 1997). It has been shown that, in 

some instances, the maternal effect is dependent on the definition of the disease phenotype 

(Kato et al. 1996; Kato et al. 1998), whilst in other samples it was undetected (Grigoroiu- 

Serbanescu et al. 1998). It must be noted that others have argued for a higher penetrance of 

BPAD in pedigrees exhibiting a paternal mode o f transmission (Komberg et al. 2000). 

While it is not clear whether this effect is due to genetic, as opposed to environmental 

factors, these clinical observations have prompted molecular investigations of a parent-of- 

origin phenomenon.

The clinical evidence points to the possibility of imprinting, or sex-specific or sex-related 

genetic factors in BPAD. The implication is that pedigrees might be assayed for genetic 

linkage by maternal and/or paternal subgroups (Stine et al. 1995; Gershon et al. 1996). 

Hypotheses proposed in order to resolve the apparent underlying parent-of-origin effect 

have centred principally around three specific molecular characteristics known to influence 

parental transmission of disease phenotype. These are (i) expanded trinucleotide repeats, 

(ii) mutations of mitochondrial DNA (mtDNA) and (Hi) genomic imprinting.

5.2.2 Expanded Trinucleotide Repeats (Dynamic Mutations)

The pathological expansion of vanable trinucleotide repeats is known to cause at least 14

neurological diseases (for review see Cummings and Zoghbi, 2000). In general, expansions

increase in magnitude through successive generations, resulting in a progressive increase

in severity of disease and/or earlier onset, a phenomenon that is known as anticipation

(Mitas, 1997). In some cases, the repeat length is influenced by the sex of the transmitting

parent (Reddy and Housman, 1997). One such example is the early onset form of
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Huntington’s disease, where a significant expansion o f a trinucleotide repeat occurs when 

the disease allele is transmitted through the father (Reddy and Housman, 1997). Clinical 

evidence for anticipation in bipolar disorder has been reported some (Mclnnis et al. 1993; 

R osseta l. 1993; Nylander et al. 1994; Grigoroiu-Serbanescu et al. 1997; Mendlewicz et al. 

1997, Ohara et al. 1998), but not all studies (Heiden et al. 1995; Li et al. 1998).

Using the repeat expansion detection (RED) method o f  Schalling et al. (1993), various 

authors have reported significant evidence for increased length o f CAG repeats in BPAD 

when compared to normal controls (Lindblad et al. 1995; O'Donovan et al. 1995; 

O'Donovan et al. 1996; Oruc et al. 1997). M endlewicz et al. (1997) did not find a 

difference in the mean number o f CAG repeats between parent and offspring generations. 

However, when increased severity o f phenotype was examined (i.e. from MDD or UPD to 

BPAD), significant increases m CAG repeat numbers were obser\'ed between parents and 

offspring. This finding is striking, as an increase in CAG repeat length between 

generations was found in female cases with maternal inheritance, but not in male cases.

Studies have shown that most, but not all RED expansions (>40 repeats) can be attributed 

to two highly polymorphic loci. These loci, ERDAl at 17q21.3 (Nakamoto et al. 1997) and 

CTG18 .1 (also known as 7.6A) in the third intron o f the SEF2-1 gene at 18q21.1 (Breschel 

et al. 1997), are responsible for 86-89% o f all such expansions detected (Lindblad et al. 

1998; Verheyen et al. 1999a). Lindblad et al. (1998) have reported supportive evidence to 

their previous study (Lindblad et al. 1995), corroborating the role o f  dynamic mutations, 

and implicating the role o f the CTG18.1 locus for patients with BPAD. These authors 

report CTG18.1 to account for an odds ratio o f between 2.6 to 2.8 for affective disorder. 

However, an effect o f this magnitude has been disputed by Guy et al. (1999), who, in spite 

o f a larger sample set, failed to replicate the findings. This deficit, coupled with their 

inability to demonstrate association to either ERDAl or CTG18.1, taken in context o f their 

previous reports o f association (O'Donovan et al. 1995, O'Donovan et al. 1996), has lead to 

the suggestion o f at least one other CAG/CTG repeat remaining undetected in patients with 

BPAD.

Given their prior description o f linkage in the 18q21.33-18q23 region by de Bruyn et al. 

(1996), Verheyen et al. (1999a) has investigated the CTG18.1 locus in their sample. This 

group concur with findings reported thus far, showing the involvement o f at least one

dynamic mutation in BPAD. However, despite 90.1% o f expanded repeats attributable to
184



either ERDAl or CTG18.1 (72.5% and 17.6% respectively in BPAD patients) Verheyen 

and colleagues were unable to show a susceptibility role for CTG18.1 in their BPAD 

patient population. Verheyen et al. (1999b) have further characterised the region 

implicated by de Bruyn et al. (1996), localising CTG18.1 outside their at risk haplotype on 

chromosome 18.

Despite the evidence of Verheyen et al. (1999a) and Guy et al. (1999), Del-Favero et al. 

(2002), in a combined analysis of the CTG18.1 and ERDAl CAG/CTG repeats found that 

patients with severe illness (BPI) and a first degree relative with illness, show a significant 

increase in repeat length (> 40 repeats) at the CTG18.1 locus.

It must be noted that owing to the heterogeneous nature of complex genetic traits, presence 

of phenocopies and the existence of varying diagnostic criteria for psychiatric disorders 

(see chapter section 1.1.3), it is not uncommon that investigators should report conflicting 

signals or experience a total absence of linkage/association data. The situation with respect 

to expanded repeats and BPAD is no different (Jain et al. 1996; Vincent et al. 1996; 

Speight et al. 1997; Zander et al. 1998, Vincent et al. 1999, Mclnnis et al. 2000; Jin et al. 

2001; Meira-Lima et al. 2001). However, Asherson and Owen, (1994), Mendlewicz et al. 

(1997), Verheyen et al. (1999a), Komberg et al. (2000) and more recently O ’Donovan et 

al. (2003) have reported some evidence for anticipation and repeat expansion in BPAD. 

These authors advocate caution, citing various ascertainment biases, in interpreting data 

derived from such a molecular and clinical phenomenon.

5.23 Mitochondrial DNA (mtDNA)

The human mitochondria contain 37 genes, representing 97% of its 16,569bp length. 

Human cells usually contain thousands of copies of mtDNA molecules, accounting for 

-0.5%  of the DNA complement of nucleated somatic cells. During zygote formation, a 

sperm cell contributes its nuclear genome, but not it’s mitochondrial genome, to the egg 

cell. Consequently, the mitochondrial genome of the zygote is determined exclusively by 

that originally found in the unfertilised egg. The mitochondrial genome is therefore 

maternally inherited (Anderson, 1981). In a post mortem brain sample o f BPAD patients 

Kato et al. (1997) report a mtDNA 4977bp deletion to be significantly increased in their 

sample. Other studies (Kato et al. 2000; McMahon et al. 2000) have identified an mtDNA 

10,398 polymorphism as a potential underlying susceptibility locus for bipolar affective

disorder. In addition, Kato et al. (2000) found a mtDNA 5,178 polymorphism, hitherto
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associated with longevity (Tanaka et al. 1998), to be significantly associated with bipolar 

affective disorder. These findings compounded by others (Stewart and Naylor, 1990; 

Onishi et al. 1997), suggest that mtDNA may have a role in the pathophysiology of 

affective disorders.

5.2.4 Genomic Imprinting

Genomic imprinting indicates non-equivalence in expression o f alleles at certain loci, in a 

manner which is dependent on parent-of-origin. So far, two major clusters of imprinted 

genes are known to exist, notably a 1 Mb region at l ip  15 and 2.3 Mb cluster at 15ql 1-13. 

An online database of such regions is maintained by Morison et al. (2001) on the 

worldwide web at htti3://\v\\ w.otago.ac.nz/lGC. Genetic imprinting could explain parent- 

of-origin effects in BPAD, however no imprinted genes have yet been described in 

molecular studies o f BPAD. Recently, in a genome-wide screen for normally methylated 

CpG islands, Strichman-Almashanu et al. (2002), have shown the Elongin A3 gene, 

cytogenetically located at 18q21, to show monoallelic expression in various tissues 

including the brain, with preferential expression o f the maternal allele. Strichman- 

Almashanu et al. (2002) also reports an 18q23 putative locus, adjacent to the SALL3 gene, 

a gene that codes for a Spalt-like zinc finger protein, implicated for 18q deletion syndrome 

(10610715). This syndrome involves preferential loss of the paternal allele (Kohlhase et al. 

1999). Given the documented evidence of the ability for differentially methylated regions 

to regulate imprinting over distances amounting to several kilobases (Feinberg, 2001), the 

importance of adjacent loci cannot be overlooked. As far as can be discerned, there are no 

reports in the literature specifically implicating these genes as susceptibility loci for bipolar 

affective disorder.

5.2.5 Linkage & parent-of-origin reports fo r  chromosome 18.

Studies relating to a possible parent-of-origm effect in BPAD have concentrated mainly on 

chromosome 18, however reports have been made in the literature implicating 

chromosomes 13ql2 and lq41 Mclnnis et al. (2003b), whilst others detect putative 

paternally imprinted loci harboured on 2p24-p21 and 2q31-q32 and maternally imprinted 

susceptibility loci on 14q32 and 16q21-q23 (Cichon et al. 2001). For the purposes of 

marker orientation, p a n e l  li includes an ideogram with the location of all microsatellite 

markers and genes (from chromosome 18) that are mentioned in this section.
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Berrettini et al. (1994) described the first evidence for hnkage to chromosome 18. The 

Berrettini study used both parametric and non-parametric methods to test for linkage using 

eleven pericentromeric markers in 22 multiply affected families. Although significance 

levels were not achieved for the all pedigrees using the LOD score method, there were 

positive LOD scores for several pedigrees under dominant and recessive models o f 

inheritance. Non-parametric Affected Perigee M ember (APM) and Affected Sib Pair 

(ASP) analysis provided the greatest evidence for linkage to the peri-centromeric region o f 

chromosome 18 (p-values varying from 0.0001 to 0.00001).

The following year Stine et al. (1995) reported confirmation o f Berrettini’s results and, 

most notably, reported the first molecular evidence o f  parent-of-origin effect operating on 

chromosome 18. The pedigrees studied by Stine et al. (1995) were those that had, as 

described previously, exhibited clinical evidence for maternal transmission o f  disorder 

(McMahon et al. 1995). A subset o f 28 o f the 31 densely affected families described by 

McMahon et al. (1995), were tested for linkage to BPAD. Affective Sib Pair (ASP) 

analysis indicated excess allele sharing for markers localising to 18p 11.21, with the 

greatest sharing (64%) at D18S37, (p=0.0003). Affected-only LOD score analysis, using a 

dominant mode o f transm ission, gave suggestive evidence for linkage at D18S37 

(LOD=1.45; dmax=^O.l) effectively replicating Berrettini et al. (1994). Using a narrow 

affection model (BPI only) a LOD score of the same magnitude as at D18S37 was detected 

for D18S41 at 18q21 2-q21.32. In this 8 cM region o f 18q, evidence for excess IBD 

sharing amongst ASPs o f  paternally  transmitted alleles was observed by Stine and 

colleagues. This region included D18S41, D18S64 and D18S38, at which the numbers o f 

sibling pairs concordant:discordant for paternally transmitted alleles IBD were 51:21 

(p=0.0004), 45:20 (p=0.002) and 20:7 (p=0.01) respectively. (However, as an aside it 

should be noted that having more fully characterised this sample for m arker D18S37, 

Mclnnis et al. (2003b) has been unable to detect an increase in sharing at this marker.)

Stine and colleagues report additional evidence for a parent-of-origin effect. This evidence 

followed a sub-classification o f their 28 pedigrees (described in McMahon et al. 1995) into 

those exhibiting ‘m aternal’ or ‘paternal’ origin o f disorder. (Henceforth, these shall be 

referred to as paternal or maternal pedigrees respectively). Stine et al. (1995) reports 11 

such paterna l  pedigrees, from which excess paternal allele  sharing was observed at 

18q21.32 (81%; p=0.00002) for D18S41. This microsatellite also generated a two-point

LOD score o f 3.51 (6=0.0). Marker D18S64 exhibited a similar trend in paternal allele
188



sharing, with a two-point LOD score o f 2.62. Excess paternal allele sharing was not 

however, restricted to 18q. Indeed, when IBD sharing from either parent was examined in 

the paterna l or m aternal pedigrees, Stine and colleagues observed excess IBD allele 

sharing on both arms o f  the chromosome only amongst paternal pedigrees. However, if 

paternal allele transmissions only are considered, then excessive allele sharing was 

restricted to markers D18S39, D18S41, D18S64 and D18S38 (18q21.l-q21.32) in paternal 

pedigrees. In maternal pedigrees there was random segregation o f  both paternal and 

maternal alleles throughout the chromosome (Stine et al. 1995).

Gershon et al. (1996), prompted by the McMahon et al. (1995) report o f  higher maternal 

transmission rates o f BPAD, reanalysed the data o f Berrettini et al. (1994) sub-classifying 

pedigrees by presence or absence o f maternal transmission. Their sample was divided into 

pedigrees transmitting bipolar disorder exclusively from a maternal lineage {maternal), or 

from both maternal and paternal lineage {mat-pat). These 10 {maternal) and 12 {mat-pat) 

pedigrees were then tested for linkage to chromosome 18 markers. In this analysis, 

increased allele sharing was evident amongst m at-pat pedigrees at 18pll.21  (D18S37; 

p=0.006 and, more notably, at an adjacent marker D18S32, which shows p < 0.00001). 

Gershon et al. (1996) observed increased allele sharing at marker D18S64 (18q21.32) 

when analysing maternal pedigrees, where the proportion o f alleles shared IBD amongst 

affected sibling pairs was 63% (p=0,003). This perhaps was unexpected given Stine et al. 

(1995) had previously reported an exclusively paternal pedigree generated LOD score of 

2.62, dmax= 0.0, at this marker. When examining paternal allele transmissions, Stine et al. 

(1995) reported excess sharing at this m arker in paternal pedigrees only. However, 

Gershon et al. (1996) did not conduct parent-of-origin analyses with respect to paternally 

or maternally source alleles o f their maternal or mat-pat pedigrees.

As a continuation o f Stine et al. (1995), McMahon et al. (1997) analysed a further 30 

families selected for unilineal transmission o f bipolar affective disorder. An initial set o f 

13 markers showed excess allele sharing in two 18q markers D18S38 (18q21.3) and 

D18S541 (18q22.3), and another marker, D18S548. (This third m arker was poorly 

localised by McMahon et al. (1997) who describe it as 18p, however current physical maps 

characterise this marker elsewhere at 18ql2-q21.) This analysis was followed by a grid- 

tightening set o f a 41 markers from D18S41 to D18S70, which confirmed reported linkage 

to 18q21.3 (NPL statistic o f 2.84 at D18S38; p < 0.0019). Stine et al. (1995) had

previously reported the peak IBD score o f  81% of paternal pedigrees exhibiting excessive
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paternal allele  sharing (p=0.00002) occurring at D18S41. However, in the combined 

sample o f Stine et al. (1995) and McMahon et al. (1997) the peak IBD score migrated 

some 25 cM distal o f D18S41 to D18S541 (18q22.3), at which 77.8% o f  paternal alleles 

(from pedigrees not stratified by parent transmitting BPAD) are shared (p=0.015). 

McMahon et al. (1997) argued that the discrepancy in localisation o f  linkage signals 

between the studies might be expected given the complex phenotype and the likely small 

effect o f an underlying susceptibility gene. Evidence from M cM ahon et al. (1997) 

indicated a parent-of-origin effect on 18q, however, this effect was not as uniform as their 

previous study (Stine et al. 1995).

Using 23 markers localised primarily to 18p ll.2  and 18q21.1-q23, Nothen et al. (1999) 

screened 57 German pedigrees for susceptibility loci. Linkage was detected in two regions 

on 18q (q l2  and q22-23). Analysing a subset of exclusively paternal transmitting families 

(n=14), they reported linkage to markers D18S453, D18S37 and D18S40, cytogenetically 

located at 18p 11.21 (multipoint LOD scores o f 2.54 for each marker; local maximum 

NPL=1,34 with an associated p-value o f 0.03). Nothen et al. (1999) was the third study, 

using a large pedigree set, to find evidence for a paternal susceptibility locus for BPAD on 

chromosome 18.

Turecki et al. (1999b) analysed a sample o f  unilmeally affected pedigrees selected as 

excellent lithium responders (n=8). When equal numbers o f m aternal and paternal 

pedigrees were assayed for linkage at 18pl 1.21-pl 1.32, an MLS o f  1.04 (p=0.001) in 

maternal pedigrees and MLS=0.81 (p=0.002) in paternal pedigrees for probe D18S53 was 

reported. Turecki et al. (1999b) also reported an MLS o f 0.89 (p=0.045) at D18S61 

(18q22.1) in paterna l pedigrees, in keeping with the developing pattern described by 

others (Stine et al. 1995; Dorr et al. 1997; McMahon et al. 1997). Dorr et al. (1997) first 

implicated a paternal parent-of-origin effect at D18S61 when they performed a m eta

analysis on the collaborative GAWIO data set described by Goldin et al. (1997).

M clnnis et al. (2003b) used a set of 65 pedigrees to perform a genome-wide scan for 

susceptibility loci contributing to BPAD. A substantial component o f this pedigree set 

includes those used by others (Stine et al. 1995; McMahon et al. 1997; Friddle et al. 2000). 

It therefore does not come as much of a disclosure that linkage to chromosome 18q22 was 

again observed (NPLaii=2.9, p=0.004, ASM L0D=2.1), with additional support for parent-

of-origin effects from paternal pedigrees (i.e. sex o f the affected parent/lineage; n=23)
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measuring 1.51 (a s p e x  s i b j b d  lod score) at D18S874. When testing the parental allele 

transmissions, Mclnnis et al. (2003b) has shown elevated IBD sharing generated by 

paternal alleles. Additionally, when assaying from potential imprinting effects using 

GENEHUNTER-IMPRINTING (Strauch et al. 1999) a maternal HLOD score o f approximately 1 

was observed, thus indicating a weak acting imprinting effect. This perhaps goes some way 

to providing an explanation for the observed elevation in paternally sourced alleles at this 

locus.

In keeping with linkage studies of other complex traits, not all studies support the 

hypothesis of linkage to chromosome 18. Bowen et al. (1999), examined chromosome 18 

with a set of 12 polymorphic markers spanning regions identified previously (Berrettini et 

al. 1994; Stine et al. 1995 and Freimer et al. 1996), producing uniformly negative results 

from pedigrees used in both standard NPL (n=48) and parent-of-origin analysis (n=21). 

Examining one of the largest data sets (1,508 individuals, 57 extended pedigrees) Knowles 

et al. (1998) concluded that there was no evidence in their sample to support the Berrettini 

et al. (1994) claim of linkage to the pericentromeric region of chromosome 18, nor was 

there any suggestion of a parent-of-origin effect in this region. Pedigrees defined as 

patemal/mixed transmitting pedigrees did, under their narrow diagnostic model, show 

some moderately positive two-pomt LOD scores and single locus ASP results, however 

under broader affection diagnosis, the model implicated by Stine et al. (1995) and Gershon 

et al. (1996) for parent-of-origin effects, these moderate scores weaken. However, this 

group did not study markers in the distal 18q region implicated in a parent-of-origin effect 

by either Stine et al. (1995) or the linkage area implicated by Freimer et al. (1996). Other 

groups reporting some evidence of linkage to chromosome 18 include Coon et al. (1996), 

de Bruyn et al. (1996), Freimer et al. (1996) and Ewald et al. (1997), though these studies 

did not examine the possibility of a parent-of-origin effect.

5 .26 Schizophrenia and parent-of-origin reports on Chromosome 18.

Multigenic inheritance has been suggested as the most likely mode of transmission of

functional psychoses such as schizophrenia and affective disorders (Risch and Baron,

1984). Given the postulated overlap of these two conditions (Berrettini, 2000a; Berrettini,

2003) it is conceivable that there may exist a subset of susceptibility loci common to both

disorders. This concept of an aetiological overlap between the two disorders conflicts with

the Kraepelinian dichotomy (see chapter 1, section 1.1.2), however Angst and Mameros,

(2001), point out that Kraepelin himself acknowledged this overlap. Analysis of linkage to
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chromosome 18 in schizophrenia is in striking contrast to that in bipolar disorder. Schwab 

et al. (1998) report evidence for linkage to the same markers previously reported linked to 

bipolar illness, however when analysed according to sex o f transmitting parent the 12 

exclusively maternal pedigrees accounted for an NPL score o f 2.83 (p=0.0022) at the G- 

olf„ (GNAL gene; see p a n e l  i i )  locus at 18p 11.21. Schwab et al. (1998) postulate a 

situation analogous to Prader-Willi/Angelman syndromes, with a differentially imprinted 

locus on chromosome 18 responsible for susceptibility to either SZ or BPAD. To maintain 

consistency with family risk data (see chapter 1, section 1.3.1 and 1.3.6.4), an oligogenic 

inheritance pattern for each disease, with some shared susceptibility loci, may be more 

likely.

5.2 7 Genetic and Phenotypic Refinements

Recently, McMahon et al. (2001) have proposed an alternative hypothesis based on the 

clinical spectrum o f the bipolar affective disorder phenotype. Using the Johns Hopkins 

sample described in Stine et al. (1995) and supporting their observations with the sample 

set described in McMahon et al. (1997), McMahon and co-workers have proposed that 

BPII-BPII sibling pairs share paternal alleles on 18q21-23 more often than other types of 

affected sib-pairs. Evidence for linkage was reported for several 18q markers when 

analysis was restricted to only BPII-BPII sibling pairs. Highly significant (p < 0.005) 

linkage to paternal alleles at 18q21 markers was reported in this sub-set. Using all nuclear 

families (n=58) the s i b  p h a s e  routine o f the a s p e x  application generated a peak paternal 

LOD score of 1.53, with a corresponding LOD-1 confidence interval o f approximately 44 

cM. However, once the clinical phenotype o f BPII-BPII ASPs was analysed, the peak 

paternal a s p e x  LOD statistic increases to 4.67 with a corresponding narrowing o f the 

LOD-1 confidence interval to approxim ately 12cM. M cMahon et al. (2001) have 

accounted for this observation by suggesting that this clinical classification results in a 

reduction in genetic heterogeneity. However, this seems highly unlikely given the fragile 

nature o f BPII as a diagnostic category (see chapter 1; section 1.1.3; also Craddock et al. 

1995b; Bowden 2002).

With the advent o f high resolution genetic maps (Kong et al. 2002) coupled with genome 

sequence information (Lander et al. 2001; Venter et al. 2001) researchers can now avail o f 

highly detailed physical and genetic mapping information. Recently, Schulze et al. (2003) 

have used the draft public human genome sequence (Lander et al. 2001) to position six

additional markers in the region between D18S61 to D18S1112 at I8q22-q23 identified by
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jlcMahon et al. (2001). Schulze and colleagues were able to improve on their previous 

core o f  4.87 (re-analysis o f McMahon et al. (2001) using gender-specific maps) to a 

jatemal lod score o f 5.42 at 18q22.3 in the interval D18S541 to D18S469.

L2.8 A im s

Tie Wellcome Trust Stage I  sample has produced the highest maximum likelihood score 

br chromosome 18 (see chapter 3, section 3.4.3). Given the extensive body o f literature 

inplicating parent-of-origin effects localised to chrom osome 18 for BPAD, it is 

Ivpothesised that such an analysis may refine this linkage signal, allowing a more precise 

eitimate o f  an underlying susceptibility locus. It was with this goal in mind that such 

exploratory analysis was conducted.

53. i  M ethods

S3.1.1 Sample description and  Strategies fo r  linkage detection

Punilies comprising the Stage 1 data set were determined to be either maternal, paternal, 

blineal or unknown according to cnterion outlined in McMahon et al. (1997). Specifically, 

apedigree was deemed to be paternally transmitting BPAD if the proband’s father or one 

o' his sibs or parents was affected. Correspondingly, a pedigree was deemed to be 

natemally transmitting BPAD if the proband’s mother or one o f her sibs or parents was 

afected. A pedigree was described as ‘bilineal’ if, in addition to the affected paternal 

nlative, the proband’s mother (or a maternal aunt, uncle, or grandparent; where available) 

wis found to have affective diagnosis. A similar method o f characterisation was applied 

fir maternal pedigrees. In pedigrees where a category could not be unequivocally assigned, 

a classification o f ‘unknown’ was deemed appropriate. A total o f  39 ‘m aternal’, 14 

‘latemal’ and 10 ‘bilineal’ pedigrees from the Stage I  set o f  150 families were identified. 

Tiis was augmented by the Stage 11 sample set to include a total o f 62 maternal, 29 

p;temal and 17 bilineal pedigrees from a set o f 232 pedigrees. Analysis was carried out in 

a nanner identical to that described for the Stage 1 analysis, where a m a p m a k e r / s ib s  MLS 

(Iruglyak and Lander, 1995) was the primary linkage statistic used. Supplementary data 

was gathered from o e n e h u n t e r  analysis (Kruglyak et al. 1996).

Al alternative approach for generating a linkage statistic in a m anner that accounts for 

tnnsmission o f alleles from either parent w a s  also adopted. Using the SIB_IBD sub-routines 

oithe ASPEX package (Hinds and Risch, 1996) it is possible to identify the parental origin

oleach sibling allele (see chapter 2 section 2.5.5.8). At any given locus genotyped for
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chromosome 18, the application compared each parental genotype with the corresponding 

alleles for each member of an affected sibling pair. This method has the advantage o f using 

information from unaffected sibs, as well as one o f the sibs in the pair being scored, to 

reconstruct parental genotypes. This method does not require pedigrees to be separated 

according to parental origin o f illness; rather it uses likelihood methods to calculate 

parental origin of alleles throughout the entire sample set (See Chapter 2 Section 2.5.5.8).

5.4. Results

5.4.1.1 Stage I data: Parent-of-origin analysis using m a p m a k e r / sib s

There were two regions of chromosome 18 that surpassed the minimum follow-up 

threshold of MLS=0.74 for the Stage 1 data set (see chapter 3, section 3.2). These regions 

at 18pl 1.3-11.22 (extremities at markers D18S63-D18S464) and at 18ql2.2-q22.2 

(betw'een D18S1102-D18S61) were the focus of an increase in genetic mapping resolution 

(in the grid-tightening phase), in addition to an increase in sample size, with the inclusion 

of / / pedigrees (see chapter 4 section 4.2.1).

Allele sharing statistics generated by m a p m a k e r / s i b s  for pedigrees exhibiting maternal 

transmission of bipolar affective disorder are illustrated in figure 5.1.1. Model 1 diagnostic 

{red trace) has a LOD-1 support interval from ~ 2 to 19 cM with its maximum occurring at 

2.72 at 6 cM, Supportive evidence generated by g e n e h u n t e r  shows a coincident 

maximum NPLaii score of 2.35 at D18S63 (18pl 1.3); see Appendix B.3. This marker is 

located 6 cM from the most p-terminal of the microsatellite marker set (NPL-1  support 

interval extends from 1.2 - 19.78 cM). Analysis based on pedigrees that were identified 

from the Stage I  sample set as exhibiting a paternal mode of illness transmission showed 

minimal evidence for linkage to chromosome 18p.
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Figure 5.1.1: Chromosome 18 data showing maximum likelihood scores for pedigrees exhibiting maternal 
transmission of BPAD as a function of marker position. (Standard trace colours are used for diagnostic
models). lO-r
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Figure 5.1.2: Chiomosome 18 data showing maximum likelihood scores for pedigrees exhibiting paternal 
transmission of BPAD as a function of marker position. (Standard trace colours are used for diagnostic 
models).
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5.4.1.2 Stage II data: Parent-of-origin analysis using m a p m a k e r /SIBS.

A similar ‘parent-of-origin’ analysis, as was conducted for Stage I  data, was performed on 

chromosome 18 for a total o f 62 maternal, 29 paternal and 17 bilineal pedigrees from the 

total data set o f  239 nuclearised pedigrees. The 18p peak derived from maternally 

transmitting pedigrees diminished considerably (to approximately 39% o f that from Stage 

/), generating a narrow model MLS of 1.08 at a distance o f 6 cM at D18S63 (18pl 1.3), the 

most p-terminal microsatellite assayed in Stage II. Supportive evidence was generated 

using non-parametric scores, as calculated by g e n e h u n t e r . This yielded an NPLaii statistic 

o f 1.59, using the narrow diagnostic (model 1), with NPLaii scores o f similar magnitude 

across all diagnostic models (see Appendix B.3).

However, evidence for linkage derived solely from paternally transmitting pedigrees was 

found on the long arm o f chromosome 18. This evidence, generated for model 1, followed 

a bimodal pattern (see figure 5.2,2), with an MLS o f 1.25 at 72cM (between D18S474 and 

D 18S1127, see chromosome 18 ideogram in figure 5.) and at 94 cM an MLS o f 1.27 for 

D18S68 (18q21.33). Secondar>' analysis, performed by g e n e h u n t e r , supported a linkage 

signal between D18S474 to D18S465, with a maximum NPLaii o f  2 .2 3  (model 1) occurring 

at 94 cM for microsatellite marker D18S68.
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Figure 5.2.1: Cliromosome 18 data for Stage II, showing m aximum likelihood scores generated using 
MAPMAKER/SIBS for pedigrees exliibiting m aternal transmission o f  BPAD as a function o f  marker position, (red 
trace for narrow; gicrn  trace for intermediate and blue trace for broad diagnostic models respectively).
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Figure 5.2.2: Cliromosome 18 data for Stage II, showing m axim um  likelihood scores generated using 
MAPMAKER/SIBS for pedigrees exhibiting m aternal transm ission o f  BPAD as a fiinction o f  marker position, (red 
tiace for narrow; grrcii trace for intermediate and blue trace for broad diagnostic models respectively).
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5.4.1.3 Stage 1 data: Parent-of-origin analysis using a s p e x .

Results for a s p e x  s i b j b d  analysis under diagnostic models narrow to broad are illustrated 

in figures 5,3.1 to 5.3,3 inclusive. These plots illustrate the mlod (see chapter 2, section 

2.5.5.8) and its constituent maternal and paternal lod contributions. It may be seen for 

Stage I  data (using narrow diagnostic model 1) the highest LOD score (mlod) of 2.16 is 

located at 18q21.33 for microsatellite probe D18S68 (coincident with Stage I  

m a p m a k e r / s i b s  MLS of 1.13). The LOD score was principally derived from paternal 

allele transmissions (paternal lod=1.4). Indeed, for the narrow diagnostic model, alleles 

paternal in origin account for 73.1% of IBD sharing between affected siblings at this 

locus. This excess sharing was observed to be progressively weaker as the diagnostic 

model broadened.

However, it was in the broadest model that the highest S ! B _ i b d  mlod statistic was 

generated. A LOD score of 2.26 was generated at 18pl 1.31 for D18S452 (coincident with 

Stage 1 m a p m a k e r / s i b s  MLS of 1.54). This score, when separated into its component 

parts, was predominantly produced by maternally transmitted alleles (maternal lod=1.42), 

accounting for 62.7% of IBD sharing between affected siblings at D18S452.
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Figure 5,3.2: Cliromosome 18 Stage I  data showing mlod, maternal and paternal lod scores for the 
intermediate diagnostic BPAD model as a fimction of marker position.
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Figure 5.3.3: Chromosome 18 Stage IAaidi showing mlod, maternal and paternal lod scores for the 
broad diagnostic BP AD model as a function of marker position.

5.4.1.4 Stage II data: Parent-of-origin analysis using a s p e x .

Examinations into putative parent-of-origin effects were continued with the extended Stage 

II sample, where the maximum LOD score (mlod) for the narrow model increased to 2.84, 

again at 18q21.33 for marker D18S68 (see figure 5.4.1). However, there was a broader 

support interval than in Stage I. This interval extended from D18S51 (18q21.33; 

LOD=1.72) to D18S61 (18q22.2; LOD=2.33). All markers included in the support interval 

exhibited an excess of paternally sourced alleles. The highest paternal LOD score of 1.67 

occurred at D18S68, accounting for 69.7% of paternal alleles shared IBD between affected 

siblings.

In addition, a narrow diagnostic model LOD score o f 1.79 was generated at D18S976 

(18pll.31, 10.51 cM for the p-terminus) with a predominantly maternal LOD component 

measuring 0.98 in magnitude. Adjacent marker D18S1132 yielded a LOD score of 1.31, 

again with its major component being maternal in origin (See figure 5.4.1). However, 5.89 

cM centromeric to the local maximum, microsatellite D18S452 (18pl 1.31) scored 1.57 for 

the overall LOD, with its major constituent LOD of 0.95 being produced from paternally 

derived alleles.

When considering the broadest model, marker D18S452 exhibited an overall LOD score 

increase to 2.35, (from a LOD of 2.26 in Stage I), the maternal component of which 

measured 1.68 LOD units. Local maternal LOD support was particularly pronounced 

between markers D18S63 to D18S1163 (See figure 5.4.3).
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Figure 5.4.1: Chromosome 18 Stage I I  data showing mlod, maternal and paternal lod scores for the 
narrow diagnostic BPAD model as a function of marker position.
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Figure 5.4.2: Chromosome 18 Stage II  data showing mlod, maternal and paternal lod scores for the 
intermediate diagnostic BPAD model as a function of marker position.
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5.5 Discussion

The Stage I  linkage analysis of chromosome 18, presented in chapter 3, has detected two 

regions that were selected ior follow-up according to the criteria described previously (see 

chapter 3, section 3.2). Therefore, both Stage I  and II data sets are available and have been 

retrospectively analysed as an exploratory investigation into possible parent-of-origin 

effects operating in chromosome 18.

In Stage I, moderate lod scores in paternal pedigrees were detected, which increased on 

18q as the diagnostic model broadened. A large score peak on the p-temiinal (D18S63) in 

maternal pedigrees decreased considerably in Stage II. In the full pedigree set, moderate 

ASPEX scores on ISq (D18S68) in Stage I were detected, which decreased as the 

diagnostic model broadened. However, a peak emerged on the p-termmus (D18S452) in 

the broader models, due to sharing of maternal alleles. In Stage II the same pattern 

remained, with slightly increased scores at 18q. Under the narrow model, parental origin of 

allele sharing remained roughly balanced. However, maternal alleles contributed the most 

to the scores under the broad model.
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5.5.1 Parental Pedigree Based Analysis

5.5.1.1 Maternal Stage Ip-term inalfindings

Stage /  data, generated using the primary m a p m a k e r / s i b s  linkage analysis, is illustrated in 

figure 5.1.1. This shows MLS data for chromosome 18 using only pedigrees displaying a 

maternal origin of disease transmission. Model 1, which exhibited the highest maternal 

MLS statistic of 2.72 at D18S63 (AT^Zq//of 2.35) ior Stage I, has a LOD-1 support interval 

of approximately 17 cM. This interval includes the region identified by Mclnnes et al. 

(1996), who have reported a LOD score of 1.43 at D18S59 (2.7 Mb p-terminal o f D18S63) 

in their sample o f Costa Rican family and have consistently reported LD with the 154 

base-pair allele of D18S59 in their subsequent studies (Escamilla et al. 1999; Escamilla et 

al. 2001). Although Stine et al. (1995) report excess maternal allele sharing (p=0.004) at 

D18S464, a marker ~9 Mb from the Stage I  peak maternal score, this was observed in 

paternally transmitting pedigrees. McMahon et al. (1997) reported an increase in IBD 

sharing (p=0.022) in maternal pedigrees at a marker 1.81 Mb centromeric to D18S63 at 

D18S452. The majority of reports for chromosome 18 have not indicated linkage to bipolar 

disorder at the p-terminus region implicated by Stage I  analysis. Indeed, this region lies 

some 12.9 Mb p-terminal of D18S37; the marker indicated by meta-analysis o f Genetic 

Analysis Workshop 10 (GAWIO) conducted by Lin and Bale (1997), which has shown 

excess allele sharing of 58% (p-value of 0.000000028).

It should be noted that although authors Lin and Bale, (1997) tested for parent-of-origin 

effects, they were unable to implicate a parent-of-origin process in this region. Any 

comments based on the significance of marker D18S37 (from the Stine pedigree set) must 

be seen in light of a recent report by Mclnnis et al. (2003b). Mclnnis and colleagues report 

how the previous data o f Stine et al. (1995) was based on incomplete genotype data for 

probe D18S37. Upon completion, this marker no longer exhibited excess allele sharing, 

though flanking markers (D18S53 and DI8S464) continued to do so.

5.5.1.2 Maternal Stage II p-term inal findings

Analysis o f maternally transmitting nuclear pedigrees for Stage II  (n=62) produced a

m a p m a k e r / s i b s  MLS of 1.44 {NPLaif^ \ .59) at DI8S63 (18pll.3), a distance 6 cM from

the p-terminus. Owing to the retrospective nature of this exploratory analysis, it should be

noted that, while this was not where the maximum maternal MLS peak of 2.72 occurred in

Stage I, this marker represents the most p-terminal marker from Stage II. (Marker D18S59,

the most p-terminal of the Stage I  microsatellite set was not genotyped in Stage 11, see
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PANEL II). This score, despite the apparently large support interval (~18.5 cM) in Stage 1, 

represents a substantial decrease in MLS peak. However, peak height and  width are 

amongst the fundamental properties o f  linkage peaks which have been identified by 

Terwilliger et al. (1997) and Roberts et al. (1999).

5.5.1.3 Issue o f sample size

W hile these data represent a departure from published studies, they also illustrate the 

fragile nature o f maximum likelihood scores that are based upon small sample sizes. 

Indeed one must appreciate the small number o f exclusively maternal nuclear pedigrees 

(n=39 Stage 1; n=62 Stage II for broad models) used in this study. In addition to sample 

sizes used, one should also realise how definitions o f what constitute maternally or 

paternally transmitting pedigrees can also vary between studies (Stine et al. 1995; Gershon 

et al. 1996; Nothen et al. 1999), Further work is required in localising signals originating 

from the p-terminus o f chromosome 18 for this sample.

5.5.1.4 Paternal Stage I  q-term inalfindings

Results for the paternally transmitting pedigrees (n=14 Stage 1, n=29 Stage II) have shown 

modest support for a paternal locus on 18q. The region where this linkage signal was 

generated has been well characterised by others (Stine et al. 1995; Freimer et al. 1996; 

Gershon et al. 1996, McMahon et al. 1997; Turecki et al. 1999b, McMahon et al. 2001). In 

particular, the region surrounding D18S64, which produced marginal linkage signals for 

Stage I  pedigrees, has shown excess paternal allele sharing IBD in pedigrees which show 

paternal transmission o f BPAD (Stine et al. 1995). Further evidence has shown linkage to 

pedigrees designated as displaying ‘either’ transmission from paternal or maternal lineages 

(Nothen et al. 1999). McMahon et al. (2001) has reported this marker to show increased 

allele sharing o f paternally sourced alleles. Turecki et al. (1999b) report paternally 

transmitting pedigrees to be linked to D18S61 (Zmax=0.87;p=0.045^, a marker 10 Mb q- 

terminal to D18S64.

5.5.1.5 Paternal Stage I  q-terminal findings

Narrow model Stage //analysis o f paternally transmitting pedigrees produced MLS scores 

o f 1.25 {NPLaii -1 .92  at D18S64) and 1.15 {NPLaii -2 .23  at D18S51) at 66 and 70 cM 

respectively, in a region o f 18q21 that overlaps with the chromosomal region implicated by 

the Johns Hopkins group (Stine et al. 1995) with respect to paternally generated lod scores.

This group in McMahon et al. (1997), and again in subsequent analysis (McMahon et al.
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2001; Schulze et al. 2003) have reported a shift in focus from 18q21 more distally to 

18q22.3, where they have observed BPII-BPII affected sibling pairs generating at LOD 

score o f 5,42 (p=0.0066). Schulze et al. (2003) acknowledged their LOD score was 

completely dependent on a clinical subset (McMahon et al. 2001) and hence attains less 

statistical significance than a similar statistic utilising their entire sample might. However, 

their simulation studies indicated the observed LOD score likely does not reflect a chance 

finding, despite partitioning o f their sample. McMahon et al. (2001) report their highest 

excess paternal allele sharing at D18S346 (86% IBD =22.35, p-value o f 0.000002). 

Markers D18S1147 and D18S51 which were analysed in Stage 11 (located -0 .8  Mb either 

side o f D18S346), produced an MLS values o f 1.16 (NPLaii =l .92) and 0.94 (NPLaii .65) 

respectively, in paternal pedigrees. However, the highest linkage statistic for paternal 

pedigrees, under the narrow diagnostic model, was produced at D18S68, q-terminal o f 

marker D18S51. This marker produced a m a p m a k e r / s i b s  MLS of 1.27 {NPLaii score of 

2.23; p-value o f 0.005) in the paternally transmitting pedigree set. As with other groups, 

this paternal signal extends over approximately 25 cM from D18S474 to D18S465. 

However, m common with the Johns Hopkins group, this signal increases in magnitude the 

more q-terminally positioned the markers are.

5.5.2 Parental Allele Based Analysis

The ASPEX application (Hinds and Risch, 1996) has been discussed in detail previously 

(chapter 2, section 2.5.5.8 ) .  The ability o f the s i b j b d  algorithms to examine alleles with 

respect to their parental origins, may offer an alternative insight into the influences o f 

differentially transmitted alleles. The main benefit to this approach is its ability to 

overcome the difficulties o f designating pedigrees as maternally or paternally transmitting 

affective disorder. These difficulties, especially in regard to extended pedigrees, have been 

acknowledged by other authors (Knowles et al. 1998).

5.5.2.1 Stage 1A  SPEX analysis

The Stage /  maximum mlod score o f 2.16 for the narrow diagnostic model occurred at 

D18S68 (see figure 5.3.1). This was predominantly comprised o f  a paternal lod component 

(pat. lod=1.41, mat. lod=0.75), with sibling pairs sharing patemal alleles 73.1% IBD under 

the narrow diagnostic model. This m arker is approxim ately 1.32 Mb q-terminal o f 

D18S346, a microsatellite at which McMahon et al. (2001) observed excess patemal 

alleles shared IBD (86%; x“=22.35, p=0.000002). It can be seen from figure 5.3.1 that
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there was equivalence between maternal and paternal lod contributions for the adjacent 

marker, D18S61. Markers further q-terminal (D18S1161-D18S70) began to exhibit a 

silencing o f paternal alleles, with IBD sharing occurring only between alleles of maternal 

origin. As the diagnostic model broadens, the influence of the paternal alleles at D18S68

recedes, with dominance of maternal IBD sharing extending from D18S474 through to

D18S70 (18q21.I-q23) under Model 5 (figure 5.3.3). The broad diagnostic model (which 

includes BPI, SABP, BPII, BP-NOS and RUP affected sibling pairs) indicates a maximum 

mlod peak score of 2.26 at D18S452 (18pll.31), which is also principally comprised of a 

maternal lod contribution of 1.42.

5.5.2.2 Stage II ASP EX analysis

In the Stage II data set (figures 5.4.1-3), when considering the narrow model results from 

A SPEX  SIB _!B D  analysis, an mlod score increase is found on the short arm at 18pl 1.3-11.2 

for D18S976 (mlod=1.79), o f which the maternal component is the predominant 

contributor (mat. lod=0.98). As the diagnostic model broadened to include the wider 

affective spectrum, the mlod at 18pl 1.3-11.2 increased to a maximum of 2.35 at D18S452, 

with the maternal component measuring 1.68 LOD units. A striking trend of complete 

dominance of the maternally sourced alleles extending across the whole o f chromosome 18 

was evident in the broadest model (see figure 5.4.3). It must be noted that is in keeping 

with an observance o f a paternal imprinting effect. Since the predominant sharing 

throughout the chromosome was of maternally sourced alleles, there appears to be a 

silencing of paternal alleles. This, given the reported imprinted loci Elongin A3 and 

SALL3 on chromosome 18q (Strichman-Almashanu et al. 2002), coupled with the 

documented ability of differentially methylated regions to regulate imprinting over large 

distances (Feinberg, 2001), may suggest that the effects of such imprinted loci are being 

observed. The extent o f the effect of such an imprinted locus would seem therefore, to be 

increased as the model broadens to include the spectrum of bipolar disorders.

5.S.3 Overlap o f chromosome 18 parent-of-origin effects with schizophrenia.

While the effect of an imprinted locus is one possible explanation, it is of note that Schwab 

et al. (1998) report their broad model for schizophrenia phenotype (i.e. family members 

with affective disorder) as showing greatest evidence o f linkage. This furthers the 

suggestion of a locus at 18p that may contribute to both functional psychoses. This group 

examined the possibility of a parent-of-origin effect in their sample, grouping their

pedigrees according to the methods of Gershon et al. (1996) (i.e. maternal versus pat-mat).
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In contrast to findings reported previously by Stine et al. (1995) and Gershon et al. (1996) 

for BPAD, the evidence for linkage that was detected in this schizophrenia sample was 

exclusively from matemally transmitting pedigrees.

Since the Stage II  linkage signal to the maternal chromosome strengthened as the affected 

diagnosis expanded to include the broader spectrum affective disorders, it is possible a 

genetic overlap, matemally transmitted, exists between BPAD and SZ. Since psychotic 

symptoms are found in both disorders, it is plausible there exists a subset o f susceptibility 

loci common to both diseases, but particular to psychosis. This is by no means a novel 

hypothesis, with several groups postulating variations on such a phenotypic continuum 

(Crow, 1986; Gershon et al. 1988). Such suggestions o f  shared BPAD and SZ 

susceptibility factors are consistent with some o f  the reported data. Family studies m 

schizophrenia populations have reported elevated risks for schizoaffective and unipolar 

disorders amongst first degree relatives o f schizophrenic probands (Gershon et al. 1988; 

Maier et al. 1993). Correspondingly, first degree relatives o f  BPAD probands (versus first 

degree relatives o f  control populations) have been shown to have increased risks for 

schizoaffective and UP disorders (Weissman et al. 1984, Winokur et al. 1995), though this 

is not always the case (Berrettini, 2000b, Bailer et al. 2002).

The study by O'Mahony et al. (2002) has shown familial support for a measure o f 

psychosis within the Stage I  bipolar population. When considering that SABP can occur in 

both BPAD or SZ pedigrees (Crow, 1986, Taylor, 1992), combined with reports that some 

pedigrees ascertained for BPAD contain individuals with SZ and vice-versa (Gershon et al. 

1988; Maier et al. 1993), the supposed dichotomy between the two disorders (Kraepelin, 

1899a) is further contested. Kendler and colleagues have also reported increased risk for 

psychotic affective illness and schizophrenia among the relatives o f  individuals with 

schizophrenia (Kendler et al. 1993a). The existence o f a shared set o f  functional psychosis 

genes may provide an explanation to the recent proliferation o f m olecular studies in 

schizophrenia and BPAD that exhibit related linkage findings. M olecular studies suggest 

the possibility o f overlapping susceptibility regions for schizophrenia and bipolar disorder 

(W ildenauer et al. 1999; Bailer et al. 2002; Berrettini, 2003) findings that could be 

explained by shared functional psychosis genes.
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5.6 Observations and future work

Data from Stage I  analysis, combined with the grid tightened Stage 11 sample set, has 

shown moderate support for a paternal locus in a region o f  chromosome 18q previously 

implicated (Stine et al. 1995; McMahon et al. 2001). Linkage evidence derived from 

pedigrees that exhibit an apparent paternal mode o f transmission was detected, though 

owing to the small sample sizes used m this analysis, caution must be taken in drawing any 

firm conclusions. Knowles et al. (1998), having failed to detect any such effect in their 

sample, have suggested that any reported parent-of-origin effect may simply be an artefact 

resultant o f small sample sizes used. In acknowledgement o f the shortcomings o f this 

sample size reducing strategy, an alternate and perhaps more appropriate analysis was 

conducted. An approach whereby parental effects can be observed based on transmission 

o f  marker alleles, has been advocated by others (McMahon et al. 2001; Schulze et al. 

2003). Using this approach, a striking trend, possibly indicative o f imprinting effects, was 

observed under the Stage II  broad diagnostic model.

From the data described and from a review of current literature, the relationship between 

chromosome 18 and a complex mode o f paternal transmission cannot be excluded. Data 

described herein provides contributory evidence o f a parent-of-origin effect o f unknown 

molecular aetiology operating in the q21.1 -  q22.1 region o f  chromosome 18.

Given the similarity between the Wellcome Trust data reported in this exploratory analysis

and the excess sharing IBD o f paternal alleles consistently reported by the Johns Hopkins

group (Stine et al. 1995, McMahon et al. 1997, McMahon et al. 2001), an increased

genetic resolution beyond the current 5 cM could assist in localising a susceptibility locus.

Re-analysis o f the Stage 11 data set with respect to BPII-BPII sibling pairs, as conducted by

other groups (McMahon et al. 2001; Schulze et al. 2003), was not feasible given the

strategy by which this sample was ascertained (via BPI probands only). This was the

clinical subset which exhibited the most pronounced sharing o f paternal alleles in previous

reports (McMahon et al. 2001; Schulze et al. 2003), which may suggest an additional

sample (Stage 111), weighted for BPII-BPII siblings, may prove a useful tool in isolating

susceptibility loci for the spectrum o f BP disorders. However, the reports o f McMahon et

al. (2001) and Schulze et al. (2003) though encouraging, are based on a small sample o f 16

pedigrees and, as discussed in chapter 1 section 1.1.4 and 1.3.6.2, there is a degree o f

subjectivity to the diagnosis o f BPII in terms o f manic episode. In addition reports by

Blacker and Tsuang, (1992), Heun and Maier, (1993)and Coryell, (1996), describe BPII
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disorder as a heterogeneous entity; one in which the disorder seems more closely related to 

BPI, at other times to UPD, or yet again may represent a genetically distinct disorder that 

breeds true. Nevertheless, experienced clinical staff describe high diagnostic Cohen 

coefficients for manic (k=0.83) and hypomanic (k=0.72) episodes in test-retest interviews 

(Simpson et al. 2002), indicating that the linkage findings o f  the Johns Hopkins group may 

perhaps represent preliminary support for BPII as a genetically valid subtype o f bipolar. 

The results do however go someway towards a reasonable explanation for the apparently 

inconsistent results in their sample (McMahon et al. 1995; Stine et al. 1995; McMahon et 

al. 1997; Friddle et al. 2000; McMahon et al. 2001, Mclnnis et al. 2003b; Schulze et al. 

2003) while also contributing to a possible replication strategy for linkage to chromosome 

18q. A strategy o f reduction in clinical heterogeneity o f BPAD, coupled with focus on 

microsatellite markers implicated by these authors, may lead to more robust linkage reports 

and ultimately lead to the identification o f a predisposing locus.

Schwab et al. (1998) have reported linkage to schizophrenia and chromosome 18, so too 

have Paunio et al. (2001) in a model that includes schizoaffective disorder. Therefore it 

may be possible to use quantitative traits, such as psychosis dimension, to detect common 

susceptibility loci in the continuum between the major psychoses. A collaborative effort 

based on a large sample including schizophrenia sibling pairs (Williams et al. 2003a) and 

the Stage / /d a ta  set described in this thesis, aims to identify susceptibility loci common to 

both disorders. An extension o f this analysis that explores chromosome 18 susceptibility 

loci with respect to a parent-of-origin effect m both BPAD and SZ may contribute further 

insight to the field.
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Chapter 6

Genome-wide linkage analysis using the quantitative phenotypes of Age 

at Onset and Psychosis Dimension in sib-pair based sample of bipolar

affective disorder patients
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6.1 Background and Study Rationale

An extensive body of literature has been produced over the last decade investigating the 

molecular genetics o f BPAD. These investigations have predominantly been based on 

operational diagnostic definitions o f the disorder (DSM IV, APA, 1994; ICD-10, WHO, 

1992), and thus far have failed to identify any robust and replicated linkage signals 

(Segurado et al. 2003). However, within the spectrum of bipolar illness there is a marked 

degree o f phenotypic variation, which may also be influenced by genetic variations. It has 

been proposed that individual traits within a spectrum o f  disorder may more directly 

correlate with genotype (Kinzler et al. 1991; Blangero et al. 1992; Matthysse and Pamas, 

1992; Leboyer et al. 1998b). If true, it may be possible to increase power o f a linkage study 

by using dimensional or familial phenotypic trait information which may more directly 

correlate to an underlying genotype (Risch, 1990a; Faraone et al. 1995; Schurhoff et al. 

2003; Stoltenberg and Burmeister, 2000; see chapter 1, section 1.4.2.5).

The process by which a QTL or susceptibility locus might be isolated may take one o f two 

pathways: (a ) deconstruction o f the categorical phenotype o f affected individuals into its 

constituent traits in the ‘candidate symptom approach’ or ( b ) by using a related trait, which 

is more frequent in both affected individuals and their unaffected relatives, than in the 

general population (Leboyer, 2003). These approaches attempt to map shared QTL or 

susceptibility loci that in themselves do not cause the categorical trait, but may contribute, 

in an additive or multiplicative manner, to a trait and in doing so, contribute to overall 

susceptibility to the disorder (see p a n e l  h i , Leboyer et al. 1998b, Stoltenberg and 

Burmeister, 2000).
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PANEL m.

Bipolar Affective Disorder

Bipolar Spectrum 
^  disordo

Harmful

■9 Months

Candidate
Endophenotypes

Quantitative Trait 
lod in Genome

catechol- O-methyltransferase

BDNF

PANEL HI: Deconstruction of the categorical BPAD phenotype.
Chromosomal regions, specific genes, and putative endophenotypes implicated in a biological systems approach to 
BPAD research. Rather than discrete entities or a one dimensional spectrum,the actual phenotype seen in families is 
probably best described as a point on a “multidimensional reaction surface that allows for a quantitative relatedness 
among qualitatively different features of Ulness” (Kelsoe, 2003).

Criteria for idenfificction of potential e n d o p h en o ty p es
(i) trait is a sso c ia ted  with illness in th e  population.
(ii) trait is heritable.
(iii) trait is sta te  in d ep en d en t - manifests in individuals w h ether or not illness is 'active'
(iv) trait an d  illness c o -s e g g r e g a te  v^thin families.
(v) trait is found in n o n a ffec ted  family m em bers a t a  higher rate than th e  gen era l population.

Many studies describe possible endophentypic markers associated with BPAD, however few (if any), fulfill all of the 
criteria outlined above (Gottesman & Shields, 1972; Gershon & Goldin, 1986; Lenox et al. 2002).

Potential endophenotypes include P300 event related potential (Pierson et al. 2001; Blackwood et al. 2001), 
age-at-onset (Leboyer et al. 1998, Faraone et al. 2004), white matter hyperintensities (Aheme et al. 1998; StoU et al. 
2000), and induction of REM with choUnergics (Sitaram et al. 1980, 1982, 1987; Numberger et al. 1989). None of the 
sections of the above figure can be definitive; many mote gene loci, genes, and candidate endophenotypes exist and 
remain to be discovered (represented by question marks).

212



It is thought that by understanding the genetic predisposition to these more readily 

accessible traits, a more comprehensive appreciation o f the aggregate mood disorder may 

be made (Gottesman and Shields, 1972; Lenox et al. 2002). Recently studies have begun to 

investigate quantitative trait phenotypic data as a method for further characterising 

complex disorders such as diabetes mellitus (Watanabe et al. 2000; Meigs et al. 2002), 

HDL-cholesterol levels in heart disease (Peacock et al. 2001), schizophrenia (Brzustowicz 

et al. 1997; Wilcox et al. 2002), and BPAD (Zhu et al. 1997; Visscher et al. 1999; Visscher 

et al. 2001; Faraone et al. 2004). Indeed, the NIMH, having identified BPAD as the mood 

disorder o f choice for future genetic linkage and association studies, has placed emphasis 

on the identification o f the most heritable subtypes and endophenotypes o f affective 

disorder (Merikangas et al. 2002). As an early example o f such work investigators have 

described an association involving the serotonin transporter in BPAD patients, specifically 

amongst women sufferers experiencing postpartum psychosis (Coyle et al. 2000; Jones and 

Craddock, 2001). W hilst others have used samples which include BPAD patients 

experiencing psychotic symptoms to detect linkage to BPAD (Potash et al. 2003b) and/or 

schizophrenia (Ozer et al. 2003, Sklar et al. 2004).

In a previous study based on the Wellcome Trust (WT) Stage I  sample, O'Mahony et al. 

(2002) has investigated the degree o f familial aggregation o f a number o f demographic and 

clinical features. These included - age at onset (AAO), frequency o f manic and depressive 

episodes; proportion o f manic to depressive episodes; scores on the Bipolar Affective 

Disorder Dimension Scales (BADDS) for mania, depression, psychosis and incongruence 

o f psychotic symptoms with mood (Craddock, 2000; Nick Craddock, pers. comm.). O f 

these, intra-pair Spearman correlations were found to be highly significant for AAO 

(p=0.293, p=0.0000022) and dimension scores for psychosis (p=0.332, p=0.0003). The 

demonstrated within pair correlation for AAO and psychosis dimension (pDim) in the WT 

Stage I  sample, coupled with supportive evidence from other studies (Brzustowicz et al. 

1997; Leboyer et al. 1998a; Visscher et al. 2001; Bellivier et al. 2003), suggests that the 

identification o f QTLs / trait susceptibility loci may be facilitated by focusing on these 

‘vulnerability’ traits. To that end, phenotypic information in the form o f quantitative scales 

o f AAO and psychotism (see section 6.2 below) has been applied to the W T Stage 1 data 

set o f affected sibling pairs (See chapter 3, section 3 .3.1) and used in an attempt to detect 

genetic linkage.
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The aim of these analyses was to probe the human genome in a systematic manner, for 

genes that influence AAO and/or presence of psychotic symptoms in individuals affected 

by bipolar affective disorder. This was achieved using a genome-wide quantitative linkage 

approach in a sample of 260 broadly defined BPAD affected sibling pairs (see chapter 3, 

table 3.2).

6.2 M aterials a nd  M ethods

6.2.1 Diagn osis o f sample set

The sample set used in this analysis has been described in chapter 3 (table 3.2). Briefly, 

one hundred and fifty nuclear families were ascertained in which a proband met the DSM- 

IV critena for Bipolar I illness (BPI), and at least one other sibling met the criteria for BPI, 

Schizoaffective bipolar illness (SABP), Bipolar II illness (BPII), Bipolar illness not 

otherwise specified (BP-NOS) or Major Recurrent Depression (MDD-R). Families were 

recruited in the Republic of Ireland and in the UK through mental health services, patient 

support groups and articles in the national media. Subjects from all but three of these 

families were Caucasian. The mean age at onset for BPI individuals (n=298) was 24.89 

years (S.D.=8.99), and the mean age at interview o f all affected sibs was 44.4 years 

(S.D.=14.0). This Stage I  sample set included 489 genotyped (381 affected) subjects from 

260 broadly defined affected sibling pairs. Other details relating to the total sample set are 

described in chapter 3, section 3.2

6.2.2 Phenotype Quantification

The diagnoses of psychiatric disorders were in accordance with DSM-IV criteria and have 

been outlined in chapter 2, section 2.2. Age at onset (AAO) was defined as the age at 

which the patient first met DSM-IV criteria for either a major depressive episode, 

hypomania or mania, according to medical case notes and interviews. This has previously 

been found to be a reliable method (Egeland et al. 1987a; Bellivier et al. 2001). Dimension 

scales (BADDS) for quantifying mania, depression, psychosis and incongruence of 

psychotic symptoms with mood have been developed based on the frequency and severity 

of the component symptoms of the illness. These integer scales are rated between 0 and 

100, and are scored according to explicit written guidelines (Craddock, 2000; Nick 

Craddock, pers. comm.; see also Appendix F for complete BADDS rating criteria). In the 

current study the psychosis dimension (pDim) has been used. The criteria for rating 

psychotic symptoms are outlined in table 6.1.
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Rating Appropriate instances o f rating

0 Absence o f  psychotic features.
1 Uncertain tognosis.
2 - 9 Near psychotic featuresj: occasional at low end of range, frequent at high end of range.

Occurrence o f  true psychotic symptoms should not be rated in this range.
10 - 20 Brief clear-cut psychotic symptom that are not a prominent feature o f illness

10 -  Single.
20 -  Multiple.

2 1- 10 0  Psychotic symptoms that are a prominent feature in one o f more episodes o f  illness.
25 - present for 25% of illness.
50 - present for 50% of illness.
75 - present for 75% of illness.
100 - prominent psychotic features present throughout illness.

Table 6.1: An outline o f the key points and ranges on the pDim rating scale. fNear psychotic features 
includes odd, eccentric or peculiar behaviour; odd beliefs or magical behaviour inconsistent with 
subcultural norms and that influence behaviour; suspiciousness or paranoid behaviour; ruminations 
witliout inner resistance; unusual perceptual experiences; vague, circumstantial, over-elaborate or 
stereotyped thinking manifested by odd speech or in other ways. Depersonalisation and derealisation 
are not classified as near psychotic features.

6.2.3 Gemtyping & Quality Control.

Methods employed in the genotyping strategy for this genome-wide scan have been 

described in chapter 3, section 3.3.2 -  3.3.3. Issues o f quality control with respect to 

genotyping and suitability o f individuals for inclusion in sib-pair linkage study (i.e. MZ 

and half sibs) have also been addressed previously (chapter 3, section 3.4.2). The reliability 

and reproducibility psychosis dimension rating was assessed for the study (Cohen, 1968). 

The inter-rater reliability for pDim was estimated on two sets o f 20 cases by multiple 

raters, with k=0.86 and 0.96 respectively.

6.2.4 Statistical analysis

Before undertaking QTL linkage analysis, the p e d c h e c k  package (O'Connell and Weeks, 

1998), was used to probe for Mendelian inconsistencies. Genotypic data was assessed for 

relatedness using the s i b e r r o r  (Ehm and Wagner, 1998) and the r e l a t i v e  packages 

(Goring and Ott, 1997). Samples that displayed significant degree o f relatedness have been 

detailed in chapter 3 section 3.4.2.

The S P L I N K  application (Holmans, 1993; Holmans and Clayton, 1995) was used to 

calculate the marker allele frequencies. Allele frequencies thus generated, were used in 

standard l i n k a g e  locus data files to more accurately reflect W T Stage I  sample, whilst 

quantitative data was appended to standard l i n k a g e  pedigree data files (see appendix 

A.3). Multipoint linkage analysis of autosomes and sex chromosome was performed using
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the variance component (VC) routines for QTL analysis as implemented by the m e r l i n  

and MINX applications (Abecasis et al, 2002), treating age at onset and psychosis 

dimension scores as quantitative phenotypes. Using multipoint variance component 

analysis, which estimates the genetic variance attributable to the region around a genetic 

marker, a test can be performed to detect linkage to an underlying QTL. (Almasy and 

Blangero, 1998, Blangero et al. 2000; Blangero et al. 2001; see Chapter 2, section 2.5,5.7). 

Non-parametric QTL analysis (see chapter 1, section 1.4.2.5) was also carried out to 

provide confirmation of variance components results.

6.2.S Empirical Genome-wide Significance levels

In order establish genome-wide significance for the QTL results, 1000 simulations were 

performed for the Stage I  sample according to the following strategy. For each 

chromosome, marker data was simulated under the null hypothesis o f no linkage. 

Phenotypic measurements, including quantitative traits and affection status were preserved 

as in the experimental data set. Parental/founder assignment of alleles was based on 

observed allele frequencies, which were then transmitted throughout the pedigrees using 

the relationships specified in the original pedigree file, with due regard for recombination 

fraction (cM distance) as specified m the l i nk ag e  data file (Appendix A.3). The simulated 

data, thus generated, was used to replace the observed data, retaining the pattern of 

observed data with respect to missing genotypes. These simulations are representative of 

1000 genome scans data, produced from a sample identical in structure to Stage I, unlinked 

to either AAO or pDim. Automation of the random seeds required for each round and 

execution of the command line for each simulation was accomplished using a PERL script 

( e x e c u t e _ m e r l i n _ c h r . p l ;  Appendix H, section 1). This script calls on the system to 

simulate data according to the gene dropping methods using the following flags: --vc  --  

g r i d  1 (see chapter 2 section 2.5.5.7;  - - g r i d  1 flag returns data at 1 cM intervals). The 

output file generated by this script was edited according to p a rse _m er l i n_o utp ut . p l  PERL 

parser script (Appendix H, section 2), which instructed the system to record the 

centiMorgan position of each maximum score.

6.3 Results

6.3.1 Simulations

The MERLIN application (Abecasis et al. 2002) was used to conduct a simulation study so 

as to estimate genome-wide significance levels for the Stage I  sample. The technique

employed for the simulation used a gene-dropping methodology (Sawcer et al. 1997b;
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Kruglyak and Daly, 1998) which replaced input (observed) data with simulated 

chromosomes conditional on family structure, marker spacing, allele frequencies, and 

missing data patterns of the original input files. Similar analytical methods were applied to 

each simulated sample as were applied to the observed data. One thousand genome-scans 

were performed using simulated data to determine the genome-wide significance levels for 

the study. A total of 1000 observations of an AAO lod score of 1.65 were observed across 

23000 simulated chromosomes. Therefore, a lod score at or above this level implies 

genome-wide suggestive linkage for the AAO quantitative trait (Lander and Kruglyak, 

1995). A maximum LOD score (per simulated genome scan) in excess of 2.61 was 

detected 50 times across 1000 simulated genome scans, mdicating a level for genome-wide 

significant linkage (according to the Lander and Kruglyak, (1995) criteria) for the AAO 

quantitative trait. Details for both AAO and pDim are presented in table 6.2 below.

Genome-wide Variance Component LOD score False positives per

support Age at Onset Psychosis Dimension genome scan

Suggestive 1.65 1.95 1

Significant 2.61 3.56 0.05

Higlily Significant 3.10 5.44 0.001

Table 6.2: Statistical criteria for interpietation of QTL linkage results.

6.3.2 Quantitative Trait Linkage Analysis.

The multipoint lod scores calculated across the human genome, using methods employed 

by the m e r l in  application (Abecasis ct al. 2002) are presented in figure 6.1 (for age of 

onset) and figure 6.3 (for psychosis dimension). The positions of all markers used in this 

study are stated as the genetic distance from the most telomeric marker on the 'p' arm. For 

purposes of comparison, the positions of relevant markers reported by other investigators 

have, where possible, been normalised to this.

6.3.2.1 M ultipoint Linkage Scores for QTL defined by Age a t Onset

A total of 4 regions (across 4 chromosomes) have been identified with a VC LOD score in 

excess of 1.65, o f these, two scores are greater than or equal to 2 have been identified. 

These peak linkage scores occurred on chromosomes 2q37 and 12q and correspond to a 

genome-wide significance level of 0.079 and 0.185, respectively. Table 6.3 describes the 

location and maximum scores of all regions of the four discontinuous regions of the 

genome exceeded the genome-wide suggestive level for linkage (LOD score of 1.65).

217



These are located on chromosomes 2q, lOp, 12q and 18p and are further described in 

figures 6.1 and 6.2.

Chromosome

No.

Range

cM Position cM

Maximum 

VC Score NPL ML

Genome-wide

Significance

2 259.6-270.6 263 2.42 2.84 3.79 0.079

10 33.13-58.13 45 1.69 2.27 2.92 0.581

12 132-173 154 2.16 1.37 2.04 0.185

18 1-14 6 1.82 2.36 3.60 0.462

Table 6.3: Results of Age at onset (AAO) multipoint QTL linkage analysis using variance component 
methods as implemented by m e r l i n . Range describes centiMorgan region with LOD > 1.65

Data from non-parametric analysis, which was robust to possible violations to the 

assumptions o f  normality, was performed using g e n e h u n t e r  version 2.1 (see chapter 1, 

section 1.4.2.5; Kruglyak et al. (1996), and shows concordance with each o f  the peaks 

indicated above in table 6.3.
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Figure 6.1: Quantitative trait locus genome-wide scan for Age at onset of affective phenotype. Variance components lod scores (VC lod) data for chromosomes 1 to 22 and 
X, cumulative distance along the genome is shown on the x axis and the VC lod score on the y axis. Horizontal line at LOD=1.65 represents a suggestive level of linkage. 
Chromosome numbers are indicated numerically.
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Figure 6.2 (A) Chromosome 2. Variance component analysis using Age At Onset as a quantitative trait 
(black). Stage I  data for categorical phenotype is included for purposes of comparison. Diagnostic for 
categorical phenotypic models: Narrow (red), intermediate (green) and broad (blue). Marker position 
indicated with an x and positioned at the threshold for genome-wide suggestive linkage.
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Figure 6.2 (B) Chromosome 10. Variance component analysis using Age At Onset as a quantitative trait 
(black). Stage I  data for categorical phenotype is included for purposes of comparison. Diagnostic for 
categorical phenotypic models: Narrow (red), intermediate (green) and broad (blue). Marker position 
indicated with an x and positioned at the threshold for genome-wide suggestive linkage.
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Chromosome 12
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Figure 6.2(C) Cluomosome 12. Variance component analysis using Age At Onset as a quantitative trait 
(black). Stage I data for categorical phenotype is included for purposes of comparison. Diagnostic for 
categorical phenotypic models: Narrow (red), intermediate (green) and broad (blue). Marker position 
indicated witli an x and positioned at tlie threshold for genome-wide suggestive linkage.
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Figure 6.2 (D) Chromosome 18. Variance component analysis using Age At Onset as a quantitative 
tiait (black). Stage I  data for categorical phenotype is included for purposes of comparison. Diagnostic 
for categorical phenotypic models: Narrow (red), intermediate (green) and broad (blue). Marker 
position indicated witli an x and positioned at the tlireshold for genome-wide suggestive linkage.
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6.3.22 M ultipoin t Linkage Scores fo r  QTL defined by Psychosis

One region o f the genome has been identified with a VC LOD score in excess o f the 

suggestive level o f  significance (lod o f 1.95; see figure 6.4). This peak linkage score 

occurred on chromosome 3q and corresponds to a genome-wide significance level o f 

0.428. The region o f  chromosome 3q that exceeds the suggestive level o f significance is 

located between 149.31-159.31 cM, with the maximum lod score o f 2.3 occurring at 

153.3IcM  (see figure 6.3 below). Data from non-param etric analysis, which was 

performed using g e n e h u n t e r  version 2.1 (see chapter 1, section 1.4.2.5; Kruglyak et al. 

1996), shows concordance with the VC chromosome 3 signal (NPL=1.29/ML=1.24).

Chromosome 3
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Figure 6.3: Variance component analysis for chromosome 3, using psychosis dimension as a 
quantitative trait (black). /  data for categorical phenotype is included for purposes o f  comparison. 
Diagnostic for categorical phenotypic models: Narrow (red), intermediate (green) and broad (blue). 
Marker position indicated widi an x, and positioned at tlie threshold for genome-wide suggestive 
linkage.
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Genome plot: Psychosis Dimension Quantitative trait Measure
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Figure 6.4: Quantitative trait locus genome-wide scan for psychosis dimension of affective phenotype. Variance components lod scores (VC lod) data for chromosomes 1 to 
22 and X, cumulative distance along the genome is shown on the x axis and the VC lod score on the y axis. Horizontal line at LOD=1.95 represents a suggestive level of 
linkage. Chromosome numbers are indicated niraierically.
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6.4 Discussion and further work

6.4.1 Discussion o f power and significance

Studies that set out to map QTL loci tend to maximise power by adopting an ascertainment 

strategy that selects for extremely concordant or extremely discordant sib-pairs (Risch and 

Zhang, 1996). However, the W T Stage 1 ascertainment strategy (outlined in chapter 2 

section 2.2) was intended for use in testing linkage to the categorical phenotype rather than 

quantitative traits; this may have limited the power o f  the data set to detect linkage. 

Therefore, while the results could be interpreted as being suggestive o f  linkage, replication 

would be necessary to confirm that a genetic effect exists at loci implicated in this study. 

As outlined in chapter 3 section 3.4.1, power analysis has shown that the Stage I  sample 

has 88% power to detect a maximum likelihood score greater than 2 for a locus o f Xs=3, 

under the narrow diagnostic (80% power to detect MLS>2 for Xs-2  using the broad 

diagnostic model; see table 3.3). Cardno et al. (2001) have argued that in a sample set that 

has sufficient power to detect disease susceptibility loci for a categorical phenotype, the 

power to detect a quantitative trait locus that contributes to the disorder is high. Tlie sibling 

pairs in the WT sample have been selected for the categorical diagnosis o f  BPAD (see 

chapter 2, section 2.1), and have been selected for extreme concordance o f disease 

susceptibility, however, they are effectively unselected for loci influencing specific 

quantitative traits. For unselected sibling pairs Boomsma, (1996) has shown that the ability 

to detect a QTL is generally low (e.g. at significance level, a , o f  0.05, 600 sibling pairs 

have -50%  power to detect a QTL with a locus hentability o f 25% and allele frequency, F, 

o f 0.5). However, since the WT Stage I  sample was selected for the categorical phenotype, 

the affected sibling pairs collected are representative o f the upper 0.5 -  1% o f the 

population liability distribution (Craddock and Jones, 2001 report population prevalence of 

between 0.5 -  1%). It has been shown that for a selection o f ASPs, both o f which are in the 

top 10% o f the liability distribution, 121 affected sibling pairs have 80% power to detect a 

QTL responsible for a locus heritability of 24.2%, P  o f  0,2, at a a  o f 0.05, for an additive 

model with a residual correlation (i.e. the possibility o f  other genetic or shared 

environmental determinants) p, o f 0.4 (an increase of 48 pairs should p = 0.0; Risch and 

Zhang, 1995). Therefore, as the broad diagnostic model for Stage I  describes some 260 

ASPs (see chapter 3, section 3 .3 .2), sufficient power to detect a QTL with a locus specific 

heritability o f at least 25% may be inferred. Estimated heritabilities o f 35.52% and 57.98% 

for AAO and pDim respectively have been calculated for this study using m e r l i n  

(Abecasis et al. 2002).
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Tlie statistical significance levels for the psychosis dimension and age-at-onset quantitative 

trait analyses were formally investigated by simulation analysis. Analysis was conducted

in a manner that preserved the attributes of the observed data in terms of pedigree

structure, availability o f individuals for genotyping (and genotypes achieved in these 

individuals), marker spacing, heterozygosity and allele fi'equency. In total, 1000 replicates 

of the entire genome scan were analysed in the cases of both AAO and pDim quantitative 

trait data. These have been used to calculate the appropriate genome-wide levels for 

statistically suggestive (the level of linkage expected once per genome scan by chance) and 

significant linkage (the linkage expected once per twenty genome scans by chance for a 

genome-wide p=0.05) as outlined by Lander and Kruglyak, (1995). Details of the 

respective levels of genome-wide significance are outlined in table 6.2

6.4.2 Age-at-Omet

Results of the genome-scan conducted using AAO as a quantitative trait are illustrated in 

figure 6.1. The four chromosomal regions that exceeded the suggestive level of linkage are 

fiirther described in figures 6.2 (A-D) and discussed in sections 6.4.2.1-4 below.

6.4.2.1 Chromosome 2q

The highest lod score for AAO was observed at 2q37 (270.6cM), generating a linkage 

signal of 2.42 (see figure 6 .2a ; genome-wide p=0.078). This area of 2q37, characterised by 

5cM region with lod scores in excess of 2, has previously shown maximum likelihood 

scores of a similar magnitude when analysing the categorical phenotype. Microsatellite 

D2S125 (270.6cM) has also shown linkage to BPAD in the Stage I  broad diagnostic model 

(MLS=169; see chapter 3, section 3.5.2.2), which was increased to an MLS of 2.08 under 

the intermediate diagnostic model in Stage 11 (see chapter 4, section 4.4.2.1). The signal 

generated in the QTL genome scan indicates a locus at (or in the vicinity of) marker 

D2S125 may influence the age-at-onset of bipolar disorder. A second stage QTL of the 

genome scan will further investigate the 2q37 region once a definitive set of quantitative 

trait measures for the Stage 11 sample are collated.

Meta-analysis conducted as per the GSM A method (Levinson et al. 2003) did not show 

support for a locus in this region, however an adjacent bin was ranked 3rd most-likely to 

harbour a susceptibility locus (Segurado et al. 2003). Nevertheless, a plausible candidate

gene in this region is the ATSV locus (2q37; 241.97 Mb), located 485kb p-terminal of
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D2S125 (Keller et al. 1999). This gene product is a member of the kinesin-related 

superfamily of microtubule-dependent proteins that have been shown to mediate 

intracellular transport and cell division. There is 95% sequence conservation between the 

human axonal transporter of synaptic vesicles (ATSV) and the mouse KIFIA protein 

(Okada et al. 1995). This murine protein is responsible for transport of membranous 

organelles along axonal microtubules. Okada et al. (1995) have shown that the subset of 

organelles carried by KIFIA include precursors for synaptic vesicles. Yonekawa et al. 

(1998) reported KIFIA knockout mice as exhibiting both motor and sensory disturbances. 

In addition, post mortem exammation has shown a reduction in nerve terminal synaptic 

vesicle density. Yonekawa et al. (1998) concluded that KIFIA mediates the transport of a 

synaptic vessel precursor, and is essential for the function, preservation and viability of 

neurons (in particular mature neurons). Therefore, a decrease in synaptic vesicle density, 

caused by a mutation in ATSV, may lead to lower neurotransmitter concentration at the 

synaptic cleft. Further investigation o f the ATSV locus (i.e. mutation and association 

analysis) may lead ultimately to the identification of alleles influencing age-at-onset of 

BPAD.

6.4.2.2 Chromosome 12q

The second region to exceed the genome-wide suggestive level of linkage (for AAO) was 

on 12q at marker D12S324 (154cM, 126.34Mb), producing a VC lod score of 2.16. This 

marker is located some ~21Mb q-terminal of D12S84 (104.95Mb), a marker at which 

linkage was first reported in Darier-White patients (Craddock et al. 1994a; see chapter 4, 

section 4.1,3.4). However, the AAO linkage peak is within the region reported by Barden, 

(2003) to harbour a susceptibility locus for BPAD. The so-called NBG12 locus is in the 

vicinity of B3GNT4 (121,13 Mb) and FLJ22471 (122.77Mb),

6.4.2.S Chromosome 10 & 18

The region of chromosome 10 that exceeded the genome-wide level for suggestive linkage 

was a 3cM area surrounding marker D10S548. Figure 6.2 (c) shows a maximum VC lod 

score of 1.69 (genome-wide p-value of 0.581) at this marker. It is of note that Stage I  

linkage evidence (reported in chapter 3) at this marker generated an MLS of 0.95, a score 

that increased to 1.12 in Stage II for the same marker. Indeed the broad diagnostic model 

in Stage II analysis has shown an MLS o f 1,37 at marker DIOS 197 (q-terminal of 

D10S548), However, simulation analysis conducted for AAO has shown that a VC lod

score of 1,69 is likely to occur 0.899 times by chance per genome scan (based on 1000
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simulated genome-wide scans). The Imkage signal for AAO at chromosome 18p, shown in 

figure 6.2 (d), also exceeded the AAO suggestive level with a VC lod score o f 1.82. This 

peak score is located 6cM from the p-terminus at marker D18S63, and overlaps with the 

18p signal generated in the Stage I  analysis. This Stage I  linkage signal was no longer 

present in Stage 11 results for the categorical phenotype, indicating that the Stage 1 signal 

observed at 18p may be indicative of a false positive linkage signal.

6.4.3 Psychosis Dimension

Chromosome 3

Analysis across the genome (figure 6.4) shows one region produced a linkage signal in 

excess o f the suggestive level o f 1.95 for psychosis dimension. The highest VC lod 

observed was 2.30 at marker D3S1292, which maps to chromosome 3q21-22 (132.95 Mb). 

This locus did not show evidence o f linkage in the Stage 1 analysis, though has been 

implicated by Bailer et al. (2002) in a joint analysis o f schizophrenia and BPAD pedigrees. 

These investigators reported a novel susceptibility locus on 3q29, common to both 

disorders. However, centromeric o f this linkage peak, in a region that includes the DRD3 

locus (3ql3 .2-q l3 .3 ; 115.17 Mb) previously implicated (albeit with mixed findings) in 

both schizophrenia (Spurlock et al. 1998; Williams et al. 1998) and BPAD (Parsian et al. 

1995, Chiaroni et al. 2000; Elvidge et al. 2001, Bailer et al. 2002). Given the region 

described by Bailer et al. (2002) includes the interval between 141-163.3 IcM implicated at 

a suggestive level for the pDim quantitative trait, 3q21-22 may represent a region that 

harbours a genetic locus that influences the psychotic phenotype. Since psychotic 

symptoms can be present in both BPAD and SZ disorder, the QTL signal detected in the 

WT Stage 1 sample further implicates a putative continuum between the two disorders.

6.4.4. Implications, lim itations & Further work

This study, to our knowledge, is the first reported genome-wide QTL linkage study 

reporting both age at onset and psychosis severity as quantitative measures in bipolar 

affective disorder. While Sklar et al. (2004) has reported a genome scan in which an SZ 

sample was co-analysed with a series o f BPAD pedigrees which experienced psychotic 

symptoms, they did not use a quantitative approach in their analysis. Since, the assessment 

o f clinical variables captures phenotypic elements that are not described by categorical 

diagnoses, the use o f pDim and AAO as quantitative traits may lead to an increase the 

power. The extent to which restriction o f the phenotype definition simplifies the task o f

genetic mapping can be measured by the resulting increase in the relative risk (defined by
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the risk for a relative o f a patient divided by the risk in the general population) (Lander and 

Schork, 1994; Leboyer, 2003).

Age at Onset

The degree o f familial aggregation for age at onset in the Stage I  sample was modest 

(Spearman p=0.293), but significant (O'Mahony et al. 2002). This was comparable to 

previous findings in bipolar siblings (p=0.42, p=0.0001; Leboyer et al. 1998a) or dizygotic 

twins with major depression (p=0.34, Kendler et al. 1992). In a m anner sim ilar to the 

delineation achieved in late-onset Alzheimer disease (Pericak-Vance et al. 1991; Farrer et 

al. 1997), AAO could assist in the clinical refinement o f BPAD. Recent evidence from 

Bellivier et al. (2002) has reported the use o f AAO data to detect a significant association 

between BPAD and 5-HTTLPR distinct to early AAO. This group has further 

characterised the AAO profile by model fitting three theoretical age brackets (mean AAO 

was 17.4, 25.1 and 40.4 years o f age, respectively), showing that affected sibling pairs 

were significantly more likely to belong to the same theoretical age-at-onset bracket, than 

otherwise (Bellivier et al. 2003). Similar findings have been reported in schizophrenia with 

respect to AAO of affected sib pairs (Kendler et al. 1997). Given the AAO correlation 

between affected siblings (Leboyer et al. 1998a) has been replicated in the Stage /  sample 

(O'Mahony et al. 2002), a model fitting exercise similar to that o f Bellivier et al. (2003) 

may prove beneficial in tenns of a follow-up analysis to the AAO QTL scan. By using 

such an approach, coupled with the increased sample size o f the Stage II  data set 

(described in chapter 4), it may be possible to fiirther refine signals detected in Stage I.

Kendler et al. (1997) has indicated a weaker, yet more accurate correlation for AAO is 

expected when probands are ascertained systematically (i.e. independent o f family history). 

The correlation for AAO in a systematically ascertained sample o f ASPs with BPAD is 

currently unknown. However, given the study design by which the W T Stage I  sample was 

gathered (see chapter 2, section 2.2), it is likely the correlations between AAO (or pDim) 

found in sibling pairs concordant for BPAD may be influenced by some ascertainment 

biases. Nevertheless, Cardno et al. (1998), in a study o f  AAO in schizophrenia and 

schizoaffective disorder which used a similar ascertainment strategy to that o f the WT 

Stage 1 sample, reported a within-pair correlation for AAO comparable to that derived 

from a systematically ascertained sample (Kendler et al. 1987). Although this does not 

adequately address the effects o f ascertainment bias on affected sib-pair correlations, there

are several additional characteristics o f the WT sample that may go some way towards
228



minimising the biases inherent in the sample used for quantitative trait linkage analysis. 

These include (a ) the self-referral o f  many o f  the individuals / pedigrees; (b ) the 

attendance o f sibling pairs at several different clinical practice and/or treatment centres; 

and (c) the inclusion o f individuals not in receipt o f psychiatric treatment. It is therefore 

conceivable that the upward bias in correlation may not be as pronounced (Kendler et al. 

1987) as previously envisaged.

Psychosis Dimension

The familial aggregation o f psychotic symptoms m BPAD has been demonstrated in this 

sample (O'Mahony et al. 2002) and in others (Potash et al. 2001; Ozer et al. 2003; Potash 

et al. 2003a). Irrespective o f the diagnostic category examined, O'Mahony et al. 2002 

detected a moderate (p=0.332), but highly significant intra-pair correlation for pDim in the 

Stage I  sample. Thus, it has been suggested that vulnerability to psychosis, and the 

measure o f psychotic dimension, might be inherited w ithin the bipolar spectrum 

(O'M ahony et al. 2002). Investigators, using severity o f  psychosis as a quantitative 

phenotype, have demonstrated an increased power to detect linkage to schizophrenia over 

approaches using the categorical phenotype (Brzustowicz et al. 1997). However, the 

current study, using an analogous approach in BPAD, has failed to detect evidence in 

support o f such a hypothesis. Moderate linkage evidence was detected on chromosome 3q 

in the WT Stage I  sample. This statistically suggestive linkage at a genome-wide level was 

located in a region o f the genome previously implicated in a combined schizophrenia and 

bipolar analysis (Bailer et al. 2002), hinting at a susceptibility locus common to both 

disorders. While the phenotypic similarities between psychotic BPAD and SZ have been 

explored in terms o f family studies (Kendler et al. 1993d; Potash et al. 2001; Potash et al. 

2003a) and neurophysiological evidence (Pearlson et al. 1995; Hirayasu et al. 1998; 

Velakoulis et al. 1999; Perry et al. 2001), attempts to map susceptibility loci common to 

both disorders have been met with inconsistent outcomes (Bailer et al. 2002; Ozer et al. 

2003; Potash et al. 2003b; Sklar et al. 2004). This o f course may be due to, amongst others 

influences, differences in diagnostic procedures, presence o f phenocopies, or population 

stratification.

In the Stage 1 sample, the measure o f psychosis dimension does not seem to contribute to 

the categorical phenotype in a significant manner. However, in context o f  a two-staged 

approach to mapping quantitative trait loci, evidence would suggest that fine mapping o f

the region 3q22-q23 may clarify the role o f pDim as a QTL for BPAD. Should this linkage
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finding prove robust in Stage 11, a measure of psychotism in BPAD may establish a useful 

tool in reshaping phenotypic definitions and ultimately contribute to the delineation of a 

valid genetic subtype.

As has been mentioned in section 6.2.2 (and further outlined in Appendix F) the rating 

scales for Bipolar Affective Disorder Dimension Scales (BADDS) include measures for 

mania, depression, psychosis and incongruence of psychotic symptoms with mood 

(Craddock, 2000; Nick Craddock, pers. comm.), all of which have been measured for 

Stage 1 and Stage 11 samples. These trait measures can be applied to all categorical 

phenotypes in the BPAD spectrum (chapter 1, section 1.3.6). That schizoaffective disorder 

can occur in families with either schizophrenia or affective disorders (Taylor, 1992) and 

that both disorders co-occur within the same families (Gershon et al. 1988; Maier et al. 

1993), again raises that issue of a commonality between the two psychoses. The biology of 

such may perhaps be teased apart by using BADDS quantitative measures, and a 

predisposition to the development of psychosis described. To that end, a collaborative 

sample w'hich includes a schizophrenia sample (Williams et al. 2003a) and the Stage 11 

Wellcome Trust sample is underway which will assess the extent to which quantitative 

traits overlap between the disorders, and how they may contribute to development of 

fimctional psychoses.
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Chapter 7

Quantitative linkage analysis betv^een Psychotic Symptoms in Bipolar 

affective disorder and the a7-nicotinic acetylcholine receptor subunit

locus
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7.1 Introduction

7.1.1 Background and study rationale

Linkage studies in bipolar affective disorder have met with varying degrees o f success 

(Craddock and Jones, 2001; Sklar 2002). Though many regions o f the genome have been 

implicated in susceptibility to the disorder, none have been replicated across most or even 

many studies (Badner and Gershon, 2002; Segurado et al. 2003). Given the complex 

genetic architecture o f BPAD, this failure to replicate linkage findings is not unexpected 

(Suarez et al. 1994; Risch and Botstein, 1996). Indeed, evidence from segregation analyses 

has predicted susceptibility to be influenced by at least three, possibly more, loci o f small 

effect (Risch, 1990b; Craddock et al. 1995b). The ability to accurately detect the genetic 

location o f a susceptibility locus o f small effect is a function o f  the properties o f both 

phenotype definition (Merikangas et al. 2002; Leboyer, 2003) and sample size used in a 

study (Hovatta et al. 1998; Roberts et al. 1999; see chapter 1, section 1.4.2.7). Various 

genome-wide linkage strategies have been devised to maximise the power o f a sample, 

while minimising genotypic and computational expense o f such studies (sec chapter 1, 

section 1.5.1). Nevertheless, despite the robust nature o f such approaches, there is 

continued variability in reported linkages to BPAD, and for that matter other complex 

genetic disorders (Altmuller et al. 2001, Badner and Gershon, 2002; Lewis et al. 2003; 

Segurado et al. 2003). This may partly be attributed to the difficulties inherent in mapping 

loci o f small effect due, inter aha, to an unknown mode o f inheritance, genetic 

heterogeneity, incomplete penetrance, phenocopies, or variable expressivity (Pauls, 1993; 

Lander and Schork, 1994). Linkage analysis in psychiatric disorders has predominantly 

used operationally described phenotypes (APA, 1994; International Classification of 

Diseases, version 10, WHO, 1993). However, while the categorical diagnostic criteria are 

reliable (inter-rater reliability k=0.88 (Cohen, 1968) for the W ellcome Trust study) and 

highly heritable, relatively little is known of the extent o f the genetic heterogeneity o f  these 

diagnoses (Leboyer, 2003). The inability to identify carrier status amongst individuals 

unaffected by the categorical phenotype severely hinders the process o f  detecting 

susceptibility loci.

It has been proposed that the success o f genetic analysis in psychiatric disorders might be

improved upon through the use o f  less complex phenotypes for which a more

homogeneous genetic aetiology might be expected (Leboyer et al. 1998b). Broadly

speaking, there are two approaches by which this may be achieved. Firstly, among the

affected individuals (in terms o f the categorical diagnosis) the "candidate sym ptom '
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approach can be used. This method aims to reduce heterogeneity inherent in the categorical 

phenotype by identifying narrow clinical characteristics and/or homogeneous subgroups o f 

the illness, which are associated with the categorical phenotype and show a less complex 

pattern o f  inheritance. Secondly, the endophenotype  symptom approach aims to 

quantitatively characterise subtle clinical, neuropsychological or biological differences 

present in both unaffected relatives and affected pedigree m em bers. An ideal 

endophenotype should demonstrate a Mendelian mode o f  inheritance and be associated 

with an increased risk o f clinical illness (Leboyer et al. 1998b).

One such endophenotype, the P50 auditory evoked response, has been studied in 

schizophrenic patients (Alder et al. 1982; Waldo et al. 1991; Freedman et al. 1997). The 

quantitative measure of P50 is the ratio o f test to conditioning response to paired auditory 

stimuli, where an initial conditioning auditory stimulus activates an inhibitory response, 

and a second auditory stimulus then tests the extent o f the inhibition (Eccles, 1969). 

Freedman et al. (1997) have found that schizophrenia subjects and a subset o f non

schizophrenic relatives exhibited a reduced ability to inhibit the P50 response compared to 

controls. This group has detected a lod score o f  5.3 (9=0.0; p<0.001) for this 

neurophysiological phenotype (Freedman et al. 1997) at D15S1360, a marker located in 

intron 2 o f the full-length a -7  nicotinic receptor subunit {CHRNA7) gene on chromosome 

15ql3-14 (Leonard et al. 2002). The structure o f the CHRNA7  gene has been fully 

characterised (Gault et al. 1998; Riley et al. 2002; Leonard et al. 2002), and shows various 

duplications o f the CHRNA7 locus. One such partial duplication, dupCHRNA? (Accession 

AF029838), found -0 .5  Mb upstream o f the CHRNA7 full-length gene, contains exons 5- 

10 o f  CHRNA 7 and five novel exons (D'-D-C-B-A) and is known to be expressed in the 

brain (Leonard et al. 2002).

The CHRNA7 locus (30.07 Mb) is a highly plausible candidate gene for schizophrenia, not 

least because o f the high incidence o f  smoking amongst patients with schizophrenia 

(Greeman and McClellan, 1991; Menza et al. 1991; G off et al. 1992; DeLeon et al. 1995), 

but also because both nicotine and clozapine have been shown to improve the sensory 

gating deficit (Adler et al. 1993; Nagamoto et al. 1996). This deficit is thought to be partly 

caused by decreased expression or function o f a specific nicotinic receptor, containing a -7  

subunits (Luntz-Leybman et al. 1992; Freedman et al. 1994; Leonard et al. 1996, Stevens 

et al. 1996). While a considerable body o f literature implicates this region o f chromosome

15 (Kaufmann et al. 1998; Leonard et al. 1998; Riley et al. 2000; Stober et al. 2000), there
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is debate as to whether one or more loci are functional in schizophrenia in this region 

(Meyer et al. 2002; Meyer et al. 2003).

Indeed, linkage in this region is not restricted to schizophrenia, with Neves-Pereira et al. 

(1999) and Turecki et al. (2001) reporting evidence for linkage between BPAD and 

chromosome I5qI3-14. The study by Turecki et al. (2001) has reported a lod score o f 3.46 

(p=0.000014) at the ACTC marker (~2.5 Mb q-terminal o f the CHRNA7 locus) in a sample 

o f BPAD patients with excellent response to lithium prophylaxis; while the study o f 

Neves-Pereira et al. (1999) reports transmission disequilibrium with D15S1360 in their 

bipolar families. In the NIMH phase I  sample, Edenberg et al. (1997) found an increased 

level o f allele sharing (p < 0.022) for marker D15S1232 (32.69 Mb; at ACTC locus), and 

an elevated MOD-score with a peak at marker D15S217 (25.67 Mb), both o f  which are 

located adjacent to the CHRNA 7 region.

Previously abnormalities in P50 auditory gating reported in BPAD patients were thought to 

be due to excess catecholamine release m the manic phase o f illness (Baker et al. 1990). 

However, evidence from schizophrenia endophenotypic linkage analyses coupled with the 

recent reports which implicate SABP and BPAD (Edenberg et al, 1997; Neves-Pereira et 

al. 1998, Stassen et al. 2000, Turecki et al. 2001) may suggest a common aetiological 

factor at this locus. This is especially relevant given the documented excessive levels o f 

smoking amongst individuals with psychotic BPAD (Corvin et al. 2001), and evidence 

from pharm acological studies (in both hum ans and m urine system s) o f transient 

normalisation o f auditory gating deficits following administration o f nicotine (Adler et al. 

1992; Adler et al. 1993; Bickford and Wear, 1995; Stevens et al. 1995). It should also be 

noted that SZ patients that smoke tend to score higher on psychotic rating scales than their 

non-smoking peers (Goff et al. 1992; Ziedonis et al. 1994).

in a previous work based m the WT Stage I  sample, O'Mahony et al. (2002) found familial 

aggregation for severity o f  psychotic symptoms among sibling-pairs with BPAD. In a 

fiirther analysis, using a subset o f individuals taken from the WT Stage 1 sample, Corvin et 

al. (2001) have shown that a correlation between smoking and psychosis exists in BPAD. 

M olecular studies suggest the possibility o f  overlapping susceptibility regions for 

schizophrenia and bipolar disorder (Wildenauer et al. 1999; Berrettini, 2000b; Berrettini, 

2003), findings that could be explained by shared functional psychosis genes. Hence, by 

adopting the hypothesis that mutation at or near the CHRNA  7 locus influences psychotic
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symptomatology (irrespective o f categorical diagnosis), an analysis that probes for linkage 

using a quantitative measure o f psychosis severity may detect loci common to both 

psychotic BPAD and SZ.

Linkage results for Stage 1 o f the WT genome-wide scan show maximum likelihood scores 

in the broadest diagnostic model (see chapter 3, section 3.2; table 3.1) in excess o f the 

point-w ise threshold p-value o f 0.05 in the CHRNA7 region o f  chrom osome 15. 

Specifically, a m a p m a k e r / s i b s  (Kruglyak and Lander, 1995) MLS o f  1.12 at D15S1002 

(25.45 Mb from p-terminal) was detected under the primary analysis method. Non- 

parametric linkage, as generated by g e n e h u n t e r  (Kruglyak et al. 1996) also showed 

further support, with an NPLaii score in excess o f 1 extending from the p-terminal to 

D15S1007 (31.45 Mb, 1.4 Mb q-termmal o f CHRNA7), with a maximum NPLaii of 2. II at 

D15S1002. These linkage results, in context o f  the CHRNA7 region, are illustrated in 

figures 7.1 and 7.2 below (positions o f the microsatellite markers (x) are also indicated).

235



Chrom osom e IS GENEHUNTER

3

2

1

0
120

1

■2

Position (cM)

Figure 7.1: Linkage data from Stage I  GENEHUNTER analyses for chrom osom e 15 under the broad diagnostic 
model.
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Figure 7.2: Linkage data from  Stage I  MAPMAKER/SIBS analyses for chrom osom e 15 im der the broad 
diagnostic model.
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A region of approximately 25cM from q-terminal of D15S128 (24.95 Mb) to D15S1012 

(36.73 Mb) was targeted in a quantitative trait Stage II analysis. Using the quantitative 

dimension scales developed by Craddock, (2000), a rating of ‘psychotic dimension’ was 

recorded for each affected individual (see chapter 6, section 6.2.2). QTL linkage analysis 

was conducted on the sample in efforts to identify genetic factors that influence psychotic 

symptomatology.

7.2 M aterials and Methods

7.2.1 Diagnosis o f sample set

The sample has been described in chapter 4 (table 4.2). Briefly, 232 nuclear families were 

ascertained in which a proband met the DSM-IV (APA, 1994) criteria for Bipolar I illness, 

and at least one other sibling met criteria for BPI, schizoaffective bipolar illness, bipolar II 

illness, Bipolar illness not otherwise specified or Major Recurrent Depression. This Stage 

II sample set included 887 genotyped (622 affected) subjects from 395 broadly defined 

ASPs. Other details relating to the total sample set are described in chapter 4, section 4.2.1.

7.2.2 Quantification o f Psychosis Dimension

Quantification of phenotypes was carried out as described in chapter 6 section 6.2.2.

7.2.3 Genotyping & Quality Control.

Methods employed in the genotyping strategy for this analysis have been described in 

chapter 4, section 4.2.4. Markers specific to chromosome 15 are outlined in table 7.1 

below. The structure of the CHRNA 7 locus, its duplicated cassette and surrounding 

microsatellites markers are illustrated in figure 7.3. Quality control of genotypes and 

suitability of individuals for inclusion in sib-pair linkage analysis (i.e. MZ and half sibs) 

have been addressed previously (chapter 3, section 3.4.2, and chapter 4, section 4.2.5).
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Marker Modification Marker Name Forward (5 - 3 ) Reverse (5 - 3 )
CEPH

(1347.02)
PIC

Polymorphism

Type

Annealing

Temperature
A.S.R.

D15S822 6-FAM GATA88H02 tgagtttttcctattgagagtcc gaaagtcaacagtctcagagacc 278/286 0.85 Tetra 57“C 244-304

L76630 6-FAM - cactggaggaagat^agc ctgaggaatgatcctgctcc 172/172 0.72 Di 51“C 172-180

D15S1002 HEX AFMb066yh9 gtatcccaaggccataccct ctcttgctagagacagcagg 110/112 0.74 Di 55“C 108-134

D15S165 HEX AFM248vc5 gtttacgcctcatggattta gggcacacagtcccaa 205/215 0.73 Di 55“C 185-219

D15S1360 6-FAM - gatctttggtagaagc accaccactaccatacagac 112/112 0.50 Di 55°C 106-118

D15S1007 NED AFMb293ygl ggggaacctacacttccg ccaggaatctcaaatggctt 101/105 0.87 Di 55“C 81-117

D15S1232 6-FAM G A A A lC ll ccagagagatctttccccat ttgctccactgttttctcac 266/286 0.84 Tetra 55°C 254-300

D15S1012 HEX AFMb298wh9 caacaagaacgaaactgtca agccttaagttcctggactc 100/104 0.69 Di 55°C 98-116

Table 7.1: Details of the primer sequences used in chromosome 15 linkage analysis. A.S.R.=allele size range in base pairs. Control DNA for CEPH individual 1347.02 was 
supphed by Applied Biosystems (Foster City, California). Nucleotide repeats were D1 = dinucleotide repeats for the Genethon database; Tetra= tetranucleotide repeats from 
the CHLC database (see e-bibliography). Modifications consisted of 5 phophoramidites HEX, 6-FAM or NED.
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Figure 7.3

Above: Chromosome 15 is illustrated according to the ISCN (1985) at 
850 toted band resolution. The cytogenetic location of CHRNA7 is 
indicated.

Below: the genomic structure of CHRNA7 orientated with respect to 
surrounding microsatellite markers. The duplicated cassette, which 
includes exons 5-10 and dinucleotide marker L76630 is indicated using 
a red gradient. Novel exons D'-D-C-B-A are part of the &apCHRNA7 
locus, located upstream of CHRNA7 and is foimd to be expressed in 
human brain tissue. Microsatellite D15S1360 is located with intron 2 
of the CHRNA7locus and is shown positioned between exons 2 and 3. 
All inter-marker distances are expressed in centiMorgan using the 
Kosambi mapping function. Physical postions are relative to the 
p-terminal and in mega bases according to build 34 of the human 
genome sequence.
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7.2.4 Statistical analysis

The initial marker map was derived from the Freedman et al. (1997) and Curtis et al. 

(1999) publications, however sequence and structural analysis by Gault et al. (1998) and 

Leonard et al. (2002) has shown L77630 to be part o f a duplicated cassette (see figure 7.3). 

This marker was therefore deemed unsuitable for linkage analysis and removed from the 

marker set described in table 7.1. The orientation o f the remaining markers with respect to 

C H RN A7  was confirmed by physical positioning using data from the Human genome 

sequence (Lander et al. 2001; February 5, 2004: UCSC genome browser and eGenome 

release v2.1, which includes sequence build 34 and the most current UniGene, UniSTS, 

clone registry, and dbSNP data sets. See e-bibliography). Further validation, described in 

table 7.2, was carried out using the observed data in a flips  analysis as implemented by the 

CRI -MAP application (Lander and Green 1987; see chapter 2 section 2.5.5.6).

Prior to QTL linkage analysis data were checked for Mendelian inconsistencies using the 

PEDCHECK application (O'Connell and Weeks, 1998). Genotypic data was then assessed for 

relatedness using the s i b e r r o r  (Ehm and Wagner, 1998) and the r e l a t i v e  packages 

(Goring and Ott, 1997). Samples that displayed significant degree o f relatedness have been 

detailed in chapter 3 section 3.4.2 and additionally in chapter 4, section 4.3.2.2, and were 

removed prior to analyses.

Markers allele frequencies were derived from the observed Stage II data using the s p l i n k  

application (Holmans, 1993; Holmans and Clayton, 1995). Quantitative data for psychosis 

dimension was appended to standard chromosome 15 l i n k a g e  pedigree data files (see 

appendix A.3). Multipoint linkage analysis o f  autosomes and the X-chromosome was 

performed using the variance component (VC) routines for QTL analysis, specifying 

psychosis dimension score as a quantitative phenotype, in the manner implemented by the 

m e r l i n  and M I N X  applications (Abecasis et al, 2002). This procedure uses multipoint 

variance components analysis to estimate the genetic variance attributable to a QTL linked 

to a genetic marker. This can be achieved by assessing the validity o f the null hypothesis 

that the variance o f  the additive genetic component due to a QTL (i.e. psychosis 

dimension) is equal to zero, by testing the likelihood o f a restricted model (i.e. no linkage) 

as against the situation where the additive genetic variance is estimated (see chapter 2, 

section 2.5.5.7).
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7.2.5 Simulated Genome-wide Significance levels

The chromosome-wide significance levels for the QTL data were based on 1000 

simulations that were performed on the Stage II  sample according to the following 

strategy. Marker data was simulated under the null hypothesis of no linkage to observed 

phenotypic data. Phenotypic measurements, including quantitative trait and affection data 

were preserved. Assignment o f both parental alleles and those of individuals marrying into 

pedigrees was based on observed allele frequencies. These were then used in simulated 

meioses for subsequent generations using the relationships specified in the original 

pedigree file, with due regard for recombination fraction (cM distance) as specified in the 

L INKA GE data file (Appendix A.3). The simulated data, thus generated, was then used to 

replace the observed data, retaining the pattern of observed data with respect to missing 

genotypes. This simulation was therefore representative of 1000 linkage tests across 

chromosome 15, produced from a sample identical in structure to Stage II data, unlinked to 

the psychosis dimension quantitative trait. Input of the random seeds required for each 

simulation, and the execution of the command line for each, was automated using the 

execute_merlin_chr.pl PERL script (Appendix H, section 1). This script calls on the system 

to simulate data according to the gene dropping methods using the following flags: --vc -- 

grid 1 (see chapter 2 section 2.5.5.7). The output file generated by this script was parsed 

according to parse_merlin_output.pl PERL script (Appendix H, section 2), which instructed 

the system to record the centiMorgan position o f each maximum score.

7.3 Results

7.3.1 Validation o f Marker M ap

The reference marker order and alternate marker orders (two marker tuple) for 

microsatellite markers on chromosome 15 are shown in table 7.2. All logio likelihoods are

m favour of the reference order, consistent with the current build {build 34) of the human

genome reference sequence.
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D15SI2S D15SH22 DI5S1002 D1.SS165 D15S1007 D \S S \2 M D 1SS10I2 D15SW4 D15S97H D1,^S117 DI5S1.53 DI.5S131 DI5S20.S D15S127 Dl.^SLV) D1.SS120 -439.21

D15S822 D15S128 - - - 16.47

D15S1002 D15S822 - 3.37

D15S165 D15S1002 22.75

D15S1360 D15S165 - 0.31

D15S1007 D15S1360 - 7.08

D15SI232 D15S1007 4.17

D15S1012 D15S1232 19.18

D15S994 D15S1012 - 9.31

D15S978 D15S994 - 13.51

D15S117 D15S978 13.41

D15S153 D15S117 21.46

D15S131 D15S153 18.19

D15S205 D15S131 27.9

D15S127 D15S205 15.6

D15S130 D15S127 13

D15S120 D15S130 9.01

Table 7.2: Results of positioning analysis for chromosome 15 using c r i - m a p  flips (2 tuple) option. Marker reference order and its logio[likelihood] appear on 
first line. Each subsequent hne shows an alternate test of the flip marker order, followed by the corresponding logio difference relative to the reference 
logio[likelihood] (i.e. the hkelihood of the reference order minus the likelihood of the rearranged order). A positive score of n indicates the odds are 10":1 in 
favour of the reference order. A negative score of n indicates odds are in favour of the rearranged order are 10": 1.
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7.3.2 Simulations

The simulated data was generated using the m e r l in  application (Abecasis et al. 2002) 

which employed a gene-dropping technique as outlined in section 7.2.5 above. One 

thousand replicates o f chromosome 15 were simulated to determine the chromosome-wide 

significance levels for the study. A maximum lod score (per simulated chromosome) in 

excess o f  2.9 was detected once across 1000 simulated assays, indicating a significance 

level for highly significant linkage (p < 0.001) for the pDim quantitative trait. While a 

maximum score o f 1.5 occurred 51 times across simulated data on chromosome 15, 

corresponding to a chromosome-wide significance level for the psychosis dimension 

quantitative trait. On average it was expected to find a maximum lod score o f 1.05 once 

per replicate o f chromosome 15, which equates to a chromosomal equivalent to the Lander 

and Kruglyak, (1995) level for suggestive linkage.

Chromosome-wide Variance Component Appropriate

Support Lod Score p-value

Significant 1.5 0.05

Higlily Significant 2.9 0.001

Table 7.3: Statistical criteria for interpretation of QTL linkage results on cliromosome 15.

7.3.3 M ultipoint Linkage Scores using psychosis dimension as a quantitative trait

M ultipoint VC lod score analysis for 17 m icrosatellite m arkers (table 7.2) across 

chromosome 15 is illustrated in figure 7.4 below. The mean inter-maker distance in the 

CHRNA7 region was 3.99cM, see figure 7.1 {6.67cM across the entire chromosome). O f 

the 17 markers from Stage /  analysis, seven were genotyped in the Stage 11 sample, across 

which the average PIC value was 0.768 (average m arker heterozygosity o f 0.793). The 

expected recombination count was 1517.413 and the observed count 1540.691, with mean 

information content across the C H R N A 7  region o f  0.8387 for an average o f 286.14 

(weighted) affected sib-pairs at each marker.

A maximum variance components lod score o f 0.61 was detected at D15S994. This was 

some 34cM from the most p-terminal m arker analysed on chrom osom e 15, and 

approximately 8.2 Mb q-termmal o f the microsatellite D15S1360, which is located within 

the CHRNA7 locus (see figure 7.3). Linkage data in the area identified on figure 7.4 as the
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CH RNA1 region was less than or equal to 0.36. Simulations show that signals at this level 

are indistinguishable from random fluctuations in the linkage statistic (VC LOD=0.36; 

p=0.535). Linkage to the categorical phenotype was also assessed (see figures 7.4 and 7.5) 

for purposes o f  comparison with QTL data. The maximum evidence for linkage was 

previously at D15S1002 ( m a p m a k e r / s i b s  MLS=1.12; g e n e h u n t e r  'NFLaii o f 2.11) in 

Stage I  for the broad diagnostic model. Evidence for linkage was seen to decrease to a 

maximum MLS o f  0.26 (see figure 7.5) for the Stage II  categorical phenotype.
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Figure 7.4: Variance component analysis for chrtnnosome 15, using psychosis dimension as a quantitative trait. Maricer positions are indicated with an (x), the positioning 
of the region which includes the dupCHRNA? and CHRNA7 locus is indicated in red gradient. MicrosateUite markers in the CHRNA7region are indicated, intermarker 
centiMorgan distances are described in figure 6.3.
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Figure 7.5: Primary linkage analysis of chromosome 15 for categorical phenotype in the Stage II 
sample using M A P M A K E R /SIB S . The broad diagnostic model for the categorical phenotype is indicated. 
Marker positions are indicated with an (x), the positions of the region which includes the 
dupCHRiVi47and CHRNA7 locus is indicated in red gradient.
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Figure 7.6: Primary linkage analysis of chromosome 15 for categorical phenotype in the Stage II 
sample using GENEHUM TER. The broad diagnostic model for the categorical phenotype is indicated. 
Marker positions are indicated with an (x), the positions of the region which includes the 
d\x'pCHRNA7and CHRNA7 locus is indicated in red gradient.



7A Discussion

7.4.1 Discussion of significance

It has been shown that the Stage I  sample has sufficient power (66%) to detect an MLS 

greater than 2 for a locus with Xs of 2 under the narrow diagnostic model, with an increase 

in power to approximately 80% to resolve a relative risk attributable to such a locus under 

the broad diagnostic model (see chapter 3, section 3.4.1). The power to detect an MLS of 2 

at a locus with a Xs of 2 in the Stage II sample has been shown to be at least 80% for the 

narrow diagnostic model. Though not ascertained for use in detection of quantitative traits, 

it has been shown that a sample such as the WT Stage II data set has sufficient power to 

detect a QTL with a heritability of -25%  (see chapter 6, section 6.4.1, Risch and Zhang, 

1996; Cardno et al. 2001).

7.4.2 Psyckosis Dimension

The quantitative measure of psychosis has been applied to the WT Stage II sample in 

accordance with the bipolar affective disorder dimension scales (BADDS version 3.0; 

Craddock, 2000). This scale is characterised by high levels of high levels of consistency, as 

shown by inter-rater reliability ( k = 0 .94 , Cohen, 1968). Psychoticism, and other BADDS 

dimensions were quantitatively descnbed by experienced clinicians (E.O’M, J-M.N, N.C.); 

simulation, power estimation, and linkage data, have been generated (and checked for 

inheritance inconsistencies) by experienced analysts. As such, this study is firmly based on 

data that may be described as highly accurate and suitable for QTL detection. However, 

despite the documented evidence derived from a subset of this sample (Corvin et al. 2001; 

O'Mahony et al. 2002) and described by others m schizophrenia (Leonard et al. 2001; 

Leonard et al. 2002), a genetic relationship between psychotic symptoms in BPAD and 

chromosome 15 CHRNA7 region was not detected. The maximum VC lod score of 0.61 

was detected at D15S994, q-terminal of D15S1360 and the region containing the 

dupCHRNA7 and CHRNA7 loci (see figure 7.3). Linkage to the categorical phenotype, 

which assessed for purposes of companson with QTL data (see figures 7.4 and 7.5), shows 

decreased evidence in this region for linkage to the categorical phenotype (from Stage I 

MLS o f 1.12 to Stage II MLS of 0.26; see figures 7.2 & 7.5). Therefore, in the WT Stage II 

sample, neither the a-7 nicotinic receptor subunit (CHRNA7), its related dupCHRNA? 

locus, nor the ACTC locus have produced evidence of linkage to the BPAD categorical 

phenotype, nor do they appear to function by influencing a pDim QTL in this region of 

chromosome 15.
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7.4.3 Summary, Implications & Further work

For the purposes o f  linkage analyses, most efforts in psychiatric genetics have focused on 

the specific categorical clinical entities (Craddock and Jones, 2001; Lewis et al. 2003; 

Segurado et al. 2003), rather than on biological covariates that vary quantitatively and have 

non-trivial heritability (Terwilliger and Goring, 2000; Leboyer, 2003), Many authors 

attribute the paucity o f replicated linkage evidence to this bias in methodology (Terwilliger 

and Goring, 2000; Leboyer, 2003; Merikangas and Risch, 2003). In schizophrenia, use o f a 

quantitative measure o f psychotic symptoms has been successful in detecting a psychosis 

QTL on chromosome 6p, where linkage analysis using the categorical phenotype had 

previously not detected a susceptibility locus (Brzustowicz et al, 1997). In the analysis 

described in this chapter, an attempt to refine the heterogeneity o f the BPAD phenotype by 

considering only the psychotic dimension o f individuals from the W T Stage II  sample has 

failed to detect linkage to a QTL that influences BPAD on chromosome 15. The hypothesis 

that polymorphism at the CH RNA7,ACTC  or the diipCHRNA? loci influences psychotic 

symptomatology common to both psychotic BPAD and SZ can therefore be rejected in the 

W T Stage II  sample,

Given the evidence derived from a sub-set of the WT Stage II  sample for familial 

aggregation for severity of psychotic symptoms among sibling-pairs with BPAD 

(O'M ahony et al, 2002, p=0,372; p=0.00007), in addition to reported prevalence and 

severity of smoking as a predictor for severity of psychotic symptoms (p=0,001; Corvin et 

al 2001), the most obvious and immediate implication of this study is to assess the 

innuence of pDim as a QTL at a genome-wide level. By conducting such a study it may be 

possible to address whether psychosis dimension as a quantitative trait constitutes a 

candidate symptom that is useful in detecting a locus that influences BPAD in this sample, 

A Stage I  genome-wide linkage analysis, treating pDim as a quantitative trait, which has 

been described in chapter 6 of this thesis, does not show evidence from chromosome 15 for 

a QTL that influences psychosis.
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Chapter 8

General Discussion
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8.1 Summary o f Results

The principal aim o f this thesis was to progress, in systematic manner, from the initial 

stage o f  a genome-wide scan (chapter 3), through to the completion o f follow-up analyses 

in a second stage (chapter 4). This completed process has lead to the identification o f  a 

subset o f the human genome more likely (in the W ellcome Trust sample) to harbour 

susceptibility loci for bipolar disorder. Although this has been accomplished using the 

DSM -IV bipolar phenotype as the primary diagnostic tool (chapters 3 and 4), 

methodologies that build on this categorical diagnosis have also been explored (chapters 6 

and 7). W hile a b rief synopsis o f this work is described, the primary focus o f  this 

discussion is to examine the contribution the Wellcome Trust genome scan has made 

towards understanding the challenges o f mapping loci responsible for BPAD, and complex 

genetic disorders as a whole.

8.1.1 Stage I  Genome Scan

The Wellcome Trust (WT) Stage I  sample was one o f the largest samples o f its kind used 

in efforts to map loci that contribute to BPAD susceptibility. The sample, comprising 150 

pedigrees (154 and 260 unweighted ASPs for the narrow and broad diagnostic models 

respectively), included a total o f 298 individuals affected with BPI disorder. A total of 

seventeen regions, across eleven chromosomes, exceeded the nominal significance level of 

MLS=0.74 (p-value=0.05) under the narrow diagnostic disease model (see chapter 3). Of 

the regions identified in the screening phase (2q37, 3p26-24, 4 p l5 -p l4 , 4 q l2 -q l3 , 6p21, 

6q l3 -q l4 , 7pl5-q21, 9p21, 10pl5-pl2, 10qll-q21, 12q21, 17pl3, 17pl5-q21, 17q23-q24, 

1 8 p ll, 18q21-q22, and Xq21.1), those located on chrom osome 18 have attracted 

considerable attention (Van Broeckhoven and Verheyen 1999), most notably in a recent 

meta-analysis o f genome scans for BPAD (Segurado et al. 2003). The regions implicated 

in the W T sample have been reviewed in chapters 3 (section 3.5.2) and 4 (section 4.4.2).

8.1.2 Stage II Gen ome Scan

The second stage o f the W T genome scan used DNA from a total o f 464 BPI individuals 

(622 affected; 887 individuals in total from 232 pedigrees), comprising 218 and 395 

unweighted ASPs for the narrow and broad models respectively, to further scan the 

genome in the 17 regions identified in the Stage 1 analyses. The follow-up analyses have 

revealed modest increases in MLS at regions o f  chromosomes 2q37-2qter, 4ql2-q21, 

4q26-q28, 6ql6-q21, 7 q ll.2 , 7q21, 9p21-pl2, 10pl4-pl2, lO pll.2 , 18ql2 and 18q22. The
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highest MLS narrow diagnostic model scores in the Stage II  analysis were found on 

chromosome 9p21-12 (MLS=1.78; 53cM) and at 4ql2-q21 (MLS=1.82; 81cM). However, 

the highest peaks detected across all diagnostic models were at chromosome 2q37-2qTel 

(MLS=2.08; 272.6cM) in the intermediate model, followed by chromosomes 4ql2-q21 

(MLS=2.38; 81.71cM) and 6ql6-21 (MLS=2.61; 112cM) in the broad diagnostic model. 

Specific increases /decreases o f each o f the 17 regions are outlined in chapter 4 in tables 

4.10 and 4 .11 and section 4 .4.2. However, on the basis o f evidence from studies that model 

linkage signals that are typically detected in complex disorders, it is arguable that the 

number o f linkage regions in Stage II is likely to be reduced (see chapter 1, section 1.4.2.7; 

Terw illiger et al. 1997; H ovatta et al. 1998; Roberts et al. 1999). Additional 

sample/markers will be required to flirther refine regions implicated in Stage II  as some of 

the linkage signals extend over large centiM organ distances. Data from simulation 

analyses has shown that the M LS’s on chromosomes 4 and 6 exceed the genome-wide 

level for statistically suggestive  linkage (Lander and Kruglyak, 1995). However, no 

regions o f the genome reach the Lander and Kruglyak, (1995) criteria for genome-wide 

significant linkage.

8.1.3 Exploratory Analysis: Chromosome 18 & parent-of-origin effect

Due to the existing literature on the subject (reviewed in chapter 5, section 5.2) an 

exploratory analysis was conducted into possible parent-of-ongin effects operating in 

chromosome 18. Though the sample sizes, when divided into pedigrees exhibiting 

maternal or paternal transmission o f BPAD, were not sufficiently large to draw firm 

conclusions, data based on the transmission o f maternal or paternal alleles did suggest 

possible parent-of-origin effects. While still very much a preliminary investigation, data 

suggested an under transmission o f patemal alleles (i.e. IBD sharing amongst affected-sibs 

was predominantly observed for maternal alleles), especially apparent when considering 

the broad diagnostic model. This may suggest the involvement o f patem al imprinting 

effects prevalent in the broader spectrum o f affective disorder (patemal imprinting implies 

silencing o f the patemal alleles allowing expression o f maternal alleles, and as noted by 

Mclnnis et al. (2003b), is consistent with the elevated sharing o f  matemal alleles identified 

using S1B_IBD analyses o f  a s p e x ) ,  or perhaps, given the prior evidence o f  a parent-of- 

origm effects in SZ (Schwab et al. 1998), implicating a common psychosis susceptibility 

locus on chromosome 18.
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8.1.4 a -7  nicotinic receptor subunit

The a-7 nicotinic receptor subunit (CHRNA 7) has been the focus o f attention as a possible 

susceptibility locus of schizophrenia (Leonard et al. 2002). Investigations into a possible 

relationship between BPAD and variations at the a-7 subunit (and loci in its vicinity) were 

undertaken for two reasons: (I) The data reported by O'Mahony et al. (2002) with respect 

to the familiality of psychosis dimension, and (2), by Corvin et al. (2001) with respect to 

prevalence and severity of smokmg as a predictor for severity of psychotic symptoms. This 

study, detailed in chapter 7, used a quantitative measure of psychosis (Craddock, 2000) to 

conduct QTL linkage analysis using the variance components methodology. Neither loci 

previously reported in SZ (Freedman et al. 2000; Leonard et al. 2002; Freedman et al. 

2003) or BPAD (Neves-Pereira et al. 1999; Turecki et al. 2001) were implicated in the WT 

sample.

8.1.5 Age-At-Onset & Psychosis Dimension QTL Genome Scan

Usmg the WT Stage I  sample, O'Mahony et al. (2002) has demonstrated the familial nature 

o f age-at-onset (of thymic episode) and psychosis dimension (pDim). The connection 

between severity of psychosis in BPAD patients and smoking, demonstrated by Corvin et 

al. (2001) also used the WT sample. It has been hypothesised (Risch, 1990c; Brzustowicz 

et al. 1997; Bellivier et al. 2003; Leboyer, 2003) that symptoms (or quantitative traits) such 

as these can be used in efforts to reduce the genetic heterogeneity o f psychiatric disorders. 

Therefore, a screening stage genome scan (~10cM resolution) to detect loci that influence 

the AAO or pDim in a sample of BPAD sibling-pairs was undertaken. One region was 

detected on chromosome 3 that exceeded the suggestive level of linkage for pDim. 

However, with respect to AAO, four regions of the genome reached a genome-wide 

suggestive level of statistical significance. Of these 4 regions, there was a direct overlap 

between the linkage signal at 2q detected using the categorical phenotype and a QTL 

linkage signal. This region of chromosome 2q37 may harbour a susceptibility locus for 

BPAD, however given the linkage signal extends over numerous centiMorgan, it may not 

be possible to detect such a locus without further fine mapping of the region.

8.2 Study Implications

Interpretation o f Genome Scan Results

The study design for the Wellcome Trust genome scan was based on a two-stage approach 

where regions of the genome identified in Stage I  were further characterised in Stage 11. It
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was expected that some o f the Stage I  regions might be the result o f  spurious linkage 

signals, however, the study design o f Holmans and Craddock, (1997) used in this study 

makes provision for such signals without overly compromising the power to detect true 

linkage signals. The Stage II  phase o f the genome scan focused in on regions identified in 

Stage I, again minimising the loss o f  power while maximising the ability to properly 

discern the true linkage signal from the false positive (Holmans and Craddock, 1997). This 

strategy (i.e. grid-tightening and sample-splitting) has been shown to be a cost effective 

method for genome scanning. This was particularly relevant at the design stage o f the 

study as funding was limited and genotyping costs were substantially higher than at 

present. The emphasis on minimisation o f genotyping effort raises concerns regarding the 

power to detect loci o f small effect size. This was addressed using a simulation study, 

which indicated (see chapter 3; section 3.4.1) that the Stage 1 sample had sufficient power 

to detect an underlying locus conferring a >is > 3 in the narrow diagnostic model (Xs > 2 for 

the broad diagnostic model; see section 3.4.1). The two-stage approach also presents 

difficulties when evaluating the levels for statistical significance in the completed scan. 

The pitfalls o f incorrectly modelling a staged genome-scanning approach have been 

emphasised by Kruglyak and Daly, (1998), and have been outlined and addressed in 

sections 4.2.3 and 4.3.2.1 o f chapter 4 respectively. The strategy adopted herein for 

modelling a two-stage screen represents a situation that is as near to actual experimental 

data as is currently feasible, and should therefore accurately reflect the W T sample under 

conditions o f random segregation of alleles.

Sufficiency o f  power and  sample size

The WT Stage II  sample comprises 395 unweighted sib-pairs. Nevertheless, whether a 

sample size can be described as sufficient to detect an underlying locus o f small effect 

depends on a number o f factors. The fundamental requirement o f a linkage sample is that it 

has the requisite power to detect loci compatible with a disease model that fits the mode of 

transmission o f the disorder being studied (see chapter 1, section 1.3.5).

The study by Craddock et al. (1995b) suggests a model in which at least 3 or more genes of

small effect may be responsible for BPAD. Bipolar disorder is thought to be characterised,

inter alia, by epistatic interaction (Smyth et al. 1997b; Mclnnis et al. 2003a), incomplete

penetrance (Kelsoe, 2003), and variable age-at-onset (Bellivier et al. 2003). With such

complex characteristics implicated in the disorder, the parametric approaches traditionally

used in gene mapping have increasingly become supplem ented/replaced with non-
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param etric allele-sharing methods. The allele-sharing methods shift focus from the 

extended multigenerational family to the nuclear unit, typically comprising parents and at 

least two affected offspring; this change in emphasis allows large samples sizes to be more 

readily ascertained. However, Risch, (2000) indicates that sample sizes o f  250 and 500 

fully informative sib pairs have only modest power o f to detect significant ASP allele 

sharing in excess o f 60% to 56.5% respectively. Moreover, simulations indicate that larger 

samples o f 1000 or 2000 (fully informative) sib pairs are required to detect significant 

allele sharing o f 55% and 53% respectively (see figure 8.1).
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Figure 8.1: Range o f  number o f ASPs required for detection o f linkage as a function o f  allele sharing 
(Adapted fiom Risch, 2000)

The ability o f the ASP approach to detect disease susceptibility loci does not rely solely on 

the sample size (though indications are that large samples are required; Risch, 2000), rather 

it also depends on the contribution individual loci make to disease risk. This contribution is 

often measured in terms o f the increased risk to relatives o f  an affected proband as 

compared to the population prevalence (Risch, 1990c; Xs for sib-pair studies). The Xs can 

be viewed as an overall risk ratio that summarises the collective effect o f all the disease 

loci plus any other environmental (i.e. non-genetic) familial resemblance. However, the 

power to detect the underlying loci is a function of both the number o f loci and the manner 

in which they interact with one another. Under idealised conditions (fully informative, 

100% polymorphic markers and 6=0 between risk and disease loci), Risch, (1990c) has 

determined that for a locus specific Xs o f 2, a sample o f more than 200 ASPs is required to 

achieve approximately 80% power to detect linkage (i.e. maximum lod score, T, o f  3). This
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idealised situation is often far from the observed experimental data (the current study was 

characterised by a mean heterozygosity value o f 78%). Risch, (1990c) has noted that when 

a less polymorphic marker (<100%) is considered the decrease in power will be more 

pronounced the more distant the relative pairs used in analysis. In fact, Hauser et al. (1996) 

has reported that in searching for a locus that confers a ks o f  2.0, a lOcM interval which 

includes markers with a heterozygosity value o f 75%, a sample size o f 200 affected sibling 

pairs has 51% power to detect a lod score o f  3.0. In figure 2 o f Risch, (1990c), the power 

to detect linkage is shown as a function o f Xs for various values o f  6, illustrating the 

profound effect deviations from the ideal (in terms o f  sample size and recombination 

fraction) can have the power o f a sample.

Tlie power to detect loci o f small effect has been assessed in the Stage /  WT sample; under 

the narrow model there was 88% to detect an MLS > 2 due to a locus As o f 3, whereas 

there was 66% power to detect a similar MLS due to a locus with a Xs o f 2 (see chapter 3, 

section 3.4.1). That an MLS o f this magnitude has not been detected in the narrow model, 

despite the increased power o f the Stage II sample (see chapter 4, section 4.3.2.1), offers 

further support for Craddock et al. (1995b) and the notion o f multiple genes, each o f small 

effect.

The conclusions o f Craddock et al. (1995b) suggest that a multi-locus multiplicative model 

with 2 or 3 loci each with Xs <2, as implicated in SZ (Risch, 1990b), may also be 

applicable to BPAD. Therefore, it is o f interest that recent reports o f  linkage and 

association (and replications) in SZ samples have begun to implicate genes o f such small 

effect sizes (Harrison and Owen, 2003). For example, there have been several at risk 

haplotypes described for SZ at the neuregulin 1 {NRGl) locus on chromosome 8p; each o f 

which shared a highly significant core haplotype (p=0.000087-0.0000067, 1 df) with an 

odds ratio (OR) o f 2.1 (Stefansson et al. 2002). These findings were subsequently 

replicated in two independent studies, again suggesting increases in risk with OR’s o f  1.8 

(p=0.00031, 1 df; Stefansson et al. 2003) and 1.65 (p=0.019, 1 df; W illiams et al. 2003b). 

In another report, a three-m arker haplotype with an OR o f 1.46, in the catechol-(9- 

methyltransferase {COMT)  gene has been associated at statistically impressive level 

(p=0.0000000096, 1 df; Shifman et al. 2002). While these are but two examples in a series 

o f six positional candidate genes increasingly implicated in SZ (Owen et al. 2004), they are 

charactensed by small effect sizes as was inferred previously (Risch, 1990b).
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Therefore, given data from Craddock et al. (1995b) and Segurado et al. (2003), it is 

reasonable to suggest that susceptibility loci o f similar effect sizes (i.e. Xs<2) may also 

characterise BPAD. Indeed, the Stage I  analysis was able to exclude susceptibility loci 

with an effect o f ?is=3 and 2 from 94% and 70% of the genome, respectively, while genes 

with an effect size o f Xs=1.5 could only be excluded from approximately 9% of the 

genome (see chapter 3, section 3.4.4, table 3.7). The Stage 11 data has excluded -98.85%  

and -80.84%  o f the chromosomes containing follow-up regions from harbouring a locus 

with a Xs o f 3 and 2, respectively. If this is the case, and genes with a Xs o f <2 are 

involved, then what likelihood does the W T sample have in detecting loci o f such small 

effect size?

Weeks and Lathrop, (1995) have shown (see figure 8.2) that if the traditional lod threshold 

(T) o f  3 is required for significance, then 200 fully informative ASPs are required to give 

90% power to detect a "Ks o f  2.25. However, should the threshold be lowered to T=1.0 then 

100 ASPs have 90% power to detcct a Xs >2.1, and 200 ASPs, 90% power to detect a

> 1 .6 .

I

1.0 -I

0.9

o.s -

0.7 

0.6 

0.5 

0.4 -  

0.3 

0.2 

0.1 

0.0
0

/<
I

I
I

I
f ;
I *

/ /
>(){)' I ( ) ' /  •

1 00 ( 1 .0 )

1 1

I :
! •  ' '  • /

I//
f  /  j
I
//

- H

/ /
/ ;
' I 

I 
I

I
I

100(3.0)

Figure 8.2: Power versus X, as a function of the number of ASPs (100 or 200) and the level of 
significance required (r -3 .0  or r=1.0, indicated in parentheses). Adapted from Weeks and Lathrop, 
(1995).

Therefore, since a threshold level o f T<1.0 was used (i.e. MLS of 0.74), the WT Stage 1 

sample, which has from 154 to 260 ASPs in the narrow to broad diagnostic models (see 

table 3.2), should have sufficient power to detect genes o f small effect sizes. However, that 

loci with a lod score greater than 3 were not detected in the WT sample, does not mean that 

they are not present.
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Data Errors

To further expand upon the issue o f sample power, one needs to consider the theoretical 

and observed data, examining how the potential for detecting susceptibility loci can be 

affected by experimental errors. Although the data for the WT Stage I  and Stage II  analysis 

has been rigorously checked for Mendelian inconsistencies (see chapter 2, section 2.5.1) 

and presence o f monozygotic co-twins (see chapter 2, section 2.5.2), differences between 

the apparent error rate and the actual error rate can influence the power o f a sample to 

detect linkage (figure 8.3; Ott, 1999; Abecasis et al. 2001).

O . M

<D 0.03

10 Alleles

W  0.02

2 Alleles
o.< 0.01

0.050.01 0.02 0.03 0.04

Actual Error Rate

Figure 8.3: Apparent error rate (i.e. the proportion o f  data leading to Mendelian inconsistencies) as 
function o f tlie acnial error rate for a 2 (black) and 10 (red) equifrequent allele marker system in nuclear 
families. (Adapted from Ott, 1999).

Investigators Douglas et al. (2002) have shown that up to 25% of genotyping errors are 

undetectable on the basis o f inheritance inconsistencies, under even the most favourable 

circumstances (i.e. fully polymorphic markers and completely genotyped nuclear families). 

Indeed, in a subset o f the data presented by Douglas et al. (2002), it has been shown that 

where 3 offspring are genotyped, m arkers with 7-10 non-equifrequent alleles 

(heterozygosity o f 75%) genotyped in pedigrees in which no parents are available, have a 

-13-31%  probability o f detection o f a genotyping error. However, by including available 

parents, as in the W T genotyping strategy, the probabilities o f detecting errors are 

substantially increased (Douglas et al. 2002).

The effects o f such genotyping errors on an ASP sample have been examined using 

simulated linkage analysis (see figure 8.4; Abecasis et al. 2001). These authors have shown 

that when the effect o f the locus is relatively small (e.g. Xs o f  1.25, See figure 8.4 A), a
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study o f 1000 ASPs yielded an average peak lod of 2.90 in the absence of genotyping 

error. However, with the introduction of 1% error the lod score was reduced to less than 

50% of its original value.
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Figure 8.4: Comparison o f  the effects o f genotyping error on disease-locus detection under different 
locus effect sizes. A & B were derived from ASP simulations o f loci having Is o f  1.25, and 2.0, 
respectively. Curves represent tlie average lod scores according to genotype error rates of 0%, 0.5%, 1%, 
2%, 5% and 10%, respectively. The markers were simulated under tlie 10 cM spacing. In panel A,  the 
10% error rate data are not shown; all data points in tliis case had average lod scores <-8.5.

These data, though based on a sample in which parents were not genotyped, give an insight 

into the effects genotyping errors can have on ASP linkage statistics. Thus, it is important 

to note that even a 0.5 -  1.5% genotype error, which would be deemed exceptional in 

many laboratories (Brzustowicz et al. 1993; Goring and Terwilliger, 2000), has the 

potential to mask linkage signals in otherwise sufficiently powered genetic studies. The 

estimates of genotyping error for the study presented in this thesis were 1.62% and 1.65% 

for Stage I  and Stage 11, respectively. A direct comparison with simulated data presented in 

figure 8.4/4 and 8.4 6 suggests this level of apparent error could have a detrimental effect 

on magnitude of the lod score. However, as the WT strategy includes genotyping of 

parents and unaffected relatives where available, it is expected that the apparen t 

genotyping error rate might more accurately reflect the actual genotyping error.

Indeed, Sobel et al. (2002) have shown that by using a combination of manual scoring of 

genotypes and by applying rigorous quality control measures to genome scan data (Papp et 

al. 2000), it is possible to lower the estimate of apparent error rates to 0.01% (from 4.4% 

using automated genotyping; 2% with manual genotyping only). Nevertheless, given the 

methodology used in the WT study, and in the majority of hitherto published genome-

scans, one must interpret linkage data in context of these potential error rates (Ewen et al.
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2000; Abecasis et al. 2001; Wiltshire et al. 2002). The magnitude o f their effect serves to 

reiterate the necessity for accurate genotype data in linkage analysis.

Indications are that ASP sample sizes used in the majority of research laboratories may be 

inadequate, especially in the presence of errors, in terms of detecting loci that confer with a 

Xs of less than 2.0 (Risch, 1990c; Risch, 2000), Nevertheless, data from the 399 pedigrees 

of the NIMH (Wave III) study suggest that samples of lesser size than had previously been 

envisaged can achieve levels o f statistical significance (John Numberger Jr. pers. com.). 

Indeed, other researchers, using similarly sized samples have found success in mapping 

susceptibility loci for Crohn’s disease (Hugot et al. 2001; Rioux et al. 2001), diabetes 

mellitus (Horikawa et al. 2000) and asthma (Van Eerdewegh et al. 2002). In context of the 

WT sample, which has already demonstrated modest power to detect loci o f small effect 

(see section 3.4.1), this suggests that a third stage sample may resolve the linkage signals 

at the ten genomic regions currently exceeding nominal significance implicated in this 

thesis (section 4.4.4). However, as will be discussed in section 8.4, the use of modem ultra- 

high throughout genotyping strategies offer a highly accurate alternative to the 

microsatellite methodologies previously favoured. A combination of highly accurate 

genotype data, coupled with a more refined classification system (one which is designed 

not only to retain the current levels of inter-rater consistency which characterise the DSM- 

IV, but to define a genetically robust phenotype), may be instmmental in increasing the 

power of the full WT sample.

A common ground between functional psychoses?

Ten regions of the human genome have been shown to exceed the statistical threshold in 

the two-staged genome scan conducted in this thesis. Of these, several regions have been 

implicated by other studies (see chapter 4, section 4.4.2) for both BPAD and SZ. The 

notion of a genetic commonality between schizophrenia and bipolar affective disorder has 

been considered (see chapter 1, section 1.5.3; Berrettini, 2003), however, few 

investigations directly exploring this possible overlap have been undertaken (Bailer et al. 

2002). A recent meta-analyses of genome-scan data from 18 BPAD scans and 20 SZ scan 

has not supported an overlap between the two phenotypes (Lewis et al. 2003; Segurado et 

al. 2003). Regions that were implicated at a genome-wide significant level for the SZ 

meta-analysis did not overlap with any of the regions that achieved nominal significance in 

the BPAD scan. These two studies, which represent a comprehensive analysis of all
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published genome scans, do not support any pleiotropic influence as has been previously 

suggested (Kelsoe, 2003; Berrettini, 2003; Moller, 2003).

In a candidate symptom approach, the use o f a quantitative measure o f psychosis has 

facilitated identification o f a region o f  chromosome 6p as a potential susceptibility locus 

for psychosis in schizophrenia (Brzustowicz et al. 1997). Though not overlapping, analysis 

using a candidate symptom approach, as outlined in chapter 6, has produced nominally 

significant linkage to a locus on chromosome 3 that may influence psychosis in BPAD. 

Since the psychotic symptoms experienced by SZ and BPAD patients exhibit clinical 

similarity, there may exist a common set o f susceptibility loci influencing risk for 

psychotic symptoms.

It is o f interest that neither Brzustowicz et al. (1997) or the WT Stage I I  analysis, were able 

to detect a susceptibility locus in either o f these respective regions when using the 

categorical phenotype. Using an analogous approach, a meta-analysis o f quantitative 

measures applied to BPAD, SZ or combined genome-scan data may lead to identification 

o f loci influencing these either o f these disorders or possibly uncover a common ground 

between the functional psychoses. However, this would require additional phenotypic 

measurement to the current practice o f making categoncal diagnosis, since the recording of 

such quantitative trait measures is currently uncommon (Terwilliger and Goring, 2000; van 

den Bree and Owen, 2003).

Contribution to the field

Susceptibility loci for BPAD continue to elude the international research community, not 

least due to the conflicting results o f individual linkage and association studies, but also 

because o f the difficulty in acquiring sample sizes o f sufficient size to detect genes o f very 

small effect. Recent meta-analysis by Segurado et al. (2003), which include the Stage I  

data from this thesis, represents a cost effective approach to uncovering those regions most 

likely to contain susceptibility genes for BPAD. Additional evidence presented in this 

thesis offers further support for loci in the first (chromosome 9p) and second (chromosome 

lOp) ranked meta-analysis bins (see chapter 4, section 4.4.2.6). Evidence for linkage on 

chromosome 2 in Stage II  was consistent with the original signal detected in Stage I  o f the 

genome scan. This was also prominent in the AAO QTL genome scan conducted (chapter 

6). The chromosome 2 finding hints not only at a susceptibility locus to the BPAD

phenotype, but also to a gene influencing the age-at-onset o f  the disorder. These data
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require further investigation as the suggestive linkage to AAO was detected in the 

screening stage o f the planned two-stage QTL genome scan, and may be a function o f type 

1 error. Although a recent study by Faraone et al. (2004) has failed to implicate 2q37 as a 

chromosomal locus that may harbour genes influencing AAO, their definition o f AAO 

using onset o f mania rather than onset o f thymic episode as in this thesis, may explain the 

discrepancy. Hamshere et al. (2003) have reported in increase in lod score on chromosome 

12 by using affected sib-pair difference in AAO as a covariate in their analysis o f  a 

schizophrenia sample; adopting a similar approach in the WT sample may further refine 

the linkage signal on chromosome 2q37.

The results o f the completed genome-wide scan using the categorical phenotype indicate 

that, m this sample, loci conferring a relative risk o f 3.0 or greater are most likely not 

present. This is in keeping with model based predictions o f Craddock et al. (1995b), which 

when considered in light o f the Segurado et al. (2003) study suggest that loci o f major 

effect as implicated by Blackwood et al. (1996) or Morissette et al. (1999) are not common 

place in community-based BPAD sample populations. The highly significant results o f the 

latter two investigators indicate that, at least in some studies, the possibility o f  locus 

heterogeneity exists, but is not indicative o f the general BPAD population. Indeed, 

Craddock et al. (1995b) have found the observed data on familial recurrence risks for 

BPAD incompatible with that o f either the single gene or genetic heterogeneity models, 

and rather a multiplicative model involving three or more loci appears most probable.

8.3 Future Directions

Towards a more inclusive diagnosis

In the analysis o f  complex traits, a series o f symptoms are typically used in the 

construction o f  a categorical phenotype. Using these criteria (i.e. DSM-IV; APA, 1994) an 

individual’s diagnosis is dichotomised, being either affected or unaffected for a particular 

disorder. This qualitative approach may mask the quantitative nature o f  some of the 

component sub-phenotypes. Moreover, the variable disposition o f those who meet the 

manic (chapter 1, section 1.1.3) or depressed criteria (chapter 1, section 1.1.4) often belies 

the severity o f their affect. While there are numerous quantitative traits in the spectrum of 

fiinctional psychoses that can being used as endophenotypes (Craddock, 2000; Leonard et 

al. 2002; Gottesm an and Gould, 2003; Leboyer, 2003), few appear to have been 

universally recorded at the ascertainment stages o f a linkage study. With demonstrated 

familiality o f particular traits (i.e. AAO, pDim, auditory gating deficit) the benefits of

261



incoqjorating a standardised quantitative scale into a more comprehensive DSM should not 

be overlooked (Terwilliger and Goring, 2000; Leal, 2001). Twin, family and adoption 

studies may then experience a resurgence, analysing those quantitative traits that might 

define a less complicated genetic architecture than the categorical diagnosis.

A path  forw ardfor the Wellcome Trust project

As results from the Stage 11 analysis have not achieved a statistically significant level 

(genome-wide p=0.05), there is an absence o f target regions on which to consider 

association mapping. However, as outlined by Schulze and McMahon, (2003), there are a 

number of avenues by which a study such as the WT genome scan may progress. Methods 

useful in further delineating the linkage regions detected in Stage 11 include ( a ) the use of 

conditional analyses (Mclnnis et al. 2003a), (B )  stratification on the basis of phenotypic 

characteristics (McMahon et al, 2001; Turecki et al. 2001), (c) inclusion of covariates 

(Goddard et al. 2001; Hamshere et al. 2003), ( d ) further fine mapping of the target regions 

identified in chapter 4 to extract all possible genetic information (Feakes et al. 1999; 

Schulze et al. 2003), and ( e ) collection of an additional sample of ASPs, with follow-up of 

current pedigrees with a view confinriing diagnoses and possible collection of additional 

affected family members.

A. Conditional Analysis

It is anticipated that three or more loci may be responsible for BPAD (Craddock et al. 

1995b); indeed Segurado et al. (2003) have suggested a tentative upper limit o f ten loci of 

small effect (Xs of 1.15). It is therefore anticipated that use of a conditional analysis may 

prove a useful tool in exploring the interaction between these putative susceptibility loci. 

Conditional analysis can be performed in a relatively trivial manner by applying a binary 

weighting factor to pedigrees conditional on linkage at a specific locus (Kong and Cox, 

1997; Cox et al. 1999). This approach has been instrumental in detecting interaction 

between a locus on 2q and 15p in pedigrees with type 2 diabetes (Cox et al. 1999). A 

similar method has also been applied to the NIMH initial BPAD genome scan data 

(Mclnnis et al. 2003a). This approach has identified several regions o f the genome 

exhibiting epistatic interactions (i.e. 16pl3 and 9q, 20pl2 and 13ql4-13 and others 

conditioning on linkage to 6q24) and, contrary to the mathematical modelling conducted 

by Craddock et al. (1995b), regions have also been identified implicating apparent 

heterogeneity (10pl2 and 4q35, 1 lpl5 and 19ql3). Given the continued support for 10 of 

the 17 regions identified in WT Stage 1 analysis, coupled with evidence from Segurado et
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al. (2003) and M clnnis et al. (2003a), additional genome scan analysis should be 

prefonned conditioning upon linkage to microsatellite markers in each o f the regions for 

which evidence o f linkage persists.

B. Stratification on phenotypic grounds

Authors such as McMahon et al. (2001) and Turecki et al. (2001) have advocated a 

reduction in clinical heterogeneity as a means o f defining a more homogeneous genetic 

architecture for BPAD. However, attempting to replicate their apparent reduction in 

heterogeneity in the WT sample is (owing to the ascertainment strategy) not a viable 

option. Nevertheless, since there is demonstrated familiality with respect to sib-pair ages- 

at-onset (O'Mahony et al. 2002), a reduction in heterogeneity o f  the W T sample might be 

achieved by manipulating the sample in a manner proposed by Bellivier et al. (2003). 

These authors have presented evidence for three age-at-onset subgroups o f bipolar patients, 

hypothesising that specific familial vulnerability factors might underlie each subgroup. 

Therefore, it may be possible to model-fit AAO profiles to the WT data in a similar 

manner, partition the sample on the basis o f AAO subgroups and use these new subsets to 

detect linkage signals that may be specific to each cohort.

C Use of covariates

The merits o f including covariates in linkage analysis have been reported by Goddard et al. 

(2001) in detecting susceptibility loci for prostate cancer, Hamshere et al. (2003) for SZ 

and Greenwood and Bull, (1997) for BPAD. This method assesses linkage by allowing the 

identical by descent (IBD) sharing proportions to depend on covariates, and has been 

established, through the use o f simulations under certain models, that inclusion o f family- 

specific covariates increases the power to detect linkage (Greenwood and Bull, 1997). 

With a covariate model, likelihood ratio tests can be used to estimate how the evidence for 

linkage is affected, and to directly assess whether a sample is homogeneous (Greenwood 

and Bull, 1997). In an approach analogous to the Haseman-Elston methodology, the use o f 

covariates such as AAO and pDim (chapter 6) may facilitate identification o f new, or 

refinement o f existing linkage signals.

D. Fine mapping of linkage regions

Fine mapping (~lcM ) o f the target regions identified in both chapters 4 and 6, combined 

with data from conditional and/or covariate analyses (see above), may assist in resolving
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the Stage 11 linkage signals to a level that is amenable to association mapping. Currently 

linkage resolution is not sufficient in any o f the 10 regions identified in the two-stage 

genome scan to facilitate linkage disequilibrium screening. Therefore, the immediate 

direction of the study is to perform additional mapping in each of these 10 regions. 

Previously it was thought the limit to fine mapping for linkage analysis in terms of 

efficient extraction o f additional linkage information, was between 2.5-5cM; beyond which 

the level of efficiency declines, while the confounding effects of mapping and genotyping 

errors accumulate (Feakes et al. 1999). However, Schulze et al. (2003) have shown that by 

using genetic maps derived from physical positioning data, combined with highly accurate 

genotypic data, it was possible to extract additional linkage data from their pedigrees up to, 

and including, a mean inter-maker distance of-l.O cM . Therefore, it is proposed, prior to 

collection of an additional ASP sample, that further genotyping of markers within each of 

the target regions be undertaken. This will provide not only additional linkage evidence, 

but also, in a manner described by Schulze et al. (2002) and van den Bree and Owen, 

(2003), will be usefiil as a framework for a fine-mapping LD screen.

E. Collection of Additional Sample

The collection of an additional sample, following the example o f the NIMH efforts (Dick 

et al. 2003), is perhaps an obvious progression for the WT study. This does, to some 

extent, presuppose that the maximum information has been extracted from the Stage 1 and 

Stage 11 samples. Increasingly, however, there is evidence to suggest that high resolution 

scanning is both a feasible and necessary step m extracting the most information from a 

sample (Middleton et al. 2004; see section 8.4.2 below). Moreover, there are economic 

benefits to be gained from collecting additional information on an existing sample, prior to 

collection o f a costly additional sample. For instance, by following-up on current 

pedigrees, there is opportunity to collect additional affected family members, to gather 

endophenotypic measures (such as P300 event-related potentials) in affected and 

unaffected family members, while also confirming the diagnoses of the original sample. 

Once this data has been collected and analysed, the genetic underpinnings to particular 

candidate symptoms or categorical phenotype might become more apparent.

264



8.4 General strategies

8.4.1 Reduction of Heterogeneity

A theme common not specifically to BPAD, but to the general field o f neuropsychiatric 

genetics, is that o f  heterogeneity. Whether clinical, analytical, locus (allelic/non-allelic), or 

sample (size and type) heterogeneities, each contributes, on a background o f possible 

epistatic/pleiotropic genetic susceptibility, to the difficulties in isolating loci responsible 

for a complex disorder. While reduction o f the biological aspects o f  heterogeneity is 

beyond a researchers control, there is scope for a reduction/minimisation o f  other aspects 

o f  heterogeneity. Indeed, accurate and meaningful comparisons between samples have 

been hindered by the diversity o f clinical models and criteria used in diagnosis o f BPAD 

(Segurado et al. 2003). Moreover, the number o f alternative analysis packages, each with 

specific assumptions made o f the genetic model, further complicates comparisons between 

studies.

Establishing a set o f guidelines to facilitate the integration o f genome-wide linkage studies 

(i.e. adoption o f a standardised set o f  diagnostic criteria, coupled with a universal 

microsatellite marker set), may lead to more accurate between study comparisons. That 

economic considerations are the limiting factor regarding sample sizes used in genetic 

analyses is certainly true, however by conforming to the universal minimums described 

above, smaller samples could then contribute to the overall statistical power o f the meta- 

analytic techniques o f  Levinson et al. (2003) and Segurado et al. (2003), or enable the joint 

analysis o f similar datasets.

When reviewing the literature it is apparent that the majority o f linkages that can be 

considered statistically significant (in accordance with the Lander and Kruglyak, (1995) 

guideline) have come from multiply affected extended pedigrees (see chapter 1, section 

1.5.2; table 1.9). Apart from a combined analysis o f all 399 NIMH Genetics Initiative 

bipolar pedigrees (Hinrichs, Bertelsen, and Reich, in press) that achieved genome-wide 

significance at 6q (maximum LOD o f 3.8 at 113cM), all other significant linkages that 

have been reported are from studies that focus on individual (or a small number of) 

extended pedigrees from population isolates (Blackwood et al. 1996; Middleton et al. 

2004; Pato et al. 2004, or for review see Escamilla 2001). While there is no demonstrated 

epidemiological evidence for locus heterogeneity in BPAD (Craddock et al. 1995b), these 

studies suggest that a sampling strategy ascertaining cases within a genetic isolate may 

maximise the likelihood o f genetic homogeneity. This may be due either to particular
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founder mutations or specific disease-related polymorphisms becoming over-represented 

in a population isolate through normal growth o f the population, or the process o f random 

genetic drift. Benefits o f  population isolate studies, when compared to typical sib-pair 

studies, include decreased heterogeneity at an environmental, cultural and/or genetic level, 

each o f which facilitate localisation o f susceptibility loci in complex disorders.

8.4.2 resolution genome scanning

The W ellcome Trust (WT) genome scan to detect susceptibility loci to BPAD was 

primarily concerned with maximising the power of the available sample in context o f 

economic constraints. If  viewed in the context o f  the genotyping technology and available 

funding at the time o f  commencement, then its goal has been achieved within its terms o f 

reference. However, given the advances in the accuracy o f genotyping methodologies and 

the reduction in costs that have occurred in the period between the commencement o f the 

project and the completion o f Stage 11, it may be argued that the necessity for the “staged 

approach” to genome screening (i.e. grid-tightening and sample splitting; see chapter 1, 

section 1.5.1) can no longer be justified. The arguments for such a position are best 

illustrated in the recent publications o f two genome scans using samples o f  Portuguese 

origin.

The study by Pato et al. (2004) uses a staged approach, beginning with a lOcM 

microsatellite marker map (n=366), to screen 16 extended pedigrees for linkage to BPAD. 

Two o f  the seven regions that exceeded the level for nominal significance were further 

mapped, using microsatellites, to an average inter-marker distance o f 4.2cM. At this 

resolution a genome-wide suggestive  linkage was detected (NPL=3.06) in a region of 

chromosome 6, and also on chromosome 11 (NPL=3.15).

In an subsequent genome-scan (Middleton et al. 2004), a sample o f  12 pedigrees (used 

previously by Pato et al. 2004) were screened for linkage using a dense SNP map 

(n=l 1,190), with an average inter-marker distance o f 209 kb. Where the 12 pedigrees had 

detected a genome-wide suggestive linkage on chromosome 11 (NPL=2.62) in the initial 

microsatellite based lOcM screen, they were shown to detect a genome-wide statistically 

significant linkage (NPL=4.44) when using the SNP screen (Middleton et al. 2004). The 

microsatellite screen on chromosome 11 was followed-up, as would be the case under the 

‘staged’ paradigm, with a 4cM m icrosatellite map. However, evidence for linkage

(NPL=3.31) did not reach a statistically significant level for the study. Moreover, linkage
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which had previously been detected on chromosome 6q in the complete set o f 16 pedigrees 

(Pato et al. 2004) was not detected by either the lOcM or the 4cM phases o f the genome 

scan conducted on the 12 pedigree sub-set. This is contrasted to the genome-wide 

suggestive  linkage (NPL=3.87) that was detected in the 12 pedigree, single stage, SNP- 

based genome scan. Had there not been prior knowledge o f linkage in this sample (Pato et 

al. 2004), nor any a priori hypothesis o f linkage derived from previous efforts o f this group 

(Sklar et al. 2004) or the efforts o f others (Dick et al. 2003 erratum), this linkage evidence 

may not have been detected in this sample. This is contrasted to the detection o f a genome- 

wide statistically significant linkage signal (NPL=4.2) on chromosome 6 in an expanded 

25 pedigree sample (Middleton et al. 2004).

The differences between the Pato et al. (2004) study and that conducted by Middleton et al. 

(2004) highlight the benefits o f a SNP genotyping array. M iddleton et al. (2004) have 

described the SNP scan as being characterised by a highly accurate data set (mean call rate 

96,92% S.D.=3.46%; Mendelian inconsistencies -0 .057%  per generation), with mean 

information content o f 0,842 (range: 0,739-0,874), Inspection o f the positions o f the 

significant peaks on chromosomes 6 and 11 in the SNP scan indicates that they occur in 

regions where the information content and coverage o f the microsatellite marker assays 

were relatively low and potentially insufficient for peak detection (Middleton et al. 2004). 

The Stage I  o f  the WT genome-wide screen which was characterised by an average inter- 

m arker distance o f  9.52cM, had averages for information content and polymorphism 

information content o f 71% and -75% , respectively. However, by following-up all regions 

of the genome that were greater than or equal to the nominal thresholds for linkage (see 

chapter 4, section 4,1.2), the W T strategy has increased the likelihood o f detecting 

potential linkages in the Stage II  analysis. Nevertheless, the two-stage paradigm does not 

compare favourably to the SNP scan in terms of, amongst others, information content, 

efficiency, marker coverage, accuracy and cost per genotype (Middleton et al. 2004).

By adopting a standardised microsatellite high density marker set it is envisaged that data 

integration with future mapping efforts and meta-analysis will be more readily facilitated, 

while also permitting preliminary LD screening (Schulze et al. 2002; van den Bree and 

Owen, 2003) in target regions identified by individual genome screens. Indeed, the cost- 

effectiveness o f genotyping has direct implications for hitherto conducted genome-scans. 

Recently the Autism Genetics Programme (an international collaborative group) have

proposed using identical set o f  protocols to re-genotyping a large m ulti-centre
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collaborative sample (n~1500 ASPs) with the CIDR standardised set of microsatellite 

markers (see e-bibliography) and the Affymetrix HMAIOK SNP chip (Louise Gallagher, 

pers. comm.). In light of the disclosure of linkage in BPAD by the Middleton et al. (2004) 

study, coupled with ability to readily perform a preliminary LD screen in any linkage 

regions implicated, indications would tend to support the use of high density SNP scans 

such as the HMAIOK SNP assay, in some, if not all future genome scanning efforts.

8.5 Conclusion

While there is increasing optimism that the predisposing loci for BPAD will eventually be 

isolated, thus far this task has proven more difficult than originally envisaged. 

Undoubtedly there exists a more complex relationship than the genotype to phenotype 

correspondence seen in Mendelian disorders, however, teasing apart this relationship 

represents the greatest challenge m understanding the biology of BPAD. While parallels 

can be drawn between the field schizophrenia molecular genetics and that of bipolar 

disorder (similarities in gene effect sizes, symptomatology and population prevalence), the 

success of SZ molecular genetics outstrips that of BPAD (Owen et al. 2004). Indeed, while 

the GSM A preformed by Lew'is et al. (2003) in SZ has detected a greater consistency of 

linkage results across studies than had previously been envisaged, such a robust trend was 

not observed by Segurado et al. (2003) in BPAD. This may, in part, be due to the relative 

excess o f SZ cases to BPAD cases studied in the respective GSMA (n=2,945 versus 948 

for the narrow diagnostic model). A simplistic interpretation of the GSMA result (or of any 

individual genome-wide scan that fails to detect statistically significant susceptibility loci) 

would be that there was insufficient power in the BPAD sample. However, as Middleton et 

al. (2004) and Pato et al. (2004) have shown, the failure to achieve the criteria for 

statistical significance in a specific genome-wide scan may be due to incomplete linkage 

information. This incomplete extraction of linkage data, which is a fimction of the genetic 

resolution, highlights one of the limitations of meta-analysis using genome scans at lOcM 

spacing. While the WT data has contributed to the localisation of susceptibility loci for 

BPAD, implicating loci on chromosomes 2q 4q and 6q, its success should be viewed in 

context of the available technology and the economic constraints of the day. With the ever- 

lowering cost of genotyping, coupled with accurate high-density SNP arrays, the next 

decade holds promise not least for the genetics o f BPAD, but for the entire field of 

psychiatric genetics. These powerful tools combined with new larger samples, can build on 

the successes of the past, to further our understanding o f the molecular genetics of bipolar 

affective disorder.
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Appendix A.

A. 1 Macros for automation of Genotyper allele assignment.

The following maaos, used to automate calling of alleles from fragments resolved on 

an ABI 377XL, must be run from within the g e n o t y p e r  application.

Macro: LABEL BLUE PE A K S  
Select blue lanes
Label category peaks with the size in bp
Remove labels from peaks whose height is less than 32% of the highest peak in a category’s range; 
then remove labels from peaks preceeded by a higher, labeled peak within 0.00 to 1.10 bp; then 
remove labels from peaks followed by a higher, labeled peak within 0.00 to 3.00 bp 
Show the plot window 
Shortcut: # + l

Macro: LABEL G REEN  PE A K S  
Select green lanes
Label category peaks with the size in bp
Remove labels from peaks whose height is less than 32% of the highest peak in a category’s range; 
then remove labels from peaks preceeded by a higher, labeled peak within 0.00 to 1.10 bp; then 
remove labels from peaks followed by a higher, labeled peak within 0.00 to 3.00 bp 
Show the plot window 
Shortcut: #+ 2

Macro: LABEL YE LLO W  PEAKS  
Select yellow lanes
Label category peaks with the size in bp
Remove labels from peaks whose height is less than 32% of the highest peak in a category’s range; 
then remove labels from peaks preceeded by a higher, labeled peak within 0.00 to 1.10 bp; then 
remove labels from peaks followed by a higher, labeled peak within 0.00 to 3.00 bp 
Show the plot window 
Shortcut: #+ 3

Macro: M A K E  TABLE
Add row(s) with one category and one lane per row, containing file nam e in column 1 (titled 
“LA N E/SA M PLE”), sample info in column 3 (titled “FAMILY ID ”), the category’s name in column 
2 (titled “CON = ”), up to 2 labels in columns 4-5 (titled “A LLELEl | A LLELE2”), the text
“OVERFLOW ” in column 6 if number of labels > 2 (titled “OVERFLOW ”); put column titles in first
row; if no labels placed, then put text “-1” in label columns; if one label placed, then duplicate it 
Show the table window 
Shortcut: #+ 4

Macro: CLEAR D Y E /L A N E  U S T  
Q ear all dye/lanes 
Q ear Table 
Shortcut: #+ 5

Macro: CLEAR LABELS  +  TABLE  
Q ear Labels 
Q ear Table 
Shortcut: #+ 7



A.2 Genome Scan Comma Separated Value File

Example o f comma-separated value (CSV) file prepared in e x c e l  (saved in O S /2  or m s -d o s  format) 

used as an input genotype data file for use with the m e g a b a s e  database. Each o f the three sections of  

the file shown represents data from a 64-sample genotyping gel. The header o f each gel is indicated by 

a ‘C O N ’ value (see text, chapter 2 section 2.4.6). Each subsequent data line indicates the marker 

name, the individual/sam ple identification number (in the form Fam ilylD . PersonallD), and two 

allele codes in “ABI units”, respectively.

CON=21 2 . 3 3
D2S1 1 7 , 5 0 0 0 2 . 0 1 , 2 1 4 . 1 9 , 2 1 4 . 1 9  
D2 S1 1 7 ,  5 0 0 2 8 . 0 1 , 2 1 4 .  1 5 , 2 1 4 . 1 5  
D 2 S 1 1 7 , 5 0 0 1 6 . 0 2 , 2 1 3 . 2 4 , 2 1 3 . 2 4  
D2S1 1 7 , 5 0 0 0 2 . 0 2 , 2 1 2 . 2 3 , 2 1 4 . 1 5  
D2 S1 1 7 ,  5 0 0 2 8 .  0 2 , 2 1 4 . 1 2 , 2 1 4 . 1 2  
D2 S1 1 7 ,  5 0 0 1 6 .  0 3 , 2 1 4 . 1 5 , 2 1 4 . 1 5  
D2S1 1 7 , 5 0 0 0 2 . 0 3 , 2 1 2 . 1 8 , 2 1 4 . 0 8  
D2S1 17 ,  5 0 0 0 7 .  0 1 , 2 1 4 . 1 3 , 2 1 4 . 1 3  
D2S11 7 ,  5 0 0 1 6 . 0 4 , 2 1 2 . 2 1 , 2 1 4 . 0 2  
D2S1 1 7 , 5 0 0 0 2 . 0 4 , 2 1 2 . 2  4 , 2 1 4 . 1 5  
D2S1 1 7 , 5 0 0 0 7 . 0 2 , 2 1 4 . 0 7 , 2 1 4 . 0 7  
D 2 S 1 1 7 , 5 0 0 1 8 . 0 1 , 2 0 8 . 3 5 , 2 1 4 . 1 8  
D2S1 1 7 , 5 0 0 0 2 . 0 5 , 2 1 2 . 1 8 , 2 1 2 . 1 8  
D2S 1 17 ,  50 0 0 7 . 0 3 , 2 1 4 . 1 5 , 2 1 4 . 1 5  
D 2 S 1 1 7 , 5 0 0 1 8 . 0 2 , 2 1 4 . 1 8 , 2 1 4 . 1 8  
D2S1 1 7 ,  5 0 0 0 2 .  0 6 , 2 1 2 . 3 4 , 2 1 2 . 3 4  
D23 1 1 7 , 5 0 0 0 7 . 0 4 , 2 1 4 . 2 1 , 2 1 4 . 2 1  
D2S1 1 7 , 5 0 0 1 8 . 0 3 , 1 9 3 . 0 1 , 2 0 8 . 5 7  
D2S1 1 7 ,  5 0 0 0 3 .  0 1 , 2 1 2 . 1 2 , 2 1 4 . 1 5  
D 2 S 1 1 7 , 5 0 0 0 7 . 0 5 , 2 1 4 . 1 5 , 2 1 4 . 1 5  
D 2 S 1 1 7 , 5 0 0 0 3 . 0 2 , 2 1 4 . 0 9 , 2 1 4 . 0 9  
D 2 S 1 1 7 , 5 0 0 1 0 . 0 1 , 2 1 2 . 2 8 , 2 1 4 . 0 8  
D2S1 1 7 ,  5 0 0 0 4 .  0 1 , 2  1 0 . 2 6 , 2 1 4  . 18  
D2S1 1 7 , 5 0 0 1 0 . 0 2 , 2 1 0 . 3 8 , 2 1 2 . 2 8  
D2S1 1 7 ,  5 0 0 0  4 .  0 2 , 2  0 6 . 4 3 , 2 1 0 . 1 4  
D 2 S 1 1 7 , 5 0 0 1 1 . 0 1 , 1 9 4 . 9 3 , 2 1 2 . 2 3  
D 2 S 1 1 7 , 5 0 0 1 1 . 0 2 , 1 9 4 . 8 3 , 2 1 5 . 9 7  
D 2 S 1 1 7 , 5 0 0 5  4 . 0 1 , 1 9 4 . 8 9 , 2 1 2 . 3 5  
D 2 S 1 1 7 , 5 0 0 1 3 . 0 1 , 1 9 8 . 6 3 , 2 1 2 . 2 2  
D2S1 1 7 , 5 0  0 5 4 . 0 2 , 1 9 4 . 8 5 , 2 1 2 . 2 2  
D2S1 1 7 , 5 0  0 1 3 . 0 2 , 1 9 8 . 7 4 , 2 0 2 . 5 9  
D 2 S 1 1 7 , 5 0  0 2 2 . 0 1 , 2 0 8 . 4 3 , 2 1 2 . 1 7  
D2S1 1 7 , 5 0 0 1 3 . 0 3 , 1 9 8 . 7 3 , 2 1 4 . 2 4  
D2S1 1 7 ,  5 0 0 2 2 .  0 2 , 2 0 8 . 4 3 , 2 1 2 . 1 1  
D2S1 1 7 ,  5 0 5 4 0 .  0 2 ,  1 9 8 . 7 4 , 2 1 0 . 3 2  
D2S1 1 7 , 5 0 0 1 3 . 0 4 , 1 9 8 . 6 3 , 2 1 2 . 2 1  
D2S1 1 7 , 5 0 0 2 2 . 0 3 , 2 1 2 . 2 8 , 2 1 4 . 0 7  
D 2 S 1 1 7 , 5 0 5 4 0 . 0 3 , 1 9 8 . 7 4 , 2 1 0 . 2 3  
D2S1 1 7 , 5 0 0 1 6 . 0 1 , 2 1 2 . 2 8 , 2 1 4 . 0 5  
D2S1 1 7 ,  5 0 0 3 6 . 0 3 , 2 1 2 . 3 7 , 2 1 2 .  37 
D2S1 17 ,  50 0 4 2 . 0 2 , 2 0 6 . 4 5 , 2 1 4 .  43 
D2S1 17 ,  500 2  9 . 0 1 , 2 1 2 . 1 9 , 2 1 2  . 1 9  
D2S1 1 7 , 5 0 0 3 6 . 0 4 , 2 1 2 . 1 9 , 2 1 4 . 0 7



D2S117 5004 2
D2S117 5 0 0 2 9
D2S117 5 0 0 3 7
D2S117 500 42
D2S117 50 03 0
D2S117 50 03 7
D2S117 50 0 43
D2S117 50 03 0
D2S117 50 03 7
D2S117 500 43
D2S117 5 0 0 3 1
D2S117 500 38
D2S117 5 0 0 3 9
D2S117 500 22
D2S117 500 32
D2S117 50 0 3 9
D2S117 50 02 4
D2S117 500 32
D2S117 5 0 0 3 9
C0N=21 .8 3
D2S117 500 22
D2S117 50 03 1
D2S117 5002 2
D2S117 50 0 3 9
D2S117 5002 2
D2S117 500 32
D2S117 5 0 0 3 9
D2S117 500 24
D2S117 5003 2
D2S117 50 0 3 9
D2S117 50 02 4
D2S117 5003 2
D2S117 50 0 3 9
D2S117 50 02 5
D2S117 500 34
D2S117 500 54
D2S117 500 25
D2S117 500 34
D2S117 5005 4
D2S117 5002 5
D2S117 5 0 0 3 6
D2S117 50 0 54
D2S117 50 0 2 6
D2S117 5 0 0 3 6
D2S117 5004 2
D2S117 5 0 0 2 6
. . e t c

03 2 0 6 . 4 4 2 0 6 . 4 4
02 2 1 0 . 4 9 2 1 0 . 4 9
01 2 1 2 . 1 9 212 . 1 9
04 2 0 0 . 6 7 215 . 03
01 1 9 2 . 9 8 2 1 2 . 1 9
02 2 1 0 . 4 4 2 1 2 . 4 3
01 2 0 6 . 5 8 2 1 4 . 6 9
02 208 . 44 212 . 0 9
03 2 1 3 . 0 9 214 . 3 7
02 1 9 4 . 8 2 2 1 4 . 9 2
01 2 1 4 . 1 9 2 1 4 . 1 9
01 2 1 0 . 2 7 2 1 0 . 2 7
01 2 0 8 . 3 7 212 . 2 6
06 2 1 2 . 2 5 214  . 2 5
01 2 1 4 . 9 2 2 1 4 . 9 2
02 2 0 9 . 1 4 215 . 02
01 2 0 6 . 4 3 214 . 0 6
02 1 9 2 . 8 6 214 . 14
03 2 1 2 . 1 5 2 1 4 . 0 6

04 2 1 2 . 3 9 212 . 3 9
03 2 1 2 . 6 7 214  . 4 5
05 2 0 8 . 2 5 212 . 02
01 2 0 8 . 3 7 212 . 2 6
06 2 1 2 . 2 5 214 . 25
01 2 1 4 . 9 2 2 1 4 . 9 2
02 2 0 9 . 1 4 215  . 02
01 2 0 6 . 4 3 2 1 4 . 0 6
02 1 9 2 . 8 6 214 . 14
03 2 1 2 . 1 5 214 . 0 6
02 2 1 2 . 1 5 214 . 03
03 2 1 2 . 1 5 214 . 25
04 2 0 8 . 4 8 2 1 4 . 1 4
01 1 9 8 . 7 6 2 1 4 . 0 6
01 2 1 4 . 2 5 214  . 25
03 1 9 4 . 7 9 212 . 08
02 1 9 8 . 7 4 2 1 4 . 1 9
02 2 1 4 . 1 7 2 1 4 . 1 7
04 1 9 4 . 7 8 2 1 3 . 0 4
03 1 9 8 . 6 5 208 . 2 6
01 2 1 2 . 1 5 214 . 3 6
05 1 9 4 . 8 5 2 1 3 . 1 3
01 2 0 8 . 5 5 2 1 0 . 4 3
02 2 1 2 . 1 5 214 . 35
01 2 1 0 . 3 7 212 . 3 6
02 2 0 8 . 3 3 212 . 1 9



A.3 Structure of a standard l i n k a g e  file

A.3.1 “d a t” LINKAGE f ile
The following is an example of a “dat” file used in conjunction with “ped” file. 

c 7 d a t . t x t  (plain text f i le  sa ved  as in MS-DOS form at)

35 0 0 5 «  NO. OF LOCI, RISK LOCUS, SEXLINKED (IF 1), PROGRAM
0 0.0 0.0 0 << MUT LOCUS, MUT RATE, HAPLOTYPE FREQUENCIES (IF 1)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
24 25 26 27 28 29 30 31 32 33 34 35
1 2 «  AFFECTION, NO. OF ALLELES
0.999900 0.000100 << GENE FREQUENCIES
1 «  NO. OF LIABILITY CLASSES
0.5000 0.5000 0.0320 «  PENETRANCES
3 12 < D7S531
0.00184976 0.00370636 0.324177 0.0129346 0.0110862 0.165175 0.218619 0.125828 0.0883717 
0.0408523 0.00369818 0.0037016 
3 12 < D7S517
0.0106391 0.0432268 0.00177294 0.00354952 0.271613 0.124726 0.130274 0.147112 0.0267661
0.213413 0.0251322 0.00177476
0.00184572

.. etc............  for each of n loci.

3 13 < D7S2465
0.00185902 0.00186266 0.0167753 0.0318575 0.00185902 0.00928645 0.0485731 0.209444 
0.248179 0.210414 0.109302 0.0483465 0.062242 
0 2
0.999 0.001 << gene frequencies 
1 << number of quantitative variables
10.0 12.0 14.0 << genotypic means
1.5 << variance
1.0 << multiplier for heterozygote variance
0 0 << SEX DIFFERENCE, INTERFERENCE (IF 1 OR 2)
2 . 2  10.3 11 6 7 5.4 3.2 3.2 6.4 3.7 5.4 4.8 4.8 5.3 2,1 4.3 2.7 2.3 2 1.1 2.4 4.1 4.3 3.2
1.6 10.2 10.5 3.3 9.4 7.9 7.2 6.7 11.3 << RECOMBINATION VALUES
1 0.10000 0.45000 «  REC VARIED, INCREMENT, FINISHING VALUE

• The First line indicates n, the number o f markers used in to cover the 
chromosome and is inclusive o f the ‘disease’ marker (in this case n=35, i.e. 34 
microsatellite markers used).

• The third line indicates the order the loci appear in the associated “ped” file 
(see below). These are numbered consecutively starting from 1 to n for the 
PEDCHECK application however the g e n e h u n t e r  and m a p m a k e r /s ib s  
applications start from 2 to n.

•  Locus codes 0, 2 and 3 indicate the proceeding data is for a disease, marker 
and quantitative trait, respectively. These are followed by the number of  
alleles associated with the particular locus. Each of n loci are described in 
turn.

• For quantitative trait data the “0 2” line must be followed by five blank 
spaces in g e n e h u n t e r  or in standard form for m e r l i n  analysis (data is not 
used in m e r l i n  but is required for execution of QTL commands).

• The centiMorgan inter marker distances are then described, correct to one 
decimal point.

• Such “dat” files are saved as a plain text file (O S/2 or m s -d o s  format).



A. 3.2 “p e d ” LINKAGE f i le

T he follow ing is an exam ple o f a pedigree “ped” file used in conjunction with “dat” file decribed 
above. The structure o f this file is as follows:

'am ily Patient Father Mother Sex Affection Locus QTL
ID ID ID ID (M /F ) Data Data

433 1 5 6 1 2 6 7 etc. 35
433 2 5 6 1 2 6 7 etc. 35
433 3 5 6 1 2 6 7 etc. 60
433 4 5 6 2 1 6 8 etc. -

433 5 0 0 1 0 0 0 etc. -

433 6 0 0 2 0 0 0 etc. -

Family ID  
Patient ID  
Father ID 
Mother ID 
Sex
Affection 
Locus Data

unique family idenification number
unique patient idenification number
indicates the paternal relationship
indicates the maternal relationship
indicates the sex o f the individual (l=m ale, 2=female)
1 for unaffected, 2 for affected or 0 if the affection status is unknown 
integer value pairs o f numbers, or two O's if the genotype is unknown

Such “ p e d ” files a re  saved  as a  p la in  text file (O S/2 or MS-DOS form at).

A. 4 Genome Scan Linkage Analysis Batch Files

Structure, purpose and use o f  s p in k  batch files.
Example o f SPLINK batch files for analysis o f chromosome 18 under Model 1 (see chapter 2, section 
2.6.6); files were converted to UNIX executable files using the chm od  com m and, and run at the 
command line prompt. The first file, 18m l.batch, creates s p l in k  input files for each marker fi"om the 
full-chromosome l in k a g e  format pedigree file.

‘ . / ” before p e d 2 s p l  is required under MAC OS X (requires developer tools with BSD subsystem).

A.4.1 Convertingfile types
Batch file to convert LINKAGE data to SPLINK format 
Filename: 18m I.batch (plain text file)

/ p e d 2 s p l n  s n  ;sn :sn .sn sn sn sn sn s n sn sn sn sn sn sn sn s n sn sn s n sn s n sn sn <18rol . t x t >1 5 9 . s p l
/ p e d 2 s p l sn n  ;sn :sn .sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn s n s n sn sn < 1 8 m l . t x t >2 6 3 . s p l
/ p e d 2 s p l sn sn n  ;sn .sn sn  .sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn s n s n sn sn < 1 8 m l . t x t >3 1 1 3 2 . s p l
/ p e d 2 s p l sn sn sn n  ,sn sn sn sn sn sn sn sn sn sn s n s n sn sn sn sn sn s n sn sn sn < 1 8 m l . t x t >4 9 7 6 . s p l
/ p e d 2 s p l s n sn sn sn n sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn s n sn sn sn <18ral . t x t > 5 _ 4 5 2 . s p l
/ p e d 2 s p l sn sn sn sn sn n sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn < 1 8 m l . t x t >6 1 1 6 3 . s p l
/ p e d 2 s p l sn sn sn sn sn s n n sn sn sn sn s n sn sn sn sn sn sn sn sn sn sn sn s n sn < 1 8 m l . t x t >7_84 3 . s p l
/ p e d 2 s p l sn sn sn sn sn s n sn n sn sn sn sn sn s n sn sn sn s n sn s n sn sn sn s n sn < 1 8 m l . t x t >8 4 6 4 . s p l
/ p e d 2 s p l sn sn sn sn sn s n sn sn n sn sn sn sn sn sn sn sn s n sn sn s n sn sn sn sn < 1 8 m l . t x t >9 5 3 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn n sn sn sn sn sn sn sn s n s n sn sn sn s n sn sn < 1 8 m l . t x t >10 3 7 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn sn n sn sn sn sn sn sn s n sn sn sn s n s n sn sn < 1 8 m l . t x t >11 4 7 8 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn sn sn n sn sn sn sn sn sn sn sn sn s n s n sn sn < 1 8 m l . t x t >12 1 1 0 2 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn sn sn sn n sn sn s n sn sn sn sn sn sn s n sn sn < 1 8 m l . t x t > 1 3 _ 4 5 0 . s p l
/ p e d 2 s p l s n sn sn sn sn s n sn sn sn sn sn sn sn n s n s n sn sn sn sn sn sn sn sn sn < 1 8 m l - t x t >14 4 7 4 . s p l
/ p e d 2 s p l sn s n sn sn sn sn sn sn sn sn sn s n sn sn n sn sn sn sn sn sn sn sn sn sn < 1 8 m l . t x t >15 1 1 2 7 . s p l
/ p e d 2 s p l sn s n sn sn sn s n sn sn sn sn sn sn sn sn sn n sn sn sn s n sn sn sn s n sn < 1 8 m l . t x t >16 1 1 2 9 . s p l
/ p e d 2 s p l s n sn sn sn sn s n sn sn sn sn sn sn sn sn sn sn n sn sn sn sn sn sn s n sn < 1 8 m l . t x t >17 6 4 . s p l
/ p e d 2 s p l s n s n sn sn sn s n sn sn sn sn sn sn sn sn sn sn sn, n sn s n sn sn sn s n sn < 1 8 m l . t x t >18 1 1 4 7 . s p l
/ p e d 2 s p l sn sn sn sn sn s n sn sn s n sn sn sn sn sn sn sn sn, sn. n sn s n sn sn s n sn < 1 8 m l . t x t >19 5 1 . s p l
/ p e d 2 s p l sn s n sn sn sn s n sn sn s n sn sn s n sn sn sn sn sn sn. sn, n s n sn sn sn sn < 1 8 m l . t x t >20 6 8 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn sn. sn, n sn s n sn sn < 1 8 m l . t x t >21 4 6 5 . s p l
/ p e d 2 s p l sn sn sn sn sn s n sn sn sn sn sn sn sn sn sn sn sn. sn sn. sn. s r 1 n sn sn sn < 1 8 m l . t x t >22 6 1 . s p l
/ p e d 2 s p l sn sn sn sn sn sn s n s n sn sn sn sn sn sn sn sn sn. sn sn, sn. sn; s r 1 n sn sn < 1 8 m l . t x t >23 1 1 6 1 . s p l
/ p e d 2 s p l sn sn sn sn sn sn s n sn sn sn sn sn sn sn sn s n sn. sn sn sn, sn1 s r 1 s n  n sn <1 8 n il . t x t >24 4 6 2 . s p l
/ p e d 2 s p l sn sn sn sn sn sn sn sn sn sn sn s n sn sn sn sn sn. sn sn sn. s r 1 s r 1 s n  s n  n < 1 8 m l . t x t >25 7 0 . s p l



Execution commands
UNIX% chmod u+x IS tn l .b a tc h
UNIX96 . / 1 8 m l .b a t c h

Instructs ped2spl to extract data for the «* locus from the I8 m l.tx t file and output this to l_59.spl 
(data from all sn loci will be ignored) 
Data from the linkage is re-organised into a spunk compatible format as below.
1
301 1 10 11 2 0 7 / 7
301 2 10 11 2 2 5 / 7
301 3 8 1 1 2 0 / 0
301 4 8 1 2 0 0 / 0
301 5 10 11 1 0 4 / 7
301 6 10 11 2 0 5 / 7
301 7 8 1 1 0 0 / 0
301 8 0 0 1 0 0 / 0
301 9 10 11 1 0 0 / 0
301 10 0 0 1 0 0 / 0
301 11 0 0 2 0 0 / 0
302 1 14 13 2 2 4 / 5
302 2 6 5 2 2 0 / 0
302 3 14 13 2 2 4 / 5
302 4 14 13 X 0 5 / 6
302 5 14 13 2 0 1 / 6
302 6 0 0 1 0 0 / 0
302 7 14 13 2 0 0 / 0
302 8 14 13 1 0 0 / 0
302 9 14 13 1 0 0 / 0
302 10 14 13 2 0 0 / 0
302 11 14 13 1 0 0 / 0
302 12 14 13 2 0 0 / 0
302 13 0 0 2 0 0 / 0
302 14 0 0 1 0 0 / 0

Each colum n corresponds to Family ID , individual ID, Father ID, Mother ID, sex, affection, and 
genotype,

A.4.2 Allele Frequency estimates

To calculate allele frequencies based on observed data use the following batch file.

Batch file to derive allele frequencies fi’om SPLINK data files 
Filename: slSfiq. batch (plain text file)

Execution commands
UNIX% chmod u+x s l 8 f r q . b a t c h
UNIX56 . / s l S f r q . b a t c h

(slSfrq.batch) 
. /splink -dl_59.frq <l_59.spl -asp- -wt-
. /splink -d2 63.frq <2 63.spl -asp- -wt-
. /splink -d3_1132.frq <3_1132.spl -asp- -wt-
. /splink -d4 976.frq <4_976.spl -asp- -wt-
. /splink -d5_452.frq <5 452.spl -asp- -wt-
. /splink -d6 1163.frq <6 1163.spl -asp- -wt-
. /splink -d7_843.frq <7 843.spl -asp- -wt-
. /splink -d8 464.frq <8_464.spl -asp- -wt-
. /splink -d9 53.frq <9 53.spl -asp- -wt-
. /splink -dl0_37.frq <10 3 7.spl -asp- -wt-



. /splink 

. /splink 

. /splink 

. /splink 

./splink 

./splink 

./splink 

. /splink 

. /splink 

. /splink 

./splink 

./splink 

. /splink 

. /splink 

. /splink

-dll_478.frq
-dl2_1102.frq
-dl3_450.frq
-dl4_474.frq
-dl5_1127.frq
-dl6_1129.frq
-dl7_64.frq
-dl8_1147.frq
-dl9_51.frq
-d20_68.frq
-d21_465.frq
-d22_61.frq
-d23_1161.frq
-d24_462.frq
-d25_70.frq

<11__478 . spl -asp- -wt-
<12^__1102 . spl -asp- -wt-
<13*~450 . spl -asp- -wt-1—1V _474 . spl -asp- -wt-
<15_ 112 7. spl -asp- -wt-
<ie" 112 9. spl -asp- -wt-
<17"_64. spl -asp- -wt-
<18' 114 7. spl -asp- -wt-
<19''51.spl -asp- -wt-

1
OCMV "68. spl -asp- -wt-

<21_"4 65 . spl -asp- -wt-
<22'~61. spl -asp- -wt-
<23'_1161.spl -asp- -wt-

1
CMV 462 . spl -asp- -wt-

<25_'70.spl -asp- -wt-

Instructs splink to extract data from a specific file (i.e. 1_59. spl) and output allele frequencies to a 
specific text file (1_59. f rq).

A.4.3 Perform two-point linkage analysis

To perform two-point linkage analysis using SPLINK data files. 
Batch file to execute 2pt linkage analysis 
Filename; slSntl.batch (plain text file)

(sl8ml.batch)
./splink-dl_5 9.frq 
./splink-d2_63.frq 
./splink-d3_1132.frq 
./splink-d4_976.frq 
./splink-d5_452.frq 
./splink-d6_1163.frq 
./splink-d7_8 43.frq 
./splink-dS_4 64.frq 
./splink-d9_53.frq 
./splink-dl0_37.frq 
./splink-dll_478.frq 
./splink -dl2_1102.frq 
./splink-dl3_450.frq 
./splink-dl4_474.frq 
./splink-dl5_1127.frq 
./splink-dl6_1129.frq 
./splink-dl7_64.frq 
./splink-dl8_1147.frq 
./splink-dl9_51.frq 
./splink-d20_68.frq 
./splink-d21_465.frq 
./splink-d22_61.frq 
./splink-d23_1161.frq 
./splink-d24_462.frq 
./splink-d25_70.frq

<l_59.spl 
<2_63.spl 
<3_1132.spl 
<4_976.spl 
<5_452.spl 
<6_1163.spl 
<7_843.spl 
<8_464.spl 
<9_53.spl 
<10_37.spl 
<11_478.spl 
<12_1102.spl 
<13_450.spl 
<14_474.spl 
<15_1127.spl 
<16_1129.spl 
<17_64.spl 
<18_1147.spl 
<19_51.spl 
<2 0_68.spl 
<21_4 65.spl 
<22_61.spl 
<23_1161.spl 
<24_462.spl 
<25 70.spl

>cl8m5_l.txt 
>cl8m5_2.txt 
>cl8m5_3.txt 
>cl8m5_4.txt 
>cl8m5_5.txt 
>cl8m5_6.txt 
>cl8m5_7.txt 
>cl8m5_8.txt 
>cl8m5_9.txt 
>cl8m5_10.txt 
>cl8m5_ll.txt 
>cl8m5_12.txt 
>cl8m5_13.txt 
>cl8m5_14.txt 
>cl8m5_15.txt 
>cl8m5_l6.txt 
>cl8m5_17.txt 
>cl8m5_18.txt 
>cl8m5_19.txt 
>cl8m5_2 0.txt 
>cl8m5_21.txt 
>cl8m5_22.txt 
>cl8m5_2 3.txt 
>cl8m5 24.txt
>cl8m5_25.txt

Instructs splink to extract data from a specific file (i.e. l_59. spl) and output the two point linkage 
data to a target text file (i.e. cl8ml_l .txt).
Execution commands fo r  SPLINK 
UNIX% chtnod u+x slSm l.batch  
UNIX% . / s l8 m l .b a t c h



AA A Batch Files used with g e n e h u n t e r

All batch files for use in the g e n e h u n t e r  (version 2.1_r4 beta) environment must be converted from 
plain text files to executable files using the chmod command in a U N ix  shell.

Typical GENEHUNTER batch file, ( c l 8 m l g h . t x t  plain text saved asMS-T>0& formated text)

( c l 8 m l g h . t x t )

load cl8dat.txt 
off end 10 
map kosambi 
count on 
scan cl8ml.txt 
ps on
photo cl8ml_gho.txt 
total stat het 
cl8ml_NPL.ps 
cl8ml_I,0D. ps 
cl8ml_INFO.ps 
pairs 
4
estimate
n
cl8ml_GH_generat_MLS_p4.txt 
cl8ml_GH_generat_SHARE_p4.ps 
cl8ml_GH_generat_MLS_p4.ps 
photo off 
ps off 
exclude
cl8ml_exclude_15.txt
y
r
1.5
exclude
cl8ml_exclude_2. txt
y
r
2
exclude
cl8ml_exclude_3.txt
y
r
3
q

Command description

load dat file for cl8
extend analysis lOcM o ff marker map
apply the Kosambi mapping function
output recombinantion counts
input linkage data from this file
turn postscript mode on
capture proceeding output in this file
total the statistics over all pedigrees
ruxme postscript file
name postscript file
name postscript file
call system to allow pair type to be specified
option 1 - 4  (select option 4)
perform M LS estimation (as in MAPMAKER/SIBS)
analyse under assumption o f  no dominance variance ? (y/n)
text output o f M L S data
name postscript file for allele sharing plot
name postscript file for M LS estimates
turn photo-mode off
turn postscript mode off
perform exclusion mapping on loaded data
name oj output file for exclusion data
analyse under the assumption o f no dominance variance 7 (y/n)
select Relative Risk
use 1.5 as relative risk value

analyse under the assumption of no dominance variance 7 (y/n) 

use 2.0 as relative risk value

analyse under the assumption of no dominance variance 7 (y / n)

use 3.0 as relative risk value 
quit

To enter the g e n e h u n t e r  application from the genehunter directory type “./g h ” in M AC OS X 
(developer tools with BSD subsystem is required).

Execution commands 
UNIX% chmod u+x sl8ml.batch 
UNIX% ./gh 
Npl;l> run 18mlgh.txt



A. 5 Input file description for a s p e x

The aspex application requires: 
(a ) an edited “ped” file (see A .3.1 above). This must contain nuclearised pedigrees 
(i.e. post M AKENUcSO). Then edit the xxx.ped file by entering the names (or numbers) 
of all the marker loci used

( E d i t e d  XXX.ped)

D2S126 D 2S2228 D2S2354 D2S2297 D2S427 D2S206 D2S336 D2S338 D2S2968 D2S2253 D2S125
1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
3 1 2 2 0 3 9 11 11 8 9 3 12 4 4 11 12 2 11 3 12 4 5 6 7 6 6
4 1 2 2 2 3 9 4 11 9 11 3 7 4 4 11 12 11 11 9 12 4 5 5 6 6 9
5 1 2 1 0 3 9 4 11 9 11 3 7 4 4 11 12 11 11 9 12 4 5 5 6 6 9
6 1 2 2 0 3 7 1 4 4 11 7 12 2 4 8 8 11 11 9 12 4 5 5 6 6 9

and (b ) a plain text . t c i  input file.

1. set nloc 11
2 . set loc {D2S126 D2S2228 D2S2354

D2S338 D2S2968 D2S2253 D2S125}
3. set dist {0.01 0.032 0.032 0.048

0.067 0.021 0.01}
4 . set most likely true
5. set count once true
6. set sex split true
7 . set fid width 3

D2S2297 D2S427 D2S206 D2S336

0.043 0.041 0.047 0.051 0.014

Line 1 sets the num ber o f loci to be used in the analysis. Line 2 nam es each o f these loci.
Line 3 describes the in term arker distance in M organ. N um bers in bold rep resen t d istance firom 
telom eres, again in M organ. Line 3-7 are describedin the m aterials and  m ethods, section 2.5.5.8. (do 
not include line num bers in . t c l  file)

Execution command:

Unix % s i b _ i b d  - w  - f  XXX.tcl XXX.ped > XXX_vv_aspex. txt  
Unix % s i b _ i b d  - f  XXX.tcl XXX.ped > XXX_aspex. txt



Appendix B

B. 1. Two-Point MLS Results for the screening stage of the genome scan.
Two-point MLS plots for all autosomal chromosomes are shown and have been generated using the SPUNK 
application (see section 2.5.4). The sample used in calculating these two-point scores is described in 
chapter 3 (section 3,3.1). Each plot illustrates results from the narrow, mtcnncdiatc and broad diagnostic 
models.
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Figure B. 1: Two-point SPUNK plots for /  (chapter 3).
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Figure B. 1: Two-point SPUNK plots for S ta ^  I  (chapter 3). continued.
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Figure B. 1: Two-point SPUNK plots for /(chapter 3). continued.
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Figure B. 1: Two-point SPUNK plots for Stage /(chapter 3). continued.
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Figure B, 1: Two-point SPUNK plots for /(ch apter 3). continued.
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Figure B. 1: Two-point SPUNK plots for S/a£e /  (chapter 3). continued.
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Figure B.l: Two-point SPUNK plots for 5to^f/(cliapter 3). continued.
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Figure B. 1: Two-point SPUNK plots for /  (chapter 3). continued.
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Figure B. 1: Two-point SPUNK plots for Stage I  (cliapter 3). continued .
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Figure B. 1: Data from the SPUNK apphcation generated using Stage I sample set only - plots show two point 
linkage results for each autosomal chromosome. Marker names are indicated on the X-axis with the most 
p-terminal marker on tlie left, witli consecutive markers through to the most q-terminal marker. Marker 
names are “D” numbers (i.e. S315 from chromosome 22 above shows data for marker D22S315). For each 
marker, linkage data for the narrow, intermediate and broad diagnostic models are presented in red, giccn 
and bhic, respectively.

B.2. M ultipoint NPL Results for the screening stage o f the genome scan

The Stage I  multipoint NPL plots for all autosomal cliromosomes and tlie X chromosome generated using 
CENEHUNTER (see 2.5.5.1 of chapter 2) and X -G ENE HU NTER are illustrated below. The sample used in calculating 
tliese NPL scores is described in cliapter 3 (section 3.3.1). Each plot illustrates results from tlie narrow, 
mtcrmrdi.itr and broad diagnostic models.
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Chromosome 7
2

1

0
100 120

•1

-2

Position (cM) 

Chromosome 8
2

1

0
100 120 140 160

•1

-2

Position (cM)

Chromosome 9
2

I

0
J5D

•1

-2

Position (cM)

Figure B.2: M ultipoint GENEHUNTERplots for /(chapter 3). continued...



2
Chromosome 10

1

0
130 150 170

•I

•2

Position (cM) 

Chromosome 11

no

Position (cM)

Chromosome 12
2

1

0

•1

-2

Position (cM)

Figure B.2: M ultipoint GENEHUNTERplots for /(cliapter 3). continued...



Chromosome 13

110

Position (cM) 

Chromosome 14

iio 130

Position (cM)

Chromosome 15
3

2

1

o

cu
^ 0

•1

-2

Position (cM)

Figure B.2; M ultipoint GENEHUNTER plots for Stage I  (chapter 3). continued...



NP
L 

Sc
or

e 
NP

L 
Sc

or
e 

NP
L 

Sc
or

e
Chromosome 16

2

1

0
no 130

•1

■2

■3

Position (cM)

Chromosome 17

-  D 130

Position (cM)

Chromosome 18
3

2

1

0
no 130 150

•1

•2

•3

Position (cM)

Figure B.2: M ultipoint GENEHUNTER plots for S ta ^  /(ch ap ter 3). continued...



NP
L 

Sc
or

e 
NP

L 
Sc

ore
 

NP
L 

Sc
or

e
Chromosome 19

- 1)

Position (cM)

Chromosome 20
2

1

0
no

•1

•2

Position (cM)

Chromosome 21
2

1

0
.  0

1

-2

Position (cM)

F igu re B.2: M u ltip o in t GENEHUNTER plots for /(ch a p te r  3). continued...



Chromosome 22

Position (cM)

X Chromosome

• 0

-2 J

Position (cM)
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for tlie narrow, intermediate and broad diagnostic models are presented in red, giccii and blue respectively.



B.3.1 M aternal M ultipoint NPL Results for Parent-of-origin exploratory analysis.

The Stage 1 & II multipoint NPL plots for chromosome 18 generated using pedigrees that exhibit an 
apparent maternal transmission o f  BPAD, using GENEHUNTER (see 2.5.5.1 o f  chapter 2) are illustrated below. 
The sample used in calculating these NPL scores is described in chapter 3 (section 3.3.1) and chapter 4 
(section 4.2.1). Each plot illustrates results from the nai row, miomicdiatc  and broad diagnostic models.
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Figure B .3.1: Multipoint GENEHUNTERplots for Sto^ /cS; //parent-of-origin exploratory analysis (chapter 5).



B. 3.2 Paternal M ultipoint NPL Results for Parent-of-origin exploratory analysis.

The Stage I  & II multipoint NPL plots for chromosome 18 generated using pedigrees that exhibit an 
apparent paternal transmission of BPAD, using GENEHUNTER (see 2,5.5,1 of cliapter 2) are illustrated below. 
The sample used in calculating these NPL scores is described in chapter 3 (section 3,3,1) and chapter 4 
(section 4,2.1). Each plot illustrates results from the narrow, mtci mcdiafr and broad diagnostic models.
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Figure B.3.2: Multipoint GENEHUNTER plots for Stage I & //parent-of-origin exploratory analysis (chapter 5).



B.4. Two-Point MLS Results for the follow-up stage o f the genome scan.

Two-point MLS plots for all autosomal chromosomes are shown and have been generated using the SPUNK 
application (see section 2.5.4). The sample used in calculating these two-point scores is described in chapter 
4 (section 4.2.1). Each plot illustrates results from the iiai row, mtci nicdiato and broad diagnostic models.
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Figure B.4: Two-point SPUNK plots for / / follow-up regions, (chapter 4)
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Figure B.4: Two-point SPUNK plots for Stage II  follow-up regions, (chapter 4) continued...
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B.5. M ultipoint NPL Results for the follow-up stage of the genome scan

The Stage II multipoint NPL plots for all autosomal chromosomes and the X chromosome generated using 
GENEHUNTER (see 2.5.5.1 of chapter 2) and X-GENEHUNTER are illustrated below. The sample used in calculating 
these NPL scores is described in chapter 4 (section 4.2.1). Each plot illustrates results from the narrow, 
mtci iiu'diair and broad diagnostic models.

Chrom osom e 2

a

290140

Position (cM)

Chrom osom e 3

24040

-2

Position (cM)

Figure B.5: M ultipointGENEHIINTER plots for Stage I I (cliapter 4)
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Appendix C. Linkage M apping Set v.2

Applied Biosciences International Linkage Mapping Set, version 2 (LMS2), now renamed LMS 

v2.5 Medium Density map (MD-10), Shown are the panels for the 12 Dublin-genotyped 

chromosomes:

Chromosome 2 Panels 3 and 4

Chromosome 5 and 6 Panels 8, 9 and 10

Chromosomes 9, 10 and 11 Panels 13,14,15 and 16

Chiomosomes 17 and 18 Panels 23 and 24

Cliromosomes 19, 20 21 and 22 Panels 25, 26 and 17

Tlie labelling dye (FAM, HEX or NED), tlie allele size range (ASR) and tlie genotype of CEPH 

individual 1347.02 (CEPH gt) are indicated for each microsatellite marker. Markers genotyped by 

tlie autlior (n=72) in fnst stage genome scan are indicated using an asterisk. The full LMSv2 

mapping set can be obtained from h ttp ;//www.appliedbiosystems.com/.

Panel 3

Locus Dye Label Het ASR CEPH gt
D2S286 FAM 0.66 85-107 87,97
D2S265 FAM 0.85 145-177 156,162
D2S261 FAM 0.78 211-227 216,218
D2S2211 FAM 0.74 241-261 248,250
D2S367 FAM 0.86 309-341 320,314
D2S125 HEX 0.82 92-112 99,101
D2S206 HEX 0.80 130-166 153,155
D2S117 HEX 0.82 193-221 194,212
D2S142 HEX 0.76 239-259 242,246
D2S2333 NED 0.82 84-106 98,104
D2S126 NED 0.82 119-149 138,142
D2S325 NED 0.82 158-186 161,171
D2S364 NED 0.80 234-260 138,242
D2S337 NED 0.88 295-319 309,311

*

*

*



P a n e l 4

Locus Dye Label Het ASR CEPH gt
D2S112 FAM 0.71 80-94 81,87
D2S162 FAM 0.75 124-152 125,137
D2S2330 FAM 0.81 171-189 172,180
D2S2216 FAM 0.76 213-227 213,223
D2S347 FAM 0.80 271-301 292,292
D2S2259 FAM 0.79 322-342 322,340
D2S319 HEX 0.73 132-144 134,136
D2S168 HEX 0.82 159-183 165,177
D2S151 HEX 0.82 228-256 246,250
D2S2382 HEX 0.81 299-337 310,318
D2S2368 NED 0.83 97-121 108,110
D2S391 NED 0.79 147-161 154,156
D2S335 NED 0.79 189-209 198,202
D2S396 NED 0.83 236-254 241,245
D2S338 NED 0.81 270-294 280,280
D2S305 NED 0.72 316-338 324,338

P a n e l 8

Locus Dye Label Het ASR CEPH gt
D5S407 FAM 0.86 87-115 105,107
D6S289 FAM 0.79 163-185 173,175
D6S1610 FAM 0.84 204-218 208,212
D6S1581 FAM 0.72 261-275 265,265
D6S422 FAM 0.77 300-322 306,308
D5S644 HEX 0.85 86-116 88,100
D6S281 HEX 0.68 136-156 140,140
D6S262 HEX 0.82 171-191 173,175
D5S424 HEX 0.76 215-237 219,221
D5S419 HEX 0.81 258-290 274,280
D5S433 NED 0.86 69-99 83,91
D5S422 NED 0.84 118-140 120,136
D5S406 NED 0.79 168-196 180,192
D5S400 NED 0.82 221-243 227,231
D6S309 NED 0.83 307-333 313,321



Panel 9

Locus Dye Label Het ASR CEPH gt
D6S264 FAM 0.70 113-135 117,199
D6S1574 FAM 0.84 150-176 156,158
D6S276 FAM 0.83 205-237 211,227
D5S408 FAM 0.73 253-289 255,261
D6S308 FAM 0.75 328-356 338,344
D6S287 HEX 0,85 110-144 136,140
D6S292 HEX 0.83 158-180 162,162
D6S434 HEX 0.86 206-250 210,212
D5S426 HEX 0.80 279-303 293,297
D5S1981 NED 0.73 121-131 125,129
D6S257 NED 0.87 170-198 184,186
D6S446 NED 0.62 222-234 222,228
D5S641 NED 0.77 301-341 315,317

Panel 10

Locus Dye Label Het ASR CEPH gt
D5S2027 FAM 0.78 184-206 196,198
D5S436 FAM 0.83 242-262 244,250
D6S460 FAM 0.81 283-307 293,303
D5S410 FAM 0.79 332-354 334,344
D6S462 HEX 0.68 108-124 114,116
D5S2115 HEX 0.76 146-172 172,172
D5S418 HEX 0.80 212-232 214,216
D5S428 HEX 0.76 248-266 252,252
D5S630 HEX 0.89 287-395 289,320
D6S470 NED 0.80 125-145 133,137
D6S441 NED 0.86 166-200 180,186
D5S471 NED 0.76 241-261 251,255
D5S416 NED 0.77 289-301 293,295
D5S647 NED 0.82 328-368 342,348



Panel 13

Locus Dye Label Het ASR CEPH gt
D11S987 FAM 0.82 100-138 121,125
D11S937 FAM 0.88 149-183 164,166
D11S935 FAM 0.73 200-222 204,214
D9S1677 FAM 0.81 234-258 235,257
D11S1314 HEX 0.78 97-123 98,104
D11S902 HEX 0.80 152-172 155,161
D11S904 HEX 0.83 187-215 188,200
D10S547 HEX 0.74 238-260 242,252
D11S905 HEX 0.75 272-298 277,277
D9S285 NED 0.78 85-113 109,113
D10S249 NED 0.74 122-144 136,136
D9S171 NED 0.79 164-188 165,165
D9S273 NED 0.74 206-226 210,212
D10S192 NED 0.77 242-268 244,252
D11S4175 NED 0.89 290-342 324,334

*

*

*
★
★
*

*
*

*

*

*

*

*
*

★

Panel 14

Locus Dye Label Het ASR CEPHgt
D9S161 FAM 0.78 126-144 126,128
D10S197 FAM 0.75 169-183 173,177
D10S185 FAM 0,77 206-222 211,213
D9S175 FAM 0.85 259-291 270,264
D11S901 FAM 0.82 314-330 318,322
D10S1653 HEX 0.77 122-136 128,128
D10S212 HEX 0.71 193-209 202,202
D10S1686 HEX 0.86 247-285 259,263
D9S287 HEX 0,67 299-317 302,304
D11S4046 NED 0.86 105-129 133,123
D9S288 NED 0,84 138-158 141,149
D10S208 NED 0,79 177-197 189,191
D9S157 NED 0,84 229-253 229,235
D9S167 NED 0,87 307-341 319,335

★
*

*

★
*
*
*

• k

★
★
*
*
*

*



Panel 15

Locus Dye Label Het ASR CEPH gt
D9S164 FAM 0.80 90-106 97,99
D9S286 FAM 0.88 139-173 151,165
D9S1690 FAM 0.78 230-244 240,242
D11S1320 FAM 0.68 264-280 267,273
D11S4151 FAM 0.79 335-347 336,338
D11S4191 HEX 0.87 100-124 96,100
D11S968 HEX 0.81 144-164 153,153
D9S1776 HEX 0.84 176-214 180,182
D11S1338 HEX 0.74 259-277 271,271
D10S591 HEX 0.71 312-340 320,332
D10S587 NED 0.80 96-118 100,104
D10S537 NED 0.83 143-169 153,157
D10S189 NED 0.72 184-200 189,195
D11S925 NED 0.84 265-293 266,266

Panel 16

Locus Dye Label Het ASR CEPH gt
D10S217 FAM 0.81 100-124 106,110
D11S898 FAM 0.85 144-166 151,158
D10S548 FAM 0,70 186-202 190,194
D9S1826 FAM 0.69 219-233 222,222
D9S290 FAM 0.83 246-268 252,254
D9S1817 FAM 0.88 283-317 300,306
D9S158 FAM 0.69 333-357 340,342
D10S196 HEX 0.77 109-119 114,114
D9S1682 HEX 0.68 152-162 152,154
D11S908 HEX 0.76 175-191 182,184
D10S1693 HEX 0.80 217-231 221,223
D10S597 HEX 0.64 278-298 293,293
D9S283 NED 0.80 94-120 94,96
D10S1651 NED 0.80 210-232 211,227
D10S1652 NED 0.78 273-299 291,293



Panel 23

Locus Dye Label Het ASR CEPH gt
D18S70 FAM 0.83 115-135 117,177
D17S949 FAM 0.80 214-232 220,220
D18S478 FAM 0.64 247-261 251,257
D17S1852 FAM 0.87 283-311 299,311
D17S831 HEX 0.82 112-134 116,120
D17S1857 HEX 0.64 167-177 169,171
D17S799 HEX 0.68 189-211 193,199
D17S1868 HEX 0.73 258-272 264,264
D17S798 HEX 0.80 300-324 310,316
D18S1102 NED 0.79 96-108 100,100
D17S787 NED 0.81 142-178 148,158
D18S61 NED 0.87 213-243 229,231
D17S849 NED 0.67 257-271 261,265
D18S462 NED 0.70 300-322 306,306

Panel 24

Locus Dye Label Het ASR CEPH gt
D18S474 FAM 0.82 126-148 130,142
D18S53 FAM 0.79 156-186 1,668,170
D17S938 FAM 0.76 242-262 252,254
D18S464 FAM 0.65 303-319 313,313
D18S63 HEX 0.79 80-106 98,102
D18S59 HEX 0.81 154-176 166,170
D17S921 HEX 0.72 196-214 202,210
D17S784 HEX 0.77 233-247 239,241
D18S64 HEX 0.74 319-345 323,327
D17S928 NED 0.76 74-108 88,92
D18S452 NED 0.83 131-149 133,143
D17S785 NED 0.83 169-197 175,177
D18S1161 NED 0.82 215-241 231,233
D18S68 NED 0.68 273-299 291,293
D17S944 NED 0.75 333-347 321,331



Panel 25

Locus Dye Label Het ASR CEPH gt
D20S889 FAM 0.83 93-129 107,117
D20S117 FAM 0.84 154-190 160,178
D20S112 FAM 0.81 217-241 227,231
D19S220 FAM 0.84 271-295 281,283
D19S221 HEX 0.86 91-115 101,109
D20S171 HEX 0.78 130-158 140,144
D19S210 HEX 0.74 175-195 183,189
D20S100 HEX 0.76 213-239 225,227
D19S420 NED 0.79 101-121 110,112
D19S414 NED 0.78 168-198 170,188
D20S115 NED 0.66 238-250 242,242
D20S196 NED 0.81 263-299 265,287

Panel 26

Locus Dye Label Het ASR CEPH gt
D20S119 FAM 0.82 109-129 117,123
D21S266 FAM 0.59 159-181 163,175
D20S107 FAM 0.80 200-224 208,216
D19S902 FAM 0.79 241-277 245,257
D20S186 FAM 0.86 121-143 119,139
D22S420 HEX 0.77 156-172 160,160
D22S280 HEX 0.82 216-228 222,222
D19S216 HEX 0.76 258-276 266,266
D22S423 HEX 0.82 290-312 308,308
D19S884 NED 0.86 97-117 101,107
D21S1252 NED 0.80 156-180 150,166
D22S539 NED 0.58 203-221 205,205
D22S274 NED 0.77 280-302 288,292



Panel 27

Locus Dye Label Het ASR CEPH gt
D20S195 FAM 0.81 133-159 145,145
D22S315 FAM 0.78 184-214 198,200
D19S209 FAM 0.77 243-259 245,257
D19S418 HEX 0.66 90-110 94,94
D20S173 HEX 0.67 131-185 177,177
D21S263 HEX 0.75 198-232 200,204
D21S1914 HEX 0.86 262-284 266,276
D21S1256 NED 0.65 101-121 115,115
D22S283 NED 0.89 132-160 136,156
D20S178 NED 0.83 182-198 190,190
D19S226 NED 0.85 241-273 245,251
D19S571 NED 0.83 290-322 310,316

Primer sequences for markers that were non-LMS2 are detailed in Appendix C.3



Appendix C.2

Ideogramatic representation o f  tlie 11 chrom osom es that were followed-iip in the Stage //an a ly s is (chapter 
4) The regions tliat under went grid-tightening are indicated in red-gradient. A ll markers included within  
the boundaries o f  these gradients were genotyped in tlie entire Stage II sample. Markers outside tliese 
regions have been genotyped in Stage I only. Intermarker distances are in Kosarabi sex-averaged cM.
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Appendix C.2 (continued)

Ideogramatic representation o f  the 11 chrom osom es tliat were followed-up in tlie Stage II  analysis 
(chapter 4) The regions that under went grid-tightening are indicated in red-gradient. A ll markers 
included witliin the boundaries o f  these gradients were genotyped in die entire II sample. Markers 
outside tliese regions have been genotyped in Stage /  only. Intermarker distances are in Kosambi 
sex-averaged cM.
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Appendix C.2 (continued)

Idcogiamatic representation o f tlie 11 chromosomes that were followed-up in tlie Stage II analysis 
(chapter 4) The regions that iinder went grid-tightening are indicated in red-gradient. All markers 
included within the boundaries o f tliese gradients were genotyped in the entire Stage //sam ple. Markers 
outside tliese regions have been genotyped in Stags I only. Intermarker distances are in Kosambi 
sex-averaged cM.
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Appendix C.3

Marker Modification Marker Name Forwaid ( 5 - 3 ) Reverse (5-3') CEPH
(1347.02) PIC Polymorphism

Type PCR A.S.R.

D15S822 6-FAM GATA88H02 tgagtttttcctattgagagtcc gaaagtcaacagtctcagagacc 278/286 0.85 Tetra LMS2 244-304

L76630 6-FAM - cactggaggaagatggaagc ctgaggaatgatcctgctcc 172/172 0.72 Di LMS2 172-180

D15S1002 HEX AFMb066yh9 gtatcccaaggccataccct ctcttgctagagacagcagg 110/112 0.74 Di LMS2 108-134

D15S165 HEX AFM248vc5 gtttacgcctcatggattta gggcacacagtcccaa 205/215 0.73 Di LMS2 185-219

D15S1360 6-FAM - gatctttggtagaagc accaccactaccatacagac 112/112 0.50 Di LMS2 106-118

D15S1007 NED AFMb293ygl ggggaacctacacttccg ccaggaatctcaaatggctt 101/105 0.87 Di LMS2 81-117

D15S1232 6-FAM GA AAl Cl l ccagagagatctttccccat ttgctccactgttttctcac 266/286 0.84 Tetra LMS52-^-^ 254-300

D15S1012 HEX AFMb298wh9 caacaagaacgaaactgtca agccttaagttcctggac tc 100/104 0.69 Di LMS2 98-116

D10S1172 TAMRA UT7760 ggatactaccaagagagag atcatctatctctactatctg 242/290 0.87 Tetra LMS2 -i-i- 230-335

D10S1728 HEX AFMb338wa5a gcatttcagcctgggt tccttcgcatttctgtgat 152” 0.73 Di LMS2 -i--̂ 135-165

D10S2325 TAMRA GAAT5F06 ctcacgaaagaagccttctg gagctgagagatcacgcact 124/139 0.85 Tetra LMS2 115-170

D10S1791 6-FAM AFMa085wc5 tccagcctagcaacagagtg atgcaacataacttgggcaac 207/209 0.78 Di LMS2 177-235

D10S506 6-FAM UTS 38 aacaccacactccagcctg gattcaccaacaccactggt 317/325 0.89 Tetra LMS2 -i-H 256-345

GGAA2E03 HEX GGAA2E03 aagaaagaaagatacacaggaaga gagattgcttttgccaatgt 217“ 0.73 Tetra LMS2 -̂ -f- 160-230

D10S513 6-FAM UT732 gcgaggcagaggttgcagt tgccaggccaagagcctta 212/216 0.75 Tetra LMS2 196-224

D10S524 TAMRA UT1466 gtggatgttgcagtgaacc tgctatctcctccagaagg 372/384 0.87 Tetra LMS2 355-410



Marker Modification Marker Name Forward ( 5 - 3 )

D2S2228 6-FAM A FM a337zdla

D2S2297 HEX AFMb329we9

D2S427 HEX GATA12H10

D2S2968 TAM RA GATA178G09

D2S2253 6-FAM AFM b037ydl

D2S336 6-FAM AFM275yf5

D2S126 TAM RA AFM119xc7

D2S2354 HEX AFM a046wel

D2S206 HEX AFM259yc9

D2S338 TAM RA AFM276zf5

D2S125 HEX AFM112yd4

D9S319 6-FAM GATA12C06

D9S1846 HEX AFMb325zh9

D9S2154 HEX GATA165A11

D9S171 TAM RA AFM186xc3

D9S161 6-FAM AFM087yd3

D9S1817 6-FAM AFM a345xbl

agctgtaaggaagcagcac

ggaacccccattcccatagg

atgtagactgctaacagtgtctgc

atgggtggatgtacaaatgg

catttctgatgtaaacacaagttgg

tttatttagttacagactttgcttc

tgcctagcacagagcctact

tgggaatgaagcccaa

ttaaaaattaagtaggcttttggtt

agagcccaaaacaaaacttcc

gcaacagagtgagaccctga

gccagtgttctccagagaaa

aatggctggttctaggactg

gcttatgaaccgcaagttgt

agctaagtgaacctcatctctgtct

tgctgcataacaaattaccac

agctgtagtgagccctgat

Reverse ( 5 - 3 ) CEPH
(1347.02) PIC Polymorphism

Type PCR A.S.R.

aaaaggacttattctgggga 193/207 0.76 Di LMS2 + + 180-220

aggctaagtgcccccatcag 215/217 0.87 Di LMS2 ++ 185-230

ttggtcaacatgtcaatttagg 251“ 0.74 Tetra LMS2 ++ 235-275

tcttagtttatgggccacca 187“ 0.72 Tetra LMS2 -i-i- 165-205

ctggcaaggttgaggctg 229/229 0.71 Di LMS2 -i-i- 215-250

gtcacagggcacttgg 129/135 0.81 Di LMS2 107-139

tccatggcatagaacaaaagt 151/155 0.81 Di LMS2 141-161

gagaaaccagaaaccagacttaact 261/267 0.80 Di LMS2 255-275

gtcctcatgtgtttatgctgt 147/149 0.79 Di LMS2 123-151

tggaattttgattttcagatttg 280/280 0.81 Di LMS2 270-294

ttctgagaaccagattgtgattg 99/101 0.82 Di LMS2 92-112

tgggatatgtcagccaaaat 172/176 0.75 Tetra LMS2 160-186

aaactggtctggtgtttgc 185/187 0.69 Di LMS2 183-197

cttgaacacggaacaaaacc 134/150 0.71 Di LMS2 128-170

accctagcactgatggtatagtct 159/159 0.79 Di LMS2 159-177

catgcctagactcctgatcc 121/133 0.77 Di LMS2 119-135

cgttaggagccttgagactt 263/269 0.88 Di LMS2 243-277



Marker Mcxiification Marker Name Forward (5 -3 )

D18S59 HEX AFM178xc3 agcttctatccaacagg^c

D18S63 HEX AFM205td6 agctcatgttggatgtatca

D18S1132 6-FAM AFMb329wd5 agccacaacgaccagccttt

D18S452 NED AFM206xf4 ataaaagttgcttcctgggg

D18S1163 HEX AFMal01xf9 cgccacacactctcacacac

D18S464 6-FAM AFM259vh9 gccagactttgtgccatttc

D18S53 6-FAM AFM036yal ggtcacctacaactttggatg

D18S1127 6-FAM AFM057xb4 agaccctggagagtgactgc

D18S450 HEX AFM191vc7 t^gaccaacctaactgtg

D18S1129 6-FAM AFMb317zcl ggctgcacaggcattc

D18S1147 6-FAM AFMa049ze5 ggggtgactaatgcccag

D18S465 6-FAM AFM260yhl atattcccctatggaagtacag

D18S37 HEX UF667 actgcaacaatgctgcaat

D18S51 HEX UTS 74 gagccatgttcatgccactg

D18S1163 HEX AFMal01xf9 cgccacacactctcacacac

D18S843 6-FAM ACTlAOl gtcctcatctgtaaaacggg

D18S61 TAMRA AFM193yf8 atttctaagaggactcccaaact

Reverse (5-3) CEPH
(1347.02) PIC Polymorphism

Type PCR A.S.R.

accagaatgtgaacgaccct 158/162 0.81 Di LMS2 148-164

gtcagactacgcgcctt 267/271 0.79 Di LMS2 255-279

tgctgccctaccagaccaa 124/126 0.67 Di LMS2 88-164

tctcctaaataaccgctggc 133/143 0.83 Di LMS2 131-149

cccacccttatgagttcatttaacc 204/212 0.51 Di LMS2 196-212

tttcctgaatctcttgtggtttg 289/289 0.64 Di LMS2 283-291

tgcatgtaaatatcagagtctgtt 171/173 0.79 Di LMS2 159-179

tgcccatgaacttagtgtga 198/200 0.84 Di LMS2 184-210

ttgtatggtgcatgaccct 224/228 0.79 Di LMS2 223-239

agtcttccaggacgagacatc 252/260 0.81 Di LMS2 240-264

agctgtggcccaggac 138/146 0.83 Di LMS2 124-152

aaagttaattttcaggcactct 240/244 0.78 Di LMS2 239-257

aaatgagagaatcagtggc 100/102 0.63 Di LMS2 98-108

caaacccgactaccagcaac 280/310 0.86 Di LMS2 267-319

cccacccttatgagttcatttaacc 204/212 0.67 Di LMS2 196-212

ccactaactagtttgtgactttgg 182/184 0.74 Tri LMS2 174-196

atattttgaaactcaggagcat 172 0.84 Di LMS2 154-182



Marker Modification Marker Name Forward ( 5 - 3 ) Reverse ( 5 - 3 ) CEPH
(1347.02) PIC Polymorphism

Type PCR A.S.R.

D18S478 6-FAM AFM311we5 acatcatcaagtagatttccatt gaccaactcaagtgttccac 256 0.64 Di LMS2 246-264

D18S1102 TAM RA AFMa224wb 1 tttcagga ttttggagcc ggaatgactgcgtctgtg 99 0.79 Di LMS2 85-107

D18S474 6-FAM A FM 295xhl tggggtgtttaccagcatc tggctttcaatgtcagaagg 142 0.82 Di LMS2 124-136

D18S64 HEX AFM212xg5 atactggtggtggttatacaacat aaatcaggaaatcggca 192 0.75 Di LMS2 186-210

D18S68 TAM RA AFM248yb9 atgggagacgtaatacaccc atgctgctggtctgagg 292 0.81 Di LMS2 268-292

D18S976 6-FAM GATA88A12 ggacttctctgctgccataa ctccctgatttttagctggg 174/178 0.74 Tetra LMS2 -t-H 168-198

Table C. l :  Details o f  the prim er sequences used in Stage II  analysis. M arkers included in this table are additional to the LMS2 microsateUite set described previously. 
A.S.R.=allele size range in base pairs. Control D N A  for CEPH rudividual 1347.02 was supplied by AppUed Biosystems (Foster City, California). Nucleotide repeats were 
DI = dinucleotide repeats for the G enethon database; Penta or Tetra= pentanucleotide or tetranucleotide repeats from  the CH LC database (see e-bibliography). 
M odifications were 5' phophoram idites HEX, 6-FAM , TAM RA or N ED  for green, blue and yellows respectively. PCR protocol LMS2 has been outlined in chapter 2, 
section 2.4.2 (armealing temperature changed to 52°C for LM S52++, where ++ indicates a 20 minute fmal extension time additional to the LMS2 PCR protocol. TAM RA 
phophoramidites was used in lieu o f N ED  as outlined in chapter 2, section 2.4.1.



Locus Assay Het Ch Map Anneal Type Size range Species Reference GDB ID

D18S842 UTS 24 0.75 18 18 56 Tetra 289 Human http://gdbwww.gdb.org 193019
D18S843 ACTlAOl 0.8 18 18 60 Tri 179-191 Human http://www.chlc.org 683580
D18S844 ATA1H06 0.75 18 18 60 Tri 182-200 Human http://www.chlc.org 683772
D18S846 GAAT1E07 0.38 18 18 58 Tetra 162-166 Human http://www.chlc.org 684279
D18S847 GATA25H01 0.87 18 18 58 Tetra 212-236 Human http://www.chlc.org 684555
D18S848 GATA27H10 0.63 18 18 57 Tetra 87-115 Human http://www.chlc.org 684630
D18S850 GATA53B01 0.67 18 18 60 Tetra 202 Himian http://www.chlc.org 685206
D18S851 GATA6D09 0.55 18 18 58 Tetra 256-276 Human http://www.chlc.org 685521
D18S852 GCT5D07 0.58 18 18 58 Tri 117 Human http://www.chlc.org 685941
D18S853 ATA14B09 0.66 18 18 58 Tri 252 Human http://www.chlc.org 683652
D18S857 ATA23B08 0.78 18 18 57 Tri 87 Human http://www.chlc.org 683883
D18S858 ATA23G05 0.83 18 18 58 Tri 191 Human http://www.chlc.org 683898
D18S1116 AFMb022we9 0.72 18 18 55 Di 169-179 Human http://gdbwww.gdb.org 609420
D18S1117 AFMb026ya9 0.59 18 18 55 Di 202-232 Human http://gdbwww.gdb.org 609474
D18S1129 AFMb317zcl 0.85 18 18 55 Di 234-258 Human http://gdbwww.gdb.org 610806
D18S1130 AFM240ve5 0.72 18 18 55 Di 252-264 Human http://gdbwww.gdb.org 610929
D18S1131 AFMb326xg9 0.74 18 18 55 Di 205-224 Human http://gdbwww.gdb.org 611082
D18S1132 AFMb329wd5 0.67 18 18 55 Di 106-130 Human http: /  /gdb WWW.gdb.org 611139
D18S1133 AFMb330yg9 0.84 18 18 55 Di 185-199 Human http: /  /  gdb W W W . gdb. org 611184
D18S1134 AFMb330zc5 0.74 18 18 55 Di 207-219 Human http://gdbwww.gdb.org 611190
D18S1135 AFMb331zbl 0.75 18 18 55 Di 235-257 Human http://gdbwww.gdb.org 611235
D18S1136 AFMb340yd9 0.73 18 18 55 Di 239-255 Human http://gdbwww.gdb.org 611463
D18S1137 AFMb355ygl 0.58 18 18 55 Di 189-195 Human http: /  /gdb W W W . gdb. org 611868
D18S1138 AFMb360yhl 0.78 18 18 55 Di 265-279 Human http: /  /gdbwww.gdb. org 611970
D18S1139 AFMc006xfl 0.67 18 18 55 Di 237-259 Human http://gdbwww.gdb.org 612162
MBP NA 0.8 18 18q23 0 Tetra 122-142 Human Polymeropoulos HMG,38;658 196682
D18S556 PCRl 0.88 18 18q22 0 Di 172-202 Human Nakashima HMG 270432
D18S541 GATA10A09 0.75 18 18q21.2-q21.3 58 Tetra 272-283 Human http://www.chlc.org 686412

A ppendix D  : Typical database entry from Research Genetics Inc. columns describe het = heterozygosity, Ch = chromosome, Map= 
cytogenetic location, anneal= annealing temperature (°C), type = category of microsatellite (di-, tri- and tetra- nucleotide). Size range refers to 
the extremities of the shortest to the longest allele as observed in the test population of Research Genetics Inc.



A ppendix  E

Marker order verification using c r i - m a p .

All autosom es followed-up in the second stage genome scan were subject to c r i - m a p  flipsn analysis (see chapter 2, section 2.5.5.6). The reference order is presented in blue 
on the first line o f  each table, and is ordered from p-terminal to q-terminal, followed by the Alod (in each section a legend to each flipsn table outlines microsatellite marker 
names). All subsequent lines contain markers in a re-arranged order and the Alod, which is their relative logio(likelihoods). The flipsn, where « = 2, is presented in each case. 
Where the relative orders favour the re-arranged data, further analysis was performed {i.e. flipsn where n = 5 etc.).

Alod = Relative \og^J^likelihoods) = logm(likelihood of original order) -  logio(likelihood of current order)

Example: The following is an example of how to interpret the Alog value. For A logof-3.8

= logjQ likelihood {original order} -  log|g likelihood {current order}

=> logiQ likelihood ^

^  likelihood ^ inverselogjg(+3.8) = 10^* = 6309.57

Therefore, for the above example, the current order is -6310 times more likely than tlie reference (original) order.



E. 1 Chromosome 2
0 1 2  3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 -1200.22
1 0 .............................................................................................................................................................................................................................................................................................9.39
- 2 1 ...................................................................................................................................................................................................................................................................................... 7.62
- - 3 2 ...............................................................................................................................................................................................................................................................................10.27
- - -  4 3 ............................................................................................................................................................................................................................................................  25.86
- - - - 5 4 ..................................................................................................................................................................................................................................................................... 9.83
................................ 6 5 ................................................................................................................................................................................................................................................................12.49
....................................... 7 6 ..........................................................................................................................................................................................................................................................6.38
............................................. 8 7 .................................................................................................................................................................................................................................................. 8.65
....................................................9 8 ....................................................................................................................................................................................................................................... 23.39
...........................................................10 9 ..................................................................................................................................................................................................................................6.98
....................................................................11 1 0 ........................................................................................................................................................................................................................19.44
 12 1 1  6.13
..................................................................................... 13 1 2 .......................................................................................................................................................................................................2.51
..............................................................................................14 1 3 ............................................................................................................................................................................................. 12.45
.......................................................................................................15 1 4 .....................................................................................................................................................................................12.26
............................................................................................................... 16 1 5 .....................................................................................................................................................   10.28
........................................................................................................................ 17 1 6 ................................................................................................................................................................... 12.75
.................................................................................................................................18 1 7 ............................................................................................................................................................ 1.29
......................................................................................................................................... 19 1 8 ...................................................................................................................................................5.27
................................................................................................................................................. 20 1 9 .......................................................................................................................................... 7.34
.......................................................................................................................................................... 21 2 0 .................................................................................................................................11.14
............................................................................................................................................................. 22 21   4.85
.....................................................................................................................................................................  23 22   11.02
.............................................................................................................................................................................. 24 23   13.5
....................................................................................................................................................................................... 25 24   19.61
...............................................................................................................................................................................................  26 25   7.21
........................................................................................................................................................................................................  27 26   8.58
................................................................................................................................................................................................................. 28 27   19.45
.........................................................................................................................................................................................................................  29 28   13.35
..................................................................................................................................................................................................................................  30 29   9.07
................................................................................................................................................................................................................................................. 31 30 - - - - 21.42
.................................................................................................................................................................................................................................................... 32 31 - - - 12.45
............................................................................................................................................................................................................................................................  33 32 - - 3.53
.....................................................................................................................................................................................................................................................................  34 33 - 21.51
.............................................................................................................................................................................................................................................................................. 35 34 0.64



Marker names:
Chromosome 2 includes 36 loci (numbered 0 to 35) as oudined below:
0 D2S319 12 D2S2333
1 D2S2211 13 D2S2216
2 D2S162 14 D2S160
3 D2S168 15 D2S347
4 D2S305 16 D2S112
5 D2S165 17 D2S151
6 D2S367 18 D2S142
7 D2S2259 19 D2S2330
8 D2S391 20 D2S335
9 D2S337 21 D2S364
10 D2S2368 22 D2S117
11 D2S286 23 D2S325

E.2 Chromosome 3

Marker names:
Chromosome 3 includes 28 loci (numbered 0 to 27) as oudined below:
0 D3S1297 10 D3S1277
1 D3S3630 11 D3S1289
2 D3S3706 12 D3S1300
3 D3S1304 13 D3S1285
4 D3S1597 14 D3S1566
5 D3S1263 15 D3S3681
6 D3S2338 16 D3S1271
7 D3S3659 17 D3S1278
8 D3S1266 18 D3S1267
9 D3S3567 19 D3S1292

D2S2382
D2S126
D2S2228
D2S2354
D2S2297
D2S427
D2S206
D2S336
D2S338
D2S2986
D2S2253
D2S125

D3S1569
D3S1279
D3S1614
D3S1565
D3S1262
D3S1580
D3S1601
D3S1311



Chromosome 3 
0 I 2
1 0 

2 1 
3

15 16 17 18 19 20 21 22 23 24 25 26 27 -910.83
1.16

15.35
16.19
21.19 
8.04 
31.69 
19.56
9.19 
9.07 
14.54 
24.92 
13.91 
16.38 
8.52

1 4 .......................................................................................................................................................................................................................................................................................22.35
16 1 5 ....................................................................................................................................................................................................................................................4.21

17 1 6 ..................................................................................................................................................................................................................................................10.72
18 1 7 ..........................................................................................................................................................................................................................24.17

19 1 8 ....................................................................................................................................................................................................11.66
20 19   27.57

...............................................................................................21 2 0 ............................................................................................................................................13.16

......................................................................................................................  22 21   16.63

.............................................................................................................................................  23 22 -  -  -  -  4.5

.....................................................................................................................................................................  24 23 -  -  -  27.97

............................................................................................................................................................................................  25 24 -  -  6.41

.................................................................................................................................................................................................................... 26 25 -  16.62

...........................................................................................................................................................................................................................................  27 26  11.87



E.3 Chromosome 4
0 I 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 -1186.49
1 0 ....................................................................................................................................................................................................................................................................................................... 3 3 1
- 2 1  8.12

- 3 2 ...................................................................................................................................................................................................................................................................................................... 6.08
- - - 4 3  - ..................................................................................................................................................... 24.84
■ - - - 5 4 .................................................................................................................................................................................................................................................................................... 10.71
.........................................  6 5   22.97
..............................................  7 6   26.51

8 7 3 55
........................................................................ 9 8 ............................................................................................................................................................................................................................................... 27.74
.................................................................................10 9 .................................................................................................................................................................................................................................... 16.45
- - - - - ..................................................... 11 1 0 .......................................................................................................................................................................................................................... 13.65
- - - - - ................................................................12 1 1 ............................................................................................................................................................................................................... 43.36
...............................................................................................................13 1 2 .......................................................................................................................................................................................................17.4

........................................................................... 14 1 3 ........................................................................................................................................................................................... 30.19
................................................................................................................................... 15 1 4 ..................................................................................................................................................................................13.37
.............................................................................................................................................16 1 5 ....................................................................................................................................................................... 30.85
.......................................................................................................................................................17 1 6 .............................................................................................................................................................. 13.65
.................................................................................................................................................................18 1 7 ....................................................................................................................................................30.83
...........................................................................................................................................................................19 1 8 .......................................................................................................................................... 38.83
.................................................................................................................................................................................... 20 1 9 ................................................................................................................................ 11,45
.............................................................................................................................................................................................. 21 2 0 ......................................................................................................................15.09
.................................................................................................................................................................................................  22 21   24.42
...........................................................................................................................................................................................................  23 22   5.44
.....................................................................................................................................................................................................................  24 23   9.91
...............................................................................................................................................................................................................................  25 24   37.8
.........................................................................................................................................................................................................................................  26 25   17.12
...................................................................................................................................................................................................................................................  27 26   10.5
.............................................................................................................................................................................................................................................................  28 27 - - - - 8.12
.......................................................................................................................................................................................................................................................................  29 28 - - - 8.16
.................................................................................................................................................................................................................................................................................  30 29 - - 5.02
...................................................................................................................................................................................................................................................................................................31 30 - 11.54
................................................................................................................. - .........................................................................................................................................................................  32 31 6.55



Marker names:
Chromosome 4 indudes 33 loci (numbered 0 to 32) as oudined below:
0 D4S412 11 D4S392
1 D4S2935 12 D4S3042
2 D4S403 13 D4S2964
3 D4S419 14 D4S1534
4 D4S391 15 D4S2460
5 D4S1587 16 D4S2986
6 D4S405 17 D4S1572
7 D4S428 18 D4S406
S D4S1592 19 D4S402
9 D4S398 20 D4S1615
10 D4S3004 21 D4S1575

EA Chromosome 6

Marker names:
Chromosome 6 includes 31 loci (numbered 0 to 30) as ouflined below:
0 D6S1574 8 D6S389
1 D6S309 9 D6S1616
2 D6S470 10 D6S1582
3 D6S1721 11 D6S1650
4 D6S289 12 D6S272
5 D6S422 13 D6S257
6 D6S1660 14 D6S1681
7 D6S276 15 D6S460

22 D4S1579
23 D4S424
24 D4S2962
25 D4S413
26 D4S3046
27 D4S2952
28 D4S1597
29 D4S1539
30 D4S415
31 D4S1535
32 D4S426

16 D6S1652 24 D6S292
17 D6S462 25 D6S308
18 D6S300 26 D6S441
19 D6S434 27 D6S1581
20 D6S1021 28 D6S264
21 D6S268 29 D6S446
22 D6S287 30 D6S281
23 D6S1715



Chromosome 6

0 1 2  3 4 5 6 7 8 9 10 H 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 -1100.18
1 0  8.64

2 1 .........................................................................................................................................................................................................................- ............................................................. 3.54
3 2 ..................................................................................................................................................................................................................................................................... 17 98

4 3 ...........................................................................................................................................................................................................................................................9.33
5 4   26.17

.......................................6 5 .......................................................................................................................................................................................................................................15.63

.........................................................7 6 ................................................................................................................................................................................................................................................ 3.44

.................................................................. 8 7 ......................................................................................................................................................................................................................................33.52

............................................................................9 8 .............................................................................................................................................................................................................................8.84

.....................................................................................10 9 ..................................................................................................................................................................................................................9,66

...............................................................................................11 1 0 .......................................................................................................................................................................................................17.36

.........................................................................................................12 1 1 ............................................................................................................................................................................................ 17.50

...................................................................................................................13 1 2 .................................................................................................................................................................................. 20.41

.............................................................................................................................14 1 3 .........................................................................................................................................................................7.70

.......................................................................................................................................15 1 4 .............................................................................................................................................................. 16.99

.................................................................................................................................................16 1 5 .....................................................................................................................................................7.58

...........................................................................................................................................................17 1 6 ........................................................................................................................................... 7.20

.....................................................................................................................................................................18 1 7 ................................................................................................................................ 12.07

...............................................................................................................................................................................19 1 8 ...................................................................................................................... 10.24

........................................................................................................................................................................................ 20 1 9 .............................................................................................................3.25

.................................................................................................................................................................................................. 21 2 0 ...................................................................................................9.32

.....................................................................................................................................................................................................  22 21   18.70

...............................................................................................................................................................................................................  23 22   14.51

......................................................................................................................................................................................................................... 24 23   29.93

...................................................................................................................................................................................................................................  25 24   9.12

.............................................................................................................................................................................................................................................  26 25 - - - - 20.20

.......................................................................................................................................................................................................................................................  27 26 - - - 8.80
.................................................................................................................................................................................................................  28 27 - - 3.71

...........................................................................................................................................................................................................................................................................  29 28 - 14.46

.....................................................................................................................................................................................................................................................................................  30 29 0.18



E.5 Chromosome 7

0 I 2 3 4 5 6 7 8 9 10 II 12 13 U  15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 -1009.17
1 0 .................................................................................................................................................................................................................................................................................................................... 2.45
- 2 1  26.1
- - 3 2  - ................................................................................................  19 31
-  -  -  4  3 ......................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................................21.74
- - - - 5 4 ....................................................................................................................................................................................................................................................................... 19 55
................................... 6 5 ..............................................................................................................................................................................................................................................................  5 32
...........................................  7 6 .....................................................................................................................................................................................................................................................  13 28
...........................................................8 7 ..............................................................................................................................................................................................................................................................10.67
................................................................... 9 8 ....................................................................................................................................................................................................................................................30.79
............................................................................10 9 .......................................................................................................................................................................................................................................... 1132
......................................................................................11 1 0 ................................................................................................................................................................................................................................14.45
........................................................................................  12 11   4 5 4 5
......................................................................................................... 13 1 2 .............................................................................................................................................................................................................3.09
................................................................................................................... 14 1 3 ................................................................................................................................................................................................. 40.99
............................................................................................................................. 15 1 4 ........................................................................................................................................................................................ 17.85
.......................................................................................................................................16 1 5 .............................................................................................................................................................................. 18.07
.................................................................................................................................................17 1 6 ..........................................................................................................................................................  7.5
.......................................................................................................................................................... 18 1 7 ........................................................................................................................................................... 17.84
.................................................................................................................................................................... 19 1 8 .................................................................................................................................................. 7.76
............................................................................................................................................................................. 20 1 9 ........................................................................................................................................ 2.43
 21 2 0  8.21
..........................................................................................................................................................................................  22 21   7.31
.................................................................................................................................................................................................... 23 22   17.65
.............................................................................................................................................................................................................  24 23   29.72
.......................................................................................................................................................................................................................  25 24   3.92
.................................................................................................................................................................................................................................  26 25   18.91
...........................................................................................................................................................................................................................................  27 26   7.03
..................................................................................................................................................................................................................................................... 28 27   15.7
............................................................................................................................................................................................................................................................... 29 28 - - - - 14.13
........................................................................................................................................................................................................................................................................  30 29 - - - 7.73

- - .......................................................................................................................................................................................................................................................  31 30 - - 28.08
........................................... - ........................................................................................................................................................................................................................................ 32 31 - 8.02
......................................................................................................................................................................................................................................................................................................  33 32 11.7



Marker names:
Chromosome 7 includes 34 loci (numbered 0 to 33) as oudined below:
0 D7S531 12 D7S506
1 D7S517 13 D7S502
2 D7S513 14 D7S1816
3 D7S507 15 D7S1870
4 D7S493 16 D7S669
5 D7S516 17 d7s2443
6 D7S2496 18 d7s2212
7 D7S2252 19 d7s524
8 D7S484 20 D7S630
9 D7S510 21 D7S2410
10 D7S691 22 D7S657
11 D7S519 23 D7S821

E.6 Chromosome 9
Marker names:
Chromosome 9 includes 24 loci (numbered 0 to 23) as ouflined below:
0 D9S288 8 D9S319
1 D9S286 9 D9S1817
2 D9S285 10 D9S273
3 D9S157 11 D9S175
4 D9S1846 12 D9S167
5 D9S171 13 D9S283
6 D9S2154 14 D9S287
7 D9S161 15 D9S1690

D7S515
D7S1799
D7S486
D7S530
D7S640
D7S684
D7S661
D7S636
D7S798
D7S2465

D9S1677
D9S1776
D9S1682
D9S290
D9S164
D9S1818
D9S1826
D9S158



Chromosome 9
0 I 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 -661.06
1 0 ........................................................................................................................................................................................................................................................................................... 0.32

2 1 ........................................................................................................................................................................................................................................................................................ 20.84
3 2 ........................................................................................................................................................................................................................................................................0.09

4 3 ................................................................................................................................................................................................................................................................3,51
5 4 ................................................................................................................................................................................................................................................14

............................................................... 6 5 ......................................................................................................................................................................................................................................0.39

............................................................................ 7 6 ....................................................................................................................................................................................................................5.27

.........................................................................................8 7 .............................................................................................................................................................................................................7.26

..................................................................................................... 9 8 ............................................................................................................................................................................................... 4.39

..................................................................................................................10 9 .................................................................................................................................................................................16.16
 11 1 0  3.95
 12 1 1  4.73
........................................................................................................................................................ 13 1 2 ......................................................................................................................................... 13.99

14 13 - - - - - - - -  - 7.02
..................................................................................................................................................................................15 1 4 ........................................................................................................5.11
.................................................................................................................................................................................... 16 1 5 ................................................................................................ 10.4
............................................................................................................................................................................................................17 1 6 ............................................................................. 5.24
.............................................................................................................................................................................................................. 18 1 7 ...........................................................................9.95
......................................................................................................................................................................................................................................19 18 - - - - 5.96
.................................................................................................................................................................................................................................................. 20 19 - - - 13.75
............................................................................................................................................................................................................................................................... 21 20 - - 7.9
..................................................................................................................................................................................................................................................................  22 21 - 3.72
...............................................................................................................................................................................................................................................................................  23 22 3.77

On line 3 above, the likelihood o f this order is 1.23 times more likely than the original reference order. Therefore, additional flipsn analyses were carried out to investigate 
other putative locus orders (see below).



Chromosome 9 ; flipsn set to 5

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 -661.06
1 0 4 - 2 - - - - - - - - - - - - - - - - - - - 1.67
- - 4 - 2 - - - - - - - - - - - - - . . - - . - 1.24
1 0 4 2 3 - - - - - - - - - - - - - - - - - . . 0.65
- - 4 2 3 - - - - - - - - - - - - - - - - - - - 0.23
1 0 3 2 - - - - - - - - - - - - - - - - - - - - 0.32
- - 3 2 - - - - - - - - - - - - - - - - - - - - -0.09
1 0 - - - - - - - - - - - - - - - - - - - - . - 0.32
- - 4 - 2 6 5 - - - - - - - - - - . . - - - . . 1.98
- - 4 2 3 6 5 - - - - - - - - - - - - - . - - - 0.75
- - 3 2 - 6 5 - - - - - - - - - - - - - - - . . 0.47
- - - - - 6 5 - - - - - - - - - - - - - - - - - 0.39

On line 6 above the likelihood of this order is 1.23 times more likely than the original reference order. Physical positioning using the eGenome resources (see e-bibliography) 
confirms the reference order as the more likely.

E.7 Chromosome 10

Marker names:
Chromosome 10 includes 26 loci (numbered 0 to 25) as outlined below:

0 D10S249 9 D10S548 18 D10S1686
1 D10S591 10 D10S197 19 D10S185
2 D10S189 11 DIOSGGAA 20 D10S597
3 D10S1172 12 D10S208 21 D10S1693
4 D10S1728 13 D10S1791 22 D10S587
5 D10S547 14 DIOS196 23 D10S217
6 D10S2325 15 D10S524 24 D10S1651
7 D10S506 16 D10S1652 25 D10S212
8 D10S1653 17 D10S537



0 I 2 3 4 5 6 1 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 24 25 -855.55
1 0 ..............................................................................................................................................................................................................................................................................................7.56

2 1 ............................................................................................................................................................................................................................................................................................2.36
3 2 ................................................................................................................................................................................................................................................................................. 7.6

4 3 .................................................................................................................................................................................................................................................................... 0.44
5 4 ...............................................................................................................................................................................................................................................7.73

................................................6 5 .............................................................................................................................................................................................................................................. 8.7

...................................................................... 7 6 .................................................................................................................................................................................................................................18.5

..................................................................................8 7 .................................................................................................................................................................................................................... 11,91

............................................................................................. 9 8 .........................................................................................................................................................................................................8.91

.........................................................................................................10 9 ............................................................................................................................................................................................5.45

.....................................................................................................................11 1 0 ................................................................................................................................................................................0.34

................................................................................................................................ 12 1 1 .................................................................................................................................................................... 0.71

............................................................................................................................................ 13 1 2 .................................................................................................................................................... 5.82

........................................................................................................................................................ 14 1 3 ....................................................................................................................................6.12

.......................................................................................................................................................... 15 1 4 ................................................................................................................................23.86

................................................................................................................................................................................16 1 5 ....................................................................................................................6.78

............................................................................................................................................................................................17 1 6 .....................................................................................................8.85

........................................................................................................................................................................................................18 1 7 ........................................................................................... 16.22

....................................................................................................................................................................................................................19 1 8 .............................................................................7.64

............................................................................................................................................................................................................................... 20 1 9 ................................................................ 8.12

........................................................................................................................................................................................................................................... 21 20 - - - - 3.24

..............................................................................................................................................................................................................................................  22 21 - - - 4.14

..........................................................................................................................................................................................................................................................  23 22 - - 11.82

...................................................................................................................................................................................................................................................................... 24 23 - 16.24
....................................................................................................................................................................................................................... 25 24 1.96

On line 12 above, the likelihood of this order is 5.13 times more likely than the original reference order. Therefore, additional flipsn analyses were carried out to investigate 
otlier putative locus orders (see below).



Chromosome 10: Jlipsn -  S
0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 -855.5f
- 4 3 0.44
- 2 1 2.36

11 10 - - - - - 0.34
12 10 11 - - - - -0.97

12 11 - - - - - -0.71
- - 13 11 - - - 2.68

12 13 11 - - - - 2.75
12 13 14 10 11 - - 2.91

13 14 12 11 - - 0.82
12 10 14 - 11 - 2.65

12 14 - 11 2.34
13 14 11 0.82

12 10 13 14 11 -2.53
12 13 14 11 -3.8

25 24 1.96

On line 13, the likelihood of this order is 6309.57 times more likely than the original reference order. Therefore, given the pattern of the more likely ‘alternate’ orders (see 
lines 4,5,12 and 13) a build option was performed using locus #11 as the insert locus.

Insert locus #11 (DIOSGGAA)
Reference order:

0 I 2 3 4 5 6 7 8 9 10 12 13 14 15 16 17 18 19 20 21 22 23 24 25
X

Physical positioning using the eGenome resources (see e-bibliography) confums the build position as the most likely (ftirther details are described in chapter 4, section 4 3.1). 
Corrected marker order for Chromosome 10 which includes 26 loci (numbered 0 to 25) as outlined below:
0 D10S249 9 D10S548 19 D10S185
1 D10S591 10 D10S197 11 DIOSGGAA
2 D10S189 12 D10S208 20 D10S597
3 D10S1172 13 D10S1791 21 D10S1693
4 D10S1728 14 D10S196 22 D10S587
5 D10S547 15 D10S524 23 D10S217
6 D10S2325 16 D10S1652 24 D10S1651
7 D10S506 17 D10S537 25 D10S212
8 D10S1653 18 D10S1686



E.8 Chromosome 12
0 I 2 3 4 5 6 7 8 9 10 I I 12 13 14 15 16 17 18 19 20 2 1 22 23 24 25 26 27 28 29 -918.38
1

2

8,02
6.73
14.99

4 3 ............................................................................................................................................................................................................................................................................ 0.43
5 4 .............................................................................................................................................................................................................................................  7 96

6 5 ....................................................................................................................................................................................................................................... 32.38
7 6 .......................................................................................................................................................................................................................................4,37

8 7 ......................................................................................................................................- ................................................................................... 9.71
................................................. 9 8 ......................................................................................................................................................................................................................... 6.83
...................................................  10 9   30.21
 11 1 0  -  21,94
 12 1 1  24,71
.......................................................................................... 13 1 2 ............................................................................................................................................................................. 10,03
.....................................................................................................14 1 3 ................................................................................................................................................................... 14.87
...............................................................................................................15 1 4 .........................................................................................................................................................19.95
......................................................................................................................... 16 1 5 ..............................................................................................................................................19.38
................................................................................................................................... 17 1 6 .................................................................................................................................... 4.12
..............................................................................................................................................18 1 7 ............................................................................................................................. 0
........................................................................................................................................................ 19 1 8 .................................................................................................................. 0
.................................................................................................................................................................. 20 1 9 ...................................................................................................... 2.8
 21 2 0  2.08
...............................................................................................................................................................................  22 21   9.47
.......................................................................................................................................................................................... 23 22   26.56
....................................................................................................................................................................................................  24 23   3.71
..............................................................................................................................................................................................................  25 24 - - - - 24.07
.........................................................................................................................................................................................................................  26 25 - - - 28.45
...................................................................................................................................................................................................................................  27 26 - - 1.7
..............................................................................................................................................................................................................................................  28 27 - 21.01
......................................................................................................................................................................................................................................................... 29 28 -0.87

The re-arranged orders o f loci 28 and 29 produce data that is 7.41 times more likely than the original reference order. Therefore, a flipsn = 5 was performed.



C hrom osom e 1 2- flip sn  = 5

0 I 2 3 4  5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20  21 2 2  2 3  2 4  25  2 6  27  2 8  2 9  -9 1 8 .3 8

4  3 ................................................................................................................................................................................................................................................................................................................................. 0 .4 3
..................................................................................................................................... 18 14 15 16 1 7 ...................................................................................................................................................... 0
................................................................................................................................................. 18 15 16 1 7 ...................................................................................................................................................... 0
..............................................................................................................................................................18 16 1 7 ..................................................................................................................................................... 0
.......................................................................................................................................................................... 18 1 7 ...................................................................................................................................................... 0
.......................................................................................................................................................................................19 1 8 .......................................................................................................................................0
 2 0 - 1 8 ................................................................................................................... 2 .8
...................................................................................................................................................................................... 20  18 1 9 .....................................................................................................................2 .8
............................................................................................................................................................................. 19 2 0  18  0
....................................................................................................................................................  18 16 17 2 0  19   2 .8
................................................................................................................................................................  18 17 2 0  19 ........................................................................................................  2 .8
.................................................................................................................................................................................................. 2 0  1 9 ........................................................................................................................2 .8
...................................................................................................................................................................................... 21 - - 1 8 ..............................................................................................................1 .48
  21 - 18 2 0    1 .48
............................................................................................................................................................................. 21 18 19 2 0    1 .48
.......................................................................................................................................................................................19 21 - 1 8 ............................................................................................................. 2 .0 8
............................................................................................................................................................................. 19 21 18 2 0    2 .0 8
................................................................................................................................................................  18 17 21 19 2 0    1 .48
.............................................................................................................................................................................................. 21 19 2 0  . 1 .48
 2 0  - 21 1 8  2 .8
............................................................................................................................................................................. 19 2 0  21 18  0
............................................................................................................................................................................. 19 18 21 2 0    2 .0 8
.......................................................................................................................................................................... 18 17 - 21 2 0 ...................................................................................................... 2 .0 8
 21 2 0  2 .0 8
...................................................................................................................................................................................... 21 - - 2 2  1 8 ................................................................................................1 .48
............................................................................................................................................................................. 19 21 - 2 2  18   2 .0 8
  2 0  - 21 2 2  18   2 .8
............................................................................................................................................................................. 19 2 0  21 2 2  18  0
................................................................................................................................................................................................................................................................................. 2 7  2 6  - - 1 .7
................................................................................................................................................................................................................................................................................. 2 7  2 6  2 9  2 8  0 .7 7
..............................................................................................................................................................................................................................................................................................................  2 9  2 8  -0 .8 7



There is no evidence to suggest that the physical order detailed in the eGenome database entry for loci #28 and #29 and the reference order differ. Although the order 
proposed by flipsS  and flips2  suggest rearrangement of loci #28 and #29, when the LOD tolerances are increased marginally (data not shown) the likelihoods in subsequent 
flipsn analyses favour the reference order.

Marker names:
Chromosome 12 includes 30 loci (numbered 0 to 30) as outlined below:
0 D12S352 10 D12S83 20 D12S79
1 D12S99 11 D12S313 21 D12S1718
2 D12S336 12 D12S326 22 D12S86
3 D12S364 13 D12S1708 23 D12S304
4 D12S310 14 D12S351 24 D12S324
5 D12S1617 15 D12S346 25 D12S1675
6 D12S345 16 D12S78 26 D12S1659
7 D12S1663 17 D12S1613 27 D12S367
8 D12S85 18 D12S1583 28 D12S1723
9 D12S368 19 D12S1646 29 D12S1638

E. 9 Chromosome 17  
Marker names:
Chromosome 17 includes 24 loci (numbered 0 to 23) as outlined 
0 D17S849 8

below:
D17S1824 16 D17S1816

1 D17S831 9 D17S798 17 D17S949
2 D17S1876 10 D17S927 18 D17S1862
3 D17S938 11 D17S1868 19 D17S1807
4 D17S1791 12 D17S1795 20 D17S785
5 D17S1852 13 D17S787 21 D17S1847
6 D17S799 14 D17S957 22 D17S784
7 D17S1857 15 D17S944 23 D17S928



0 1 2 3 4 5 6 7 8 9 10 I I 12 13 14 15 16 17 18 19 20 21 22 23 -829.4
1 0 ............................................................................................................................................................................................................................................................................................ 8.14

2 1 .................................................................................................................................................................................................................................................................................... 14.89
3 2 ............................................................................................................................................................................................................................................................................. 7.96

4 3 ................................................................................................................................................................................................................................................................ 19.1
5 4 ............................................................................................................................................................................................................................................. 12.88

..........................................................  6 5   25.39

.............................................................................7 6 ..........................................................................................................................................................................................................................14.6

..........................................................................................8 7 .............................................................................................................................................................................................................7.28

...................................................................................................... 9 8 ......................................................................................................................................................................................1,2

........................................................................................................ 10 9 ..............................................................................................................................................................................0.66

................................................................................................................................11 1 0 ...................................................................................................................................................................20.05

.............................................................................................................................................12 1 1 .......................................................................................................................................................4.13

......................................................................................................................................................... 13 1 2 ................................................................................................................................ 15.52

............................................................................................................................................................14 1 3 .............................................................................................................................. 5.82

................................................................................................................................................................................... 15 1 4 .........................................................................................................11

......................................................................................................................................................................................16 1 5 .................................................................................................... 9.18

............................................................................................................................................................................................................. 17 1 6 ......................................................................................20.7

.......................................................................................................................................................................................................................... 18 1 7 .................................................................... 16.77

....................................................................................................................................................................................................................................... 19 18 - - - - 26.62

....................................................................................................................................................................................................................................................20 19 - - - 2.66

....................................................................................................................................................................................................................................................... 21 20 - - 27.73

....................................................................................................................................................................................................................................................................  22 21 - 5.64

.................................................................................................................................................................................................................................................................................  23 22 4.97

D ata suggests that the re-arranged order o f #9  and #10 are 4.57 times more likely than the reference order, therefore a flipsn = 5 was performed.

0 1 2 3 4 5 6 7 8 9 10 II 12 13 14 15 16 17 18 19 20 21 22 23 -829.4
...................................................................................................... 9 8 ......................................................................................................................................................................................1,2
........................................................................................................ 10 9 ..............................................................................................................................................................................0,66
........................................................................................................ 10 9 12 1 1 .......................................................................................................................................................2,28
....................................................................................................................................................................................................................................................20 19 - - - 2,66

Physical data from eGenom e supports the reference order for m iaosatellites #9 and #10 on chromosome 17,



E.IO Chromosome 18
Marker names:
Chromosome 18 includes 25 loci (numbered 0 to 24) as oudined below:
0 D18S59 7 D18S464
1 D18S63 8 D18S53
2 D18S1132 9 D18S37
3 D18S976 10 D18S478
4 D18S452 11 D18S1102
5 D18S1163 12 D18S450
6 D18S843 13 D18S474

0 1 2 3 4 5 6 7 8 9
1 0 .............................................................................................

2 1 ............................................................................................
3 2 .................................................................................................

4 3 .....................................................................................
5 4 ........................................................................

.............................................................6 5 ............................................................

.........................................................................7 6 - - - -

..................................................................................... 8 7 - - -

................................................................................................. 9 8 - -

............................................................................................................. 10 9
 11 10
 12

14 D18S1127 21 D18S61
15 D18S1129 22 D18S1161
16 D18S64 23 D18S462
17 D18S1147 24 D18S70
18 D18S51
19 D18S68
20 D18S465

13 14 15 16 17 18 19 20 21 22 23 24 -834.03
....................................................................................................................................................14.02
.....................................................................................................................................................7.84
...................................................................................................................................................... 1.3
.....................................................................................................................................................0.83
....................................................................................................................................................24.27
.....................................................................................................................................................2.76
.....................................................................................................................................................4.05
.....................................................................................................................................................5.51
......................................................................................................................................................9.5
.....................................................................................................................................................2.94
..................................................................................................................................................... 1.65
 16.08

1 2 .........................................................................................................................................1.78
14 1 3 .....................................................................................................................................5.75

15 1 4 ....................................................................................................................... 33.96
16 1 5 ............................................................................................................8.57

17 1 6 ...............................................................................................16.48
18 1 7 ................................................................................... 5.15

............................................................ 19 1 8 ...................................................................... 3.56

........................................................................ 20 19 - - - - 14.32

.....................................................................................21 20 - - - 3.87

........................................................................................ 22 21 - - 27.53

....................................................................................................  23 22 - 2.89

................................................................................................................  24 23 4.71



Appendix F

The Bipolar Affective Disorder Dimensional Scale, version 3.0 (BADDS 3.0)

The Bipolar Affective Disorder Dimension Scale (BADDS) has been developed in order to address 
some of the disadvantages of a purely categorical approach to diagnostic classification of Bipolar 
Spectrum Disorders.

BADDS is a dimensional rating scheme that retains and builds upon current categorical classifications. 
It is intended for use in clinical samples from populations over-represented by Bipolar Spectrum illness. 
It was not developed for use in general population samples.

BADDS comprises 4 dimensions: M: Mania; D: Depression; P; Psychosis; I; Incongruence. Each 
dimension is rated using integer scores on a 0 -  100 scale. Ratings are made after review of all available 
clinical data on a subject (e.g. case records, semi-structured psychiatric interview and information from 
an informant) and can be performed as a simple addition to the conventional consensus lifetime 
psychiatric diagnostic procedures already in use by many research groups. Each rating reflects a mixture 
of severity and frequency of clinical features. Guidelines are provided that defme anchor points in the 
rating scales and specify how ratings should be made.

BADDS: General rating guidelines

1) Do not rate a dimension if tliere is insufficient information - just leave the dimension blank.
2) Use all available infoimation to make tlie best judgement for each rating.
3) It is expected that when used for research BADDS will be used within tlie accepted framework of the 

lifetime best-estimate consensus diagnostic procedure.
4) AU ratings should be made using integers in tlie range 0 - 100.
5) Ratings for M and D are a mixture of severity and frequency. Generally the severity of the most
severe episode identifies a range in which the rating will be made and tlie frequency determines the 
score assigned within the range. In assigning a rating, start at tlie lowest score in the range and then add 
points according to any relevant psychopathology over and above that of the most severe episode 
according to tlie following guidelines:

a) In general each additional episode o f that level o f severity will add a score of 2 in a 20 point 
range and 1 in a 10 point range.
b) Scores in the identified severity range can and should be modified according to severity and
duration of total episodes -  but with a substantial down-weigliting for episodes of lower
severity.
c) For episodes tliat are one level of severity lower than tlie rating range, add 0.25 points for 
each episode of lower severity for a score in a 10 point range and 0.5 points for each episode of 
lower severity for a score in a 20 point range.
d) For episodes tliat are more than one level of severity lower than the rating range the total 
adjustment should not noimally exceed 1 or 2 points.

6) For tlie P and I dimensions anchor points are given in these guidelines. Judgment is used to assign 
scores between anchor points.

7) Under very exceptional circumstances a score can be rated outside the severity range. However, this 
should always be agreed by at least two raters and the rating should lie in the interval 0 - 100. Such a 
rating should be indicated by an asterisk (*) following tlie rating for that dimension. An example of the 
applicability of this rule is tlie rating up of an episode in which the balance of evidence clearly suggests a 
severe illness that is not adequately supported by tlie documented evidence because o f poor documentation. 
Anotlier example would be the rating down of an episode if the balance of evidence strongly suggests 
tliat tlie formal evidence clearly over-represents the clinical significance of the episode.



1) M ania dimension (M)

• The rating reflects severity and frequency.
• Use ICD 10 to define symptom and duration criteria for hypomanic and manic syndromes.
• Sub-hypomanic features in the ranges 1 - 1 9  and 20 - 39 should be rated using judgement

according to the balance of number and duration of symptoms.
• No impairment criterion is used for hypomania.
• The impairment criteria for mania are one or more o f

Disrupts work or social life more or less completely
Markedly inappropriate overspending that is reckless within the context of the 
Subject’s financial position 
Fights 
Lost job
Police involvement 
Family split up
Received specific treatment (including dose increase of mood stabiliser)/or

acute mania
Psychotic features

• Incapacitating mania refers to a severe manic episode tliat includes the presence of one or more 
features such as incoherence, disorientation, loss of contact with reality (which includes 
psychotic features), frenzied or bizarre psychomotor activity.

• Mixed episodes aie rated on tlie M dimension. If all manic episodes are mixed, add “m ” to the 
rating (eg. 65m).

Key points and ranges on the M dimension

0 No manic features.
1 - 19 Mild sub-hypomanic features. Elation/irritability and less than 3 symptoms.
20 - 39 Sub-hypomanic features. Elation/irritability and 3-t- symptoms for at least 1 day.
40 - 59 Hypomanic feaUires. At least one hypomanic episode.
60 - 79 Manic features. At least one manic episode.
80 - 100 Severe manic feamres. At least one episode of incapacitating mania.



2) Depression (D)

• Rating reflects severity and duration.
• Use ICDIO to define depressive syndromes. This includes 10 symptoms of depression that 

count for the purposes of diagnosis:

A Depressed mood
Loss of interest/pleasure 
Loss of energy

B Suicidal ideation
Pathological guilt 
Loss of confidence/self esteem 
Loss of concentration 
Slowed activity 
Change of appetite or weight 
Change in sleep pattern

• Depression severity: Mild - 4+ symptoms (2+ from A); moderate - 6+ symptoms (2+ from A); 
severe - 8+ symptoms (3 from A). Refer to ICDIO for full definition of syndromes and 
symptoms.

• Duration criterion for Major Depressive Episode is 2 + weeks. If 1- 2 weeks, classify as Minor 
Depression.

• Rate depression as severe if (a) ICDIO aiteria  fulfilled, or (b) criteria for major depression are 
fulfilled and there has been a serious suicide attempt, ECT treatment or hospital admission for 
depression.

• Minor depression refers to at least 1 week of low mood accompanied by 2 or more depression 
items or to brief episodes that would otherwise meet criteria for Major Depression.

• Incapacitating depression refers to severe major depression that includes presence of one or 
more of tlie following features: stupor; mutism; loss of contact with reality (including psychotic 
features).

• If psychotic features are present, a depressive episode can be rated as incapacitating if the 
minimum criteria for major depression are satisfied (i.e. 4 items).

Key points and ranges on D dimension

0 No features of depression during lifetime
1 -  19 Sub-Minor depression.
20-39 Minor depression.
40-49 Mild major depression.
50-59 Moderate major depression.
60-79 Severe depression.
80 - 100 Incapacitating depression



3J Psychotic features (P) or pD im

• Psychotic features refer to delusions, hallucinations, positive formal thought disorder, catatonia or 
grossly disorganised behaviour (but see exclusions below).

• Ratings on this dimension exclude stupor or excitement during an affective episode or positive 
formal thought disorder during mania.

• Lifetime occurrence of psychotic features is rated.
• Near psychotic features includes odd, eccentric or peculiar behaviour; odd beliefs or magical

behaviour inconsistent with subcultural norms and that influence behaviour; suspiciousness or 
paranoid behaviour; ruminations without irmer resistance; unusual perceptual experiences; vague, 
circumstantial, over elaborate or stereotyped thinking manifested by odd speech or in other ways. 
Depersonalisation and derealisation are not classified as near psychotic features.

• Tlie period of illness considered refers to all affective and non-affective periods of psychopathology.
• Rating should take account of both number and duration of episodes with and without psychotic 

features. If in doubt, “rate up” the psychotic features. Examples:

o If tliere have been two 1 week long affective psychotic episodes and a 1 year non-psychotic
depressive episode, rate 60 (i.e. approx. 2 /3  of illness episodes), 

o If there have been nine 1 month non-psychotic affective episodes, one 1 month psychotic 
affective episode and 4 years of chronic hallucinations outside alFective episodes, rate 80 
(ie. approx. 80% of illness duration).

• The Uncertain category (P = 1) is used for situations in which insufficient information is available 
to deteraiine if sign or symptom meets aiteria for near psychotic feature.

Key points and ranges on P dimension

0 Absent.
1 Uncertain.

2 - 9 Near psychotic features: occasional at low end of range, frequent at higli end of range.
Occiurence of true psychotic symptoms should not be rated in this range.

10 -20 Brief clear-cut psychotic symptom tliat are not a prominent feature of illness.
10 -  Single.
20 -  Multiple.

21 -  100 Psychotic symptoms that are a prominent feature in one of more episodes of illness.

25 - present for 25% of illness.
50 - present for 50% of illness.
75 - present for 75% of illness.
100 - prominent psychotic features present througliout illness.



4) M ood incongruence (I)

• DSMIV definitions of congruence and incongruence are used.
• Rate incongruence of lifetime occurrence of psychotic features.
• For convenience, the set of psychotic symptoms recognised as having special weight in the

diagnosis of schizophrenia and schizoaffective disorder (thought echo, insertion, withdrawal or
broadcasting; passivity experiences; hallucinatory voices giving rutming commentary, discussing 
subject in third person or originating in some part of the body; bizarre delusions; catatonia) are 
denoted in the guidelines as the “S set”.

• If Psychosis Features dimension, P < 10, leave I blank.

Key points on I dimension

0 -40 Psychotic symptoms occur only during affective episodes and do not include any of the S
set.
Rating 0 -  virtually completely mood congruent.
Rating 20 -  approximate balance between mood congruent and incongruent.
Rating 40- virtually completely mood incongruent 

43 Psychotic symptoms occur only during affective episodes and include one or more of the S
set which have not defmitely been present for 2 weeks.

47 Psychotic symptoms occur only during affective episodes and include one or more of the S
set which have defmitely been present for 2 weeks.

50 - 59 Psychotic symptoms probably present for at least 2 weeks either side o f an affective
episode.
Rating 50 -  on at least one occasion.
Ratings of 51-59 used to reflect recurrence and/or certainty.

60 - 100 Psychotic symptoms defmitely present for at least 2 weeks either side of an affective
episode.
Rating 60 -  on at least one occasion.
Rating 80- on many occasions.
Rating 100 -  Psychotic symptoms predominate illness and occur chronically outside (or in 
absence of) affective episodes.



Appendix G

Flow chart illustrating the step-wise process adopted by tire Wellcome Trust BPAD genome scan.
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Figure G: Flowchart outlining tire dataflow (red arrows) fiom DNA extiaction to creation o f  hnkage 
analysis files. All back-up media was stored off site.



Appendix H  (section 1)

Script name; execute_merlin_chr .pi

Simulations using tlie m e r l i n  application (Abecasis, 2002) were initiated using the following p e r l  
script.

#! /daithi/local/bin/perl -w 

#
#system (”/daithi/local/bin/merlin -p c22b3_fullr_agep.ped -d 
c22merlin.dat -m c22merlin.map -f c22merlin.freq — quiet — npl — pairs —  
qtl — deviates — vc — markerNames — grid 1 -xx > c22merlin.out");

$chr = shift 0ARGV;

$txt = $chr.'agepdim_s1.txt';
$dat = $chr.'.dat';
$out = 'c '.$chr.'merlin.out';

system ("merlin -p $txt -d $dat — quiet — npl — pairs — qtl — deviates - 
- V C  — markerNames — grid 1 -xx > $out");

for $i (1..1000) {
$R = l+int(rand(9999));
$count{$R}++;

#$cmd = "/daithi/local/bin/merlin -p c22b3_fullr_agep.ped -d 
c22merlin.dat -m c22merlin.map -f c22merlin.freq — quiet — npl — pairs —
qtl — deviates — vc — markerNames — grid 1 -xx -r$R — simulate »
c22merlin.out”;
#print "$cmd\n";
$cmd = "merlin -p $txt -d $dat — quiet — npl — pairs — qtl — deviates 

- - V C  --markerNames — grid 1 -xx -r$R --simulate »  $out"; 
system ("$cmd");

}
$rand = '/home/daithi/merlin/work/c'.$chr.'.rand'; 
open (OUT, ">$rand") || die;

foreach $n (sort {$a <=> $b} keys %count) { 
print OUT "$n\t$count{$n}\n";

}



Appendix H  (section 2)

Script name: parse_merlin_output.pl

Data generated by the run_merlin_chr.pl SCTipt was parsed using the following perl saipt.

#! /daithi/local/bin/perl

$result = shift §ARGV;

$outfile = $result.'.tsv';

open (IN, “$result") || die; 
open (OUT, ">$outfile") || die;

while (<IN>) { 
chomp;
if ($_ =~ /"MERLIN/) {

$n++;
$oct = 0;
$str = ($n == 1) ? 'obs' : $n-l;
#$str .= ', ';

}
if ($_ =~ /''Phenotype/) {

$start = 1;
0bits = split /\s+/,$_;
$locus = $bits[l];
$type = $bits[2];
#($partA, $partB) = translate($locus, $type); 
#for $i (1..5 ) {
# $_ = <IN>;
*)
#print "$_\n"; 
if ($type eq '[VC]') { 

for $i (1..3) {
$_ = <IN>;

}
}
else {

for $i (1..5) {
$_ = <IN>;

}
}
#print "$_\n";
$maxlod = 0;
$maxposn = 0;

}
if ($start) {

if ($type eq '[VC]') { 
gbits = split /\s+/,$_;
$lod = $bits[-2];
$posn = $bits[-5];
$maxposn = ($lod > $maxlod) ? $posn : $maxposn; 
$maxlod = ($lod > $maxlod) ? $lod : $maxlod;

}
else {

0bits = split /\s+/,$_;
$lod = $bits[-2];
$posn = $bits[-6];
$maxposn = ($lod > $maxlod) ? $posn : $maxposn; 
$maxlod = ($lod > $maxlod) ? $lod : $maxlod;

}



if ($_ eq '' && $start) {
$start = 0;
#print "$locus\t$type\t$maxlod\t$maxposn\n"; 
$str .= "\t$maxlod\t$maxposn" if $str; 
$oct++;

>
if ($oct ==8) {

$str .= "\n"; 
print OUT "$str";
$oct = 0;

ub translate { 
my ($a, $b) = 0_; 
my ($A, $B);

SWITCHA: {
$a eq 'LOCUS1' and $A 
$a eq 'LOCUS7' and $A 
$a eq 'LOCUS8' and $A

}
SWITCHB: {

$b eq 'ALL' and $B = 
$b eq 'Pairs' and $B 
$b eq 'QTL' and $B = 
$b eq 'QTL,' and $B 
$b eq 'VC' and $B =

}
return ($A, $B);

= 'Bipolar', last SWITCHA 
= 'AAC, last SWITCHA;
= 'Pdim', last SWITCHA;

ALL', last SWITCHA;
'Pairs', last SWITCHA; 

QTL', last SWITCHA;
= 'deviates', last SWITCHA; 
'VC, last SWITCHA;
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