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Summary
Schizophrenia (OMIM 181500) is a complex genetic disorder, which affects ~1% o f the
population, and typically presents in early adulthood with abnormalities o f perception
(psychosis), cognition, information processing and social functioning. Genetic
epidemiological research suggests that schizophrenia is related to other psychotic disorders
(including schizoaffective disorder and bipolar affective disorder). As a group these
functional psychoses are chronic in course, and associated with substantial morbidity.
Current treatments are partially effective and were discovered surreptitiously: establishing
genes that contribute to these disorders may be important in understanding the biology
involved and developing new therapies.
I established a large case-control sample for genetic investigation o f schizophrenia and
other psychotic disorders in the Irish population. The final sample included 396 cases (of
Irish ancestry) matched with 645 controls obtained from the Irish Blood Transfusion
Service. For cases the clinical assessment included a structured diagnostic interview
(SCID-P), clinical symptoms assessment (PANSS), examination for physical
dysmorphology (MPA-Lane Scale) and neurological assessment (NSS and AIMS).
The molecular studies presented in this thesis focussed on the schizophrenia phenotype
(including DSM -IV schizophrenia, schizoaffective disorder and schizophreniform disorder)
(n=299). Linkage studies have identified a number o f putative chromosomal susceptibility
loci from family studies conducted in Ireland and elsewhere (including chromosome 6p2422, 8p21-22 and 22ql 1-12). Based on reports suggesting the gene Neuregulin-1 (NRG l) as
a candidate gene for schizophrenia at chromosome 8p, I performed a case-control study o f
markers at this gene using samples collected during the first phase o f this sample collection
(246 cases and 231 controls). This identified significant evidence for association with a risk
haplotype (HapBiRe) (OR=1.7, p=0.013). This haplotype shared common alleles with the
original risk haplotype reported from an Icelandic study population and was also found at
significant excess in an independent Scottish schizophrenia case-control sample.
Data from gene expression studies suggested the APOL gene family as potential
schizophrenia candidate genes at the putative susceptibility locus at chromosome 22q. I
performed candidate gene analysis across the A P O L l-3 genes using a 3-stage DNA pooling
strategy, which represented a novel variation o f the original method to increase efficiency
for studies that employ public database SNPs. No evidence was found to suggest that
variation at these genes was associated with schizophrenia. The availability o f increasingly
detailed inform ation on inter-marker LD from a num ber o f ethnic populations (e.g. with the
HapM ap project) has potential benefits for selecting markers for a study o f this type. An
ancillary study o f HapMap data suggested that the density o f markers selected for this study
was likely to be insufficient to capture the m ajority o f genetic variation at the locus. The
absence o f sufficient comparative marker data from other populations at this time hinders a
more efficient m arker selection without substantially more genotyping.
I analysed genotype data from candidate gene analyses at the D-amino acid oxidase
(DAAO), G72 (D-amino acid oxidase activator (DAAOA)), dystrobrevin binding protein 1
(D TN B Pl) and N R G l genes in the fiill sample o f 299 cases and 645 controls. These studies

identified evidence o f association with haplotypes at D TN B P l and individual markers at
DAAO (M5) (0R =1.4, p=0.003) and G72 (M12)(1.34, p=0.005). These studies failed to
confirm evidence o f association with the N R G l haplotype (HapBiRE) in the extended
dataset.
Understanding the nature o f the relationships between susceptibility genes is likely to be
important in establishing how they contribute to schizophenia susceptibility. A previous
report suggested evidence o f epistatic interaction between markers at G72 and DAAO in
schizophrenia susceptibility in a French-Canadian sample. The pattern o f individual marker
associations differed between samples, so I examined for evidence o f epistatic interaction
between the markers proposed by the original report and between the G72 and DAAO
markers individually associated with schizophrenia in this population. The study, using a
logistic regression model, identified significant interaction between G72 (M l2) and DAAO
(M5) in this sample (OR=9.3, (Cl 1.4-60.5), p=0.008). Novel exploratory methods o f
testing for interaction between multiple loci are being developed. Using the multi factorial
dimension reduction (MDR) method, I tested for evidence o f interaction among six loci in
this dataset. The markers (at G72, DAAO, MRDS-1, DTNBP-1, N R G l and erbB4) were
selected a priori based on the limited literature available for interaction between loci in
schizophrenia susceptibility. A single locus model (DAAO) provided the best fit to the data
using this approach.
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Chapter 1
Introduction
1.1 Clinical background
1.1.1 Definition of schizophrenia
Schizophrenia (OMIM

181500; http://www.ncbi.nlm.gov/Omim/) is a chronic

psychiatric disorder that affects ~1% of the world’s population and is only partially
responsive to current treatments. The disorder has a typical onset in early adulthood
and impacts on perception (delusions and hallucinations), information processing
(disordered thinking), cognition and social functioning (Andreasen & Carpenter,
1993). In the absence o f defining pathophysiology, the clinical definition o f
schizophrenia represents an amalgamation o f different historical perspectives on the
‘true’ nature o f the disorder.

1.1.2 Historical framework for schizophrenia diagnosis
In the late nineteenth century, Kraepelin developed the first comprehensive and
widely accepted definition o f what he termed dementia praecox (Kraepelin, 1919). He
identified a syndrome o f chronic course and poor outcome that began early in life and
produced persistent impairments in many aspects o f behaviour and cognitive function.
In contrast, his contemporary Bleuler attempted to identify specific sjonptoms that
represented essential aspects o f dementia praecox. In Bleuler’s formulation the most
important feature was a loosening o f associational networks and a loss over time of
the ‘unity’ o f personality. To emphasise the fundamental importance o f the splitting of
associations, he renamed the disorder ‘schizophrenia’, or more correctly, the ‘group of
schizophrenias’ (Bleuler, 1911).

Working half a century later, Schneider also emphasized the importance of
discriminatory symptoms rather than course o f illness in schizophrenia diagnosis
(Schneider, 1959). He identified specific psychotic symptoms that he considered o f
first-rank in making the diagnosis and argued that these were specific to schizophrenia
and other toxic psychotic syndromes. The symptoms he described were implausible
and bizarre and fit with the concept o f schizophrenia as a disorder o f experience
beyond the comprehension o f others. They included experiences o f externally
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controlled thought, movement or impulse; thought insertion, withdrawal or
broadcasting; and voices discussing a patient in the third person or making a running
commentary on a patient’s behaviour.

1.1.3 Modern diagnostic criteria
There is general agreement as to the clinical features o f schizophrenia in
contemporary diagnostic classification systems (Diagnostic and Statistical Manual o f
Mental Disorder (DSM-IV) and the ICD-10 Classification o f Mental and Behavioural
Disorders (ICDIO)) (see Tables 1.1 and 1.2). Each relies heavily on the interview
structure and diagnostic algorithm o f the Present State Examination (PSE) and
incorporates the PSE time fi'ame o f one month (Wing et al, 1974). In each,
Schneider’s symptoms are priorifised among the delusions and hallucinations
described as ‘positive’ symptoms. The abnormalities in the process o f thinking
described by Bleuler remain, but with less emphasis, in part because o f the difficulty
in objectively and reliably defining thought disorder. Other symptoms, described by
Bleuler as fundamental, form the basis o f the ‘negative’ symptoms o f affective
flattening, alogia and avolition. The course o f the disorder is recognised in both
classifications but formalised in DSM-IV. Prodromal or residual symptoms are also
recognised in both modem classifications, but in DSM-IV continuous signs of
disturbance must persist for at least 6 months, otherwise the episode is termed
schizophreniform. The DSM-IV diagnosis o f schizophrenia also requires evidence o f
functional impairment in interpersonal relationships, at work, or in self-care, for a
significant portion o f time since onset o f the disorder.

1.1.4 Defining schizophrenia for genetic studies
‘The student o f schizophrenia pursues a moving target ’

Andreasen & Carpenter (1993).
Accurately defining the schizophrenia phenotype for epidemiological and genetic
studies is important. To insure assessment reliability most interviews implement a
standardised structured clinical interview (e.g. the Structured Clinical Interview for
DSM-IV (SCID)) and perform inter-rater reliability exercises. With such procedures
the diagnostic reliability of ICD-10 and DSM-IV diagnosed SZ matches that available
for medical conditions such as diabetes or hypertension (ICD-10, 1992).
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Table 1.1:

Diagnostic criteria for Schizophrenia in DSM-IV

A. Characteristic symptoms: two (or more) o f the following, each present for a
significant portion o f time during a one-month period (or less if successfully
treated):
1) Delusions
2) Hallucinations
3) Disorganized speech (e.g. Frequent derailment or incoherence)
4) Grossly disorganized or catatonic behaviour
5) Negative symptoms, i.e., affective flattening, alogia or avolition
Note: only one criterion a symptom is required i f delusions are bizarre or
hallucinations consist o f a voice keeping a running commentary on the persons
behaviour or thoughts, or two or more o f the voices converse with each other.________
B. Social/occupational dysfunction: For a significant portion o f time since the
onset o f the disturbance, one or more major areas o f fiinctioning such as work,
interpersonal relations, or self-care are markedly below the level achieved
prior to the onset (or when the onset is in childhood or adolescence, failure to
achieve expected levels o f interpersonal, academic, or occupational
______ achievement)._________________________________________________________
C. Duration: Continuous signs o f the disturbance persist for at least 6 months.
This period must include at least 1 month o f symptoms (or less if successfully
treated) that meet criterion A and may include periods o f prodromal or
residual symptoms. During these prodromal or residual periods, the signs o f
the disturbance may be manifest by only negative symptoms or two or more
symptoms listed in Criterion A present in an attenuated form (e.g. odd beliefs,
unusual perceptual experiences)._________________________________________
D. Schizoaffective and Mood Disorder exclusion: Schizoaffective Disorder and
Mood Disorder with Psychotic Features have been ruled out because either (1)
no Major Depressive, Manic, or Mixed Episodes have occurred concurrently
with the active-phase symptoms; or (2) if mood episodes have occurred during
the active-phase symptoms their total duration has been brief relative to the
duration o f the active and residual periods.________________________________
E. Substance/general medical condition exclusion: The disturbance is not due to
the direct physiological effects o f a substance (e.g., a drug o f abuse, a
medication) or a general medical condition._______________________________
F. Relationship to a Pervasive Developmental Disorder: If there is a history o f
Autistic Disorder or another Pervasive Developmental Disorder, the additional
diagnosis o f Schizophrenia is made only if prominent delusions or
hallucinations are also present for at least a month (or less if successfully
treated).
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Table 1.2:

Diagnostic criteria for Schizophrenia in ICD-10

SECTION 1 SYMPTOMS
(a) thought echo, thought insertion or withdrawal, and thought broadcasting;
(b) delusions o f control, influence, or passivity, clearly referred to body or limb
movements or specific thoughts, actions, or sensations; delusional perception;
(c) hallucinatory voices giving a running commentary on the patient’s behaviour, or
discussing the patient among themselves, or other types o f hallucinatory voices
coming from other parts o f the body
(d) persistent delusions o f other kinds that are culturally inappropriate and completely
impossible, such as religious or political identity, or superhuman powers and abilities
(e.g. Being able to control the weather, or being in communication with aliens from
another world).______________________________________________________________
SECTION 2 SYMPTOMS
(a) Persistent hallucinations in any modality, when accompanied either by fleeting
or half-formed delusions without clear affective content, or by persisting
overvalued ideas, when occurring every day for weeks or months on end;
(b) Breaks or interpolations in the train of thought, resulting in incoherence or
irrelevant speech, or neologisms;
(c) Catatonic behaviour, such as excitement, posturing, or waxy flexibility,
negativism, mutism and stupor
(d) ‘Negative’ symptoms such as marked apathy, paucity o f speech, and blunting
or incongruity in emotional responses, usually resulting in social withdrawal
and lowering in social performance; it must be clear that these are not due to
depression or to neuroleptic medication
(e) a significant and consistent change in the overall quality o f some aspects of
personal behaviour, manifest as loss of interest, aimlessness, idleness, a selfabsorbed attitude and social withdrawal
A minimum of one very clear (and usually two or more if less clear-cut) symptoms
from section 1 or two of the symptoms from section 2 are present for most o f the time
during a period o f one-month or more.
Exclusion of overt brain disease or a state o f drug intoxification or withdrawal.
The diagnosis should not be made in the presence of extensive depressive or manic
symptoms unless it is clear that the schizophrenic symptoms antedated the affective
disturbance. If both schizophrenia and affective symptoms develop together and are
evenly balanced the diagnosis of schizoaffective disorder should be made.
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Diagnostic reliability does not equate to construct validity and the biological basis of
clinical schizophrenia is unknown. Affected individuals can present with non
overlapping symptoms involving different areas o f function such as perception,
inferential thinking, volition and social behaviour. Symptoms may also vary during
the course o f illness. Different symptoms in schizophrenia may represent the
involvement o f diverse neural pathways and represent variants o f normal brain
fiinction or discrete disease processes. Clinical symptoms may present in other
disorders (e.g. head injury, substance abuse or epilepsy) and can mimic the
schizophrenia phenotype. W here available, detailed medical history, collateral clinical
information, drug screening and neuroimaging should be considered in reaching the
diagnosis.

Psychiatric diagnoses are known to be somewhat unstable over time.

Clinically,

individuals may present at disease onset with symptoms meeting criteria for an
affective disorder but later meet criteria for schizophrenia; the reverse is less usually
the case (Schwartz et al, 2000). Indeed, the reliability o f lifetime schizophrenia
diagnosis 30-40 years after initial assessment has been reported as 92.5% (Tsuang et
al, 1981). For this reason most genetic studies consider a lifetime ever diagnosis of
schizophrenia.

1.1.5 Differential diagnosis
The differential diagnosis o f schizophrenia includes both psychiatric and organic
disorders. Psychiatric disorders that may present with psychotic symptoms include the
other major psychotic disorders (the affective psychotic disorders and schizoaffective
disorder) and other psychotic disorders (e.g. the brief psychotic disorders). Certain
personality disorders, pervasive developmental disorders and obsessive-compulsive
disorder may also present with features similar to schizophrenia. An extensive list of
medical conditions can mimic the symptoms o f the disorder, but these account for
only a small fraction of cases (Lewis 1990; Johnstone et al, 1988). The list o f potential
differential diagnoses is described in Table 1.3.
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Table 1.3:

Differential diagnosis of Schizophrenia

Schizophrenia differential diagnosis
Other psychiatric disorders:
Schizoaffective disorder
Affective disorders
Delusional disorders
Brief psychotic disorders
Psychotic disorder not otherwise specified
Personality disorders (e.g. schizotypal PD)
Obsessive-compulsive disorders
Pervasive developmental disorders
Drug induced psychotic disorders:
Substance abuse (e.g. amphetamines, LSD, cocaine)
Alcohol
Prescription medications (e.g. levodopa, steroids)
Organic disorders:
Epilepsy
Head trauma
Space occupying lesions (e.g. tumours)
Inflammatory disorders (e.g. sarcoidosis)
Infective (e.g. HIV, neurosyphilis)
Autoimmune disorders (e.g. diabetes mellitus)
Metabolic (e.g. vitamin deficiencies)
Degenerative (e.g. dementia)
Vascular (e.g. CVA)
Endocrine (e.g. thyroid dysfunction)
Other genetic disorders:
Mendelian disorders (e.g. Huntington’s disease)
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1.2 The pathogenesis of schizophrenia
1.2.1 Neuropharmacological hypotheses
The discovery in the 1950’s that some o f the symptoms o f schizophrenia improved
with

drugs

such

as chlorpromazine

and reserpine

opened

a new

era of

neuropharmacological hypotheses o f schizophrenia pathogenesis. O f many proposed
hypotheses the most persistent and supported relate to dopamine and glutamate
dysfunction.

1.2.1.1 Dopamine hypothesis
The original dopamine hypothesis evolved from the observation that early
antipsychotic agents were dopamine (D2) receptor agonists. The hypothesis proposes
that the positive symptoms o f schizophrenia (delusions and hallucinations) result from
dopaminergic overactivity, due either to an excess o f dopamine (DA) or an excess o f
sensitivity to the effects o f DA (Carlsson & Lindqvist, 1963). This hypothesis is
supported by the induction o f psychotic symptoms by DA enhancing drugs and the
correlation between clinical doses o f antipsychotic drugs and D2 receptor blockade
(Laruelle, 2003). A revised hypothesis o f dopaminergic imbalance between cortical
and subcortical structures has been proposed to explain other deficits in SZ (reviewed
in Davis et al, 1991).

1.2.1.2 Glutamate hypothesis
Glutamate is the primary excitatory neurotransmitter and a model suggesting
abnormal glutamate neurotransmission in schizophrenia was first mooted in 1959
(Luby et al, 1959). However, glutamate function is complex, as highlighted by the
numerous metabolic processes with which it is involved (see Figure 1.4) and it is
perhaps inevitable that glutamate metabolism would be in some way affected by the
disorder or its treatment. More recent pharmacological challenge studies have
suggested, more specifically, a role for the N-methyl-D-aspartate receptor (NMDA) in
schizophrenia susceptibility.

Non-competitive antagonists o f the NMDA receptor,

such as phencyclidine, induce a psychosis closely resembling schizophrenia. To
explain this, a hypothesis o f reduced glutamate neurotransmission at the NMDA
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receptor has been proposed (Javitt & Zukin, 1991). This has been supported by post
mortem studies reporting regional specific changes in glutamate receptors in
schizophrenia brain samples and provisional evidence o f a therapeutic role for NMDA
receptor agonists (Coyle & Tsai, 2004).

Reconciling data from both glutamate and

dopamine hypotheses, Goff & Coyle (2001) noted that the synaptic relationships
between forebrain dopaminergic and glutamatergic systems make it likely that
dysregulation o f one system is likely to have reciprocal effects on the other.

1.2.2 Neurodevelopmental hypotheses
In 1891, Clouston proposed that an early insult to the developing brain o f patients
with dementia praecox resulted in non-progressive changes that became manifest,
with brain maturation, in early adulthood (Clouston, 1891). hi the last two decades, as
understanding o f the neurobiology o f brain development has improved, early and late
neurodevelopmental models have been suggested. In the early model, expression of
the disorder is due to subtle abnormalities o f early brain development the full
consequences of which are only manifest in adolescence or early adulthood. It is now
known that brain maturation in adolescence is characterised by a programmed
elimination o f synapses, which has been termed synaptic pruning. The original ‘late’
neurodevelopmental model proposed a primary role for abnormality in peri-adolescent
synaptic pruning, but did not specify the nature o f this abnormality (Feinberg,
1982/83).

Many

subsequent

authors

have

proposed

models

that

accommodate

early

developmental and late brain maturation abnormalities interacting with other risk
factors (Weinberger, 1995; Lewis & Murray, 1987; Keshavan 1999). These models
have attempted to reconcile evidence for genetic and environmental contributions to
risk and broadly conform to the stress-diathesis model where SZ arises from the
impact o f envirormient on the genetically vulnerable (Hanson et al, 1976). A number
o f environmental risk factors for schizophrenia have been identified including inter
alia perinatal hypoxia, head injury, cannabis use and exposure to psychosocial
stressors. Potential interactions between genetic and environmental risk factors are
illustrated in Figure 1.3. Such a wide range o f risk factors where exposure may occur
from

early

development

to

adulthood

hints

that

the

relationship

between
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environmental and genetic risk will prove more complex than suggested by the
original stress-diathesis model. For example, the extent to which susceptibility may
represent sensitivity to (genotype-environment interaction) or selection o f (genotypeenvironment correlation) environment has not been formally tested (van Os &
Marcelis, 1998). In the rest o f this section, evidence for the hypothesis that
schizophrenia is a developmental disorder is reviewed.

1.2.2.1 Epidemiological support
Using different methodologies, developmental impairments in social, behavioural,
intellectual and motor function have been consistently identified in children who later
develop SZ. Birth cohort data provides evidence for delays in attaining developmental
milestones in infancy, deficits in language and cognition, and abnormalities in social
functioning in childhood among individuals who go on to develop schizophrenia
(Jones 1999). Complementary data from genetic-high risk studies has allowed more
detailed information to be collected from individuals. Several studies have now
prospectively followed high-risk individuals into adulthood but not yet through the
entire period o f risk (Fish et al, 1992; Mirsky et al, 1995; Cannon et al, 2002; Cannon
and Mednick, 1993; Erlenmeyer-Kimling et al, 2000). From these studies, 25-60% o f
high-risk children display developmental abnormalities in infancy; motor, attention
information processing deficits and social adjustment problems are more common in
adolesence. Data from the New York study suggests that early developmental motor
and attentional deficits are predictive o f later SZ with positive predictive values of
50% (Erlenmeyer-Kimling et al, 2000).

There is consistent evidence for season-of-birth and place o f birth as risk factors in
schizophrenia. The cause is unknown but prenatal exposure, particularly in the second
trimester; to infection, stress or malnutrition may be contributory (for review, see
Cannon et al, 2003). Complications o f pregnancy (such as bleeding, diabetes and pre
eclampsia), delivery (such as asphyxia) and abnormal foetal growth (as defined by
low birthweight or reduced head circumference) are also known to be significantly
associated with schizophrenia, although the pooled estimates o f effect sizes are small
(OR <2). Markers o f early developmental deviance, such as minor physical or
dermatoglyphic anomalies, are also more common in SZ than in control populations.
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1.2.2.2 Neuropathological findings in schizophrenia
Examination o f post mortem tissue in schizophrenia has yet to produce clear evidence
o f gross abnormalities of brain development. Support for the synaptic pruning
hypothesis comes from studies showing reduced cortical dendritic volume/spine
density or changes in expression o f neurodevelopmental genes and proteins in
schizophrenia. However, changes in dendritic spine density and gene expression are
dynamic processes that vary throughout life. Neuropathological data collected at the
endpoint o f illness is not ideal for identifying neurodevelopmental deficits that are
likely to be subtle. An additional consideration is that current neuropathological data
do

not

support

alternative

hypotheses

o f schizophrenia

as

a disorder o f

neurodegeneration (Harrison & Lewis, 2003).

1.2.2.3 Gene expression studies in schizophrenia
Gene expression studies directly test for differences in mRNA levels between post
mortem brain tissue from cases and controls. Because mRNA transfers information
from the genome to the proteome, identifying differences in mRNA levels between
cases and controls may indicate involvement o f a gene in disease. With the
development of microarray technology, research has advanced from investigating
single genes to assaying gene expression levels o f most known genes simultaneously.
The vast amount o f data processed may give new insights into the genes and pathways
involved in the pathogenesis o f schizophrenia.

Recently, it has been demonstrated that known oligodendrocyte-related and myelinrelated genes, and transcription factors that regulate these genes, show reduced
expression in schizophrenia. Significantly, similar expression changes are evident in
bipolar disorder suggesting involvement o f common pathophysiological mechanisms
(Tkachev et al 2003). Microarray studies o f schizophrenia have now been performed
by a number o f different groups with consistent expression differences being
demonstrated for a number o f specific genes including regulator o f G-protein
signalling 4 (RGS4) and glutamate carboxypepfidase II (GCPIT) (Mimics, 2003).
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Despite these preliminary findings, microarray technology has technical and practical
limitations. Current technology is unable to detect less abundant mRNA transcripts or
to distinguish between different splice variations o f a gene, and there are potential
procedural difficulties in examining human post-mortem brain tissue (Ryan et al,
2004). As with other neuropathological studies, gene expression research uses tissue
sampled after many years o f illness and resultant gene expression abnormalities may
be secondary to medication, co-morbid substance abuse or many other differences not
directly related to disease biology.

1.2.2.3 Neuroimaging findings in schizophrenia
Volumes o f various brain structures are smaller and cerebrospinal fluid spaces larger
when groups o f patients with schizophrenia are compared with control gi'oups. These
changes may predate illness and relate to genetic risk o f SZ as smaller intracranial
volumes and larger ventricles have been detected in MRI studies o f MZ twins
discordant for SZ and normal MZ twins (Baare et al, 2001). However, they provide
only partial support for the neurodevelopmental view, as changes in ventricular
volumes may be more dynamic than previously realised (Segal, 2001).

1.3 Schizophrenia as a complex genetic disorder
'It seem s...very doubtful whether (it) is inherited as a Mendelian unit character, but
that (it) is inherited is obvious fo r it occurs much oftener in fam ilies than in the
general population, where it is between 1 and 2 percent ’
Castle (1916) -referring to the mode o f inheritance o f ‘insanity’

1.3.1 Family studies
That schizophrenia is a familial disorder was well recognised by 1916; in describing
dementia praecox Kraepelin noted that -70% o f his case series had an affected family
member. More than 100 family studies performed during the twentieth century
confirmed that having an affected relative is the most significant risk factor for
schizophrenia (Cardno & Gottesman, 2000). The lifetime morbid risk (MR) of
schizophrenia in the general population is approximately 1% but increases to
approximately 10% in siblings or offspring o f individuals with schizophrenia. Risk
increases exponentially with an increase in the number and degree o f relatedness o f
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affected relatives (see Figure 1.1). For example, the risk increases to 17% if one
parent and one sibling are affected but to 46% if two parents are affected. Critics of
these data have commented that early studies lacked standardized diagnostic criteria,
were not sampled systematically, did not interview blind to affectation status o f the
index case and in certain cases did not have a matching control group. A re-analysis
o f family data, which excluded studies failing to meet these criteria, yielded seven
studies from which 15 cases o f schizophrenia were identified in 3,035 lifetimes at risk
in the control families and 116 cases in 2,418 lifetimes at risk in families o f an
affected proband, confirming a ten-fold increased risk o f schizophrenia in relatives o f
schizophrenia patients (Kendler and Diehl, 1993).

'From the start the child who is destined to become schizophrenic in adult life has, it
is said, an unusual and unsuitable emotional environment...the mother o f the
schizophrenic is often a challenging specimen-cold, detached, and forceful; the father,
too may be odd and is often the non-dominant partner ’
Hays (1967).

For much o f the twentieth century, particularly in the US, psychodynamic approaches
dominated family research and the primacy o f environmental influence was assumed.
This changed with the development o f formal genetic epidemiological methods and
their application to the natural experimental conditions provided by adoption and
twin-births.

Applying these paradigms, a new generation o f schizophrenia studies

investigated relative genetic and environmental effects in illness development.

1.3.2 Twin studies
In 1967, Margit Fischer introduced the twin study strategy to schizophrenia research.
By cross-referencing the Danish National Psychiatric and Twin Registers she
identified a cohort o f 62 SZ twin-pairs with pair-wise concordance rates o f 48% for
monozygotic (MZ) and 19% for dizygotic (DZ) co-twins (Fischer et al, 1973). Pooled
data including 17 subsequent studies indicate rates in MZ twins o f 48% and in DZ
twins o f 12%. From these data it is possible to estimate the proportion o f individual
differences in risk in a population at a given time that are due to genetic differences
between individuals (termed heritability (h )). This can be calculated from the
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equation h^= 2( fMz-roz), where r is the correlation in the trait between twin pairs
(Kimble 1993). Based upon the five most recent, systematically ascertained samples,
the heritability for DSM-IIIR or ICD-10 defined schizophrenia is estimated at 75-85%
(Cardno & Gottesman, 2000). These studies (almost exclusively o f European
samples) confirm a substantial genetic contribution to schizophrenia in these study
populations. Variation in the estimation o f heritability may be because o f differences
in the populations being studied due to methodological (e.g. in ascertainment,
phenotype measurement or statistical methods), environmental or other differences.
The risk o f schizophrenia in different classes o f relatives is summarized in Figure 1.1

1.3.3 Adoption studies
Adoption offers an alternative approach to examining relative genetic and
environmental influences. Adoption studies investigate the effect o f being adopted
into, or out of, a family with a specific disorder using a variety o f study designs. The
original adoptee study found that 5 o f 47 (16.6%) adopted-away offspring o f mothers
with schizophrenia themselves had schizophrenia compared to 0 o f 50 adopted-away
offspring o f control mothers (Heston, 1966). This finding met with support from a
study based on the Danish National Psychiatric Register, which investigated the
siblings and half siblings o f adult probands who had been adopted (Kety, 1988). A re
analysis o f the Danish study using DSM-III criteria found an increased rate of
schizophrenia in biological first-degree relatives o f probands (7.9%) but not in
adoptive family members (0.9%) who share the same environment as probands
(Kendler et al, 1994). These findings have since been replicated in other adoptee
studies and by using cross-fostering and adoptee family study designs (Tienari et al,
2000; Kety et al, 1994; Wender et al, 1974; Rosenthal at al, 1971).

1.3.4 Mode of inheritance
Taken

together these

studies

indicate

a

substantial

genetic

component

to

schizophrenia susceptibility. The rate at which MZ twins are discordant for the
disorder, despite sharing the same genes, indicates an incomplete relationship between
genotype and phenotype. Studies o f the recurrence risk in various classes o f relatives
excludes the possibility that schizophrenia is (in most cases) due to a single gene, or
collection o f single gene disorders, even allowing for models o f incomplete
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penetrance (Gottesman & Shields,

1967; McGuffm

et al,

1995).

Instead,

schizophrenia is a complex genetic disorder where genes of moderate or small effect
interact with environmental risk to bring about disease expression. The number of
genes, the degree of risk conferred by each gene and the relationships between genes
are almost completely unknown. Statistical modelling of the contribution of individual
genes to a complex disorder uses the expression Xs (the relative risk to siblings of
developing the disorder resulting from possession of the risk allele). The data for
recurrence risks in the relatives of probands with schizophrenia are incompatible with
the existence o f a single locus of Xg >3 (Risch, 1990). This has been borne out by
recent genome-wide linkage studies of sufficient statistical power to exclude the
presence of individual susceptibility loci contributing this level of risk (Williams et al,
2003; deLisi et al, 2001).

1.3.5 Demarcating the schizophrenia phenotype
The authors of DSM-IV and ICD-10 are unlikely to have defined a clinical entity that
precisely maps to the genome. As yet, the nature or number of biological steps
between genotype and clinical phenotype are undetermined. In designing molecular
studies we are limited by the clinical phenotype in our ability to identify carriers of
the ‘risk’ genotype, yet the boundaries of this phenotype are artificial (Kendler et al,
1994). Patterns of co-aggregation in families indicate a genetic relationship between
schizophrenia, other psychotic disorders (including affective disorders), and
schizotypal, schizoid and paranoid personality disorders. From this has developed the
concept of a spectrum of disorders that are ‘to some extent genetically related to
schizophrenia’ (Kety et al, 1988).

Including schizophrenia spectrum disorders (such as schizoaffective disorder and SZrelated personality disorders) in a broader schizophrenia spectrum phenotype may
increase study power by assigning ‘affected’ status to additional risk genotype
carriers. Data from the Finnish Adoptive Family study appears to support this
strategy. This study identified a morbid risk for the broader phenotype of 22.5% in
adoptees whose mother also had a schizophrenia spectrum disorder; compared with a
morbid risk for SZ of 5.34% in adoptees whose mothers had SZ. The rates of
schizophrenia spectrum disorder (4.4%) and SZ (1.74%) were much lower in a low-

14

risk adoptee group (Tienari et al, 2003). To date, most researchers have focussed on
the narrow SZ phenotype, principally because o f the robust evidence for its
heritability but also because o f a lack o f consensus as to the boundaries o f the
schizophrenia spectrum and concerns that including schizophrenia spectrum disorders
could come at the expense o f diagnostic reliability.

Including other psychotic disorders (e.g. bipolar affective disorder) in SZ analysis has
also been mooted. However, twin research indicates that the major psychotic disorders
do not lie on a single continuum o f liability: different psychotic disorders may have
common but also unique elements (Cardno et al, 1999; Cannon et al, 1998). Studies
o f the offspring o f affected and unaffected MZ twins indicate that the risk o f
schizophrenia-like psychosis is similar in the offspring o f both groups (Gottesman and
Bertelsen, 1989; Kringlen and Cramer 1989). Recognising that genotype carriers may
not express a psychiatric phenotype, many groups have investigated proxy-measures
o f susceptibility, termed endophenotypes, as a method o f increasing study power. As
yet, the heritability o f specific endophenotypes is less well established than for the
clinical phenotype militating against this approach.

1.3.6 Molecular studies of schizophrenia
Investigators seeking to identify schizophrenia susceptibility genes have employed a
range o f complementary research strategies including positional cloning (employing
cytogenetic, linkage and linkage disequilibrium (LD) mapping) and candidate gene
studies. These methods have been applied, with remarkable success, to identify genes
for Mendelian disorders where a direct relationship between manifestation o f illness
(phenotype) and genetic variation (genotype) is assumed. However, even for
Mendelian disorders this assumption is not always justified, as mutations in a gene
can be expressed as different Mendelian disorders or can be modified by other gene
effects (Krakow et al, 2004; The US-Venezuela Collaborative Research Project 2004).
Applying this approach to a complex genetic disorder such as SZ raises additional
issues. Particular difficulties in defining the SZ phenotype for genetic research have
already been described (Section 1.3.5). In addition, schizophrenia susceptibility may
involve different combinations o f genes contributing to illness risk in different patient
populations (locus or genetic heterogeneity). The impact o f a specific genetic
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variation may vary at the level o f the individual (gene penetrance) and different
variants o f a gene may have different effects on illness susceptibility (allelic
heterogeneity). Differences in post-translational modification o f DNA, imprinting and
mitochondrial inheritance may also influence the expression o f the clinical phenotype.

1.3.6.1 Cytogenetic abnormalities and schizophrenia
Cytogenetic methods contribute to localising susceptibility genes by identifying
chromosomal abnormalities such as deletions or translocations, which segregate with
a disorder in families or are found more commonly in cases than in control
populations. O f the many reported associations between SZ and chromosomal
anomaly two have provided consistent evidence o f a contribution to SZ risk, albeit in
specific populations (reviewed in Murtagh et al, 2005).

In a large Scottish family a balanced reciprocal translocation t( l;l I)(q42.1;ql4.3) cosegregates with SZ (St. Clair et al, 1990). Interestingly, this translocation also cosegregates with a broader phenotype including affective disorders within this
pedigree. The translocation was discovered to disrupt a gene called D ISCI on
chromosome 1 which is located in a chromosomal region o f putative SZ susceptibility
identified by several linkage studies (described below in Section 1.3.6.2).

Small interstitial deletions o f chromosome 22ql 1 are among the commonest known
chromosomal abnormalities. These cause velo-cardio facial syndrome (VCFS), which
increases the risk o f psychosis by at least 20-fold, and also presents with cranio-facial
dysmorphology and congenital heart disease. The contribution o f VCFS to SZ in the
general population is likely to be small, as the condition affects one in 4000 live
births, and cytogenetic studies in schizophrenia rarely identify VCFS cases (Murphy,
2002). However, this region o f chromosome 2 2 q ll has also been implicated in SZ
linkage studies suggesting a more general role in schizophrenia or psychosis
susceptibility.

1.3.6.2 Linkage studies
Since the early 1990’s more than 20 genome-wide linkage studies o f schizophrenia
have been reported from multiply affected pedigrees or larger collections o f smaller
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families. Four studies have met criteria for significant linkage at a genome-wide level
(p<0.05), albeit for different loci: chromosome 6p24-22 (OMIM 60051 l)(Straub et al,
1995); chromosome 13q32-34 (OMIM 603176) (Blouin et al, 1998); chromosome
lq21-22 (OMIM 604906) (Brzustowicz et al, 2000); and chromosome 10q25-26
(Williams et al, 2003). For each region suggestive evidence for linkage has also been
reported in other studies

(Moises et al, 1995; SLCG 1996, Maziade et al, 1997;

Schwab et al, 2000; Curling et al, 2001; Lindholm et al, 2001; Mowry et al, 2000). At
six other loci suggestive evidence o f linkage has been reported in more than one study
8p21-22 (OMIM 603013); 6q21-25 (OMIM 603175); 2 2 q ll-1 2 (OMIM 600850);
5q21-33 (OMIM 181510); 1 0 p l5 -ll (Kendler et al, 2000) and lq42 (OMIM 606271).

Interpretation o f these findings is complicated by differences between studies in the
phenotype employed (broad or narrow); the number o f mode o f inheritance models
tested (for parametric linkage analysis); differences in markers selected between
studies and between marker locations in earlier genetic maps. No single region has
been replicated in a majority o f genome scans: this may relate to the differences
between samples, false positive findings or individual studies being underpowered.
For example, most o f these studies lack statistical power to identify individual gene
effects o f the size predicted by statistical model o f family data (single loci o f

< 3).

As a partial solution to this problem several meta-analyses o f schizophrenia genome
scans have been performed. The largest of these included 20 completed genome scans
representing 1,200 affected families, but did not include complete data sets for the two
largest individual studies (Lewis et al, 2003). This meta-analysis found significant
statistical evidence for linkage to 12 chromosomal regions and lesser evidence to
implicate a number o f other regions. The regions providing significant evidence for
linkage were 2pl2-q22.1, 5p23.2-q34, 3p25.3-q22.1, 1 Iq22.3-q24.1, 6pter-q22.3,
2q22.I-q23.3, Ipl3.3-q23.3, 22pter-ql2.3, 8p22-p21.I, 6p22.3-p21.1, 2 0 p l2 .3 -p ll,
and 14pter-ql3.1 (see Figure 1.2). An earlier meta-analysis by Badner and Gershon
(2002) taking a different approach examined linkage data fi'om a smaller (but
overlapping) set o f published genome scans, found significant evidence for
schizophrenia susceptibility loci at 8p, 13q and 22q.
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Taken together, the linkage studies provide significant evidence for the involvement
o f the 6p24-22, 13q32-34, lq21-22 and 10q25-26 chromosomal loci. Many o f the
other loci implicated across studies and supported by meta-analysis may also harbour
schizophrenia susceptibility genes. Confirming these findings will require larger
samples for linkage analysis with sufficient power to detect moderate individual gene
effects and ultimately proof by identification o f the genes themselves. This will be a
major undertaking as the implicated chromosomal loci are large and each may contain
hundreds o f genes.

1.3.6.3 Association studies
At the onset o f this project many putative functional candidate genes could be
identified from the neuropharmacological literature. Genes involved in regulation of
DA, glutamate and serotonin neurotransmission were extensively tested for
association. The list o f individual positive findings defies succinct summation, but
only two genes have received sufficient confirmatory support to indicate that they
represent true positive findings. Although more negative than positive reports have
accrued across many genes, definitive exclusion o f small genetic effects can only be
made in a few cases. As with the linkage literature, this is because most reported
studies have been o f small sample size and the power o f individual studies for
replication is often based on an overestimate o f effect sizes in the initial studies
(Goring et al, 2001).

In 1992, association was reported between schizophrenia and homozygosity for a
Ser9Gly polymorphism in exon 1 o f DRD3, the gene encoding the dopamine D3
receptor (Crocq et al,

1992). Many replications and non-replications were

subsequently reported. A meta-analysis o f these data, including over 5,000 individuals
confirmed association, albeit o f small effect size (OR=1.23; p=0.0002) (Williams et
al, 1998). A more recent meta-analysis o f 48 studies excluding the original report also
supported the association, but demonstrated a relative risk o f -1.1 (Lohmueller et al,
2003).

In 1996, Williams et al, published evidence for involvement o f the 5HT2a receptor
gene in schizophrenia susceptibility. Once again, this finding received mixed support
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from subsequent studies. In 1997 a meta-analysis of all available data (including
~3,000 individuals) supported association with the C allele (OR=1.2; p=0.0009). A
more recent meta-analysis of 28 studies (excluding the original report) provided
further support for this association, but indicated a relative risk of only 1.07
(Lohmueller et al, 2003). However, there is no convincing data that this
polymorphism or DNA variants in LD with either marker in either gene has functional
significance (Bray et al, 2003).

Therefore, if DRD3 and 5HT2A play a role in

schizophrenia susceptibility, their contribution to risk of illness is minor.

Genetic association studies have been heralded as a powerful method of identifying
susceptibility genes (Risch & Merikangas, 1996). An important caveat is that study
power is dependent on the prior probability that the candidate gene being investigated
is involved in disease pathogenesis. For a disorder such as schizophrenia, because our
understanding o f pathogenesis is limited, the prior probability of success for each
gene investigated is extremely low. Restricting studies to genes compatible with
current understanding of schizophrenia, for example those involved in synaptic
fiinctioning or cell signalling could still plausibly implicate ~10,000 genes. Methods
of increasing this prior probability are discussed in the next chapter.

1.4 Specific hypotheses for this project
1.4.1 Establishing a psychosis sample for molecular research
The project was made possible by the award of a Wellcome Trust Mental Health
Training Fellowship to the author. The aim was to establish a case-control psychosis
sample from the Irish population for genetic research of schizophrenia and other
psychotic disorders. A key objective was to gather optimal phenotypic data using the
methods outlined in Chapter 3. The contribution of individual genes to psychotic
disorder susceptibility is predicted to be modest and power calculations (see Chapter
3) indicate that relatively large samples will be required to detect such effects. The
limitations of having a single researcher attempt to collect such a sample and conduct
all of the laboratory work within the time frame of a Training Fellowship was selfevident. By necessity, a significant proportion of time was devoted to securing
additional funding to recruit staff and in managing a research team.
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1.4.2 Funding applications
During the four years o f the project the author was responsible for grant applications
to maximise the resources o f this project.

A project grant was awarded from the

Health Research Board in Ireland (HRB), which funded a research nurse (SS) who
worked with the author on the Phase 1 sample collection described in Chapter 3. In
2001 a project grant from the same agency funded a PhD studentship (KMcG) to
collaborate on the studies described in Chapter 5 and to work on other aspects of
schizophrenia and psychosis genetics.

More recently, a programme grant awarded to the author (with Professor Michael
Gill) by Science Foundation Ireland (SFI) has funded a clinical researcher (JMN) to
collect additional samples (the Phase 2 sample described in Chapter 6). This Phase 2
sample provided the basis for the analyses conducted by the author in Chapter 7. The
award also fiinded a postdoctoral researcher (DM) and two laboratory technicians
(KM, NK) to complete genotyping o f potentially interesting findings in the extended
sample and to investigate additional putative susceptibility loci and molecular
pathways. The author was responsible for the co-ordination o f both the clinical and
laboratory sides o f the project in addition to completing laboratory work and analysis.
This also involved the training and supervision of clinical research staff and co
supervision o f laboratory personnel.

1.4.3 Molecular genetic studies of schizophrenia
This study was designed to investigate a number o f putative schizophrenia
susceptibility loci, which had previously been identified using linkage analysis by
other groups. Based on all available linkage data and particularly on linkage findings
reported previously from the Irish population, the original focus was on the
chromosome 6p, 8p and lOp susceptibility loci. The aim was to investigate specific
functional candidate genes at these loci for association with schizophrenia using a
case-control study design. A second goal was to establish the feasibility o f a linkage
disequilibrium (LD) mapping strategy across one o f these chromosomal regions.

During the course o f this project evidence for association was reported with genes at
the 6p (Dysbindin-1) and 8p (Neuregulin-l) schizophrenia susceptibility loci (Straub
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et al, 2002; Stefansson et al, 2002). Both o f these genes were investigated as part o f
this study and the results are reported in Chapter 4 and 6. Also, reproducible gene
expression abnormalities in post mortem schizophrenia samples were reported for a
novel gene family (Apolipoprotein-L (OMIM 603743)), which map to the putative
chromosome 22q susceptibility locus (Mimmack et al, 2002). Consequently,
association analyses were performed across these genes applying an LD-mapping
strategy. These experiments are discussed in Chapter 6.

Finally, during the course o f the project evidence for association between a number o f
different genes and schizophrenia susceptibility in this study population was
identified. These findings are summarised in Chapter 7, as are methods of
investigating relationships between genes in contributing to complex disorder
susceptibility. The application o f two different methods o f analysing gene-gene
interactions to the study dataset is also described in this chapter. Methodological
considerations relevant to each o f these studies are discussed in the next chapter.
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Figure 1.1

Schizophrenia risk in relatives of affected probands
(adapted from Gottesman, 1991)
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Figure 1.2

Summary of linkage findings from meta-analysis of SZ genomescans (Lewis et al, 2003)
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Figure 1.3

Genetic and environm ental risk factors in SZ
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Figure 1.4

The biochem ical pathways involved in Glutamate M etabolism
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Chapter 2
Methodological issues in complex genetic disorder research
2.1 Introduction
For most, if not all cases o f schizophrenia, the effects o f alleles at any single
susceptibility locus are insufficient to cause disease. Individual gene effects
contributing to the phenotype may be modest and expression o f the phenotype
dependent on interaction between genes, or between genetic and environmental or
stochastic factors. This chapter discusses strategies used to identify susceptibility
genes under these conditions, with particular reference to the approach employed in
this project.

2.2 Positional cloning methods of gene identification
Positional cloning methods aim to localise DNA variation that contributes to disease
susceptibility by applying genetic principles. These methods do not require any a
priori understanding o f the function o f a gene or variant to identify susceptibility loci.
In investigating disorders such as SZ where understanding o f disease pathogenesis is
poor, this approach is attractive. At present three positional cloning strategies are
available:
i)

Linkage

analyses

that

investigate

meiotic

recombination

in

pedigrees.
ii)

Genetic association analyses that may be direct or indirect (based on
linkage disequilibrium (LD)).

iii)

Admixture disequilibrium mapping.

In practice, these are typically applied in sequence or combination.

For example,

linkage studies in pedigrees affected with a disease may identify chromosomal
regions o f susceptibility, which are then investigated by direct or indirect association
mapping to identify DNA variants in genes that contribute to disease.

2.2.1 Linkage analysis
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Linkage studies investigate families for evidence o f co-segregation o f genetic markers
with a disease phenotype looking for a departure from independent segregation
(Mendel’s second law). Linkage analysis can estimate the amount o f recombination
between the marker and the putative disease gene thus indicating the likely distance
between the genetic marker and the disease gene. By determining that a marker and
disease phenotype co-segregate, it can be inferred that the marker and disease locus
are linked and in close physical proximity to each other. This is a factor o f meiotic
recombination and linkage analysis essentially consists o f identifying recombinants
and nonrecombinants at marker loci within pedigrees. From this the recombination
fraction (0) is derived by dividing the total number o f recombinant gametes by the
total number o f gametes. Where markers (or a marker and a genetic variation causing
a disease phenotype) segregate independently, 0 takes the value o f 0.5. If 0 is less
than 0.5, markers are not segregating independently and are linked, meaning that in
physical terms they lie close to each other on the same chromosome.

As the recombination fraction is proportional to the physical distance between
markers, it is possible to measure genetic distance between markers. One Morgan
(IM) corresponds to the length o f DNA sequence on which an average o f 1
recombination event is expected per meiosis. This is more routinely expressed as
centiMorgans (cM), where IcM corresponds to a genetic distance o f 0 = 0.01. Genetic
distance approximates physical distance, but the relationship is imprecise because the
rate o f recombination varies across chromosomes and between the sexes. The
conventional statistical method o f assessing the statistical significance o f the value 0
is to calculate a LOD (log of the odds) score. This is the common logarithm o f the
probability that the recombination fraction has some given value, divided by the
probability that the value is 0.5. Interpretation o f the LOD score requires that
Bayesian theory is taken into account whereby the prior odds that two loci are linked
is ~ 1:50. The observed odds ratio o f a LOD score o f 3 is 1000:1 leading to a posterior
probability o f about 20:1, roughly equivalent to a p-value o f 0.05.Where the mode o f
inheritance is known and the phenotype can be clearly defined, a LOD score o f 3.0
(odds in favour o f linkage 1000:1) is accepted as statistical evidence o f linkage and a
score o f -2 .0 (odds against of 100:1) as evidence o f exclusion o f linkage.
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Linkage analysis has proved most effective in mapping genes for Mendelian diseases,
such as cystic fibrosis where there is a strong correlation between the measured
phenotype and the inferred genotype. For complex genetic disorders many factors
may conspire to weaken the correlation between phenotype and inferred genotype.
For example, including individuals with different diseases (phenotypic heterogeneity)
will significantly reduce study power. This may occur due to misdiagnosis or the
presence o f phenocopies (e.g. psychosis due to medical causes in a schizophrenia
study). Study power can also be reduced by genetic heterogeneity where mutations at
different loci result in the same phenotype (non-allelic heterogeneity). By contrast,
where distinct mutations at the same locus contribute to a phenotype (allelic
heterogeneity), linkage is maintained. The penetrance at each locus, high or very low
frequency susceptibility alleles, and genotyping error can all significantly impact on
the power o f linkage studies (Thomson & Esposito, 1999; Abecasis et al, 2001).

Linkage studies follow the transmission o f DNA markers down generations in
pedigrees and investigate whether they segregate with an illness phenotype. Single
multiply affected pedigrees, collections o f many such pedigrees or even multiple pairs
o f affected siblings may be studied, and each approach has advantages and
disadvantages (fiirther details are provided in Lander & Kruglyak 1995). Early SZ
linkage studies investigated small chromosomal regions, but as sufficient genetic
markers became available in the 1990’s this strategy was expanded taking a genomewide approach using regularly spaced markers. Despite recent increases in mapping
density the resolution o f linkage studies remains the number o f meioses at which
recombination might be observed (Kong et al, 2002). Even for studies o f reasonable
sample size, very few meioses will be observed in the families between markers that
are relatively close together (e.g. <lcM ), limiting the resolution that can be achieved
with linkage analysis.

Traditional methods o f linkage analysis require the assumption o f a particular mode o f
inheritance that explains the transmission pattern o f a disorder in pedigrees. Modelfree or non-parametric methods o f linkage analysis have been developed and applied
to affected sibling pairs, for example, in an attempt to combat this problem. These
analyses assess the degree o f allele sharing at marker loci between related affected
individuals and are less affected by misspecification o f mode o f inheritance. If a
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disease mutation exists in a large proportion o f families, affected individuals will
share alleles at marker loci linked to the mutation more often than expected by
chance. Affected sibling pair methods offer three potential advantages over traditional
LOD-score methods for investigating complex disorders (reviewed, Holmans &
Craddock, 1997). First, a model o f disease susceptibility is not required. Second,
under certain simulations o f oligogenic inheritance affected sib-pair methods are more
likely than large, densely affected pedigrees to be informative for linkage (Risch,
1990). Finally, in practical terms it is more efficient to ascertain nuclear families
containing

pairs

o f affected

siblings

rather

than

large,

multiply

affected,

multigenerational families.

2.2.2 Association studies
Association studies are based on populations instead o f pedigrees, and compare
frequencies o f marker alleles in affected individuals with frequencies in unaffected
individuals from the general population or some other control group (Burmeister,
1999). At its simplest a direct association study tests whether a mutant allele (one that
disrupts ftinction, structure or expression o f a gene) is at a significantly higher
frequency in a case group (non-related affected individuals) compared with a control
group (unaffected individuals). Where the gene has been chosen because o f its likely
involvement in disease pathogenesis this can be termed the candidate gene approach.
Association-based methods are potentially more powerful than linkage studies for
identifying common variants conferring moderate risk o f a disorder (Risch &
Merikangas 1996). However, study power is dependent on the prior probability that
the candidate gene being investigated is involved in disease pathogenesis.

In the positional cloning approach the prior probability is increased by investigating
genes at chromosomal susceptibility loci previously identified by linkage or
cytogenetic studies. If all genetic variants at a locus are transmitted independently
then an association study o f a locus could potentially involve testing hundreds of
thousands o f genetic markers. However, contrary to M endel’s second law, allelic
variants in many cases do exist together more often than expected by chance because
o f the phenomenon o f linkage disequilibrium (LD). Because o f the existence o f LD,
much o f the DNA variation at a locus may potentially be represented by assaying a
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subset o f polymorphisms at that locus. From the early 1990’s this lead to speculation
that LD-mapping could be applied to large chromosomal regions or indeed the whole
genome (Risch & Merikangas, 1996).

2.2.2.1 Case-control and family based association methods
The simplest study design for assessing correlation between genotype and phenotype
is the case-control method. This method, applied in the studies described in Chapters
5-7, makes the assumption that observed differences in allele frequencies between
case and control groups relate to the phenotype being measured. However, because
each population has a unique genetic and social history, allele frequencies may vary
between and within populations. Allele frequency differences between case and
control populations due to background population effects are termed population
stratification. For population stratification to affect genetic association studies, two
circumstances must be met: variation in allele frequency between groups must be
present, but also differences in disease prevalence must exist between case and
control groups (Cardon & Palmer, 2003).

Concern that population stratification may lead to spurious reports o f false-positive
findings has resulted in alternative family-based designs being developed. The most
popular o f these is the transmission-disequilibrium test (TDT) (Spielman et al, 1993).
The classic family based association study design requires an affected proband and
their parents. Parental alleles transmitted to the affected proband represent ‘case’
alleles and the non-transmitted alleles represent ‘control’ alleles. Because case-control
pairs are matched within a family, allele frequency differences in the wider study
population are no longer relevant. This study design has limitations and was not
applied in this project for a number of reasons. First, ascertaining suitable families is
problematic for an adult onset disorder such as schizophrenia. Second, because
genotype information from three people is required for each case-control pair,
genotyping efficiency is reduced. Third, information is only available where parents
are heterozygous for the marker being investigated. For SNP data this will only
happen at best, 50% o f the time, which significantly reduces study power.
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Several methods have been proposed to protect against population stratification in
traditional case-control association studies. These start with genotyping additional
anonymous genetic markers throughout the genome to indicate the amount o f
background diversity in cases and controls populations (Pritchard & Rosenberg,
1999). In the first method, genomic control, the standard x -statistic is increased in
proportion to the degree o f stratification (Devlin & Roeder, 1999). An alternative
method, called structure assessment, attempts to identify subgroups in stratified
samples, which can then be matched appropriately. The test for disease association is
then a statistical combination of results from each subgroup (Pritchard & Donnelly,
2001). Applying either o f these approaches is problematic, principally because of
uncertainty as to the number of anonymous markers to be tested but also because the
study sample size required to detect significant population differences is unknown. In
the original report, Pritchard & Rosenberg suggested that ~30 SNPs may be sufficient
to indicate the level o f background diversity. With subsequent reports the suggested
number has inflated at least 3-fold with substantial implications for genotyping cost.

Population stratification can potentially induce important biases, however, few clear
examples o f spurious results due to undetected population substructure have been
reported. The classic cited example comes from a study o f the association between a
HLA haplotype and diabetes. In this case the confounding factor was admixture o f
white European and Pima Indian populations in the sample (Knowler et al, 1988).
Morton & Collins (1998) have suggested that if the basic principles o f good
epidemiological design are followed such pitfalls can be avoided. From empirical
data, under most conditions, the bias introduced by population stratification is likely
to be small unless there are major correlated differences in allele frequency and
disease prevalence across ethnic groups and the ethnic groups in a study cannot be
distinguished (Wacholder et al, 2000).

2.3 Linkage disequilibrium (LD) mapping
2.3.1 Definition of linkage disequilibrium
Linkage disequilibrium (LD) is the non-random association between alleles at
different loci in a population. This association arises because variants share a common
population ancestry. When a mutation event occurs the mutant allele is transiently
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associated with alleles at each polymorphic locus on the mutant chromosome (the
ancestral haplotype). After multiple generations, and many meioses, this association
dissipates until only those alleles that are physically close to the mutant allele survive
as an intact haplotype from the original chromosome.

For gene mapping purposes, if an allele at one locus predicts which allele will be
found at another locus, one o f these observations is redundant. If there is significant
LD at a genomic level, understanding LD patterns in a population could increase the
efficiency o f gene mapping strategies as most DNA variation at a chromosomal locus
could be represented by the subset o f markers that represent the haplotypes across the
region. In considering such a strategy, it is important to realise that LD patterns within
a population are dependent on the mechanisms for exchange o f genetic material at
meiosis (recombination and gene conversion); factors influencing individual loci
(mutation/natural selection); and factors that affect the whole genome (population
history). The rest of this chapter considers these factors individually, before looking at
methods o f measuring LD and the assumptions underlying LD mapping approaches
for complex human disorders. In the last section, experimental data on LD structure in
human populations is reviewed.

2.3.2 Recombination
Recombination denotes the reciprocal exchange o f chromosomal fragments during
meiosis. Current models o f meiosis suggest two methods o f allelic exchange that arise
when homologous chromosomes overlap for strand exchange, crossing over events
and gene conversion.

Crossing over involves the exchange o f large chromosomal segments and on average,
one such event occurs per chromosomal arm at meiosis. Over time the number o f
crossing over events between two loci is dependent on the recombination fraction
between the loci and the number of doubly heterozygous crossing over events that
have occurred between the current population and the ancestral mutant chromosome.
The recombination fraction varies across the genome, between the sexes and within
individuals from one meiosis to the next (Kong et al, 2002). Assuming random
mating, the number o f crossing over events is related to the number o f generations
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separating the sampled population from the founder population.

Greater LD is

generally expected between markers in populations that have had few meioses (recent
populations with small numbers o f founders).

For this reason, recently founded

populations may be useful for LD mapping studies because LD may be present over
large regions. However, as a consequence o f this, mapping resolution will be poor and
more ancient populations with LD over shorter distances may provide more accurate
resolution for fine mapping.

Gene conversion is a different method o f allele exchange. In this case, when
homologous chromosomes overlap during meiosis only small stretches o f DNA,
termed ‘conversion tracts’, are exchanged. The average length o f gene conversion
tracts is estimated to be 55-250 base pairs, but this is based on experimental data from
a small number o f loci (Zangenberg et al, 1995; Jeffreys & May, 2004). Current
models o f gene conversion estimate that conversion events will rarely affect more
than one SNP, because tracts are short or SNPs are sparse (Wiehe et al, 2000). For
this reason, the effects o f gene conversion and crossing over events on LD will be
very different. Consider a gene conversion event that affects the middle SNP in a
triplet o f SNPs in complete LD. Gene conversion will create the equivalent o f two
crossing over events between the central and two outer SNPs. The outer SNPs can
still be strongly associated with each other but neither is associated with the middle
SNP.

The relationship between LD and gene conversion is independent o f marker spacing
for distances greater than the length o f a conversion tract (Andolfatto & Nordborg
1998). Therefore, gene conversion can disrupt LD between linked markers at a faster
rate than predicted by the recombination fraction, but has less o f a role in disrupting
LD between more distant markers. Gene conversion may be frequent in the human
genome (Ardlie et al, 2001; Przeworski & Wall, 2001; Frisse et al 2001). The relative
contribution o f gene conversion to the decay o f short range LD across the genome is
as yet unknown. A recent study modelling available SNP data o f gene conversion
rates across chromosome 21 by Padhukasahasram et al (2004), suggests that this
contribution may be substantial. If confirmed at a genome-wide level, this would limit
the usefulness o f an LD map based only on crossing over events.
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2.3.3 Genetic drift
Genetic drift occurs where gene or haplotype frequencies change between generations
due to random sampling o f gametes. For most ‘disease’ phenotypes, at a given locus
‘disease’ alleles will be less common than wild-type alleles. Allele frequencies at this
locus will fluctuate from one generation to the next because o f the chance assortment
o f chromosomes at meiosis. The extent o f this fluctuation will depend on the relative
frequencies o f the alleles and also on the total population o f chromosomes. The
resultant variance in allele frequency from one generation to the next will be more
dramatic where the population of chromosomes carrying the ‘disease’ allele is
substantially smaller than the number o f chromosomes carrying the ‘wild-type’. For
larger populations, the variance in allele frequency between generations will be
smaller, and changes in allele frequency due to genetic drift will occur more slowly.
As populations expand the absolute numbers o f ‘disease’ alleles increase, the variance
between generations decreases, reducing genetic drift. Where genetic markers are in
close proximity to such a disease locus this will generate LD. In the Irish population,
the influence o f genetic drift has been demonstrated, at different geographical
locations, but the effect is not pronounced (Hill et al, 2000).

2.3.4 Selection
Natural selection is the process whereby inherited genetic variation between
individuals will affect their ability to survive and reproduce successfully. Depending
on the advantage or disadvantage conferred by a specific variant selection can be
positive or negative. A negative selection reduces fitness and without new mutations
leads to a reduction in frequency o f the mutant allele. The opposite case may also
occur, the classical example being in autosomal recessive disorders where
heterozygosity at the locus improves biological fitness, termed the ‘heterozgote
advantage’. For example, heterozygotes for the thalassaemia group o f disorders or
sickle-cell anaemia show some resistance to malaria and led to a heterozygote
advantage in Aftican populations.

A number o f authors have considered the possible effects o f positive selection on LD
between a disease locus and linked loci (Terwilliger & Weiss, 1998; Nachman 2001).
This may be particularly applicable where there is allelic heterogeneity at a disease
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locus. If a specific risk allele is positively selected for it will increase in fi-equency in
the expanding population of disease chromosomes. The frequency o f other markers
linked to this allele will also increase in frequency in the disease population,
generating LD. This is termed the ‘hitchhiking effect’. Related to the issue o f
selection is the mutation rate within a disease gene. With a greater mutation rate
comes more allelic heterogeneity and more risk haplotypes that contribute to
susceptibility at the locus. Positional cloning methods will be less powerful in
identifying susceptibility stemming from many different alleles or haplotypes than
from a single risk allele/haplotype.

2.3.5 Other population factors
LD between markers in a population is related to the number o f recombination events
between markers. Inbreeding and assortative mating can reduce the rate at which LD
decays between markers. This is because there may be less doubly heterozygous
recombination events than would occur in outbred populations. Even where mating is
random, factors related to the evolutionary history o f the population may influence
LD. Population bottlenecks result from temporary, but significant reductions in
population size (for example due to famine). If the population size is reduced
sufficiently, the number of haplotypes represented in the population may also be
reduced so that not all possible haplotypes are represented in the proportion expected
by the frequency o f each allele. If the population bottleneck has occurred relatively
recently there may be extensive LD in the population because o f the reduced
opportunity for recombination to decay haplotypes.

2.3.6 Admixture and admixture mapping
Admixture is the interbreeding o f two different populations. If allele frequencies at
two loci differ between these populations, admixture will produce LD between the
loci in the resultant population (Chakraborty and Weiss, 1988). The amount o f LD
between loci will depend on the differences in allele frequencies in the founder
populations and the relative contribution o f each population to the new admixed
population.
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Where disease-causing variants differ in frequency between different populations,
admixture mapping has been proposed as an alternative positional cloning strategy.
This approach involves studying populations descended from the recent mixing o f
ethnic groups (such as Americans o f European or African descent). For example,
hypertension is more common in West Africans, so screening European Americans
for regions where the proportion o f African ancestry is higher may be an efficient
method o f identifying susceptibility loci. Several admixture-mapping panels are now
available for whole genome scans using admixture-generated LD mapping (Patterson
et al, 2004). In addition to having a study population o f this type available, the
approach also depends on the assumption that disease causing variants are known to
differ substantially in frequency across the populations being investigated. Current
evidence suggests that this is not the case for schizophrenia where the incidence o f
disease is similar across different ethnic groups. However, this approach may be
powerful if different genes contribute to susceptibility in different populations.

2.3.7 Measuring linkage disequilibrium
Many pair-wise measures o f LD have been proposed, but in practise only the
measures D ’ and r^ are widely used. Both of these are variations o f the basic pairwisedisequilibrium coefficient D. The statistical significance o f linkage disequilibrium can
be measured by a standard contingency table. Given two biallelic markers at two loci,
the frequencies o f the alleles at these loci are

B

B

A

P ab

PAb

a

PaB

Pab

P a , Pa, P b

and

Pb.

A Fisher exact test measures the probability o f obtaining the observed result under the
null hypothesis o f independence o f the two SNPs. This can be expressed as:

D ^P ab'P aP b
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This is the difference between the probabihty that two marker alleles will be observed
on the same haplotype and that they will be observed independently in the population.
The range o f possible values o f D is a function o f the allele frequencies:

Dmax= rnin (PAPb-PBPa) if D>0

Dmax = min (PAPfi-PaPb) if D < 0

Whether D is positive or negative depends on how the alleles are labelled. To avoid
this the measure D ’ is used where D ’=D/Dmax- This measure is scaled between 0 and
1; a value o f 0 implies independence and 1 implies that all copies o f the rare allele
occur exclusively with one o f the two alleles at the other marker. D ’ has several
disadvantages, for example it may inflate the level o f LD in small samples.

An

alternative measure o f LD is the square of the correlation coefficient between the loci:

r = D^/pAPaPePb-

This measure has several properties that make it more useful. The sample size
required to detect statistically significant LD is inversely proportional to r^. As
previously an r^ value o f 0 also implies independence, but r^=l has a more strict
interpretation than the equivalent D ’ value: r^=l only when each occurrence o f an
allele perfectly predicts the allele at the other locus and the marker loci have identical
allele frequencies (Zondervan & Cardon, 2004). D ’ can reach a value o f 1, where the
allele frequencies vary widely, as this value only reflects the correlation since the
most recent mutation occurred.

2.4 LD patterns in human populations
2.4.1 Early studies of LD structure in human populations
Establishing the pattern o f LD at a genomic level in human populations has important
implications for fiature association studies. The extent o f correlation between markers
across the genome and conservation o f this pattern across populations will define the
feasibility o f genome-wide association analysis. Should there be substantial
correlation between markers; a large proportion o f total genetic variation could be
represented in association studies by genotyping a smaller subset o f markers. At the
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start o f this project, the investigation o f LD focussed on average LD levels across the
genome. The estimates of useftil LD range from 3kb to 60kb from experimental
human data, suggesting that -20% o f markers separated by 0.25cM (~250kb) show
significant LD. Although physical proximity increases the likelihood that markers will
be correlated, local variation in LD is substantial (reasons for this have been
considered in Section 2.3). Many adjacent markers are independent, whereas markers
separated by millions of base pairs may be correlated (Weiss & Clark, 2002). This
limits how informative average LD data is in selecting markers to capture local
genetic variation. The wide variation in the estimated range o f LD related as much to
differences in LD between chromosomal regions, due to local rates o f mutation and
recombination, as to differences between populations in the distance over which LD is
detectable (Abecasis et al, 2001; Reich et al, 2001; Wright et al, 1999).

2.4.1 LD patterns in human populations: a regular structure?
In 2001 a hitherto unrecognised pattern to LD structure emerged (Daly et al, 2001). A
series o f papers, investigating higher marker densities across larger genomic regions,
suggested that LD patterns conform to a more regular structure (Daly et al, 2001;
Reich et al, 2001; Patil et al, 2001; Gabriel et al, 2002; Dawson et al, 2002; Phillips et
al, 2003). Daly et al, (2001) described a high-resolution analysis o f the haplotype
structure across 500 kb o f chromosome 5q31 using 103 common (<5% minor allele
frequency) SNPs in a European population. They identified 11 blocks o f consistently
high LD across the region, which contained 75% o f the total sequence but showed no
evidence for recombination and very limited haplotype diversity. Regions o f higher
recombination separated these blocks. Subsequent studies identified similar patterns
o f successive regions of high and low LD within the HLA region, at other loci and
across chromosomes 21 and 22 (Reich et al, 2001; Patil et al, 2001; Gabriel et al,
2002; Dawson et al, 2002; Phillips et al, 2003).

From these studies it was proposed that the genome is highly structured and arranged
into discrete ‘haplotype blocks’ o f high LD separated by short segments o f very low
LD, typically termed recombination ‘hotspots’ (Daly et al, 2001). Within haplotype
blocks, markers are highly correlated and a large percentage o f genetic variation at a
block could potentially be represented for association analyses using a fraction o f the
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total available markers. At regions o f low LD (hotspots), where the correlation
between markers is much lower, most if not all markers would be necessary to define
genetic variation. If the boundaries o f these regions could be defined predictably, it
was proposed that this block structure could inform a more efficient marker selection
for LD-mapping across a locus. As an extension o f this, Patil et al, (2001) proposed
that all common haplotypes in the genome could potentially be tested in a genomewide association study using 300,000-1,000,000 SNPs.

In support o f this hypothesis, data fi-om other organisms and from humans
demonstrates that recombination events are more likely to occur in some parts o f the
genome than in others (reviewed by Kauppi et al, 2004). Recombination ‘hotspots’ of
l-2Kb in length have been identified in the human genome (I'empleton et al, 2000;
Jeffi'eys et al, 2000; Jefireys et al, 2001). However, most o f these studies have
investigated chromosomal regions previously identified as having a high rate o f
recombination. There is insufficient human data available as yet to indicate how
representative these ‘hotspots’ are o f recombination across the human genome.
Evolutionary modelling o f haplotype-block distribution data across chromosome 19
provided a close fit without requiring recombination hotspots to explain the
distribution o f blocks (Phillips et al, 2003).

As a result o f these studies the National Institutes o f Health funded the Haplotype
Mapping (HapMap) Project, an international genome-wide initiative to identify
common haplotype blocks in multiple human populations (http://w^w'w'.hapmap.org).
This project made its first public data release in November 2003 and is due for
completion in 2005.

To what extent this project will inform fiature association studies, and the feasibility o f
genome-wide association analysis, depends on a number o f critical considerations.
First, that block boundaries are stable and that haplotype diversity remains stable as
the marker density increases in investigated regions. Second, identifying blocks does
not indicate their value for association analysis per se, as other evolutionary factors,
random recombination events or mutations could contribute to this structure.
Evidence o f conservation o f blocks between populations would increase their
usefulness

for

association

mapping.

In the

absence o f such

conservation.
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understanding the events that had contributed to LD-structure at specific loci in the
specific populations being studied would be a necessary perquisite to LD-mapping.
Finally, the focus o f HapMap is on identifying common alleles and haplotypes, there
role in disease susceptibility is uncertain and is only likely to be established
experimentally.

For the purposes o f this project, comparisons of haplotype structure across the N RG l
locus in three European populations were made. These are described in Chapter 5. In
completing the association analyses in Chapter 6, the stability o f haplotype structure
across the APOL locus was tested by comparing available CEPH marker data
published by Dawson et al, (2001) with more recent HapMap data at a higher marker
density in the same subjects (HapMap, 2004).

2.4.3 Linkage disequilibrium in the Irish population
Certain features o f the Irish population appeared to lend themselves to LD mapping
studies. Although a good deal remains to be understood, the present population is
thought to have arisen relatively recently (-12,000 yrs) from a small number o f
individuals that migrated from central Europe and expanded before remaining
constant for a prolonged period (Hill et al, 2000; McEvoy et al, 2004). Recent
analysis o f Y-chromosome haplotypes supports this theory. From a sampling
perspective the population is relatively genetically homogenous.

Data from autosomal polymorphisms suggests LD in the Irish population may extend
over larger distances than in other populations. In a study o f markers from
chromosomes 5,6 and 8, LD was significant at the 5% level between 96% o f all
markers within 0.5cM, 67% o f all markers from 0.5-1 cM, and 35% o f all markers
within 1-2 cM (Kendler et al, 1999). However, this study was based on a relatively
small marker set. There is insufficient marker data is available to establish haplotype
structure in the Irish population. As yet, it is also uncertain how representative the
patterns of DNA sequence variation identified by the HapMap project will be to other
populations of European ancestry such as the population o f Ireland.

2.5 Complex genetic disorders: common or rare risk variants?
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Most o f the human disease genes thus far identified contribute to Mendelian
disorders. For such disorders the frequency and number o f disease causing alleles
varies significantly, from diseases caused by a large number o f different mutations to
those caused by a small number o f relative common disease alleles. The allelic
structure representing common, complex genetic disease is less well understood, but
fiindamental to the likely success o f positional cloning strategies.

A Common Disease/Common Variant (CD/CV) hypothesis, has been proposed which
predicts that the genetic risk for common diseases will often be due to susceptibility
alleles o f relatively high frequency (>0.01-0.1), that have undergone little selection in
early populations and are likely to date back at least 100,000 years (Lander, 1996). By
this hypothesis, one or a small number o f risk alleles will contribute to disease risk at
most susceptibility loci. This hypothesis is supported by the prediction that allelic
diversity for neutral alleles in a small founder population is likely to be low and
disease-risk alleles common in such a population are unlikely to have been diluted by
the effects o f new alleles in the rapid expansion o f the human population from that
point to the present time. Supporters o f the CD/CV hypothesis cite a number o f
examples such as the association o f ApoE-eA with Alzheimer’s disease and
FactorV^‘^“*^" with deep venous thrombosis (reviewed in Weiss & Clark, 2002).

An alternative, common disease/rare variant (CD/RV) model has also been proposed
(Weiss & Terwilliger, 2000; Pritchard, 2001). Supporters o f this model have raised a
number o f objections to the CD/CV hypothesis. First, they argue that these disorders
are common because o f common environmental influences, not disease alleles, in the
population. Second, that new model predictions o f complex disease suggest that most
genetic variance is due to rare alleles under weak selection rather than common alleles
that are close to fixation (Pritchard, 2001). Finally, they argue that data from
quantitative trait research in animal models and from late-onset Mendelian disorders
show broad allelic diversity at odds with the CD/CV hypothesis (Wright et al, 2003).

The power o f specific positional cloning methods, such as association or linkage
disequilibrium mapping, to detect candidate genes is dependent on the existence o f a
relatively simple underlying structure of genetic susceptibility.

If a gene contains

many rare allelic variants, which contribute to disease susceptibility, it has been
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argued that the power o f current statistical tests o f association will be much reduced
(Slager et al, 2000). At a population level this is partly because rare variants (<5%
frequency) are more likely to be population specific (Risch, 2000; Ptak & Przeworski,
2002). Such variants may be recent in origin and exclusive to a specific founder
population or less recent and found in a specific ethnic group, for example, the
haemochromatosis mutation C282Y is found only in Caucasians. Critics o f the CD/CV
hypothesis maintain that LD-mapping resources such as the HapMap project, by
including common variants only, are ‘designed to find what is most probably not there
to be found.’ This view has been contested by members o f the International HapMap
consortium, who argue that rare alleles associated with complex disorders will be
identifiable where these have a large effect size and site the successful mapping of
genes for cystic fibrosis and diastrophic dysplasia as examples (The International
HapMap Consortium, 2003).
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Chapter 3
Materials and methods

3.1 Introduction
Clinical, laboratory and statistical methods are presented in this chapter. An important
aspect of the study was developing an understanding o f the context o f this work
within a local and international framework. This chapter begins with a brief
discussion o f the research collaborations that were vital in contributing to the sample
collection described in Chapter 4.

3.2 Collaborators
3.2.1 Clinical collaborators
At the onset o f this project, collaborations were established with Professor John
Waddington at the Royal College o f Surgeons in Ireland (RCSI) and Professor
Eadbhard O ’Callaghan at University College Dublin (UCD). Funded by the Stanley
Foundation (US), these researchers had collected detailed clinical/epidemiological
information on large urban and rural cohorts o f patients with major psychotic
disorders. Details of these sample collections have been published elsewhere (Gervin
et al, 1998; Waddington et al, 1997). The clinical instruments and procedures
involved were complementary to those implemented in this sample collection and
detailed below. In a similar manner to the general ascertainment method described in
this chapter, all available individuals who had been involved in the Stanley
Foundation studies were approached about providing DNA samples and access to
their clinical research information for the genetic project.

3.2.2 Laboratory collaborations
Collaboration was established with Dr Hreinn Stefansson, at the biopharmaceutical
company DeCODE genetics (Reykjavik, Iceland). This involved the provision by
deCODE o f anonymous genotyping o f single nucleotide polymorphism (SNP) and
microsatellite markers at the Neuregulin-1 (NRG-I) locus for the Phase 1 sample.
Professor David St Clair at the University o f Edinburgh provided genotype data at this
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locus from his Scottish schizophrenia case-control sample for analysis. The results of
these analyses are detailed in Chapter 5.

3.2.3 Statistical collaborations
Collaboration was established with Dr Jason Moore, Associate Professor o f Genetics
at Dartmouth Medical School (New Hampshire, US). Professor Moore’s group
specialise in computational genetics and are involved in developing methods o f
investigating gene-gene interaction for complex genetic disorders. This collaboration,
detailed in Chapter 7, involved investigating gene-gene interaction models o f six
putative schizophrenia susceptibility loci. Dr CathalWalsh at the Department of
Statistics, University o f Dublin, Trinity College provided statistical advice for the
regression analyses described in Chapter 7.

3.3 Clinical methodologies
3.3.1 Ethics approval
Ethics approval was sought and approved from all hospitals participating in this study.
Since 1999 the ethics committees representing the following Dublin hospitals have
provided ethics approval:
i.

St James’s Hospital

ii.

St. Patrick’s Hospital

iii.

St Vincent’s Hospital (Fairview)

iv.

St. Brendan’s Hospital

Approval has also been obtained from the ethics committees o f the former North
Eastern Health Board (for sampling at St. Davnett’s Hospital, Monaghan) and St John
o f God Hospital (Dublin) for review o f clinical research data and blood sampling at
their facilities. At the request o f the Irish Blood Transfiision Service additional
approval has been obtained by the Dublin Federated Hospitals’ Ethics Committee for
collection o f control DNA samples from their attending blood donors.

3.3.2 Ascertainment
Potential cases were ascertained through the treating teams at the facilities listed in
the previous section. At each centre an educational session was arranged to describe
the rationale and methodology o f the project and to answer questions from potential
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referrers. An information brochure (included as Appendix I) was developed for
potential participants, control participants (from the Irish Blood Transfusion Service)
and for staff at these facilities. This was distributed on hospital wards, outpatient
departments and day hospitals at the participating centres. All attending patients with
a diagnosis o f a major psychotic disorder were eligible for recruitment. Before
contacting patients, we established with the treating teams the best strategy for
making contact (e.g. at clinics or on home visits with community nurses). In addition
we confirmed with the clinical teams that their patient’s were in a position to give
informed consent, rather than in a period o f relapse or detained in hospital under Irish
Mental Health Legislation.

By necessity, the process o f ascertainment was influenced by the treating
teams and thus varied between and within hospitals. At St James’s Hospital, all
patients who presented between 1999 and 2004 with a major psychotic disorder were
assessed for study suitability. Those meeting study criteria were approached
individually about the study. For this reason, patients attending this service represent
the largest subject group in the study. The ascertainment procedure differed at St.
Vincent’s, St John o f God and St. Patrick’s Hospitals’ where all referrals were from
consultants. The method o f recruitment at these centres also differed between clinical
teams, with some teams providing a list o f patients that could be directly contacted
and others writing to patients’ individually to confirm that we could make contact
regarding the study.

Procedural differences in ascertainment were an unavoidable factor of
differences in policy between the multiple ethics committee’s and the individual
preferences o f referring consultants and their teams. To address this, we have
broadened our ascertainment strategy by publishing details o f our work in the general
media and through patient support groups (e.g. Schizophrenia Ireland). We are
increasingly accepting direct referrals from affected individuals.

3.3.3 Recruitment
Potential participants were provided with a copy o f the information sheet for the
study, which could be discussed with a research team member. Those interested in
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being involved were offered an appointment, at a venue convenient to them, with an
interviewer (AC, SS or JMN). Participants were interviewed in hospital, at outpatient
suites, at day centre facilities, at hostels, in their own homes or at the Trinity Centre
for Health Sciences, St James’s Hospital, Dublin. At this first interview, written
informed consent was obtained, demographic information collected and the clinical
interviews completed (details o f all clinical and neurological assessments are provided
in section 3.3.6). In most cases, blood sampling was also completed at this
assessment. Arrangements were made for a follow-up assessment to complete
additional clinical and neurological examination. We also established whether
participants wished to be actively informed o f progress in the study. At this point
recruited subjects were assigned an identifier in the form o f a four-digit number where
the first digit represented the study centre.

3.3.4 Dissemination of results to participants
We provide regular updates on the activities o f our research group on our website
(http://www.tcd.ie/Psychiatry/Neuropsychiatry/schizol.htm). From 2003 the research
team have produced a bi-annual newsletter to update participating individuals and
institutions about progress and results from this project, and developments in the field
o f schizophrenia genetics research. Copies of recent newsletters are also available at
our website (http://www.tcd.ie/Psychiatry/Neuropsychiatry/ NewsletterlSchiz.pdf).

3.3.5 DNA collection and storage
Blood samples were obtained for DNA by venepuncture. Three 6ml samples o f blood,
in two EDTA and one serum tube, were obtained from all participating cases using 18
gauge

needles

in

Vacuette®

containers

(Greiner

BioOne,

Gloucestershire,

Stonehouse, UK). A single serum tube (6ml) was collected from participants from the
Irish Blood Transfusion Service as part o f their blood donation. Blood samples for
DNA were stored in Vacuettes® containing EDTA at -70°C until they were
processed. Serum samples were spun at 6,000 rpm at room temperature and the
supernatant was stored at -70°C.

3.3.6. Clinical instruments and procedures
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The author received training in clinical/neurological assessment as part o f a research
methods training programme which incorporated videotape and concurrent direct
assessment of patients for inter-rater reUability purposes. This programme (co
ordinated by Dr Abbie Lane at St John o f God Hospital, Dublin) was conducted by
researchers who had specific training in the implementation o f each o f the research
instruments described. The author attained the programme reliability criteria for all
measures (kappa >0.75-0.90) and subsequently trained the other clinical investigators
(SS, JMN) in implementing these instruments using the same training procedure and
reliability guidelines.

3.3.6.1 The Structured Clinical Interview for DSM-IV (SCID)
The SCID is a semi-structured interview, administered by clinicians, from which
major DSM-IV Axis I-diagnoses can be made (Spitzer et al, 1990). This study used
the Research Edition o f SCID-P, the standard SCID designed for use with subjects
who are identified as psychiatric patients. The interview takes the form o f nine
modules including an introductory overview section and individual modules with
questions covering the seven major axis I diagnostic classes. Because o f this structure
the SCID can readily be adapted to study individual diagnostic categories.

Reliability for DSM-IV major psychotic disorder diagnoses using SCID-P are
reported

to

be

in

the

fair

to

excellent

range

(kappa=0.64-0.94)

(http://www.scid4.org/scidl_summary_table.htm). In interviewing cases for this
study, the five sections o f the SCID relevant to psychotic disorders were included,
namely:
A-Mood syndromes
B-Psychotic and associated symptoms
C-Psychotic disorders (differential diagnosis)
D-Mood disorders
E-Psychoactive substance use disorders
The interviewer also reviewed the case notes and where available accessed diagnostic
collateral information. For each individual participant, a case vignette was derived for
inter-rater reliability purposes. The three clinical interviewers rated all cases
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independently. Agreement between raters for psychotic disorder diagnoses in this
study was in the excellent range (kappa >0.8).

3.3.6.2 The Positive and Negative Symptom Scale (PANSS)
The Positive and Negative Syndrome Scale (PANSS) is a 30-item scale that assesses
severity o f illness on positive, negative and general psychopathology domains. The
scale measures positive and negative symptoms, their differential and general severity
o f illness. These four scales have been shown to be normally distributed in
schizophrenia populations and demonstrate good reliability (Kay et al, 1987). The
scale is included as Appendix II.

3.3.6.3 Abnormal Involuntary Movement Assessment
Movement disorders in schizophrenia may occur spontaneously or in response to
antipsychotics and other medications. These typically present as involuntary
movements involving the oro-facial musculature and limbs; both acute (akathesia and
dystonia) and chronic (parkinsonism, akathesia, dystonia, dyskinesia) forms are
recognised. The assessment performed in this study incorporated the Abnormal
Involuntary Movement Scale (AIMS), a global instrument, divided into seven body
regions (four o f which relate to the face), with each item rated on a five-point ordinal
scale (Guy, 1976). A copy o f the scale is included as Appendix III.

3.3.6.4 Neurological Soft Signs Assessment
Subjects with schizophrenia are more likely to have neurological abnormalities than
individuals with other mental illnesses or controls. Neurological dysfunction in
schizophrenia is correlated with earlier age at onset, negative or deficit symptoms and
poorer outcome. These abnormalities can be classified as ‘hard’ signs if they can be
localized to a specific brain area or ‘soft’ signs when this is not the case. Soft signs
include impairments in motor sequencing and coordination, confusion in right-left
discrimination, and deficits in sensory-perceptual abilities (Flashman et al, 1996).
Differences in performance in subjects with schizophrenia do not appear to be
attributable to either medication or medication-induced neurological side effects
(Browne et al, 2000). The aetiology o f these symptoms is uncertain and some authors

48

have suggested that specific subcortical structures may be involved (Buchanan &
Heinrichs, 1989). Increased scores for neurological soft signs in first-degree relatives
o f schizophrenia subjects and the unaffected twins o f pairs discordant for
schizophrenia suggests that these deficits are at least partially genetically mediated
(reviewed by Niethammer et al, 2000).

A standardized assessment of neurological function, which incorporated two
instruments, was performed. The Neurological Evaluation Scale (NES) (Buchanan &
Heinrichs, 1989) is a battery o f 26 items, 14 o f which are tested bilaterally. Each item
is scored as normal (0), mildly abnormal/questionable (1) or abnormal (2) except for
the snout and suck reflexes which are rated 0 or 2. The Condensed Neurological
Examination (CNE) (Rossi et al, 1990) consists o f 19 items, 7 o f which are bilateral.
Items are related as present or absent (0,1) or on ordinal scales having maximum
values between 2 and 6. The neurological examination battery is included as
Appendix IV

3.3.6.S Minor Physical Anomalies Scale (MPAs)
Minor physical anomalies are persistent, subtle abnormalities o f external physical
appearance, which represent developmental deviation fi'om the usual morphological
form. Such anomalies are thought to develop during the first or early second trimester
o f gestation and involve the mouth/palate, skull structure, eyes, ears, hands and feet.
However, accurate timing may be precluded by the different anatomical sites
involved, which develop at different times. Also the developmental impact an insult
depends on its severity as well as its timing (reviewed Murphy & Owen 1996). Higher
MPA

scores are reported in many neurodevelopmental disorders, including

schizophrenia.

As early as the 1890’s Kraepelin noted an association between abnormalities o f skull
and ear structure and dementia praecox (Kraepelin, 1896). More recently, 12 o f 13
studies have demonstrated higher rates of MPAs in schizophrenia subjects. More
detailed anthropometric or 3-D morphometry measures indicate involvement mainly
o f mid-facial and lower facial regions (Lane et al, 1997; Hennessy et al, 2004). The
occurrence o f MPAs in schizophrenia may be partially genetically mediated, but the
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aetiological significance o f this is uncertain (Ismail et al, 1998). This study em ployed
the rating scale devised by Lane et al, (1997) and specifically measured the variables
that had discriminated between cases and controls in the Irish sample described by
these authors. The assessm ent protocol is included as Appendix V.

3.4 Laboratory methods
3.4.1 Buffers and solutions
(1) TE Buffer:
2M Tris-Hcl (pH 7.5)
0.5M EDTA (pH 8.0)
(2) Extraction Buffers/ Solutions:
Lysis Buffer (xlO )
50mM Tris-HCl, pH 7.5
25m M M gC b
0.6M sucrose
5% (v/v) Triton xlOO
Distilled H 2 O
Suspension Buffer (xlO )
2M Tris-Hcl (pH 7.5)
0.5M EDTA (pH 5.0)
5M NaCl
(3) Electrophoresis Buffers:
lOx TAE:
0.4M Trisma Base
0.5M EDTA
The pH o f the buffer was brought to 8.2 with glacial acetic acid.
TBE (xlO ) (Invitrogen, Paisley, UK.):
0.9M Boric Acid
0.01 M EDTA
(4) PCR Buffer:
lOX PCR Buffer:
lOOmMTris HCl pH 8.9
500 mM KCl
I5m M M gCl 2
1% Triton xlOO (Sigm a, Dublin, Ireland)

3.42 DNA extraction procedure
For the laboratory studies presented in this thesis the author and other laboratory
personnel performed D N A extractions using a Phenol/Chloroform m ethod (Sambrook
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et al, 1982). This method is labour intensive, so the additional case and control
samples contributing to the Phase 2 sample described in Chapter 7, were extracted
using the QIAamp DNA Blood Maxi Kit (catalogue number 51194), (Qiagen,
Crawley, UK). Instructions for using this kit come with the accompanying manual.

The Phenol/Chloroform method involves a two-day protocol:

On day one, 6ml blood samples were removed from the freezer and allowed to thaw
slowly on ice for a two- four hour period. Next, the following steps were performed:
(1) Blood samples were transferred to labelled 50ml Falcon tubes.

(2) The blood tubes were rinsed with sterile distilled water, which was added
to each Falcon tube to make up a volume o f 12.5ml.

(3) The tubes were topped up with Lysis buffer (xl) to a volume o f 25 ml,
inverted and placed on ice on a rotary shaker for 30 minutes.
(Lysis buffer is a salt solution that is hypermolar to the contents o f red
blood cells causing them to absorb water from the solution by osmosis,
swell and rupture. The white cells remain intact.)

(4) The tubes were centrifuged at 3, 500 rpm for 15 minutes.

(5) The supernatant was poured off to approximately 4 ml, without displacing
the white cell layer.

(6) Lysis buffer was again added to 25mls. The tubes were placed on ice for 10
minutes on a rotary shaker to dislodge the pellet into solution.

(7) The tubes were again centrifiiged at 3, 500rpm for 15 minutes.

(8) The supernatant was poured off until the white cell layer on the surface o f
the pellet began to move.
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(9) The pellets were suspended in 2 ml o f suspension buffer (x l) and the
contents were transferred to a labelled 15ml sterile Falcon Tube.

(10) 150[a,l of 10% Sodium Dodecyl Sulphate (SDS) and 60|j,l o f Proteinase K
was added to each tube.
(SDS is negatively charged with a high affinity fo r protein, thus
encouraging proteolysis. Proteinase K is a powerful proteolytic enzyme
that ensures the degradation o f nucleoproteins).

(1 l)T he tubes were placed on a rotary shaker overnight at room temperature.

Day 2 o f the extraction process involves the use o f Phenol and Chloroform/
Isoamylalcohol (24/1, v/v). As Phenol is neurotoxic, the Phenol/ Chloroform steps
were conducted in a ftime hood.
(1) The tubes were removed from the rotary shaker and 2ml o f Phenol was
added to each and thoroughly mixed.

(2) The tubes were placed on a rotary shaker for 10 minutes and then
centrifuged at 3,800rpm for 10 minutes.

(3) The aqueous white layer was removed into a clean, labelled 15ml tube and
1ml o f Phenol and 1ml of Chloroform/IAA was added. The tubes were
again placed on the rocker for 10 minutes and centrifiaged at 3, SOOrpm for
10 minutes.

(4) The top layer was removed into a clean 15ml tube and 2ml o f Choloroform/
lAA was added to each tube. The tubes were rocked for 10 minutes and
centrifiaged at 3,800 rpm and the supernatant was removed into a clean
15ml tube.

(5) 50]j.l o f 3M Sodium Acetate was added followed by Absolute Alcohol at a
temperature o f -20°C to a volume o f 6mls.
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(6) The tubes were gently inverted until the formation o f a white fluffy DNA
pellet was observed.

(7) The pellet was removed from the tube using a sterile 1ml pipette tip and
transferred to a labelled 1.5ml sterile Eppendorf.

(8) 1 ml o f 70% ethanol (-20°C) was added to rem ove excess salt and the
sam ples were microfuged at 13, OOOrpm for 5 minutes. The excess alcohol
was carefully removed with a pipette tip and this step was repeated.

(9) A fter removal o f the ethanol the tubes w ere again microfuged at 13, 000
rpm for 5 minutes.

(10) The DNA was dried overnight at room tem perature or for 15 m inutes in a
vacuum dessicator.

3.4.2.1 DNA suspension and storage
The dried DNA pellet was suspended in 250|j.l o f TE Buffer and stored in the fridge in
1ml E ppendorf tubes at 4°C for four to five days until the pellet had resuspended. The
resultant stock DNA samples were stored at -20°C pending quantification.

3.4.3 DNA quantification
Tw o-stage DNA quantification was carried out: in the first stage using spectrom etry
to obtain an indication on the quality and am ount o f DNA extracted. In stage 2, an
accurate m easure o f DNA concentration was m ade using fluorimetry.

i) Spectrometry: DNA absorbs light at 260nm whereas RNA absorbs light at 280nm.
Com paring a ratio o f these two values gives an indication o f the quality o f the DNA.
A ratio o f <1.8 it indicated that the extracted sample contained proteins and arom atic
hydrocarbons. In these cases, DNA was re-extracted from a backup blood sample. A
ratio o f >2 it indicated that the sample contained a substantial quantity o f RNA. In
preparing the samples for testing, 5^,1 o f stock DNA was m ade up to 1000|al w ith Ix
TAE. The DNA concentration was calculated using the following formula:

DNA concentration = Optical Density (OD)?f.nnm x 50 |ig/|a.l
5
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For exam ple, in a sample where the OD 2 6 0 nm_was 0.67|j,g/|j.l (670ng/|j.l), because the
D N A is dissolved in 250 )J,1 o f Ix TAE, this equates to 250 x 670 = 167500 ng o f
DN A .

ii) Fluorimetry: fortunately, our group were provided with access to a fluorimeter by
the Department o f M icrobiology, TCD. For this w e are grateful. A standard curve was
obtained for each run o f samples by concurrently running a set o f standard D N A
concentrations (ng) (750, 500, 250, 100 and 50). The D N A sample concentrations
were calculated by entering the fluorometer readings into the equation:
y=m x
Sam ples were loaded onto the fluorimeter using 100|j,l o f Ix PicoGreen [dsDN A
Quantification Kit, M olecular Probes, Eugene, Oregon, U S] and 100|o,l o f a 1:50
dilution o f stock solution.

3.4.3.1 Quantified DNA stock preparation
O nce D N A quantification was com pleted the diluted sam ples o f 80ng and 8ng stocks
were prepared from the raw stocks by diluting appropriate volum es in Ix TE buffer.
Final volum es were 350)j,l for 80ng/|j,l stocks and 1000|o.l o f 8ng/)^l stocks.

3.4.4 DNA storage
D N A stock solutions, D N A pools and D N A working solutions were stored at -20°C.
Approxim ately 600[xl o f D N A at 8ng/fil were stored in 96 deep well boxes for
individual genotyping. W hen individual genotyping w as performed these boxes were
stored at 4°C to reduce the effects o f freeze-thaw damage. D N A pooled samples were
constantly stored at -20°C. Continuous use o f the pools in PCR am plification
reactions revealed no perceivable degradation.

3.4.5

Strategy for genotyping individuals

The use o f genetic association studies to identify susceptibility genes for com plex
disorders such as SZ requires the investigation o f large numbers o f genetic markers in
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large samples. The task o f identification o f polymorphisms (as markers) in candidate
genes has been greatly aided by the recent explosion in the numbers o f SNPs
catalogued on public databases on the web. Additional advances in genotyping
methodologies have allowed cheaper and faster assaying o f these SNPs using a
number of different biochemical reaction principles (for review see Syvanen, 2001).

For the experiments conducted in Chapters 6 and 7, an allele specific primer extension
method was used; this is summarised in Figure 3.1. The method uses primers that abut
the SNP site. During extension, specific di-deoxyribonucleotides are incorporated
which bring about a sequence-specific termination o f the reaction resulting in allelespecific extension products. These products can be detected using different methods,
for these studies, the SnaPshot method o f fluorescent tagging and electrophoresis was
employed (Applied Biosystems, Warrington, UK).

Markers at the NRGl locus were genotyped by deCODE Genetics using a method
based on a template-directed primer extension and detection by fluorescence
polarization (FP) (Chen et al, 1999; Gretarsdottir et al, 2002). Other members o f the
research team did the additional SNP genotyping for the studies discussed in Chapter
7. For these studies the total size o f the sample had increased substantially, making it
cheaper and more efficient to employ a different genotyping method. These studies
were performed using Custom Taqman® SNP Genotyping Assays on an ABI Prism
7900HT Sequence Detection System (Applied Biosystems).

3.4.6 Genotyping of pooled DNA samples
In an attempt to increase genotyping efficiency, a number o f methods o f measuring
allele frequencies o f SNPs and microsatellite markers in pooled DNA samples have
been developed (Carmi et al, 1995; Barcellos et al, 1997; Plomin et al, 2002;
Hoogendoom et al, 2000; Norton et al, 2002). Rather than genotyping individual
DNA samples, pools are made up o f DNA from many individuals. An approximation
o f allele frequencies at a marker can be measured fi'om the resultant pools (e.g. o f
1,000 cases in one pool and 1,000 controls in another), without genotyping all o f the
individuals directly (reducing the number o f genotyping reactions from 2,000 to 2 in
this example). Two o f these reports, from a UK group, demonstrate that this DNA
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pooling

approach

can provide accurate and reliable

SNP

allele

frequency

measurement using the SNaPshot™ genotyping platform (Hoogendoom et al, 2000;
Norton et al, 2002).

There are two main difficulties associated with DNA pooling using a primer extension
genotyping method (Sham et al, 2002). First, for a number o f reasons the observed
signal for an allele may not represent the true frequency in the pooled sample. For
example, SNFs may show differential amplification during PCR, causing the signal
for the more efficiently amplified allele to be inflated above its true frequency in the
pooled sample. The same outcome may occur because nucleotides may not be
incorporated into the extension reaction with the same efficiency or because alleles
may not be detected with the same efficiency. To counteract this potential bias a
correction factor provided by the known allele frequencies o f an identified
heterozygous individual is applied (Norton et al, 2002). Secondly, self- annealing may
occur at the 3 ’-end o f primers allowing extension to occur independently o f the target
template. Including a negative control in the reaction can readily identify this
problem.

3.4.6.1 Preparation of samples for DNA pools
Additional quantification and sample preparation procedures were required for the
DNA pooling method detailed below. Dr Derek Morris prepared the DNA pools for
the experiments conducted in Chapter 6 using the principles described by Norton et al
(2002). Dilute stock samples were employed to ensure homogeneous DNA
concentration in individual samples and all were checked by PCR to confirm that they
yielded a reliable product.

The 8ng/|j,l dilutions from all case and control samples were re-quantified using the
fluorimeter. This confirmed that the sample concentrations varied from 3-12ng/|o.l. O f
the original individual cases (n=219) and controls (n=231), for 3 cases and 1 control
sample the DNA concentrations were insufficient for their inclusion in the pools
(<3ng/^l). The case and control pools were formed by aliquoting an equal amount of
DNA (75ng) from each individual sample into case and control eppendorfs
respectively. Because o f the differences in individual numbers making up each pool
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this resulted in a final case pool DNA concentration o f 4.8ng/|j,l and control pool
DNA concentration o f 5.9ng/|J,l. At this point the control pool DNA was diluted with
TE buffer to match the case pool DNA concentration.

3.4.7 Genotyping the APOL gene family
3.4.7.1

Primer design

Standard primer extension reactions were conducted for the amplification o f genetic
markers at the APOL locus. Primers for all fragments were designed using PrimerS
(http://wwwgenome.wi.mit.edu/cgibin/primer/primer3 w'ww.cgiV Primer pairs were
obtained from Invitrogen (Paisley, Scotland).

3.4.7.2 DNA ampliflcation/optimisation by polymerase chain reaction (PCR)
Standard PCR reactions in volumes o f 10|j.1 were conducted for each marker on PTC225 Peltier Thermocyclers (MJ Research, Waltham, MA, US) in 96-well PCR Plates.
The PCR reaction volume was 10 [il: 3|al o f DNA (at Sng/jil); l|al o f PCR Buffer;
dNTPs (50mmol); F primer (5pmol/|il); R primer (5pmol/|il); Taq polymerase
(0.25/)j.l (6u/|al)) and 2.75 ml o f ddH20. The parameters for PCR reactions are
included in Table 3.1. A sample o f PCR products for individual markers were
electrophoresed on 1.5% agarose gels stained with ethidium bromide and examined
under a UV transilluminator to examine the quality o f the PCR product.
Comprehensive details on PCR conditions and primers are included in Tables 3.2-3.4.

3.4.7.3 Genotyping methodology
The author performed the genotyping described in Chapter 6 using the SNaPshof^'^
method o f single base extension (Applied Biosystems, Warrington, UK). First, the
region o f genomic DNA surrounding the SNP o f interest is amplified using PCR. An
unlabelled oligonucleotide primer is designed to anneal to the PCR product with its 3’
base adjacent to the SNP o f interest. Next the primer is extended in the presence o f
fluorescently labelled ddNTPs, each o f the 4 ddNTPs being tagged by a different
fluorescent dye. When the primer extension products are run on an ABI DNA
Sequencer or ABI Genetic Analyser (in this case an ABI PRISM 377 DNA
Sequencer, Applied Biosystems, Warrington, UK), the specific allele products can be
differentiated from each other on the basis o f which fluorescent dye they carry.
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Designing extension primers o f different lengths increased genotyping efficiency, as 4
different fluorescent dyes are available making it possible to mix extension products
and run them in the same gel lane (multiplexing).

The SNaPshot™ genotyping system involves an initial PCR reaction; a thermal
cycling reaction (to anneal unlabelled primers and extend primers with target
ddNTPs); a clean up step; gel electrophoresis and analysis. This process is
summarized in Figure 3.3 and detailed below:

Step l. PCR reaction
This involved the standard reaction described in section 3.4.7.2 to amplify the
genomic region containing the SNP of interest.

Step 2: Removing dNTPs and primers
For each reaction Shrimp Alkaline Phosphatase (SAP) (0.5|o.l), SAP dilution buffer
(0.5 (il) and Exonuclease 1 {Exol) (0.05|al) were added sequentially to ddH20 (l^il)
and PCR product (5 )il). The samples were then run on a PTC-225 Peltier
Thermocycler (MJ Research) at 37°C for 30 minutes (to activate the enzymes), 80°C
for 15 minutes (to deactivate the enzymes) and 4°C for >2 minutes (for storage).

Step 3: Primer extension reaction step
An aliquot o f the product from step 2 (2jil) was combined with Primer extension
primer (0.5|xl at 5p mol/p.1), SNaPshot multiplex reaction mix (1.5|a,l) and SNaPshot
buffer (1 |il). This was made up to a volume o f 10|il with ddH20 and run on a PTC-225
Peltier Thermocycler using a standard protocol (see Table 3.1).

Step4: Final cleanup step
The SNaPshot product (5|o,l) from step 3 was added to SAP (0.5 |il) and SAP buffer
(0.5|il) and the thermal cycling reaction in Step 2 was repeated.

3.4.T.4 SNP genotyping on the ABI 377 DNA sequencing system
The

ABI

377

DNA

sequencing

system

employs

electrophoresis

across

a

polyacrylamide gel for separation o f DNA fragments. The author used 10%
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polyacrylam ide gels. These contained l l g o f urea, 13ml o f ddH 20, 6ml o f 50% Long
Ranger gel solution (BioW hittaker M olecular A pplication, Rockland, ME, USA), 3ml
o f lOX TBE (0.89M Tris Borate pH 8.3+ 20m M NaaEDTA), 150 jil o f 10%
Am m onium

Per-Sulphate

((NH4)2S20g)

and

21

|xl

of

N N N ’N ’-

T etram ethyethylenediam ine (TEM ED).

Prior to loading the gel, 2 |j,l o f sample (extension product from individual or pooled
DNA samples) was m ixed with 0.5 |j.l o f size standard and 2 [i\ o f loading buffer (blue
dextran, 50mg/ml; EDTA, 25mM ; diluted 1 in 5 with deionised formamide). For
econom y, the size standard, required to size DNA fragments, was m ade from 3 ROX
labelled oligonucleotides (Genset Oligos, Paris, France) o f 14, 26 and 30bp. The
samples were then denatured for 2 min at 95*^C and placed on ice for loading.

Once loaded, the samples (a m aximum o f 64 lanes) were electrophoresed through the
gel. One negative control per SNP (ddHaO, which had been through the same PCR
and SNaPshot protocol) was used to test for contam ination. As DNA fragments pass a
laser, the attached dye labels are excited causing them to fluoresce. The emitted light
is separated by w avelength (each dye has a separate spectral profile/colour) and
processed by 377 data collection software. The raw data were analysed using
Genescan A nalysis 3.1.2 (Applied Biosystem s), with all DNA fragments being sized
based on their m igration through the gel relative to the internal size standard. All
samples w ere genotyped using Genotyper 2.5 (Applied Biosystem s). Typical outputs
for the individual and pooled DNA samples are represented in Figure 3.1 and 3.2.

3.4.7.S Simulating heterozygosity data for DNA pooling
In com m on with other methods, the DNA pooling technique o f N orton et al, (2002)
requires the identification o f a heterozygous individual to provide accurate SNP allele
frequencies to determ ine the correction factor applied in testing for evidence o f
association in pooled samples o f cases and controls. Because the investigated SNPs at
the A PO L locus w ere identified from public databases, this introduced the additional
tim e-consum ing step o f genotyping a panel o f individual DNA samples to identify a
heterozygous individual at each SNP. To circumvent this task our group have
developed a novel variation o f this DNA approach (M cGhee et al, 2005). W e have

59

applied a range o f simulated heterozygote data to the calculation o f allele frequencies
o f each SNP in the DNA pools. This modified DNA pooling strategy is more time and
cost efficient than existing strategies for analysis o f public database SNPs.

The Norton et al, (2002) method used the SNaPshot genotyping assay (Applied
Biosystems) to determine peak heights for a pair o f SNP alleles in a pool o f case DNA
samples and in a pool o f control DNA samples, and to determine the peak heights for
one individual known to be heterozygous for this SNP. The ratio o f the peak heights
in the heterozygous sample (k) is used to correct for the unequal representation of
alleles in a DNA pool. In practice, the freq u en cy /in the pool o f allele A is calculated
as y(a)=A/(A+A:B) where A and B are the peak heights o f the SNaPshot products
representing alleles A and B.

Instead, we applied simulated heterozygote ratios (range o f 0.1 to 10) to the analysis
o f each SNP. Each simulated k results in an estimate o f the allele frequencies in the
case and control pools (Figure 3.4). Computing allele frequencies with a range of
these k values allows the identification o f the maximum potential difference in allele
frequencies between the case and control pools (Figure 3.5). Where this maximum
potential difference in SNP allele frequency reaches nominal significance levels,
further investigation is warranted - this involves identification o f a heterozygous
individual to determine the true k value for the SNP and hence accurate allele
frequency estimation in the case and control pools. However, where this maximum
potential difference in SNP allele frequency does not reach nominal significance
levels, it can be categorized as showing no evidence o f association in the case-control
sample and thus excluded from further analysis. It is possible that the maximum
potential difference in SNP allele frequency will not be identified within the range of
simulated k values stated {0.1 to 10). In such cases the maximum difference will have
been found at A: = 0.7 or A: = 70. In these cases the range o f k values should be
extended (e.g. 0.7 to 0.01, or 70 to 700) until the maximum potential difference has
been found.

3.4.7.6 Confirming reliability for this DNA pooling method
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The case and control pools were genotyped for four SNPs that had previously been
genotyped individually in our phase 1 case-control sample. Making the assumption
that the individual genotyping was 100% accurate, the difference in allele frequencies
between the cases and controls were compared for both the individual genotyping and
the DNA pooled genotyping experiments. The mean pooling error was 0.004, which
compares favourably with results published previously for this method. In conducting
the APOL pooling studies, 3 SNPs were individually genotyped, giving a mean error
in estimating the difference between cases and controls o f only 2 alleles per thousand.
These results show that the DNA pools are able to give accurate estimations o f
absolute allele frequencies as well as accurate estimations o f the difference in allele
frequency between different pooled DNA samples

3.5 Statistical methods
3.5.1 Allele frequencies and Hardy-Weinberg equilibrium
Allele frequencies for all markers were calculated as the proportion o f occurrences o f
each allele in the sample. The Hardy Weinberg law states that in the presence o f
random mating and in the absence o f disturbances including mutation, natural
selection, migration, inbreeding or random genetic drift, allele frequencies from
generation to generation will conform to the following equation;

+ 2pq +

= 1

Where p^ = the expected fraction o f the population homozygous for p
q^ = the expected fraction homozygous for q
2pq = the expected fraction o f heterozygotes
Each marker was assessed for deviation from Hardy-Weinberg equilibrium based on
observed and expected allele frequencies and implementing the above formula using
the programme FSTAT (http://www.unil.ch/izea/software/fsta.html~).

3.5.2 Relative risk
The relative risk is a measure o f the raised risk in one group compared to another. In
genetic association studies relative risk gives a measure o f the strength o f association
between a genetic marker or haplotype and disease. This can be expressed as:
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RR

Where a
b
c
d

=
=
=
=

a / (a + c)
= b/ ( h + d)

frequency o f the associated allele in case sample
frequency o f the associated allele in the control sample
frequency o f the non-associated allele in the case sample(s)
frequency o f the non-associated allele in the control sample

3.5.3 Odds ratio
In the context o f this project, the odds compare the probability that a disease is present
with the probability that a disease is absent. The odds ratio (OR) is the ratio o f odds in
the case group to the odds in the control group. This is measured, using the same
terms as in the previous formula by:

OR

a/ b
= c/ d

3.5.4 Chi-square test
SNPs were tested for association with the SZ phenotype by using a 2 X 2 contingency
table to calculate a x^-statistic.

This was implemented using the website

(http://www.unc.edu/~preacher/chisq/chisq.htm). Microsatellite markers were tested
for association using the T2 statistic o f CLUMP (Sham & Curtis, 1995) and
significance was assessed using Monte Carlo simulations.

3.5.5 Power calculations
Power calculations for the case-control association studies were performed using the
formula derived in Sham et al, (2000) and implemented using the programme
available at their website (http://statgen.kcl.ac.uk/gpc/).

3.5.5 Graphical overview of linkage disequilibrium (GOLD)
GOLD (http://www.well.ox.ac.uk/asthma/GOLD/index.html) calculates inter-marker
linkage disequilibrium (D’ and delta^) and represents this graphically (Abecasis &
Cookson, 2000). The program runs in MS-DOS mode and utilizes an input file with
population genotype data for SNP and/or microsatellite markers. This was used to
calculate D ’ across the APOL and N RG l candidate loci in the experiments detailed in
Chapters 5-7.
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3.5.6 Haploview
Haploview is a software package in development at the Whitehead Institute
(Massachusetts

Institute

of

Technology,

US)

http://www-

uenonie.wi.mit.edu/personal/icbarret/haplo/. It is designed to simplify and expedite
the process o f haplotype analysis by providing a common interface to several tasks
relating to such analyses (Barrett et al, 2005). Haploview calculates D ’ and r
measures o f linkage disequilibrium, allows users to examine block structures,
generate haplotypes in these blocks, run association tests, and save the data in a
number o f formats. It also tags haplotypes with single nucleotide polymorphisms
(SNPs) that are most informative about a given haplotype. The program takes input
SNP data in standard linkage format, as phased haplotypes or as HapMap Project data
using the GBrowse interface. It also takes a second file with marker position
information. The three alternative default algorithms for haplotype-block definition
from Haploview were implemented in the experiments described in Chapter 6.

i) Blocks deflned by a contiguous set of markers where D’ is above a threshold.
This applies the method suggested by Gabriel et al, (2002) where 95% confidence
intervals are placed around D ’ and a block is defined where 95% o f informafive
comparisons (excluding markers with minor allele Irequency o f <0.05) are in ‘strong’
LD. In applying this method I used the default setting where the minimum Cl for
‘strong’ LD is 0.98-0.7.

ii) Blocks defined by a minimum number of SNPs that account for common
haplotypes
The application in Haploview is a variant o f the algorithm described by Wang et al,
2002. For each marker pair, the population fi'equencies o f the 4 possible two-marker
haplotypes are computed. If all 4 are observed with at least a fi'equency o f 0.01, a
recombination is deemed to have occurred. Blocks are then defined by consecutive
markers where only 3 gametes are observed.

iii) Blocks defined by a solid spine of LD
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This approach searches for a "spine" o f strong LD running from one marker to
another. With this method, developed by the group responsible for Haploview, the
first and last markers in a block are in strong LD with all intermediate markers but the
intermediate markers are not necessarily in LD with one another.

3.5.7 Haplotype estimation
Investigating haplotypes in case-control samples o f unrelated individuals is
complicated by the absence o f genetic phase information. A number o f different
statistical approaches have been applied to inferring haplotypes from such genotype
data. Examples o f these include the parsimony method (Clark, 1990), maximum
likelihood methods, implemented via the expectation-maximization (EM) algorithm
(Excoffier & Slatkin, 1995), and Bayesian approaches (Stephens et al, 2001; Niu et al,
2002 ).

3.5.7.1 Haplotype association analyses
The haplotype association analyses described in Chapters 5-7 were performed using
FASTEHPLUS, a form o f the EM algorithm (Zhao & Sham, 2002). FASTEHPLUS
performs a global test o f association for each combination o f markers chosen. Pvalues were calculated by simulation. A separate program, GENECOUNTING was
used to output individual haplotype frequencies from cases and controls for testing
specific haplotypes (Zhao at al, 2002). The author also used the Bayesian approach to
reconstructing haplotypes described by Stephens et al, (2003) and implemented in
PHASE (v2.0.2). This version introduces a model that allows for recombination and
decay o f LD with distance in haplotype estimates and includes a facility to test for
haplotype frequency differences between cases and controls. Using the latter function
the haplotype association analyses at the loci investigated were repeated. This
confirmed that maximum likelihood (FASTEHPLUS) and Bayesian (PHASE v2.0.2)
methods o f analysis yielded comparable results.
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Table 3.1: Polymerase Chain Reaction (PCR) cycling parameters

PCR Steps

Programme 1
(Q)

Programme 2
(R)

Programme 3
(Touchdown)

SNaPSHOT

Initial
Denaturation

95°C - 2 min

95°C - 2 min

95°C - 3 min

95®C - 2 min

Denaturation

95®C - 7 sec

95®C - 20 sec

95® C -15 sec

95®C - 5 sec

Annealing

n°C - 7 sec

n®C - 20 sec

nto n-4°C - 15 sec
(1 cycle each)

43°C- 5 sec

Extension

72°C- 30 sec

72°C- 30 sec

72°C-30 sec

60®C-5 sec

No. of cycles

41

35

29 (atn-4®C)

49

Final
extension

72®C- 15 min

72°C- 15 min

72°C- 10 min

-
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Table 3.2: APOL-1, PCR details
Fragment

PCR

Fragment

Primer sequence

Size (bp)

protocol

Marker

SNP ID

SNP

Primer extension details

APOLl-1

F: tctgtttttggttttgtttgaa
R: cctgtgtgtcttccttaggc
F: attgaaaacatggggttgaa
R; tagagatggggaggaaggtt
F; gcatcctgacctctccttag
R: gtcagcttggagcagagc
F: cctcccttctcctgtaccat
R: ggtaagcaggtgcttgtgat
F :agtgcaaaacagaagtgcag
R :tcacat gacagacacagaagg
F : gggcacacaattccctctat
R: cctcattatcagtcagcagga
F: ggaaaaagtgagcacaga
R:caagaaggtcatcctcaagc

235

57Q

APOL-1

dbSN P:713791

(A/G)

F pex(17) aggggattcctaaatcc

262

59Q

223

59Q

APOL 1-3
APOL 1-4
APOL 1-5

dbSNP:136147
dbSNP:136148
dbSNP: 136149

(G/T)
(C/T)
(G/A)

Fpex (17) tgtgtttgaatgggaaa
Fpex (20) tgtgtgatcatcgaatgaga
Fpex (20) cttggggaagtggaatcagc

231

60R

APOL 1-6

dbSNP:136150

(T/A)

Fpex (17) cctccctaagggctggt

417

54Q

218

54Q

APOL 1-7
APOLl-8
APOLl-18
APOLl-19
APOL 1-20

dbSNP:2413395
dbSNP:136151
dbSN P:713929
dbSNP:136163
dbSNP:136164

(A/G)
(A/G)
(A/G)
(G/T)
(T/C)

Rpex
Fpex
Fpex
Fpex
Fpex

218

57Q

APOL 1-21

dbSNP;713753

(CA’)

Fpex (17) caaaggtggggaaccaa

A PO Ll29,30,31

F: gggcttatgtcagagactgg
R: gccttcctgcttgtcctac
F: tggagctcatttcacagaca
R: agctttacggagctcatctg

474

57Q

A PO Ll32,33
A PO Ll34,35

F :aaaggccagcagtacagaaa
R: gcttgtgtccaccacttctt
cacgacctggtcatcaaaa
gactcctctgctcatttcca

320

57Q

279

59Q

APOL 1-29
APOL 1-30
APOL 1-31
APOL 1-32
APOLl-33
APOL 1-34
APOLl-35

dbSNP:136171
dbSNP:136172
dbSNP:136173
dbSNP:2239785
dbSNP:136174
dbSNP:136176
dbSNP:136177

(A/G)
(A/G)
(G/A)
(A/G)
(A/C)
(G/A)
(G/A)

Fpex( 17) agacagggtttcaccgt
Rpex(17) atgcagttttggctcgg
Fpex(20) caggtgtgagccaccacacc
Fpex (20) agtttcctcggttgaaaagt
Fpex (17) gagttgggaatcacagc
Fpex (20) tgacaaattgaaggaggtga
Rpex (20) aggatgctgggttcattaac

APOL 1-3,4
APOLl-5
APOL 1-6
A PO Ll7,8
A PO Ll18,19
APOL 1-20

APOL 1-21

245

(17) cccaaactccactgggc
(17) caggatcctgtgggccc
(17) tgcaatggctgttatgc
(20) tcctccaaccttatcctttc
(20) gtaagctccatggggttacc
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Table 3.3: A PO L-2, PCR conditions
Fragment
PCR

Primer sequence

Fragment
Size (bp)

PCR
protocol

Marker

SNP ID

SNP

Primer extension details

A POL2-l,2

F : gggtctaattaattggcttgc
R; atgcgtatcccaggatgaa

400

57Q

AP0L2-1
APOL2-2

dbSNP
1315
dbSNP;1317

(A/C)
(G/T)

Fpex (17): aattagtcaagcaggtc
Fpex (20) : ttgtctgctagatgtattag

APOL2-3,4

F: ccagccttgtagtgtcctct
R: ctccagctctttggagtttg
F : tgactcacagatggaaacca
R: gctctccccatcttgtgtt
F: gcaccctttagtaacctgga
R: tttggcatttgtgtagctga
F: tcagctacacaaatgccaaa
R: ccaggacaaaatgcagactt
F: tgactcatatgcaaggctga
R: ggtgatgaaggagtttgtgg
F: atctgatcatgctcctcacc
R: gctgtgttctcctgtgtgaa
F :ctaacacagatgaggggactg
R: tcctggctagttcctactcg

527

54Q

304

57Q

APOL2-3
APOL2-4
APOL2-5

dbSNP:2016708
dbSNP:763086
dbSNP: 132757

(C/T)
(A/G)
(T/C)

Fpex (17): agggggattgaagaat
Fpex (17): gagtttcta gacagcca
Fpex (20): cagtgagcga gcagaagggg

484

57Q

415

57Q

APOL2-6
APOL2-7
APOL2-8

dbSNP:2017689
dbSNP: 129607
dbSNP: 132759

(A/G)
(T/C)
(T/C)

Fpex (20): atcaaac ctgggggggggtc
Fpex (20): ttccccacac tctccagtcc
Fpex (23) gccgaggtgggca gatcacgagg

307

57Q

APOL2-9

dbSNP: 132760

(T/C)

Fpex (17): tgagatt cgcccaatga

340

57Q

APOL2-10

dbSNP:2005998

(CA-)

Fpex (20): gcttccctggttggcaacac

815

58TQ

420

57Q

dbsnp:2413392
dbsnp: 2010467
dbsnp:2003813
dbsnp:2003814
dbSNP:2010499

(A/G)
(C/T)
(A/G)
(C/T)
(A/T)

fpex (17): gtaccctta taatattt
fpex (20): tcttc ccccactccc ctctc
fpex (20): acctctcctcgggg tgacac
fpex (17): ggcca atgagtctgc cc
Fpex (17): t cgttccagct tcctct

APOL216, 17, 18

F: gaaagaggaagcgagccta
R: tccctcccatctctattcct
F: tccaagaacctaggaagtgtgt
R: cttggcattgctgtggtt

AP0L2-11
APOL2-12
APOL2-13
APOL2-14
APOL2-15

301

57Q

APOL219,20,21

F:ccaggagggagaagagga
R: agctacctggaaggctgag

531

61Q

A P0L222,23

tacctttcttctggggtcag
agtgtgatctacccccatgt

401

61Q

APOL2-16
APOL2-17
APOL2-18
APOL2-19
APOL2-20
APOL2-21
APOL2-22
APOL2-23

dbSNP: 1001293
dbSNP: 1001294
dbSN P:2157249
dbSNP: 1557534
dbSNP:2157251
dbSNP: 1557535
dbSNP; 136143
dbSNP:136144

(C/T)
(CAT)
(T/C)
(A/G)
(G/T)
(A/C)
(G/A)
(A/G)

Fpex (17):
ta aagactgggttccca
Rpex (23): taaattttcattggcagcagagg
Fpex (20): gg gcaacaggag atcagaga
Fpex (17): ctggat actgcccctca
Fpex (20): ctccttgggcagggaaagag
Fpex (20): ga aatgatttcc tgagaaat
Fpex (20): cctctctcta cagtttaccc
Fpex (17): ccttata gagctattgc

APOL2-5
APOL2-6,7
APOL2-8
APOL2-9
APOL-10
A P0L211,12,13,14

APOL2-15
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Table 3.4: APOL-3 PCR details
Fragment
Size (bp)

PCR
protocol

M arker

SNP ID

SNP

Primer extension details

54Q

AP0L3-1
APOL3-2

dbSNP:2051609
dbSNP:2413381

(G/T)
(C/T)

Fpex(17) ttcatcatgttggccac
Fpex (20) gcgccacctcctggctctgc

722

54Q

APOL3-3
APOL3-4

dbSNP:23085
dbSNP:105161

(T/A)
(G/A)

Fpex(17) gaggaat catcatttgg
Fpex (20) ctcaagcact tcctgcccac

F: cctctcaaggacggttcc
R: aaactagccaccagacatgg
F: agaaggtggagatgctgtgt
R: gcttgggttagtgactcttctt

601

57Q

APOL3-5

dbSNP;132615

(C/G)

Fpex (17) tcagaac aacggtagaa

401

59Q

APOL3-6

dbSNP:132617

(C/T)

Fpex (20) gtgtgtgcagtagcaag

APOL3-8,9

F: cctcagcagatgcagacttt
R: cccttgcaaatggtattgaa

606

54Q

APOL3-8
APOL3-9

dbSNP:132618
dbSNP:132619

(A/T)
(T/G)

Fpex (17) gttctct ctgcttgacc
Fpex (20) acttccttaaataccttcaa

APOL310,11,12

F; ccacatgccctttgatctt
R: tgagtccataagaggttccat

260

54Q

APOL3-10
APOL3-11
APOL3-12

dbSNP:80575
dbSNP:80576
dbSNP:80577

(G/T)
(A/G)
(G/A)

Fpex (20) gaactctcaagccacttgac
Fpex (17) tctcactgtcacatgtc
Fpex (23) gtgacagcttcacctgtgtgcat

AP0L313,14,15,16,
17

F: tcctcagaggtggaagaaaa
R: acatggtaggtgctccgtta

517

59Q

APOL3-13
APOL3-14
APOL3-15
APOL3-16
APOL3-17

dbSNP; 132624
dbSNP: 132625
dbSNP: 132626
dbSNP: 132627
dbSNP: 1807498

(C/T)
(A/T)
(G/A)
(G/A)
(A/G)

Fpex (17) aaaaacacttggtcggg
R pex(15) caccgcatccggcta
Fpex (17) cgggaggcggaggttgc
Fpex (20) gggaggcggaggttgcggtg
Fpex23) ctgtctcaaaaaaaaaaaaaaaa

APOL318,19,20

F: ctctcccggaagtatttgg
R: caaaaattccaaggtgaagg

599

57Q

AP0L321,22

F: ggaacgttctgacaatgacc
R:acatacaggcagaagcaagg

525

57Q

APOL3-18
APOL3-19
APOL3-20
APOL3-21
APOL3-22

dbSNP: 1807672
dbSNP: 132628
dbSNP: 132629
dbSNP:2032518
dbSNP: 132644

(G/T)
(C/T)
(T/A)
(C/T)
(T/C)

Fpex (17) agaataaggtggttcga
Rpex (23) ccaaatatagttactggggttta
Fpex (20) tctctctctctctcacacac
Fpex (17) caggagatg ggtgcaac
Fpex (20) gactcatgcatacatgctta
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Fragment

Primer sequence

APOL3-l,2

F: aaaatctcggctgacttgc
R: catgggtcagaatggaaact

892

APOL3-3,4

F: atggccttgagagtgaactg
R: tgggggttttgtaaagtcag

APOL3-5
APOL3-6

Table 3.4: A P O L 3-m arker details (continued)
Primer sequence
Fragment
AP0L323,24
APOL3-25
APOL326, 27
APOL328,29,30

F:
gtggcaccaccataactca
R: cagggagcagtgaggaaa
F: gattgtcaagctgggatcat
R: gatcgcaccagtcactcc
F;
ggagatggggaaggtcag
R: aacccccaaccctaagtatg
F: tgattttgaaggggtgaaat
R: gtcttgcaagcctgctgt

APOL331,32

F: cagattttcagggaggaaca
R: ccgactgtgacttgtgtctct

Fragment
Size (bp)
464

PCR
protocol
59Q

392

59Q

540

59Q

797

54Q

310

57Q

Primer extension details
Marker
APOL3-23
APOL3-24
APOL3-25

SNP ID
dbSNP 2105915
dbSNP 132648
dbSNP:80584

SNP
(C/T)
(C/T)
(C/T)

Fpex (17) ttttgcagagatggggt
Fpex (20) ggatcctcctgcattagcct
Fpex (17) cctgctcaacttcctga

APOL3-26
APOL3-27
APOL3-28
APOL3-29
APOL3-30

dbSNP: 132653
dbSNP:916334
dbSNP:
132655
dbSNP: 132656
dbSNP: 916335

(G/T)
(C/T)
(G/T)
(C/T)
(A/G)

Fpex (17) ccagacacgttctccag
Rpex (17) gatcagcaggagggtgg
Fpex (17)tgtgtggcttctggaca
Rpex (23)ctttgtcttttactcccacatcc
Fpex (20) caggtaattgtcagtcagcc

APOL3-31
APOL3-32

dbSNP: 132662
dbSNP: 132663

(G/A)
(A/T)

Fpex (17) ctgagtttacaggtgag
Fpex (20)gccaagatttgtaaaccaag
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Figure 3.1: Allele specific primer extension genotyping method
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Figure 3.2: Multiplexing primer extension products

(N

_o

to

to

to

Figure 3.3: SNaPSHOT primer extension genotyping reaction protocol
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Figure 3.4: Sim ulating heterozygosity data for DNA pooling
Exam ple o f sample data for a SNP genotyped in the case DNA pool and control DNA
pool using the SNaPshot reaction. The raw data for each pool is fed into the formula
f{&) - A J( A + kB) where k is in the range O.J to JO. The difference between the results
for each pool is listed for each simulated value o f k.
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Figure 3.5: Maximum potential difference
The resuhs for each pool, and the respective difference between them, are plotted against the range o f simulated k values. The line plotting the
difference between the pools peaks at a value o f 0.080 on the y-axis. This maximum potential difference between the pools occurs at A: = 7.3 on
the x-axis. This can be seen more clearly in the magnified section o f the graph displayed in the box above the graph itself. At A: = 1.3, the
frequency o f allele A is estimated at 0.549 in the case pool and 0.469 in the control pool. These estimates can be computed to allele counts and
tested for evidence o f association using a 2 x 2 contingency table to a calculate a x statistic.
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Chapter 4

4.1 Introduction
This chapter outlines the composition and clinical characteristics o f the case sample.
Included

are

details

on

the

subgroup

of

cases

with

the

narrower

schizophrenia/schizoaffective disorder phenotype investigated in the molecular
genetic studies described in Chapters 5-7.

4.2 Description of sample
4.2.1 Ascertainment
A total o f 743 individuals were identified as suitable for the study (having had a
diagnosis o f a functional psychotic disorder) by the referring agents and referred for
assessment. These included 551 individuals identified at the referring Dublin centres
and 192 individuals from the Monaghan psychosis study. All who could be contacted
(n=680) were approached with information about the study and offered the
opportunity to participate by a member o f the Dublin clinical research team (AC, SS,
JMN) or by their local Community Psychiatric Nurse in Monaghan. At the Monaghan
site only 129 o f the potential 192 cases could be contacted. This probably reflected
the delay between the initial research contact and this current study (n=l-6 years).

4.2.2 Inclusion criteria
Individuals were included in the psychosis sample if:

i) They met criteria for a major psychotic disorder as defined by DSM-IV (see Table
1.1 for these criteria).

ii) Individuals were o f self-reported Irish ancestry, being bom o f two parents from
Ireland and having Irish grandparents.

iii) Were over age 16 and gave informed consent.
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The

studies

reported

in

Chapters

5-7

were

an

investigation

of

the

Schizophrenia/Schizoaffective phenotype. All included individuals met DSM-IV
criteria for Schizophrenia, Schizoaffective disorder or Schizophreniform disorder.

4.2.3 Exclusion criteria
Individuals were excluded where:

i) There was evidence o f learning disability, documented in their medical records or,
where possible, confirmed by a measure o f Premorbid IQ (Weschler Test o f Adult
Reading (WTAR), Psychological Corporation, Harcourt Assessment Company, San
Antonio, US).

ii) Individuals with evidence o f a Psychotic Disorder due to a general medical
condition, delirium or a dementia were excluded. Diagnosis in this case was made at
assessment

and

from

chart

review/collateral

information

from

history,

laboratory/radiological investigation, and physical examination.

iii) Diagnosis o f a substance induced psychotic disorder was made from SCID
assessment, chart review and available collateral information. Following DSM-IV
guidelines, for example in relation to a diagnosis o f schizophrenia, these cases were
distinguished by evidence that a substance (e.g. drug abuse or a medication) was
likely to be aetiologically related to the symptoms meeting criterion A for that
diagnosis.

iv) Individuals were excluded where the age o f onset (first evidence o f psychotic
symptomatology) was over 65 years.

v) Individuals who met criteria for a Pervasive Developmental Disorder were
excluded, even if such individuals also met criteria for Schizophrenia. This exclusion
criterion was selected because there may be additional genetic and aetiological factors
contributing to the development o f psychosis in this population.
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4.2.4 Exclusion, withdrawals and refusals
Across centres, 124 (18%) o f those approached refused to participate. An additional
131 individuals were excluded from the study, principally on failing to meet ethnicity
criteria (n=75), on diagnostic grounds (n=47), or because insufficient diagnostic
information was available to reach a consensus diagnosis (n=9). O f those excluded on
diagnostic grounds, 15 individuals met DSM-IV criteria for a Substance Induced
Psychotic Disorder or a Psychotic Disorder secondary to a general medical condition.
Eighteen were excluded because of evidence o f a co-morbid learning disability. A
small number failed to meet the study criteria for DSM-IV major functional psychotic
disorder: six cases were excluded because o f a diagnosis o f a bipolar II disorder; four
cases met criteria for a schizoid or schizotypal personality disorder; three cases met
criteria for obsessive-compulsive disorder and one individual had a diagnosis o f a
pervasive developmental disorder.

A small number o f potential participants were excluded on health grounds (n=28) and
one Dublin case later withdrew from the study. O f the excluded patients, the majority
were chronic, elderly patients at the Monaghan site who were unable to give informed
consent. At the Dublin centres, six cases were too unwell to participate from a mental
health perspective and had not improved sufficiently when re-assessed to be included
in the study. These data are summarized in Table 4.1.

4.2.5 Description of the case sample
From the total number referred, 396 individuals met the inclusion criteria, agreed to
participate and completed the assessment. From this referred group 299 cases met
criteria for inclusion in the studies o f schizophrenia/schizoaffective disorder.
Laboratory analysis o f this sample began before the fiall sample was collected;
therefore 219 cases were available for the investigation o f the APOL gene family
described in Chapter 6 (this is designated the Phase 1 sample). The analyses described
in Chapter 7 include the full case sample (n=299); this is described as the Phase 2
sample. The N R G l study, described in Chapter 5, included an intermediate number of
cases (n=243).
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O f the total cases included in the schizophrenia/schizoaffective disorder phenotype
(n=299) the majority (n=197 (66%)) were male patients. The average age o f case
participants was 44.8 years (range 17-76). The average age at onset o f illness was
24.2 years (range 12-64). Where it could be unambiguously established from
interview, collateral or case note review (n=257), the majority o f cases had no family
history o f a psychotic disorder in a first or second degree relative (n=170 (64%)).

H alf o f the participants had a course o f illness defined by DSM-IV as ‘episodic with
interepisode residual symptoms’ (n=155 (52%)); a ftirther quarter had a ‘continuous’
course o f illness (n=75 (25%)); the remainder had either a course defined as ‘episodic
with no interepisode residual symptoms’ (n=63 (21%)) or had a single episode o f
illness (n=6 (2%)). Participants also had significant levels o f symptomatology (as
measured by worst-ever PANSS scores); summarized in Table 4.2. There were no
significant differences between the 219 cases defined as the Phase 1 study sample and
the additional cases in age at onset, sex, duration o f illness at interview, course of
illness or severity o f worst-ever PANSS scores. Other demographic details are
detailed in Table 4.2

4.2.5.1 Clinical assessments
The ftill clinical assessment included a diagnostic interview (SCID-P), clinical
symptoms assessment (PANSS), a physical assessment o f dysmorphology (MPA
measurement) and neurological symptoms (AIMS, NSS). These measures are
described more fully in Chapter 3. In scoring the PANSS, current symptomatology
was assessed and from the available information on previous episodes a score for
worst-ever symptomatology was also derived. These measures were all applied in the
Dublin assessments but in the Monaghan dataset only current PANSS measures were
recorded and dysmorphology was not assessed.

In piloting these assessments with the early cases, the total assessment was taking 3-4
hours. At the request o f the participants, we divided the assessment into two
interviews performed over two periods o f ~2 hours duration. The first meeting
involved collection o f clinical, diagnostic and demographic information. The second
meeting was for completion of the measures o f dysmorphology and neurological
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assessment. O f the 396 individuals who have been included in the sample collection
to date, 307 have completed the full assessment.

4.2.5. Description of the control sample
The controls were obtained from the Irish Blood Transfusion Service from attendees
at their clinic in St. James’s Hospital. These were ethnically matched with the case
population by the same Inclusion criterion employed for cases (see Section 4,2.2). As
a condition o f the Ethics Committee approval, no additional information was available
on individual control participants. Therefore, it was not possible to screen donors for
psychiatric disorder, although in Ireland individuals who are on regular medications
are excluded from donation and there is no financial recompense provided to donors.
For these reasons, it is unlikely that affected individuals are over-represented among
the controls sampled for this study. This would obviously be more o f an issue in a
case-control study o f a disorder of greater population prevalence. The fiill control
sample included 645 individuals. For fiiture studies the availability o f a more
representative sample o f the Irish population with demographic information and a
screening interview would be beneficial and is indeed planned as part o f the Irish
GeneBank project (http://www.dmmc.ie/BIORESOURCES.htm~).
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Table 4.1: Ascertainment/inclusion of cases for the project

Cases

N

Potential participants identified
Approached re: participating
Included
Schizophrenia
Schizoaffective disorder
Bipolar I disorder
Schizophreniform disorder
Psychotic disorder NOS
Delusional disorder
Depressive disorder (with psychosis)
Refused to participate
Excluded
Ethnicity
Diagnosis
Co-morbid learning disability
Medical/substance induced
Bipolar 11 disorder
Schizotypal/schizoid PD
Obsessive-compulsive disorder
Pervasive developmental disorder
Insufficient diagnostic information

743
680
396
230
65
65
4
6
8
18
124
131
75
47
18
15
6
4
3
1
9
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Table 4.2 Demographic details of the Phase 2 sample

Sex

Male
Female

197
102

N
(66%)
(33%)

Age at onset

24

(range 12-64 years)

Age at interview

44.8 (range 17-76 years)

Family history

Positive
Negative

170
87

(64%)
(46%)

PANSS scores

Positive symptoms scale
Negative symptom scale
General psychopathology Scale

26.6 (range 8-41)
19.8 (range 7-36)
41.2 (range 14-73)

Marital status

Married
In a relationship
Single
Separated
Widowed

23 (7.7%)
21 (7.0%)
26 (8.7%)
226 (75.6%)
3 (1.0%)

Work

Full-time employment
Part-time employment
Retired
Home duties
Unemployed/disability
allowance

41 (13.7%)
38 (12.7%)
24 (8.0%)
17 (5.6%)
179 (60.0%)

Accommodation

Independent
Independent hostel
Living with carer
Hostel
Hospital

150 (50.1%)
15 (5.0%)
63 (21.0%)
57 (19.1%)
14 (4.6%)
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Chapter 5
Investigation of the Neuregulin-1 (NRGl) candidate gene at
the chromosome 8p susceptibility locus
5.1 Introduction
5.1.1 Evidence for a SZ susceptibility locus at chromosome 8p21-22
The chromosome 8p21-22 locus has been impHcated in schizophrenia susceptibihty
by a number o f studies. The original published report, by Pulver et al, (1995),
suggested evidence for a SZ susceptibility locus at 8p22-23 in 57 US multiplex
pedigrees using affective sibling pair (minimum p= 4xl0‘^ at marker D8S258) and
LOD score analyses (maximum LOD score 2.35 at marker D8S136). This finding was
supported by linkage data from the Irish Study o f High-Density Schizophrenia
Families (ISDHF) o f 265 multiplex families containing 1,408 individuals ascertained
throughout the island o f Ireland (Kendler et al, 1996). In this study four different
phenotype models were investigated; the narrowest included cases with schizophrenia
and poor outcome schizoaffective disorder; intermediate and broad models included,
in addition, non-affective psychotic disorders and spectrum personality disorders; the
very broad model also included cases with psychiatric disorders such as nonpsychotic affective disorders, anxiety disorders and alcohol dependence syndrome.
The narrowest model was equivalent to the single model investigated by Pulver et al,
(1995).

In the Irish study the strongest evidence for linkage, using two-point heterogeneity
LOD scores, was found for markers D8SI731 (maximum LOD=2.00), D8S1715
(maximum LOD=2.52) and D8S133 (maximum LOD=2.08) using the broadest
phenotype. The Kendler study also employed multipoint nonparametric linkage
analysis and identified two distinct peaks at this locus using the intermediate
diagnostic model-at marker D8S1731 (maximum z=2.43, p=0.008) and D8S298
(maximum z= 2.51, p=0.006). Markers providing suggestive evidence o f linkage
overlapped between the studies and both found evidence for linkage over a broad
chromosomal region o f 20-25 cM defined by markers D8S552 and D8S136. Because
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o f the differences in diagnostic models the range of phenotypes influenced by this
putative susceptibility locus was less clear.

Further evidence for linkage has been suggested by an extension of the original report
(Blouin et al, 1998) and in independent family samples of Canadian, Icelandic and
African-American pedigrees (Brzustowicz et al. 1999; Gurling et al 2001; Kaufrnann
et al, 1998). As has been the case with other complex genetic disorders, this linkage
finding has not been universally replicated, and multiple negative studies have also
been reported. The recent meta-analysis of 20 completed schizophrenia genome scans
has provided significant statistical support for chromosome 8p as a schizophrenia
susceptibility locus (Lewis et al, 2003).

5.1.2. Identification of a positional candidate gene for SZ at this locus
In 2002, the deCODE group reported suggestive evidence of linkage to the Bp 12-21
locus in a study of 33 Icelandic families with 105 individuals affected with
schizophrenia or schizoaffective disorder (Stefansson et al, 2002). Of note, this family
sample may overlap with the sample previously reported by Gurling et al, (2001).
Using a model independent, affecteds-only allele sharing method (Gudbjartsson et al,
2000), the group reported a maximum multipoint LOD score of 3.06 at marker
D8S352 in a 30 cM linkage peak. This fell in the region of susceptibility identified by
the meta-analysis, but was 10-15 cM centromeric of the region reported by most other
studies. Following up on this finding, the authors invesfigated the region using their
full sample, which included patients with no family history of schizophrenia. The
final study sample consisted of 476 cases (440 with schizophrenia, 32 with
schizoaffective disorder and 4 with unspecified fianctional psychosis) diagnosed
according to Research Diagnostic Criteria (RDC) (Spitzer et al, 1978).

After genotyping markers at high density across the linked region the authors
identified several risk haplotypes for schizophrenia. The haplotypes mapped to a
region containing the neuregulin-1 gene (NRGl). Stefansson and colleagues identified
three ‘at risk’ haplotypes (designated Hap A, B and C), which spanned the NRGl
locus and shared a common core haplotype ~191kb in length (simulated-p=0.678.7x10'^ OR=2.1) (see Figure 5.1).
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5.1.3 Identification of the NRGl gene
Neuregulin-1 (NRGl; OMIM 142445) was identified as a 44-kD glycoprotein that
interacts with the NEU/ERBB2 receptor kinase to increase its phosphorylation on
tyrosine residues.

The N R G l gene produces a significant number o f isoforms by

alternative splicing, these include the heregulins (HRGs) and glial growth factors
(GGFs). The gene maps to chromosome 8p21-pl2 and extends from 31554907 to
32683142 (NCBI build 34, August 2003) on the direct strand, a distance o f 1128.24
kb.

A family o f neuregulin genes (NRGl-3) have now been identified, these are

growth and differentiation factors that are related to epidermal growth factor (EGF;
OMIM 131530). The receptors for neuregulins are the ERBB family o f tyrosine kinase
transmembrane receptors, which includes the EGF receptor {EGFR; OMIM 131550),
ERBB2 (OMIM 164870), ERBB3 (OMIM 190151), and ERBB4 (OMIM 600543).
Through interaction with ERBB receptors, neuregulins induce the growth and
differentiation o f many different cell types including neuronal and glial cells (Burden
& Yarden, 1997).

5.1.4 NRGl as a functional candidate gene for schizophrenia
As the aetiology o f schizophrenia is obscure, a priori evidence for N R G l as a
functional

candidate

gene

is

limited.

By necessity,

current hypotheses

of

schizophrenia pathobiology are broad and the prevailing view is that schizophrenia is
a neurodevelopmental disorder which impacts on CNS maturation. This may be
mediated through abnormal cortical wiring or dysregulation o f synaptic function with
secondary downstream effects on neurotransmitter systems (Weinberger, 1995).
N RG l isoforms may play a role at each stage in this process through influencing
gliogenesis and neuronal migration during CNS development or by inhibiting long
term potentiation, a form o f synaptic plasticity (Falls, 2003). N RG l also regulates the
development and fianction o f cortical GABAerbic intemeurones that have been
implicated in schizophrenia (Yau et al, 2003). However, it is important to point out
that many other CNS expressed genes may have similar effects and be equally
plausible candidates for involvement in schizophrenia pathogenesis.

5.1.4.1 Human functional studies of NRGl
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NRG1-ERBB3 signalling is known to be involved in modulating gliogenesis. Two
recent microarray studies suggest that aberrant functioning at this receptor may be
involved in schizophrenia. Both studies identified altered expression of the neuregulin
receptor gene ERBB3 (OMIM 190151) in post mortem samples of prefrontal cortex
from schizophrenia subjects. Hakak et al, (2001) compared gene expression profiles
in the prefrontal cortex of 12 chronic schizophrenia cases on antipsychotic
medication, 4 similar cases that had been off medication for at least 6 weeks and 12
control patients from nursing homes. The authors detected a significant reduction in
the level of ERBB3 expression with levels in the cases being 58% of control levels. A
comparison of expression levels between cases that had been on or off medication at
the time of death did not indicate a significant difference. More recently, Tkachev et
al, (2003) replicated this finding in an independent study of 11 schizophrenia cases
and controls. With quantitative RT-PCR they confirmed a 1.97-fold (p=5xl0'^) downregulation of ERBB3 in schizophrenia cases. These results have been interpreted as
evidence that alteration in NRG1-ERBB3 signalling either leads to, or is a result of,
oligodendrocyte deficits in schizophrenia. Other possibilities, discussed more fiilly in
Chapter 1, must also be considered as the pathological samples available for such
studies represent gene expression changes decades after the onset of illness and may
be secondary to many other factors.

5.1.4.2 Animal functional studies of N RG l
Stefansson et al, (2002) also presented fiinctional evidence of involvement of NRGl
in SZ pathobiology from animal models of SZ. They first confirmed a previous report
that NRGl hypomorphic mice show hyperactivity under a number of behavioural
condifions including in the novel open field test. Second, by administering a non
sedating dose of the atypical antipsychotic drug clozapine, they demonstrated that this
hyperactivity responded to treatment at a dose that had no behavioural effects on
wild-t>pe mice.

Stefansson et al, (2002), reviewed the body of literature indicating prepulse inhibition
(PPI) deficits in schizophrenia subjects. As a fiirther experiment they demonstrated
that similar deficits were evident in the NRGl hypomorphic mice and again were
reversed with clozapine treatment. Finally, the NRGl mutant mice also had
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approximately 16% fewer functional NMDA receptors than wild-type mice. The
phenotypes modelled in the animal studies reported by the deCODE group,
approximate non-specific features of schizophrenia and the biological validity of these
animal models is yet to be established. However, the deficiency of NMDA receptors
in NRGl mutant mice is consistent with evidence that NRGl has a role in NMDA
receptor function and subsequent glutamate transmission in schizophrenia (Ozaki et
al, 1997).

5.1.5 Rationale for this study
A family-based study in the Irish population provided suggestive evidence of linkage
to the chromosome 8p susceptibility locus that contains the NRGl gene. By a
combination of linkage and association approaches, Stefansson et al, (2002) identified
a core haplotype ~191kb in length, mapping to the NRGl locus which was associated
with schizophrenia in the Icelandic population. Although not conclusive, independent
gene expression and animal studies provide suggestive evidence for NRGl as a
functional candidate gene for schizophrenia.

There are historical connections between the Irish and Icelandic populations: the
founder population of Iceland being of Norse and Gaelic ancestry (Helgason et al,
2001). Thus an independent case-control sample from the larger, ethnically related
and more out-bred Irish population might have the capacity both to test the finding of
association in this region, and refine the location of the putative susceptibility
variants.

5.2 Methodology
5.2.1 Sample size and study power
This

investigation

was

performed

using

an

extension

of the

Phase

1

schizophrenia/schizoaffective disorder sample (this is described in detail in Chapter
4). The study included patients diagnosed with DSM-IV defined schizophrenia (n =
196) or schizoaffective disorder (n = 47). The control sample, drawn fi'om Irish blood
donors, was not specifically screened for psychiatric illness but individuals were not
taking regular prescribed medications. A power calculation assuming the same
haplotype ft-equencies in our sample as in the original report by Stefansson et al,
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(2002) indicated that our study had 65% power to detect an association o f similar
effect size at a significance level o f 0.05 (Genetic Power Calculator; Purcell et al,
2003).

5.2.2 DNA handling and Genotyping
In total, 17 microsatellite markers and 3 SNPs were genotyped in our sample. These
markers spanned a region of ~911 KB, which covers the putative susceptibility locus
identified by Stefansson et al, (2002). The names and relative positions o f all 20
markers are detailed in Table 5.1. The SNPs were genotyped using a method based on
template-directed primer extension and detection by fluorescence polarization (FP)
(Chen et al, 1999). All samples were genotyped for the above markers by deCODE
Genetics using protocols previously outlined (Stefansson et al, 2002; Gretarsdottir et
al, 2002). A strict sample handling protocol was employed and deCODE remained
blind to the affection status o f all samples until all genotypic data was returned to
Dublin and statistical analysis was complete.

5.2.3 Statistical methods
SNPs were tested for association with the phenotype by using a 2 x 2 contingency
table to calculate a ^ statistic. Microsatellite markers were tested for association
using the T2 ^ statistic o f CLUMP and significance was assessed using Monte Carlo
simulations (Sham and Curtis, 1995). Inter-marker linkage disequilibrium (LD) was
measured using D ' (Lewontin, 1964); the D ' values were calculated using GOLD
(http;//www.well.ox.ac.uk/asthma/GOLD/index.html). Haplotype association analysis
was performed using FASTEHPLUS and p-values were calculated by simulation
(Zhao and Sham, 2002). GENECOUNTING, was used to output individual haplotype
fi-equencies from cases and from controls for the purpose o f testing specific
haplotypes (Zhao et al, 2002). All markers were tested for Hardy-Weinberg
Equilibrium (HWE) in both case and control samples as described in Chapter 3.
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5.3 Results
All m arkers w ere in HW E (simulated p>0.05) and the details are available at our
research

group

w ebsite

(http://w w w .tcd.ie/Psychiatry/N europsychiatry).

The

individual allele frequencies at each m arker locus are detailed in Tables 5.2-5.22.

5.3.1 Tests for association between SZ and the core NRGl haplotype
The author first tested the core ‘at risk’ haplotype as defined by Stefansson et al,
(2002) for evidence o f association with SZ in our sample. This haplotype is
represented by alleles 1, 0 and 0 from markers SNP8NRG221533 (M7), 478B 14-848
( M l2) and 420M 9-1395 ( M l3) respectively. In our study, the fi-equency o f the 7 0 0
haplotype was 9.6% in cases and 8.4% in controls (Odds Ratio (OR) = 1 . 1 8

(95%

Confidence Interval (95%CI) 0.67 - 2.09), p = 0.534) (see Figure 5.1)

5.3.2 Single marker association analyses across the NRGl locus
All 20 m arkers genotyped across this region were then systematically tested for
evidence o f association. The results o f these single m arker association analyses are
detailed in Table 5.1. Two m arkers show evidence o f association, 450K14-72458
(M6; p = 0.039) and 4 7 3 C 15-439 (M l 8; p = 0.036).

5.3.3 Haplotype structure at NRGl in Irish and Icelandic samples
D ’

values for all m arker com binations were calculated for cases and controls. Both

case and control data sets produce a sim ilar pattern o f LD across the region. Two
‘blocks’ o f m arkers (450K14-72458 (M6) to SNP8NRG243177 (MIO); 487-2 ( M U )
to 420M 9-116II2 (M 16)) exhibit strong inter-m arker LD, separated by a segm ent o f
very low LD. This is graphically represented for our case sample in Figure 5.2. The
Icelandic core haplotype extends across these two blocks. A sim ilar structure was
identified w hen using the r^ definition o f LD. Haplotype structure m ay differ between
populations; hence we investigated w hether a different pattern o f association was
present in the Irish sample.

5.3.4 Haplotype analyses of the NRGl locus in the Irish sample
A ssociation analyses were perform ed using haplotypes constructed from adjacent
m arkers across the region in blocks o f 2, 3 or 4 m arkers using the ‘sliding-w indow ’
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method. The results (see Table 5.1) suggest evidence o f association in two sections of
the region under investigation. The strongest evidence came from 2-, 3-, and 4 marker
haplotypes in the region o f markers 420M9-1395 (M l 3) to 473C15-439 (M l 8). These
markers lie within the second haplotype ‘block’ and overlap with the 3’ end o f the
Icelandic core haplotype.

5.3.5 Overlap between identified Irish and Icelandic risk haplotypes
The next investigation was whether haplotype associations in our sample shared
common allelic structure with the Icelandic ‘risk’ haplotypes (HapA, B and C; see
Figure 5.1). In such an instance, further refinement o f ‘risk’ haplotypes could be
possible. To test this hypothesis combinations o f markers that had been genotyped in
both samples and shared common alleles at individual loci were specifically
examined. This identified a two-marker haplotype {0 18) constructed from
microsatellite markers 420M9-1395 (M l3) and D8S1810 (M l5), which shares
common alleles with the HapB haplotype in the Icelandic sample (see Figure 5.1).
The 0 18 haplotype from markers M l3 and M l5 is in significant excess when patients
are compared with controls (19.4% v 12.3%; OR 1.71 (95%CI

1.09 - 2.68), p =

0.013). Henceforth this refined ‘at risk’ haplotype is termed HapB//?£-.

5.3.6 Replication of evidence for this association in other populations
None o f the single marker or haplotype findings reported above were corrected for
multiple testing. Standard statistical measures, such as the Bonferroni correction
assume that each test performed is independent. The tests performed in this study at
each marker locus are not independent as many o f the markers investigated are highly
correlated. Employing the Bonferroni correction would overcorrect for potential Type
I error and reduce study power. At the time of this study, no readily accessible method
o f correcting for multiple testing for SNP or microsatellite markers in LD was
available. More recently, methods for correcting data from multiple markers in LD
have emerged, but these can only applied to SNP data. For example, the method
developed by Nyholt (2004) was applied to correct for multiple testing o f SNFs in the
analyses reported in Chapter 7.

89

As an alternative, the author sought to replicate this finding by investigating whether
this haplotype contributes to schizophrenia susceptibility in two other European
populations. For this analysis, Dr Stefansson (deCODE) kindly agreed to provide the
relevant marker data from the Icelandic SZ sample and confirmed that another group,
based in Scotland, had provided DNA to deCODE for anonymous genotyping o f a
case-control SZ sample. The principle investigator o f this group. Professor David St
Clair (Dept o f Mental Health, University o f Aberdeen Medical School, Aberdeen,
Scotland) also kindly agreed to provide genotypic data from this Scottish sample for
the purpose o f further investigating this association.

The Scottish sample consisted o f 609 unrelated patients, diagnosed with DSM-IIIR
defined schizophrenia or schizoaffective disorder. This sample, ascertained in
Scotland, was ethnically matched with 618 controls drawn from the same population.
Diagnosis was based on psychiatric case note inspection and additionally through the
use o f the Schizophrenia and Affective Disorders Schedule (Spitzer & Endicott,
1977). Diagnosis was confirmed by consensus o f two senior psychiatrists. Informed
consent was obtained from all patients and control individuals (frirther details are
provided in Stefansson et al, 2003).

The same LD pattern was evident in Scottish cases and controls. This represented the
same structure o f two haplotype blocks separated by a discrete region o f low LD,
typical o f what is termed in the literature a ‘recombination hotspot’ (Figure 5.3). The
author next investigated the HapB/«£ haplotype in the Scottish sample. This
demonstrated an excess o f this two-marker haplotype in Scottish SZ cases compared
to controls (17.0% v 13.5%; OR 1.31 (95%CI 1.01 - 1.70), p = 0.036). However,
there was no evidence o f an excess o f HapBiRE in the Icelandic cases (20.3%)
compared to controls (20.1%).

Finally, to delineate this haplotype the extent o f the association in the region o f
HapB//?£ was tested with the additional marker data. This identified a three-marker
haplotype (HapD) that extended 3’ o f HapB/;?^ and included 420M 9-116112 (M16)
(see Figure 5.2). This haplotype was in significant excess in our sample (7.3% in
cases V 3.5% in controls; OR 2.26 (95%CI 1.04 - 4.98), p = 0.024), but not in the
Scottish sample (5.2% in cases v 5.8% in controls). From these data the author
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concluded that the most likely position o f the causative variant(s) is in the region o f
overlapping allelic association (HapB//^^) across these three study populations.

5.4 Discussion
This investigation provides additional support for a susceptibility locus for
schizophrenia on chromosome 8p21-22 by replicating the finding o f association
previously reported with N RG l in an Icelandic sample (Stefansson et al, 2002). The
study indicates that a risk haplotype (HapBy/e^), which shares common markers with
one o f the risk haplotypes in the original report (HapB), is associated with
schizophrenia in an Irish schizophrenia case-control population. In addition, this novel
risk haplotype is in significant excess in Scottish but not Icelandic SZ samples. In the
Irish sample the original core risk haplotype, identified as associated with SZ in
Icelandic and subsequently Scottish samples, was not significantly in excess in cases.

HapB/;j£: is derived from 2 markers separated by a distance o f ~99 kb. HapB//{£ is
within the second o f two haplotype ‘blocks’ that were identified from Irish inter
marker LD data (Figure 5.2) and which extends from 487-2 (M l 1) to 420M 9-116112
(M l 6). However, it is of interest to note that at this marker resolution a similar pattern
o f LD is present in Irish, Scottish and Icelandic samples (Figure 5.3). The Icelandic
core haplotype extends across the low LD ‘gap’ between (SNP8NRG243177 (MIO)
and 420M 9-116112 ( M i l ) and includes all o f the first haplotype ‘block’ between
markers 450K14-72458 (M6) to SNP8NRG243177 (MIO). The same pattern is
evident in the Scottish but not in the Irish sample. This challenges the view that LDmapping can confirm association within discrete haplotype blocks and is in keeping
with evidence from other studies that neighbouring haplotype blocks can be highly
correlated or overlap substantially (Daly et al, 2001; Dawson et al, 2002).

The differences in patterns o f association between these samples may be due to a
number o f factors. This study may have lacked power to detect association with the
Icelandic/Scottish core haplotype as a result o f the smaller sample size. Alternatively,
there may be differences in haplotype structure at this locus between these
populations, which would complicate direct comparison o f haplotype data between
studies. In a population isolate such as Iceland there have been relatively few meioses
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since the original founding population, which likely represented a small subset of the
genetic diversity of the general European population. It is reasonable to expect that a
particular haplotype or haplotypes containing a susceptibility variant might bridge a
region of low LD and be represented by an extended haplotype in this sample.
However, this does not explain the association detected with this haplotype in the
more out-bred Scottish population. One possibility relates to differences in
ascertainment, as the Scottish sample originated from the eastern seaboard and may
share more ancestry with the Icelandic population than an Irish population. The
complexity of haplotype structure is well recognised, as a result definitive
interpretation of the three data sets is difficult and further investigation at greater
marker resolution will be required. The possibility that different variations within the
region of NRGl contribute to SZ susceptibility must also be considered. But in such a
case it may be more plausible that the associated risk alleles would fall on different
marker haplotypes.

From these data, the likely susceptibility allele (or alleles) are within the second
haplotype ‘block’ currently delineated by markers 487-2 ( Mi l ) and 420M9-116112
(M l6). Further analysis of the position of the susceptibility variant or variants would
then be dependent on the extent of LD between it and surrounding markers. Were this
region to display extensive LD, more exact positioning of a causative variant may
require investigation in older populations where LD may have dissipated to a greater
degree.

The refinement of the at-risk haplotype to the region of HapB//;£ has potentially
important implications for the identity of the putative susceptibility gene (see figure
1). These markers are located between Exon 1 of Glial Growth Factor 2 (GGF2), an
alternatively spliced isoform of NRGl and the putative first exon of an EST cluster
(//s.97362; http://www.ncbi.nlm.nih.gov/UniGene/). Exon 1 of GGF2 is not known to
be shared by any other isoforms of the NRGl gene, and is located ~70 kb upstream of
487-2 ( Mi l ) and ~2kb downstream of SNP8NRG243177 (MIO). This probably
positions this exon within the first haplotype ‘block’. Although GGF2 is widely
expressed in the brain during development, in vivo function of this isoform has yet to
be demonstrated (Falls, 2003). The next NRGl exon is located -633 kb downstream
of 420M9-116112 (M l6). Positioned between 420M9-116112 ( Ml 6) and the second
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N R G l exon is the EST cluster {Hs.91362). In addition to the 3 ESTs identified in
UniGene, we have identified 2 further ESTs (BU567364 and BG202570) in the NCBI
GenBank database that share homology with this cluster and map to this locus.
Together these 5 ESTs identify 9 putative exons, all positioned from ~30kb to ~340
kb downstream of 420M 9-116112 (M l6). As yet this EST cluster is o f unknown
function. However, given its close physical proximity to HapB/^^, it warrants
consideration in the search for the putative susceptibility variant or variants at this
locus.
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Table 5.1: Results (simulated p values) from association analyses of single
markers and of 2-, 3- and 4-marker haplotypes constructed from adjacent
markers
Marker Name

Ml
M2
M3
M4
M5
M6
M7
M8
M9
MIO
M il
M12

D8S1770
29H12-1
29H12-7320
D8S1711
29H12-121L21
450K14-72458
SNP8NRG221533'’
478B14-642
SNP8NRG241930'’
SNP8NRG243177'’
487-2
478B14-848

M13
H14

ms
1^16
m \l
M18
M19
M20

420M9-1395
420M9-1
D8S1810
420M9-116112
473C15-533
473C15-439
72H22-1
72H22-36

InterMarker
Distances
(Kb)

Single
Markers®

2-Marker
Haplotypes

3-Marker
Haplotypes

128.9'^
5.4
49.8
65.1
79.0
5.7
18.8
1.4
1.2
74.9

0.369
0.349
0.116
0.419
0.278
0.039
0.724
0.177
0.546
0.244
0.753

0.250^*
0.059
0.368
0.638
0.163
0.552
0.419
0.225
0.109
0.699
0.696

0.043"
0.029
0.606
0.472
0.572
0.570
0.432
0.217
0.821
0.652
0.643

18.4

0.749

0.307

0.157

76.6
22.4
3.9
33.8
108.6
66.2
36.2
114.2

0.106
0.274
0.133
0.521
0.380
0.036
0.058
0.919

0.183
0.174
0.045
0.710
0.126
0.341
0.347

0.037
0.082
0.118
0.169
0.205
0.370

-

-

4-Marker
Haplotypes

0.201*
0.067
0.914
0.498
0.884
0.233
0.387
0.179
0.791
0.643
0.505
0.166
0.006
0.220
0.004
0.236
0.573
-

-

-

-

-

^ Individual allele frequencies for all markers are not displayed. These are available
on request.
^ SNP markers; p values for single marker analysis of SNPs are not simulated.
128.9 kb represents the distance between M l and M2. Data is presented in the same
format for each adjacent pair of markers down this column.
^ Simulated p value for 2-marker haplotype analysis of markers M l and M2. Data is
presented in the same format for each adjacent pair of markers down this column.
®Simulated p value for 3-marker haplotype analysis of markers M l, M2 and M3. Data
is presented in the same format for each set o f 3 adjacent markers down this column.
Simulated p value for 4-marker haplotype analysis of markers M l, M2, M3 and M4.
Data is presented in the same format for each set of 4 adjacent markers down this
column.
Markers in bold are those that define the Icelandic core haplotype.
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Table 5.2: Allele frequencies at locus D8S1770 (M l)
Allele
0
6
8
10
12
14

Cases
0.353
0.015
0.053
0.560
0.017
0.002

Controls
0.321
0.009
0.034
0.615
0.018
0.002

Table 5.3: Allele frequencies at locus 29H12-1 (M2)
Allele
-10
-8
-6
-2
0
1
2
4
6
8
, . 10

Cases
0.274
0.016
0.002
0.011
0.354
0.000
0.005
0.290
0.043
0.002
0.002

Controls
0.240
0.037
0.007
0.005
0.346
0.007
0.012
0.309
0.039
0.000
0.000
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Table 5.4: Allele frequencies at locus 29H12-7320 (M3)
A llele
-8
-4
-2
0
2
4
6
8
9
10
12
14
16
18

Cases
0.017
0.332
0.013
0.212
0.004
0.033
0.063
0.105
0.002
0.131
0.035
0.046
0.000
0.007

Controls
0.002
0.279
0.025
0.194
0.005
0.069
0.081
0.130
0.000
0.135
0.039
0.032
0.000
0.010

Table 5.5: Allele frequencies at locus D8S1711 (M4)
Allele
-6
-4
-2
0
2
4

Cases
0.007
0.000
0.335
0.651
0.007
0.000

Controls
0.002
0.002
0.295
0.686
0.015
0.000
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Table 5.6: Allele frequencies at locus 29H12-121L21 (M5)
Allele
0
4
8
12

Cases
0.709
0.182
0.106
0.002

Controls
0.715
0.150
0.136
0.000

Table 5.7: Allele frequencies at locus 450K14-72458 (M6)
A llele
-13
-11
-9
-7
-6
-5
-4
-3
-2
-1
0
1
2
3
4
5
6
8
9

Cases
0.003
0.098
0.000
0.031
0.000
0.152
0.008
0.052
0.003
0.015
0.273
0.003
0.119
0.010
0.204
0.000
0.021
0.008
0.003

Controls
0.003
0.054
0.003
0.030
0.003
0.116
0.000
0.043
0.003
0.027
0.323
0.003
0.169
0.003
0.196
0.003
0.013
0.011
0.000
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Table 5.8: Allele frequencies at locus SNP8NRG221533 (M7)

Allele
1
3

Cases
0.371
0.629

Controls
0.383
0.617

Table 5.9: Allele frequencies at locus 478B14-642 (M8)
Allele
-2
0
2
4
6
8
10
12
14
16
18
20
22
24

Cases
0.006
0.002
0.356
0.258
0.025
0.038
0.025
0.169
0.083
0.023
0.002
0.011
0.000
0.000

Controls
0.002
0.000
0.373
0.217
0.012
0.064
0.012
0.160
0.099
0.031
0.002
0.024
0.002
0.002
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Table 5.10: Allele frequencies at locus SNP8NRG241930 (M9)
Allele
2
3

Cases
0.686
0.314

Controls
0.665
0.335

Table 5,11: Allele frequencies at locus SNP8NRG243177 (MIO)
Allele
1
3

Cases
0.615
0.385

Controls
0.577
0.423

Table 5.12: Allele frequencies at locus 487-2 (M il)
Allele
-4
0
4
8
12
16
20
24

Cases
0.005
0.175
0.081
0.304
0.016
0.175
0.235
0.009

Controls
0.010
0.200
0.094
0.280
0.002
0.181
0.225
0.007
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Table 5.13: Allele frequencies at locus 478B14-848 (M12)
Allele
-2
0
2
4
6
8
10

Cases
0.109
0.367
0.154
0.201
0.154
0.002
0.012

Controls
0.129
0.325
0.157
0.210
0.173
0.000
0.007

Table 5.14: Allele frequencies at locus 420M9-1395 (M13)
Allele
-4
-2
0
2
4
6
8
10
12

Cases
0.058
0.187
0.408
0.232
0.016
0.005
0.092
0.003
0.000

Controls
0.031
0.212
0.411
0.259
0.026
0.008
0.052
0.000
0.000
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Table 5.15: Allele frequencies at locus 420M 9-1 (M14)

Allele
-12
-8
-4
0
4
8
12
16

Cases
0.090
0.030
0.118
0.219
0.258
0.215
0.062
0.009

Controls
0.056
0.036
0.101
0.189
0.291
0.248
0.068
0.011

Table 5.16: Allele frequencies at locus D8S1810 (M15)
Allele
0
8
10
12
14
16
18
20
22
24
26

Cases
0.244
0.000
0.012
0.007
0.060
0.320
0.272
0.016
0.069
0.000
0.000

Controls
0.295
0.005
0.005
0.011
0.077
0.332
0.191
0.024
0.053
0.003
0.003
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Table 5.17: Allele frequencies at locus 420M 9-116112 (M16)
Allele
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
2
4

Cases
0.002
0.019
0.002
0.106
0.087
0.111
0.231
0.101
0.038
0.269
0.031
0.002

Controls
0.000
0.009
0.000
0.096
0.082
0.108
0.209
0.073
0.047
0.336
0.033
0.007

Table 5.18: Allele frequencies at locus 473C15-533 (M17)
Allele
0
8
14
16
18
19
20
22
24

Cases
0.799
0.004
0.002
0.004
0.011
0.004
0.091
0.085
0.000

Controls
0.836
0.005
0.000
0.007
0.000
0.000
0.072
0.079
0.002
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Table 5.19: Allele frequencies at locus 473C15-439 (M18)
Allele
-12
-6
-4
-2
0
2
4
6
8
10

Cases
0.004
0.009
0.009
0.057
0.189
0.506
0.087
0.081
0.045
0.013

Controls
0.008
0.005
0.003
0.018
0.217
0.497
0.089
0.086
0.071
0.005

Table 5.20: Allele frequencies at locus 72H22-1 (M19)
^

Allele
-6
-4
-2
0
2
4
6
8
12

Cases
0.002
0.013
0.040
0.695
0.162
0.027
0.009
0.053
0.000

^

^

,

Controls
0.002
0.016
0.078
0.610
0.176
0.034
0.005
0.078
0.002
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Table 5.21: Allele frequencies at locus 72H22-36 (M20)
Controls

Cases

Allele

0.000
0.367
0.569
0.002
0.062

0.005
0.353
0.583
0.002
0.057

-4
-2
0
1
2

Table 5.22: Simulated p values for assessment of Hardy-Weinberg equilibrium at
M l - M20 in cases and controls

Marker
Ml
M2
M3
M4
M5
M6
M7
M8
M9
MIO
M il
M12
M13
M14
M15
M16
M l?
M18
M19
M20

Cases
0.513
0.228
0.295
0.643
0.753
0.800
0.905
0.995
0.240
0.908
0.920
0.870
0.718
0.963
0.845
0.498
0.055
0.073
0.105
0.495

Controls
0.603
0.233
0.168
0.540
0.190
0.155
0.068
0.015
0.458
0.038
0.783
0.313
0.370
0.985
0.283
0.248
0.695
0.165
0.328
0.630
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Markers - labelled as per Table 5.1

Data from Irish schizophrenia case-control sample
13

0

15

0
0 18

Exon 1 of NRG1

7

0

I

-10

Hs.97362

12

Cases

Controls

OR (95%CI)

p value

HapA

4.2%

3.0%

1.43 (0.55-3.74)

0.427

HapB

4.5%

3.1%

1.55 (0.61 -4 .0 0 )

0.317

HapC

0.7%

1.0%

0.70 (0.08-5.19)

0.698

core

9.6%

8.4%

1.18 (0.67-2.09)

0.534

HapD

7.3%

3.5%

2.26(1.04-4.98)

0.024

HapB/RE

19.4%

12.3%

1.71 (1.09-2.68)

0.013

NRG1

1315 16

0.75
Marker positions

1.5 Mb

Figure 5,1: The 3 ‘at-risk’ haplotypes (HapA, B and C) and core ‘at-risk’ haplot>pe identified by Stefansson et al. (2002).
The physical positioning o f haplotypes are indicated by black arrows relative to N R G l (exons displayed in red) and the EST cluster 7/5.97362
(exons displayed in blue). The frequencies o f these haplotypes in the case and control samples from the Irish population are detailed. In addition,
we present the haplotype frequencies o f HapB/«£ and HapD that were found to be associated in the Irish sample.
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Figure 5.2: Inter-marker LD ^tNRGl measured u sing/)'in tiie Irish schizophrenia case sample
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Figure 5.3: Inter-m arker LD at N RG l using D’ values in the Icelandic case sample
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Chapter 6
Investigation of the Apolipoprotein-L {APOL) gene family as
candidate genes for schizophrenia
6.1 Introduction
This chapter details a SZ genetic association analysis of the Apolipoprotein-L gene
family (OMIM603743).

In the first instance the structure, position and known

function of these genes are reviewed. Second, the fianctional and positional evidence
suggesting that the APOL genes may be candidate genes in SZ susceptibility is
assessed. Third, the results of the genetic association studies performed at these genes
in the Phase 1 schizophrenia sample (detailed in Chapter 4) are described. Finally, the
haplotype structure at this locus was explored by using public database information to
establish whether haplotype structure can be inferred from comparisons of
populations of European and non-European origin. Establishing haplotype structure
would allow assessment of how informative the markers selected were in
investigating this locus.

6.1.1 Identification of the Apolipoprotein-L (APOL) gene family
This gene family encodes a group of abundant plasma proteins, which are the major
apoproteins of High Density Lipoprotein (HDL). Investigating peptide sequences of a
novel high-density lipoprotein, Duchateau and colleagues (1997), cloned cDNAs
encoding APOL. By genomic sequence analysis the authors mapped APOLl to
chromosome 22ql2.1-ql3.1. By sequencing a number of APOLl clones the authors
identified a minor splice variant that includes exon 2. This variant predicts a protein
that contains a 43-residue signal peptide, the more common transcript (without exon
2), predicts a protein with a 27-signal residue peptide. Page et al, (2001) identified
APOLl as being in a cluster o f six genes that share significant identity and span 619kb
of chromosome 22q. Semiquantitative RT-PCR revealed expression of APOLl in a
wide variety of tissues, including the brain, where it is more strongly expressed in
adult than in foetal samples. The genomic organization of the APOL gene family is
illustrated in Figure 6.1. Noting homology within intronic sequences, Monajemi et al.
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(2002) concluded that the APO Ll, AP0L2, A P 0L 3 and APOL4 gene cluster is a result
o f tandem gene duplication, whereas APOL5 and APOL6 are more distantly related.
The APOL gene family are thought to have emerged recently in evolutionary history
as A P O L l is only found in humans and African green monkeys (Monajemi et al,
2002 ).

6.1.2 Gene ontology
Experimental data indicates that the APOL gene family are involved in the formation
o f most cholesteryl esters in plasma and in lipid transport. Inference from electronic
annotation suggests a role in lipoprotein metabolism and lipid binding. APOL2 and
A P 0L3 are found in the cytoplasm where they may affect movement o f lipids or
allow the binding o f lipids to organelles. Expression o f APOL3 is up regulated by
tumour necrosis factor-alpha (TNFa) in endothelial cells (Horrevoets et al, 1999).
TNFa is a pro-inflammatory cytokine that is implicated in neuronally-mediated
response to disease or injury. A large gene expression study (150,000 cDNAs) also
identified APOL3 as one o f 83 genes that activate the NK-kB pathway (Matsuda A et
al, 2003). This pathway has a general role in modulation o f immune and inflammatory
responses (Bonizzi & Karin 2004). Together these studies suggest that the APOL
family have two important functions:
i)

A role in the development and maintenance o f cell membrane structure and
function (Page et al, 2001; Sutcliffe 2003). This in turn may have a
profound impact on modulation o f gene expression and signal transduction
during neurodevelopment and in adult life.

ii)

As a component o f the immune and inflammatory response.

6.1.3 Positional evidence for involvement of the APOL locus in SZ
susceptibility
A P O L l-6 map to chromosome 22ql2.3 a region, which has been implicated in SZ
susceptibility by a number o f independent studies. In 1994, two studies of
independent US multiplex family samples provided suggestive evidence for linkage
(LOD <3) to markers on chromosome 22ql2-ql3 (Pulver et al, 1994; Coon et al,
1994). Subsequently, two larger US studies identified suggestive linkage evidence to
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this region in independent samples o f 383 sibling pairs and 54 multiplex pedigrees
(Blouin et al, 1998; deLisi et al, 2002). In addition, a family-based association study
by Takahashi et al, (2003) reported evidence o f association between the microsatellite
marker D22S683, located at 22ql2.3, and SZ in two small samples o f European
American and Chinese origin respectively. This microsatellite marker is situated 27.4
Kb from the 5 ’ end o f the Apolipoprotein-3 gene (APOL3) and 33.85Kb from the 3’
end o f the Apolipoprotein-5 gene (AP0L5). However, as has been the case with other
putative schizophrenia susceptibility loci, many other studies have failed to identify
evidence for linkage or association in this region. This may be because most studies
that have been performed in the field to date have lacked statistical power to detect the
small to moderate gene effects likely to be contributing to schizophrenia susceptibility
(other potential reasons have been discussed in Chapter 2). In the absence o f genetic
heterogeneity, meta-analysis is one method of overcoming this difficulty.

Three combined analyses support this region as contributing to schizophrenia
susceptibility. Analysis of genotypic data from the marker D22S278 in multiply
affected schizophrenia families derived from 11 independent research groups showed
252 alleles shared compared to 188 not shared where parental genotype data was
known (k^=9.3l, Idf, p=0.001) (Gill et al, 1996). More recently, two meta-analyses
using different methods, have found significant evidence for a susceptibility locus at
chromosome 22q (Badner & Gershon, 2002; Lewis et al, 2003). The first meta
analysis, by Badner & Gershon (2002), was limited to linkage data from published
genome scans and found strongest evidence for schizophrenia susceptibility loci on
8p, 13q and 22q. The second, larger study included data from 20 completed
schizophrenia genome scans. This provided statistically significant evidence that at
least 12 chromosomal regions, including 22pter-ql2.3, are likely to contain
schizophrenia susceptibility genes (Lewis et al, 2003). These combined analyses
cannot be viewed as independent studies as the datasets analysed overlap
substantially, however they are consistent in supporting involvement o f a
chromosome 22q locus in SZ susceptibility.

The APOL gene family lie approximately 15 Mb from the chromosomal region
implicated in velo-cardio-facial syndrome (VCFS) (OMIM192430). In almost 85% o f
cases, VCFS, also known as DiGeorge syndrome, is caused by microdeletions in
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chromosome 22ql 1. This is the most frequent known interstitial deletion identified in
humans and arises in about 1/4,000 live births. The resultant phenotype is variable and
complex with congenital abnormalities affecting multiple tissues, many o f which are
derived from neural crest cells. Common clinical features include characteristic
dysmorphology, cleft palate, learning disability and congenital heart defects.
Interestingly, high rates of psychiatric disorder have been reported in VCFS patients
(reviewed in Murphy, 2002). In particular, individuals with chromosomal deletions of
chromosome 22ql 1 have a 30-fold increased risk o f SZ and related psychotic
disorders (Murphy, 2002). The contribution o f VCFS to schizophrenia in the general
population is likely to be small, as the condition is rare and cytogenetic studies o f
schizophrenia populations seldom identify VCFS cases. Few cases o f schizophrenia
may be explained directly by VCFS, but genetic variation in this region may
contribute to schizophrenia susceptibility.

6.1.4 Functional evidence of involvement of the APOL genes in
schizophrenia
The known functions o f the APOL genes suggest several mechanisms by which these
genes could be involved in SZ pathobiology. Additionally, the genes are expressed in
brain regions that have been implicated in SZ. For example, AP O Ll and APOL2 show
a strong neuronal distribution o f expression in prefrontal cortex. This brain region has
been implicated in SZ pathobiology by neuropsychological, neuroimaging and
neuropathological studies (Harrison & Weinberger, 2004). SZ is increasingly
considered a neurodevelopmental disorder where expression o f the disorder may
relate to abnormalities in the formation and maintenance o f cell membranes integral to
normal synapse fiinction (Tkachev et al, 2003). The APOL gene family, through their
role in HDL transport are attractive candidate genes for modulating the development
and maintenance o f cell membrane structure and function (Page et al, 2001; Sutcliffe
2003). Cell membrane integrity is critical in allowing normal signal transduction and
normal neurotransmitter fiinction. The APOL gene family could contribute to the
development, maturation and maintenance of the neurotransmitter systems thought to
be aberrant in schizophrenia.

APOL3 is up-regulated by the pro-inflammatory cytokine, tumour necrosis factoralpha (TNFa) and both genes have a role in activates the NK-kB pathway. The NK- kB
gene family are known to regulate many o f the genes involved in immune and
inflammatory responses. Prenatal infection and immune system dysfunction have both
been mooted as risk factors in schizophrenia pathogenesis (Cannon et al, 2003;
Wright et al, 1999).

The APOL gene cluster has arisen recently in evolutionary terms, that is, it is shared
only with other primates, which is compatible with the theory o f SZ as a disorder o f
evolution (Crow 2003, Monajemi et al, 2002). Intriguingly, gene expression studies in
two independent SZ samples data indicate that APOLl, A P 0L 2 and APOL4 are up
regulated in SZ. Initially, 10 SZ and 10 control post mortem brains from New Zealand
and Japan were screened with a custom made cDNA array o f more than 300 genes.
The most significant finding was a 2.6-fold up-regulation o f AP O Ll, which was
confirmed by real-time PCR and replicated in an independent sample from the Stanley
Foundation (which included 15 SZ samples). Further investigation o f the APOL gene
family using real-time PCR demonstrated >2.4-fold up-regulation o f A P O L l in both
samples and also up-regulation o f A P 0L 4 in the Stanley Foundation sample only
(Mimmack et al, 2002). An analysis o f covariance showed no relationship between
gene expression and lifetime drug exposure, number o f years o f antipsychotic and
type o f antipsychotic (typical v atypical) at time o f death. This lead the authors to
conclude that these changes were more likely to be secondary to the disease process
than an artefact o f antipsychotic therapy. Although, as discussed in Chapter 1, there
are many other potential confounding factors which could also explain this finding.

6.1.5 Strategy for candidate gene studies of APOLl-6
The primary study objective was to perform LD-mapping across the APOL gene
family in the Phase 1 schizophrenia sample o f 219 cases and 231 controls described in
Chapter 4. When commencing these studies the extent and variability o f LD across
the genome in different populations was a cause o f much debate, for example,
estimates o f average LD length at different chromosomal loci in different populations
varied from 5-lOOkb. Based on a review o f the literature, discussed in Chapter 2, the
author took a conservative view to ensure reasonable marker coverage. This involved
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a planned investigation o f a marker set o f SNPs at ~ 5kb inter-marker intervals across
the chromosome 22ql2.3 locus containing these genes. As this approach necessitated
a significant amount of genotyping the author applied for, and was rewarded, a Health
Research Board Project Grant [HRB1020 (2000) with Prof Michael Gill] to complete
these studies. This grant funded a postdoctoral student (Kevin McGhee) who
conducted the studies on the APOL4-6 genes, applying the same methodology as
applied by the author to investigate APO Ll-3.

As the APOL gene family span 620 kb of chromosome 22, alternative genotyping
methods for screening this region were also investigated. To increase genotyping
efficiency, and reduce cost, a DNA pooling strategy incorporating a novel variation
developed by our group was performed. The method is detailed in Chapter 3. In
summary, a three-stage strategy was employed;
i)

Initial screening o f identified SNPs in case and control pooled
DNA samples using simulated heterozygosity values for each SNP.
A low threshold for significance (p< 0.10) was selected to
minimise Type II error.

ii)

Investigation o f associations that met these criteria using true
heterozygosity

values.

Where

this

confirmed

a

significant

difference at p< 0.10) markers were investigated in stage iii).
iii)

Individual genotyping o f SNPs that meet stage ii) criteria. Allele
frequency differences at a level o f p< 0.05 were considered as
evidence o f association for fiarther individual genotyping for LDmapping at higher marker density.

6.1.6 Investigation of Haplotype structure across APOL locus
In selecting markers to be genotyped for this study the average inter-marker distance
was 4.3kb and median inter-marker distance 2.9kb. SNPs in the vicinity o f the
putative promoter region (PPR), 5’ UTR and in exonic regions were prioritised. A
disadvantage o f the DNA pooling method is that in the absence o f individual
genotypes it is not possible to estimate phase to generate information on haplotype
structure. Had such information been available at the start o f this study, this haplotype
structure information would have been important in selecting markers to maximise the
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extent o f coverage o f DNA variation across the APOL locus achieved by this study.
The recent availability o f publicly available LD-map data has made comparison
possible with identified LD-structure across this region in other populations o f
European ancestry. From this information a post-hoc investigation o f the marker
coverage achieved by this study was performed.

In 2002, Dawson et al, published a draft LD map based on analysis o f 1,500 markers
across the complete sequence o f chromosome 22. This was constructed using
genotype data from the Centre d ’Etude du Polymorphisme Humain (CEPH) reference
families (a US population o f North and West European ancestry consisting o f 30 trios
o f two parents and an adult child). The authors identified a highly variable pattern o f
LD along the chromosome, where regions o f almost complete LD extending for
800kb were interspersed with regions o f little or no LD. This pattern proved to be
remarkably similar in a panel o f unrelated UK Caucasians, suggesting that, at least to
some extent, common LD patterns may apply in different populations from the same
ethnic group.

Making the assumption that LD structure at the APOL locus in this study sample
could be inferred from the CEPH dataset, the LD structure at this locus was
investigated using the dataset described in Dawson et al, (2002) and subsequent
marker data available through the HapMap project (http://www.hapmar>.org/). With
the development o f the HapMap the marker density o f the LD map across
Chromosome 22 has increased ten-fold (freeze, 22-11-04). In addition to the CEPH
families, Nigerian, Japanese and Chinese populations are also being sampled.

The purpose o f this comparative haplotype analysis was to:
i)

Infer possible haplotype structure in this region

ii)

Establish the consistency o f this structure across populations

iii)

Identify the degree o f overlap with the marker set in this study

iv)

Establish whether haplotype structure in the CEPH dataset remained stable
despite at the increased marker density in the 2004 dataset

v)

Identify haplotype tagging SNPs from the CEPH dataset and estimate, if
possible, the coverage achieved by the markers genotyped in the study.
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6.2 Results
6.2.1 Bioinformatics/ primer design
The A P O Ll-6 gene family map to chromosome 22, at 22ql3.1: A P O Ll covers
14.46kb from 34920931 to 34935390 (NCBI build 34, August 2003) on the direct
strand

(http://www.ncbi.nih.gov/IEB/Research/Acembly/). At least three transcript

variants

encoding

two

different

isoforms

exist

for

this

gene

fhttp://www.ncbi.nlm.nih.gov/LocusLink). APOL2 covers 20.43 kb from 34907813 to
34887389, on the reverse strand. Two transcript variants encoding the same protein
have been identified. APOL3 covers 26.08kb from 34834038 to 34807961 also on the
reverse strand. Six transcript variants encoding three different isoforms have been
found for this gene. The structure o f the gene family is represented schematically in
Figure 6.1.

A total o f 201 SNPs spanning APOLJ-3 were identified from the dbSNP database
('http://www.ncbi.nlm.nih.gov/SNP/) (from NCBI build 34, August 2003). SNPs in the
vicinity o f the putative promoter region (PPR), 5’ UTR and in exonic regions were
prioritised for investigation. With these criteria, a total o f 143 SNPs were selected for
examination o f APO Ll-6. From an initial pool o f 73 SNPs spanning the APO Ll-3
loci, a marker set o f 62 SNPs were selected a priori, as likely to provide the marker
density required for this study. The included markers are detailed in Tables 3.2-3.4.

6.2.2 PCR conditions
Full optimisation details for the APO Ll-APO L3 markers are included in Tables 3.23.4. One fragment [APOL2-11, 12,13,14] failed to provide a reliable PCR product and
was dropped from ftirther analysis.

6.2.3 Confirming SNP heterozygosity in the study population
The 58 SNPs were screened for heterozygosity in a pooled DNA sample o f 100
individuals using SNaPshof^^ (Applied Biosystems). O f 62 initial potential markers,
30 (46.9%) were confirmed as polymorphic in the control population sample. This
provided a mean inter-marker distance o f 3.7kb and a median inter-marker distance of
4.5kb across the A P O L l-3 genes. From the original set o f 143 markers across A P O L l6, 51 markers (36%) were identified as polymorphic in the Irish control population.
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6.2.4 DNA pooling experiments for APOLl-3 (Stage 1)
The identified heterozygous SNPs (n=30) were then investigated in case and control
pooled DNA samples. Each SNP was assayed 5 times for each pool. Simulated k
values were applied to each replicate and allele frequency estimates were an average
o f the 5 assay results. At the point o f maximum potential difference in allele
frequencies between the pools, allele frequencies were computed to allele counts and
SNPs were tested for association using a 2 x 2 contingency table to calculate x
statistics and p values. A conservative cut off value o f p< 0.1 was set for transfer o f
any SNP to Stage 2 to allow for experimental error. The results o f all Stage 1
experiments are summarized in Tables 6.1 and 6.2. O f 51 SNPs tested across the
A P O Ll-6 genes, only 2 markers APOL2-6 (dbSNP:2017689) and APOL4-46
(dbSNP: 132734) met the screening criteria for inclusion in Stage 2. This was less than
the number o f markers (n=5) predicted to reach Stage 2 by chance.

6.2.5 Screening DNA pooling experiments for APOLl-3 (Stage 2)
Each SNP that reached Stage 2 was genotyped in a panel o f individuals to identify a
heterozygous individual. This provided the true allele peak height ratio (k) and was
used to determine the estimated allele frequencies in the case and control pools. These
frequencies were computed to allele counts and SNPs were tested for association
using a 2 X 2 contingency table to calculate

statistics and p values. Marker APOL4-

46 (x^=2.96, p=0.085) but not marker APOL2-6 (x^=2.57, p=0.11) met screening
criteria for individual genotyping.

6.2.6 Individual genotyping (Stage 3)
Individual genotyping using the same method in our total study sample o f 219 cases
and 231 controls (performed by Kevin McGhee) failed to detect statistically
significant evidence o f association between APOL4-46 and SZ (x =2.65, p=0.128)
(Table 6.3).

6.2.7 Haplotype structure across the APOL locus
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From publicly available linkage and marker files fi-om the Dawson et al, (2002) and
HapMap (22-11-04) datasets, the author investigated the sequence containing the
APOL gene family (34353913 to 34988986 from NCBI build 34, November 2004).

6.2.7.1 Overlap with the marker set from the APOL association
studies
The Dawson et al, (2002) dataset identified 15 SNPs that had been genotyped across
the region, but there was no overlap with the SNPs selected for these association
analyses. The HapMap 2004 dataset identified 291 SNPs across this region, 16
(5.49%) o f these had been genotyped in the association analyses.

6.2.V.2 Comparison of LD-structure between ethnic populations
In addition to the CEPH families, Nigerian, Japanese and Chinese populations are also
being sampled as part o f the HapMap Project. To date, more than 15,000 markers
have been genotyped across chromosome 22q in the Caucasian population (from the
November 2004 freeze o f HapMap). However, the total number o f completed
genotypes for chromosome 22 in the other population pools was much lower (ranging
from 6 markers across the whole chromosome in Japanese and Chinese populations to
1,242 markers in the Nigerian population). This marker density was insufficient to
perform comparative analyses o f LD-structure between populations.

6.2.13 Stability of haplotype structure at increased marker density
Haplotype structure at the APOL locus was investigated using Haploview (detailed in
Chapter 3) with the three test algorithms implemented in this program for both the
2002 and 2004 datasets. The graphical outputs o f identified block-structure and
tagging SNPs for the 2002 data are represented in Figure 6.2. From the 2002 dataset,
each algorithm identified 3 haplotype blocks. There was significant overlap between
the defined blocks. The solid-spine o f LD method proved the most conservative
identifying 2, 6 and 6-marker blocks; the 4-gamete rule identified 3, 4 and 4 marker
blocks and the confidence interval method identified 3, 2 and 2 marker blocks.

The haplotype structure and tagging SNPs generated from the 2004 dataset using the
confidence-interval method are represented in Figure 6.3. The number o f haplotype
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blocks defined by the three algorithms varied from 28 (for the solid-spine o f LD
method) to 37 (using the 4-gamete rule) and the amount o f total sequence identified as
being represented by blocks varied from 76.3-93.8% depending on the algorithm
selected. This data is summarized in Table 6.4.

Similarly, the number o f tagging SNPs varied according to method o f block definition
(n=87-I22); there was substantial if incomplete correspondence between the tagging
SNPs identified across the three algorithms. Across the three algorithms a total o f 150
tagging SNPs were identified. The three algorithms identified 59 common SNPs
(representing 39.3% o f the total number o f tagging SNPs); 53 SNPs were selected by
two different methods (35.3%) and 38 SNPs were unique to a single algorithm
(25.3%).

6.2.T.4 Haplotype block tagging by markers in this study
Given the large number of SNPs required to ‘tag’ the haplotype blocks identified in
the 2004 dataset (n=87-122) it was unsurprising that none o f the SNPs genotyped in
the APOL associafion studies completely tagged any o f the identified haplotype
blocks.

6.3 Discussion
The APOL genes are both positional and fianctional candidate genes for SZ. This gene
family maps to chromosome 22ql2.3, a region implicated by SZ linkage studies as
likely to contain one or more SZ susceptibility genes. A recent gene expression study
demonstrated up-regulation o f A P O Ll, APOL2 and APOL4 in post-mortem brain
samples from SZ patients compared to controls in two independent samples.

In this chapter, an extensive genetic association study o f the six known APOL genes
and SZ was performed using a modified method o f DNA pooling. To test for genetic
association, 143 SNPs (identified from dbSNP) were investigated.

O f these, 51

(40.6%) were polymorphic in this sample and were genotyped using a three-stage
DNA pooling approach. The author found no evidence to support the hypothesis that
genetic variation at these genes contributes to SZ susceptibility in this sample.
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In completing this study a three-stage DNA pooling strategy was developed to
increase efficiency for studies that employ public database SNPs in large-scale
association studies (McGhee et al, 2005). This strategy represents a modification of
the DNA pooling method proposed by Norton et al, (2002). That method required the
identification o f an individual heterozygous for the SNP under analysis in order to
accurately test for association at that SNP. By simulating the information likely to be
provided by the heterozygous individual, the strategy circumvents this requirement,
resulting in a more economical but no less accurate method o f association analysis. In
this study 51 assayed SNPs could be categorized as not showing evidence for
association without the need to identify a heterozygous sample in each case.

There are several possible interpretations o f these findings. First, it may well be that
up regulation o f APOL genes is o f relevance to the pathobiology o f SZ, but that this is
influenced by genetic variation at other loci as has been described for other disorders
(Kleinjan & van Heyningen, 2005). Second, APOL expression abnormalities in SZ in
post-mortem samples may not be directly related to the genetic aetiology o f SZ. For
example, expression differences may represent secondary effects caused by
differences in factors such as drug treatment, substance abuse or smoking behaviour
between case and control groups. Third, genetic variation in the APOL gene family is
o f aetiological importance in SZ but because the effect size is unknown, it is possible
that our study lacked statistical power to detect association.

After completion o f the laboratory phase o f this work, a provisional negative report
was published in abstract form Irom a Japanese case-control schizophrenia study at
the APOL locus (Ohtsuki et al, 2003). No other studies for association between the
APOL gene family and SZ have been reported to date. During the course o f this study
association was reported between markers at APOL1/APOL2 and Bipolar Affective
Disorder (BPAD) in a US sample (Mclnnes et al, 2002). This suggested that the locus
may contribute to susceptibility to both disorders and indeed linkage data has
suggested that this chromosomal region confers susceptibility to both disorders (Park
et al, 2004). Following this initial report o f association between markers at
APOL1/APOL2 and Bipolar Affective Disorder (BPAD) in the Johns Hopkins BPAD
sample, the region has been investigated at a similar marker density (1 SNP/6.9kb) in
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a larger US sample (Potash et al, 2004). The follow-up study, which applied casecontrol and family-based association methods to the Johns Hopkins BP sample,
NIHM Genetics Initiative BPAD waves 1 and 2, and the Clinical Neurogenetics BP
samples, failed to support the provisional finding (Potash et al, 2004).

Power calculations indicate that for the markers tested, our sample has 80% power to
detect an effect o f odds ratio (OR) >2 with 95% confidence. Estimates for the
individual effect sizes o f genes implicated in schizophrenia susceptibility may in fact
be more modest. Power calculations o f this type also assume that at the marker
density employed for this study (1 SNP/3.7kb) a majority o f the genetic variation
present at the locus was tested for association. Investigation o f haplotype structure in
this region in another population o f European ancestry indicates that this is unlikely to
have been the case.

The initial published haplotype information from the CEPH families provided
genotype information on 15 markers across the APOL locus (Dawson et al, 2002).
More recent data from the International HapMap project identified 291 SNPs across
this locus in the same family sample. Insufficient data was available to allow
comparisons o f haplotype structure between the populations investigated in the
HapMap project: the availability o f such data will be important in establishing how
useful HapMap will be in informing mapping studies in different study populations.

A range o f different definitions o f haplotype blocks has been applied to genotype data
(e.g. Daly et al, 2001; Gabriel et al, 2002; Zhang et al, 2002; Wang et al, 2003; Barrett
et al, 2005). These can be broadly grouped as methods that define blocks as regions o f
limited haplotype diversity (Daly et al, 2001; Zhang et al, 2002; Wang et al, 2003)
and those that use measures o f LD and define blocks where all pair-wise coefficients
exceed a pre-defined threshold (Gabriel et al, 2002; Barrett et al, 2005). The method
described in Gabriel et al, (2002) places confidence intervals on the measure o f pair
wise LD, which allows some account for inaccuracy in the estimation o f LD.

By

either approach, the threshold o f LD or haplotype number used to define haplotype
blocks is arbitrary and the relationship between defined blocks and patterns o f
recombination across the genome is uncertain. In this study, methods representative of
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each approach (and implemented in Haploview) were applied to the Dawson et al,
(2002) and more recent HapMap datasets.

The twenty-fold increase in SNP density across the APOL locus between the 2002 and
2004 datasets had a marked effect on the haplotype block structure defined by each
approach. The three algorithms identified three reasonably consistent haplotype
blocks at the lower marker density. At greater density the algorithms identified
between 28 and 37 blocks, with less consistency between the blocks defined, although
by each method a significant proportion o f the sequence at this locus (76.3-93.8%)
was defined as being included in haplotype blocks. There was partial agreement
between methods in selecting tagging SNPs at this locus, but 25% o f all tagging SNPs
were identified by one algorithm but not by the others.

Exploration o f the HapMap data suggests that this associafion study tested only a
limited amount o f the likely genetic variation present at the APOL locus. The
inconsistency in defining block structure between methods and instability o f the
apparent ‘blocks’ at greater marker density suggests that identifying SNPs to ‘tag’
haplotypes at this locus may provide only a modest increase in genotyping efficiency.
However, it could also be argued that the majority o f the markers identified were
included in haplotype blocks even by the most conservative block definition. A
disadvantage o f the study was that LD was measured using D ’, rather than r , which
for reasons discussed in Chapter 2 may have advantages for LD-mapping studies. The
issues and application o f HapMap data to future LD-mapping studies is considered
fiirther in Chapter 8.

Taken together, these studies fail to support the hypothesis that the APOL gene family
contribute susceptibility to SZ.

However, it is likely that studies at much greater

marker density, with more available information on haplotype structure and larger
sample sizes will be required to definitively exclude smaller genetic effects at this
locus.
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Table 6.1 : Results of DNA pooling experiments for APOL 4, 2 ,1

Gene

APOL 4

APOL 2

APO Ll

dbSNP ID
dbSNP:2227169
dbSNP;2097466
dbSNP: 132704
dbSNP:2007468
dbSNP:132712
dbSNP:132719
dbSNP: 132720
dbSNP: 132721
dbSNP: 132734
dbSNP: 1807673
dbSNP:1315
dbSNP:1317
dbSNP:763086
dbSNP: 132757
dbSNP:2017689
dbSNP: 129607
dbSNP: 132759
dbSNP:2005998
dbSNP:2010499
dbSNP:2157249
dbSNP:2157251
dbSNP: 1557535
dbSNP:136144
dbSNP:713791
dbSNP:136147
dbSNP: 136148
dbSNP:136151
dbSNP:713929
dbSNP:713753
dbSNP:136171
dbSNP:136174

ID
APOL4-8
APOL4-9
APOL4-17
APOL4-18
APOL4-27
APOL4-33
APOL4-34
APOL4-35
APOL4-46
APOL4-55
APOL2-1
APOL2-2
APOL2-4
APOL2-5
APOL2-6
APOL2-7
APOL2-8
APOL2-10
APOL2-15
APOL2-18
APOL2-20
APOL2-21
APOL2-23
APOLl-1
APOL 1-3
APOL 1-4
APOLl-8
APOLl-18
APO Ll-21
APOL 1-29
APOLl-33

Chromsomal
SNP
Position®
34859765
34859925
34863087
34863193
34867057
34868829
34868911
34868954
34869690
34870580
34887948
34887976
34890870
34893522
34894533
34894719
34894961
34897317
34901279
34902852
34905240
34905265
34907257
34914183
34924702
34924744
34926825
34929409
34930347
34932874
34933349

C/T
G/A
T/C
G/A
G/A
G/T
G/A
G/A
G/A
A/G
A/C
G/T
A/G
T/C
A/G
T/C
T/C
C/T
A/T
T/C
G/T
A/C
A/G
A/G
G/T
C/T
A/G
A/G
C/T
A/G
A/C

Allele Ratio
Case Pools'’'*

. Frequency in
Frequency
Allele Ratio
*”Control Pools
in Case Pools
Control(Pools)‘’‘*
(simulated k )
(simulated k)

0.713
0.592
0.912
0.457
0.133
0.340
0.298
0.805
0.720
0.202
0.788
0.705
0.794
0.655
0.764
0.661
0.909
0.351
0.346
0.858
0.758
0.304
0.779
0.575
0.418
0.907
0.715
0.806
0.711
0.750
0.807

0.554
0.592
0.674
0.457
0.434
0.507
0.563
0.508
0.462
0.502
0.482
0.544
0.491
0.486
0.447
0.494
0.666
0.520
0.514
0.548
0.440
0.570
0.540
0.575
0.589
0.661
0.455
0.509
0.450
0.501
0.491

0.689
0.573
0.898
0.405
0.146
0.314
0.265
0.819
0.792
0.175
0.798
0.692
0.806
0.659
0.802
0.696
0.922
0.391
0.391
0.830
0.794
0.261
0.770
0.562
0.396
0.906
0.716
0.823
0.741
0.770
0.828

0.526
0.573
0.638
0.405
0.461
0.478
0.522
0.531
0.559
0.459
0.497
0.529
0.510
0.491
0.503
0.534
0.703
0.562
0.562
0.494
0.491
0.517
0.527
0.562
0.568
0.657
0.456
0.538
0.488
0.528
0.456

Simulated
P-value
0.267
0.543
0.268
0.115
0.409
0.391
0.226
0.480
0.004
0.191
0.628
0.645
0.548
0.879
0.099
0.236
0.232
0.226
0.157
0.101
0.126
0.122
0.698
0.653
0.503
0.898
0.998
0.404
0.234
0.397
0.303
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Table 6.2: Results of DNA pooling experiments for APOL-6,5,3

Frequency
Chromsomal
dbSNP ID

ID

Gene

APOL

APOL

APOL

dbSNP:926754
dbSNP:2103768
dbSNP:762910
dbSNP: 1883986
dbSNP: 1894469
dbSNP:2413359
dbSNP:2010168
dbSNP:2413367
dbSNP: 1997883
dbSNP: 1970777
dbSNP: 1540297
dbSNP:2413369
dbSNP:2009168
dbSNP:2009169
dbSNP:2073198
dbSNP;2413381
dbSNP:80576
dbSNP: 1807498
dbSNP:2105915
dbSNP: 132653

Apol6-3
Apol6-4
Apol6-5
Apol6-6
Apol6-7
Apol6-9
Apol6-12
Apol5-2
Apol5-5
Apol5-9
Apol5-10
Apol5-l 1
Apol5-13
Apol5-14
Apol5-17
APOL3-2
APOL3-11
APOL3-17
APOL3-23
APOL3-26

Allele Ratio
SNP

Position^

34301481
34304784
34304919
34305307
34309889
34310099
34322402
34373674
34375522
34382149
34382278
34385614
34389667
34389705
34395126
34792045
34811617
34812887
34824152
34828636

G/C
G/C
T/C
T/C
A/G
C/T
A/C
A/G
T/C
G/A
T/C
T/C
G/A
A/G
A/G
C/T
A/G
A/G
C/T
G/T

in Cai

0.843
0.613
0.585
0.810
0.686
0.682
0.907
0.549
0.586
0.729
0.570
0.395
0.689
0.527
0.573
0.393
0.749
0.382
0.554
0.145

in Case Pools

Allele

Control(Pools)‘'

(simulated k)
0.519
0.442
0.413
0.516
0.522
0.517
0.661
0.549
0.586
0.473
0.570
0.566
0.526
0.527
0.573
0.393
0.499
0.553
0.554
0.459

Ratio

inFrequency in
Control Pools

Simulated
P-value

(simulated i t )
0.832
0.600
0.607
0.797
0.683
0.677
0.901
0.548
0.573
0.730
0.588
0.388
0.698
0.527
0.617
0.406
0.744
0.401
0.542
0.139

0.497
0.492
0.436
0.495
0.519
0.512
0.645
0.548
0.573
0.474
0.588
0.559
0.536
0.537
0.617
0.406
0.493
0.573
0.542
0.446

0.538
0.429
0.464
0.541
0.920
0.876
0.590
0.992
0.690
0.965
0.582
0.813
0.774
0.965
0.179
0.712
0.899
0.566
0.730
0.694

Table 6.3: Results of individual genotyping experiments

dbSNP ID

Marker
Name

A: value HZ ratio Frequency
value
A:Cases
(true)
(Pools)®’*’

rsl32734

APOL4-49 3

0.24

0.720

in Frequency /rvalue
in Controls
(Pools)®
0.792

0.128

® Ratio for alleles a and b in pooled sample. Formula =A/(A+B), where A and B
represent the peak heights of alleles a and b.
Number represents frequency for first allele listed

Table 6.4: Differences between haplotype blocks from HapMap 2004
(Defined by different methods implemented in Haploview)

Cl method
4-gamete
rule
Spine o f LD

Number of
tSNPs
identified

Total number
of markers to
define
sequence

76.3
86.7

Number of
markers in
blocks (% of
total
markers)
78.9
93.6

87
122

143
139

93.8

98.1

111

116

Number of
haplotype
blocks

% of total
sequence
defined by
blocks

29
37
28
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Figure 6.1: Structure of the APOL gene family
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F igure 6.2 : H ap lotyp e b lock s/taggin g SN Ps at the APOL locus
(from D aw son et al, 2002 dataset)
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Figure 6.3 : Haplotype structure of the APOL locus from the CEPH families (HapMap, November 2004)
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Chapter 7
Investigating other potential schizophrenia candidate genes
and testing for gene-gene interactions
7.1 Introduction
Since 2002, there is a growing body o f statistical evidence to support the involvement
o f a number o f genes in schizophrenia susceptibility: these include, Dysbindin
(DTNBPl) (Straub et al, 2002; Schwab et al, 2003; Williams et al, 2004); Neuregulin
1 (NRG l) (Stefansson et al, 2002, 2003; Williams et al, 2003; Corvin et al, 2004);
G72 (Chumakov et al, 2002; Schumacher et al, 2004); D-amino-acid-oxidase (DAAO)
(Chumakov et al, 2002; Schumacher et al, 2004) and Regulator o f G-protein
signalling-4 (RGS4) (Chowdari et al, 2002; Morris et al, 2004; Chen et al, 2004). In
most cases understanding o f the function o f these genes is limited, but driven by their
association with schizophrenia, each is being intensively investigated. Understanding
the nature o f the relationships between genes is likely to be important in establishing
how they contribute to a single, or multiple, disease aetiologies. Hypotheses as to
how these genes relate to each other are being developed (for an example see Figure
7.1). However, current hypotheses represent broad conceptual frameworks and require
formal testing using biostatistical and scientific methods.

7.1.1 Epistatic interactions
In biological terms interaction between proteins is vital to the metabolic and
biochemical pathways that maintain normal body homeostasis. In the context o f
genetics, Bateson coined the term ‘epistasis’, meaning to ‘rest upon’, in 1909 to
describe a situation where DNA variation at a locus prevented the effect o f variation
at another locus from being manifest. A later, broader definition, by Fisher, (1918),
describes epistatic interaction in statistical terms as existing where the contribution o f
alleles to the expression o f a quantitative phenotype is non-additive.

Identifying non-additive interactions between genes is a potentially powerful method
o f improving our understanding o f complex genetic disorders (Moore & Williams,
2002). In the first instance, the effects o f many individual genes may be partially or
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fully dependent on interactions with other genes (Templeton, 2000). If this is the case,
methods that investigate single genes will have less power than statistical approaches
that can examine multiple genes. Methods to investigate epistatic interactions have
been applied successfully to other complex disorder phenotypes including breast
cancer, hypertension and myocardial infarction (Ritchie et al, 2001; Williams et al,
2004; Coffey et al, 2004). Secondly, by identifying statistical evidence o f
relationships between genes, it may be possible to design assays to test their
biological relationships and establish the systems or pathways that contribute to
complex phenotypes (Risch, 1990). This may be o f particular pertinence for a
condition such as schizophrenia where current understanding of aetiology is limited.

7.1.2 Evidence for gene-gene interaction in schizophrenia
To date, most investigations o f gene-gene interaction in schizophrenia have been
prompted by existing biological evidence o f a relationship between the genes being
investigated.

Using

a

case-control

linkage

disequilibrium

mapping

strategy,

Chumakov et al, (2002) identified the novel gene G72/G30 (OMIM 607408) as a
schizophrenia candidate gene at chromosome 13q32-33 in French Canadian and
Russian patient samples. By yeast two-hybrid experiments with the G72 protein, the
authors identified the enzyme D-amino acid oxidase (DAAO) as an interacting partner.
The DAAO gene is expressed in the brain and oxidises D-serine, which is an activator
of

N-methyl-D-aspartate

(NMDA)

glutamate

receptors.

Further

in

vitro

experimentation confirmed that G72 is an activator o f DAAO (the gene is now also
referred to as D-amino acid oxidase activator). These experiments suggested a
mechanism by which both genes could contribute to schizophrenia susceptibility by
modulating NMDA receptor fiinction with downstream effects on glutamatergic
transmission.

Subsequently the authors found evidence o f association between markers at the DAAO
gene and schizophrenia in a French Canadian case-control sample and evidence o f an
epistatic interaction between markers at G72 and DAAO (OR=5.02); that was greater
than the single locus effects (marker M-22 at G72, OR=1.04 and marker M D A 0 0 6 at
DAAO, OR=1.89). Association evidence for single locus involvement has been
reported for both G72 and DAAO in a number o f follow up studies by other groups.
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but data from two large studies has failed to support the hypothesis o f interaction
(Williams et al, 2004; Schumacher et al, 2004).

Investigation o f a gene-gene relationship between neuregulin-1 (N RG l) and erbB4
was prompted by evidence that N R G l is involved in schizophrenia susceptibility
(discussed in chapter 4) and the role o f N RG l isoforms as ligands for the erbB family
o f tyrosine kinase receptors (Norton et al, 2004). N R G l proteins only bind effectively
to erbBS and erbB4\ and in putative mouse models for schizophrenia erbB4
hypomorphs (but not erbB2 and erbBS mice) behave similarly to N RG l hypomorphs.
For this reason, erbB4 (OMIM 600543) was identified as a candidate gene with a
potential biological interaction with N R G l isoforms.

In a large UK schizophrenia case-control sample, Norton et al, (2004) identified
significant interaction o f erbB4 IVS12-15C>T genotypes with the N R G l risk
haplotype identified by Stefansson et al, (2002) (p=0.019) in the absence of
significant single-gene effects at either locus. Logistic regression analysis showed that
individuals

heterozygous

for

the

erbB4

IVS12-15C>T

genotype

exhibited

significantly higher risk o f disease as the N RG l disease haplotype scores increased (p
= 0.021, 2-tail, OR= 5.07 (Cl 1,28, 20.1)). In collaboration, the authors identified a
trend for the same interaction in investigating our Phase 2 sample (290 cases and 634
controls) (p=0.11) and stronger evidence for interaction in the combined datasets
(p=0.01).

7.1.3 Testing for epistatic interactions
Implicit in the last section is the fact that there are relatively few published studies o f
epistatic interaction in the schizophrenia genetic association literature. There have
been no published studies investigating interaction between multiple genetic variants.
This is, at least in part, because attempting to detect interactions between multiple
variables (e.g. genetic loci) presents analytical difficulties (Freitas, 2001). Traditional
parametric statistical methods have been applied with mixed success to investigate
multiple-marker

loci

in

genetic

association

studies

(Cruickshanks et al, 1992; Chumakov et al, 2002).

of

complex

disorders

Most positive reports have

involved interaction between two loci, as statistical models that investigate
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interactions between multiple loci generate many contingency-table cells that contain
no observations. In turn, this may lead to very large coefficient estimates and standard
errors (increasing type I error).

Procedures for fitting regression models are also problematic. Forward selection
methods only test variables that have statistically significant independent main effects.
However, epistasis may contribute to complex phenotypes in the absence o f such
single locus effects (as may be the case with erbB4 in interacting with N RG l).
Backwards elimination methods may require too many degrees o f freedom. For
example, a schizophrenia model that aims to include all probable main effects could
include dozens o f putative susceptibility genes and multiple individual markers or
haplotypes at many o f these genes. Stepwise procedures, although more flexible,
present the same difficulty. Any o f these approaches may increase type II errors and
decrease study power. As a result, a number o f alternative methods for investigating
relationships between genes have been proposed, these include variations on standard
statistical methods, exploratory data analysis methods, pattern recognition and neural
network strategies.

Variations on standard statistical methods typically involve a combination o f
regression modelling and resampling methods (reviewed in Hoh & Ott, 2003). In the
original approach described by Hoh et al, (2000), individual markers are tested for
association using the chi-square statistic; the combined effect o f all markers is than
the sum o f all the association statistics. The markers with the smallest test-statistics
are then sequentially removed until a pre-selected significance level for the sum o f the
statistics is achieved (e.g. p<0.05). Further resampling is than used to test whether the
same markers are consistently selected across a set o f replicates. Applying this
approach to a case-control dataset o f coronary artery restenosis identified statistically
significant interactions among SNPs fi’om 9 different genes (Zee et al, 2002).

Exploratory data analysis methods, which are nonparametric and model-fi’ee, such as
the combinational partitioning method (CPM) were developed to investigate epistatic
effects at quantitative trait loci (Nelson et al, 2001). The CPM method pools
genotypes fi-om multiple loci into a smaller number o f classes (thus reducing the
number o f tests) to identify the combination o f genotypes most strongly associated
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with variation in the quantitative trait. An advantage o f this method is that it is not
dependent on the presence o f single gene effects. Applying this method, Nelson et al,
(2001) identified non-additive epistatic interactions, in the absence o f independent
main effects, between loci at putative cardiovascular disease susceptibility genes and
variability in plasma triglycerides. A disadvantage o f this method is the computational
burden posed by investigating interactions between more than two loci. Several
variations o f this approach, which are considerably more computer efficient, have
since been proposed (Ritchie et al, 2001; Culverhouse et al, 2004).

The multifactorial dimensional reduction (MDR) method was developed specifically
to improve the power to detect gene-gene interactions in relatively small samples
(Ritchie et al, 2001). As with the CPM method on which it was based, the MDR
method can detect significant interactions in the absence o f main effects. With this
method, genotype data from multiple loci is pooled into high-risk or low-risk groups.
This reduces the genotype predictors from multiple dimensions to one dimension
only. This variable is then tested for its ability to classify and predict disease status
through cross-validation and permutation testing. The procedure involved is outlined
in Figure 7.2 and in Section 7.3.3.2. The software for implementing MDR is available
at http://www.epistasis.org/mdr.html.

Pattern recognition methods using machine learning have only recently been applied
to human genetics. These methods are computer-intensive and require further
validation and application to real data: the potential application o f this methodology to
complex disorder genetics has been reviewed elsewhere (Toivonen et al, 2000; Czika
et al, 2001).

7.2 Investigation of epistatic interaction in this dataset
This study had two principle aims: first, to test for evidence o f marker/haplotype
association at schizophrenia candidate genes and second to test for evidence o f
epistatic interaction between loci. The latter involved testing the hypothesis that
genetic variants at the G72 and DAAO loci interact in contributing to schizophrenia
susceptibility using standard parametric analysis. In addition, as an exploratory
analysis, the MDR method was applied to investigate for evidence o f epistatic
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interaction between markers at six putative schizophrenia susceptibility genes. In
selecting the six genes for investigation, genes were selected for inclusion based on
available a priori evidence for interaction, albeit between pairs of genes rather than
for higher order interactions.

7.2.1 Candidate gene selection
Based on existing schizophrenia studies of gene-gene interaction, variants at the
NRGl, erbB4, G72 and DAAO loci were selected. Two additional genes were also
included in the model because both have demonstrated evidence for association with
schizophrenia in the Irish population. The genes, DTNBPl and MRDSl, map to the
chromosome 6p susceptibility locus identified in the Irish Study of High Density
Schizophrenia Family sample (Straub et al, 2002). DNA variation at these genes may
interact in contributing to the linkage signal at this locus, although they may also
contribute independently to schizophrenia risk (Straub et al, 2002).

7.2.1.1 DTNBPl and schizophrenia
Investigating the linkage peak on chromosome 6p22 in the Irish High Density Family
Study of Schizophrenia sample, Straub et al, (2002) identified significant association
between schizophrenia and several individual markers and haplotypes across the gene
encoding dystrobrevin-binding protein (DTNBPl). A follow up study of DTNBPl was
performed based primarily on a sample of German proband-parent trios (Schwab et al,
2003).

This confirmed evidence for association with individual markers and

haplotypes, however the two studies differed as to whether the common or rare alleles
at each marker were being preferentially transmitted.

The first published case-control study, in our Phase 1 sample of 219 Irish cases and
231 Irish controls failed to find evidence for association (Morris et al, 2004).
Subsequent family-based and case-control studies in Chinese, Bulgarian and Swedish
schizophrenia samples identified evidence for association with DTNBPl, but negative
studies in German and Polish samples have also been reported (reviewed in Kendler,
2004). Identification of association with a 3-marker haplotype in a large UK casecontrol sample was subsequently confirmed by genotyping an additional marker in
our Irish case-control sample (Williams et al, 2004). The same individual risk and
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protective haplotypes were present in both UK and Irish samples. Taken together
these studies provide evidence that variation at the DTNBPl locus is associated with
schizophrenia, this association may involve both risk and protective variants, but the
risk or protective alleles involved may differ between populations. The fiinction of
DTNBPl and its role in schizophrenia biology is uncertain, although DTNBPl may be
involved in presynaptic glutamate regulation (Talbot et al, 2004). Indeed two recent
expression studies identified reduced levels of expression of DTNBPl mRNA and
protein in post-mortem brain samples from patients with schizophrenia (Numakawa et
al, 2004; Weickert et al, 2004).

7.2.1,2 M RD Sl {OFCCl: orofacial cleft 1 candidate 1) and
schizophrenia
Investigating the chromosome 6p susceptibility locus in the Irish High Density
Schizophrenia families, Straub et al, (2003) identified that 10% of the families in this
study contributed to the linkage signal at chromosome 6p22 (the site of DTNBPl).
Additionally, a different 18% of families showed a signal at chromosome 6p24 only.
Analysing these families separately, the authors identified evidence of association
between two overlapping haplotypes and schizophrenia at this locus. The same group
then identified evidence of a gene (which they named MRDSl) at this locus
(Matsumoto et al, 2002). Expression analysis indicated MRDSl transcripts in frontal
cortex, hippocampus and substantia nigra, but not other brain regions. However, the
function of this gene is unknown. The authors reported additional evidence of
association between individual markers and haplotypes at the MRDSl locus and
schizophrenia in adult-onset (the NIMH CBDB Sibling Pair Study sample) and
childhood-onset (the NIMH Child Psychiatry Branch Childhood-Onset sample) US
populations (Straub et al, 2003). There was however, a lack of consistency between
studies as to the associated individual markers and haplotypes. The authors also failed
to indicate the number of markers investigated in the original and follow-up studies.

7.3 Methodology
7.3.1 Case-control study sample
The ascertainment and assessment methods for the extra cases and controls included
in these analyses and further details of the sample are described in Chapter 4. The
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extended study sample included 299 cases with DSM-IV schizophrenia (n=234) or
schizoaffective disorder (n=65) and 645 controls.

7.3.2 Marker selection and genotyping methodology.
At the G72, DAAO and M RD Sl loci, individual SNPs were selected for investigation
based on a review o f the schizophrenia literature and data presented at the World
Congress on Psychiatric Genetics (2002-2004). Markers contributing to the previously
described risk haplotypes at the D TN BPl and N R G l loci, and the erbB4 SNP
described by Norton et al (2004), were also genotyped in the extended sample. The
procedures for primer design and PCR optimisation/amplification are described in
Chapter 3. Two laboratory technicians (KM and NK) perfonned the additional SNP
and microsatellite genotyping. The SNP genotyping was performed using Custom
Taqman® SNP Genotyping Assays on an ABI Prism 7900HT Sequence Detection
System (Applied Biosystems). The microsatellite markers were amplified using
fluorescently tagged primers and the amplicons were run on an ABI PRISM 3100
Genetic Analyzer along with a fluorescent size standard. Marker alleles were called
based on their relative size using ABI Genemapper software (Applied Biosystems).

7.3.3 Statistical methods
The statistical methods employed to analyse single marker and haplotype data are
described in Chapter 3. Applying traditional Bonferroni correction to multiple SNPs
tested at a locus is conservative as individual SNPs may not be independent because
o f LD. In this study a correction for multiple testing o f SNPs was applied in
examining the G72, DAAO and M RD Sl loci, based on spectral decomposition o f
matrices o f pair-wise LD between SNPs described by Nyholt, (2004).

This is

implemented in the programme SNPSpD and allows for the potential non
independence o f SNPs in estimating the total number o f tests carried out when
multiple markers are genotyped at a locus
(http://genepi.qimr.edu.au/^eneral/daleN/SNPSpD/).

7.3.3.1 Logistic regression model
The logistic regression analysis method described by Cordell, (2002) was applied in
investigating markers at the 072 and DAAO loci for evidence o f statistical interaction.
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Two models were tested, the first including the individual markers at these loci which
showed the greatest evidence for association with schizophrenia in this study
population. The second model tested for the interaction between the markers M-22
and MDAAO-6 which had been reported by Chumakov et al, (2002). These data were
fitted using the model described by Cordell, (2002) and implemented in SPSS
(version 11.0).

7.3.3.2 MDR methodology
Applying the MDR method to this dataset presented two specific difficulties. First, the
methodology was developed for balanced data where the number of cases and
controls in the dataset are equal. Second, the method was designed to test for
interaction between SNPs or other binary variables, but single-loci effects at a number
of loci in this model (NRGl, DTNBPl) are best represented by haplotype rather than
individual marker data. For this reason, collaboration was sought with Dr Jason
Moore (one of developers of the MRD method) in designing, running and interpreting
the model described.

In the tested models, cases were oversampled by selecting additional cases at random
with replacement. This balanced the number of cases and controls at 645. Two of the
loci (NRGl and DTNBPl) were represented by haplotypic data. Assignment of
haplotype carrier status to individual cases and controls was performed using the
Bayesian approach to reconstructing haplotypes implemented in PHASE (v2.0.2)
(Stephens and Donnelly, 2003). Individuals were only included in the study where the
identity of haplotypes at these two loci could be determined at p>0.95. The haplotype
data was represented in the model as a categorical variable (indicating the presence or
absence of the risk haplotype at the locus).

The MDR procedure involves dividing the data into a training set (9/10 of the data)
and an independent testing set (1/10 of the data). If testing 2-loci models, there are
three possible genotypes and nine possible combinations across any two loci. In the
next step, at each of these possible combinations the ratio of cases to controls is
determined. If the ratio of cases to controls exceeds a threshold (>1) this combination
is labelled as high risk (combinations where the ratio is below this threshold are
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considered low risk). The collection o f these ‘high risk ’ and ‘low risk ’ com binations
represents the M DR model for these two-loci. This model is than used to predict case
and control status in the independent testing set. The entire procedure is than repeated
10 tim es using different random num ber seeds to estim ate the predictive error o f the
test m odel. This step is than repeated ten times and the prediction errors are averaged.

The procedure is followed to test each possible model size (i.e. from 1-6 loci). For
each m odel size, as well as testing prediction error, the cross-validation consistency is
exam ined. This is a m easure o f the num ber o f tim es that a particular set o f loci are
identified across the independent testing sets: the m axim um value being 10 w here the
same set o f loci are identified across each independent testing set. The ‘b est’ model is
that m ost likely to have the lowest prediction error and have cross-validation
consistency. An empirical p-value is also calculated by perm utation testing which
tests w hether the prediction error o f the chosen model would be expected under the
null hypothesis.

7.4 Results
7.4.1 Single gene association studies
7.4.1.1. Results of candidate gene studies at G72 and DAAO
Five SNPs w ere genotyped in the Phase 2 case-control sample; rs3916965 (G72M12);

rs2391191

(G72-M 15);

rs778293

(M 22);

rs3918342

(G72-M 23)

and

rs 1421292 (G72-M 24) (see Table 7.1). Application o f the SNPSpD program m e
indicated that the effective num ber o f independent SNPs at this locus was 3.81 and a
significance threshold o f p= 0.013 was required to keep Type I error at a = 0.05.
Evidence for single m arker association was identified at two SNPs: G72-M 12 (x =
7.87, p=0.005, OR 1.34 (95% CI=1.09 - 1.65) and G72-M 15 (x^= 6.40, p=0.011, OR
1.31 (95% CI= 1.06-1.61)). Based on the / value betw een M l2 and M l 5 {r^= 0.99),
including

both

m arkers

in haplotype

analysis

w ould

provide no

additional

inform ation, therefore only M l 2 was included. Haplotype analysis identified three
significant tw o-m arker haplotypes; each o f these haplotypic associations resulted fi'om
excess haplotypes in the case sample containing the T allele at M12.
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Four markers were genotyped at the DAAO locus: M4 (rs2111902), M5 (rs3918346),
M6 (rs3741775) and M9 (rs888531). Application o f SNPSpD indicated the effective
number o f independent SNPs at this locus was 3.5 and a significance threshold o f p=
0.014 was required to keep Type I error at a = 0.05. Significant evidence for single
marker association was identified at DAA0-M 5 (%^= 8.55, p value = 0.0034, OR =
1.43 (1.12 - 1.84) and marginal evidence for association at DAA0-M 4 (x^= 5.64, p
value = 0.018, OR = 1.29 (1.04-1.61). The results o f individual DAAO marker
analyses are included in Table 7.1. As was the case with the G72 analysis,
investigation o f haplotypes did not provide additional information.

7.4.1.2 Results of candidate gene studies at N R G l and erbB4
Neither the ‘core’ risk haplotype identified in the Icelandic sample nor the
overlapping risk haplotype (HapBiRe) identified in Chapter 4 were associated with
schizophrenia in the extended sample. As in the original report by Norton et al,
(2004), there was no evidence for single-locus association o f the ErbB4 marker with
schizophrenia in our sample. These results are summarized in Table 1 2 .

7.4.1.3 Results of association studies atD T N B P l
The three SNPs that define the previously risk haplotype (rs2619539, rs3213207 and
rs2619538) were genotyped in the extended sample. This confirmed that the
individual markers were not significantly associated, but there was an association
between the 3-marker haplotype and schizophrenia (global x =14.94, p=0.006). The
individual haplotypes involved are detailed in Table 7.2.

7.4.1.4 Results of association studies at M/?Z)57
Five markers were genotyped across the M R D Sl locus. There were no significant
single marker or haplotype associations with schizophrenia in our sample. The results
o f the single marker analyses are also presented in Table 7.2.

7.4.2 Interaction between the G72 and DAAO loci
Two logistic regression interaction models were tested. The first used the individual
markers with the most significant evidence o f association at the G72 (M l2) and
DAAO (M5) loci. This demonstrated evidence for interaction (OR=9.3 (Cl 1.4-60.5),
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p=0.008) and the results o f the analysis are summarized in Table 7.3. Inspection o f the
outputs from this model indicated that the presence o f at least one C allele at M5 and
at least one T allele at M l2 made the most statistically significant contribution to this
effect. There was no evidence o f interaction between the markers reported by
Chumakov et al, (2002) to interact in schizophrenia susceptibility {G72 (M-22),
DAAO (M6); (p=0.70)).

7.4.3 Investigation for epistatic interaction between loci
The results o f the MDR analysis are presented in Table 7.3. Two models provided the
highest cross validation consistency (CVC), these were a single locus model {DAAO)
and a two-locus model (DYS-MRDSl). In each case, the model was selected in 9 o f 10
testing sets. The single locus model had a lower prediction error (or higher testing
accuracy in the table). This indicated that the DAAO single locus model provided the
best fit to this dataset. From permutation testing, the testing accuracy expected under
the null hypothesis using traditional criteria for significance (p=0.05), was 0.7
indicating that the ability o f the model to predict case or control status fell in the
suggestive range o f significance (p<0.1).

7.5 Discussion
Investigation o f individual loci confirmed evidence o f association between the genes
D TNBPl, G72 and DAAO and schizophrenia susceptibility in the extended casecontrol sample. The results at the D TN BPl locus confirmed the finding reported from
the smaller Phase 1 dataset (of 219 cases and 231 controls), which is discussed in
Section 7.2.1.1 (Williams et al, 2004).

The results o f the individual marker analyses at G72 and DAAO warrant further
comment. The association at the M l2 072 locus represents the first direct replication
o f the association reported from a French-Canadian case-control population
(Chumakov et al, 2002). Evidence for association with this marker has been reported
by case-control studies o f Chinese and German schizophrenia samples (Wang et al,
2004; Schumacher et al, 2004) and also from a Chinese family-based sample (Zhou et
al, 2005): in each case the association was in the opposite direction to that described
in the original report. These patterns o f association may be more explicable if there
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was consistency among ethnic groups, but this was not the case as the association in
the German sample differed from that reported in the other samples of European
ancestry resembling the results from the Asian samples. In interpreting these results it
must also be noted that there have also been a number o f negative reports (these
results are summarized in Table 7.5).

Conversely, the most significant finding at DAAO (of association with the C allele at
marker M5) was in the opposite direction to the association reported in the original
French-Canadian case-control schizophrenia sample, but in the same direction, with
similar allele frequencies to the association reported from the German sample
(Chumakov et al, 2002; Schumacher et al, 2004). Again there have also been a
number o f negative reports from analyses o f markers at DAAO and these are
summarized in Table 7.6. These results highlight the difficulty in comparing results
from different datasets and may relate to differences in ascertainment/sampling or in
allele and haplotype frequencies between populations. Factors that contribute to such
differences are discussed more fully in Chapter 3. Alternatively, the results may relate
to false-positives or to the effects o f multiple risk or protective variants at these loci.
These issues are considered ftirther in Chapter 8.

The haplotypic association identified at the N R G l locus in the Phase 1 sample
(discussed in Chapter 4) was not confirmed in the extended Phase 2 dataset. The
frequency o f the HapBiRg haplotype in the extended sample remained similar to in the
original report but the estimated frequency o f this haplotype in the larger control
sample increased (from 12.3% to 17.3%). Partial re-genotyping in the extended
sample using a different genotyping method (see Section 7.1.4) indicates that this is
unlikely to be due to genotyping error. The additional controls were sampled from the
same geographical region and source as the original cases. O f note, investigation o f
this haplotype for association with schizophrenia in the Irish Schizophrenia High
Density Families found no evidence o f association and reported a similar frequency
for this haplotype in these familial cases.

Logistic regression analysis identified an interaction between the M l2 marker at G72
and the M5 marker at DAAO in contributing to schizophrenia susceptibility, where the
presence o f at least one C allele at M5 and at least one T allele at M l2 increased risk
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substantially (OR=9.3 (Cl 1.4-60.5)). This data adds to earlier statistical and
biological evidence o f interaction between these genes, however the interacting
markers differed between the two studies. This may relate to the differences in the
pattern o f association between the two studies. The markers investigated for
interaction in the original report from a case-control French-Canadian sample were
also individually associated with schizophrenia; neither o f these markers was
associated with schizophrenia in the Irish dataset. The original report does not indicate
if additional markers were tested for interaction at the G72 and DAAO loci. Further
investigation o f interaction between these loci will be required in independent
datasets. Possible reasons for differences in patterns o f association when investigating
complex genetic disorders in different populations are considered more fully in
Chapters 2 and 8. O f note, none o f the associated SNPs reported in this study or by
Chumakov et al, (2002) were functional.

Testing for epistatic interaction between all six loci indicated that the best ‘fit’ to this
data was a single locus model with marker M5 at the DAAO locus. Given that the
individual association data indicated that this association had a modest effect size
(OR=1.43), the predictive power o f this model was modest and did not meet the
threshold for statistical significance (p>0.05). The MDR method also indicated
suggestive evidence for interaction for a two-locus model but with two different genes
involved {DTNBPl and M RD Sl).

In interpreting these results it is important to note that this was an exploratory
analysis. The results provided suggestive evidence for two different models but lacked
consistency as to the genes contributing to these models. This highlights some o f the
difficulties in investigating higher order interaction. First, investigating multiple genes
for interaction in the absence of an a priori hypothesis may make it difficult to
interpret the results o f such an analysis particularly in the absence o f replication by
other statistical approaches. Failure to identify evidence o f epistatic interaction may
have been as a result o f the loci selected for inclusion in the model. These were
selected opportunistically and investigation o f genes in known molecular pathways
may be more scientifically plausible.
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Second, evidence of interaction should be confirmed in independent samples but this
may prove even more difficult than for single loci because of differences in
allele/haplotype fi'equencies, population structure, or genotyping error. Third, the
markers selected for analysis may be in LD with the true risk variants, which would
reduce study power. Fourth, for this study the sample size was relatively small and it
is difficult to establish the power of the study to identify a set level of interaction.
Finally, available methods of investigating interaction are best applied to dichotomous
variables (such as SNP genotypes) but this may be over simplistic and doesn’t readily
allow for the inclusion of microsatellite or haplotype data.

Despite these caveats these results add to a growing literature that epistatic interaction
cannot be ignored in attempting to elucidate the genetic architecture of schizophrenia
susceptibility. Traditional regression models test for interaction between two loci, but
interactions between multiple genes in systems or pathways are equally, if not more,
biologically plausible. Simulations by Marchini et al, (2005) suggest that even with
conservative correction for multiple testing under a range of different models of locus
interaction, methods o f investigating for statistical interaction between multiple
markers may be more powerful than traditional single marker analyses. Such tests
may best be applied to markers for gene families or systems and results confirmed
independently: the author is currently applying this method to investigate DTNBPl
and the other component genes of the biogenesis of lysosome-related organelles
complex-1 {BLOC-1).
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Figure 7.1: Putative interactions between schizophrenia susceptibility genes
Potential points of interaction where putative susceptibility genes could influence
glutatamate transmission in schizophrenia
A dapted from Owen M J et al. J Clin Investigation (2004)
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Figure 7.2:

M ultidim ensional Reduction (M DR) m ethod
From Moore, 2003
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Summary of the steps involved in implementing the MDR method (in this case for
investigating 2-locus models). The sample is divided into a training set (9/10) and test set
(1/10). In principle a set of n genetic variables is selected; the n factors and their
multifactor classes are cells are represented in a table (in this example 3x3 representing
the possible haplotypes). Each cell is then labeled as ‘high-risk’ or ‘low risk’ depending
on a predetermined cut off of risk (in this case that frequency of cases>controls in the
training set). The prediction error is then estimated in the test set. This is than repeated
10-times to give an average prediction error. This procedure it than repeated ten times
using different training sets of data. This provides an average prediction error. The
model is retested using different random seeds to select training and test sets. This
allows a measure of how reliably a set of loci is identified across independent testing sets
(cross-validation consistency).
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Table 7.1: Results of single marker analyses for G72 ^nADAAO
0^

marker® SNP rs #

Polymorphism*’

Distance‘S
Allele Frequency
(kb)

p value

Cases''

Controls

0.689
0.317

0.622
0.378

0.005
0.011

0.592
0.490

0.625
0.457

0.473

0.506

0.137
0.186
0.181

0.320
0.751
0.554
0.738

0.003
0.136
0.185

Odds Ratio (95% Cl)

0 ^

1^M 15
" W M ll

672-M23
G72-M24

DAA0-M4
DAA0-M5
0AAO-M6
'DAA0-M9

rs3916965
rs2391191
rs778293
rs3918342
rs1421292

C/T

0.000
16.086
65.839
82.389
94.875

A/G
A/G
C/T
ATT

rs2111902

G/T

rs3918346
rs3741775

C/T
T/G

0.266
0.812
0.517

rs888531

T/C

0.708

0.018

1.34(1.09,
1.31 (1.06,
1.15(0.96,
1.14(0.94,
1.14(0.94,

1.30(1.05, 1.61)
1.43(1.12, 1.82)
1.16(0.95, 1.41)
1.16(0.93, 1.45)

'wtie of S N P m a rk e r u sed in th e C h u m a k o v e t al p a p e r (2 0 0 2 )
fleles called with re s p e c t to T a q m a n a s s a y (A lle le s in b ra ck e ts re la te to C h u m a k o v e t al 2 0 0 2 p a p e r)
'te n c e of S N P s in relation to e a c h o th e r usin g th e fo rm a t o f K o ro s tis h e v sk y e t al ( 2 0 0 4 )
'^ u e n c y show n re la te s to th e first a lle le listed in th e po ly m o rp h is m co lu m n

Table 7.2: Genotype marker data from DTNBPl, NRGl and MRDSl

Gene

Marker/haplotype

NRGl

Core haplotype

0.096

0.101

0.67

HapBIRE

0.189

0.173

0.39

0.50

0.53

L

P I 655-PI 635-SN P A C-A-T

0.22

G-G-T

0

rs855362

C/T

rs4716055

0.17

0.013

0.02 <0.001

f(T) = 0.1342

ns

A/C

f(C) = 0.1119 f(C) = 0.1362

ns

hCV11320114

A/G

f(A) = 0.1484 f(A) = 0.1372

ns

rs 1340640

T/C

f(C) = 0.1096 f(C) = 0.1361

ns

rs2096022

G/T

f(T) = 0.1475 f(T) = 0.1349

ns

o

mrdsi

C/T

II
O

DTNBP1

IVS12-15

Variant Freq in cases Freq in controls p-value OR (Cl)

H

erbB4

1.65)
1.61)
1.38)
1.39)
1.39)

Table 7.3 Results of MDR modelling of interaction between schizophrenia loci

Number o f Loci
!(*)
2
3

4

0.7102
0.7044
0. 7009
0.6992

Model

CV Consistency

Avg. Testing Accuracy

0.6960
DAAO
9/10
D TNBPl 9/10
0.6890
M RD Sl
0.6624
D TN BPl 3/10
DAAO
G72
0.6445
DTNBPl 6/10
N RG l
ErbB4
G72
* Best Model - has maximum testing accuracy and a CVC o f 10/10

is
is
is
is

the
the
the
the

criticalvalue o f the testing
criticalvalue o f the testing
criticalvalue o f the testing
criticalvalue o f the testing

accuracy fo r
accuracy fo r
accuracy fo r
accuracy fo r

a
a
a
a

P-Value
<0.100
>0.100
>0.100

>0.100

= 0.001
= 0.010
= 0.050
= 0.100
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Table 7.4 Results of schizophrenia association studies at the D A A O locus

Markers

Chumakov et al (Canadian)

Irish Study

Alleles

Schumacher et al (Germany)

Yui et al 2004

Allele Freq
Cases

Allele Freq
Controls

p value

Allele Freq
Cases

Allele Freq
Controls

p value

Allele Freq
Cases

Allele Freq
Controls

p value

Allele Freq
Cases

Allele Freq
Controls

p value

DAA0-M4

GH"

0.266

0.320

0.018

0.36

0.28

0.017

0.5074

0.4758

0.319117

0.28

0.34

0.026

DAA0-M5

C/T

0.812

0.751

0.003

0.72

0.79

0.007

0.5054

0.5093

0.934585

0.72

0.78

0.019

DAA0-M6

T/G

0.517

0.554

0.136

0.59

0.49

0.001

0.7569

0.6623

0.000001

0.61

0.53

0.021

DAA0-M9

T/C

0.708

0.738

0.185

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

1

1

1
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Table 7.5 : Comparison of results from published genetic association studies of G72 and Schizophrenia

Markers Allele

Cases

M12
M15
M22
M23
M24

C/T
G/A
A/G
T/C
T/A

Chumakov et al
(Canadian)

Irish Study

Controls p value Cases Controls p value Cases Controls p value Cases Controls

0.689
0.683

0.622
0.622

0.005
0.011

0.592
0.510

0.625
0.543
0.494

ns
ns
ns

0.527

Schumacher et al
(Germany)

Chumakov et al
(Russian)

0.64
0.65
0.69
0.57
0.55

0.55
0.58
0.60
0.49
0.47

0.007
0.032
0.003
0.019
0.019

ns
na
ns
0.60
ns

ns
na
ns
0.51
ns

ns
na
ns
0.017
ns

0.59
0.59
na
0.47
0.56

0.64
0.64
na
0.54
0.5

p value

0.048
0.037
na
0.033
0.036

Korostishevesky et al
(Ashkenazi Jew)

Wang et al (Chinese)

Addington et al
(USA)

Cases Controls p value Cases Controls p value TDT

ns
ns
ns
62.3
na

ns
ns
ns
43.3
na

ns
ns
ns
0.001
na

0.38
0.38
ns
0.49
na

0.43
0.45
ns
0.46
na

0.019
0.001
ns
0.16
na

TDT

p value

0.031

Zou et al (Chinese)

TDT

p value

Overtransmitted
A allele (A/G) 0.0018
A allele (A/G) 0.0108

'Data in the Case and Controls columns represents allele frequencies
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Chapter 8

Discussion

The research outhned in this thesis had two specific aims. The first was to estabUsh
and manage a well-characterised sample of individuals with a major psychotic
disorder and to obtain controls from the Irish population. The second was to perform
laboratory and statistical analyses to investigate genes for evidence o f association
with schizophrenia.

The procedures involved in establishing the sample are detailed in Chapter 3 and the
sample itself is described in Chapter 4. In planning this work it was self-evident that
collecting sufficient cases to provide statistical power for genetic association analysis
would not be possible for a single investigator within the time frame o f a Wellcome
Trust Research Training Fellowship. Therefore, during the data collection phase,
grant funding was obtained to employ additional clinical research staff (SS and JMN).
This greatly accelerated recruitment at the St. James’s Hospital site and prompted
expansion to other Dublin sites (detailed in Chapter 3). In assessing cases, standard
research measures were employed and are also detailed in Chapter 3. The author
received research training and in turn, trained the other raters, and conducted inter
rater reliability exercises for these measures through the recruitment phase o f the
project. Inter-rater reliability for diagnoses and for the other measures was in the
excellent range for all measures studied (kappa>0.8) with the exception o f the Lane
scale for measuring MPAs for which inter-rater reliability was moderate (kappa>0.6).

Most referrals to the project came from clinical teams at the participating institutions,
but a small number o f self-referrals were prompted by media coverage o f the project.
A total o f 743 potential cases were identified. O f these, 680 were approached about
the study. A significant hindrance to ascertainment was that the initial assessments
conducted by our collaborators in Monaghan predated this study by 1-5 years and we
were unable to make contact with 63 o f the 192 individuals in Monaghan who had
been identified locally as potential participants. With additional funds to employ a
full-time researcher in Monaghan it may have been possible to contact more o f this

149
k

group. O f all patients approached 124 (18%) refused to participate. An additional 131
individuals were excluded from the study principally on failing to meet ethnicity
criteria, but also because they failed to meet diagnostic grounds for inclusion (a small
number o f patients were identified at assessment to have a co-morbid learning
disability, a schizoid or schizotypal personality disorder, obsessive-compulsive
disorder or in one case a pervasive developmental disorder). Twenty-three potential
participants were deemed to be too unwell to give informed consent to participate
both when initially approached and later when this was reassessed. Sadly, 15 o f the
listed potential participants had passed away before being assessed: this mostly
related to the delay in approaching elderly individuals from the Monaghan cohort. In
the Dublin group, one participant withdrew consent and was removed from the study
and two others agreed to participate but were lost to follow up.

O f the 396 individuals meeting criteria for a DSM-IV fiinctional psychotic disorder
the most common diagnosis was schizophrenia/schizophreniform disorder (n=234),
followed by schizoaffective disorder (n=65), bipolar affective disorder (n=65),
depressive disorder with psychosis (n=18), delusional disorder (n=8) and psychosis
not otherwise specified (n=6). As discussed in Chapter 3 individuals in the control
sample (n=645) met the same criteria for Irish ethnicity as cases and were recruited
from the Irish Blood Transfusion Service at St James’s Hospital, Dublin. The controls
were sampled anonymously and informed consent was obtained by nursing staff at the
Irish Blood Transfusion Service with the support o f our clinical team (primarily SS).
Due to the stipulations o f the local ethics committee no demographic information was
available on these individuals and the individual samples were anonymous on receipt
by the research team. It would have been methodologically more rigorous to have
more demographic information available from the control population and the facility
to perform screening interviews. On discussion with the ethics committee this
approach is planned for our new independent psychosis sample collection (Resource
for Psychoses Genomics, Ireland (RPGI)), which is described in more detail below.

The initial aim o f the laboratory phase o f this study was to investigate novel candidate
genes selected on the basis of positional and functional data in the literature. These
studies used a case-control genetic association paradigm. By sampling cases and
controls from the same self-reported ethnic background the assumption was made that
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that there were no significant differences between the samples in terms o f their
population o f origin. Methods o f investigating and dealing with differences in sample
structure (such as Genomic Control) were not employed because o f the limited
resources available, debate as to the necessity o f such methods (see Chapter 2) and
uncertainty as to the amount o f genotyping that would be involved. Recent data from
a relatively homogeneous genetic isolate (Iceland) highlights this continuing debate
and the potential for substructure in the Irish population may be a consideration in
future sampling strategies and analyses (Helgason et al, 2005).

In conducting the genetic studies, particular emphasis was given to identifying
potential candidate genes for association analyses at susceptibility loci previously
identified from linkage data from Irish and other schizophrenia family studies.
Another goal of this project was to establish the feasibility o f a more intensive LDmapping approach across one o f these chromosomal loci. As is evident by the
completed thesis, the emphasis shifted substantially during the course o f this work in
response to rapid technological progress, greater availability o f human genome data
and advances in the field of schizophrenia genetics.

Over the last five years, the debate about schizophrenia genetics has moved through
an important transition. While it was generally accepted that genes contributed to
schizophrenia susceptibility, by 2000 there were growing doubts that any o f these
genes could be detected in studies o f feasible sample size with the phenotypes being
measured. Indeed, it was suggested that fiinding o f schizophrenia genetics research
was a prime example o f ‘a case o f there being too much focus on diseases that we
want to understand rather than on phenotypes that we are likely to be able to
understand’ (Terwilliger & Goring, 2000). Notwithstanding the fact that identifying
genes for complex disorders has in general proved difficult, there is now sufficient
data to substantially rebut this viewpoint. Variants at a number o f candidate genes
(including N RG l, DTNBPl, G72, DAAO, RGS4, DISC-1, 5HT2a and DRD3) have
met statistical criteria for association with schizophrenia, and been replicated in
independent populations. The genetic association analyses described in this thesis and
conducted by the author’s research group support the hypothesis that DTNBPl, RGS4,
G72 and DAAO contribute to schizophrenia susceptibility in this study population
(Williams et al, 2004; McGhee et al, 2004; Morris et al, 2004).
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During the initial recruitment phase of this project, evidence for association with
genes at two of the target chromosomal loci was reported from Irish and Icelandic
schizophrenia studies (Stefansson et al, 2002; Straub et al, 2002). These genes {NRGl
and DTNBPl) were thus prioritised for association analyses.

Investigation of the neuregulin-I {NRGl) candidate gene is described in Chapter 5. In
analysing data from 20 markers genotyped across the NRGl locus, the author failed to
confirm association with the ‘risk’ haplotype initially identified in the Icelandic
population and subsequently replicated in a Scottish case-control sample (Stefansson
et al, 2002; Stefansson et al, 2003). However, association was detected with an
overlapping haplotype, which shared common markers with the ‘risk’ haplotype. A
significant excess of this novel ‘risk’ haplotype was also detected in the Scottish cases
but not in the Icelandic schizophrenia sample. The associated variants in this study
occurred close to an expressed sequence tag (EST) cluster within the first intron of the
NRGl gene, suggesting involvement of this cluster in susceptibility at the NRGl locus
(Corvin et al, 2004).

Following up this finding, the NRGl locus was investigated in a larger extended casecontrol sample (described in Chapter 7). This failed to support the initial finding,
principally because o f an increase in the frequency o f the identified risk haplotype in
the extended control sample. Since the original report there have been additional
replications in other Caucasian populations, evidence for involvement of other
markers at this locus in schizophrenia susceptibility in the Chinese samples, and a
number of negative reports. In addition there is also recent data suggesting that the
Icelandic core risk haplotype may be associated with Bipolar Affective Disorder
(Green et al, 2005). Although no functional variants have been identified, meta
analysis o f existing datasets may be helpful in confirming the role of NRGl in
susceptibility to schizophrenia and other functional psychoses.

Additional research funding (an SFI research programme grant with Professor
Michael Gill) made it possible to investigate other putative schizophrenia candidate
genes (including the DTNBPl gene at chromosome 6p). The author contributed to
genotyping markers at the DTNBPl and RGS4 loci, using the methodology described
in Chapter 3. The author, with Dr Derek Morris, performed the analyses of these data
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and also on genotype data from the G72 and DAAO loci. The results support the
hypothesis that each o f these four genes is associated with schizophrenia
susceptibility in the study population, although the effect size at each locus is
predictably modest (OR < 1.4). The results o f the D TNBPl, G72 and DAAO analyses
are detailed in Chapter 7 and the RGS4 data has been published elsewhere (McGhee et
al, 2004; Morris et al, 2003).

The second aim o f the laboratory work was to investigate novel candidate genes for
evidence o f association and establish the feasibility o f an LD-mapping strategy across
a broad locus. Based on positional and functional studies, the apolipoprotein-L
{APOL) gene family were selected for the study described in Chapter 6; additional
research fiinding was obtained to fund a post-graduate student to share the workload
involved. A three-stage DNA pooling strategy was applied to investigate this locus.
The strategy was based on that described by Norton et al, (2003), but incorporated a
novel variation to increase efficiency (McGhee et al, 2005). These DNA pooling
studies identified two markers, which met screening criteria for individual
genotyping, but neither marker met standard statistical criteria for evidence o f
association (p=0.05) when individually genotyped. Given the absence o f significant
single marker association, even prior to any correction for the total number o f markers
investigated, these data do not support involvement o f the APOL gene family in
schizophrenia susceptibility.

The identification o f schizophrenia susceptibility genes is a major advance, but it is
important to caution that the evidence for involvement o f genes in schizophrenia
susceptibility is principally statistical. Drawing biological inference fi'om these data
can be problematic, as neither causality nor the direction o f an effect (variants may
increase or decrease disease risk) can be assumed.

Comparing statistics and

interpreting results across studies may be complicated by phenotypic, genotypic or
environmental differences between the populations being investigated (as discussed in
Chapters 1 and 2). A salient example is the reported association between DTNBPl
and schizophrenia where different associated markers and haplotypes have been
reported even among samples o f common European ancestry (this example is
discussed in depth by Neale & Sham, 2004). Such results may reflect differences in
allele or haplotype fi-equencies between populations; the effect o f multiple risk

153

variants at this locus; or in some cases false positive findings (van den Oord & Neale,
2003; Owen et al, 2004).

In addition to the genes listed above, other unreplicated studies have reported nominal
positive association between genetic variants and schizophrenia. Interpreting these
studies is difficult because of the low prior probability of association and the large
number of alleles or haplotypes tested without correction. This is an important issue
for the wider field of complex genetic disorders. Encouragingly, methods of statistical
correction are in development that allow for LD between markers when investigating
individual markers (as described in chapter 7); for the multiple tests performed when
conducting haplotype analyses (Becker & Knapp, 2004; Seaman & Muller-Myhsok,
2005); for gene-based approaches to association analysis of candidate genes (Neale &
Sham, 2004); and for genome-wide association analyses (Lin, 2005). Guidelines in
implementing these correction methods would be useful in reconciling results from
different datasets and reaching a more complete picture of schizophrenia
susceptibility.

Conversely, of the many candidate genes investigated, few can be reliably excluded
fi-om the list of potential schizophrenia suscepfibility genes. Indeed, false negative
reports may be an even larger problem as most studies may have lacked sufficient
power to detect the modest individual genetic effects predicted by genetic
epidemiological and linkage studies (Lohmueller et al, 2003). Collaboration between
groups is an economical method of increasing sample size. For example, the author
and colleagues have contributed to a consortium investigating the RGS4 locus for
association with schizophrenia in an analysis involving more than 12,000 individuals
(Talkowski et al, 2004). A major disadvantage of this approach is the inclusion of
many different populations making interpretation of the results difficult for the
reasons

outlined

previously.

Sampling

fi-om defined

populations

may

be

advantageous; the author and colleagues have recently been awarded fiinding by the
Wellcome Trust to collect a large Irish case-control psychoses sample (Resource for
Psychoses Genomics, Ireland). This sample, which will include ~I,000 individuals
with schizophrenia and -3,000 controls fi’om the Irish population, will be independent
of existing collections and available as a resource to the international research
community.
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Study power is not the only issue in attempting to identify susceptibility variants for
complex genetic disorders. Present technology dictates that only a subset o f total
genomic variation can be investigated in a given study. The prospect o f genome-wide
association studies is enticing (for the reasons discussed in Chapter 1), but as
currently envisaged, this approach has limitations. The first generation o f genomewide association studies are likely to concentrate on common SNPs, such as those
investigated by the HapMap project (Thomas et al, 2005). This approach, while
pragmatic, is likely to omit >94% o f SNPs in the human genome (Botstein and Risch,
2003). Until further advances in genotyping technology allow all variation to be
directly tested, it will be the role of these studies to establish the relative contribution
o f common risk alleles to complex disorder susceptibility.

The experiments conducted in Chapter 6 demonstrate that study power and marker
selection are not the only issues when planning an LD-mapping strategy. Across the
genome, regions of low haplotype diversity are interspersed with regions o f low LD,
which would necessitate more intensive genotyping efforts. Defining the boundaries
between regions is problematic. First, methods o f defining LD blocks differ because
o f the different statistical assumptions applied. Second, as demonstrated at the APOL
locus, the complexity o f the haplotype structure defined may also be a feature o f
marker density. Maniatis et al, (2002) have developed an alternative approach that
avoids defining block structure. This method applies metric maps in LD units to
describe patterns o f LD and may provide a scale on which to distribute SNPs to
minimise marker redundancy when investigating a candidate gene or locus. The
success o f genome-wide association or LD mapping approaches is also predicated on
an ability to infer LD-structure fi-om reference population data to reduce genotyping
redundancy. Recently, this has been tested across a number o f European populations,
suggesting that the assumption may be valid for some genomic regions but not for
others (Mueller et al, 2005).

Despite all o f these methodological, statistical and technological difficulties, and in
the absence o f biological markers for the disorder, susceptibility genes for
schizophrenia have been identified. Allelic or haplotypic evidence o f association with
schizophrenia has been replicated at the N RG l, DTNBPl, G72, DAAO, RGS4, DISC-
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1, 5HT2a and DRD3 genes. Although the discovery o f genes is a step in a larger
process, the list o f genes identified thus far raises many new questions, including:

1. Where do these findings fit in the broader genetic architecture of the disorder?
The presence o f individual susceptibility alleles is not strongly predictive o f illness as
these alleles are also common in the general population and their contribution to
illness risk is modest. For example, the DTNBPl risk haplotype has only a small
impact on illness risk (OR=1.34), as the prevalence o f the disorder in the general
population is relatively low (~1%). Another way o f considering the impact that a risk
allele (or haplotype) may have at a population level is by the Population Attributable
Fraction (PAF). This is the fraction o f cases which would not have occurred had this
risk factor been removed or reduced to population baseline levels (Levin, 1953). The
PAF can be calculated using the following formula:

PAF= P(E)(RR-1)/1+P(E)(RR-1)

Where RR = P(Disease in exposed)/P(Disease in unexposed)
And P(E) =Prevalence o f exposure

In the example above, the PAF for the DTNBPl risk haplotype is 5.7%, suggesting a
small contribution to risk at the population level. By contrast, the estimated PAF for
the associated DAAO marker (DAAOM5) in this sample is more substantial (24%),
because the allele is more common in the general population. The PAF may be a
useftil measure o f the impact o f a genetic variant, or gene-environment interaction at a
population level but is dependent on a number o f assumptions that may confound
interpretation o f results. For instance, the PAF is sensitive to the timing of
environmental exposures, is designed primarily for categorical outcomes and
exposures, and assumes that the exposure is causal and thus will not be sensitive to
the effects o f gene-gene interaction. In simple terms, this means that at a population
level summed PAF values across susceptibility genes for a complex genetic disorder
may exceed 100%.

The genes identified to date are likely to represent a small component o f genetic
susceptibility to schizophrenia. However, their discovery confirms the predictions
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made based on epidemiological data, that schizophrenia is an oligogenic or polygenic
disorder where individual genetic effects are modest. Estimating how much o f the
genetic variance in schizophrenia susceptibility is accounted for by these genes will
require an understanding o f the relationships between genes. In Chapter 7 the author
tested for interaction between risk variants at the G72 and DAAO loci using a logistic
regression model. This study provided supportive evidence that there may be epistatic
interaction between markers at these loci, but the markers involved differed from
those suggested by the original report (Chumakov et al, 2002).

Testing for interaction between multiple genes may be more pertinent in establishing
the genetic architecture o f the disorder and identifying molecular systems or pathways
that contribute to the phenotype. Methods o f investigating epistatic interaction
between multiple loci are reviewed in Chapter 7; in general these methods are
exploratory and any hypotheses generated would require confirmation independently
or with more traditional analyses. The author applied one o f these methods,
multifactorial dimensional reduction (MDR), to test for interaction between six
schizophrenia candidate genes {NRGl, erbB4, MRDS-1, DTNBP-1, DAAO, G72) and
identified a single locus model (DAAO) as providing the best fit to the dataset. Based
on current data it is unlikely that there are simple relationships between risk and
protective variants identified at susceptibility genes, making predictive testing for the
disorder in this population unlikely. A more usefijl application o f this methodology
may be to investigating gene systems or families: the author is currently applying this
method to study the family o f genes related to D TN BPl, which are know as the
Biogenesis o f Lysosome-related Organelles Complex-1 {BLOC-1) genes.

2. What is the genetic mechanism involved?
Many o f the susceptibility genes identified are novel or would not have been
suspected as candidates based on their known fiinctions. Intensive sequencing efforts
have failed to identify obvious ‘pathogenic’ variants o f known functional significance
in most cases. This may be because at these genes the variants associated with
schizophrenia are in LD with coding variants that alter protein structure, but other
explanations are also possible. Differences in gene expression may be under the
influence o f cw-acting variation within genes (as has been reported for D TN BPl
(Bray et al, 2005)) or other epigenetic modifiers. Genomic variants may have subtle
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effects on transcription or translation, affecting gene expression, as has been
described with other disorders (Pagani et al, 2002). Such regulatory variants may
profoundly impact on disease phenotype, for example, by inducing exon skipping,
activating cryptic splice sites or altering the balance o f spliced isoforms (Pagani &
Baralle, 2004). At a genomic level, a recent experiment using array technology
highlighted that large-scale copy-number variations (LCVs), which are relatively
under investigated in most positional cloning strategies, may be more frequent than
previously supposed and exert a substantial impact on gene expression (lafrate et al,
2004).

Protein-coding sequences are the most well defined functional components o f the
genome, yet only a third o f the genomic sequence conserved from the rodent genome
is predicted to code proteins (International Human Genome Sequencing Consortium,
2001). Recent data indicates that non-coding genomic regions are extensively
transcribed into stable RNAs some o f which are transported into the cytosol during
development (Cheng et al, 2005). Current understanding o f these sequences is
summed up by their nomenclature, transcripts o f unknown function (TUFs), and it is
likely that only a minority o f these have been annotated by current experimental and
in silico methods. Little is known as to the impact these variants have on the
relationship between genotype and phenotype.

The long-term aim o f the Encyclopaedia of DNA Elements (ENCODE) is to detect all
functional elements in the human genome, but the pilot phase is focussed on a specific
30 megabases o f the genome across 44 target regions representing approximately 1%
o f the genome (www.ensembl.ucsc.edu/ENCODE/). This study may offer new
insights into the mechanism o f gene function in general, although predictably, none o f
the schizophrenia susceptibility genes discussed above map to these regions. Even
complete information on functional genomic elements may not elucidate how DNA
variation translates to phenotype. In keeping with the hypothesis that schizophrenia is
a neurodevelopmental disorder o f late onset, many elements may only be functionally
active in certain cell types at particular developmental stages, but impact on
phenotype only in adulthood. A molecular mechanism o f this type has been
demonstrated in an animal model o f another adult neuropsychiatric phenotype,
anxiety-behaviour. In this example, tissue specific expression o f the 5HT1A receptor
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gene in the postnatal period regulates expression o f adult anxiety behaviours (Gross et
al, 2002).

3. How do these genes contribute to schizophrenia pathobiology?
Alternatively, how does this information fit in to the framework o f our understanding
o f schizophrenia? Many o f these genes appear to have a role in neurodevelopment.
For example, DTNBPl may have a role in synaptogenesis; RGS4 in neuronal
differentiation; and N R G l isoforms at almost any neurodevelopmental point between
neuronal differentiation/migration and the maintenance o f mature functioning
neuronal and glial cells. Too little is known about G72 and DAAO function to fit
them within this neurodevelopmental framework. As yet there is insufficient data
available to establish how these genes relate temporally, whether these effects involve
specific neural circuits, and how genetic variation interacts with environmental or
stochastic aspects o f neurodevelopment.

Neuropathological changes in schizophrenia are subtle and may represent the effects
o f altered connectivity because o f synaptic or signalling dysftmction. Each o f the
susceptibility genes identified to date may have a role in the development or
maintenance o f synaptic fiinction or in signal transduction. For example, genetic
variation at G72, DAAO and RGS4 may modulate receptor function at synapses;
RGS4 and N RG l appear to influence signal transduction; and at least three o f the
identified susceptibility genes {NRGl, D TNBPl, D ISC I) are known to be involved in
regulating synaptic plasticity.

Neuropharmacological models o f are increasingly moving towards an integrated view
o f schizophrenia as a disorder o f the regulation and interaction o f dopaminergic and
glutamatergic systems (see Section 1.2.1.2 and the more detailed review by
Moghaddam & Krystal, 2003). Many o f these genes impact on glutamate
neurotransmission, particularly through NMDA-receptors, suggesting that genetic
susceptibility may partly involve dysregulation o f glutamatergic systems. Most
directly, a role could be envisaged for the DAAO and G72 susceptibility genes. The
NMDA receptor has a secondary site for binding o f glycine or D-serine; this site must
be occupied for glutamate to gate the NMDA ion channel. Genetic variation at DAAO
and G72 may influence the efficiency of glutamate gating o f the NMDA ion channel
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as the DAAO enzyme regulates levels o f D-serine and is itself activated by G72.
Serum levels o f D-serine, which are highly correlated with CNS levels, have been
found to be decreased in schizophrenia by one recent study (Hashimoto et al, 2003).
Reduced levels of D-serine, causing a secondary impairment in NMDA receptor
function, may be explained by enhanced metabolism by DAAO. Support for this
hypothesis comes from a gene expression study o f the Stanley Consortium brains,
which demonstrated alteration in the ratio o f D -sehndD AAO expression in
schizophrenia (Toro et al, 2004).

Other susceptibility genes may also have a regulatory role on NMDA receptors. An
in vitro study demonstrated that knockdown o f presynaptic dysbindin reduces
expression of pre-synaptic proteins and glutamate release (Numakawa et al, 2004).
Postsynaptic dysbindin is concentrated at the dystrophin-associated protein complex
(DPC) and may be involved in tethering receptors including NMDA. Variation in
isoforms o f N RG l may also be involved in regulating the expression and plasticity o f
NMDA receptors (Stefansson et al, 2002).

Neuropathological, transgenic and in-vitro research will likely be required to confirm
and investigate the biological role o f these genes both in schizophrenia and normal
brain development. That these genes ‘fit’ in a hypothetical framework may well be
because current aetiological hypotheses are broad and reflect the limits o f our
understanding o f schizophrenia. However, the growth o f knowledge drives scientific
enquiry and will make possible the testing o f novel, more specific hypotheses.

4. What is the relationship between genotype and phenotype?
By any account, there is a significant conceptual leap from genomic variants that
contribute to risk o f the categorical phenotype ‘schizophrenia’ and the complex
behaviours and perceptual experiences the phenotype represents. A ‘bottom up’
approach o f investigating function and interaction o f genes must be met by ‘top
down’ clinical and basic scientific studies o f the phenotype. Although the current
orthodoxy is that schizophrenia is a discrete entity, Bleuler’s formulation that there
are a group of schizophrenias cannot be excluded as different molecular and neural
pathways could contribute to the clinical phenotype. Also plausible is the hypothesis
that genetic susceptibility contributes, by a singular or multiple pathways, to a wider
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phenotype not confined by existing diagnostic boundaries. As yet there is no evidence
for genetic subtypes o f schizophrenia, but molecular studies endorse the earlier view
o f Andreasen & Carpenter (1993), that the schizophrenia phenotype is a ‘moving
target’. For example, three o f the identified schizophrenia susceptibility genes {G72,
N RG l and D ISC I) have also demonstrated association with bipolar disorder, adding
to evidence from earlier epidemiological studies that there may be psychosis
susceptibility genes (reviewed in Craddock et al, 2005). Whether such genes
contribute to other psychiatric disorders (e.g. association has been reported between
G72 and panic disorder (Schumacher et al, 2005)), to personality disorders, or to
abnormal perceptual experiences in the general population is yet to be elucidated.

The author’s group (and others) are exploring the impact o f susceptibility
alleles/haplotypes on indices o f neurocognitive, neurophysiological and fiinctional
neuroimaging performance within the schizophrenia population and non-patient
groups. Provisional data from this study suggests that the DTNBPI risk haplotype is
associated with impaired spatial working memory in schizophrenia. In a comparable
US study o f D TNBPI risk variants, working memory deficits and more global
impairment in neurocognitive performance were detected in both schizophrenia and
unaffected carrier populations. Similarly, several research groups have identified a
functional variant at the putative schizophrenia susceptibility gene COMT as
associated with impaired performance on indices o f frontal lobe function in
schizophrenia and control populations (Malhotra et al, 2002; Egan et al., 2001). That
these alleles are relatively common in the general population and contribute to
variance in neuropsychological performance suggests that certain schizophrenia
susceptibility genes may have a more general role in regulation o f discrete domains o f
cognitive processing.

From earlier epidemiological studies, the impact o f schizophrenia risk genes appears
to be altered by exposure to environmental factors, such as a dysfunctional home
environment (Tienari et al, 2004). As susceptibility genes are identified it becomes
possible to directly investigate for interaction and correlation between genetic and
environmental risk. This is not a simple undertaking, as many o f the identified
environmental risk factors are conceptually broad (e.g. ‘urban living’) or difficult to
measure reliably ‘dysfianctional home environment’). Where environmental effects
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may be specific to critical developmental stages (e.g. prenatal infection or hypoxia at
birth), the quality o f information available may fall foul to the typical problems posed
by retrospective assessment.

However work by Caspi et al, (2005) indicates the potential promise o f this approach:
the authors describe a functional variant at the COMT gene that moderates the risk
posed by adolescent cannabis use in developing schizophrenia. If confirmed, this
indicates that it may be possible to identify specific risk groups where it may be
possible to modify environmental risk. With the collection o f larger clinical and
population-based samples, different study designs, and the application o f analytical
methods to test for epigenetic and gene-environment interactions, the list o f genes
implicated in schizophrenia susceptibility and our understanding o f what they
contribute to can only grow.

In completing this thesis, the author has had the opportunity to establish this sample
collection at a key point in the evolution o f schizophrenia genetics. For this I am
grateful to all who have been involved as participants, colleagues, mentors and
funding agencies. The experience has opened up new horizons but has also been
humbling in how little we know about schizophrenia. I look forward to continuing my
participation in the collaborative effort to better understand this devastating disorder.
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APPENDIX II
PANSS
Name

Age

Diagnosis

Obs. Period

Ward

Date

Positive Scale
PI
P2
P3
P4
P5
P6
P7

. Delusions
. Conceptual Disorganisation
. Halluncinatory Behaviour
. Excitement
. Grandiosity
. Suspiciousness/Persecution
. Hostility

PI
P2
P3
P4
P5
P6
P7

Sex

Rater

AES

MIN

MIL

MOD

SEV

SEV

EXT

1
1
1
1
1
1
1

2
2
2
2
2
2
2

3
3
3
3
3
3
3

4
4
4
4
4
4
4

5
5
5
5
5
5
5

6
6
6
6
6
6
6

7
7
7
7
7
7
7

3
3
3
3
3
3
4

4
4
4
4
4
4
5

Negative Scale
N1 . Blunted Affect
N1
N2 . Emotional Withdrawal
N2
N3 . Poor Rapport
N3
N4 . Passive/Apathetic Withdrawal N4
N5 . Difficulty in Abstract ThinkingNS
N6 . Lack o f Spontaneity/Flow
N6
N7. Stereotyped ThinkingN7
1

General Psychopathology Scale
G 1 . Somatic Concern
G2 . Anxiety
G3 . Guilt Feelings
G4 , Tension
G5 . Mannerisms and posturing
G6 . Depression
G7 . Motor Retardation
G8 . Uncooperativeness
G9 . Unusual Thought Content
G 10.Disorientation
G 11. Poor Attention
G12.Lack o f Judgement/Insight
G 13 .Disturbance o f volition
G 14. Poor Impulse Control
G 15. Preoccupation
G 16. Active Social Avoidance

G1
G2
G3
G4
G5
G6
G7
G8
G9
GIO
G 11
G12
G 13
G 14
G15
G 16

4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
4
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PANSS RATING FORM
Scale

Total

Percentile

Range

Positive

_________

________

_____

Negative

_________

________

_____

Composite

_________

_________

_____

General Psychopathology

_________

________

_____

Ancrgia

_________

________

_____

Thought Disturbance

_________

________

______

Activation

_________

________

______

Paranoid Belligerence

_________

________

______

Depression

_________

________

______

Syndrome Scores*

Cluster Scores**

Positive Syndrome
Negative Syndrome
Composite Index
General Psychopathology

=
=
=
=

Sum o f PI through P7
Sum o f N1 through N7
Positive syndrome minus negative syndrome
Sum o f G1 through G16

Anergia
Thought Disturbance
Activation
Paranoid Belligerence
Depression

=
=
=
=
=

N 1 + N 2 + G7 + G10
P2 + P3 + P5 + G9
P4 + G4 + G5
P6 + P7 + G8
G1 + G2 + G3 + G6
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ABNORMAL INVOLUNTARY MOVEMENT SCALE (AIMS)
Name:

GASP

Date

Rater

Score

MOVEMENT RATINGS: Rate highest severity observed. Rate movements that occur
upon activation one less than those observed spontaneously.

Facial and Oral Movements

none

1. Muscles of facial expression

!
0

!
1

!
0

!
1

!
0

I

!
0

minimal

mild

moderate

!

I

severe
I

2

3

4

e.g., movements of forehead, eyebrows,
periorbital area, cheeks; include
frowning, blinking, smiling, grimacing.

2. Lips and Perioral Area

!

!

!
2

3

4

1

!
2

! !
3

4

!
1

!
2

! !
3

4

e.g. puckering, pouting, smacking.

3. Jaw
e.g. biting, clenching, chewing, mouth
opening, lateral movement.

4. Tongue

Rate only increase in movement both
In and out of the mouth. NOT inability
to sustain movement.

Extremitv Movements
5. Upper (arms, wrists, hands, fingers)
Include choreic movements (i.e. rapid
objectively purposeless, irregular,
spontaneous): athetoid movements(i.e.
slow, irregular, complex, serpentine).
Do NOT include tremor (i.e. repetitive.
Regular, rhythmic).

none

!
0

!
1

minimal

mild

moderate

I

I

!

2

3

4

severe

ABNORMAL INVOLUNTARY MOVEMENT SCALE (AIMS) Cntd.

Extremitv Movements (continued)

none

minimal

miid

m oderate

severe

!
1

!

I

2

3

4

0

!
1

!
2

!
3

!
4

!
0

!
1

!

!

2

3

!

!

!

0

1

!

0

I

6. Lower (legs, knees, ankles, toes)
e.g. lateral knee movement, foot tapping,
heel dropping, foot squirming, inversion
and eversion of foot.

Trunk Movements
!

7. Neck, shoulders, hips
e.g. rocking, twisting, squirming,
pelvic gyrations.

8.

Severity of abnormal movements

9. Incapacitation due to abnormal
movements.

!

4

!

!

2

4

3

10. Patients awareness of abnormal
movements (rate only patient’s report)
No
aw areness

A w are
no
distress

!
0

!
1

A w are
mild
distress

A ware
m oderate
distress

A w are
severe
distress

3

!
4

11. Current problems with teeth and/or dentures?

! YES

! NO

12. Does patient usually wear dentures?

! YES

! NO

!
2

!

Dental Status
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Total Score:

Soft signs assessment
Name:
1)

Handedness

Rater:

Study Number:
a. Throw
b. Kick
c. Knife
d. Spoon
e. T/brush

f. Jar
g. Draw
h. Pen
i. Eye
j. Brush

Date:

Dominant

2)

H eel toe walk (15 steps) rated O, l (ifo n e o r tw o m is tq is ) , 2
Rombergs (0 , 1, 2 )
+ adventitious overflow (O, l if irreg. fmger movements only, 2 if arms)
+ tremor (O, l , 2 if a coarse tremor)

3)

Fist ring ( 0, 1,2- major motion breakdown or 4 hesitations)
Fist-edge-palm (0 , 1, 2 )
Ozeretski [ fist to flat, opposites with each hand] (0,i,2)
D ysdiadochokinesis [knee] (0 -2 )
Finger-thumb opposition (0,2)[watch for mirror movements](0,2)

R

L

R

Memory task: apple, chair, bicycle, pen

4 ) A u d io - v is u a l in te g r a tio n [ w h ic h o f th e s e a m I t a p p i n g ? ................. o r ...............( 4 ) ]

________

Eyes closed, test to make sure they understand. Scoring 0, 1 if one mistake, 2.
R h y th m ta p p in g te s t

5)

[ i. R e p r o d u c e lo u d a n d s o ft s o u n d s in s e q u e n c e ] (0-2)

________

[ ii. T a p o u t h e a r d s e q u e n c e

________

...................

] (0-2)

F in g e r - n o s e [fo r p a s t p o in tin g a n d p e rs e v e ra tio n ](0 , i=miid tremor/pp, 2 )

________

S y n k in e s is [n o t m o v in g h e a d ] O, l=movehead first,2 if more)

________

N y s ta g m u s (scored 0-2, or 1 point if present on each side)

________

G a z e im p e r tin e n c e (O , l=deviation fi'om fixation after 20 sec., 2)

________

C o n v e r g e n c e (O , l=one or both converge more than halfway, 2)

________

G la b e lla r ta p (0=3 or less blinks, l=four or five blinks 2=more)

________

M e m o r y t a s k (0= all words, 1=3 words, 2=less than three)

_________

R
6)

G r a p h a e s te s ia [D o r s u m r/1 (mark 0-3: number is l-5). P u lp r/1 (mark 0-2)]
A s te r e o g n o s is [ id e n tif y in g k e y s e tc .] (0-2, each side start with dominant hand)

L

d

________

p

________
________
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Blunt-sharp discrimination [r/1 dorsum]

(score 0-5 each side)

Right/left confusion ( point to own l/r (1 ), find examiners hands scores (1))
SBTE ? extinction rc/lh Ic/lh rc/lh rc/rh Ic/rh rc/lc rh/rh (0-6)

r
7)

8)

Reflexes

1

a) Grasp(0-5) _____________
b) Snout (0-1)_____________

Complex motor act [3 parts]

c)Suck
(O-I each)
d)Palmomental(0-1each)

score 0-5

(pick up paper, fold, place on lap. Score abnormal effort positive, difficulty exhibited 1-5)

Imaginary act [like a children’s tea party, talk through it] score 0-5
(hold pot/kettle, pour, replace, get spoon, stir)
2 object test [ two end o f pen together]

Memory test

score 0-4

(again score 0-2)

1)

•

•«

2)

« i

# •

3)

« •

•«

4)

f•

*t

«* 4
«

«

«• «

M.P.A. Score
Rater
GASP No:
N a m e:___
Date:
1. High palate: Y

N

(Inverted U:

Y

N

2. Increased palate ridges (>5)

Y

N

3. Supraorbital ridges protruding

Y

N

4. Bifid tongue

Y

N

5. Ear lobe size (hypoplastic)

Y

N

6. Epicanthus present:

Y

N

Inverted V:

Y

N)

Minor

Y

N

(extends, but doesn’t cover commisure)

Moderate

Y

N

(covers commisure)

Major

Y

N

7. Mouth width:

___________

8. Ear protrusion:

R _____

9. Biocular diameter:

___________

Zygion to zygion:
L_

10. Skull base width:
11. Eye fissure inclination:

normal/horizontal
upslanting
downslanting

Y
Y
Y

12. Anterior ear shape:

normal rolled helix
flat and unfolded

Y
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M.P.A. Score
Rater
GASP No:
N a m e:___
Date:
Y

N

2. Increased palate ridges (>5)

Y

N

3. Supraorbital ridges protruding

Y

N

4. Bifid tongue

Y

N

5. Ear lobe size (hypoplastic)

Y

N

6. Epicanthus present:

Y

N

Inverted V:

Y

N)

Minor

Y

N

(extends, but doesn’t cover commisure)

Moderate

Y

N

(covers commisure)

Major

Y

N

1. High palate: Y

N

(Inverted U:

7. Mouth width:

___________

8. Ear protrusion:

R _____

9. Biocular diameter:

___________

Zygion to zygion:
L_

10. Skull base width:
11. Eye fissure inclination: normal/horizontal
upslanting
downslanting

Y
Y
Y

12. Anterior ear shape:

Y

normal rolled helix
flat and unfolded
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