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Abstract

Idiopathic Mendelian epilepsies have been typically identified as channelopathies.
Evidence suggests that mutations in genes encoding GABA, receptors, GABAg
receptors or voltage-dependent calcium channels (VDCCs) may underlie childhood
absence epilepsy (CAE), an idiopathic generalised epilepsy with complex

inheritance.

The aims of this project were:
i)  Ascertainment of a patient resource
i) Investigation of candidate genes by linkage analysis
iii) Mutation analysis by direct sequencing
iv)  Construction of single nucleotide polymorphism (SNP) based haplotypes in
candidate genes
v) Intra-familial association analysis using SNP based haplotypes

DNA and clinical data were obtained from: 53 nuclear CAE pedigrees; 29 families

including individuals with CAE and a br oader 0 a b speenatyped21® pi | eps
parent-child trios; a North American family in which absence epilepsy segregates

with episodic ataxia type 2 (EA2)

Sixteen calcium channel genes and seven GABA, and two GABAg receptor subunit
genes were excluded by linkage analysis. Significant linkage was demonstrated for
CACNG3 on chromosome 16p12-p13.1 for both CAE and the broader absence
phenotype. Positive linkage was also obtained at the GABRA5, GABRB3, GABRG3
cluster on chromosome 15g11-g13. Non-parametric linkage analysis was significant
at both the 16p and 15q loci. Two-locus analysis supported a digenic effect from
these two loci. Sequencing of CACNG3 revealed 34 sequence variants, none clearly
causal, although bioinformatic analysis provided supportive functional evidence.
Association analysis showed significant transmission disequilibrium both for
individual single nucleotide polymorphisms (SNPs) and SNP based haplotypes
spanning CACNGS3. This work has provided genetic evidence that CACNG3 and at

least one of the three GABA, receptor genes are susceptibility loci for absence

epilepsy.

Linkage analysis performed in the family with absence epilepsy and EA2 was

suggestive that the VDCC CACNAlA was the causative gene. This was
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subsequently confirmed by sequence analysis in collaboration with the Institute of
Neurology, UCL. This is the first reported family in which a CACNA1A mutation that

impairs calcium channel function cosegregates with typical absence seizures and
3Hz spike-wave discharges on EEG.
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Chapter 1 Epilepsy

1.1 Historical review

The term feerpiivieespsfyroomi t he Greek U saUcebU
be attacked, taken hold of or seized (Engel and Pedley 1997). However the

earliest descriptions are found in Mesopotamian, Egyptian, Indian and

Chinese literature. The British Museum houses a Babylonian tablet which

gives a detailed account of epilepsy, including many different seizure types.

The tablet is a chapter from a Babylonian textbook of medicine dating back to

2000BC. Each seizure type is associated with an evil god or spirit. An

Assyrian text of 650BC describes a seizure in terms of demonic possession,
referring to fieyes moving to nhgifremteei de o0,
mout ho, and Ahand, |l eg and trunk jerking
of circumstances in which the demon can or cannot(Poee Adr i
1997).

A less supernatural account of epilepsy appears in the Charaka Samhita,
dated to 400BC, a description of the Ayurvedic medical system of Ancient
India developed during the Vedic period (4500-1500BC). Referring to
Aapasmar ao, meani ng Abpopsst hhef CbhanaknBouSs:

describes the causes, symptoms, diagnosis and treatment of epilepsy.

The Hippocratic text On the Sacred Disease, which dates to 410BC, rejected

the idea of a divine origin for epilepsy (Porter 1997). Instead, the symptoms
are associated with phlegm blocking the airways, causing the body to
convulse as it struggles to free itself. Galen, an influential Greek physician of
the second century AD, dissected the brain. He believed that epilepsy was
caused by phlegm and bile accumulating within the cerebral ventricles.
However, supernatural views of epilepsy persisted in Europe until the 19th
Century, when the concept of epilepsy as a brain disorder became more
widely accepted. Suspicion, fear and mistrust of people with epilepsy were
widespread, and discrimination and punishment was not unusual.
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Bromi de, the wor | edlepticdrug; veas intredudeeic 1857v e ant |
In 1873 Hughlings Jackson, a London neurologist proposed that seizures
were the result of sudden brief electro-chemical discharges in the brain, and
that the character of the seizures depended on the location and function of
the site of the discharges. The first experimentally induced seizures recorded
by electroencephalography were described by Pavel Yurevich Kaufmann, a
student of Pavlov, in Russia in 1912. Spontaneous brain electrical activity in
humans recorded from the scalp was reported in 1929 by Dr Hans Berger, a
professor of psychiatry at the University of Jena in Germany. He was also the
first person to record human spike-wave activity. Advances over the course
of the 20th century have included many diagnostic imaging techniques, the
development of a panoply of antiepileptic drugs and the use of neurosurgical

therapies.

In the understanding of the basic processes of epileptogenesis, molecular
genetics has assumed an increasingly important role, with the discovery of
single gene disorders and structural gene defects. This is now one of the

most promising and exciting areas in epilepsy research.

1.2 Definition of epileptic seizures and epilepsy

An epileptic seizure is a transient episode of abnormal cortical neuronal
activity apparent to the patient or an observer. The abnormal cortical activity
may be manifest as a motor, sensory, cognitive or psychic disturbance. A
seizure is diagnosed on clinical criteria, although electrophysiological data

may be used in determining the precise seizure type.

Epilepsy is a disorder of the brain characterised by recurrent, unprovoked
epileptic seizures. Therefore single epileptic seizures, provoked seizures
(e.g. febrile convulsions, hypoglycaemic seizures or seizures occurring
during drug withdrawal) or seizures that occur during an acute iliness (e.g.
encephalitis) are not classified as epilepsy. An epilepsy syndrome is a

complex of signs and symptoms that define a unique epilepsy condition. It is
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characterised by a particular pattern of seizure types occurring with certain
physical and investigative findings. Epilepsy syndromes are generally defined
in terms of aetiology, seizure type, age of onset, precipitating factors, EEG
findings, and prognosis. Epilepsy also occurs as a feature of several
neurological and multi-system diseases (e.g. neurocutaneous syndromes,

neurodegenerative disorders).

1.3 Importance

Epilepsy is one of the most common serious brain disorders affecting up to

60 million people worldwide at any one time. It occurs most frequently in

childhood, adolescence and old age. The 1998 'European Declaration on

Epilepsy’, estimated that epilepsy costs the countries of Europe over 20

billion euros annually, and a WHO/World Bank study in 1990, dnvesting in

Healthd showed t hat epil epsy accounted f o
economic disease burden. In 1997, the World Health Organisation (WHO)

together with two non-governmental agencies, the International League

Against Epilepsy (ILAE) and International Bureau for Epilepsy (IBE),

launched a Global Campaign against Epilepsy. The first three years focussed

on increasing awareness and education, and the second phase was

launched in 2001 as part of the World Health Day theme, Mental Health and

Brain Disorders. In the European White Paper on Epilepsy, presented to the

European Parliament in March 2001, the Call to Action focused on three

areas: eradication of stigma, discrimination in the workplace and inadequate

research. In 2001, the WHO Global Burden of Disease study reported that,

for the year 2000, epilepsy accounted for 0.5% of the whole burden of

di seases in the worl d, using the measur ¢
(Leonardi and Ustun 2002).
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1.4 Classification

Since epilepsy was first recognised there have been descriptions of different
seizure types. However, the development of the first structured classification
of seizures began in the 1960's, and was introduced by the ILAE in 1981
(ILAE 1981). A classification of different epilepsies followed in 1985 (ILAE
1985), and was revised in 1989 and 2001 (ILAE 1989; Engel 2001). A
proposed classification at that time was divided into five parts, or axes, which
facilitate a logical approach to diagnosis and management of individual

patients.

1.4.1 Axis 1: Ictal phenomenology

Axis 1 consists of a description of the ictal semiology, without reference to
aetiology, anatomy or mechanisms. A standardised Glossary of Descriptive
Terminology should be used to aid communication among clinicians and
researchers (Blume, Luders et al. 2001). This descriptive terminology
recognises nine possible components of seizure semiology: i) Motor
(elementary motor and automatism); ii) Non-motor (aura, sensory and
dyscognitive); iii) Autonomic; iv) Somatotopic modifiers (laterality, body part
involved and centricity); v) Modifiers and descriptors of seizure timing
(incidence, state dependent and catamenial); vi) Duration; vii) Severity; viii)

Prodrome; ix) Postictal phenomena.

1.4.2 Axis 2: Seizure type

Axis 2 is the epileptic seizure type or types experienced by the patient. An
accepted list of seizure types represents diagnostic entities with aetiologic,
therapeutic and prognostic implications. These are divided into self-limited
seizures and continuous seizures (status epilepticus), and further divided into
generalised and focal seizures (see below). Axis 2 also includes precipitating

factors for reflex seizures.
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i. Generalised seizures

Generalised seizures are those whose initial semiology and/or ictal EEG
patterns indicate, or are consistent with, more than minimal involvement of
both cerebral hemispheres. Consciousness is not always impaired.
Generalised seizures include tonic-clonic, clonic, tonic, absence (typical,

atypical and myoclonic), myoclonic and atonic seizures.

ii. Focal seizures

Focal seizures are those whose initial semiology and/or ictal EEG patterns

indicate, or are consistent with, initial activation of only part of one cerebral

hemi sphere. Al t hough It i s recommended
Opartial é6 earel atedadl, i zahtiisondoes not me an
region is a small, well-delineated focus of neuronal pathology. Focal seizures

usually result from diffuse, sometimes widespread areas of cerebral
dysfunction. The term 6simpled is used t
consciousness i s unimpaired, reaafdlterédc o mpl e

consciousness.

iii. Generalised or focal?

In practice there are a range of conditions between focal and generalised
epileptogenic dysfunctions including diffuse hemispheric abnormalities,
multifocal abnormalities, and bilaterally symmetrical localised abnormalities.
Any focal seizure can become secondarily generalised. In fact, apparently
generalised seizures may be shown to have a focal origin when the EEG is
examined in detail, i ndicating that a

ver susr ablgiemeedd i s not al ways appropriate.

1.4.3 Axis 3: Epilepsy syndrome

Axis 3 is the epilepsy syndrome diagnosis, which is not always possible to
make. The recommended list of syndromes is constantly evolving and
includes syndromes in development. There is a distinction between epilepsy

syndromes and conditions with epileptic seizures that do not require a
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diagnosis of epilepsy (e.g. f ebril e seizures). The t
6generalisedd are also applied to epilerg
type. The main epilepsy syndromes include idiopathic focal epilepsies of

infancy and childhood, familial focal epilepsies, symptomatic focal epilepsies,

idiopathic generalised epilepsies, reflex epilepsies, epileptic

encephalopathies and progressive myoclonus epilepsies.

1.4.4 Axis 4: Aetiology

Axis 4 specifies the aetiology when it is known. Epilepsy syndromes are
classified as symptomatic, probably symptomatic or idiopathic, according to
whether a cause is apparent or not.

i. Idiopathic epilepsy

An idiopathic epilepsy is defined as a syndrome that is epilepsy alone, with
no underlying structural brain lesion or other neurological signs or symptoms.
These are known or presumed to have a genetic basis and are usually age
dependent. It is estimated that 40- 60% of all epilepsies may be classified as
idiopathic (Annegers, Rocca et al. 1996). The majority of idiopathic epilepsies

show a complex pattern of inheritance.

ii. Symptomatic epilepsy

A symptomatic epilepsy is defined as a syndrome in which the epileptic
seizures are the result of one or more identifiable structural lesion of the
brain. The aetiology may be a disease frequently associated with epilepsy, a
genetic disorder, a specific pathological substrate, a cerebral malformation or

tumour, or an environmental insult.

iii. Probably symptomatic epilepsy

The term O0cryptogenicd has been replaced
define a syndrome that is believed to be symptomatic, but no aetiology has

been identified.
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1.4.5 Axis 5: Impairment

Axis 5 is an optional designation of the degree of impairment caused by the
epilepsy. A World Health Organisation International Classification of
Functioning and Disability is in preparation, and may be modified for

application to epileptic disorders.

1.4.6 Current proposals on classification

A draft recommendation regarding the terminology and concepts used in the
classification of the epilepsies and epileptic seizures was due for discussion
by the ILAE Commission on Classification and Terminology at the
International Epilepsy Congress in Budapest, on June 30™ 2009 (ILAE 2009).
The emphasis of the draft report is that the epilepsies should be flexibly
organized according to whichever dimensions are most relevant to a specific
purpose. The key recommendations related to the following three areas
(Table 1-1):

i. Mode of seizure onset and classification of seizures

Generalised epileptic seizures originate within and involve bilaterally
distributed networks but may be asymmetric and appear localised (not
consistently). Generalised seizure types can be distinguished although there

may be some overlap.

Focal seizures originate from unihemispheric networks, with consistent ictal
onset for each seizure type. They are not classifiable as distinct entities as
current understanding of mechanisms does not define a set of natural

classes.

ii. Syndrome versus epilepsy

Th e term fAsyndr omeo s h thasé donditoas raliablg
identified by a cluster of electro-clinical characteristics. Other epilepsies can
be grouped and organised in terms of other factors, such as cause (where
known), seizure type, age of onset etc. The description of syndromes as
being docalization-relatedé versus @eneralisedd and ddiopathicd
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Gymptomaticd or @ryptogenico should be abandoned for a more flexible,

multidimensional system of organisation.

iii. Aetiology

The terms, idiopathic, symptomatic, and cryptogenic used to classify
epilepsies should be replaced with the terms genetic (or presumed genetic),
structural/metabolic, and unknown respectively. 6 Gengt uobi ke , 60i di o0
shoul d no | on g e rtracRimafnetgboliédmaudes thosé genetic

conditions where a distinct disorder is interposed between the genetic defect

and the epilepsy. OEpil epsy of unknown
structural/metabolic cause, and may include some of the traditional

Ai di opat pmeatal syddeomes] o

For the purposes of this thesis, the terminology of the 1989 classification will
be used.

Table 1-1 Comparison of 1989/2001 ILAE classification and new proposals

1989/2001 Classification 2009 Proposed Classification
Classification of seizures:

Generalised seizures: More than minimal involvement of Occur in and rapidly engage
both cerebral hemispheres bilaterally distributed networks
Multiple seizure types Simplified classification of seizure

types

Focal seizures: Initial activation of only part of one Occur in networks limited to one
cerebral hemisphere hemisphere
Simple or complex. No classification. Described

according to manifestation

Classification of syndromes: Focal or generalised No classification
Aetiology: Idiopathic, symptomatic or Genetic, structural-metabolic or
cryptogenic unknown
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1.5 Basic Mechanisms of epileptogenesis

Epileptic seizures occur as a result of excessive discharge in hyperexcitable
neurons. These originate most commonly in cortical and hippocampal
structures, although subcortical structures may be involved. The changes
underlying neuronal hyperexcitability may involve increased excitatory
synaptic transmission, decreased inhibitory neurotransmission, altered ion-
channel function or altered intra- or extra-cellular ion concentrations leading
to membrane depolarisation. Genetically determined alterations of both
ligand-gated and voltage-gated ion channels are of particular importance in
epileptogenesis. Changes in ionic currents mediated by sodium, potassium
and calcium channels, as well as alteration in function of acetylcholine,
glutamate and 2-aminobutyric acid receptors can lead to different types of
epilepsy. Abnormal activity in single neurons leads to recruitment of a critical
mass of hyperexcitable cells in highly synchronised activities (Avanzini and
Franceschetti 2003). The neurons in an epileptic neuronal aggregate
consistently discharge in the form of protracted bursts of action potentials 1
called paroxysmal depolarisation shifts. Propagation through normal or
pathological pathways then occurs resulting in the clinical manifestation of a
seizure. Thus both altered neuronal excitability and neuronal circuitry are

important in the generation and spread of epileptic discharges.
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Chapter 2 Molecular genetics of epilepsy

2.1 Introduction

The heterogeneous nature of epilepsy is reflected in the diversity of its many
causes. However, a genetic contribution to aetiology is estimated to be
present in 40 % of patients, and this proportion is higher in childhood
epilepsies. The familial clustering of human epilepsy has long been
recognised, and the concept of a genetic predisposition to epilepsy was
proposed over 40 years ago (Lennox and Lennox 1960). More recent twin
studies have shown that genetic factors are particularly important in the
generalised epilepsies but also play a role in the partial epilepsies (Berkovic,
Howell et al. 1998). The high frequency of concordant monozygotic twins with
the same major syndrome suggests the existence of syndrome specific
genetic determinants rather than a single broad genetic predisposition to

seizures.

2.2 Classification of genetic epilepsies

The human genetic epilepsies can be categorised in several ways, including
mechanism of inheritance, whether they are idiopathic (primary) or
symptomatic and, where known, which class of gene is involved.
2.2.1 Mechanism of inheritance
The mechanism of inheritance identifies three major groups:

1 Mendelian epilepsies, in which mutations in a single gene can account

for segregation of the disease trait.
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T Non-mendelian or 6compl ex6 epilepsies,
with environmental factors to produce the pattern of familial clustering.
This group includes those epilepsies which exhibit a maternal

inheritance pattern due to mutations in mitochondrial DNA.

1 Chromosomal disorders, in which the epilepsy results from a gross

cytogenetic abnormality.

2.2.2 ldiopathic and symptomatic epilepsy

The most commonly observedymernadoaenaitarr 6e piil
which recurrent seizures occur as a result of one or more identifiable

structural lesions of the brain, and are often one component of a diverse

neurological phenotype. Over 200 mendelian diseases include epilepsy as

part of the phenotype. The genetic mutations in these disorders may cause

abnormal brain development, progressive neurodegeneration or disturbed

energy metabolism, so the mechanism of seizure generation is often indirect.

The idiopathic epilepsies, in which seizures occur in individuals who are

otherwise neurologically and cognitively intact, rarely display a mendelian

inheritance pattern. The common familial idiopathic epilepsies, such as

juvenile myoclonic epilepsy (JME), childhood absence epilepsy (CAE) and

benign childhood epilepsy with centrotemporal spike (BCECTS), tend to

di splay 6écomplex6 inheritanc-eaependantese epi |
penetrance with peak onset in childhood. A number of gross chromosomal

abnormalities are associated with epilepsy (Singh, Gardner et al. 2002).

2.2.3 Class of gene

Although rare, the idiopathic mendelian epilepsies have provided the major
recent advances in the molecular basis of the epilepsies. Mutations have
been identified in families segregating benign familial neonatal convulsions
(BFNC), autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE),
generalised epilepsy with febrile seizures plus (GEFS+), childhood absence

epilepsy with febrile seizures, autosomal dominant partial epilepsy with
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auditory features (ADPEAF) (Table 2-1). Other than LGI1 and MASS1, all
mutations occur in genes encoding ion channels, identifying some idiopathic

mendelian epilepsies as channelopathies.

Success in determining the molecular genetic basis of the common familial
epilepsies has been relatively slow. No gene identified in a mendelian
epilepsy acts as a major locus in any non-mendelian epilepsy, and the extent
of heterogeneity is likely to be far greater in the complex epilepsies.
However, the completion of the human genome project and the development
of high-throughout molecular genetic techniques will significantly increase the

prospect of identifying the common epilepsy susceptibility genes.
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Table 2-1 Genes identified in mendelian epilepsies

Gene
Gene class Gene . Epilepsy Syndrome Inheritance Key References
location
Voltage-dependent
ion channels:
Sodium SCN1A 2g24 GEFS+/SMEI AD Escayg et al. 2000;
channels Claes et al. 2001
SCN2A 20g23-924 GEFS+/BFNIS AD Sugawara et al. 2001;
Heron et al. 2002
SCN1B 19913 GEFS+ AD Wallace et al. 1998
Potassium KCNQ2 20q BFNC AD Leppert et al. 1989;
channels Singh et al. 1998
KCNQ3 8q24 Lewis et al. 1993;
Charlier et al. 1998
KCNA1 12p13 EAL with partial epilepsy ~ AD Spauschus et al. 1999
Calcium CACNA1A 19p13 Generalised epilepsy  Sporadic Jouvenceau et al. 2001
channels with ataxia
CACNB4 2q22-23 IGE/JME/ataxia AD Escayg et al. 2000
Ligand-gated ion
channels:
Nicotinic CHRNA4 20g13.2 ADNFLE AD Phillips et al. 1995;
acety|cho|ine Steinlein et al. 1995;
receptors Steinlein et al. 1997
CHRNB2 1p21 Phillips et al. 2001
CHRNA2 8p21 Aridon et al. 2006
GABA receptor  GABRG2 5034 GEFS+/SMEI AD Baulac et al. 2001;
ES with CAE AD Wallace et al. 2001
GABRA1 5034 JME AD Cossette et al. 2002
GABRD 1p36.3 GEFS+/JME AD Dibbens et al. 2004
Epilepsy associated
repeat genes:
Leucine-rich, LGI1 10qg24 ADPEAF AD Kalachikov et al. 2002;
glioma Scheel et al. 2002
inactivated
protein
G-protein- MASS1 5q14 Febrile and afebrile AD Nakayama et al. 2002

coupled receptor

seizures

GEFS+: Generalised epilepsy with febrile seizures plus; SMEI: Severe myoclonic epilepsy of infancy; BFNIS:

Benign familial neonatal-infantile seizures; BFNC: Benign familial neonatal convulsions; EAL: Episodic ataxia typel,;

IGE: Idiopathic generalised epilepsy; ADNFLE: Autosomal dominant nocturnal frontal lobe epilepsy; FS: Febrile

seizures; CAE: Childhood absence epilepsy; JME: Juvenile myoclonic epilepsy; ADPEAF: Autosomal dominant

partial epilepsy with auditory features
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2.3 Genetic heterogeneity

The idiopathic mendelian epilepsies demonstrate both locus heterogeneity
(mutations in more than one gene causing the same clinical phenotype) and
phenotypic heterogeneity (mutations in the same gene causing different
clinical phenotypes). This is not surprising given the complexity of the
pathways involved in neuronal excitability and the diversity of genes likely to

be involved.

2.4 Mendelian epilepsy genes

Over 200 mendelian diseases include epilepsy as part of the phenotype,
including tuberous sclerosis, fragile X syndrome, neurofibromatosis and large
number of metabolic disorders. The small number of primary epilepsies
which are inherited in a mendelian fashion are described here. Although they
are rare and account for only a small number of epilepsy cases, recognition
of the characteristic features and presence of a family history enable a
correct diagnosis to be made. Identification of genes responsible for some of
these disorders has provided valuable insights into the molecular

mechanisms underlying epilepsy.

2.4.1 Benign familial neonatal convulsions (BFNC)

Benign familial neonatal convulsions is a rare autosomal dominant idiopathic
epilepsy, first described in 1963, and was the first epileptic syndrome to be
localised by linkage (Rett and Teubel 1964). Seizures occur in otherwise well
neonates from the second or third day of life and remit by week two to three.
The characteristic seizures comprise tonic posturing with ocular and
autonomic features, followed by a clonic phases with motor automatisms.
The prognosis for neurological and intellectual development is favourable,

although seizures recur later in life in about 10% of individuals.
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BFNC is a good illustration of both clinical and genetic heterogeneity, the
latter of which can be explained by the underlying molecular genetics. The
first locus (EBN1) identified in 1989 was localised to chromosome 20q by
linkage analysis in a four generation family with 19 affected individuals
(Leppert, Anderson et al. 1989). Six French pedigrees confirmed this linkage
(Malafosse, Leboyer et al. 1992). However, in a study of two North American
families, one family which showed linkage to EBN1 included family members
with seizures persisting up to 2 years of age, and in one individual, into
adolescence (Ryan, Wiznitzer et al. 1991). The other family, none of whose
members had seizures after two months of age, could be excluded from
linkage to EBN1, and was subsequently linked to a second locus (EBN2) on

chromosome 8q (Lewis, Leach et al. 1993).

The gene for EBN1, subsequently named KCNQZ2, was identified by
characterisation of a sub-microscopic deletion on chromosome 20q13.3 in
affected individuals and demonstrated significant homology with a voltage-
dependent delayed rectifying potassium channel gene, KCNQZ1(Singh,
Charlier et al. 1998). Members of the KCNQ potassium channel family
comprise six transmembrane-spanning segments (S1-S6), a pore forming
loop linking S5 and S6, and intracellular N and C termini. These channels
open on membrane depolarisation and are involved in the repolarisation of
the action potential and thus in the electrical excitability of nerve and muscle.
Mutations in KCNQ1 can cause the paroxysmal cardiac dysrhythmias long
QT syndrome and Jervell-Lange-Nielson cardioauditory syndrome (Wang,
Curran et al. 1996; Neyroud, Tesson et al. 1997). Six allelic variants of
KCNQ2 were subsequently identified to segregate with the disease in
families with BFNC, including one family whose affected members
subsequently developed myokymia (spontaneous contractions of skeletal
muscle fibres) (Dedek, Kunath et al. 2001). All mutations involved regions of
the gene important for ion conduction, including the S6 domain, the channel
pore and the C terminus. Exonic deletions and duplications have now also
been identified in families with BFNC (Heron, Cox et al. 2007).
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Following identification of KCNQ2, a BLAST search was made of the human
expressed sequence tag (EST) database, to find cDNA sequences showing
significant homology to KCNQ2. Rather fortuitously, a novel gene, KCNQ3,
was identified with 69% similarity to KCNQZ2, which mapped to the EBN2
critical region on chromosome 824, and was mutated in affected members
of the BFNC/EBN2 family (Charlier, Singh et al. 1998). The missense
mutation identified altered a conserved amino acid in the critical pore forming
region (the same amino acid was mutated in KCNQ1 in a patient with long
QT syndrome (Wang, Curran et al. 1996)).

KCNQ2 and KCNQ3 are co-expressed in most areas of the brain, especially
the hippocampus, neocortex and cerebellum. They coassemble and form a
heteromeric channel with essentially identical biophysical properties and
pharmacologic sensitivities to the native neuronal M-channel (Wang, Pan et
al. 1998). The M-channel is a slowly activating and deactivating potassium
conductance that plays a critical role in determining the subthreshold
electroexcitability of neurons. Therefore mutations in either KCNQ2 or
KCNQ3 disrupt the native M-current and result in an identical disease

phenotype (Figure 2-1(a)).

A possible third locus for AD BFNC was identified in a 3 generation family
(Concolino, lembo et al. 2002). Linkage to KCNQ2 and KCNQ3 was
excluded, but a pericentric inversion on chromosome 5 was found to

segregate with the disease phenotype.
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Figure 2-1 Voltage-dependent ion channel structure. (a) Mutations at either
benign familial neonatal convulsions (BFNC) locus, EBN1 (KCNQZ2) or EBN2
(KCNQ3), disrupt the heteromeric M-channel (potassium conductance) and
result in an identical phenotype. (b) Sodium channels contain a pore forming
U subunit with two b subunits. (c) Calcium channels contain a pore forming U

subunit with regulatoryb, 2, and U280 subunits.
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2.4.2 Benign familial infantile convulsions (BFIC)

This mendelian idiopathic epilepsy was first described as an autosomal
dominant disorder in families of Italian origin (Vigevano, Fusco et al. 1992),
and further families were described in France and Singapore (Lee, Low et al.
1993; Echenne, Humbertclaude et al. 1994). Affected individuals manifested
both partial and generalised seizures commencing at age 3-12 months.
Patients responded well to conventional anti-epilepsy drugs and prognosis

was good with resolution of seizures and no psychomotor retardation.

Gene mapping studies have demonstrated locus heterogeneity. A locus,
BFIC1, was mapped to chromosome 19q by linkage analysis in Italian
families (Guipponi, Rivier et al. 1997). A common haplotype was evident
suggesting a founder effect. A second locus, BFIC2, was mapped to 16p12-
gl2 (Caraballo, Pavek et al. 2001). The disease genes have yet to be
identified and it is possible that BFIC2 is an allelic variant of the gene causing
infantile convulsions with choreoathetosis (ICCA) which maps to the same

genomic region (section 2.4.4).

2.4.3 Benign familial neonatal-infantile seizures (BFNIS)

As well as BFNC and BFIC, an intermediate phenotype BFNIS was first
described in 1983, with seizure onset from 2 days to 3%2 months (Kaplan and
Lacey 1983). Missense mutations in the sodium channel subunit gene
SCN2A were identified in two families with BFNIS. The different mutations
identified in the two families both disrupted a conserved leucine, and were
predicted to reduce the rate of inactivation of the sodium channel. The
number of SCN2A mutations identified was subsequently increased to six, in
eight families with BFNIS (Berkovic, Heron et al. 2004). Affected individuals
showed varying seizure frequencies but all seizures remitted by the age of 12
months. SCN2A mutations also cause febrile seizures associated with

afebrile seizures, part of the GEFS+ spectrum (section 2.4.6)
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2.4.4 Familial infantile convulsions and paroxysmal
choreoathetosis (ICCA)

This condition was first described in four families from north western France
in which infantile convulsions (onset 3-12 months, afebrile, partial with
secondary generalisation, remittance by 12 months) were inherited as an
autosomal dominant trait in combination with paroxysmal choreoathetosis of
variable expression (Szepetowski, Rochette et al. 1997). A genome-wide
screen provided evidence of linkage to the pericentromeric region of
chromosome 16 encompassing a 10cM interval 16p12-gq12. Confirmation of
linkage to this region has subsequently been reported in a Chinese family
with nine affected members (Lee, Tay et al. 1998). It is also noteworthy that
another phenotype, autosomal recessive rolandic epilepsy with paroxysmal
exercise-i nduced dystonia and writerods cramp

by the ICCA critical region (Guerrini, Bonanni et al. 1999).

2.4.5 Autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE)

First described in six families from Australia, Canada and the UK, autosomal
dominant nocturnal frontal lobe epilepsy is characterised by the occurrence
of partial seizures almost exclusively during sleep, which may be
misdiagnosed as nightmares or other sleep disorders (Scheffer, Bhatia et al.
1994). The familial nature is easily missed, as there is a pronounced variation
in severity among family members, and the penetrance is incomplete
(approximately 70%). Seizures begin predominantly in childhood, persist into
adulthood, and occur in clusters soon after falling asleep or before waking.
An aura is often reported. Seizures are characterised by brief tonic or
hyperkinetic motor activity with retention of consciousness, although
secondary generalisation often occurs. Affected individuals are neurologically
and intellectually normal. Ictal-EEG may show bifrontal sharp and slow wave

activity. The inter-ictal EEG is usually normal.
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Linkage analysis in a single large Australian pedigree with 27 individuals
assigned the gene to chromosome 20g13.2 (Phillips, Scheffer et al. 1995).
The gene for the a4 subunit of the neuronal nicotinic acetylcholine receptor
(nAChR), CHRNA4, was known to map to the same chromosomal region,
and also to be expressed in the frontal cortex. The nAChRs are presynaptic
ligand-gated ion channels with a role in modulating neurotransmitter release
during fast synaptic transmission. Mutational analysis of CHRNAA4 identified a
missense mutation that cosegregated with the disease in the chromosome
20-linked family (Steinlein, Mulley et al. 1995). The mutation converts a
serine to phenylanaline in the M2 transmembrane domain, a crucial structure
mediating ionic permeability, and is likely to be disease causing. The
mutation was not found in 333 healthy controls. Further site-specific
mutations in CHRNA4 affecting pore forming amino acids have been
associated with ADNFLE (Steinlein, Magnusson et al. 1997; Hirose, Iwata et
al. 1999; Saenz, Galan et al. 1999; Phillips, Marini et al. 2000; Steinlein,
Stoodt et al. 2000).

Other families with ADNFLE were not linked to chromosome 20g. A second
locus was mapped to chromosome 15924 in one family (Phillips, Scheffer et
al. 1998). A cluster of nAChR genes (CHRNA3/CHRNAS5/CHRNB4) in this
region seemed good candidates, but no mutations were identified in the pore-
forming regions of these genes. However, mutations have been identified in
the gene for the b2 subunit of the nAChR, CHRNB2, on chromosome 1p21
(De Fusco, Becchetti et al. 2000; Phillips, Favre et al. 2001). The main
neuronal NAChR has a heteropentameric structure comprised of a4 and b2
subunits. Thus mutations in the pore forming M2 domains of both CHRNA4
and CHRNB2 can produce similar functional effects causing the ADNFLE

phenotype.

Mutations in a third nAChR subunit gene, CHRNA2 on chromosome 8p21,
have recently been identified in a Sardinian family with nocturnal frontal lobe
seizures inherited in an autosomal dominant pattern (Aridon, Marini et al.
2006).
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2.4.6 Generalised epilepsy with febrile seizures plus
(GEFS+)

This syndrome was first described in 1997 in an Australian family originating
from Yorkshire in the UK (Scheffer and Berkovic 1997). Genealogical
information was obtained on 2000 family members dating back to the mid-
1700s, and clinical information obtained on 289 individuals, of which 28 had
seizures. The commonest phenotype,
(FS+) comprised a childhood onset of multiple febrile seizures persisting
beyond the age of 6, as well as a spectrum of afebrile seizures including
absences, myoclonic seizures, atonic seizures and rarely myoclonic-astatic

epilepsy. The pattern of inheritance was autosomal dominant.

A second Australian family with generalised epilepsy and febrile seizures
plus (GEFS+) was linked to chromosome 19q13.1, and a point mutation
identified in SCN1B, which encodes the bl subunit of the voltage gated
sodium channel (Wallace, Wang et al. 1998).

Neuronal voltage-gated sodium channels are essential for the generation and
propagation of the action potential. They contain a large a subunit associated
with two smaller b subunits (Figure 2-1(b)). The pore-forming a subunit
contains 4 homologous domains each containing six membrane-spanning
units. The b subunits contain a single transmembrane region and modulate
the gating properties of the channel and are required for normal inactivation
kinetics. Mutations in a [Jsubunit genes cause several paroxysmal disorders
of muscle, including hyperkalaemic periodic paralysis, paramyotonia
congenita (SCN4A), long QT syndrome (SCN5A) and Brugada syndrome
(SCN5A) (Bulman 1997). Brugada syndrome is associated with sudden
death due to ventricular fibrillation, and fever may be a trigger. Sodium
channels are also modulated by antiepileptic drugs such as phenytoin and
carbamazepine (Macdonald and Kelly 1994). They are thus good candidate

genes for epilepsy.

The SCN1B mutation segregated with disease status in the 19g13.1-linked

GEFS+ family. It changes a conserved cysteine residue that disrupts a
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disulfide bridge normally maintaining an extracellular immunoglobulin-like fold
in the b-subunit. This alters the secondary structure of the extracellular
domain, which modulates channel gating. The predicted effects of the
disruption are to reduce sodium channel expression, slow inactivation, and
slow recovery from inactivation. Coexpression of a and mutant b1l subunits
exerts significant modulatory effects on the channel gating kinetics and
expression levels. The net effect is to cause persistent inward neuronal
sodium currents, increased membrane depolarisation, and neuronal
hyperexcitability. This may also exaggerate the normal effects of
temperature on both conductance and gating of neuronal sodium channels,

explaining the apparent temperature dependence of the GEFS+ phenotype.

Two further families with GEFS+ showed linkage to chromosome 224, and
mutations were identified in SCN1A, the gene encoding the sodium channel
al subunit (Escayg, MacDonald et al. 2000). De novo mutations in this gene
have also been identified in patients with severe myoclonic epilepsy of
infancy (section 2.4.7). A mutation in the gene encoding the a2 sodium
channel subunit, SCN2A, has now been identified in a patient with febrile
seizures associated with afebrile seizures, consistent with GEFS+. This
mutation also slows channel inactivation, suggesting involvement in the

epilepsy phenotype (Sugawara, Tsurubuchi et al. 2001).

The GEFS+ phenotype is not only caused by mutations in voltage-gated
sodium channels. In one large GEFS+ family, mutations have been identified
in the GABAA receptor a-subunit gene, GABRG2 (Baulac, Huberfeld et al.
2001). GABAAa receptors are anion-selective ligand-gated channels which
mediate fast synaptic inhibition. Binding of GABA opens an integral chloride
channel, producing an increase in membrane conductance that results in
inhibition of neuronal activity. The GEFS+ mutation substitutes a serine for a
methionine in the extracellular loop between transmembrane segments M2
and M3, which was shown to decrease the amplitude of GABA-activated
currents when expressed in xenopus oocytes. A mutation in GABRG2 also

causes severe myoclonic epilepsy of infancy (section 2.4.7) and a phenotype
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of childhood absence epilepsy and febrile seizures (Wallace, Marini et al.
2001).

A mutation in the GABAAa receptor d-subunit gene, GABRD, has now been
identified in a small family with GEFS+ (Dibbens, Feng et al. 2004).

2.4.7 Severe myoclonic epilepsy of infancy (SMEI)

SMEI was first reported by Dravet, who described a syndrome with onset of
prolonged febrile seizures (generalised or unilateral) in the first year of life,
followed by afebrile seizures including tonic-clonic, myoclonic, absence
seizures and recurrent status epilepticus (Dravet 1978). Neurological
development appears normal before the onset of seizures but becomes

progressively delayed as seizure frequency increases.

Heterozygous de-novo mutations were identified in SCN1A (Claes, Del-
Favero et al. 2001; Ohmori, Ouchida et al. 2002; Sugawara, Mazaki-Miyazaki
et al. 2002). Mutations included insertions, deletions and missense
mutations, several resulting in premature stop codons and truncated
channels. As SCN1A mutations have been identified in both SMEI and in
families with GEFS+, and some patients with SMEI have a family history of
seizures consistent with the spectrum of GEFS+, it has been suggested that
SMEI is the most severe phenotype in the GEFS+ spectrum (Singh,
Andermann et al. 2001). A recent study of 333 patients with SMEI identified
SCN1A mutations in 242 (73%), with no obvious genotype-phenotype

correlations (Depienne, Trouillard et al. 2009).

Mutations in GABRG2 have also been identified in a patient with SMEI, who
belonged to a family with several members with GEFS+ (Harkin, Bowser et
al. 2002).

Two related syndromes have been described. SMEI-borderland (SMEB),
referring to children who lack several of the key features of SMEI such as
myoclonic seizures or generalized spike-wave activity, has been attributed to
SCN1A mutations in 69% of cases (Harkin, McMahon et al. 2007). Intractable
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childhood epilepsy with generalized tonic clonic seizures (ICEGTC), also
used to describe children with a phenotype similar to SMEI but without minor
seizures, particularly myoclonic seizures, was identified to have SCN1A
mutations in 70% of cases (Fujiwara, Sugawara et al. 2003).

2.4.8 Autosomal dominant partial epilepsy with auditory
features (ADPEA)

Autosomal dominant partial epilepsy with auditory features was first
described in a three generation family with 11 members diagnosed with an
idiopathic/cryptogenic epilepsy (Ottman, Risch et al. 1995). The epilepsy was
clearly localized in all but one of these cases, with both simple and partial
complex seizures progressing to secondarily generalised tonic-clonic
seizures. Six of those with idiopathic epilepsy reported auditory disturbances
as a simple partial component of their seizures. The seizures were infrequent

with an age of onset between 8 and 19 years.

A genome screen identified linkage over a 10cM region on chromosome
10923.3-24 (Ottman, Risch et al. 1995). This region was narrowed to 3cM by
a genome screen in a large Basque family segregating lateral temporal lobe
epilepsy with auditory and visual features (Poza, Saenz et al. 1999). Further
families confirmed the linkage but failed to narrow the region. Construction of
a physical map identified 28 putative genes of which 21 were sequenced in
an affected individual from three families, and mutations subsequently
checked in a further two families (Kalachikov, Evgrafov et al. 2002).
Mutations were identified in the leucine rich, glioma-inactivated 1 gene (LGI1)
in all affected individuals and obligate carriers, as well as six unaffected
members, consistent with a 71% disease penetrance. The five mutations
identified were not present in 123 unrelated controls. Analysis of ten families
with ADPEAF identified LGI1 mutations in 50% of families, with penetrance of
54% (Ottman, Winawer et al. 2004). LGI1 mutations have not been identified
in individuals with other forms of temporal lobe epilepsy (Berkovic, 1zzillo et
al. 2004).
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LGI1 is a member of the leucine-rich repeat (LRR) superfamily, in particular
the adhesive proteins and receptors. It was first described following the
observation that it was disrupted by translocation in a glioblastoma
multiforme cell line and in over one quarter of primary tumours. The LGI1
protein consists of an extracellular domain with LRR repeat motifs, a
transmembrane segment and an intracellular segment of unknown function
(Somerville, Chernova et al. 2000). The extracellular portion aligns most
closely with a group of proteins, including slit, toll and tartan, involved in CNS
development and in which the LRRs bind nerve growth factor and other
neurotrophins. Interestingly, a C-terminal repeat motif, now referred to as the
EAR (epilepsy-associated repeat) domain, has been identified in both LGI1
and the MASS1 gene. MASSL1 is mutated in the Frings mouse model of
audiogenic epilepsy (Scheel, Tomiuk et al. 2002) and in one family with
febrile and afebrile seizures (Nakayama, Fu et al. 2002). This EAR domain is
likely to play a role in the pathogenesis of epilepsy. LGI1 is expressed
predominantly in brain (cerebellum, cortex, medulla, occipital pole, frontal
lobe, temporal lobe and putamen), muscle and spinal cord. LGI1 enhances
AMPA receptor-mediated synaptic transmission in hippocampal slices and
binds to ADAM22 (Fukata, Adesnik et al. 2006). Of the five mutations
identified in ADPEA, three were missense mutations with predicted
premature truncation of the LGI1 protein, one was a non-synonymous point
mutation in the highly conserved extracellular and C-terminal region, and one
was an intronic mutation predicted to alter a splice site. LGI1 is therefore the
first non ion-channel gene identified as causing an idiopathic epilepsy in

humans.

2.4.9 Familial partial epilepsy with variable foci (FPEVF)

This idiopathic epilepsy displays autosomal dominant inheritance with
reduced penetrance and locus heterogeneity. It was first described in an
Australian pedigree with suggestive linkage to chromosome 2 (Scheffer,
Phillips et al. 1998) and subsequently in two large French-Canadian families
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with linkage to chromosome 22q11-ql12 (Xiong, Labuda et al. 1999). The
phenotype is characterised by recurring partial seizures originating from
different cortical areas, usually in the frontal or temporal lobes. The epileptic
focus varies between family members. In the Australian family seizures were
diurnal and the age of onset varied from one year to 44 years. In the French-
Canadian pedigrees age of onset peaked at 5 and 25 years and seizures

were predominantly or exclusively nocturnal.

2.4.10 Infantile spasms (West syndrome)

Infantile spasms are divided into those that are symptomatic and those that
are cryptogenic or idiopathic. The majority (70-80%) are symptomatic and
may be attributed to a prenatal, perinatal or postnatal cause, of which
prenatal aetiologies are the most common (50%). Many of theses are
genetically determined, including disorders of brain development,
neurocutaneous syndromes, metabolic disorders and chromosomal

abnormalities.

Most cases of idiopathic infantile spasms are sporadic, and the recurrence
risk is less than 1% (Dulac, Feingold et al. 1993). However several familial
cases of early infantile epileptic encephalopathy progressing to infantile
spasms have been identified consistent with X-linked inheritance. Feinberg
and Leahy first reported five affected males in four sibships of a three-
generation family (Feinberg and Leahy 1977). Subsequently, five further
families have been identified, some of which also include individuals with X-
linked mental retardation without infantile spasms (Rugtveit 1986; Claes,
Devriendt et al. 1997; Bruyere, Lewis et al. 1999; Stromme, Sundet et al.
1999; Stromme, Mangelsdorf et al. 2002). Linkage analysis in these families
mapped the disease gene to chromosome Xp21.3-Xp22.1 (Claes, Devriendt
et al. 1997; Bruyere, Lewis et al. 1999; Stromme, Sundet et al. 1999). The
aristaless-related, homeobox gene, ARX, was considered a candidate on the
basis of its expression pattern in fetal, infant and adult brain. Screening of
this gene identified mutations in four of the five families with infantile spasms

(Stromme, Mangelsdorf et al. 2002). Mutations have also been identified in
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families with various combinations of mental retardation together with
myoclonic seizures, spasticity, ataxia, chorea and dystonia, with and without
infantile spasms (Scheffer, Wallace et al. 2002; Guerrini, Moro et al. 2007).
Two recurrent mutations identified result in expansion of polyalanine tracts of
the ARX protein. These are likely to cause protein aggregation, as has been
demonstrated in other human diseases caused by alanine expansions
(Calado, Tome et al. 2000). Homeobox-containing genes are important in the
regulation of key stages of development. ARX encodes one of a class of
proteins incorporating a C-terminal aristaless domain presumed particularly
important in the differentiation and maintenance of specific neuronal

subtypes in the cerebral cortex (Bienvenu, Poirier et al. 2002).

A family with three siblings (twin girls and a boy) with severe mental
retardation, seizures including infantile spasms and features of Rett
syndrome displayed mutations in CDKL5 (Weaving, Christodoulou et al.
2004). A recent review of girls with epilepsy associated with CDKL5
mutations, identified three clinical stages: early epilepsy (onset between one
and ten weeks), epileptic encephalopathy with hypsarrhythmia and
developmental stasis, and late multifocal and myoclonic epilepsy (Babhi-
Buisson, Kaminska et al. 2008). CDKL5 and MECP2 (the gene responsible
for Rett syndrome) interact in vivo and in vitro and they demonstrate
overlapping expression during neural maturation and synaptogenesis (Mari,
Azimonti et al. 2005).
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2.5 Non-mendelian epilepsy genes

Juvenile myoclonic epilepsy, benign childhood epilepsy with centrotemporal
spikes and febrile seizures are discussed in this section. The genetics of

absence epilepsy will be reviewed in chapter 3.

2.5.1 Juvenile Myoclonic Epilepsy (JME)

Juvenile myoclonic epilepsy (JME) is one of the idiopathic generalized
epilepsies, and accounts for 5 to 10% of all epilepsy. It was first described as
a distinct electroclinical syndrome by Janz and Christian in 1957 (Janz and
Christian 1957). The onset of seizures occurs usually between the ages of 8
and 26, with a peak in adolescence. It is characterized by the presence of
generalized myoclonic seizures involving the upper limbs predominantly.
Myoclonic seizures occur predominantly in the morning, soon after
awakening, and are exacerbated by sleep deprivation and alcohol. In
addition, nearly all affected individuals have generalized tonic-clonic
seizures, often following a series of myoclonic jerks, and about 20-40% have
absence seizures. The EEG shows spike and wave or polyspike and wave
at a frequency of 4 to 6 Hz. Photosensitivity is quite common. The
susceptibility to seizures is life long and patients require long-term
maintenance on antiepileptic medication. The drug of choice is sodium

valproate.

A genetic contribution to the aetiology of JME is well established (Janz 1969;
Tsuboi and Christian 1973; Sundqvist 1990), but the mode of inheritance is
uncertain. Autosomal dominant (Delgado-Escueta, Greenberg et al. 1990),
autosomal recessive (Panayiotopoulos and Obeid 1989), and two locus
models have all been proposed (Greenberg, Delgado-Escueta et al. 1989).

Evidence for linkage of the JME trait to the serologic markers HLA and
properdin factor B on chromosome 6p was first found in 1988 (Greenberg,

Delgado-Escueta et al. 1988), and the locus designated EJM1 (subsequently
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renamed EJM3). These findings were subsequently confirmed in a
separately ascertained group of 23 families using HLA serologic markers
(Weissbecker, Durner et al. 1991). Analysis of a subset of these families
together with one new family, using HLA-DQ restriction fragment length
polymorphisms (RFLPs), gave similar results (Durner, Sander et al. 1991).
Further work by Greenberg and Delgado-Escueta (1993) on a larger group of
35 families once again confirmed linkage to the serologic markers HLA and
properdin factor B, with a maximum lod score of 4.2 (Greenberg and
Delgado-Escueta 1993). A study in a single large pedigree of Belize origin
using microsatellite markers on chromosome 6p gave a maximum lod score
of 3.67 (g=0) between the marker D6S257 and a trait defined as the
presence of clinical IME or an EEG showing diffuse 3.5-6 Hz multispike and
slow wave complexes (Liu, Delgado-Escueta et al. 1995). In addition, linkage
analysis in 28 families ascertained through a JME patient in which family
members with IGE (idiopathic generalised epilepsy) were classified as
affected gave a lod score for the DQBL1 locus of 4.2. The linkage pattern
observed suggested heterogeneity and an excess of transmission from
mothers (Greenberg, Durner et al. 2000). Association analysis found
significant linkage disequilibrium between JME and a haplotype of five SNPs
and microsatellites between HLA-DQ and HLA-DP on chromosome 6p21
(Pal, Evgrafov et al. 2003). DNA sequencing identified two JME-associated
SNP variants in the promoter region of BRD2, a putative nuclear

transcriptional factor, but no potentially causative coding mutations.

Two studies from a single group have failed to find evidence for the existence
of a locus on chromosome 6p (Whitehouse, Diebold et al. 1993; Elmslie,
Williamson et al. 1996). No significant evidence in favour of linkage was
obtained under any of the models tested. These results suggest that genetic

heterogeneity exists within this epilepsy phenotype.

Chromosomal regions harbouring genes for subunits of the neuronal nicotinic
acetylcholine receptor were tested for linkage to the JME trait in 34 European
pedigrees. Two-point lod scores were negative for all loci except D155128
and D15S118 on chromosome 15ql14. Seven additional marker loci
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encompassing a 20.1-cM region were selected in order to investigate this
region further. A maximum multipoint lod score of 4.18 was obtained under
the assumption of heterogeneity at a = 0.64 (where a is proportion of linked
families). Analysis of recombinant events defined the 10-cM interval between
D15S144 and D15S1012 as being the region in which the gene lies. The a-7
subunit of the neuronal nicotinic acetylcholine receptor (CHRNA7) maps
within this interval and therefore represents an excellent candidate gene.
These results indicate that a major susceptibility locus for JME, termed
EJM2, may map to this region of chromosome 15qg (Elmslie, Rees et al.
1997). A further study was undertaken to test this linkage finding and to
explore whether this susceptibility locus contributes to the pathogenesis of a
broader spectrum of IGE syndromes. Linkage analysis with 7 microsatellite
markers encompassing the CHRNA?Y region failed to replicate evidence of
linkage in 11 families with at least two JME members. No evidence in favour
of linkage to 15914 was found under a broadened diagnostic scheme in 27
families of JME probands or in 30 families of probands with idiopathic
absence epilepsy (Sander, Schulz et al. 1999). A subsequent study has
clarified the linkage data in relation to the current map of the region study
(Taske, Williamson et al. 2002). The CHRNA7 gene and its partial
duplication CHRFAM7A were screened for mutations, but no causative

sequence variants could be identified.

Linkage analysis in families from Belize and Mexico, comprising members
with JIME and asymptomatic individuals with polyspike wave complexes on
EEG, identified a disease locus at chromosome 6p21.2-pl1, termed EJM1
(Liu, Delgado-Escueta et al. 1995; Liu, Delgado-Escueta et al. 1996; Bai,
Alonso et al. 2002). Heterozygous mutations were identified in the EFHC1
gene, in both affected individuals and unaffected family members from six
families, but not in 382 healthy unrelated controls (Suzuki, Delgado-Escueta
et al. 2004). EFHC1 appeared to increase CACNALE mediated R-type Ca**
currents in patch clamp studies, and this was reversed by the mutations
associated with JME. Overexpression of EFHC1 in mouse hippocampal
primary culture neurons induced apoptosis, and this was significantly lowered

by the mutations. EFHC1 mutations have also been identified in sporadic

52



individuals with juveni | e absence epilepsy and oOcr
e pi | €Spognyadn, Lichtner et al. 2006).

Linkage analysis in an extended French Canadian autosomal dominant JME
pedigree mapped the locus to 5934, and a missense mutation (Ala 322 Asp)
was identified in this family in the GABRAL gene (Cossette, Liu et al. 2002).
Mutations have also been identified in individuals or single families with IME
in CACNB4 (Escayg, De Waard et al. 2000) and GABRD (Dibbens, Feng et
al. 2004).

2.5.2 Benign Childhood Epilepsy With Centrotemporal
Spikes (BCECTS)

The syndrome of benign childhood epilepsy with centrotemporal spikes
(BCECTS), or benign rolandic epilepsy, was first described by Nayrac and
Beaussart (1958) (Nayrac and Beaussart 1958). The onset of seizures
occurs during childhood between the ages of 3 and 13 in a child who is
neurologically intact. The typical seizures often occur at night and are
preceded by a somatosensory aura around the mouth. This is followed by
excessive salivation, a gurgling noise and speech arrest with retention of
consciousness. Unilateral motor seizures of the face follow and can progress
to a secondary generalized seizure (Panayiotopoulos 1993). Following the
seizure, the child may feel numbness or pins and needles in the side of the
face involved in the seizure. The pattern of the seizures varies diurnally, with
nocturnal seizures more likely to generalize secondarily (Holmes 1993). The
prognosis is good. Seizures usually resolve within 1 to 3 years of onset, and

rarely persist beyond 16 years.

The EEG is characteristic. High-amplitude spikes or sharp waves are
followed by slow waves, occurring unilaterally or independently bilateral in
the central (Rolandic) and mid-temporal areas. About 20% of children who

have Rolandic discharges on EEG will not have seizures (Beaussart 1972).

A family history of epilepsy is known to be common among probands with
BCECTS, although the proportion with a family history varies from study to
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study. Figures of 9-59% have been obtained (Blom and Heijbel 1975;
Lerman and Kivity 1975). A high proportion of relatives also have abnormal
EEGs.

Bray and Wiser analyzed the EEGs from the families of 40 patients with
seizures and centrotemporal spikes and found that 36% of the siblings and
19% of parents had focal epileptiform activity on the EEG (Bray and Wiser
1965). They postulated that an autosomal dominant gene with
age-dependent penetrance was responsible for producing centrotemporal
spikes. Heijbel et al (1975) studied 19 probands with BCECTS (Heijbel,
Blom et al. 1975). Of 34 siblings 15% had Rolandic discharges and seizures,
and a further 19% had Rolandic discharges in isolation. Their findings
tended to support the suggestion of an autosomal dominant gene with
age-dependent penetrance. However a study of 8 pairs of twins (6
monozygotic, 2 dizygotic ), where one twin had a diagnosis of BCECTS,
found no concordance for the phenotype in any of the twin pairs (Vadlamudi,
Harvey et al. 2004). This provided evidence against a strong genetic

component.

Generalized epileptiform activity has also been found in the EEGs of relatives
of patients with BCECTS. Degen and Degen found epileptiform activity in the
EEGs of 26 out of 69 (38%) siblings of 43 probands with BCECTS (Degen
and Degen 1990). Among those siblings aged 5 to 12 years, 54% had an
abnormal EEG, and the proportion declined in the younger and older age
groups. This pattern of age-dependent penetrance and the finding of
generalized EEG abnormalities in the siblings of patients has led to the
suggestion that BCECTS and absence epilepsy may be linked (Bray and
Wiser 1969).

Twenty-two nuclear families segregating BCECTS were examined for linkage
to chromosomal regions known to harbour neuronal nicotinic acetylcholine
receptor (NAChR) subunit genes. Evidence was found for linkage with
heterogeneity to a region on chromosome 15q14 in the vicinity of the alpha 7
NAChR subunit gene, CHRNA7 (Neubauer, Fiedler et al. 1998).
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2.5.3 Febrile seizures

Susceptibility to febrile seizures is known to have a strong genetic basis, and
a significant proportion of patients have a family history of febrile convulsions
or other epilepsies. The proportion of probands with an affected first degree
relative has been estimated as between 8% and 49% (Rich, Annegers et al.
1987; Wallace 1988). The mode of inheritance seems to depend on the
frequency of febrile convulsions in the proband. Complex segregation
analysis performed on 467 nuclear families ascertained through probands
with febrile convulsions showed clear evidence for polygenic inheritance in
those families in which the proband had a single febrile convulsion (Rich,
Annegers et al. 1987). The heritability of liability was estimated at 68% in
these families. However, in the families of probands with more than three
febrile convulsions there appeared to be a single major locus contributing to
seizure susceptibility. Another study of the families of 52 probands with
febrile seizures found that 40 families (77%) had at least one further affected
member, and these were consistent with an autosomal dominant mode of

inheritance with reduced penetrance (64%) (Johnson, Kugler et al. 1996).

The investigation of large pedigrees has led to the identification of at least ten
putative loci for febrile seizures, FEB1-10, including three genes in which

mutations have been found:

1 A heterozygous loss-of-function SCN1A mutation was identified in an
Italian family comprising 12 individuals with simple febrile seizures
resolving by the age of six (Mantegazza, Gambardella et al. 2005).
Three family members developed afebrile seizures of mesial temporal
lobe origin, and two of these had evidence of hippocampal sclerosis
on MRI.

1 A nonsense mutation in MASS1(GPR98) was identified in a Japanese
family with febrile and afebrile seizures (Nakayama, Fu et al. 2002).
The mutation was found in the proband who had febrile and afebrile
seizures before the age of 4, her brother who had two febrile seizures

age 6 and 7 years, and their unaffected father. MASS1 encodes a
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fragment of a large G protein-coupled receptor containing an epilepsy
associated repeat (EAR) domain also found in LGI1 (section 2.4.8).
MASS1 is mutated in the Frings mouse model of audiogenic epilepsy
(Scheel, Tomiuk et al. 2002)

A heterozygous missense mutation in GABRG2 was identified in a
family whose individuals manifested febrile seizures with or without
childhood absence epilepsy (Wallace, Marini et al. 2001). A splice site
mutation in GABRG2 was identified in a similar family with febrile
seizures and absence epilepsy (Kananura, Haug et al. 2002). A third
family with isolated febrile seizures was also found to have a
missense mutation in GABRG2 (Audenaert, Schwartz et al. 2006).
Febrile seizures occur as a part of the syndrome of Generalised
Epilepsy with Febrile Seizures Plus (GEFS+), for which several genes
have been identified, including GABRG2 (section 2.4.6).
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Chapter 3 Absence epilepsy

Childhood absence epilepsy (CAE), juvenile absence epilepsy (JAE) and
epilepsy with myoclonic absences comprise a group of idiopathic absence
epilepsies which vary in their age of onset, seizure frequency and pattern of
evolution. Eyelid myoclonia with absences, perioral myoclonia with absences
and episodic ataxia with absences seem to represent further distinct absence

epilepsy syndromes.

3.1 Childhood absence epilepsy (CAE)

CAE is an idiopathic generalised epilepsy of childhood which is well
characterised in terms of age of onset, clinical features and EEG findings.

There is strong evidence for a genetic aetiology.

3.1.1 Historical background

Childhood absence epilepsy was probably first described in 1705 by Poupart.

However a more widely known description is that of Tissot in 1770, who gives

an account of 6 p et i t sminaratta@ks)@ccyrring in a fourteen year old

girl from the age of seven years: O0éthe
had very short minor attacks which were recognised only by an

i nstantaneous | oss of consciousness WwWhi
accompanied by a very slight movement in the eyeso (Loiseau 1992). The
term-fdpled iwas first used i-convilvadépileftiy Es qui
seizures, and in 1824 Cal mei l used the 1
the O0fleeing of the spirit from the eye
pyknolepsy was introduced by Saur in 1916, and described by Adie in 1924

as Oa di saeexdosivewnsdt between the age of 4 and 14 years, of

frequent, short, very slight, monotonous minor epileptiform seizures of

uniform severity which recur almost daily for weeks, months or years, are
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uninfluenced by antiepileptic remedies, do not impede normal mental and
psychological development, and ultimately cease spontaneously never to
returnd. There has subsequently been som
mal, as at various times it has been applied to (i) brief interruptions of
consciousness associated with a rhythmic 3 cycle/second discharge of
regular spike and wave complexes on the EEG (Gibbs, Davis et al. 1935), (ii)
a petit mal type of dysrhythmia in a routine EEG record in the absence of
clinically obvious seizures, even if the particular patient has no history of
epilepsy (Loiseau 1992) and (iii) a petit mal triad consisting of absences,
myoclonic seizures and akinetic seizures (Lennox 1945). The International
Classification of Epileptic Seizures (Gastaut 1970) distinguished typical
absences from atypical absences, and the term petit mal was discarded.

3.1.2 Epidemiology

CAE represents approximately 8% of epilepsy in school age children
(Cavazzuti 1980) and is the most frequent absence epilepsy syndrome. The
estimated annual incidence of CAE is 6.3-8.0 per 100,000 children aged 1-15
years (Loiseau, Loiseau et al. 1990). The prevalence of absence seizures,
including CAE, is 0.1-0.7 per 1000 in children up to the age of 16 years. CAE
iIs commoner in girls than boys (Loiseau 1992).

3.1.3 Clinical features

A diagnosis of CAE should be restricted to an epilepsy with the following

characteristics:
1 Onset between 3 and 12 years of age (peak at 6-8 years)

1 Absence seizures occurring in children who are otherwise

developmentally and neurologically normal

1 Frequent absence seizures (of any type except myoclonic absences)

as the initial and predominant seizure type
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1 Absence seizures associated with characteristic EEG changes (see
below)

1 Generalised tonic-clonic seizures may also occur

The absence seizures of CAE are short (typically less than 10 seconds),
have an abrupt onset and termination and occur frequently throughout the
day (up to 200 per day). The child shows a loss of awareness and
responsiveness, with vacant eyes which may drift upwards, and stops all
ongoing activities. However the International Classification of Epileptic
Seizures (ILAE 1981) distinguishes six types of absence seizures, according
to their associated clinical features, several of which may occur in a given

patient or during a single absence seizure:
1 Simple absences, with impairment of consciousness only

1 Absences with mild clonic components (often involving eyelids only,
although jerking of the head and limbs may occur). True eyelid

myoclonia with absences represents a distinct epilepsy syndrome.

1 Absences with atonic components. A gradual postural loss occurs,
with drooping of the head and shoulders. A sudden fall to the ground

usually signifies atypical absences.

1 Absences with tonic components. Increased postural tone of extensor
muscles causes the eyes to rotate upwards and the head to draw

backwards.

1 Absences with automatisms. These may be perseverative (continuing
an activity such as eating or walking) or de novo (lip licking,

swallowing, fumbling, mumbling).

1 Absences with autonomic components, including flushing, tachycardia

and urinary incontinence.
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Absence seizures occur spontaneously but a number of precipitating factors
may be identified. Hyperventilation is an extremely common trigger. Other

precipitating factors include strong emotions, boredom and exercise.

3.1.4 EEG characteristics

The ictal EEG shows bilateral, synchronous, symmetrical discharges of 2.5-
4Hz spike-wave complexes (Figure 3-1). Onset is abrupt and synchronous,
with the anterior leads usually involved first. The amplitude is highest under
the fronto-central leads. The initial frequency of the spike-wave complexes is
3 Hz, which then slows to 2-2.5 Hz as the amplitude decreases towards the
end of the seizure. Irregular spike-wave discharges and polyspike-waves are
compatible with a diagnosis of CAE, but are more likely to be associated with
abnormal interictal EEGs, prolonged absence seizures, multiple seizure

types and developmental delay (Holmes, McKeever et al. 1987).

The interictal EEG is usually normal. Interictal high-voltage 3-4 Hz occipital
delta rhythms may be present. This posterior rhythm is blocked by eye-
opening and enhanced by hyperventilation. Some photosensitivity may be
present, but marked photosensitivity should be considered as exclusion
criteria for CAE.
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3.1.5 Prognosis

70-80% of patients with CAE have their seizures controlled by a single
antiepileptic drug (usually ethosuximide, sodium valproate or lamotrigine).

There are three long-term outcomes for patients:

{1 Patients become seizure free. Remission rates of between 33% and
79.3% have been reported (Loiseau 1992). The longer the follow up,
the higher the occurrence of generalised tonic-clonic seizures. In one
series, the average duration of absence seizures was 6.6 years
(Currier, Kooi et al. 1963). However, absence seizures continue to

remit beyond puberty and well into adulthood.

1 Absence seizures persist. This occurs in only about 6% of patients
(Currier, Kooi et al. 1963). Absence seizures become less frequent

and tend to be very short.

1 Tonic-clonic seizures develop. These occur in about 16-44% of
patients, usually between 8 and 15 years of age, but may appear
beyond 30 years (Currier, Kooi et al. 1963; Livingston, Torres et al.
1965; Loiseau, Duche et al. 1995). Onset of tonic-clonic seizures is
most frequently 5-10 years after the onset of absence seizures.

Several predisposing factors have been identified:
1. Absence seizures occurring after 8 years of age
2. Female sex
3. Poor response to initial treatment
4. Incorrect choice of initial drug

5. Abnormal background EEG activity (other than posterior delta
rhythms) or photosensitivity
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3.2 Juvenile absence epilepsy

Juvenile absence epilepsy was defined as a syndrome distinct from CAE
following studies -wavepaabsahsewdbthy 6BDpoD
1965 (Doose, Volzke et al. 1965)a nd @ealgact ed mi nor sei zures
1969 (Janz 1969). The Revised International classification of Epilepsies and
Epileptic Syndromes (ILAE 1989) describes JAE as an age-related idiopathic
generalised epilepsy with onset of absences around puberty (after 10 years
of age), less frequent absences than in CAE, a more frequent association
with generalised tonic clonic seizures and myoclonic seizures occurring not

infrequently. JAE is less common than CAE and affects both sexes equally.

Additional clinical and EEG features have been described by Duncan and
Panyiotopoulos (Duncan and Panayiotopoulos 1992) These include, in
comparison to CAE, absences of longer duration and with less severe
impairment of cognition, and a poorer prognosis with seizures persisting
throughout life but decreasing in severity. Myoclonic jerks occur in 15-25% of
patients. However eyelid or perioral myoclonus, rhythmic limb jerking and
single or arrhythmic myoclonic jerks of the head, trunk or limbs during the
absence seizure are not compatible with JAE. The EEG shows generalised
spike or polyspike and slow wave complexes, starting at 3 Hz (>2.5 Hz) and
gradually reducing in frequency. The inter-ictal EEG is generally normal.

Photosensitivity or other sensory precipitants are unusual.

3.3 Other absence epilepsies

CAE and JAE are the two IGEs recognised by the International Classification
of Epilepsies and Epileptic Syndromes (ILAE 1989) in which absence
seizures are the main seizure type. A third syndrome, epilepsy with
myocl onic absences, was <classified as o0c
myoclonia with absences and perioral myoclonia with absences seem to be
two distinct IGE syndromes but have not been recognised as such by the

ILAE. A syndrome of episodic ataxia with absences also now appears to
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represent a distinct genetic entity, and this is described in Error! Reference
source not found.. Epilepsy with myoclonic absences, eyelid myoclonia with
absences, perioral myoclonia with absences and episodic ataxia with
absences will be described briefly. Absence seizures also occur in JME and
in epilepsy with generalised tonic-clonic seizures on awakening, but are not

the predominant seizure type.

3.3.1 Epilepsy with myoclonic absences

An epilepsy syndrome in which myoclonic absences constitute the only or
predominant seizure type was first described by Tassinari et al in 1969
(Tassinari, Lyagoubi et al. 1969). Epilepsy with myoclonic absences was
included among the cryptogenic or symptomatic generalised epilepsies in the
International Classification of Epilepsies and Epileptic Syndromes (ILAE
1989). It is characterised by absences accompanied by severe bilateral (but
sometimes asymmetrical) rhythmical myoclonic jerks of shoulders, arms and
legs, often associated with a tonic contraction leading to progressive
elevation of the arms. When facial myoclonias occur they tend to be perioral,
with eyelid involvement rare. Autonomic manifestations include changes in
respiration and urinary incontinence. Impairment of consciousness is
variable, and patients may be aware of the jerks. The ictal EEG shows
bilateral, synchronous, and symmetrical spike-wave discharges at 3 Hz,
similar to CAE. Age of onset is 7 years (11 months-12 years), there is a male
preponderance and a family history of epilepsy in about 20% of cases
(Tassinari, Michelucci et al. 1995). Myoclonic absences resolve in about half
of patients, after a mean period of 5.5 years from onset. A poor prognosis is
associated with a high incidence of associated seizures, mainly generalised
tonic clonic seizures and atonic seizures, and inappropriate or inadequate
medical therapy. Refractory myoclonic absences persist for 20 years or

more, and these are associated with a decline in intellectual function.
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3.3.2 Eyelid myoclonia with absences

Jeavons first described eyelid myoclonia with absences as a rare but specific
entity in 1977 (Jeavons 1977). It is characterised by eyelid myoclonia, typical
absences and photo-sensitivity (Appleton 1995). Onset occurs in the first ten
years of life, usually before the age of six. The initial seizure type may be
absences or eyelid myoclonia, which differs from the eyelid flutter seen in
CAE. The fast eyelid myoclonic jerks last between 1land 3 seconds and may
be accompanied by upward deviation of eyes, head or shoulders. A brief
absence usually occurs simultaneously. Limb myoclonus is rare, but
automatisms and chewing movements do occur. Photosensitivity is common
and present from an early age. Cognitive impairment does not generally
occur. The ictal EEG shows brief (1-4s) spike-wave or polyspike-wave
discharges at a frequency of 3-6 Hz, occurring on eye-closure and on photic
stimulation. 80% of patients are female (Appleton 1995). Remission of
seizures is rare, anti-epileptic medication may be required for life and

complete seizure control should not be expected.

3.3.3 Perioral myoclonia with absences

Panayiotopoulos reported two patients in 1992 who could not be satisfactorily
classified, in whom perioral myoclonus was a feature of absences
(Panayiotopoulos 1993). At least six further patients have been identified and
described (Panayiotopoulos, Ferrie et al. 1995). The majority (75%) are
female. Onset is often with a generalised tonic-clonic seizure in childhood or
early adolescence, followed by frequent typical absence seizures with
rhythmical myoclonus of the perioral or masticatory facial muscles. GTCS
occur invariably and may follow absence status. Ictal EEG shows high
amplitude generalised irregular spike or polyspike and slow wave discharges
at 3-4Hz. There is no photosensitivity. Seizures may persist throughout life

and be resistant to medication.
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3.4 Genetic basis of absence epilepsy

A genetic component to aetiology is well established but the mechanism of
inheritance and the key genes involved are unknown. Approximately 1.6% of
siblings of probands with CAE will have absence epilepsy, giving a | s (the
risk to a sibling of an affected proband compared with the population risk) of
at least 27 (Beck-Mannagetta and Janz 1991). Studies of familial clustering
indicate t hat CAE has -mendelaro mgdé efxidheritanoen
(Gardiner 1995). A study of concordance of seizure type and seizure
syndrome within 31 families with IGE found that 65% of families were
concordant for seizure type (absence, myoclonic, or both) with an expected
concordance by chance of 24% (p<0.0001) (Winawer, Rabinowitz et al.
2003). Concordance of epilepsy syndrome (JME versus CAE plus JAE) in 25
families was 68% with an expected concordance by chance of 48%
(p=0.012). When restricted to families with only JME, CAE and JAE,
concordance of epilepsy syndrome (JME versus CAE plus JAE) in 19
families was 79% with an expected concordance by chance of 58%
(p=0.002). These results provide evidence for distinct genetic effects on both
seizure type and epilepsy syndrome. One segregation analysis of CAE was
consistent with an autosomal dominant inheritance with reduced penetrance
(Buoni, Grosso et al. 1998).

3.5 Candidate genes for CAE

A number of candidate genes and chromosomal regions can be identified for
CAE, from studies on the mechanism by which spike-wave seizures are
generated, the targets for anti-absence drugs, isolation of genes causing
spike-wave seizures in rodents, mendelian epilepsies which include absence
seizures as part of the phenotype, and initial linkage and association studies

in man.
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3.5.1 Mechanisms of spike-wave seizures generation

Traditionally spike-wave discharges are considered to be generalised from
the onset. However, both frontal and centrencephalic origins have been
demonstrated in patients and animal models, with up to a 40ms time lag in

the involvement of other cortical regions (Pavone and Niedermeyer 2000).

Evidence for a key role of the thalamus and cortex in the pathogenesis of
absence seizures was provided by the demonstration of a focal increase in
thalamic blood flow on positron emission tomography (PET) (Prevett, Duncan
et al. 1995), and hypermetabolism in cortical and thalamic areas (lannetti,
Spalice et al. 2001) during an absence seizure. Neuronal elements of the
thalamocortical loop appear to be crucial for the full expression of spike wave
discharges (Crunelli and Leresche 2002) (Figure 3-2). The hypothesis that
spike-wave discharges may develop by the same thalamocortical circuits
which normally create sleep spindles under conditions of cortical
hyperexcitability was proposed by Gloor in 1978 (Gloor 1978). Subsequent
electrophysiological studies in vitro and in vivo revealed the role of nucleus
reticularis thalami (NRT) neurons and thalamocortical-corticothalamic circuit
oscillations in the generation of both spindle rhythms and spike-wave
discharges (Kostopoulos 2000).
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Nucleus

reticularis

Thalamus

Figure 3-2 Thalamocortical excitatory (+) and inhibitory (-) connections
involved in the generation of spike-wave discharges

Animal models demonstrate that during spike-wave discharges, rhythmic
depolarisations of cortical neurons occur in phase with the EEG spike.
Synchronous cortical volleys of discharges and converging corticothalamic
inputs result in bursts of excitatory postsynaptic potentials (EPSPSs) in the
NRT in vivo (Giaretta, Avoli et al. 1987). Hyperpolarization followed by the
EPSP bursts generates a low threshold Ca®" potential and a high frequency
burst of action potentials corresponding to each EEG spike. NRT
abnormalities may be required for the clinical manifestation of absence
seizures, but may not be essential for the generation of spike-wave
discharges as they still occur in the ipsilateral cortex of cats after
hemithalamectomy, but not in the thalamus after decortication (Steriade and
Contreras 1998).
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Possible mechanisms for the generation of abnormal spike-wave activities in
cortical and thalamic neurons include the loss of GABAA receptor-mediated
inhibition between thalamic reticular cells, strong activation of thalamic
GABAergic neurons by corticothalamic or thalamocortical afferents, and
increased NMDA (N-methyl-D-aspartic acid)-mediated excitation in deep
layers of the cortex or the enhancement of the low threshold Ca®" current
(Pumain, Louvel et al. 1992; Leresche, Parri et al. 1998; Pinault, Leresche et
al. 1998; Huguenard 1999; Kim, Song et al. 2001; Schuler, Luscher et al.
2001). The role of the low threshold Ca®" current in thalamocortical activity
during pharmacologically induced spike-wave discharges is demonstrated by
CACNA1G (a T-type calcium channel) knockout mice (Kim, Song et al.
2001). These mice are resistant to spike-wave discharges induced by ¢
butyrolactone. However the authors considered that this could also be related
to reduced low threshold Ca?* potentials in cortical neurons or changes in the
steady state low threshold Ca®* current. Investigation of the contribution of
GABAA and GABAg receptors to thalamic neuronal activity during
spontaneous spike-wave discharges in WAG/RIj rats by microiontophoretic
application of GABAA and GABAg receptor antagonists indicated that (1)
GABA\ receptor-mediated events are critical, (2) a contribution from GABAg
receptors is not necessary and (3) GABAa receptor blockade potentiates
spike-wave discharge related activity (Staak and Pape 2001).

3.5.2 Animal models of human absence epilepsy

The molecular basis of epilepsy has been explored in the mouse both by
identification of genes underlying naturally occurring epilepsy mutants and by
exploring the phenotypic consequences of targeting genes which may cause
epilepsy on biological grounds (Meisler, Kearney et al. 2001). Six
spontaneous AR mouse mutants have spike-wave seizures similar to those
occurring in human absence epilepsy. Four of these arise from mutations in
voltage-dependant calcium channel (VDCC) subunit genes: Cacnala

(tottering) (Fletcher, Lutz et al. 1996), Cacnb4 (lethargic) (Burgess, Jones et
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al. 1997), Cacng2 (stargazer) (Letts, Felix et al. 1998) and Cacna2d2 (ducky)
(Barclay, Balaguero et al. 2001) (Figure 3-3). VDCCs contain a pore forming
U subunit with regulatory b, 2, and (Fgire 2-1(b)uIn contrsmst,
the slow-wave epilepsy mouse gene, Slc9al, encodes a Na+/H+ exchanger,
a ubiquitous membrane-bound enzyme involved in pH regulation of cells
(Cox, Lutz et al. 1997). The mocha mouse mutant is hyperactive and has 6-7
Hz spike-wave discharges on EEG. It is a model for Hermansky-Pudlack
syndrome in humans, showing coat and eye colour dilution, reduced levels of
renal lysosomal enzymes in urine, and prolonged bleeding due to storage
pool deficiency in the dense granules of platelets. Mocha is a null allele of the
Ap3d1l, a subunit of the adaptor-protein complex gene. Ap3d1 is implicated in
intracellular biogenesis and trafficking of pigment granules and possibly
platelet dense granules and neurotransmitter vesicles (Kantheti, Qiao et al.
1998).

Gene targeting has produced mice lacking the GABAA receptor b3 subunit
implicated in the epilepsy of Angelman syndrome and in CAE by linkage and
association, and is illuminating the mechanisms underlying spike-wave
seizures. Mice lacking alG T-type Ca?" channels lack burst firing of
thalamocortical relay neurons and are resistant to generation of spike-wave
discharges in response to GABAg receptor activation. Spontaneous absence
seizures with generalised spike-wave discharges at 5Hz are exhibited by
mice with targeted disruption of HCN2, which encodes a hyperpolarisation-
activated cation channel involved in the generation of pacemaker

depolarisations in the heart and the control of neuronal excitability.
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Figure 3-3 Voltage-dependent calcium channel subunits and associated

mouse models of human spike-wave epilepsy

3.5.3 Targets of anti-absence drugs

Ethosuximide is a drug specifically effective in the control of absence
seizures. Application of ethosuximide to thalamocortical and nucleus
reticularis thalami neurones results in a 40% reduction in the amplitude of the
T-type Ca?* current (Coulter, Huguenard et al. 1989; Coulter, Huguenard et
al. 1990). This has implicated an action of ethosuximide on thalamic T-type
calcium channels. However other studies have failed to demonstrate an
effect of ethosuximide on native T-type Ca** currents in thalamic and
nonthalamic neurones (Sayer, Brown et al. 1993; Leresche, Parri et al.
1998). Ethosuximide has been observed to decrease the persistent Na* and

sustained K* currents in thalamocortical and cortical neurones (Leresche,
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Parri et al. 1998). Recent evidence also suggests that targeting of the
thalamus alone may be insufficient, and that actions in the cortex may be
required for a full anti-absence action for ethosuximide (Richards, Manning et
al. 2003).

3.5.4 Mendelian epilepsies

Mutations in GABRG2 cause both GEFS+, a phenotype which includes
absence seizures, and a phenotype of childhood absence epilepsy and
febrile seizures (section 2.4.6). A novel CACNA1A mutations have been
identified in a boy with progressive and episodic ataxia, learning difficulties
and absence epilepsy (Hanna, Jouvenceau et al. 2001). A heterozygous
mutation in the VDCC gene CACNALA has previously been reported in a
child with early onset absence epilepsy and cerebellar ataxia (Jouvenceau,
Eunson et al. 2001). The mutation gave rise to a premature stop codon, with
complete loss of function of the heterologously expressed mutated CaVv2.1al
subunit. A further mutation in CACNALA, predicted to result in a frameshift
and premature stop codon, has been reported in association with EA2 and

unspecified epilepsy (Jen, Kim et al. 2004).

3.5.5 Linkage and association studies of human absence

epilepsy

Linkage analysis of a five generation family from Bombay in which affected
patients had a persisting form of CAE provided evidence for a locus on
chromosome 8924 (Fong, Shah et al. 1998). The candidate region for this
locus, designated ECA1, has been refined, but a gene remains to be
identified (Sugimoto, Morita et al. 2000). Study of another extended pedigree
in which affected individuals manifested both CAE and febrile seizures

revealed a linked marker on chromosome 5 close to a cluster of genes
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encoding GABAA receptor subunits (Wallace, Marini et al. 2001). A mutation
was found in GABRG2 which changes a conserved amino acid and appeared
to contribute to the CAE phenotype. Mutations in this gene have also been
identified in a family segregating generalised epilepsy with febrile seizures
plus (GEFS+) (Baulac, Huberfeld et al. 2001).

A possible association was documented between a polymorphism in
GABRB3 and patients with CAE (Feucht, Fuchs et al. 1999), and suggestive
linkage to this gene found in 8 families (Tanaka, Castroviejo et al. 2000).
Mutation screening of 45 CAE patients identified no functionally relevant
mutations in GABRB3 (Urak, Feucht et al. 2006). However a SNP haplotype
in the region between the promoter and intron 3 showed significant
association with the CAE phenotype, and reporter gene assays in the human
neuronal-like cell line NT2 suggested that the disease-associated haplotype
causes reduced transcriptional activity. Heterozygous mutations in GABRB3
have been identified in four out of 48 families with CAE from Mexico and
Honduras, and all mutations demonstrated hyperglycosylation and reduced
whole cell GABA-evoked current density when expressed in vitro (Tanaka,
Olsen et al. 2008). GABRB3 maps to 15q11-q13, the region deleted in
Angelman syndrome (Wagstaff, Knoll et al. 1991), and mice with targeted
disruption of the Gabrb3 gene have the epilepsy phenotype and behavioural

characteristics of Angelman syndrome (DeLorey, Handforth et al. 1998).

An association has also been documented between polymorphisms in
CACNAI1A and IGE including CAE (Chioza, Wilkie et al. 2001).

Direct sequencing of CACNA1H, a T-type Ca®* channel gene, in a Chinese
population identified 12 missense mutations that were only found in patients
with CAE (14 of 118 patients) and not in any of 230 unrelated controls (Chen,
Lu et al. 2003). The mutations occurred in highly conserved residues of the
calcium channel gene, and are likely to be functionally significant. However
each mutation was also identified in an apparently unaffected parent of each
of the 14 affected children, suggesting that CACNA1H is one of perhaps
several susceptibility genes. Evaluation of Caucasian European patients with

CAE found no evidence of linkage to CACNA1H in 44 pedigrees and no
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CACNAI1H variants were identified in 220 unrelated patients (Chioza, Everett
et al. 2006). CACNA1H was subsequently screened in 240 epilepsy patients
(Heron, Khosravani et al. 2007). Over 100 variants were detected, including
19 missense mutations in subjects with childhood absence, juvenile absence,
juvenile myoclonic and myoclonic astatic epilepsies, as well as febrile
seizures and temporal lobe epilepsies. Nine of eleven variants tested altered
channel properties. The authors proposed that the variants identified
contribute to an individual 6s susceptibi

cause epilepsy on their own.

Linkage analysis in 65 CAE pedigrees found suggestive evidence for linkage
to CLCN2 with heterogeneity (Everett, Chioza et al. 2007). Mutation analysis
identified 45 sequence variants in CLCN2 and intrafamilial association
analysis found suggestive evidence for transmission disequilibrium with the

CAE phenotype.
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Chapter 4 |ldentification of Human Disease Genes

4.1 Introduction

Since the early 198006s, advances i
provided a range of approaches to the investigation of the molecular basis of
human inherited disease. Prior to this, very few human disease genes had
been identified, mainly for conditions in which the underlying biochemical
mechanisms had been elucidated. Modern techniques involving recombinant
DNA technology and the polymerase chain reaction (PCR) have been
applied with most success to mendelian diseases, and strategies for tackling
these disorders are now well established. These include positional cloning,
candidate gene identification and mutational analysis, which have allowed
the identification of several mendelian epilepsy genes. The complex genetic
diseases, however, have generally proved resistant to these strategies. The
completion of the human genome mapping project and progress in the
construction of a haplotype map (HapMap) of the human genome has

allowed new approaches to the investigation of complex diseases.

4.2 Evolution of Molecular Genetics

4.2.1 Mendelian and non-mendelian inheritance

Gregor Mendel (1822-1884) proposed a theory of particulate inheritance, in

which characteristics were determined by discrete units of inheritance (later

known as genes) that were passed from

experiments involving the cultivation of pea plants allowed him to formulate

his laws of heredity.
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422 Mendel 6s | aw of segregation

This introduces the concept of genes and alleles (alternative versions of
genes). These terms were not actually used by Mendel, but the essence of

what Mendel discovered was:

1. Alternative 6alleles6 account for wvari

2. For each character, an o,yogeafromseath | nher
parent.

3. I'f two alleles differ (a heterozygote
fully expressed in the organi sm, whi |

has no noticeable effect.

4. The two genes for each character segregate during gamete production

(meiosis).

)

C

-

423 Mendel 6s | aw of i ndependent assc

The most important principle of this law is that the emergence of one trait will
not affect the emergence of another. This results in the observed 3:1 ratio
between dominant and recessive phenotypes for a single trait, whilst
phenotypes comprising two traits show a 9:3:3:1 ratio.

4.2.4 Mendelian patterns of inheritance

Autosomal or X-linked traits can be dominant or recessive. This does not
apply to Y-linked traits as there is at most one Y chromosome. Males are
hemizygous for loci on the X and Y chromosomes. There are therefore five
basic mendelian pedigree patterns: i) autosomal dominant, ii) autosomal

recessive, iii) X-linked recessive, iv) X-linked dominant, v) Y-linked.
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425 Non-mendel i an o6complexd inheritan

By 1900, Mendel 6s work had been rediscov
Mendelian school of genetics. However, a rival school, based on the tradition
of biometrics developed by Francis Galton, argued that continuously variable
quantitative variable characters (such as height, strength, intelligence) could
not be explained by mendelian genetics and were not inherited in a
mendelian fashion. In 1918, RA Fisher demonstrated that traits with
guantitative variation and complex inheritance patterns could be explained by
the interaction of many independent mendelian factors (polygenic
inheritance). This applies to most clinical syndromes which are determined
by a complex interaction of factors involved in physiological or developmental
processes. The genetic architecture of complex diseases may comprise a
few interacting loci (oligogenic), many loci each with small effect (polygenic),
or the interaction of genetic and environmental factors (multifactorial). Non-
penetrance or variable expression of an apparently dominant disease, where
di fferent 6affecteddéd family members sho
features at all), is likely to be a reflection of a single major causative locus

interacting with modifying loci or environmental factors.

4.2.6 DNA/RNA and polypeptides

In 1943, Oswald Avery discovered evidence that molecules of DNA
(deoxyribonucleic acid) store the genetic information which determines the
characteristics of living organisms. James Watson and Francis Crick at the
Cavendish Laboratories in Cambridge, using the x-ray crystallography data
gener ated by Maurice Wil Kkins and Rosal i
London, determined the double helix structure of DNA in 1953. They
demonstrated that the four bases, adenine, guanine, cytosine and thymine,
which form the genetic code, are arranged in hydrogen-bonded pairs of
adenine-thymine and guanine-cytosine which hold the two strands together.
This structure explained how a gene could replicate, as the double helix
could split and each strand on its own could build its counterpart from free

bases, thus forming two new but identical DNA molecules.

77



By 1960, it was still not clear how the basic genetic information encoded by
DNA was expressed. It was known that the polypeptide proteins that
determine a cell ds physiology, mor phol og
individual genes in chromosomes. In 1960, Francois Jacob and Matthew
Meselson determined that proteins are assembled on ribosomes in the
cytoplasm of the cell. The following year, Jacob and Jacques Monod
hypothesised that a special form of RNA synthesised from the DNA template
of genes is transported to the ribosome where this messenger RNA (MRNA),
complementary to the genetic DNA sequence, provides the information for
polypeptide synthesis. This mRNA hypothesis was confirmed by Sydney
Brenner, Jacob, and Meselson in 1964. It had previously been demonstrated
in 1961, by Francis Crick and co-workers, that the actual instructions for a
polypeptide exist as a series of overlapping, three-base code words, each

Atripleto specifying one of the 20 amino

4.2.7 Mapping of genes

Genetic mapping relies on the principle that the segregation of two loci during
meiotic recombination depends on the distance between them. If two loci are
on different chromosomes they will segregate independently. If they lie on the
same chromosome, they will segregate together unless a cross-over occurs
between the two loci during meiosis. The further apart the two loci are on a
chromosome, the more likely it is that a crossover will separate them. The
recombination fraction is a measure of the genetic distance between the two
loci, and this genetic distance can be used to estimate the physical distance
using a mapping function. Genetic linkage studies measure the genetic
distance between markers of known chromosomal location and a putative

disease locus.

In 1911, Thomas Huntley Morgan first used the principles of linkage analysis
to propose that the genes for white eyes, yellow body, and miniature wings in
Drosophila are linked together on the X chromosome. Two years later, A. H.
Sturtevant, an undergraduate working with Morgan at Columbia, provided the
experimental basis for the linkage concept in Drosophila and produced the
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first genetic map. Early linkage studies in humans used blood group and
serum protein (with variant electrophoretic mobility) markers to determine the
chromosomal location of disease genes. Mapping disease genes more
accurately became a realistic possibility in the 1980s with the discovery that
variations in human DNA could be used as genetic markers in linkage
studies. The first genetic linkage map in humans, using restriction-fragment
length polymorphism (RFLP) markers was published in 1980 (Botstein, White
et al. 1980). These were typed by hybridizing southern blots of restriction
digests with radiolabelled probes. Subsequently, abundant highly
polymorphic short tandem repeat DNA sequences were discovered which
enabled the mapping of a larger number of mendelian disease loci (Weber
and May 1989).Disease genes could then be identified by positional cloning
(section 4.5.2)

Linkage analysis has proved extremely powerful when applied to mendelian
phenotypes. It has also led to the identification of genes responsible for rare
Ssubsets of more common familial di

disease and breast cancer. However, the majority of genes for the common

sor dei

6compl ex6 diseases have pnalgsisedne to thesi st an

probable existence of multiple genes with small effect and weak genotype-
phenotype correlations. Approaches using candidate genes or high-density
genome scans dependent on linkage disequilibrium may prove more

successful.
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4.3 Molecular genetic techniques

4.3.1 Polymerase chain reaction(PCR)

PCR is an extremely powerful method for synthesizing and amplifying a
specific DNA sequence within a source of DNA in vitro. It requires the
presence of a heat stable DNA polymerase for synthesis of new DNA
strands. The theory of PCR was first described in 1971 by Kleppe (Kleppe,
Ohtsuka et al. 1971). However, the first heat-stable DNA polymerase was not
discovered until 1975, when taq polymerase was isolated from the thermus
aguaticus microorganism in the hot springs of Yellowstone National Park.
Large scale automation of DNA amplification was then developed in 1983,
when Kary Mullis, working at the Perkin-Elmer Cetus Corporation, realised its
immense potential (Saiki, Scharf et al. 1985). To enable selective
amplification, the DNA sequence flanking the target region must be known.
This is used to construct two oligonucleotide primer sequences, which will
bind to complementary DNA sequences flanking the target region, when
added to denatured genomic DNA. To allow the synthesis of new DNA, the
four deoxynucleoside triphosphates (dATP, dCTP, dGTP and dTTP) must be

present in the reaction.

The PCR reaction involves three steps repeated sequentially: denaturation,
reannealing and DNA synthesis (Figure 4-2). Each cycle results in doubling
of the target DNA present.

PCR has a wide range of applications, including typing genetic markers,

mutation screening, DNA cloning and DNA sequencing.
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Figure 4-2 Polymerase chain reaction

4.3.2 Genetic marker typing

Restriction site polymorphisms (RSPs) are biallelic markers, either
possessing or lacking a specific restriction site. Conventionally, these are
assayed by digesting genomic DNA with the restriction endonuclease specific
for that restriction site. This results in fragments whose length depends on
the presence or absence of the restriction site. These fragments are then
size-fractionated by agarose gel electrophoresis, with smaller fragments
travelling more rapidly and therefore further through the gel. The DNA
fragments are detected by Southern blot hybridisation. This involves
denaturing the DNA fragments in alkali, transfer by blotting onto a
nitrocellulose membrane, hybridising with a radiolabelled single stranded
DNA probe and detection of the radiolabelled fragments using a x-ray film. As
a an easier alternative, RSPs can be typed by using PCR to amplify the
region containing the restriction site and then cutting the PCR product with
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the restriction enzyme. PCR amplifies enough of the target DNA sequence to

allow visualization of the fragments following agarose gel electrophoresis.

Simple sequence length polymorphisms (SSLPs) are much more powerful
than RSPs when used as genetic markers, as they tend to be highly
polymorphic. An SSLP consists of a short nucleotide sequence that is
tandemly repeated a variable number of times. Each allele of a particular
marker is determined by the number of repeat sequences. The most
commonly used SSLPs are dinucleotide (e.g. (CA)n), trinucleotide or
tetranucleotide repeats. Typing of SSLPs involves PCR amplification using
primers flanking the repeat region. The size of the PCR product indicates the
particular allele of the SSLP. By fluorescent labelling of one of the PCR
primers, the PCR products can be separated by polyacrylamide gel

electrophoresis and detected by laser excitation.

4.3.3 DNA sequencing

The basis for virtually all DNA sequencing is the dideoxy-chain terminating
reaction, developed by Sanger in 1975. A sequencing reaction consists of a
single stranded DNA template (multiple copies) and a complementary
sequencing primer which binds to the template and flanks the region to be
sequenced. DNA polymerase and the four deoxynucleoside triphosphate
(dNTP) DNA precursors are added for synthesis of complementary DNA
strands. In addition, a low concentration of one of four dideoxynucleoside
triphosphates (ddNTPs) is included which correspond to the four dNTPs.
These ddNTPs act as terminators of DNA chain synthesis. These are
incorporated normally into the growing DNA chain, but as they lack a
hydr oxyl group at the 36 carbon position
bond with the 5086 <car bon aquencet and DNAe x t d N
synthesis terminates. As the DNA sequencing reaction proceeds, chain
termination occurs randomly whenever a ddNTPs is incorporated instead of
the corresponding dNTP. This results in a population of DNA strands of
varying lengths, eachterminat i ng at the 30 end with ¢ttt
the reaction. Traditionally, four parallel reactions are run, each with one of the
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four ddNTPs. The products are separated on a denaturing polyacrylamide
gel. By incorporating radioisotope labelled nucleotides, the band positions

can be detected by exposure to x-ray film.

Modern sequencing reactions use fluorescent labelling of ddNTPs. By
labelling each of the four ddNTPs with a different coloured label, they can be
combined in a single sequencing reaction and the products separated in a
single lane. As the laser causes the dyes to fluoresce, each fluoresces at a
different wavelength and can be detected automatically and converted into

sequence information (Figure 4-3)
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TA G CCAG G CATAGTOGOG CACATG CCT A

Sequencing
electropherogram:

(V
586 AATTAGC
38 5
58 AATTAGCC
36 5
586 AATTAGCCA
38 5
58 AATTAGCCAG
36 5
58 AATTAGCCAGG
36 5
58 AATTAGCCAGGC
38 5
5 AATTAGCCAGGCA

5;.:- AATTAGCCAGGCAT
368 5

Figure 4-3 Automated DNA sequencing using fluorescent primers. Random
incorporation of the labelled ddNTPs produces a series of DNA fragments in

which chain growth has been terminated at each successive position.
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4.3.4 Single nucleotide polymorphism (SNP) genotyping and

microarrays

SNPs are DNA sequence variations that occur when a single nucleotide is
altered. A variation can (and probably does) occur at any of the
approximately 3,000,000,000 nucleotides in the human genome, but to be
considered a SNP, it must occur in at least 1% of the population. SNPs occur
every 100 to 300 bases along the human genome, accounting for about 90%
of all human genetic variation. SNPs and SNP haplotypes can be used as
genetic markers for genome-wide and candidate-gene association studies.
The availability of high density SNP maps with knowledge of the haplotype
structure of the human genome will provide an extremely valuable tool for the
investigation of complex genetic diseases. In 1999 the SNP consortium
(TSC) was established between pharmaceutical companies and the
Wellcome Trust, with the aim of mapping 300,000 common SNPs. By
February 2003, 3.7 million SNPs had been mapped. In 2002 the international
HapMap project was established to develop a haplotype map of the human
genome and to identify which 200,000 to 1 million tagging SNPs provide
almost as much mapping information as the 10 million SNPs in total. The
phase Il HapMap published in 2007 characterised over 3.1 million human
SNPs genotyped in 270 individuals from four geographically diverse
populations and include 251 35% of common SNP variation in the populations

surveyed.

A number of SNP genotyping methods have been developed. An ideal
method should be easy, quick, robust, flexible and automated for high
throughput. Important aspects of methodology include allelic discrimination,
assay format, and detection technique (Kwok 2001). Some illustrative
methodologies will be briefly described. All depend on PCR amplification of
the genomic DNA prior to genotyping. Melting curve SNP analysis (McSNP)
is described in section 6.7.1
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4.3.5 Allele specific hybridisation

Techniques such as that developed by Affymetrix and the Whitehead institute
involve hybridisation on a GeneChip microarray. Allele specific hybridisation
uses allele specific probes which only anneal to the target DNA when there is
a perfect match. The allele specific probes are immobilized on a solid
support, and after PCR amplification of the target DNA and hybridization to
the microarray, the unbound targets are washed away and the hybridised
DNA visualised by fluorescent labelling. The PCR assays allow a degree of
multiplexing, but the detectable SNPs are limited to those on the pre-

designed microarray.

4.3.6 Dynamic allele specific hybridisation (DASH)

This method investigates allele-specific hybridisation by using the difference
in melting temperature between annealing of the allele-specific probe to
matched and mis-matched DNA. Hybridisation is monitored over a range of
temperatures and formation of double stranded DNA detected using a DNA
intercalating dye, such as Syber Green |, which fluoresces in the presence of
double-stranded DNA. Assays can be designed for almost all SNPs.
However, the PCR amplified target DNA must be rendered single-stranded
by used of biotinylated PCR primers which allow the product to be captured

on a solid support, denatured, and the unlabelled strand washed away.

4.3.7 Homogeneous hybridisation with  fluorescence

resonance energy transfer (FRET)

Techniques such as Molecular Beacon and TagMan (section 6.7.1) use the
principle of fluorescence resonance energy transfer. A fluorescent reporter is
held in close association with a universal quencher such that fluorescence is
only observed when the reporter and quencher are separated. The reporter
and quencher can be held by a molecular beacon which is a stem-loop
structure in which binding to target DNA exactly complementary to the

sequence of the loop portion forces open the stem and allows fluorescence.
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A single base mismatch reduces the strength of hybridisation so that the
stem-loop structure remains intact. In both the Molecular Beacon and
TagMan assays, the increase in fluorescence can be monitored in real time,
or two differently labelled allele specific probes can be used, and the signal

ratio of the two probes measured at completion of the PCR.

4.3.8 DNA polymerase-assisted genotyping

Minisequencing, or single nucleotide primer extension, uses a primer that
anneals to the target DNA immediately adjacent to the SNP. Primer
extension by DNA polymerase only occurs with the nucleotide
complementary to the nucleotide at the site of the SNP, and this is detected
by differential fluorescent labelling of the four ddNTPs. Maodifications include
the use of HAPTEN-labelled nucleotide analogues that are detected
colometrically in an ELISA (enzyme-linked immunosorbent assay), and the
Amplifluor® SNPs Genotyping System is based on competitive allele-specific
PCR, using two fluorescently labelled Amplifluor® SNP Primers in a one-
step, single-tube reaction with standard PCR. Pyrosequencing detects the
pyrophosphate which is released whenever a dNTP is incorporated during
primer extension (see section 6.7.3). Mass spectrometry or MALDI-TOF
(matrix-associated laser desorption time-of-flight mass spectrometry) can be
used to detect the primer extension products. This can be an extremely

sensitive method, and allows multiplexing, but is expensive.

As with allele specific hybridisation, single nucleotide primer extension can
be used with microarray technology for parallel genotyping of SNPs. The
power of discrimination between genotypes appears to be significantly
greater than for allele specific hybridisation. Minisequencing on microarrays
uses one primer for each SNP immobilised on a solid support. After primer
extension with labelled ddNTPs, the genotypes are detected by fluorescence
scanning. An alternative microarray method is allele-specific primer
extension, where two allele-specific primers per SNP are immobilised and
extended with fluorescent oligonucleotides and templates of target DNA (or
RNA created by RNA polymerase and then used as templates with reverse
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transcriptase). Microarrays can also be used in conjunction with cyclic
nucleotide primer extension reactions in solution using tagged primers and
complementary oligonucleotide tags on the microarray. The microarray is
used to capture and sort the minisequencing products by hybridisation.
Tagged primers can also be used with arrays of microspheres, where
different classes of microspheres, each with a specific tag, are detected by
fluorescence in a flow cytometer, and the genotype of the SNP is determined
by the captured fluorescent product.

4.3.9 Ligation methods

Methods such as the oligonucleotide ligation assay utilise DNA ligases which
only ligate hybridised probes and target DNA when there is a perfect match.
This can be combined with colimetric detection methods, fluorescently

labelled ligation probes and microarray formats.
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4.4 Genome Mapping Projects

4.4.1 Human genome project

The human genome project was a collaboration involving 20 groups from the
United States, United Kingdom, Japan, France, Germany and China. In 1988
the US national Research Counci l publ i sh
Sequencing the Hu man Genomeo. Thi s recoc
include: the creation of genetic, physical and sequence maps of the human
genome; similar projects in model organisms (bacteria, yeast, worms, flies
and mice); the development of supportive technology; research into related
ethical, legal and social issues. Genomic research programmes were
launched by the Department of Energy and the National Institute of Health in
the US, the Medical Research Council and the Wellcome Trust in the UK, as
well as other bodies in Europe and Japan. By 1990 the Human Genome
Project had been launched as a 15 year project and the Human Genome
Organisation (HUGO) to coordinate international genome research. A draft
genome sequence was published in February 2001, covering about 94% of
the human genome. The sequencing of the human genome was declared
complete in April 2003 (99% of gene-containing part of human sequence
finished to 99.99% accuracy). However the completed sequences of
individual chromosome continue to be released until 2006. By March 2003,
15,000 full-length human cDNAs had been identified and these could be
compared with those of other organisms with sequenced genomes. The total
number of human genes was less than predicted at around 25,000, with

alternative splicing resulting in around 100,000 proteins.

4.4.2 Model organisms

Comparison of genome sequences from evolutionarily diverse species is a
powerful tool for identifying functionally important conserved genomic

elements, defining the functional nature of some sequences, establishing
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relationships between genotype and biological function, providing insights
into the distinct anatomical, physiological and developmental features of
different organisms, defining the genetic basis for speciation and facilitating

the characterization of mutational processes.

The first multicellular eukaryotic genome to be completed was the
Caenorhabditis elegans genome, carried out by the Sanger Centre and the
Genome Sequencing Centre at Washington University (C. Elegans
Sequencing Consortium 1998). The sequence of the Drosophila
melanogaster genome, originally determined in a collaboration between
Celera and the Berkeley Drosophila Genome Project, was published in 2000
(Adams, Celniker et al. 2000). The results of an international collaboration to
produce a high-quality draft sequence of the mouse genome were published
in 2002, as well as an initial comparative analysis of the mouse and human
genomes (Waterston, Lindblad-Toh et al. 2002). The complete genome
sequences of Plasmodium falciparum (Gardner, Hall et al. 2002), the main
cause of human malaria, Plasmodium yoelii (Carlton, Angiuoli et al. 2002),
the infectious agent in rodent malaria and the malaria mosquito Anopheles
gambiae (Holt, Subramanian et al. 2002), were published simultaneously in
October 2002. As of June 2003, the Rat Genome Sequencing Consortium,
led by the Baylor College of Medicine Human Genome Sequencing Centre,
had released a draft genome assembly of the Rattus norvegicus genome
covering more than 90% of the estimated 2.8 Gb genome. In February 2001
the Sanger Institute started sequencing the genome of the zebrafish (Danio
rerio) following two strategies: clone mapping and sequencing from BAC
(bacterial artificial chromosome) and PAC (P1-derived artificial chromosome)
libraries and whole genome shotgun sequencing with subsequent assembly.
It is expected that 90% of the zebrafish genome will be available by the end
of 2009.

4.4.3 The future of genome research

A number of future projects for genome research were proposed following

the completion of the human genome project (Collins, Green et al. 2003).
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These challenges were related to three major themes - genomics to biology,
genomics to health and genomics to society, and to six elements i
resources; technology development; computational biology; training; ethical,
legal and social implications; and education. Within the genomics to biology
theme, the key targets included: i) identifying all structural and functional
components, including protein-coding and non protein-coding regulatory
sequences encoded in the human genome (the aim of the Encyclopaedia of
DNA Elements (ENCODE) Project launched by the National Human Genome
Research Institute); ii) elucidating how genes and gene products interact and
how the contribute to functioning of cells and organisms; iii) developing a
complete description of the genetic variation in the human genome and its
relationship to disease and response to drugs (for example the SNP
Consortium and the International HapMap project); iv) understanding
evolutionary mechanisms; and v) disseminating genome information as

effectively as possible. Much of this work is ongoing.
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4.5 Identifying mendelian disease genes

Positional cloning, including positional candidate gene approaches, together
with mutational analysis has been particularly successful in the identification
of mendelian disease genes. Diseases wi t h ocompl ex6 i nher |

generally required alternative approaches, such as association analysis.

4.5.1 Functional Cloning

A disease gene is identified on the basis of information about its function,
such as the biochemical abnormality underlying the disease. Historically,
isolation of a purified gene product has allowed amino acid sequencing and
identification of regions with minimal codon degeneracy (ie relatively few
codon permutations can encode the amino acid sequence). This enabled the
synthesis of labelled oligonucleotides corresponding to all possible codon
permutations, which were then used to screen cDNA libraries, identify a
cDNA clone, and screen a genomic DNA library to fully characterize the
gene. This approach was used to identify the factor VIl gene responsible for
Haemophilia A. An alternative approach involves raising antibodies against
the normal protein product, and then using the antibodies to screen

expression cDNA libraries.

4.5.2 Positional Cloning

This approach uses linkage analysis to map a gene locus to a small
chromosomal region. Linkage analysis tests polymorphic genetic markers
di stributed across t-widke 6g ennmanmsegréefabond geea o0 m
(linkage) with the disease phenotype. A single large pedigree or several
smal | pedi grees ar e required. A 6l i nke
recombinations with the causative gene during meiosis and therefore lies on
the same chromosomal segment (Figure 4-4). A physical map of a linked
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chromosomal region can then be constructed, and coding DNA sequences
identified for mutation screening. Linkage analysis as a method for mapping
disease genes in man was revolutionised by the development of methods for
detecting polymorphism at the DNA level as well as a comprehensive genetic
marker map of the human genome consisting of 5,264 simple sequence

length polymorphisms (Dib, Faure et al. 1996).

A a A a A a
B b B b B

—> —>
C C C c c C

Figure 4-4 Linkage analysis. During prophase of meiosis 1, pairs of

o

homologous chromosomes synapse and exchange segments. Alleles at 3
loci are shown - A, B, C on the blue (paternal) chromosome and a, b, c on
the red (maternal) chromosome. Recombination between closely spaced loci
(A and B) is likely to occur much less frequently than between well separated
loci (A and C). If A is the disease gene and B and C are polymorphic genetic
markers, linkage analysis allows the disease gene to be mapped relative to

the markers B and C.
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Positional cloning has led to the identification of disease genes for a large
number of mendelian disorders including several epilepsies. There has been
some limited success in non-mendelian disorders such as Crohn disease
(Hugot, Chamaillard et al. 2001; Ogura, Bonen et al. 2001). However, the
statistical power of this approach is greatly reduced by genetic heterogeneity,
uncertainty concerning the mode of inheritance and penetrance of disease

alleles, and several other confounding factors.

4.5.3 Genetic Mapping

The genetic distance between loci is defined by the recombination fraction. A
recombination fraction of 1% signifies a crossover occurring in 1% of
meioses. Genetic distance is measured in centimorgans (cM), ie two loci that
show 1% recombination are 1 cM apart on a genetic map. However the
relationship between recombination fraction and genetic map distance is not
linear, as recombination fraction cannot exceed 50% (two loci which
segregate independently will be recombinant on average 50% of the time).
Recombination fraction (q) and genetic distance in centimorgans (D) are
related by a mapping function. A commonly used mapping function is the
Kosambi function (Kosambi 1944), which takes into account interference
(inhibition of chiasma formation by the presence of a nearby previous

chiasma):

D = 1/4In{(1+2q)/(1-2q)}

45.4 Genetic Markers

The development of human genetic markers is described in section 4.2.7 and
section 4.3.2. For a particular marker, the proportion of informative meioses
(those meioses for which the segregation of alleles can be determined) for

linkage analysis depends on the informativeness of the marker. A meiosis
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can only be informative if the individual is heterozygous for a particular
marker. The heterozygosity of a marker indicates the proportion of
individuals within a population heterozygous at the marker locus. The
polymorphism information content (PIC) refers to the proportion of
informative meioses. A PIC of O indicates a marker that is never informative

and a PIC of 1 indicates a marker that is always informative.

4.5.5 Linkage analysis

The likelihood that two loci, or a marker and disease are linked is tested
using two-point LOD score analysis (Morton 1955). The LOD score, Z, is the
logarithm of odds that the loci are linked with a particular recombination
fraction, g, rather than unlinked ( g0.5). Each meiosis is considered in turn to
calculate the overall LOD. The LOD score is calculated over a range of q
values to find the maximum values. The traditional criteria for positive linkage
for a mendelian trait is Z=3.0 (corresponding to odds of 1000:1), with a 5%

chance of error. The criteria for exclusion of linkage is Z<-2.0.

Multipoint linkage analysis allows multiple loci to be analysed simultaneously.
This can compensate for uninformative markers at particular meioses and for
missing marker data by extracting data simultaneously from neighbouring

markers and allowing construction of marker haplotypes.

Standard LOD score analysis requires a precise genetic model to be
specified, including the mode of inheritance, gene frequency and penetrance
of each genotype. This data is often an approximation or estimate. Model-
free, or non-parametric analysis tests allele sharing amongst affected
individuals in pedigrees, without any assumptions about model of inheritance.
This bypasses the inherent problems of parametric analysis such as
misspecification of parameters. Model-free analysis must distinguish between
allele sharing identical by state (IBS) from alleles that are identical by
descent (IBD). Identity by descent signifies shared alleles that have been
inherited from a common ancestral chromosome, whereas identity by state

refers to alleles that are shared coincidentally but do not have a common
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ancestral origin. Exclusion of IBS can be increased by construction of

multilocus haplotypes.

4.5.6 Positional candidate cloning

The availability of detailed genetic and physical maps, including the human
genome project, has allowed for much easier identification of a potential
causative gene. The positional candidate approach involves (i) linkage
analysis to localize a disease gene to a chromosomal subregion (ii)
searching databases for a candidate gene within that subregion, based on
known gene function and an understanding of the disease pathophysiology

and (iii) testing the candidate gene for disease-causing mutations.

4.5.7 Mutational analysis

Several methodologies are available for the identification of potential disease
causing mutations in candidate genes. These include single strand
conformational polymorphism (SSCP), heteroduplex analysis and
oligonucleotide arrays. Direct sequencing is ultimately required to confirm a
sequence change. Functionally important regions of the gene are initially
screened for mutations, and any identified sequence variant is then
evaluated to determine its significance. The association of a mutation with
the disease trait can be investigated both in family-based linkage studies and
population-based association studies (section 4.6.2). The functional
consequences of a sequence variation depend in part on the location relative
to the gene, pathogenic mutations often occurring within the coding
sequence of the gene but also occurring in intragenic noncoding sequences
or regulatory sequences outside exons. A functional variant is also likely to
alter a highly conserved amino acid or affect a splice site or stop codon.
Ultimately, the effect of a mutation on gene expression and protein function

may be investigated using a variety of in-vivo and in-vitro techniques.
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46 I denti fying genes for di sease

inheritance

46.1 Genetic architecture of o&écompl ex

Genetic architecture has a major influence on the optimal strategy for
detecting susceptibility | oci responsi bl
loci determining Mendelian traits are rare (low frequency) and of major effect
(highly penetrant). The same trait may be caused by rare, high penetrance
alleles at distinct loci (locus heterogeneity). At a given locus many different

disease alleles may occur (allelic heterogeneity).

Alleles at susceptibility loci are of small effect and likely to be of relatively
high frequency (>1%). The number of loci, the magnitude of their individual
effect on risk, their mode of interaction and the number and population
frequency of susceptibility alleles underlying any particular trait is unknown.
Oligogenic traits with a few loci of significant effect represent one end of the
spectrum, with truly polygenic traits caused by numerous loci of small effect
at t he ot her e n ddisease-cTohnemo @ ¢ ovnamoina nt 6 hyry
assumes that there is allelic homogeneity at each locus with the susceptibility

allele present at high frequency (>5-10%) (Wright and Hastie 2001).

The methods of linkage analysis and positional cloning which are so powerful
when applied to Mendelian disorders are much less useful for those traits
which display O6écomplexd inheritance. A
clustering, segregation in families cannot be explained by the effect of a
locus with dominant or recessive disease alleles. Interaction of several loci,
each exerting a small effect, together with environmental factors is assumed.
The power of linkage analysis is low if individual loci exert a small effect on
the phenotype or if there is extensive locus heterogeneity. Thus, adequate
power to detect linkage can only be attained with numbers of pedigrees
above the number it may be practicable to ascertain. Numerous linkage
anal yses usi fwigle éa apperncoarceh i n compl ex tr e

identify linked loci which have been highly significant (statistically), replicable
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or have | ed on to positional cloning of
traits, linkage cannot provide high-resolution localisation and positive results
usually cover very large chromosomal regions. Therefore an alternative

approach such as association analysis is often required.

4.6.2 Association analysis

Association studies detect non-random associations between a trait and
either an allele or group of alleles in linkage disequilibrium (LD). LD is the
non-random occurrence of specific alleles at adjacent loci (a haplotype).
Association studies test for markeri disease correlations by investigating LD
in a population. LD is measured between the disease and marker alleles, or

preferably a haplotype of several markers, in unrelated individuals.

LD can be measured in several ways. A commonly used parameter of LD is
DO . D6 is related to the basicoftheasur e
deviation of haplotype frequencies from the equilibrium state, ie:

D=p(AB)-p(A)p(B)

where A and B are alleles at two linked SNPs and p(X) represents the
frequency of the X allele or haplotype.
maximum value Dpax (or compared to its minimum value, Dmin, Wwhen D<O0).
Complete LD is denoted by DO6=1, and r epe

approaching zero.

SNPs are particularly suited as markers for association analysis. SNPs
constitute the majority of the variation between human genomes, which on
average differ by 0. 1%. Most of these
functional consequences is likely to include the allelic variation that accounts

for common disease traits.

The control sample of chromosomes can be taken from an unaffected
population. An alternative strategy is intra-familial association analysis, such
as the transmission disequilibrium test (TDT) which uses internal controls.

The TDT compares the transmission of alleles from heterozygous parents to

98



affected offspring (Spielman, McGinnis et al. 1993). The affection status of
the parents is not relevant, and a single parent can be used. Each marker
allele is tested by selecting all parents that are heterozygous for that allele
and counting how many times, n, the allele is transmitted to the affected
offspring. This is compared with the number of times the alternative allele is

transmitted.

The TDT test statistic, (NansmittedNuntransmitted)/(Niransmitted Nuntransmitied), Nas a ¢
distribution with 1 degree of freedom. The pedigree disequilibrium test, PDT,
is an extended test for intra-familial association that analyses LD in extended
pedigrees using all potentially informative data (Martin, Monks et al. 2000;
Martin, Bass et al. 2001).

Allelic association has greater power to detect susceptibility alleles of smaller
effect, but I's criticaldsgased ®pmenmadcie nvtar o & nt
hypothesis being true for a particular trait (Reich and Lander 2001). If a wide
diversity of low-frequency alleles causes susceptibility, association would be

difficult or impossible to detect.

Association studies can be used in combination with linkage analysis to
narrow a candidate region identified by linkage, or can be applied directly to
test candidate genes. Chromosomal or genome-wide association studies
have become a realistic possibility with the development of whole-genome

association maps.

4.6.3 Association analysis used in combination with linkage

analysis

Linkage operates over long distances, typically of the order of greater than
1Mb. Association analysis operates over much shorter distances (less than
100kb) and therefore can be used in certain situations to narrow a candidate
region identified by linkage. However it is important to note that this is not
always the case, and LD may not be significant in a region identified by
linkage analysis. For example, if there is a high degree of allelic
heterogeneity then no individual susceptibility allele will be detectable by LD
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with neighbouring markers. Similarly, for very old susceptibility alleles, LD in

the region may no longer be present due to successive recombination.

4.6.4 Candidate gene association analysis

Association analysis can be used to test candidate genes identified on the
basis of known gene function and an understanding of the disease
pathophysiology. Intragenic SNPs are identified from SNP databases or by
direct sequencing in a control population. The number of SNPs required to be
tested can be significantly reduced by the identification of the LD block
structure of the region encompassing the candidate gene. Extensive blocks
of LD are present in the human genome, at least in the Northern European
population, which create haplotypes between 25 and 100 kb long (Daly,
Rioux et al. 2001). LD blocks are defined
greater than a predetermined value, commonly 0.7. An entire gene may lie
within an LD block, or may span multiple blocks. Within an LD block, it is
unnecessary to genotype every SNP. A subset of SNPs will represent the
majority of the genetic variation within an LD block and can be designated as
haplotype tagging SNPs (htSNPs). Typing the htSNPs alone will be sufficient
to identify the common haplotypes, and will significantly reduce the amount of
genotyping required.

4.6.5 Whole genome association analysis

A genome wide association study searches the whole genome for
susceptibility alleles with no previous assumptions about the likely location.
This has become a practical possibility with the development of rapid, high-
throughput, cheap SNP genotyping technology and increasingly
comprehensive SNP databases incorporating the LD structure of the human
genome (e.g. dbSNP, HapMap). Fortunately it is not necessary to genotype
all of the approximately 11 million SNPs with allele frequency greater than
1%. As discussed in section 4.6.4, the pattern of LD allows haplotype tagging
SNPs to be selected that capture most of the common genetic variation in a

region. The stronger the LD in a particular region, the less htSNPs needed to
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be typed to capture the variation. On the basis of the HapMap data, it is
estimated that a few hundred thousand htSNPs will be required to cover the
whole genome (Hirschhorn and Daly 2005). HtSNPs are usually selected to
detect relatively common haplotypes (frequency>5%). Therefore rarer
susceptibility alleles may be missed by this approach. However rare SNPs
with minor allele frequency <5% still tend to lie on a single commoner
haplotype, as rare SNPs are likely to have arisen recently so that they have
not had time to either disappear or become common, and the LD block has
not been eroded by recombination (Hirschhorn and Daly 2005). Thus rarer
alleles that are highly penetrant and still account for a significant proportion
of the genetic trait in question should still be detectable by the htSNP
approach (Kamatani, Sekine et al. 2004).

An alternative approach which has been suggested to reduce the number of
SNPs typed is a sequence-based approach. This targets SNPs in DNA
sequences that are likely to be of functional importance, including coding
regions of genes (particularly missense SNPs), splice sites, promoter regions
and sequences of DNA that are highly conserved between species (Botstein
and Risch 2003). This approach may identify susceptibility alleles of lower
frequency than the haplotype-based approach, but would miss functionally

important changes in non-coding or non-conserved regions.

Several other factor need to be considered in the design of a genome wide

association study. These include:

i. Sample size

Large sample sizes are needed to detect variants of modest effect. Power to
detect a significant association is further decreased by the problem of
multiple hypothesis testing (due to the large number of SNPs tested in a
genome-wide association study) and p-values must be corrected for this (see
point ii). One possible strategy for reducing sample size is a multistage
approach where an initial population is typed for all SNPs, and a second
independent population is used to retest only those SNPs with putative
associations. Another strategy to increase the power of a population to

demonstrate a positive association for rare susceptibility alleles is to study a
101



founder population, one that has expanded from a bottleneck of relatively few
individuals in the recent past (less than 100 generations). Rare alleles are
likely to be found on a single large shared haplotype in the founder

population, so that fewer markers need to be genotyped.

ii. Significance thresholds

The multiple testing performed during a genome-wide association study
requires a correction in p-value. The standard is a Bonferroni correction

which assumes that all tests are independent:

—_ n
pcorrected - 1 - (1'puncorrected)

However this may be an over correction as it does not take into account LD
between markers and marker redundancy. Other strategies for estimating
statistical significance include permutation testing (where the data sets for
the cases and controls are repeatedly mixed up, resorted randomly and
retested to produce a null distribution of best test statistics for comparison

with the best actual test result) and Bayesian approaches.

iii. False positives

False positive associations can arise due to population stratification, where
the study population consists of more than one genetically distinct group
(admixture), and these subgroups are not equally represented in the cases
and controls. Thus a difference in marker allele frequencies between cases
and controls can simply represent the different genetic subgroups and have
no relationship to the trait under study. Population stratification can be
detected and corrected for by evaluating large numbers of unlinked markers,
of which there is an abundance in a genome-wide association study
(Pritchard, Stephens et al. 2000). Intra-familial association studies also avoid
the problem of population stratification. Other sources of false-positive

associations include technical artefacts and statistical fluctuations.
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Chapter 5 Patients and Families

51 Summary

This section describes the ascertainment and characterisation of the total
family resource, in collaboration with a network of paediatricians and

paediatric neurologists in the UK and abroad.

Criteria for affectedness status were a clinical diagnosis of CAE or JAE
according to ILAE criteria. The referring paediatrician usually made the initial
diagnosis but confirmatory documentation of the clinical phenotype and EEG
data were obtained in all cases. The clinical phenotype of affected individuals
was recorded in an electronic database. This data was subjected to security

control.
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5.2 Family Resource

A resource of patients and families with IGE was previously ascertained
during a BIOMED 2 funded Concerted Action on Genetic Analysis of Epilepsy
(1993-1996). This resource, which includes 78 pedigrees in which at least
one individual has absence epilepsy, has been employed predominantly for a
genome wide IGE screen.

Multi-centre ethical approval for the current study was obtained through the
North Thames Multi-centre Research Ethics Committee (reference number
MREC/99/2/61)

Collaboration with clinicians in both the UK and Europe has increased the
patient resource to 299 families including 405 affected individuals (CAE, JAE
or AE as discussed in section 5.2). 82 families contain more than one
affected individual. Detailed clinical information has been documented and
DNA has been obtained from all affected individuals and, where possible,
parents and unaffected siblings. DNA was also obtained from a family in
which absence epilepsy segregates with episodic ataxia type 2 (EA2) in an
autosomal dominant fashion through three generations. The patient resource

was ascertained in the following ways.

5.2.1 Recruitment in the United Kingdom

1. A mailshot was sent to 322 consultant paediatricians in the North and
South Thames Regions, identified from the Royal College of Paediatrics
and Child Health (RCPCH) handbook (Appendix 1a). The mailshot was
also sent to 37 consultant paediatric neurologists throughout the UK,
identified from the British Paediatric Neurology Association (BPNA)
membership list. 124 paediatricians ultimately expressed interest in

collaborating and provided patients for the study.
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2. Collaborations were established with neurophysiology departments
performing paediatric EEGs throughout the UK (Appendix 2). EEG
records were searched for reports consistent with a diagnosis of CAE or
JAE. A letter was then sent to the referring consultant in order to
confirm the diagnosis and to request permission to pass on information

about the study to the family (Appendix 1b).

3. Details of the study including a call for patients were published in the
BPNA newsletter in January 2002 (PART 4Chapter 17Appendix 3). A
project summary was also circulated at the BPNA Annual Meeting
(PART 4Chapter 17Appendix 4).

4. A collaboration was established with Dr AJ Makoff and Dr L Nashef in
the epilepsy genetics research group at the Institute of Psychiatry in
London. Clinical information and DNA samples from 35 absence

patients were contributed to this study.

5.2.2 Recruitment outside the United Kingdom

1. Collaborations were established with paediatric neurologists and
epilepsy genetics researchers throughout Europe (PART 4Chapter
17Appendix 5). Several of these originated from the Concerted Action
on Genetic Analysis of Epilepsy (1993-1996) and the subsequent

European Consortium on the Genetics of Idiopathic Generalised

Epilepsy.

2.  Members of the Canadian Epilepsy Database and Registry (CEDaR)
agreed to collaborate following a meeting at the American Epilepsy
Society Annual Meeting in Seattle in 2002 (Appendix 5)
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5.3 Criteria for affectedness status

Criteria for affectedness status were a clinical diagnosis of CAE or JAE
according to ILAE criteria (ILAE 1989). An additional category of absence
epilepsy, AE, was use to include individuals with a childhood onset of

absence seizures but who did not meet the strict criteria for CAE.

5.3.1 Childhood absence epilepsy
Inclusion criteria:

Brief (4 to 20 seconds, exceptionally longer) and usually frequent (tens
per day) absence seizures (of any type except myoclonic absences)
with abrupt and severe impairment of consciousness as predominant
seizure type. Automatisms may occur.

Onset between 2 and 12 years

Generalised tonic-clonic seizures or unclassified seizures may also occur

Seizures may persist into adulthood

Normal neurological examination and development

Ictal EEG showing bilateral, synchronous, symmetrical high amplitude
discharges of 2.5-4 Hz spike and double spike and slow wave
complexes on a normal background. 3-4 Hz occipital rhythms may be

present.

Exclusion criteria:

Prominent myoclonus (brief jerks at onset of absence seizure do not
exclude patient)

Eyelid myoclonus (fluttering of eyelids during absence seizure does not
exclude patient)

Significant developmental delay

Persistent or focal neurological deficit
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Polyspike-wave complexes in the ictal EEG, or clear evidence of
photosensitivity
Clear abnormalities on neuroimaging (although most patients will not

have had neuroimaging performed)

5.3.2 Juvenile absence epilepsy

For the purposes of this study, the following criteria were used to distinguish
JAE from CAE:

Onset of absences after 12 years of age

Less frequent absences than in CAE

A frequent association with generalised tonic clonic seizures

Myoclonic seizures occurring not infrequently

Ictal EEG may show polyspike-wave complexes at a frequency of 3.5Hz
to 4.5 Hz. Photosensitivity may be present.

5.3.3 Absence epilepsy

Individuals were identified with many of the features of CAE and an onset of
absence seizures below the age of 12 years, but who could not be classified
as CAE due to certain atypical features. For the purpose of this study, these
individuals were classified as absence epilepsy (AE). The atypical features

included:

Onset of absences below the age of 2 years

Prominent myoclonus (other than eyelid myoclonus) as a feature of
absence seizures

Prolonged absence seizures

Atypical EEG features including polyspike-wave complexes in the ictal

EEG, or clear evidence of photosensitivity
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5.4 Recruitment procedure

Potential participants were identified by the methods above. Whenever
possible, initial contact with a family regarding the study was made by their
own consultant paediatrician. A letter of invitation to participate was then sent
together with information sheets in three versions 1 for adults, teenagers and
younger children (Appendix 6, Appendix 7). All positive responses were
followed up by a phone call and, when indicated, a home visit to confirm the
clinical details and obtain informed consent for all participating family
members. Consent forms were signed by participating subjects or, when

appropriate, parents or guardians (Appendix 8).

5.5 Clinical data

Clinical data was obtained in the following ways:

1. Direct questioning of affected individuals and family members

2.  Direct questioning of referring clinician

3. Clinical documentation and correspondence from referring clinician

4. Description of ictal events from EEG reports including video telemetry

where available

Data was initially recorded in Family Clinical Data Sets (Appendix 9). It was
then stored electronically in a secured Microsoft® Access Database. The
Access database was organised into three tables - Family Investigator,
Family Overview and Clinical Data (Table 5-1). Data could be entered using
data entry forms (Figure 5-1, Figure 5-2). Blank versions of the Access
database were emailed to collaborators to enable data on their local patients
to be entered directly on a local computer. This secured data could then be
emailed back and added to the master database. Instructions on data entry
were provided for collaborators (Appendix 10). The database could be

gueried to identify subgroups of subjects with particular characteristics.
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5.6 DNA collection

DNA was obtained from all participating family members, including
unaffected parents and siblings. Samples were collected by one of two

methods.

5.6.1 Venous blood sampling

Venous EDTA blood samples were collected (5ml from children, up to 20ml
from adults) whenever possible for the high DNA yield. A topical anaesthetic
cream (Emla or Ametop) was used for children. For some local families,
home visits were organised to perform venepuncture. In other cases, local
GPs or hospital phlebotomy departments agreed to perform venepuncture
and the blood samples were sent to University College London for DNA
extraction. Whenever possible, blood was taken at the same time as routine
specimens during clinic appointments. Instructions for blood sample
collection and transport were provided (Appendix 11a). When blood samples
were taken outside the UK, the blood was frozen and transported on dry ice

or DNA was extracted locally.

5.6.2 Buccal cell sampling

Buccal cells were obtained using cheek swabs when venepuncture was
difficult to perform or family members were unwilling to give blood. Five
sterile swabs were provided for each individual and cheek swab kits
(including instructions, preservative solution and stamped addressed padded
envelopes for return of samples) were posted directly to the families
(Appendix 11b).
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Table 5-1 Clinical database organisation

Table Notes

i) Family Investigator

Family ID 3 digit code, one record per family

Country

Epilepsies This represents all the epilepsies/seizures in the family, each

Individual C/ACode
Family name

Local code
Investigator name
Address
Telephone

Fax

ii) Family Overview
Family ID

Individual ID

Full ID

Country

Epilepsies

Subject Name

Date of Birth

Sex

Relationship

Date Last Observation
Date of Entry

EEG Available

DNA

Ethincity

iii) Clinical Data
Full ID

Country
Epilepsies
Seizures

Past Medical History
Examination
Neurodevelopment
Imaging

Clinical Comments
Date of EEG
Normal?

Patient age at EEG
Background

Patient state

EEG Ictal

Ictal Phenomena
Duration of EEG
Video-Telemetry
Medication at EEG
Abnormality spontaneous
Hyperventilation
Photo Sensitive
Generalized Abnormality
Frequency in HZ
Focal abnormalities

represented by a 2-letter code:
CA: CAE, JA: JAE, JM: JME, IG: IGE, EM: EMA, FC: Febrile
convulsions,

PS: Photosensitive seizures, OE: Other epilepsy
Concerted action code if relevant

3 digit code
3 digit code. The usual individual IDs are: father 101, mother 102, ch
6 digit code - a combination of the family ID and the individual ID

Epilepsies i this represents all/l e

Rel ationship: P i proband, PP i pa

GSA: generalised seizure, absence, GSM: generalised seizure,
myoclonic

GTCS: generalised tonic-clonic seizure, FC: febrile convulsion
GSAmy: generalised seizure, absence + myoclonus, US:
unclassified seizure

Up to three EEGs can be recorded

Up to three medications can be recorded
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Figure 5-1 Clinical database - screen shots showing family data entry forms
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5.7 Nuclear pedigrees

5.7.1 Pedigrees used for initial linkage analysis

An initial cohort of 33 nuclear families was used to test 30 candidate gene
loci (seventeen VDCC subunit genes, ten GABAAR subunit genes, two
GABAg receptor genes and the ECA1 locus on 8g24) by linkage analysis
(Figure 5-3,Table 7-1). The families were ascertained from European
populations including the UK, France, Germany, Denmark, Finland and
Greece. All families included two or more individuals with a provisional
diagnosis of CAE or JAE. The 33 families included 172 individuals of which
83 were classified as affected. DNA was not available on 6 unaffected and 2
affected individuals. Of the affected individuals, 11 did not have EEG data
available, but otherwise had typical CAE or JAE. For this preliminary linkage
analysis, polyspike-wave complexes in the ictal EEG (1 individual), or clear
evidence of photosensitivity (7 individuals) were not used as exclusion
criteria for CAE. Five individuals were classified as affection status unknown
for the linkage analysis. Of these, 2 had generalised spike-waves on EEG but
no clinical seizures, 2 had generalised tonic-clonic seizures only, and one

had generalised tonic-clonic seizures on awakening
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5.7.2 Pedigrees used for definitive linkage analysis

Following the preliminary linkage analysis, candidate gene loci showing
positive linkage were tested in an expanded collection of families. Four of the
original 33 families (families 376, 383, 398, 399) as well as 10 individuals
from two other families (families 381, 394) were not included as new data
became available which cast doubt on affectedness status as defined below.
A total of 82 families were included and analysed in two ways with different

criteria for affectedness status:

i. Affectedness status OCAE® wusing stri

A cohort of 53 nuclear pedigrees included two or more first degree relatives
with a diagnosis of CAE according to strict criteria (Figure 5-4,Table 5-2).
Twenty-two of the original 33 families were included. The 53 families included
275i ndi vidual s of which 120 with CAE wer €
i ndividuals were classified as affection
spike-wave EEG but no seizures, five with a different IGE and two with no
clinical data available). DNA was not available on 19 individuals (15
unaffected, 2 affected and 2 affection status unknown). Additional clinical

information is provided in Appendix 12.

ii. Affectedness status O6absenced incl uc¢

A cohort of 82 families, comprising 418 individuals, included the 53 CAE
families. The 29 additional families (Figure 5-5, Table 5-3) comprised two or
more first degree relatives with a diagnosis of absence epilepsy consistent
with CAE (section 5.3.1), JAE (section 5.3.2) or AE (section 5.3.3). The 82
families comprised a total of 418 individuals of whom 185 were classified as
6affectedd (129 CAE, 28 JAE, and 28 AE).
as affection status Ounknown?o. DNA was r
unaffected, 3 affected and 5 affection status unknown). Additional clinical

information is provided in Appendix 12.
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Table 5-2 Families used for CAE linkage. Only individuals with a diagnosis of

CAE (classified 6affectedd) or AE,
are shown.
Family Individual Sex Epilepsy Age at onset Seizures EEG
5 204 F CAE 4 GSA GSWD
207 M CAE 5 GSA GSWD
26 202 M CAE 6 GSA, FS GSWD
204 F CAE 6 GSA, FS GSWD
27 202 F AE 4 GSA, GTCS GSWD, PS
301 F CAE 7 GSA, GTCS GSWD
302 M CAE 7 GSA, GTCS GSWD
92 102 F IGE GTCS
201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
202 101 M CAE 5 GSA, GTCS GSWD
201 F CAE 3 GSA, FS GSWD
202 F CAE 3 GSA GSWD
203 F CAE 6 GSA GSWD
317 201 F CAE 5 GSA, GTCS GSWD
202 M CAE 5 GSA GSWD
321 101 M CAE 9 GSA, GTCS GSWD
201 F CAE 6 GSA GSWD
202 F CAE 3 GSA GSWD
204 F CAE 3 GSA, FS GSWD
346 201 F CAE 2 GSA GSWD
202 F CAE 2-12 GSA GSWD
348 203 M CAE 3 GSA GSWD
206 M CAE 3 GSA GSWD
353 101 M CAE 10 GSA GSWD
201 M CAE 6 GSA GSWD
202 M CAE 9 GSA GSWD
358 102 F CAE 4 GSA GSWD
201 F CAE 5 GSA GSWD
372 102 F CAE 6 GSA, GTCS GSWD
201 F CAE 4 GSA GSWD
202 F CAE 5 GSA, GTCS GSWD
381 101 M CAE 2-12 GSA, GTCS GSWD
201 F CAE 5 GSA GSWD
202 M CAE 5 GSA GSWD
203 M CAE 6 GSA GSWD
382 102 F Unknown None GSWD
201 M CAE 7 GSA GSWD
202 F CAE 6 GSA GSWD
394 301 M CAE 7 GSA GSWD
302 M CAE 8 GSA GSWD
395 102 F Unknown None GSWD
201 M CAE 4 GSA GSWD
203 M CAE 3 GSA GSWD
397 102 F CAE 5 GSA GSWD
201 F CAE 3 GSA, GTCS GSWD
202 F CAE 3 GSA GSWD
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Family Individual  Sex Epilepsy  Age at onset Seizures EEG
401 101 F IGE 20 GTCS
201 M CAE 4 GSA, GTCS GSWD
202 F CAE 3 GSA, GTCS GSWD
402 201 F CAE 12 GSA, GTCS GSWD
202 F CAE 11 GSA GSWD
403 201 F CAE 3 GSA, GTCS GSWD
202 M CAE 3 GSA, FS GSWD
404 101 M IGE 20 GTCS
202 F CAE 6 GSA, GTCS GSWD
302 F CAE 7 GSA GSWD
303 M CAE 7 GSA GSWD
304 M CAE 5 GSA GSWD
405 201 M CAE 6 GSA GSWD
202 M CAE 3 GSA GSWD
407 102 F CAE 5 GSA GSWD
201 F CAE 3 GSA GSWD
202 F CAE 5 GSA GSWD
421 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
422 103 M IGE 9 GTCS
201 F CAE 6 GSA GSWD
202 M CAE 12 GSA GSWD
432 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
433 202 F CAE 2-12 GSA GSWD
301 F CAE 2-12 GSA GSWD
434 201 M CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
435 201 M CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
436 201 F CAE 2-12 GSA GSWD
202 M CAE 2-12 GSA GSWD
437 201 M CAE 2-12 GSA GSWD
202 M CAE 2-12 GSA, GTCS GSWD
442 201 F CAE 2-12 GSA, GTCS GSWD
202 M CAE 2-12 GSA, GTCS GSWD
443 202 F CAE 2-12 GSA GSWD
203 F CAE 2-12 GSA GSWD
445 202 M CAE 2-12 GSA, FS GSWD
203 F CAE 2-12 GSA GSWD
446 201 M CAE 2-12 GSA GSWD
202 M CAE 2-12 GSA GSWD
447 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSwWD
450 201 M CAE 2-12 GSA GSwWD
202 M CAE 2-12 GSA GSWD
461 201 F CAE 2-12 GSA GSwWD
202 M CAE 2-12 GSA GSWD
466 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
527 201 F CAE 7 GSA GSWD
202 F CAE 3 GSA GSWD
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Family Individual  Sex Epilepsy  Age at onset Seizures EEG
529 202 F CAE 7 GSA GSWD
301 M CAE 5 GSA GSWD
530 201 M CAE 5 GSA GSWD
202 M CAE 5 GSA GSWD
577 201 M CAE 10 GSA GSWD
202 F CAE 7 GSA GSWD
586 202 F CAE 5 GSA GSWD
301 F AE 5 GSAmy GPSWD
302 M CAE 7 GSA GSWD
871 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
872 201 M CAE 2-12 GSA GSWD
203 F CAE 2-12 GSA GSWD
874 102 F CAE 2-12 GSA GSWD
201 M CAE 2-12 GSA GSWD
202 F IGE 2-12 GTCS
875 201 F CAE 2-12 GSA GSWD
301 F CAE 2-12 GSA GSWD
302 F CAE 2-12 GSA GSWD
877 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
878 201 M CAE 2-12 GSA GSWD
202 M CAE 2-12 GSA GSWD
879 102 F CAE 2-12 GSA GSWD
103 F CAE 2-12 GSA GSWD
201 F CAE 2-12 GSA GSWD
880 201 F CAE 2-12 GSA GSWD
202 F CAE 2-12 GSA GSWD
885 102 F CAE 2-12 GSA GSWD
201 F CAE 2-12 GSA GSWD

CAE: childhood absence epilepsy; JAE: juvenile absence epilepsy; AE: absence epilepsy;

GSA: generalised absence seizure; GSAmy: generalised absence seizure with myoclonus;

FS: febrile seizure; GSWD: generalised spike-wave discharges; GPSWD: generalised

polyspike-wave discharges
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Table 5-3 Additional families used for 'absence’ linkage. Only individuals with

a diagnosis of CAE o r

AE

(cl assi f ilGEdor GSEVDfEE@ t e d 0)

(classanknedné) are shown.
Family Individual Sex Epilepsy Age at onset Seizures EEG
9 201 F AE 4 GSAmy GPSWD
202 F AE 2 GSA, GTCS GSWD, FD
96 301 F AE 7 GSA GPSWD
302 M AE 6 GSA GPSWD
137 101 M IGE 18 GTCS, MS GSWD
202 F IGE 12 GTCS, MS GSWD
301 F AE 1 GSAmy GPSWD
302 M AE 1 GSAmy GPSWD
173 201 F CAE 6 GSA GSWD
202 F AE 5 GSA GPSWD
342 201 F AE 11 GSAmy GPSWD
202 F AE <13 GSAmy, GPSWD
GTCS
393 201 F CAE 8 GSA GSWD
202 M JAE 15 GSA, GTCS GPSWD
396 101 M CAE 2-12 GSA GSWD
201 F AE 3 GSA GPSWD
202 M CAE 6 GSA GSWD
400 201 M AE 5 GSA, GTCS GPSWD
202 F CAE 5 GSA, GTCS GSWD
426 103 F AE <13 GSA GPSWD
201 F CAE 6 GSA GSWD
429 101 M AE <13 GSA GPSWD
203 F AE <13 GSA GPSWD
430 202 F AE <13 GSA GPSWD
301 M AE <13 GSA GPSWD
431 201 F JAE 13+ GSA, FS GPSWD
202 F JAE 13+ GSA, FS, GPSWD
GTCS
438 201 F JAE 13+ GSA, GTCS GPSWD
301 F JAE 13+ GSA, GTCS GPSWD
302 M JAE 13+ GSA, GTCS GPSWD
439 201 F JAE 13+ GSA GPSWD
202 F JAE 13+ GSA, GTCS GPSWD
440 202 F CAE GSA GSWD
203 M JAE 13+ GSA GPSWD
441 202 F CAE 2-12 GSA GSWD
203 M JAE 13+ GSA GPSWD
444 201 M AE <13 GSA GPSWD
202 M AE <13 GSA GPSWD
448 201 M AE <13 GSA, FS GPSWD
202 M AE <13 GSA GPSWD
449 201 F JAE 13+ GSA, GTCS GPSWD
202 F JAE 13+ GSA GPSWD
451 202 F JAE 13+ GSA, FS GPSWD
203 F JAE 13+ GSA GPSWD
452 995 M AE <13 GSA GPSWD
996 F AE <13 GSA GPSWD
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Family Individual  Sex Epilepsy  Age at onset Seizures EEG

525 201 F AE 10 GSA GPSWD
202 F AE 12 GSA, GTCS GSWD
203 F CAE 6 GSA GSwWD
528 101 M IGE 11 GSA, GTCS
204 F AE 5 GSA GPSWD
301 M IGE 2 GSA, GTCS  Non-specific
abnormalities
302 M AE 1 GSA GSwWD
873 101 M JAE 2-12 GSA GPSWD
201 F JAE 2-12 GSA GPSWD
202 F JAE 2-12 GSA GPSWD
876 201 M JAE 2-12 GSA GPSWD
202 F JAE 2-12 GSA GPSWD
881 201 M JAE 2-12 GSA GPSWD
202 F JAE 2-12 GSA GPSWD
203 M JAE 2-12 GSA GPSWD
882 201 M JAE 2-12 GSA GPSWD
202 M JAE 2-12 GSA GPSWD
883 201 F JAE 2-12 GSA GPSWD
202 F JAE 2-12 GSA GPSWD
884 201 F JAE 2-12 GSA GPSWD
202 F JAE 2-12 GSA GPSWD

CAE: childhood absence epilepsy; JAE: juvenile absence epilepsy; AE: absence epilepsy;
GSA: generalised absence seizure; GSAmy: generalised absence seizure with myoclonus;
FS: febrile seizure; GSWD: generalised spike-wave discharges; GPSWD: generalised

polyspike-wave discharges
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5.8 Additional parent-child trios used for association

analysis

Two hundred and seventeen additional parent-child trios were ascertained.
Each trio comprised an affected child (204 CAE, 5 JAE and 8 AE) and two
parents (2 CAE, 1JAE, 4 IGE, 427 unaffected). See Appendix 13 for clinical
details. The complete cohort of pedigrees and trios was used for association

analysis using intragenic SNPs, as described in Chapter 9.
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5.9 Family with absence epilepsy and episodic ataxia

A collaboration was established with Dr SL Jaffe, Department of Neurology,
Louisiana State University School of Medicine, Shreveport, USA. Dr Jaffe
identified a North American family in which six members in three generations
exhibited a typical primary generalized 3Hz spike-wave EEG abnormality
(Table 5-4, Figure 5-6)(Imbrici, Jaffe et al. 2004). Five of these individuals
exhibited clinical absence epilepsy with variable degrees of episodic and

anticonvulsant drug induced cerebellar ataxia (AEA).

One individual had a typical 3Hz spikei wave EEG but had no clinical
phenotype, and was neurologically normal (individual 319). Dr Jaffe had
previously performed clinical, EEG and in some cases brain imaging on 11
genetically related individuals and one non-blood relative who had married

into the family.
Two individuals were characterised in detail:

Individual 210 was diagnosed with EA2 with absence epilepsy. She
presented at the age of 39 years with a history o
teenage years. A typical attack consisted of sudden onset disequilibrium with
associated headache and nausea, lasted between one and eight hours and
could be precipitated by stress and anxiety. There was also a history of
vacant episodes suggestive of absence seizures from late childhood which
subsided in adult life. Typically these episodes lasted a few seconds with
immediate recovery, but on some occasions, there were more prolonged
atypical absence episodes. On one occasion a prolonged fugue-like state
lasting several hours was accompanied by generalized 3 Hz spikei wave
discharges. MRI brain scan demonstrated cerebellar vermian atrophy. Her
symptoms remitted on a combination of acetazolamide and carbamazepine,

although the ataxia was worsened by increased drug levels.

Individual 320 presented with a more severe younger onset phenotype

similar to the case of EA2/epilepsy reported by Jouvenceau et al.
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(Jouvenceau, Eunson et al. 2001). Typical brief absence seizures developed
from age 4 years. Early motor milestones were delayed and he had learning
difficulties. An initial EEG showed a generalised polyspikei wave abnormality;
further EEGs demonstrated generalized 3 Hz spikei wave discharges.
Seizures were difficult to control, and AEDs such as phenytoin at low doses
would precipitate cerebellar ataxia with impaired consciousness at times. On
one occasion, he developed extreme cerebellar ataxia and a decreased level
of consciousness. Examination at the age of 10 years revealed moderate

cerebellar signs.

Table 5-4 Family with absence epilepsy and ataxia

Individual Sex  Age at onset Seizures Ataxia EEG

102 F Teens AS EA, CA 3Hz SWD
208 F 57 - CA 3Hz SWD
210 F 13 AS EA 3Hz SWD
212 F 10 AS EA, CAA 3Hz SWD
319 M - - - 3Hz SWD
320 M 4 AS EA, CA, CAA 3Hz SWD

AS: absence seizures; CA: clinical signs of cerebellar ataxia; CAA: significant
worsening of cerebellar ataxia on exposure to AEDs; SWD: spike-wave discharges
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Figure 5-6 Family with absence epilepsy and ataxia (AEA)
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Chapter 6 Laboratory Methods

6.1 Summary

This chapter outlines the laboratory methodology employed from the arrival
of the blood and buccal samples to the evaluation of the results. Standard

solutions for molecular biological work were used.

Departmental laboratory procedures had previously been standardised and

included the following criteria:

1. A copy of the departmental laboratory safety document was received

and relevant safety issues were noted.

2. Sterile disposable gloves and white coats were worn at all times
3. Care was taken to ensure the accurate labelling of samples.
4. Standard precautions were taken to minimise the possibility of DNA

contamination.

5. Disposable tips and eppendorf tubes were autoclaved prior to use.

129



6.2 Genomic DNA extraction from whole blood (Miller,
Dykes et al. 1988)

5-20 ml blood samples were obtained and added to 50-200m 0.34M EDTA or
acid citrate dextrose (ACD). EBV transformed lymphocyte cell lines were
established at CAMR Porton Down using blood samples from a subset of
affected individuals (Appendix 14).

On arrival in the laboratory blood samples were decanted into a 50 ml
labelled conical tube (Falcon) and centrifuged at 4°C for 15 minutes at 1750g
in an MSE Mistral 61 centrifuge. The plasma and cell fractions were then
separated. DNA extraction was performed immediately on the cell fraction

where possible, or else this was stored at -20°C and thawed when required.

The solutions and protocol used for DNA extraction are described below:

Solution 1:
To make up 1 litre of concentration X3

10mls 1M Tris HCL
1.02g MgCI2 (5ml 1M)
10mls Triton X - 100
109.54¢g Sucrose

0.2g Sodium Azide

Make up to 1 Litre with distilled water.

Solution 2:

To make up a litre of 1X concentration
50mls 1M Tris HCL

40mls 0.5M EDTA

20g or 200mls 10% SDS

Solution 3

This is a supersaturated NaCl solution.
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