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Preface

Summary

| describe the process of preparing cohorts of individuals with two paediatric onset
paroxysmal disorders — hyperekplexia and juvenile myoclonic epilepsy — for second
generation sequencing. This involves: i) listening to the individual; ii) identifying subgroups;
iii) using non-core features to create subgroups; iv) and assessing the importance of copy
number variation.

Using focus groups and an interpretative phenomenological approach clinicians and people
with epilepsy produced 398 questions focused on epilepsy treatment. The most important
themes for the professionals were — treatment programmes for non-epileptic attack
disorder and concerns about side effects in utero. For patients cognitive drug side effects
and managing the consequences of drug side effects were most important.

Studying ninety-seven individuals with hyperekplexia confirmed that all gene-positive cases
present in the neonatal period and that clonazepam is the treatment of choice (95% found it
efficacious). Patients with SLC6A5 and GLRB mutations were more likely to have
developmental delay (RR1.5 p<0.01; RR1.9 p<0.03) than those with GLRAI mutations; 92%
of GLRB cases reported a mild to severe delay in speech acquisition.

Juvenile myoclonic epilepsy is challenging to subdivide based on seizure and EEG features.
The neuropsychological profile of a limited number of patients (39) was examined in great
detail including tests of IQ (WAIS), memory (TYM, WMS), executive function (BADS, DKEFS),
affect (HADS). TYM was as sensitive as a full WMS for identifying cognitive errors and the
zoo map and key search tests were performed particularly poorly. Personality profiling
(EPQ-BV) identifies the cohort as having high levels of neurotic and introvert traits.

Three atypical ‘hyperekplexia’ cases had alternative diagnoses suggested by copy number
analysis. The juvenile myoclonic epilepsy patients had an 8% frequency of recognised
pathogenic CNVs — but no recurrent variants were identified. A number of non-epilepsy
related findings were identified including a potentially preventable cause of SUDEP.
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Abbreviations and acronyms

Wherever possible the abbreviations have been explained in the first instance of their use.
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Benign Epilepsy of Childhood with Centro Temporal Spikes (also BECTS)
British Medical Journal

Boston Naming Test

bis in die (twice daily)

basepairs

Beckwith-Wiedermann syndrome

cornu ammonis 1 — one of the main histological divisions of the hippocampus
Childhood absence epilepsy

Center for Genomics and Transcriptomics
Competitive Genomic Hybridisation

Chromosome

Chromosome Analysis Suite

Clobazam
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Diagnostic and Statistical Manual of Mental Disorders (V)
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Development quotient
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European
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Febrile seizure

Febrile seizures plus
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Gamma-amino-butyric-acid

Genetic (or generalised) epilepsy with febrile seizures plus
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GlyT2
GGE
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GP
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GWAS
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HD
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JME
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Glycine transporter 2

Genetic generalised epilepsy
General Memory
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Generalised tonic clonic seizure
Genome wide association study
Hospital Anxiety & Depression Scale
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Impact of Epilepsy Scale

Idiopathic generalised epilepsy

International League Against Epilepsy
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M[number] [ordinal] Membrane-spanning domain

mane In the morning

mg milligram

MND Motor neurone disease

MRI Magnetic resonance imaging

nAChR nicotinic acetylcholine receptor

NCBI National Center for Biotechnology Information
NG Nasogastric

NGS Next generation sequencing

NHS National Health Service

NISCHR National institute for Social Care and Health Research
NMDA N-methyl-D-aspartic acid

nocte At night

ns Not significant

NZ New Zealand

OMIM Online Mendelian inheritance in Man

PCR Polymerase chain reaction

PEPD Paroxysmal extreme pain disorder

PO Perceptual Organisation

PPR Photoparoxysmal response

PS Processing Speed

ReJUMEC MRC funded Refractory Juvenile Myoclonic Epilepsy Cohort collection

RDG Research Development Group

RNA Ribonucleic acid

SCN1A Sodium channel alpha one subunit gene
SD Standard deviation
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SE Standard error

Solute carrier family 6, member 5 (codes for GlyT2)

SMEI Severe myoclonic epilepsy of infancy
SNP Single nucleotide polymorphism

SPSS Statistical Package for the Social Sciences
SRS Silver-Russell syndrome

STAI State—Trait Anxiety Inventory

Std Standard

SUDEP Sudden unexpected death in epilepsy
tds ter die sumendum (three times a day)
TLE Temporal lobe epilepsy

T™T Trail making test

TRESK TWIK-related spinal cord K* channel

TYM Test your memory

UcCsC University of California, Santa Cruz

VAL Sodium valproate

VC Verbal comprehension

VD Verbal Delayed

Vi Verbal Immediate

WAIS Wechsler Adult Intelligence Scale

WCST Wisconsin card sorting test

WERN Wales Epilepsy Research Network

WES Whole exome sequencing

WORD Wales Office of Research and Development
WMRGL West Midlands Regional Genetics Laboratories
WMS Wechsler Memory Scale
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Structural Overview

Phenotyping paroxysmal conditions to empower genetic research

The era when genetic discoveries could be made by bright individuals in small ‘cottage
industry’ laboratories has probably passed. The advent of second generation genetic
technologies has brought unrivalled opportunity but has also only elucidated the complexity
of most neurological disorders. The consequence of this is that genetic research is team
work, with each researcher contributing expertise from their own domain — and in time
learning how best to tessellate their work with that of their colleagues. The projects that
comprise this thesis therefore never forget their clinical origins but also rotate through a

variety of methods with the ultimate goal of empowering genetic research.

It is therefore — unapologetically — that | will first focus on the first step of translational
research, ‘the individual and involvement.” Within chapter three and the connected
discussion of the data are the approaches | have made to improve engagement, to evaluate
the research priorities of people with epilepsy and those of clinicians, and | touch upon
methods of capturing narrative. These qualitative approaches are too often overlooked. The
epilepsy story (as discussed in detail below) is primarily an oral history and a failure to fully
appreciate the way a person communicates their symptoms will bias all future analyses of

those data.

Chapters four and five describe the clinical features of two genetic disorders: hyperekplexia
and juvenile myoclonic epilepsy (JME) respectively. The success of this description for the
rarer disorder parallels the success of unravelling the genetic causes here too. This is
predominantly because hyperekplexia is thought to be a monogenetic disorder where upon
JME has a more complex polygenic cause. Chapter six asks that if novel methods of case
definition are needed for JME — can neuropsychology be an accurate tool? Endophenotypes
identified from analysis of executive function or personality would be helpful in unravelling
the heterogeneity of JME. Chapter seven takes-up the challenge offered in the title. If we
have used condition appropriate phenotypic description methods, can this help us select the

correct cases for genetic analysis and make the most accurate analysis of the often
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complicated results we receive? In this case | present data from copy number experiments

of both hyperekplexia and JME.

xxxviii | Page



Preface

In expanding the field of knowledge we but
increase the horizon of ignorance

Henry Miller

The Wisdom of the Heart, 1947
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Chapter One — Introduction

1.1 Introduction

A thesis of the scope described in the structural overview necessitates a detailed
introduction to the themes and a lengthy materials and methods section. | will first start by
describing epilepsy in a way that may explain why we have not managed to make the
breakthrough into the genetic causes of the epilepsies in a way that was once predicted. The
description of ‘the intermittent trait’ is relevant when considering hyperekplexia too. The
stigma and sociological consequences discussed within are relevant for the next section
which introduces the themes of the individual, involvement and translational research. This
section also discusses the importance of evidence based research and asking the ‘correct’

questions.

The third section describes hyperekplexia starting from the position that the majority of
clinicians would not be familiar with this condition. Hyperekplexia and JME both share a
number of clinical features- including unremarkable neuroimaging, a characteristic age of
onset, a good response to medication and ‘electric shock speed’ motor jerks. JME is
described next — focussing on the heterogeneity and the breadth of the disorder. After
considering neuropsychological features the introduction considers JME in families. There
then follows a detailed description of the current medical genetics landscape, specifically
how technology driven ‘next generation’ sequencing is changing what we thought was
possible. After describing what is known about JME genetics | describe the current state of

play with regards to copy number variation in the epilepsies.
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Chapter One — Introduction

1.1.1 The Epilepsies

The International League Against Epilepsy (ILAE) has unwittingly confused casual students of
epilepsy by producing and then revising their system for classifying both the epilepsies and
their component symptom - the seizures. This (allied to personal preference) has
unnecessarily increased the vocabulary used to describe epilepsy. | hope this in part excuses
my use of both the suggested correct term ‘genetic generalised epilepsies’ and the
previously accepted term ‘idiopathic generalised epilepsies’ throughout this manuscript.
Lay usage of terms (particularly ‘grand mal’ which is deemed to be synonymous with
generalised tonic clonic seizures (GTCS) and ‘petit mal’ (which can mean just about anything
up to and including a GTCS) abound. Against this backdrop the ILAE define a seizure as ‘the
manifestation(s) of epileptic (excessive and/or hypersynchronous), usually self-limited
activity of neurons in the brain.” | have never liked this definition as it is self-referential (an
epileptic seizure is a seizure which is epileptic). Furthermore (as described in detail below)
any attempt to define epilepsy as a collection of seizures is flawed. Epilepsy does not come
alone; the neuropsychological deficits, mood disorders and stigma that go hand-in-hand
with many epilepsies are excluded by a definition of epilepsy as the propensity towards

unprovoked seizures.

Epilepsy - the propensity towards seizures — is a syndrome of symptoms (the seizures) of
which the causes are legion. In that manner it may considered as comparable to pain, and
our services as like chronic pain clinics. After eliminating the risk that the cause of the
seizure may be fatal or progressive (or not be a seizure at all) we aim to remove the
symptom (the seizure) with tablets rather than address the root cause in most cases.
Although marketed for specific indications — broadly all the drugs work on all the epilepsies
—and equally up to a fifth of people continue to have seizures despite adequate treatment,
often inexplicably. Like pain the seizures do not come alone — and depression, anxiety and
suicidality are all greatly increased for people with epilepsy. The anxiety is particularly
socially disabling and understandable — as the condition is paroxysmal. It is all too easy to
associate leaving the house with the embarrassment of the seizure in Tescos. The fear and
loneliness of waking up, cold, confused and amnesic on the bathroom floor erodes the

confidence of people who live alone. Yet seizures for most people are infrequent — perhaps
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occurring once or twice a month; this means that 90% of days could be seizure free and the
majority of time is spent awake, conscious and well — yet the threat of another attack

prevails.

The medications are often complex (very few once daily regimens) and mostly the agents
have been identified serendipitously. They all have side effects which limit use and many
provoke drowsiness or cognitive problems — particularly in the elderly. This is unfortunate
and unwanted as the seizures themselves (particularly in the temporal lobe) and the
underlying structural lesion (potentially) both can cause and exacerbate memory difficulties.
These memory lapses make drug errors likely and both over and under dosing can aggravate

clarity of thinking.

Epilepsy is common (307,000-460,000 in the UK) but poorly understood by the general
public and some people working within healthcare. Many GPs admit that manipulation of
drug doses is outside of their expertise — despite sodium valproate and carbamazepine (the
two most prescribed of medications) having been around in the UK since 1965. This lack of
familiarity is hampered by the prevalent negative misconceptions that are held about ‘the
epileptic’ and ‘suffering from fits’. Associations within and outside the UK with the devil,
witchcraft, mental feebleness and misfortune add to the stigma that persisted throughout
the twentieth century. Doctors were guilty of (unintentionally) giving unhelpful advice. My
Grandad’s brother married a woman with epilepsy: because of the shame she only
confessed to this after their wedding — fearing rejection. They never had children — her
doctor had informed her that the shock of intercourse would trigger a seizure and it was
best avoided. | cannot blame her for her concealment, | am certain that limited disclosure
continues as people attempt to avoid the social barriers created by driving ineligibility or

joining certain professions.

Epilepsy is common (prevalence of 0.5 to 0.75% of the UK) however the lack of a celebrity
champion is a sign of the perceived stigma attached to the diagnosis. | could name famous
people with Alzheimer’s, multiple sclerosis, Parkinson’s and motor neurone disease,
conditions that all have a poorer prognosis than epilepsy — but fewer than a handful of

people who are happy to discuss ‘my life with epilepsy.” Epilepsy’s intermittent nature lends
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itself to concealment. Epilepsy is common — and common throughout the span of life from
paediatrics to geriatrics; and all the GPs, obstetricians, emergency medics and psychiatrists
in between. Some epilepsies, such as JME are thought to be lifelong and so drug decisions
made at ten or twelve may have a bearing on fertility and foetal health, weight gain or loss,

or bone thinning and falls.

Epilepsy is categorised as a chronic disease. However it doesn’t have much in common with
COPD, diabetes or atrial fibrillation. There is no ‘test’ for epilepsy in the way that an HbAlc,
spirometry reading or ECG may define a diagnosis. As a result misdiagnosis rates, even in
specialist centres, approaches a fifth — and the error trends towards over rather than under
diagnosing events as seizures. The epilepsy ‘tests’ — the MRI brain and EEG, could both be
completely normal and yet sit quite comfortably with a definite epilepsy diagnosis. The
physical examination (although important) is quite secondary to listening to the proband
and the witness describe the event. The witness is essential, as a period of unconsciousness
is indescribable — however — there remains a great deal of information to be gained from
the proband about events surrounding the seizure; this is often difficult to explain such as
déja vu, an epigastric aura, an absence, a myoclonic jerk. How can anyone take an accurate
history in a second language, or from someone with learning difficulties? When does a day-
dream become an absence, a twitch become a jerk or an epigastric aura become a sense of
anxiety? | wonder how people taking a history in a language with a more limited descriptive
vocabulary than English cope. Having the time to listen carefully to what they say and how
they say it helps differentiate epilepsy from vasovagal syncope, cardiac arrhythmia,
psychogenic non-epileptic attacks and anxiety-attacks (Reuber et al. 2009). The majority of
people attending a ‘first seizure’ service will not have epilepsy and so when planning the
number of specialists needed, relying on the prevalence of epilepsy alone will lead to a
shortage of epileptologists. Epilepsy is different, and recognising this for service provision is
essential. However the skills needed to care for people with epilepsy are not the exclusive
domain of tertiary referral centres, nor dusty old neurologists. Co-ordinating clinical care
should be a priority. When asked, patients prioritise improving the public’s understanding of

epilepsy and tackling treatable co-morbidities.
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1.1.2 Episodic or intermittent traits

Epilepsy is phenomenally resistant to accurate subcategorisation. The events are brief
(lasting two or three minutes); by definition the person experiencing the event is
unconscious or has altered awareness (except for very brief seizures like myoclonic jerks);
epileptic events are very difficult to describe even without altered consciousness; there is
often pre-ictal amnesia; witnesses are often distressed and detailed recall of the event is
poor. Yet a description of these events (in tandem with age of onset, frequency and
response to mediation) is our best tool. Childhood epilepsies are often aided by EEG
correlations — however adults may have a normal (falsely negative) inter-ictal trace.
Furthermore the broad brush strokes of focal (single ictus — with or without secondary
spread) versus generalised (occurring in many brain regions at inception) may not stand up
to challenging by new technology. Are generalised epilepsies just focal epilepsies with ultra-
rapid spread? Do they originate in deeper structures that do not produce a reliable EEG
trace in humans — such as thalamic and subthalamic structures? Even the focal versus
generalised definition matters less when it comes to medication (broadly all trialled as an

adjunct in focal epilepsy but may work in all epilepsies).

Paroxysmal conditions — by their very nature - can be difficult to describe: the symptoms are
episodic and therefore have to be either provoked or described by a witness. This is in
contrast to fixed or progressive impairments seen in conditions such as Parkinson’s or
Alzheimer’s disease. Migraine is paroxysmal, but yet is well described by those who
experience it because it does not alter consciousness, it can occur in adults and it does not
induce a strong behavioural change. The disorders | have chosen to study however are much

more challenging to describe.

Indeed, correctly defining ‘the condition of interest’ chosen is again problematic. The ILAE
definitions of epilepsy are at best a compromise — and are designed for both research and
clinical practice. There is a great degree of variation even within tightly-defined clinical
syndromes and are the familial variants of epilepsy similar to those observed in the
population? We will find — like the psychiatrists have — that our present understanding of

epilepsy and seizure classification will be challenged when presented with the genetic
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causality (Craddock and Owen 2005, Craddock and Owen 2010). As a metaphor — who
would have believed that the nearest genetic ‘cousin’ to the whale — is the hippopotamus?
Similarly, work looking at small chromosomal losses of genetic information (microdeletions)
or copy-number variation (CNVs) suggests common risk-factors for a whole range of
neurological conditions from idiopathic generalised epilepsy, autism and bipolar disorder.
To overcome this murky gene pool the numbers involved need to be very large indeed for
genome wide association studies (GWAS); this then has implications because epilepsy is not
as well funded as cancer, diabetes or even other neurological disorders. An alternative is to
extensively phenotype smaller numbers of people with epilepsy and look at more than

seizure types and age of onset.
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1.2 Involvement

The central person in a genotype-phenotype study is the patient; this focus can be lost all
too easily. The divorce between the research volunteer, the sample and their data is
perpetuated by current research ethics trends which prioritise anonymisation of data and
‘protection’ of the volunteer from researchers. Examples of this include the difficulty in
recruiting patients for studies (cooling off periods needed, written information must be
posted and digested) and the difficulties in re-contacting patients for follow-up or secondary
data. This results in a false separation of the person - from their clinical story and from their

research data.

People with symptoms are motivated to take part in research for a variety of reasons.
However, they are separated from their psycho-social context (or at best these ‘quality of
life’ issues are coded and scaled) and become a data point. Their blood sample — extracted
through a very human interaction (the patter about being needle phobic, ‘just a sharp
scratch’ is automatic to every clinician) is spun down, separated out or teased into a volume
of DNA. Ironically DNA- the data-rich double helixes, Watson and Crick’s compendium of
complexity - are stripped of the wealth of personal data that could augment the collection.
The DNA sample becomes an anonymous frozen Eppendorff. Amongst a large team, or
when performing specialist laboratory science it would be the norm for those who are
handling the sample to never meet the person behind the sample; indeed it may be

mandated that they never do.

This thesis is focussed around paroxysmal disorders and specifically juvenile myoclonic
epilepsy and hyperekplexia. In hyperekplexia the tonic spasms and startles are first
identified in infancy and so the individual cannot relate their symptoms. The parents may be
prevented from doing so through health anxieties, unfamiliarity with these new events and
a lack of vocabulary to describe these complex hyperkinetic events. This is very important
because although it is difficult to relate the details of these paroxysmal events, this narrative

is exactly what the clinician is reliant upon to provide certainty and accuracy of diagnosis.
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This paradox in particular is why | have chosen to focus in chapter three on capturing the
patient’s experiences. | hope to demonstrate that by using a variety of qualitative and
guantitative methods | have learned to help the individual and their family tell the very best
paroxysmal event history that they can; and | have learned to hear and assimilate this
information to provide the most accurate diagnosis that one could be expected to provide. |
accept (and embrace) the inherent doubt implicit in transforming a verbal report into a
clinical entity and do not shy away from reproducing this doubt in later chapters regarding
phenotyping. During the data analysis of the hyperekplexia cases (chapter four) | have had
to reply on the reports of others; | learned how best to produce standardised data sets. In
contrast, chapter six (JME neuropsychology) is almost entirely focussed around clinical and
psychological data that | have extracted. Alongside the coded information regarding
depression on the HADS score, | have field notes documenting their concentration, some of
their spontaneous conversation, whether they lacked confidence, whether they responded

to my reassurance.

1.2.1 Bench to bedside and back again

| have had patient encounters in people’s homes as a field researcher for the family project
(chapter five) including arriving one day to discover a family member having a non-epileptic
attack, “Thank God you’ve arrived!” they said.... However | am in a privileged position in that
| have been at the metaphorical and literal bedside, the bench and the bedside again for the
people that | have met with JME. Many | met in an NHS clinic, met for many hours of
psychometric testing following a number of phone calls and then | left with their data. |
think this responsibility has motivated me to protect their data as responsibly as possible —
both by being involved in writing and securing ethics amendments and securing a new
ethical agreement — but also in deciding how best to use very powerful second sequencing
techniques (chapter seven). This is of great importance because as a clinical-academic | will
also meet these volunteers as they return to NHS clinics, some of whom will be given
genetic counselling as an eventual consequence of my research findings. The risks of
returning incomplete, uncertain or incomprehensible data to the clinical domain is one that
I am very much aware of regarding newer genetic testing. Through involvement in patient

groups for epilepsy and hyperekplexia (below) | have been able to hear first-hand how much
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they value and respect research and particularly genetics research — but also how easily

research outputs can be misconstrued.

In chapter three | describe a number of collaborative projects which | have undertaken with
patients as partners rather than participants. The outputs of these projects are reproduced
in full in the appendixes. | will describe my involvement in the Wales Epilepsy Research
Network (WERN) patient Research and Development Group (RDG) as a novel example of
involvement; this is patient exposure outside of the clinical setting, and without the support
of the NHS infrastructure. One of the priorities that the RDG stated for itself was to improve
community knowledge about epilepsy and seizures and reduce stigma. As an example of a
venture that aims to do this | will then discuss the ‘Digital Narratives’ project. This online
storytelling compendium also has the function of collecting first person data, but keeping

the person and personality intact.

Patient stories are more conventionally told in print media. To illustrate where | have
managed to do this as collaboration with the person with epilepsy, | have included two
stories of artists with JME, with whom we wrote and published an article focusing on artists
with epilepsy in appendix B. | also assisted a shy school teacher from Cardiff to discuss what
it is like to live with drug-resistant JME; a lifelong condition — which immediately produces
challenges for drug choices — particularly regarding pregnancy. It remains unusual to name
patients in case reports, but this was essential for this BMJ article (appendix B). Promoting
Nicola to the ‘headline’ to the author’s list, genuinely keeps her at the centre of her story.
Nicola was also not only a participant in the psychology and genetics study presented in
chapters six and seven (her data are not identifiable by this disclosure) but she was a
volunteer in our project which aimed to identify research priorities. This process is described
in full — as are the motivations behind the database of uncertainties of the effects of
treatments (DUETSs). Involvement is not purely face to face and so | discuss the
Hyperekplexia Society patient group (run from facebook) and the challenges and

opportunities of social media for patient partners in the conclusion to this work.
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1.2.2 Database of the Uncertainties of the Effectiveness of

Treatments (DUETs)

How research topics are chosen and prioritised is unclear. Pharmaceutical sponsored
projects may be selected to show an advantage of their product (Tallon et al. 2000, Garattini
and Chalmers 2009) and independent topics may be chosen for investigation because the
project is of a size that can be completed given the time and money available (Scadding
2006). Grant committees rightly ask applicants to consider the views of patient groups when
submitting an application, but this is difficult without knowledge of exactly what is uncertain
and which topics are patient priorities. Do funded research questions address the priorities
of people with epilepsy (Oliver and Gray, 2006)? Do they even reflect the uncertainties

prioritised by clinicians?

1.2.3 James Lind Alliance and uncertainty

When prescribing for certain groups, e.g. people with epilepsy and learning disability, we
are often working in an evidence vacuum, extrapolating from relevant studies of related
patient groups. Our comfort with uncertainty and our acceptance of this ‘grey area’ has
unwittingly promoted a climate where an immeasurable amount of harm has been
perpetrated because we fail to identify the uncertainties which actually have sufficient
evidence to in fact be certainties; for example, steroids in head injury, (CRASH Trial
collaborators, 2004) caffeine for neonates (Schmidt et al. 2007) or prophylactic anti-
arrhythmia agents after myocardial infarction (Furberg, 1983). The James Lind Initiative aims
to promote the ”identification of the most important gaps in knowledge about the effects
of treatments”. To achieve this they have created a database of uncertainties of treatments
(DUETs). This growing database is published on-line at NHS Evidence

(www.library.nhs.uk/DUETs). Working in collaboration with this project we aimed to help

people personally affected by epilepsy and its treatment (patients, carers, professionals) to
create and prioritise treatment uncertainties. The DUETSs project is published as: ‘Identifying

and prioritising epilepsy treatment uncertainties’ (Thomas et al. 2010a, Appendix A).
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1.3 Hyperekplexia

Hyperekplexia literally means exaggerated surprise or shock from the Greek word €kmAnén;
exmAnéLg being a theatrical device used in Greek tragedies to challenge (or shock) the
audience with juxtaposing themes (Grassi 1983). Hyperekplexia is a rare neurogenetic
synaptopathy with both dominant and recessive inheritance. The full phenotype of
hyperekplexia has been a challenge to describe because it affects infants predominantly and
because it is a very rare condition. This results in cases being described in isolation as ‘case
reports” and there has never been an attempt to systematically collect cases and describe
their features (outside of large multiplex families). | have had unrivalled access to the clinical
custodians and genetic analysis of kindreds with a known genetic cause for their
hyperekplexia. In this chapter | will describe what was known about hyperekplexia when |
joined the group; and then in chapter four how the process of capturing a uniform clinical
dataset on referred cases permitted phenotypic analysis and the first genotype-phenotype

study in hyperekplexia.

1.3.1 The Hyperekplexias

Hyperekplexia is classically characterised by pronounced startle responses to tactile or
acoustic stimuli, hypertonia and episodic neonatal apnoea. The hypertonia may be
predominantly truncal, attenuated during sleep and less prominent after a year of age.
Although primarily seen as a neurogenetic syndrome with both familial and sporadic cases,
acquired hyperekplexia is also recognised. Hyperekplexia certainly appears to be a rare
disorder but the incidence is as yet unknown. It is very probable that a lack of familiarity
with this condition leads to under-reporting and misdiagnosis. This is evident when a
positive gene test for a neonate leads on to delayed positive tests for older symptomatic
family members. Despite the classical features being present from birth (and in some
reports exaggerated startle responses felt in utero) the majority of definite diagnoses are
made, retrospectively, after infancy. Once appreciated the pattern appears to be relatively
straightforward to recognise which may explain why hereditary hyperekplexia was
described so accurately prior to gene testing, but only as late as forty years ago.
Corroborating the importance of pattern recognition, the majority of requests for genetic

testing come from a small number of tertiary centres.
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1.3.2 History

One of the hazards of describing a very rare condition is that it may be named by many
authors separately. Therefore for hyperekplexia we have the original unnamed descriptions

(below), startle disease, hyperexplexia and stiff-baby syndrome as now obsolete synonyms.

Inherited hyperekplexia has been seen in many communities but it was in continental
Europe that it was first described. In addition to the descriptions of Kirstein and Silfverskiold
in 1958 and Kok and Bruyn in 1962, the first description may have been by Thomas Mann in
Doctor Faustus (1947): “But to return to eccentrics of Kaisersaschern there was for instance
a man of indeterminate age, who at any sudden shout would feel compelled to perform a
kind of jerky dance with knees pulled high, and making a sad and ugly face, he would smile,
as if to apologize to the urchins after him in yowling pursuit.” (Rot, 2004). If nothing else this
describes a paroxysmal auditory stimulus triggered motor disorder that persists into
adulthood — and the consequences of shouting at the ‘eccentric’ of Kaisersaschern was well
known to the urchins who teased him so. Mann’s description is not unlike that of Gowers

(figure 1.1 below).

ExciTANTs oF ArTACKS.—In some patients attacks may
be excited by special influences. Emotion has much less
effect in bringing on epileptic than hysteroid seizures, but
it is sometimes distinct even in the former. Sudden noises
occasionally produce attacks, usually of minor character.
In one case, for instance, in which the severe attacks were
certainly epileptic, and were attended with tongue-biting,
minor attacks, consisting of a sudden swoon, were readily
produced by a loud noise. A still more striking case was
that of a young man whose attacks began by a sensory
aura in the hand, passing up the arm, and in whom minor
attacks, consisting of this sensation only, could be at any
time produced by a sudden loud noise, such as slamming
a door. A sudden ‘startling’ noise, as the adjective
denotes, may cause, normally, a momentary discharge of
the motor centres, and it is therefore not surprising that
it should excite a pathological discharge when there exists
a morbid instability of tissue.
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Figure 1.1 (previous page) Extract taken from Epilepsy and the Chronic Convulsive Disorders (1881)
by Sir William Gowers. Gowers describes two cases of auditory-stimulus provokes reflex epilepsies.

Or perhaps he is describing a hyperekplexia startle?

The initial families identified and studied in Western Europe and America were multiplex
pedigrees with an apparent autosomal dominant inheritance (Kok and Bruyn, 1962). This
was a sensible strategy for differentiating between genuine hyperekplexia and mimics:
family members were more likely to have the condition, whereas in the population this may
be diluted out with anxiety mimics, epilepsy or rarer syndromal diagnoses. This strategy was
justified in the discovery that mutations in the glycine receptor gene co-segregated with

symptoms in these large families (Shiang et al. 1993).

However since the original Caucasian descriptions there has been an ethnic shift away from
Western Europe and North America as the ‘hot bed’ of hyperekplexia. Jordanian and Turkish
populations recognise and diagnose a great number of familial and sporadic cases. Some of
this will be in part to founder affects which have been described in some Turkish
populations; (Becker et al. 2006) some will be due to cultural practices of marrying within
ethnic and religious subgroups. This cultural pressure is much more pronounced in isolated
communities such as migrants. Turkish cases in Germany, Pakistani cases in the UK and
Caucasians transplanted to Commonwealth countries are all more common descriptions

than ‘indigenous’ sporadic hyperekplexia.

1.3.3 Startle and hypertonia

Hyperekplexia is characterised by hypertonia that is predominantly seen in the trunk or
lower limbs and easily-provoked startle responses to tactile or acoustic stimuli (Harvey et
al., 2008, Koning-Tijssen and Rees 2009). The generalised stiffness can be prominent enough
to permit infants to be rotated between the vertical and horizontal plane with barely a

change in posture (Suhren et al. 1966).

Startle is defined as a sudden involuntary movement caused primarily by surprise (Brown,
2002, Matsumoto et al. 1992). These startle attacks can be prolonged, with many minutes of

axial rigidity. The threshold for a normal startle response can be lowered by anxiety states —
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either longstanding such as generalised anxiety disorder or post-traumatic stress disorder,
or by situational events (e.g. being alone in the house on your own in the dark). The startle
response in hyperekplexia is very slow to habituate meaning that adults with this condition
report jumping to each firework’s bang on Guy Fawkes’s night as if they had never heard a
rocket explode before. Even being prepared for the stimulus is not sufficient to over-ride
this strong startle response. The startle therefore is said to be ‘exaggerated’ in that it is
easier to produce, however it is thought to represent a normal physiological startle, perhaps
with increased gain (Bakker et al. 2006). The tactile stimuli can be particularly disabling, with
everyday actions such as putting on a coat often enough to provoke an attack. Although not
fully explored, affected individuals do report exaggerated hypnagogic jerks which are not

triggered by stimuli (Kirstein and Silfverskiold, 1958).

The afferent and efferent pathways of the startle reflex in hyperekplexia are the same as the
normal startle reflex (Bakker et al. 2006). However, the motor responses are larger and
electromyographic burst durations of the orbicularis oculi and sternocleidomastoid muscles
are longer than seen in controls; the latencies of the startle reflexes are also abnormally
short. In addition there is a suggestion of increased autonomic responses measured with the
psychogalvanic response. In contrast the pathophysiology of hypertonia in hyperekplexia

has been studied less extensively.

As a consequence of the hypertonia, it is not uncommon for children to be diagnosed as
having a gait disorder before the startle episodes are uncovered and the correct diagnosis is
made. Once ambulant, falls can be frequently triggered by auditory stimuli: only a mild
startle is needed to provoke a fall. The combination of axial hypertonia and exaggerated
startle often results in falls that cause facial injury. Patients repeatedly tell of when the
other school children discover that it only takes the slam of a desk to trigger a ‘falling tree’
like attack in their classmate. We are aware of two people with hyperekplexia who were
previously thought to have a ‘neurotic phobia’ of hard surfaces — particularly concrete —
because as children they were reluctant to walk, fearing injurious falls and stumbles.
Another patient described the hazards of wearing high heel shoes as each heel strike on a

solid surface risks provoking an auditory triggered attack.
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It is almost certainly a rare condition with fewer than a fifty published cases confirmed via
genetic testing since the first gene of effect was described in 1993 (Shiang et al. 1993). In
addition to anxiety-induced startle, culturally-specific triggered startle conditions are
recognised, such as the 'jumping Frenchmen of Maine' and 'Latah’. However, it is not clear
whether these conditions represent a variant of hyperekplexia, phenocopies or
neuropsychiatric disorders. Surprisingly, for such a clinically recognisable condition, classical
(congenital) hyperekplexia was first described in Europe as late as 1958 by Kirstein and
Silfverskiold, with key features seen in a three generation family, in addition to sudden falls
and exaggerated hypnagogic jerks. Papers in the 1960s (Kok and Bruyn 1962; Suhren et al.
1966; Gastaut and Villeneuve, 1967) linked additional features to this unidentified
hereditary condition, including epilepsy in some affected family members and attenuation
of the startle response with alcohol or phenobarbitone. It is now recognised that periodic
limb movements in sleep and a characteristic head-retraction response completes the
phenotype (Bakker et al. 2009b). Essential diagnostic criteria include the presence of

symptoms soon after birth, which are often maximal in the first year of life.

A later onset of symptoms should prompt investigations for an acquired cause - often
pontine injury (Bakker et al. 2006, Davies et al. 2010) or rarely, anti-GlyR antibodies
(Hutchinson et al. 2008, Piotrowicz et al. 2011, Turner et al. 2011, Schmidt et al. 2010). This
is an important distinction, since treatment for classic hyperekplexia is based on medication
to combat hypertonia and startle rather than true disease modification. Unlike the genetic
form these autoimmune cases were described as having “mild bilateral ptosis, bilateral
partial horizontal gaze palsies, mild left lower motor neuron facial weakness” in addition to
the hypertonia and triggered startle which are seen in hyperekplexia. They defined this
constellation as PERM (progressive encephalomyelitis with rigidity and myoclonus).
Symptomatic hyperekplexia can be provoked by a number of acquired causes including
brain stem or pontine trauma or demyelination. In animals the caudal brainstem appears to
be the root of the auditory startle reflex. In support of this, glycine receptors have been

demonstrated to be present at high levels in the basal ganglia, brainstem and spinal cord.

1.3.4 Additional features
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As already stated, hyperekplexia presents in the neonatal period — and occasionally has
been described as ‘recurrent hiccups’ by mothers before birth (Leventer et al. 1995).
Unusually for a genetic neurological condition — it remits rather than progresses over time.
The axial hypertonia seen in hyperekplexia may predispose to an increased frequency of

hernias seen in affected infants (Suhren et al. 1966).

The final motor symptom of hyperekplexia is that of prolonged apnoea attacks (Kurczynski,
1983) These are cyanotic spells of up to two or three minutes that are again thought to be
triggered by external stimuli. They are seen in the perinatal period and in the first years of
life before slowly attenuating. It is this symptom primarily that defines why hyperekplexia
cannot be seen as a benign condition — despite the predominantly favourable prognosis.
These apnoea attacks appear to be a triggered extension of the hypertonia and hypertonic
‘seizures’ which splint the abdominal muscles and completely prevent respiration. Infants
quickly lose colour, desaturate and it may be two to three minutes before spontaneous
respiration resumes. On very rare occasions infants may experience upwards of twenty or
thirty apnoea attacks a day. Present advice is to time the period of apnoea and offer
supplementary oxygen as best as possible without triggering further startle by unnecessary
tactile stimulation. If needed, parents can be taught the Vigevano manoeuvre: this process
of forced flexion of the head and legs towards the trunk can result in the termination of
hypertonic attacks. The description was “during a long seizure, one of us intervened in an
attempt to counteract the hypertonia: the patient was held by the head and legs and forcibly
flexed towards the trunk. The seizure ceased immediately. The procedure was repeated
several times and always proved effective.” (Vigevano et al. 1989). It has also had varying
success in abating tonic attacks. The procedure is particularly useful as it can be taught to

parents and can help provide non-pharmacological control of symptoms.

1.3.5 Progression

These symptoms are maximal in the first years of life and improve with age. Some adults
who are still symptomatic also report that alcohol can help subdue their symptoms. Alcohol
sensitivity therefore makes hyperekplexia (like essential tremor and social phobia) a risk
factor for alcohol dependency. Unusually for a genetic syndrome classic hyperekplexia is

associated with normal brain imaging and no skeletal or facial dysmorphism. It appears to
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be a pure neurological disorder with no sequelae in any other system — other than
consequences of the attacks themselves such as hernias. Occasionally comorbid epilepsy is
suspected — but because of the high misdiagnosis rate of startle and hypertonic attacks with
epileptic seizures, it has always been difficult to clearly describe just how frequently they

may co-exist.

1.3.6 Genetics of hyperekplexia

Hyperekplexia is a rare neurogenetic synaptopathy with both dominant and recessive
inheritance (figure 1.2). Hyperekplexia is predominantly caused by mutations in the genes
encoding the postsynaptic inhibitory GlyR subunits of al (GLRA1), B (GLRB (Rees et al.
2002)) and the cognate neuronal-specific, presynaptic glycine transporter GlyT2 (SLC6A5
(Rees et al. 2006)). There is rare (less than 1% of cases), but recognised genetic
heterogeneity via association with mutations in gephyrin (GPHN; (Rees et al. 2003)), and
collybistin (ARHGEF9; (Harvey et al. 2004)). The phenotypes associated with these
mutations are more devastating: deletions in GPHN are also associated with molybdenum
co-factor deficiency, characterised by untreatable seizures and neonatal death, whilst
chromosomal re-arrangements in ARHGEF9 give rise to a diverse range of symptoms

including profound intellectual disability (Harvey et al. 2008).
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Figure 1.2 Cartoon illustrating the glycinergic synaptic machinery. It is neither to scale nor comprehensive but

illustrates i) the structural role of GLRB compared to GLRA1 and the presynaptic location of GlyT2.

GlyRs are heteropentameric (2a1:3B) inhibitory ligand-gated chloride ion channels (LGICs)
that facilitate fast responses predominantly in the brainstem and spinal cord. GIyT2 is a
sodium and chloride dependent transporter, which is involved in the re-uptake of glycine
from the synaptic cleft into glycinergic neurones, thereby maintaining the pool of glycine for
presynaptic vesicular replenishment. In hyperekplexia associated with GLRA1 variants, all
deletion and nonsense mutations are associated with recessive inheritance, whereas
missense mutations can exert either a dominant or recessive pattern depending on the
location of the mutation in the polypeptide (Chung et al. 2010b). Hyperekplexia has some
notable firsts: 1) The description of mutations in GLRA1 by Shiang and co-workers in 1993

was the first channelopathy associated with LGICs, 2) mutations in SLC6A5 (Rees et al. 2006)
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defined the first neurological disorder linked to a defect in presynaptic transporter for a
classical fast-acting neurotransmitter and 3) the first demonstration of a gain-of-function,
tonic activation of the GlyR channel as a novel mechanism of disease in LGICs (Chung et al.
2010b). Similar phenotypes in mice and cattle have been described with mutations in GlyR
al, B and GlyT2 genes (Harvey et al. 2008). These have helped to guide the choice of

candidates for human gene screening.

Gene Location Protein omMim? Associated human disease

Glycine receptors
GLRA1 5g33.1 GlyR al 138491 Hyperekplexia
GLRB 4q32.1 GIlyR B 138492 Hyperekplexia

Receptor clustering proteins

GPHN 14923.3 Gephyrin 603930 MOCO deficiency,
hyperekplexia, leukaemia

ARHGEF9 Xqgl1.1 Collybistin 300429 X-linked mental retardation,
seizures, anxiety, hyperactivity,
facial dysmorphism, sensitivity

to thermal pain, hyperekplexia

Glycine transporters

SLC6A5 11p15.1 GlyT2 604159 Hyperekplexia

Table 1.1 The genes of hyperekplexia

1.3.7 Treatment

The mainstay of treatment has been clonazepam, an allosteric potentiator of GABAA
receptors which is efficacious for both patients with GLRAI and SLC6A5 mutations
(Andermann et al. 1980, Ryan et al. 1992, Bakker et al. 2009a). Although potentially
treatable, hyperekplexia is not necessarily a benign condition: there have been reports of an
increased incidence of sudden infant deaths in hyperekplexia families and startle attacks
when ambulant (combined with a variable hypertonic spastic gait) can lead to sudden falls
and subsequent head injuries and fractures (Giacoia and Ryan, 1994). It remains unclear
whether the sudden deaths are all attributable to hypertonic/apnoeic attacks, or whether

the children who died prematurely had even inherited the familial mutation(s). As one of
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the global reference centres for hyperekplexia diagnosis and genetics, we wanted to

ascertain whether there may be genotype-phenotype correlations in hyperekplexia.
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1.4 Juvenile myoclonic epilepsy

1.4.1 History

Lund in 1975 was the first to use the term ‘juvenile myoclonic epilepsy’ in print. JIME was
recognised in the nineteenth century as a distinct epilepsy subtype and formally described
in the modern era by Dieter Janz. The ‘impulsive petit mal’ (so named because ‘impulsio’ is
Latin for shock) was both a homage to Herpin’s description (1867) and a recognition that the
jerks are not myoclonic as they do not represent contractions of isolated muscles, rather the
forceful movement of entire limbs (figure 1.3). Despite his etymological care the name failed
to adhere itself to the syndrome which may represent bias against the original articles
(written in German): North-American epileptologists were slow to recognise and adopt this
new diagnosis. Instead it was ‘rediscovered’ by both East and West coast epileptologists
working in America (Asconape and Penry 1984; Delgado-Escueta and Enrile-Bacsal 1984).
Despite this Janz will always remain intimately associated with JME as a testament to the
novel and intensive research where he and Christian (his electrophysiologist) described a

cohort of 47 patients in 1957.

MES AMCES INCMMPLETS

D'EPILEPSI]

TH NERFIn

Figure 1.3 Herpin’s Des Acce’s Incomplets d’Epilepsie (left) and Professor Dieter Janz addressing the

International Conference of JME, the Hague, October 2012 at the age of 92 (right).
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If JME is genetic and common— why was it recognised so late in human history? JME is
intimately associated with the factors which precipitate it - namely sleep deprivation. The
descriptions by Theodore Herpin (1799-1865), in Des Acce's Incomplets d’Epilepsie,
published posthumously in 1867, appear to entirely precede John Hughlings Jackson’s
treatise on epilepsy. Herpin described the wide varieties of the manifestations of
nonconvulsive epileptic seizures (Edie 2002). The introduction of electric lights soon after
(and the ability to live like an owl rather than a lark) is said to explain the predominance of
JME in the developed world and it’s ‘appearance’ in the late 19" Century. A year after Janz’
description it was also independently described by two Uruguayan neurologists Castells and
Mendilaharsu (1958) as ‘La epilepsia mioclonica bilateral y consciente’ — or the ‘bilateral
myoclonic epilepsy with retained awareness’. The Swiss claim however that Samuel Auguste
Tissot, (1728 — 1797) of Lausanne was the first to describe an epilepsy very much like JME in
his work ‘Traité de I'épilepsie.” Tissot worked under the sobriquet of "the physician of

princes and the prince of physicians" but is best remembered for his works on masturbation.

1.4.2 JME phenotypes

The importance of genes in the causation of epilepsies could not be more clearly stated than
in the most recent ILAE revision of the nomenclature for seizure types and epilepsy
syndromes (Berg et al. 2010). Idiopathic as a term meaning broadly ‘something that occurs
spontaneously’ is not too poor a synonym for a genetic epilepsy. However idiopathic also
has a co-meaning- ‘something with an obscure or unclear origin’; this cannot unerringly
describe the state of our knowledge regarding the ‘idiopathic’ epilepsies. Of the generalised
genetic epilepsies (GGE previously IGEs) juvenile myoclonic epilepsy (JME) has been
estimated to have the highest likelihood of having a genetic cause (Kinirons et al. 2008). IME
can cluster in families (sometimes occurring with other absence epilepsies, sometimes with
more heterogeneous family phenotypes such as GEFS+),(Thomas et al. 2012) there is a slight
preponderance of maternally-inherited cases and an increased chance of developing JME is
seen in twin studies (Pal et al. 2006). Identifying myoclonic seizures (the ubiquitous seizure
in JME) is important as myoclonic seizures in families show a concordance distinct from

GGEs with absence seizure alone (Winawer et al. 2003, Winawer et al. 2005). JME was
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chosen for the focus of my study because it is predominantly genetic epilepsy that had for

the most part defied effective scrutiny.

Of course other potential exemplar ‘genetic epilepsies’ exist. The catastrophic childhood
epilepsies (often associated with learning difficulties) are clearly strong models of primarily
genetic epilepsy syndromes. They are predominantly rare on a population basis, relatively
uniform in their presentation, occur early in life and there is strong evidence for the
epileptic encephalopathies that they appear to be caused by de novo mutations or
inheritance from mosaic parents. This is in contrast with JME which is a common epilepsy
syndrome (for 5-11% of all epilepsies and up to 26% of the GGEs), where homogeneity of
presentation has not been confirmed, seizure-onset can be as late as the 20s, and the
familial link is strong. Furthermore, twenty years of scrutiny has not identified a single gene

that is important on a population level for JME (Rees 2010; Rees 2007).

This is not to say that the genes identified have not brought us closer to understanding this
complex condition — for example EFHC1 (EF-hand domain (C-terminal) containing 1) may
disrupt migration of post-mitotic neurons and tantalisingly hints at JME as a disorder of
impaired neuronal development. It is simply that candidate gene screening has not
identified a convincing high frequency genetic association. The heterogeneity and the
sample size needed have prevented an adequately powered genome-wide association
study. Those genes that have been described are restricted to isolated families (so called
private mutations) and do not appear to have an effect across unrelated cases. A
multinational cohort of JME families did identifying a major susceptibility locus at 15q13-14
via linkage analysis (EImslie et al. 1997, Elmslie et al. 1996 Taske et al. 2002) however,
despite the efforts of large collaborations we are currently many years away from routine
gene testing for JME in clinical practice. The candidate gene approach has been likened to
searching for a ‘needle in a haystack’; if the majority of cases are answered by private
mutations then maybe we are searching for many, many needles. It is therefore from two
complementary directions that we are working towards better understanding JME and
through this understanding make a valuable translation of scientific findings into clinical
practice. The first of these is a critical clinical analysis of what we call JME to enable

stringent case identification and classification of JME; the second is harnessing the power of
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cutting edge genetic tools which enable small numbers of patients to be studied in great

depth.

1.4.3 JME variability

Clinically JME is recognised as an electroclinical syndrome under the IGE/GGE umbrella
mainly characterised by seizure types; age of seizure onset; EEG pattern; and response to
medication. One would also expect unremarkable standard neuroimaging, predominantly
early morning myoclonus with a benign progression, a lifelong liability for seizures and
seizures triggered by photo-stimulation, sleep deprivation and illness or stress. Some
authors will only make a diagnosis of JME in the context of a normal IQ. However, there is a
remarkable degree of variability between individuals — so much so that some authors have
made the case that there may be a spectrum of ‘juvenile myoclonic epilepsies’. An attempt
by seizure type alone to sub classify these epilepsies — for example by the age of onset of
absence seizures (discussed below) - is fraught with difficulty as absence seizures are not an

essential seizure type for a diagnosis of JME.

Age of Onset and Seizure Type There is significant variation in the age of onset of absence
seizures particularly — with many individuals seemingly having a true childhood absence
epilepsy (CAE) or juvenile absence epilepsy (JAE) phenotype before evolving into JME —
whereupon others have their first absence seizures after their myoclonus begins (typically in
the teenage years). Furthermore epileptic myoclonus is the sine non qua of JME but as
increasingly more women are advised to avoid sodium valproate, how do we classify
myoclonus that appears to be brought on by lamotrigine or carbamazepine therapy? There
is also variety seen within myoclonic seizures experienced. Some have exclusively early
morning attacks, some only ever have upper limb jerking — others have leg and head
involvement. When positive and negative jerks are included in the equation it is no wonder
that facial injury is reported so much more frequently in JME compared to other epilepsies
(Thomas et al. 2009). If the age of absence onset is crucial in defining subtypes (Martinez-
Juarez et al. 2006) then we need to pay greater heed to the major gene of effect for early
onset CAE (up to 12% of cases) SLC2A1 and other major genes as they emerge (Suls et al.
2009).
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EEG pattern The EEG has the potential to add diagnostic doubt rather than clarity with up to
a third of people demonstrating inter-ictal EEG characteristics that would be in keeping with
a focal onset of seizures (Jayalakshmi et al. 2010, Usui et al. 2005). This is more remarkable
when you consider this proportion is very similar to those who report absence seizures at
all. Do this third of people have a similar but unrelated disorder or is a mix of focal and

generalised activity typical for JME?

Response to medication The response to sodium valproate although generally excellent is
by no means uniform (up to 80% become seizure free) and the degree by which myoclonus
is exacerbated by lamotrigine or carbamazepine depends on the individual. Although
valproate is uncontroversially the treatment of choice for young men with JME the best
agent is not clear for women of child bearing age (Nicolson and Marson, 2010). This

heterogeneity in drug response to second line agents goes against the homogeneity of JME.

Unremarkable imaging Although standard clinical magnetic resonance imaging does not
reveal an abnormality on visual inspection we can no longer say that imaging is normal in
JME (Anderson and Hamandi 2011). A range of advanced techniques including PET,
structural MRI, diffusion tensor imaging (DTI) and magnetic resonance spectroscopy reveal
evidence of predominantly frontal lobe and thalamic changes at the group level. Changes in
microstructure connectivity in the mesial frontal region (measured using functional MRI and

DTI) are postulated to be the crux for triggering motor seizures (Vollmar et al. 2012).

Neuronal development disorder? Some authors ask whether cortical developmental
abnormalities could underpin JME (de Nijs et al. 2012). Specifically, this is proposed after
identifying a role for the EFHC1 gene — a gene linked to JME phenotypes. EFHC1 is a
microtubule-associated protein involved in the regulation of cell division. EFHC1 impairment
in the developing rat neocortex causes a marked disruption of radial migration, with defects

in the radial glia scaffold organization and in the locomotion of post-mitotic neurons.

Benign epilepsies Not only have cognitive defects in JME been long established (below) but

these defects have been correlated with the imaging abnormalities mentioned previously. A
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recent DTl study of 25 people with JME (versus matched controls) demonstrated
widespread disturbance of microstructural white matter integrity in the frontal lobe and
corpus callosum that interconnects frontal cortices (Kim et al. 2012). This was taken as

further support of the theory of thalamofrontal network disconnection syndrome in JME.

Life-long seizures Even the dictum that JME is a lifelong condition and that seizure
recurrence should be expected following drug withdrawal has been challenged with long-
term studies. For example Delgado-Escueta and colleagues (1984) noted that only 12/43
relapsed at two years following valproate withdrawal. This was corroborated by a study of
23 people (17 female) from Canada where 11 discontinued treatment and six remained
seizure free, 3 had myoclonus only and two had infrequent seizures (Camfield, Camfield
2009). JME is thought to be an epilepsy syndrome with little in the way of serious
complications but the Camfield paper added further clinical heterogeneity as eight of the 23
had an episode of convulsive status epilepticus. This pattern of a varied long-term outcome
was further described recently in a review of 31 people (Geithner et al. 2012). Here, only
two thirds achieved true seizure freedom. Nine patients attempted to discontinue drug
treatment — six of these were successful (mean duration of seizure free follow up was 19
years). This study concludes (and | would agree) that this is once more very strong evidence

against the homogeneity of JME.

1.4.4 Are there true neuropsychological traits in JME?

If the above clinical features are variable and cannot be relied upon to identify a ‘true JME’
is there a role for neuropsychological or cognitive trait analysis? In Janz & Christian’s
seminal paper of 1957 personality was a key part of the description, alongside information
on: characteristics of minor seizures; rhythmicity; age of onset; prevalence; aetiology;
heredity; course; triggering factors; nosology; EEG; treatment; prognosis; differential
diagnosis; pathophysiology and constitution of the patients. From the onset a JME
personality was proposed “characterized by unsteadiness, lack of discipline, hedonism and
an indifference to their disease..most were of average intellectual ability, none was
extraordinarily gifted... They often appear self-assured and bragging, the girls and women
coquettish and seducing, but can also act decidedly mistrustfully and be, timid, frightened

and inhibited. ... Their mood changes rapidly and frequently. This makes their contact both
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charming and difficult. .. They are easy to encourage and discourage, they are gullible and
unreliable.” Allowing for the change in use of language since 1957 this description still
seems stark. Clearly if thalamofrontal circuitry disconnection is an important feature of JIME
pathogenesis then the above quote could be describing executive function impairment — but
the concept of an ‘epileptic personality’ let alone a JME personality remains highly

controversial.

The GGEs have not been as aggressively investigated by psychological researchers as
temporal lobe epilepsy, where surgical treatment has focussed attention. The first studies
into JME, which were mainly retrospective, identified a “neurosis of character” seen in JME
patients more frequently than other idiopathic epilepsies (Bech et al. 1976, Lund et al.
1976). However, a number of centres have investigated large samples (up to fifty
individuals) using a variety of comparison groups. The majority of studies have recruited
patients taking a sodium valproate preparation, however Kim et al.’s study of 27 people is
notable for the inclusion of only unmedicated persons. Of course inter-ictal epileptiform
discharges would be more likely in an untreated patient arm and reduced attention and

concentration would be expected — resulting in low scores on tests such as digit span.

1.4.5 Executive function

Janz’ initial description would suggest that executive function would be impaired in JME or
that symptoms in keeping with a borderline personality disorder could be expected. A study
of forty patients with JME (and twenty-two controls) using the temperament dimension of
the temperament and character inventory demonstrated much greater levels of novelty
seeking behaviour in people with JME. In addition those with poorer seizure control had
greater novelty seeking and impulsive behaviour (Moschetta et al. 2011). The distribution of
epileptiform activity seen over frontocentral regions in JME corroborates with poorer
executive function: however test results are heterogeneous within each study - some
patients have marked deficits, others none. In particular mental flexibility and concept
formation-abstract reasoning are abnormal, even when compared to people with temporal
lobe epilepsy (Devinsky et al. 1997). Levav and colleagues (2002) ascertained that
unaffected family members had poorer scores for attention — a pertinent finding as relatives

would not have any psychomotor retardation from antiepileptic medications. In contrast,
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people with JME and their siblings were indistinguishable from controls on tests of
visuospatial ability such as the Rey Complex Figure task (Igbal et al. 2009). Neuropsychology
(where available) remains an attractive focus for trait analysis as it is inexpensive (compared
to advanced imaging), acceptable to patients and can help reveal clinically useful
psychopathology. Gelisse et al. (2001), using DSM-IV, criteria evaluated the prevalence and
types of psychiatric disorders in patients with JME. They found a high frequency of
personality disorder (14%), mostly borderline personality disorder. This study was
corroborated by Araujo-Filho et al. (2006) who evaluated 100 patients with JME using the
Structured Clinical Interview for DSM Disorders | and Il (SCID-I and SCID-1l) as diagnostic
instruments, identifying that 20% had personality disorders, especially Cluster B personality

disorders.

What is currently missing from the published literature is a truly comprehensive study of
people with JME. Too few studies have looked to ascertain a full scale 1Q and all too often
only one or two tests of executive function are employed and these are frustratingly
replicated (Stroop, trails) rather than novel tests utilised and described. It is important to
also be able to describe the affective burden in the cohort and to begin to look at

personality subtypes.

1.5 JME families

Many patients in clinic know that they have a family history of epilepsy or febrile seizures.
They are aware that even if epilepsy seems to run in their family, that it can look different in
each family members and that— even if both mum and dad have had seizures, it doesn’t
mean that their children will have epilepsy. Genetic counselling for families with epilepsy,
however, is a very rare service and giving specific risks and details is often impossible. This
will change in my lifetime with access to routine personal genome analysis; providing we

can learn to interpret the results that the process yields.

Often individual differences are genetic differences. We are comfortable understanding that

height and eye colour are complex phenotypes (not all or nothing) — but epilepsy must be
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one of the ultimate challenges. Why do some people get drug side effects at relatively low
doses? Why do some people get rare drug side effects at all? Why do some people get
frequent seizures- and others very few? Why is sleep a trigger for some people and the
menstrual cycle for others? Why do some women have foetal malformations when taking
medications in pregnancy but most don’t? Why are some people more likely to develop
epilepsy following head trauma? We are slowly chipping away at conditions that were
thought to be ‘psychological’ such as fainting, stammering or panic attacks (Kang et al. 2010)
— and describing the genes that underpin these conditions. In order to begin to understand
what this may mean for seizures we at WERN have been investigating the genetics of

familial epilepsy.

1.5.1 Family study

We have been working in Wales to identify and recruit families with epilepsy and have
recruited over ninety families from England and Wales and (Johnston et al. 2010). This has
been a labour intensive process: perhaps only a fifth of families eligible for research consent
to take part. This figure is much higher when you meet the individuals ‘face to face’ in clinic.
We then visit the family (and extended family) in their own homes, consent them into
research and take blood samples for DNA extraction. This process has permitted us to find
out so much more about a family than their inherited material; such as how the implications
of a result may impact on family dynamics. We are obliged to forge long relationships with
each family to permit them to engage fully in research. So far we have had no families
withdraw from our project once we have taken their samples- but some have been
‘cancelled’” while we were on our way to their homes. That is their prerogative and we make
sure that they understand what a genetic finding may (or may not) mean for their family.
There remains a great degree of stigma and indeed guilt regarding familial epilepsy, which
can be brought into sharp focus when people are invited to be participants in research

(Hammond et al. 2010).

1.5.2 GEFS+

Generalised epilepsy with febrile seizures plus (GEFS+) was first proposed as a diagnostic

entity in 1997 (Scheffer et al. 1997). The families broadly have idiopathic generalised
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epilepsy but with a predominance of febrile and febrile seizures plus (FS+); indeed febrile
seizure are considered the prototype seizure in GEFS+. Additionally, young children with
catastrophic epilepsy syndromes (such as Dravet syndrome, known first described as the
severe myoclonic epilepsy of infancy (SMEI)) occur more frequently among GEFS+ families
than expected by chance. Family members with specific electroclinical syndromes (such as
childhood absence epilepsy or juvenile myoclonic epilepsy) would be unusual, but are seen
infrequently. However, the occurrence of occasional family members with focal epilepsies
has led to the suggestion that the GEFS+ acronym better describes genetic epilepsy with
febrile seizures plus. GEFS+ is now widely recognised and is a core diagnosis seen in studies

of families with epilepsy.

Berkovic and Sheffer’s original GEFS+ description defined a GEFS+ ‘spectrum’, ranging from
individuals with simple febrile seizures and FS+ up to SMEI. The generalised epilepsy
phenotypes included absence seizures, myoclonic seizures, and more rarely atonic and
myoclonic-astatic seizures. It was also suggested that the pedigree showed an autosomal
dominant pattern with incomplete penetrance (Scheffer et al. 1997). The gene mutations
thus far described in association with GEFS+ have coded for ion channels: private mutations
in SCN1A, SCN1B and GABRG2 genes occur in 10% of families with the GEFS+ phenotype
(Escayg et al. 2000, Wallace et al. 1998). Although the genetic causes of most epilepsies
(including GEFS+) have yet to be elucidated it is still widely believed that most epilepsies
have some genetic component (Tan et al. 2004). Siblings of an individual with confirmed
seizures have an approximately fivefold risk of developing epilepsy (compared to a
background risk of 0.75%), depending on the age of onset of seizures. A monozygotic twin
with an affected twin has between 37% and 80% risk of developing epilepsy, compared to
between 3% and 32% for a dizygotic twin (Kjeldsen et al. 2003). This also implies an
environmental aspect to the aetiology; in the case of GEFS+ this may be the infantile illness
needed to provoke typical and FS+. Mutations in the sodium channel may also lead to an
increased risk of febrile convulsions which itself increases the risk of developing epilepsy
(Hirose et al. 2000). This would certainly seem logical, as sodium channel defects are known
to causes disorders influenced by temperature, such as paramyotonia congenita

(McClatchey et al. 1992).
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More than six hundred SCN1IA mutations have been described (www.scnla.info/, Lossin
2009) missense mutations being the most frequent. Frameshift and nonsense mutations are
associated with the more deleterious epilepsies, such as SMEI (Escayg et al. 2000, Wallace et
al. 1998, Kanai et al. 2004). The mutations are spread throughout the gene but occur most
frequently outside the pore-forming region. Initially, the GEFS+ family phenotype was tightly
defined, but the borders of both epilepsy within GEFS+ families and the epilepsy caused by
SCN1A mutations are increasingly blurred. GEFS+ families from the UK have not been
previously systematically described and analysed; despite the original family described
being Anglo-Australian (Scheffer et al. 1997). | present our experiences and the clinical

description of our GEFS+ families.
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1.6 JME genetics

So what has been achieved thus far? The genetic mutations that underlie complex but rare
disorders have been well described — such as Angelman’s, Dravet’s or Rett’s syndromes.
Even so the relationships can be complex: some children with mutations in ‘Rett’s’ genes
will have different phenotypes; some children with Dravet’s won’t have sodium channel
mutations; the same sodium channel mutation may cause febrile seizures in a child, but
Dravet's syndrome in their sibling. This mismatch persists because of our previous —
hypothesis driven — process. Hypotheses are useful: predicting that you’ll find a result, then
discovering it is scientifically powerful. However in this ‘needle in the haystack’ process — it
means you can only find what you set out to find. For a while all the epilepsy gene
mutations were found in genes which code for channels: this was in keeping with our idea of
what might cause epilepsy and in keeping with prior findings. Possible genetic results have

been limited by our current knowledge and our imagination.

The next generation of research does not require a candidate gene to be selected:
sequencing of the exome (all the coding genes) or the whole genome allows for a search for
genes that can throw up unexpected results. Whole genome analysis will permit the
discovery of non-channel coding genes — and more usefully multiple genes of effect. The
challenges however then become how best to sift through the vast amounts of information

provided and then to prove that the genetic changes really do cause epilepsy.

1.6.1 The Juvenile Myoclonic Epilepsies

Accepting that there is variability within the current definition of JME that is clinically
important (response to drugs, prognosis) — where does the phenotypic homogeneity lie?
There have been a number of attempts to subcategorise JME based on clinical and seizure
characteristics (Geithner et al. 2012, Martinez-Juarez et al. 2006). One classification created
four groups (the number is arbitrary but the clinical reasoning sound): namely classic JME
(72%); CAE evolving to JME (18%); JME with adolescent absence (7%); JME with astatic
seizures (3%) (Martinez-Juarez et al. 2006). A creditable 257 individuals were identified —
predominantly from California and Latin America and were exclusively those with a family

history of JME. It is unclear whether familial JME is similar to sporadic JME and of course the
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majority of individuals with JME do not report a family history of epilepsy. This admirable
study clearly delineates the relationship between variability of absence seizure history and

JME prognosis — but did not publish sub-classifications based on other criteria.

Sixty five sequential patients seen in a Brazilian epilepsy clinic were also stratified (Guaranha
et al. 2011). In addition to seizure type, seizure triggers and psychiatric comorbidity (as
estimated using the State—Trait Anxiety Inventory (STAI) psychiatric interview and use of the
Schedule Clinical Interview for DSM-IV, Axis | (SCID-1) and Axis Il (SCID-Il) questionnaires)
were investigated. A good prognosis (seizure free on medication after five years) was
associated with a later onset of seizures, a smaller likelihood of having a personality disorder
(4% vs. 25%) and a lower score on the STAI traits scale. A poor prognosis was associated
with reflex traits, a longer epilepsy duration, a combination of all three seizure types and
discharges seen on the base line video-EEG. This level of multifactorial complexity may
obfuscate clinical researchers’ efforts to tidily create a number of neat subcategories for
JME. The first strategy will be to dissect out a trait associated with a large gene effect — such
as photosensitivity. This has been the successful approach in Rolandic Epilepsy (Benign
Epilepsy of childhood with Centro Temporal Spikes (BECCTS)). Researchers identified that
the EEG trait segregated with the Elongator Protein Complex 4 (ELP4) (Strug et al. 2009).
They have then gone further to describe the subtle neurocognitive features of children with

this epilepsy (Smith et al. 2012).

Other relatively unexplored ways to sub classify JME (or the JMEs) are by better
understanding the diurnal variation so clear in early morning myoclonus and the paucity of
sleep related generalised tonic clonic seizures; the exacerbation of seizures by sleep
deprivation, stress and menstruation; and non-photosensitive reflex tendencies. JME,
however-defined, is unlikely to be monogenetic and gene mutations may be distinct from

channelopathies and therefore provide insights into the neurobiology of seizure onset.

1.6.2 Next generation sequencing

In recent years, next generation sequencing (NGS) has transformed the way in which disease

causative genes are identified in both the research and clinical diagnostic domains. NGS is a
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new technique that exploits the massively-parallel sequencing capabilities of next-
generation platforms to rapidly identify rare variants in the entire genome (whole-genome
sequencing) or only in the 1% of the genome that codes for proteins (whole-exome
sequencing). The value of whole genome/exome sequencing has been demonstrated in the
publishing explosion seen in the last three years which has identified genes associated with
conditions as diverse as common cancers to rarer disorders such as Charcot-Marie-Tooth
neuropathy, Kabuki syndrome and Miller syndrome (appendix A). Tight endophenotyping
(sub-categorisation) is essential to make the most of the power of next generation

sequencing. The cornerstone of our work is the deep scrutiny of phenotype - using strict and

novel criteria.

Figure 1.4 A cartoon describing genetic causality. The first and second columns represent two disorders with a
polygenic cause. Although some rare variants are shared (in this case the navy box) the majority of the shapes
are different. This could either represent the variety of rare variants needed to breach the imaginary threshold
for pathogenicity (the red line) in two different disorders that share some heritability such as IGE and bipolar
disorder — or two similar disorders (two JMEs). The third column represents an unaffected relative. They share
a gene in common with their relative (red box — column two) but do not have sufficient variants to cause a
phenotype. They may however share an indirect link to the condition of interest — a so called
‘endophenotype’. The fourth column represents a disorder such as hyperekplexia where one variant is so
dominant that even if there are additional genes that predispose to the disorder having a single mutation

causes the phenotype and so it behaves like a monogenetic disorder.
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1.6.3 Traditional and Modern Methods

The traditional attempts at genetic studies have concentrated on candidate gene analyses
by either screening previously-identified disease associated genes or identifying a novel
gene based on linkage or other hypothesis-led instincts. Sanger sequencing to find
mutations in candidate genes is a powerful tool, however, it is time-consuming and can be a
very costly method for genetically-heterogeneous groups such as adults with epilepsy. Also
ascertaining pathogenicity of novel variants can be notoriously difficult — even with the ion-
channel genes that have predominated the early discoveries in epilepsy genetics (Chung et
al. 2010). More recently, it has been noted that the human genome contains a number of
missense and deleterious nonsense mutations that do not appear to have any phenotypic
effect..Alternatives to single gene screening involved studying families with multiply-
affected family members and identifying shared areas of homogeneity. Six chromosomal
loci are currently genetically linked to JME: chromosomes 6p12 (Bai et al. 2002, Serratosa et
al. 1996), 6p21.3 (Greenberg et al. 2000), 15914 (Elmslie et al. 1997, Whitehouse et al.
1993), 5q (Cossette et al. 2002) 16p13 and 7q32 (Pinto et al. 2005). Of these chromosome
loci, two potentially disease-causing mutations, namely, GABRA1 in 5934-q35 (Cossette et
al. 2002) and Myoclonin/EFHC1 in 6p12 (Suzuki et al. 2004) have been associated with JME.
EFHC1 specifically has a growing body of functional work to support its role in cell division
and neuroblast migration. Two genes with putative association include BRD2, RING3 in 6p21

(Pal et al. 2003) and connexin 36 in 15q14 (Mas et al. 2004).

Although linkage-analysis has provided invaluable insights into the underlying genetic
causes of many disorders, there are inherent difficulties including the ascertainment of
large multiply-affected families, the ambiguity of large linkage interval regions and the
amount of work trawling through interval candidate genes or further fine mapping. One of
the ways to overcome the complex heterogeneity of epilepsy genetics is the simultaneous
screening of multiple epilepsy genes by using epilepsy-specific panels (targeted NGS). A
recent study presented approximately 50% mutation detection rate (16 out of 33 patients)
by utilising a sequencing panel containing 256 genes relevant to epilepsy phenotypes
(Lemke et al. 2012). However, a persuasive argument can be made in favour of the use of
direct exomic sequencing in place of hypothesis-based gene panels. The advantage of

whole-exome sequencing is that by remaining agnostic you can identify genes in families
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and systems that either have no current known function, or have been previously and
erroneously discounted, or suggest a pathogenicity which had not previously been
described. NGS studies identify causative genes that would not have been selected using
traditional methods and can remain hypothesis-free (Corbett et al. 2010, Chen et al. 2011).
Although the gene panels currently present a marginally better quality of coverage over
exomic sequencing (for the selected genes), it would be inevitable, given progress in the
field, to adopt exome sequencing or even the whole-genome sequencing as the diagnostic

tool of choice in the near future (Dixon-Salazar et al. 2012).

1.6.4 Copy number variation in GGEs

Both genome and exome sequencing can identify variants that change the coding regions of
proteins including the unmasking of missense or nonsense single-base substitutions, or
small insertions or deletions (indels) (Lupski et al. 2010, Ng et al. 2010). However CNV
analysis is used in preparation for second generation sequencing and increasingly as a front
line tool for the investigation of individuals with learning disability. Copy number variation is
a form of structural variation that results from usually having one extra or one too few
copies of a portion of DNA often many kilobases in length. A CNV is traditionally defined as
over a kilobase and can be many megabases in size. They can be both inherited and occur
spontaneously during early development (de novo). CNVs can be deletions, insertions,
translocations or duplications. Certain genomic areas appear to be susceptible to CNVs, such

as regions with low copy repeats.

Chromosomal rearrangements such as CNVs have been increasingly recognised underlying
neurological disorders with a complex genetic inheritance, such as epilepsy, schizophrenia
and autism (Sebat et al. 2007, International Schizophrenia Consortium et al. 2008, Talkowski
et al. 2012). Currently, CGH-array is considered as a powerful method to detect CNVs which
are seen disproportionately in the idiopathic generalised epilepsies (de Kovel et al. 2010,
Mefford et al. 2010). This technique has made its way into clinical practice although the

coverage is not universal and it is only routinely used in major academic centres.
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Array CGH (described in detail in materials and methods) has been used by a number of
authors to identify copy number variations in adults with generalised genetic epilepsies.
There is a great variation in phenotypic expression too - here | present the CNVs published

in GGE and related epilepsies.

Mefford et al. (2010)
Technique:  Array CGH
135,000 probes (mean marker distance 38kb) but with a higher-density
customised array design to cover known CNVs (mean marker distance 2.5kb).
5 or more consecutive probes needed
Sample Size: 517 cases, 2493 controls
Phenotype: GGE and SFE
Findings: 3% have 15911.2, 15g13.3 or 16p13.11 CNVs.
189 cases had JME: 8 had frequently occurring CNVs (4.2%), 9 having other CNVs (4.8%). In
contrast absence epilepsy saw 5/94 frequently occurring CNVs (5.3%) and 5/94 others; IGE
with GTCS only saw no frequently occurring CNVS (33 cases) and 2 atypical ones (6.1%); and
unclassified IGE saw 2/63 (3.2%) and 4 atypical ones (6.3%).
The JME CNVs were at 1q21.1; 6q12; 7q11.22; 8q21-q22; 9p21.3; 13g31.1; 14q24.2;
15q13.3; 15q13.3; 15q13.3; 15q13.3; 16p11.2; 16p13.11; 16p13.11; 16p13.11; 17p11.2;
18q11.2; and 18qg11.2.

Galizia et al. (2012)
Technique:  Array CGH

135,000 probes, mean distance 13kb, 3 consecutive probes needed
Sample Size: 82
Phenotype:  Adults with drug resistant epilepsy and complex co-morbidities — 63% had LD;
37% with comorbid psychiatric disorders in London
Findings: 12 CNVs thought to be pathogenic and a further 69 of unknown significance
reported: 15q11.2-q13.1; 1p36.33-p36.32; 9p24.3-p24.2; 15q11.1-q13.1; 16p13.11;
6022.31-q22.22; 4q16.3-p12; 15913.2-q13.3; Xp22.23-g28 and 16pll1.2; 15q11.2-q13.2;
16p13.11; 7935.
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Striano et al. (2012)
Technique:  Array CGH

44,000 probes, mean distance 43kb, 8 consecutive probes needed
Sample Size: 279 with epilepsy, 265 with LD, 246 controls
Phenotype: Prospective patients with epilepsy in Italy
Findings: 10 pathogenic CNVs (6g26-q27; 8p23.3-p23.1; 8p23.1-p21.2; 9934.3; 15 q11-
q13.1; 15924.1-924.3; 16p13.11; 22q13.31-q13.33; 229q13.32-q13.33; Xp22.31) and a further
18 novel ones (2p12; 2q11.2; 4931.23; 6916.1; 6g22.2 ; 6q22.31; 7936.3; 14932.33; 9p21.2;
9q13-g21.13; 10p12.33-p12.31; 12q24.33; 15026.1; 17924.3; 19p13.3; 19q13.41-q13.43;
19q13.43; Xp11.3).
CNVs in patients were more likely to be gene rich (particularly over 10 genes) and larger
than a megabase. Epilepsy was not associated with rare CNVs (neuropsychiatric features
and LD were).
Of those with GGE they were 16p13.11 deletion (?JME no LD) and 6g22.31 duplication (IGE),
9p21.2 duplication (?CAE), 12g24.33 duplication (IGE), 17924.3 duplication (?CAE) and
Xp11.3 duplication (?JME).

Jiang et al. (2012)

Technique:  Affymetrix SNP microarray 5.0
Targeting 15g11.2 — 100 probes per CNV
Sample Size: 198 with CAE, 400 controls
Phenotype: CAE in China
Findings: Three 159g11.2 and one 15q13 — none in controls

1.6.5 Bioinformatic Analysis

CNV analysis identifies many variants that will need validation, replication and segregation
analysis. Validation involves the confirmation of the location of the breakpoints as well as
cross-referencing the CNV with established gene variation databases; the segregation
analysis focuses on the genotype / phenotype trend in family members of each case with a

focus on the flow of variants with affection status. Wherever possible researchers have
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been keen to utilise computational software or molecular modelling pipelines to predict the
effect of single points of variation on protein structures by comparing wild-type with variant
genotypes for any given gene candidate (Mullins et al. 2010). However when trying to assess
the clinical consequences of a contiguous gene disorder there are fewer complementary
tools that can be utilised: many CNVs are private and therefore their consequences unique.
The endpoint of this bioinformatic pipeline is convergent genetic, database and modelling
data that would then pass onto an in vitro testing strategy — the methods employed

dependant on the biological context of the newly-identified candidate gene(s).

Before we can begin to harness the power of second generation sequencing techniques we
must first reduce JME down to lacunae of homogeneity — using increasingly more
sophisticated phenotyping tools. The current technological advances in gene sequencing
have been used to dramatic effect to identify single gene causes in rare syndromes and
identify risk variants in malignancies. Filtering the variety of the human exome or genome
down into a handful of biologically plausible candidates now relies on a pipeline of bio-
statistics, software and functional analyses. It is simply unacceptable to return uncertain
findings to the clinical domain and therefore it is crucial that pathogenicity is as fully

determined as possible before families receive genetic counselling and test results.
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Materials and Methods

This chapter details the methodologies used to investigate the questions and hypotheses set
out in the introduction — namely to best describe the features of hyperekplexia and JME to
enable genetic examination. The translational nature of this thesis is such that a number of
methods were employed and they are explained in the order that the chapters appear.
Additional material is provided in the appendices which may also aid in the understanding of

the results chapter (appendices B-F).

2.1 Involvement

Two anecdotes are explored to augment the description of the DUETSs research: the patient
RDG and digital storytelling projects. The first of these is funded through WERN which itself

is a directly funded research network.

2.1.1 WERN

Wales (unlike England) has a funded research network to coordinate epilepsy projects —
alongside networks for more well-supported health condition themes such as cancer and
heart disease. The Wales epilepsy research network (WERN) is a thematic network, funded
initially through the Wales office of research and development (WORD) 2005 to 2009 and
then through WORD’s reincarnation as NISCHR (National Institute for Social Care and Health
Research). Our shared goal is to reduce the morbidity of epilepsy in Wales and to work
towards fewer seizures, fewer side effects and fewer “wasted lives” (All Party Parliamentary
Group on Epilepsy, 2007). WERN is not positioned as a rival to any of the existing epilepsy
charity groups — rather we have built strong relationships with groups such as Epilepsy
Action, Epilepsy Wales and Epilepsy Bereaved. This mutual support has been invaluable in
launching the network from concept to conceit in under five years. WERN is again the

funder of the family study (explored below with regards to chapter five).

2.1.2 RDG Creation
Dr Carrie Hammond (WERN’s first co-ordinator) was tasked with founding the RDG and

decided to make it patient focussed from the very start. In addition to the interested parties
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that she and other clinicians from the network had met through research projects, she
contacted /nvolving People to find volunteers. Involving People is a support service funded
by NISCHR to help researchers engage appropriately with interested lay individuals.
Alongside recruiting and matching projects with participants Involving People provides
training for people to be able to make the most of their interaction with researchers — to
enable genuine patient involvement. Having identified a group of people who had an
interest in epilepsy — we asked for a volunteer chairperson and wanted them to circulate
ideas that would go on to form their rules of engagement. The decisions made, including —
face to face meetings every three months, sub-groups to work on specific projects, email
circulation lists and token clinical representation on their group - were largely patient
initiated. A patient led group is a very progressive, unusual initiative; similar groups may

have just made do with a single ‘professional’ patient.

When you consider the difference between someone with learning difficulties, someone
seizure free following surgery, someone with a familial epilepsy syndrome and a carer for a
child with epilepsy and a neurodegenerative syndrome it becomes clear that a single
representative would not suffice. The present RDG (as of November 2012) has a variety of
backgrounds represented: parents of a young adult who passed away unexpectedly during a
seizure, a woman with lifelong epilepsy from a family with epilepsy, a gentleman who is
seizure free following surgery, a carer for people with epilepsy, someone with both mild
learning difficulties and subsequent epilepsy. The establishment of the patient RDG has
been a new experience for WERN and for the patients, carers and service users involved;
primarily because there were no other similar examples to learn from. | hope that our
experiences may stimulate other groups to consider such a panel of experts as a vital part of

health and social research.

2.1.3 Digital Storytelling

My introduction to digital storytelling was through Lynne Thomas (/nvolving People Officer).
She had previously worked in the medium — which has a strong history in Wales. The BBC in
partnership with Cardiff University ran an award-winning Digital Storytelling project called

Capture Wales. BBC Capture Wales ran monthly workshops from 2001 - February 2008,
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facilitating people in the making of their digital stories. There is a permanent archive

accessible via www.bbc.co.uk/wales/arts/yourvideo/queries/capturewales.shtml

This story was created by

' Patient Vaices

A one-way ticket

at a Patier
Reflective
workshop In
Storyteller n May, 2010
Jean Waters

INHS |
Dol Mational Institute for

Mealth Research

“Are you limping?”
my Dad said

| didn’t believe the
neurologist’s

reassurances; MND

hovered unspoken

Delays in diagnosis eat
into precious time

Figure 2.1 An example of a Digital Story. Dendron sponsored video of a clinician talking about her slow
process of being diagnosed with motor neurone disease. Her quotes are taken out of context and placed

alongside the pictures selected.
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Digital story telling is a method of producing short emotive films using inexpensive digital
cameras, editing software and notebook computers: the resulting story is typically
comprised of a series of pictures or photographs set to an audio narrative that tells a
personal story. Practitioners working in Cardiff have successfully used the technique with a
wide variety of people, including people from a number of professions, children, people
with learning disabilities and people who are computer illiterate. (Meadows 2003) These
stories have been used previously with great success in a number of fields including medical
education (Sandars et al. 2008, Sandars 2009) cancer genetics and palliative care. We think
that digital story telling is an important and compelling medium that would be highly

appropriate for helping people with epilepsy tell their journey and to inform others.

Digital story telling is an emotionally powerful method of communicating personal
experiences. An audio track lasting three or so minutes is complemented by a series of
pictures or photographs. When telling their story, people commonly choose to use personal
and family photographs to complement the audio narrative about their health (please see

www.cancergeneticsstorybank.co.uk and www.patientvoices.org.uk for examples; Hawkes,

2010; Herxheimer et al. 2000). The production of stories involves the story teller giving a
fairly long and free flowing interview with a member of the research team. The interview is
then edited down to capture the essence of the story in a two/three minute piece. The
digital storyteller has full editorial control over the video and creating the piece is a
collaborative effort, so the storyteller retains control over how they are represented. The
personal pieces are emotionally relevant and often have a profound effect on those viewing

them.

2.1.4 Starting the Epilepsy Story Collection

Alongside my colleague Dr Rose Thompson we were successful in winning an Epilepsy Action
Diamond Award grant to create a permanent digital educational resource: an epilepsy story
collection. We employed a professional team to help us found the collection — teaching us
how to interview people efficiently and how to use the editing software. We have created
five full stories thus far — enough to host on a WERN website, for people with epilepsy in the
UK and indeed the English speaking world to see. We plan to augment these with short

instructional talks such as ‘what to expect from a brain scan” or ‘how to make the most of
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your clinic appointment’. Epilepsy has a myriad of causes and journeys. Some videos will be
important to some viewers only (epilepsy and pregnancy, pre-conception counselling,
breastfeeding with seizures) and others may strike a universal chord. We would like support
to found this repository and then will seek continuation funding to build this as a permanent

educational resource.

2.1.5 DUETs

2.1.5.1 Ethics
This study involves patients and professionals as partners in a consultancy about research

and as such no one is considered a participant in research (National Research Ethics Service,

2009).

2.1.5.2 Meetings

The qualitative study was based on the successful consultations in rheumatoid arthritis (Carr
et al. 2003). We arranged five separate focus groups: three with patients and carers and two
with clinicians. Patients were invited from a variety of sources: clinic appointments, previous
involvement in local projects, and membership of local charity groups. Involvement was
voluntary and unpaid; meetings lasted 90 to 120 minutes. No-one who expressed an
interest in attending a meeting was discouraged from doing so. Participants were invited to
try to ensure a balance of adult and paediatric, oligoepilepsy and refractory epilepsy, pre-
and post-surgical candidates, people with learning disability, parents and children, carers

and support workers (table 2.1). Many later became members of the RDG (above).

The focus groups were asked to identify questions that addressed treatment uncertainties
(we excluded questions that exclusively addressed diagnosis, complaints about services or
the natural history of epilepsy). When facilitating the meetings we attempted to involve
everyone in offering questions and for participants to try to consider all groups and all
treatments. So as not to discourage participation we did not attempt to answer any of the

questions posed, or suggest that the answers may be known during the group meetings.
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Each participant was then asked to rank the questions created in their meeting only, so that

we could identify the most important potential research questions.

Epilepsy Professionals (n=16) Patients and carers (n=25)

Sex Male (8) Sex Male (8)

Role Adult neurology consultant (4) Role Patients (19)
Paediatric neurology consultant (2) Carers (6)

Learning disability consultant (1)

Neurology registrar (3) Mean Age | Patients (46.6)
General Practioner (1) Carers (50.8)
Epilepsy nurse specialist (4)
Genetic counsellor (1)

Dietician (1)

Table 2.1 Focus group participants — demographics

2.1.5.3 Analysis

Using an interpretive phenomenological approach to analysis, we used not only the text of
the question produced but also our knowledge of who asked the question and the context
in which it was created to better understand what was being asked. Blinded to the ranking, |
worked with Dr Carrie Hammond to group the questions into themes so that we could
compare professionals’” and patients’ questions both in content, number and relative
ranking. Some sub-categories involving special groups (e.g. people with learning disability or
children) were teased out from the main themes for comparison. The themes were
developed by Dr Hammond and myself both individually and in group work until agreement
was reached that the themes identified were both all-encompassing and useful. After
adjusting for the number of questions produced by each meeting, a mean rank for each was
produced and standardised as a value between 1 and 100; the lower the standardised rank
score, the more important its rating. In order to allow us to test the significance of the
differences between focus groups or themes we examined the most highly ranked
questions. We identified, for every participant, the number of questions from each theme

that appeared in the top quartile. The Mann Whitney U test, using asymptotic significance,
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was then performed to identify differences between the focus groups, or between the
themes, with statistical significance taken as p<0.05. We identified both differences
between the two groups and the similarities: the shared priorities. Finally, a database of
unique uncertainties was produced for publication in the UK DUETs database.

www.library.nhs.uk/duets/ Epilepsy remains the only neurological disorder entered into

NHS Evidence’s data repository.

Data maps were created to visually depict the architecture of the thematic hierarchy. The

full map is shown in figure 3.4 and an excerpt figure 3.5 is blown up for greater legibility.
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2.2 Hyperekplexia

The analysis of the hyperekplexia cases are primarily through samples recruited to Professor

Mark Rees’ research group at Swansea University.

2.2.1 Genotype Phenotype

2.2.1.1 Identification of cases

Cases are passively recruited on a prospective basis for enrolment into research at Swansea
University. An extensive network of clinical geneticists, paediatric and adult neurologists has
developed since our group first began accepting samples in the 1990s. The geographical bias
of the network favours the UK, however we expect to receive samples from North Western
Europe, the Iberian peninsula, Turkey, Jordan, India and Australia. On occasion we are
contacted by people with a clinical diagnosis of hyperekplexia (or a personal suspicion that
this diagnosis answers their symptoms best). As discussed in chapter one we openly engage
in participant involvement but must be certain to 1) offer the self-referral the same degree
of genetic counselling and support as someone who has been referred through traditional

routes; 2) put the case under the same level of phenotypic scrutiny (described below).

2.2.1.2 Entry Criteria

Deciding which patient samples to screen can be challenging. If entry criteria are too narrow
then the phenotype is never expanded, too broad and the service can be overwhelmed and
yet not produce valuable results. Hyperekplexia is almost certainly a rare condition, but of
unknown prevalence and the true phenotype is complicated by cases which report
association with a co-morbid conditions such as sudden infant death ((Giacoia and Ryan,
1994), epilepsy (Lerman-Sagie et al. 2004), abdominal herniae (Eppright and Mayhew,
2007), learning difficulties, (Andermann et al. 1980, Gastaut and Villeneuve, 1967) or eye

movement disorder (Al-Owain et al. 2012).
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When to suspect hyperekplexia
Essential features
Auditory or tactile startle episodes which do not habituate.

These startle attacks be present from the perinatal period.

Supportive features

Hypertonia and triggered hypertonic attacks
Apnoea attacks in the first few years of life
Developmental delay (in some)

Clonazepam sensitivity (in most)

Normal MRI, no dysmorphism

Features that are unhelpful
Although genetic — a family history is not important. Most cases are recessive.

Later onset triggered startle — an alternate diagnosis may be possible.

Figure 2.2 When to suspect hyperekplexia — A summary of the clinical criteria | have used to enter a case into

the research project

The early descriptions of hyperekplexia focussed on the shared clinical features (stiffness,
startle and falls), the hereditary nature of the condition and the degree of phenotypic
variability (which were qualified as ‘major’ and ‘minor’ variants). Suhren et al. 1966 and
(Andermann et al. 1980) were both convinced of the authenticity of the minor phenotype.
The minor form “quantitatively different (that is, the movements were more violent than
normal [startle])”; the minor form did not include the “generalized muscular stiffness with
loss of voluntary postural control causing them to fall”. The major and minor forms
appeared in the same families — and the hypothesis was that an autosomal dominant gene
was responsible (they were correct — it was GLRA1 in these families) — but that it would be

responsible for minor startle (in this instance, this was not to be proved correct).
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Flow chart demonstrating clinical genetic screening pipeline.

Direct
patient
enquiry

Clinical
referral

Suggest local Phenotyping Screen for
contact meeting phenocopy

Consent and
characterize

Genetic
screening

Novel Known gene No mutation
mutation identified identified

Figure 2.3 Cartoon demonstrating our screening pipeline

2.2.1.3 The Spectre of Phenocopy

Hyperekplexia is (not unsurprisingly) most commonly confused with a seizure disorder.
However, during startle episodes clear consciousness is retained and there is no EEG
correlate to either the startle or hypertonic posturing. False positive results are reported, as
of course the exaggerated limb jerking will provide a great degree of artefact on the EEG
trace and improvement is often seen with benzodiazepines and less frequently with anti-
epileptic drug therapy. | therefore set out to formalise the scrutiny of new cases (described

in full in (Davies et al. 2010), Appendix A).

Paroxysmal extreme pain disorder (PEPD) (Fertleman et al. 2007)

PEPD (previously known as familial rectal pain syndrome) is an autosomal dominant condition

recently shown to be a sodium channelopathy involving SCN9A.

Similarities Onset in the neonatal period or infancy; persists throughout life. Dramatic syncope with

bradycardia and sometimes asystole are common. Tonic attacks are triggered by factors such as

defecation, cold wind, eating, and emotion
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Differences Autonomic manifestations predominate initially, with skin flushing in all and harlequin

colour change. Later attacks of excruciating deep burning pain often in the rectum, ocular, or jaw.

Acquired Hyperekplexia (Hutchinson et al. 2008)

Sub-acute anti-glycine receptor antibody mediated condition that responds to immunosuppression

and plasma exchange.

Similarities Features include truncal rigidity, muscle spasms, brainstem signs, and stimulus induced

startle.

Differences Features not present from early life. Immunosuppression clearly efficacious. Apnoea

attacks described rarely. May relapse.

Crisponi syndrome (crisponi et al. 2007)

An autosomal recessive syndrome initially described in 12 different families in Southern Sardinia;

caused by mutations in the CRLF1 gene.

Similarities This disorder is evident at birth. Marked muscular contraction of the facial muscles in
response to tactile stimuli or during crying; the contractions slowly disappear as the infant calms.
Rarely generalised seizures. Mild psychomotor delay in some. Low GABA levels in CSF have been

described.

Differences Abundant salivation simulating a tetanic spasm. Neck muscle hypertonia with a tendency
to opisthotonus. Facial anomalies such as large face, chubby cheeks, broad nose with anteverted

nostrils, and long philtrum. Bilateral camptodactyly. Hyperthermia.

The Jumping Frenchmen of Maine / Latah syndrome (andermann et al, 1980)

Culturally bound neuropsychiatric syndromes thought to be an anxiety / somatisation disorder but

the true cause is unknown.

Similarities Excessive response to startle

Differences Echopraxia (involuntary repetition of another’s words or actions) and echolalia (repetitive

vocalisations — such as those seen in Tourette’s syndrome).

Startle Epilepsy

Startle epilepsy is a reflex epileptic seizure precipitated by a sudden stimulus; most patients are young

and have infantile cerebral hemiplegia.

Similarities Surprising stimuli induce motor reactions — consciousness can be preserved in seizures.

Differences Neuro-imaging will almost certainly be abnormal. EEG often helpful

Stiff Person Syndrome

Progressive axial stiffness and intermittent spasms mainly evoked by unexpected stimuli; associated

with anti-GAD antibodies in CSF.

Similarities Stimulus induced hypertonia, startles and falls. Hypertonia can preferentially affect

lower-limbs.
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Differences Stiffness / hypertonia is much more prolonged than the paroxysmal attacks seen in

hyperekplexia.

Tourette’s syndrome

Motor and vocal tics, associated with an exaggerated startle reflex, behaviour change and stereotypy.

Similarities Startle response; symptoms precipitate by stressors.

Differences Vocalisations and obsessive / compulsive behaviours. Motor tics can be complex and

appear semi-purposeful.

Symptomatic Startle and Myoclonus (Bakker et al, 2006)

Neuropsychiatric
Anxiety states including generalised anxiety disorder

Post-traumatic stress disorder

Cerebral

Children with cerebral palsy
Post-traumatic or hypoxic encephalopathy
Para neoplastic syndromes

Multiple sclerosis

Brainstem — particularly pontine pathology
Brainstem infarct, haemorrhage or encephalopathy
Posterior fossa malformations

Medulla compression

Multiple system atrophy

Strychnine and tetanus toxicity

2.2.1.4 Clinical proforma and interviews

Table 2.2 Hyperekplexia Mimics — table of the common and uncommon hyperekplexia mimics

Since 1994 we have received referrals for 230 families where a clinical diagnosis of
hyperekplexia has been suspected. Genetic testing, on a research basis has occurred initially
at Cardiff University, UK, then Auckland University, NZ and now at the Institute of Life
Science at Swansea University, UK. | contacted all referring clinicians of patients with a
positive genetic diagnosis using a standard proforma to establish both a minimum quality
dataset and to acquire a clinical update on the individual cases (figure 2.4). The proformas
were designed to include details of known co-morbidities (such as neonatal apnoeas and
seizures) and theoretically possible complications (such as anxiety or deafness). All cases

with confirmed GlyRal, GLRB and SLC6A5 mutations were included and the referring
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clinicians, or whoever had taken over the patient’s care, were asked to complete the
proformas as comprehensively as possible. | also cross-checked with the original referrals
and clinic letters when available; spoke to clinicians, parents or probands via email (where

appropriate) and on rare occasions arranged to see the individuals in clinic.

In addition | performed a clinic letters review of the ‘gene negative cases’, and together with
Dr Naomi Thomas (paediatric colleague) we critically analysed the clinical information
provided. In some cases more recent contact provided an alternative diagnosis; in others
they later turned out to have GLRB mutations on re-analysis. It was possible to perform a
more detailed analysis of the most recently collected gene-negative cases using the

proforma collected data.

e
Sy . . . . ,"
Nhsho=w® Hyperekplexia Clinical Information @
WERN Professor Mark Rees- Swansea University, Wales f,:fy":ge; :g:ﬁ;ﬂz

Surname Clinical Features (Present? Variability, pattern)

First name Tone YiN

DOB

Sex

Ethnicity Response to nose tap YN

Prematurity 40 Startle response YN

Other affected relatives

Seizures YN
Any sudden infantdeathsinthe family? T
Medical History (other medical problems) Falls YN

Diurnal variation YN

Additional or atypical features? (please circle)

Epilepsy Arrhythmias
Autonomic abnormalities Apnoea attacks
Developmental delay Metabolic deficiency
Anxiety Dysphormism
Leaming Difficulty Hypersensitivity to pain
Dystonia Autism
Yisual problems Hearing difficulties

Investigations (Y/N details overleaf) Myapathy Hairias

EEG/EMG

ECG Any previous diagnoses?

MRI Epilepsy  Y/N

Antibody tests Arthythmias Y/N

Genetic testing Others .

Medication history (Tried? Y/N and what was the initial result? Did the effect wear off overtime?)

Diazepam YN
Clonazepam YN
Other benzodiazepines YN
Sodium Valproate YN
Carbamazepine YN
Others YN

Please return to: Carie Hammond, WERN Coordinator, Institute of Life Sciences, Swansea University,
Singleton Park, Swansea, SA2 8PP, United Kingdom

c.l.hammond@swansea.ac.uk &8 (+44)1792 602310
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Figure 2.4 (previous page) Clinical proforma | designed to produce a standardised minimum dataset

Once the data were received we analysed the data by comparing GlyRal, GLRB and SLC6A5
mutations, dominant versus recessive or compound heterozygous inheritance and sporadic
versus familial cases. When comparing characteristics | used one individual from each family
for comparison which we denote as ‘families’. The chi-squared test was used, using Yate’s
correction when needed, and statistical significance was taken as a probability less than

p=0.05.

For variants that are not found in the unaffected population we use a range of functional
analyses for estimating pathogenicity. Structural modelling of GlyR al and GlyT2 wild type
and variant proteins was performed using a homology modelling pipeline
(http://membraneproteins.swan.ac.uk/modelling/), assembled with the Biskit structural
bioinformatics platform (Griinberg et al. 2007), which scans the entire Protein Data Bank for

candidate homologues, as described in (Chung et al. 2010b).

2.2.2 Ethnicities

The hyperekplexia phenotype was initially described in large northern European families
and it was thought that inheritance was solely dominant. It became clear when gene
positive and negative families were described that not every family showed this inheritance
pattern and recessive inheritance is now recognised as important. Can a better
understanding of the case’s background help us target our resources at likely points of
variation? | contacted all referring clinicians of patients with a positive genetic diagnosis
using a standard proforma to establish both a standardised quality dataset and to acquire a
clinical update on the individual cases. Ethnicity data was also cross checked against original

referral letters and clinic letters.

In order to compare our data regarding ethnicity and the proportion of GLRA1 cases, we
performed a review of the literature from 1993 when the first genetically proven cases were

published (Ryan et al. 1992; Shiang et al. 1993). PubMed was searched using the terms
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'hyperekplexia', 'hyperexplexia’, 'startle', 'GLRA1'. Additional articles were identified using
Scopus the citation database and by contacting authors still active in the field. Where
information was not available from the papers, we contacted the authors directly. To
compare patterns of gene mutations we have arbitrarily used six groupings of ethnicity —
Caucasian, Asian, Arabic, Turkish Israeli/Jewish and Afro-American. The Chi squared test

with Yate’s correction was used.
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2.3 JME clinical

A number of cohorts are described in this chapter. As part of the Epilepsy Research-UK grant
that | lead, it was important to scrutinise and integrate (as much as possible) the clinical
cohorts held by collaborators. | present in chapter five the data from St George’s collection
of JME families and ReJuMEC’s (primarily Liverpool University’s) collection of individuals
with JME. | also draw comparison with a collection made by Dr Paul Timmings in Cardiff in

the 1990s that | helped collect outcome data on.

2.3.1 St George’s Hospital

Dr Kate Everett is the custodian of a multinational cohort of families and sib pairs that have
been collected in the late 1990s and early 2000s. The sample contains detailed clinical
descriptions alongside stored DNA with broad research consent. They have many types of
idiopathic generalised epilepsy — predominantly electro-clinical syndromes (childhood
absence, juvenile absence, juvenile myoclonic etc.). The consortium was initially led by Prof

Mark Gardiner with financial support from pharmaceutical companies.

Data available were
1. Pedigrees (and | elected to study only those which still had DNA available)
2. Number of affected individuals
3. Country of origin
4. Age of onset for each affected individual
5. A frequency of seizures for
i. GTCS
ii. Myoclonic jerks
iii. Absences
6. EEG description

7. Photoparoxysmal response

From this information | synthesised their likely epilepsy syndrome. The broad categories

were JME, JAE, CAE, IGE, FS and Jeavon’s syndrome. If the diagnosis was JME | also chose to
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further describe it such as ‘with prominent myoclonus’ or ‘older onset with negative

myoclonus’.

2.3.2 Cardiff cohorts

The first sporadic JME cohort was recruited by Dr Paul Timmings when studying for his
thesis in Cardiff in the 1990s. He prospectively recruited eighty patients with JME for a
pharmacology project with special interest in the PPR. | was involved collecting follow-up
data for Dr Timmings including identifying the original EEG reports which | present in
chapter five. The data we have include name and hospital number, medication, EEG, PPR

response and family history.

The neuropsychology cohort is described in detail below (page 60 onwards).

2.3.3 Analysis
Not every case had every attribute documented and therefore characteristics are presented
as a percentage of those that | have data for. Analysis was primarily via the Chi squared test

and using Yate’s correction where indicated.

2.3.4 Borderline GEFS+

The analysis of individuals from the family study is only made possible with the support of a
large field team. Dr Carrie Hammond and Dr Ann Johnston are responsible for the
recruitment of the first sixty families into this project, before | joined the group. Eighty
families were consented and recruited for future genetic analysis (MREC approval
05/MRE09/78). Families were referred by epilepsy clinicians or self-referred following
advertisements placed in epilepsy charity magazines. All available family members were
interviewed by neurologists with clinical experience with epilepsy (my colleague Dr Ann
Johnston and 1). The characteristics of individuals were ascertained via semi structured
interview and the pedigrees charted. Focussed co-morbidity data were collected including
conditions with a presumed channelopathy basis (migraine) and conditions associated with

increased frequency of micro-deletions and insertions (learning difficulties).
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Consensus as to whether the families met the original (1997) criteria for GEFS+ was
achieved following debate within a team comprising two clinical research fellows, a
professor of molecular genetics, a paediatric neurologist and a genetic counsellor. Families
were divided into four groups: classical GEFS+, borderline GEFS+, unlikely to be GEFS+
(broadly unclassified epilepsies), and those with another specific familial epilepsy syndrome.
The characteristics of the individuals with epilepsy from within these families were
extracted for analysis and the chi-squared test (with Yate’s correction when needed) was
used. People were identified as having FS (simple febrile seizures), FS+ (febrile seizures plus;
generalised or partial seizures that continue to occur rafter the age of five years, or in the
absence of a very high temperature) (Scheffer et al. 1997) generalised tonic-clonic seizures
(GTCS) as an adult (beyond aged 18 years) or other types of seizures. Focal epilepsy

syndromes were confirmed by reviewing clinic letters.
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2.4 JME Neuropsychology

This protocol aims to describe the neuropsychological profiles of people with drug resistant

JME.

2.4.1 Protocol and study design

During the planning stage of the protocol | was made aware of Liverpool University’s
ReJuMEC project (proposal in appendix C). This was an MRC funded cohort collection
aiming to recruit 200 individuals with drug refractory JME for use in future imaging, genetics
and drug discovery programmes. As it was my intention to interview the same individuals —
and | thought that their protocol design was very sensible — | elected to ensure that my

protocol was very similar to theirs; and when possible co-recruit cases.

2.4.1.1 Original protocol

It was my intention to identify and recruit individuals with a broad definition of JME to
ensure an ecological validity of the results. Previous studies had chosen to exclude people
with significant psychological or psychiatry co-morbidities and those with a low IQ. It is not
common practice for people in the UK to have an IQ test unless a clinical psychologist or
physician has a suspicion of learning difficulties — there are many people with low average
IQs who have never been tested and so exclusion of these people based on the bias of prior
testing appeared arbitrary. Furthermore | was aware of people with a classical JME
presentation in the context of low IQ and wanted to study this further. Similarly it is well
known that people with epilepsy have a greater psychopathological burden and so excluding
those with these conditions appeared to be in effect removing the neediest cases from the
study. Professor Marson and the ReJuMEC investigators agreed and so a broad definition of

JME remained.

Individuals were excluded however if they had a current or prior history of severe alcohol
abuse. Although this dual pathology would be interesting to describe — alcohol intoxication
effects both acute and chronic are major confounders of psychological function and the

individuals may be too chaotic to engage with interviews.
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2.4.1.2 Drug Refractory

JME was considered to be refractory when patients continue to experience myoclonic
seizures (>1 per week) and/or absence seizures (>1 per week) and/or generalised tonic
clonic seizures (>1 per month) despite on-going treatment with adequate doses of
appropriate antiepileptic drugs. All patients must have had prior or current exposure to
sodium valproate at a dose of at least 1,000mg per day and which must have failed to

adequately control their seizures.

Individuals who have withdrawn from sodium valproate therapy due to intolerable adverse
effects rather than a lack of efficacy will be specifically excluded, irrespective of maximum
exposed dose. Care will be taken not to confuse this with pseudoresistance — i.e. non-
compliance with prescribed medication and non-compliance with lifestyle factors known to
provoke seizures. Each participant had a full neurological exam and a clinical history will be
taken. | also enquired about family history, photosensitivity and medical and psychiatric

comorbidities.

2.4.1.3 Consent, ethics and funding

Cases were contacted and consented into the WERN epilepsy-biobank (eBiobank). To collect
neuropsychological data an amendment was needed which was approved in 2008. Informed
consent was taken to collect biological samples (blood or saliva) for DNA extraction. Our
consent form explicitly asks participants want they want to happen with their sample
following resolution of the study (destroyed, returned or retained): all participants asked for
it to be retained for use in future projects. Furthermore individuals were asked what their
intentions were regarding the return of information following the analysis of their DNA.
They had to state their wishes regarding receipt of genetic information potentially attaining
to the epilepsy (90% wishes to be recontacted) or attaining to another disorder unrelated to
their epilepsy (the proportion dropped to nearer 60%). A copy of the invitation letters,

information sheet and the consent forms are in appendix D.

This study was not directly funded. My first two years’ salary came from the St. David’s
Medical Foundation (Swansea University) and this in turn was partly from an unrestricted

UCB Pharma grant. Following this | received my salary from the Welsh Assembly

6l|Page



Chapter Two — Materials and Methods

Government via their research arm NISCHR (National Institute for Social Care and Health
Research) which funded my Welsh Clinical Academic Training post by providing my salary to
Swansea University (to date). | paid a nominative amount to contribute towards travel
expenses and a meal allowance to participants (£20) which | financed personally. The cost of
my training and the purchase of licences for the psychological tools, the test materials and
the sample collection and processing costs were covered by WERN. My travel to
conferences during this period was financed by a combination of personal contributions,
WERN, the Cardiff Epilepsy Unit fund and awards from societies and charities; there was no

pharmaceutical company sponsorship.

2.4.1.4 Identifying cases

Cases were identified by a number of methods: i) scrutinising the WERN databases in Cardiff
and Swansea, ii) searching personally curated patient lists — such as those created to identify
patients eligible for other studies; iii) prospective recruitment from paediatric transitional
clinic and adult neurology services. Standard letters were written to potential participants
requesting that if they were interested that they return a slip in a stamped addressed
envelope and include their telephone number. All those who returned valid and current
telephone numbers were contacted on at least three occasions (or until they replied) and
those who did not return their slip stating that they did not want to take part in the study

also received two more invitations — no closer than a month apart.

After speaking on the telephone to confirm eligibility — an appointment was made to meet
for the clinical interview and psychological testing. It was agreed that psychological testing
could be interrupted by early morning myoclonus and as such no tests could start before
eleven in the morning. The interview and physical examination lasted just over an hour on

average.

2.4.1.5 Case definition

As one of the outcomes was to identify the variability with the juvenile myoclonic epilepsies
— a wide case definition was needed.

1. Consultant epileptologist diagnosis of juvenile myoclonic epilepsy
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2. Age 16 to 65 — Although JME can be identified before the age of 16, as some of
the psychological tests are validated only for those aged over 16 years.

3. Extreme drug or alcohol problems sufficient to prevent them completing
psychological testing

4. First language English or Welsh

5. Unremarkable MR imaging

6. Any EEG pattern as long as it does not strongly suggest an alternative diagnosis

2.4.1.6 Clinical history

In an attempt to standardise the minimum data required for the clinical history a proforma
was used with additional information annotated onto this form, a copy is included in
appendix D. Questions were focused on a number of areas: i) demographics including
handedness, educational attainment and driving status; ii) background medical and
psychiatric history — specifically tailored to enquire about their eligibility for future drug
studies; iii) information pertaining to the epilepsy itself; iv) potential physical consequences
of drug refractory seizures such as injury and insomnia; v) a detailed drug history. All cases
had to have details (particularly times and doses of medication) cross referenced with

medical notes where available.

2.4.1.7 EEG and imaging

Each participant had to have EEG and imaging in keeping with a diagnosis of JME; this did
not have to be specifically diagnostic however and an unremarkable EEG in the context of a
compelling clinical picture was sufficient. Although ReJuMEC was funded to provide
prospective 48-hour EEG analysis of each recruited participant, the premature dissolution of
this funded project prevented any cases from South Wales having 48-hour EEG in this

context.

2.4.2 Neuropsychological tests

A battery of standard neuropsychometric tests was performed. In all bar once case these

were conducted on a single attendance. They comprised the Wechsler Adult Intelligence
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Scale (WAIS 1ll), Wechsler Memory Scale (WMS l1l1), Boston Naming Test (BNT), Delis-Kaplan
Executive Function System (D-KEFS) and three sub-tests of the BADS (Behavioural
Assessment of Dysexecutive Syndrome). Complementing these are a number of user-
completed tests - Hospital Anxiety & Depression Scale (HAD), the ABNAS (AB
Neuropsychological Assessment Schedule), the Impact of Epilepsy Scale (IES), test your
memory (TYM) and the Eysenck Personality Questionnaire Brief Version (EPQ-BV). These last
guestionnaires were sent out in advance of the interview for completion ahead of time —
poor compliance with this request resulted in them also being distributed on the day and

sent out following the interview.

This battery was designed to permit evaluation of intellectual ability, verbal and non-verbal
memory, frontal lobe-mediated executive functions, language functioning, depression and
generalised anxiety, and the psychosocial impact of a diagnosis of JME. It both included
tests where previous authors had identified poorer tests scores and many which had not
previously been used to study people with JME. All the tests are described in detail in

appendix E.

2.4.3 Data Extraction and Statistical Analysis

Data Extraction

Tests were scored, tallied and entered in to two software programmes: WAIS-11I, WMS-III
Writer v1.1.1.1 (1999) (for WAIS and WMS data only) and PsychCorpCentre -D-KEFS Scoring
Assistant v2.0.0 (2003) (for D-KEFS data). Once the raw and scaled scores were produced
from these programmes they were entered into a custom made database and then
manipulated using SPSS v16.0 and later v19.0. Graphs were drawn in both SPSS and
Microsoft Excel (version 14.0.61235.5001).

2.4.3.1 Data Presentation

Clinical characteristics that were recorded and used in the analyses were age of onset,

duration of epilepsy, family history, history of febrile seizure, photosensitivity, seizure type,
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seizure frequency, number of AEDs, and AED type. Demographic characteristics that were
recorded and used in the analyses were sex, age, years of education, WAIS full scale I1Q index
score, and employment status. Means and standard deviations were reported for data that

met the normal distribution.

Data are presented both as histograms demonstrating the subtests’ variability from the
mean complete with SE bars and as a line plot of the subtest scores, demonstrating the
variability from test to test. These are presented for WAIS, WMS and DKEFS data. The
neuropsychological assessment administered to all the participants produced an age
adjusted score for each cognitive domain assessed. The spread of these scores was
determined by visual analysis of histograms, and consideration of the skew and standard

error statistics.

2.4.3.2 Statistical Analysis

In order to compare the participants’ scores to a healthy population, one sample t-tests
were conducted based on the means and standard deviations given by the assessment
manuals. The alpha level for these tests was set at p< 0.01. This significance level was
chosen to reduce the risk of making Type | error, due to the amount of multiple
comparisons being made. This was chosen in favour of using Bonferroni correction, as this
would have given too conservative a value due to the number of inferential statistics

conducted, and therefore would have increased the likelihood of making Type Il error.

Means, standard deviations and standard errors were calculated. A one sample t-test was

performed quasi-manually by this process.

) Identify the number of samples (n), the control mean and the control SD

1) Calculate the sample mean

1) Calculate the sample standard error (control SD/square root of the control mean)
V) Calculate the differences in means (sample mean — control mean)

V) Calculate the z statistic (difference in means / sample standard error)

Vl) Calculate the number of degrees of freedom (n-1)

VII) If the z statistic is negative — turn it into a positive number
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VIII)  Use the Student’s t-distribution function (z statistic, degrees of freedom, two-tailed)

The sub-test norms are ten (SD 3) and the index norms are 100 (SD 15) for the WAIS, WMS
and D-KEFS subtest data and the metastatistic indices. The BADS subtests have published
norms in the manual from control data: profile score 18.05 (SD 3.05), Key search mean 2.6
(SD 1.32), Rule shift mean 3.56 (SD 0.78), Zoo map mean 2.44 (SD 1.13) and Temporal
Judgement mean 2.15 (SD 0.91).

The decision as whether to use a one tailed or two tailed t-test was a difficult one. Two
tailed tests start with the hypothesis that the sample statistic has an equal chance of being
both higher and lower than that of the control; that is to say in this example that people
with JME would be equally likely to have statistically significantly higher FSIQ than lower.
Although it in inconceivable that a randomly ascertained patient sample, taking medication,
could out-perform controls — it is not inconceivable that the patient group were not
randomly ascertained. If there was a healthy volunteer bias then this would tend towards
normal, and perhaps supranormal FSIQ. Finally in the context of wanting to avoid
accusations of multiple comparisons | elected to use a two tailed t test. The two tailed test
returns a p statistic that is double the value of that of a one tailed test and therefore
produces a more conservative estimate. This —in combination with the alpha statistic choice
above — could contribute to missing genuine differences (type Il error), but in context is

more appropriate than identifying type | errors.

When studying correlations of one set of scores against another | used Pearson’s R
correlation coefficients. Pearson’s was chosen as the scores fitted assumptions of normality.
Post hoc t-tests were run for any variables that were highly correlated. T-tests were run for
the variables full scale 1Q, verbal 1Q, auditory memory (immediate and delayed recall), and

verbal inhibition.

2.4.3.3 HADS

Bjelland et al. (2002) identified that the optimal cut off for non-cancer medical patients was
8+ for both the anxiety and depression arms to provide the mean sensitivity 0.90, and mean

specificity 0.78 for anxiety symptoms and mean sensitivity 0.83, and mean specificity 0.79
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for depressive symptoms. Means in 1,792 community based adults have been reported as
6.14 (SD = 3.76, median = 6) for anxiety symptoms and 3.68 (SD = 3.07, median = 3) for
depression. For the total scale, 9.82 (SD = 5.98, median = 9) was presented (Crawford et al.
2001). These data were produced from a UK sample consisting of 978 females. These data
facilitated the use of a one sample t-test to analyse the results. Data are presented both as a
histogram showing the anxiety and depression scores paired per patient and as a histogram
showing the difference between these two scores. To compare the two sets of HADS results

a two-tailed unpaired t-test was used.

2.4.3.4 ABNAS

Aldenkamp and Baker (1997) in reporting this tool published three sets of norms: mean of
19 (SD 15.2) for 53 people with seizure remission, mean 22.5 (SD 15.2) for 52 people with
moderate seizure frequency and mean 18.9 (SD 17.2) for 37 with a high seizure frequency.
This insinuates that the people with a high seizure frequency have fewer drug side effects —
presumably as they are ‘under treated’ with anti-epileptic drugs. Later (Aldenkamp et al.
2002) reported a mean on 19.46 (SD 15.8) for a stratified population of 96 people with
epilepsy (consisting of 55 well controlled people on monotherapy and 41 with poorer
seizure control on polytherapy). | elected to use the more clinically applicable mean created

by the larger sample size from the 2002 work and applied a one sample t-test.

In the absence of factor means | made the presumption that the total mean was spread
equally across the six factors and scaled up or down appropriately depending on the
number of questions that constitute each factor: five for fatigue and slowing, four for
memory and concentration and three for memory and language. Acknowledging the
imperfections of this | employed it to attempt to ascertain which of the factors played the
greatest role in creating the JME sample’s difference from the control mean. Data are also
presented for total ABNAS scores as compared to the control mean (19.46) to identify the

variation between the participants.
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24.3.5TYM

The controls for TYM published in the BMJ were age matched to people with Alzheimer’s
disease (mean score 46.6, SD 4.0). Their mean age was 65 and test performance dropped
after the age of 70, with mean scores before 70 approximating to 47/50. | therefore elected
to use the mean of 47.4 which was calculated by Brown and colleagues by administering
TYM to 100 males and 100 females without memory impairment. This group had a mean
age of sixty-one — almost double that of my JME group — however as stated the mean
performance on this task did not significantly decline until after the age of seventy and so
this is i) probably more representative and ii) still a conservative mean which would tend
towards a Type Il error. The TYM scores are presented as a histogram as variation about the
control mean (47.4). To estimate how strongly TYM predicted results on standardised
testing and subscales the Pearson product moment correlation coefficient (r) was calculated
for each statistic with relation to the TYM score. This produced an r as a marker of
correlation and the significance could also be quantified. The statistical significance of each r

statistic was calculated quasi-manually using the following method.

) Sample number (n) is calculated and therefore degrees of freedom (n-1)

) t statistic = r x square root (n — 2) / square root ( 1 —r?)

1) If the t statistic is minus is it converted into a positive number

V) Two tailed t distribution function on the t statistic using the degrees of freedom

produces p

Eighteen scales were chosen and so the correct Bonferroni correction was to 0.0028. Data
will be presented both with r figures and p statistics with reference to both an alpha statistic

of 0.01 and the above figure.

2.4.3.6 BNT

The normative means for the BNT were taken from (Nicholas et al. 1988). They reported a
mean of 54.50 (SD 3.52) — which was also in keeping with a previous estimate from Van

Gorp et al. 1986 (mean 54.31). The Nicholas et al. estimate was produced by interviewing
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sixty health non-brain injured adults between the ages of 40 and 78 (mean age 56.1). A one

sample t-test was employed.

2.4.3.7 DEX

The Thames Valley Test Company does not supply normative values for the DEX. Pa and
colleagues (2009) reported that controls scored at a mean of 1.6 (out of a maximum of
eight), SD 2.1, that amnestic mild cognitive patients scored 8.7 (SD 8.7) and those with
dysexecutive mild cognitive impairment scored higher with a mean of 12.7 (SD 10.1). This
figure for controls is a power of ten less than that published by Canali et al. for older 17
adults, mean 17.9 (SD 7.7); they did not report a figure for the ‘others’ questionnaire —only
for self. Burgess and colleagues (1998) set the DEX self and other to 216 non-patient control
participants (mean age 46.1). This study group were a heterogeneous number of patients,
staff and volunteers. They presented a mean score for DEX-S of 21 (SD 10) and for DEX-O 17
(SD 11). As these correlate with Canali and have a biological validity — | elected to use these
means. The scores are presented as a histogram ranked by DEX self score with the paired
DEX other score alongside. To compare the two sets of DEX results a two-tailed unpaired t-

test was used.

2.4.3.8 Identifying Subgroups

The WAIS / WMS writer software permits standardised analyses of variation in performance
across indices. For WAIS these are VIQ and PIQ; Verbal comprehension (VC) and Perceptual
Organisation (PO); VC and Working Memory (WM); PO and Processing Speed (PS); PO and
WM; and WM and PS. For the WMS tests these were Auditory Immediate (Al) and Verbal
Immediate (VI); Al and Auditory Delayed (AD); VI and Verbal Delayed (VD); AD and Auditory
recall delayed (ARD); AD and VD; Immediate memory (IM) and General Memory (GM); IM
and WM; GM and WM. These comparisons were the used to tease the cohort into

subgroups that performed in a uniform way.
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2.4.3.8.1 Verbal 1Q versus Performance IQ

This comparison is one of the most robust because of the number of sub tests that comprise
each factor. The VIQ and PIQ were compared to each other case by case using the
“discrepancy score tables based on predicted-difference method” tables in Appendix B of
the WAIS and WMS Technical Manual. This explains why they can only be given to the >0.05
level of significance. Data are expressed as a histogram with both VIQ and PIQ charted to
demonstrate the variability of the two statistics and as a separate histogram which plots the
difference in VIQ and PIQ scores complete with those which are statistically different at the

<0.05 level.

2.4.3.8.2 Executive function Tests

BADS score were totalled across the four tests and scaled up (as four from six of the
elements were employed) to create a statistic comparable to the standardised score. This —
when age is taken into account — allows scores to be labelled ‘impaired’, ‘borderline’, ‘low
average’, ‘average’, ‘average’, ‘high average’, superior’, or ‘very superior.” The scaled and

subtest means and SDs are given above and taken from the technical manual.

2.4.3.8.3 Personality

Sato (2007) reports sex based norms and standard deviations for the EPQ-BV. Samples were
analysed by sex using a one sample t-test comparing with these manual means. The means
for females were 30.54 (SD 9.38) for neuroticism and 42.07 (SD 8.97) for extrovertism and
for males were 26.93 (SD 9.96) and 42.58 (9.11) respectively. Samples were both analysed
separately by sex and then together by combining the means proportionately (accurately)
and the SDs (an estimate). This technique will be more accurate for extrovertism where the

means and SDs between the sexes were more accurate.

Due to the number of multiple comparisons being made, and reduce the likelihood of

making Type | error the significance level was set at p< 0.01. Bonferroni correction was not
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applied as this would have given too conservative a value due to the number of inferential
statistics conducted, and therefore would have increased the likelihood of making a Type |l

error. To compare the two sets of EPQ-BV results a two-tailed unpaired t-test was used.

2.4.3.8.4 BADS

BADS standardised score was used to break the sample into three groups: mean score (100)
and up; score one SD below the mean (85) to below the mean (99); and scores one SD
below the mean (84 and below). The three groups (one, two and three) were presented
with their mean scores for each subgroup for all meaningful statistics. The Pearson product
moment correlation coefficient (r) was calculated for each statistic with relation to the
standardised BADS score. Pearson’s was chosen as the scores fitted assumptions of

normality.

Subgroups were identified using quantitative methods but were decided upon post-hoc.
After analysing the full dataset | set about to develop a number of subgroups of the whole
(two to five) based upon the existing dataset. As only some tests were answered by all
participants | was limited to using WAIS, WMS, DKEFS and BADS indices as the primary
means for subdivision. To demonstrate that the subdivisions were valid unpaired t-tests
were performed analysing the series of scores of the individuals in each subgroup to
demonstrate their difference. As before | have chosen an alpha statistic of <0.01 to suggest
significance — however | also employed a formal Bonferroni correction also. These forty t
tests would need a p value less than 0.00125 (which is 0.05 / 40). | have reported both those

where the alpha statistic and where it is less than the corrected value.
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2.5 Copy number variation

Chapter seven details the copy number variation in two main cohorts — hyperekplexia and
JME and using two techniques, CGH array and SNP genotyping (Cooper and Mefford 2011).
The cohort selection and these techniques are described in the chapter one (page 37) - as

well as their methods used to analyse the data when they were received.

2.5.1 CGH array

As a pilot for the JME CNV analysis project 5 samples were submitted for CGH array analysis
and then a further 24 were submitted to BlueGnome. Samples included not only those with
epilepsy but some with hyperekplexia and hyperekplexia like syndromes. The hypothesis is
that one or more copy number variants (CNVs) affecting unknown genes underlie

unresolved cases of hyperekplexia and JME with additional features.

2.5.1.1 Technique

Comparative Genomic Hybridisation Array: Changes in genomic DNA resulting in a reduced
or increased copy number were detected using array comparative genomic hybridisation
(Array CGH; figure 2.5). This method was used to analyse 24 DNA samples from individuals
who mostly do not have mutations in glycine receptor (GLRA1, GLRB) or transporter
(SLC6AS5) genes. A pilot sample of five hyperekplexia patients (results presented in chapter
seven) was performed in collaboration with Dr Reinhard Ullmann (Max-Planck Institute for
Molecular Genetics, Berlin), using the 400K Whole Human Genome CGH array (Agilent
Technologies). The array contains 411,056 oligonucleotide probes with a median probe
spacing of 5.3 kb. Comprehensive probe coverage is enhanced with emphasis on known
genes, promoters, microRNAs, pseudo autosomal and telomeric regions. In pilot
experiments, colleagues (Prof Rob Harvey, UCL) detected a known CNV - a 329 kb deletion

encompassing exons 1-7 in the GlyR a1 subunit gene using this technique.
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Figure 2.5 Array Comparative Genomic Hybridisation. Genomic DNA from a test sample and a reference
sample are labelled using different fluorophores and hybridised to thousands of oligonucleotide probes
derived from most of the known genes and non-coding regions of the genome, printed on a glass slide. The
ratio of the fluorescence intensity of the test DNA to that of the reference DNA is then calculated, revealing
copy number variants (CNVSs) in a particular location in the genome. Right lower panel: a proof of principle, we
detected a known deletion in the GlyR a1 subunit gene (GLRA1). Red and green lines correspond to log2 ratios
-0.3 (loss) and 0.3 (gain), respectively. The GLRAI exons 1-7 deletion is indicated by a downward shift for
several consecutive oligos. Array CGH predicted that the GLRA1 deletion spanned human chromosome 5:
151,211,750-151,528,058 (Hgl18) - defined by the positions of the first and last deleted oligonucleotides - in

good agreement with the published deletion breakpoint.

2.5.1.2 Sample selection

Twenty four samples with mixed phenotypes were selected for a pilot study of CNV analysis
using a CGH array technique. The samples S1 to S12 were chosen because they had atypical
additional features (S1, S6) or they had deletion syndromes and could act as an internal
control (S4, S7) or the clinical features were very atypical (S5). Samples F1 to F12 were part
of a WORD funded family history of epilepsy project and CNV analysis was part of a pipeline

of research which includes second generation sequencing (on-going).
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Case Sex Basic Phenotype Extended
S1 M JME and LD Noonan's syndrome
S2 F JME and LD
S3 M Hyperekplexia and LD, gigantism Known GLRA1 variant
S4 M Hyperekplexia LD Known GLRA1 deletion
S5 M Atypical hyperekplexia Possible seizures, early death
S6 M IGE and LD SUDEP
S7 M Jeavon's syndrome DiGeorge's
S8 F JME and LD
S9 M IGE and LD
S10 M Atypical BECCTS and LD
S11 F GEFS+ and LD
S12 M LD and myoclonic epilepsy
F1 F Alice in Wonderland Syndrome Migraine
F2 M Alice in Wonderland Syndrome Epilepsy and LD
F3 F Alice in Wonderland Syndrome
F4 F IGE
F5 F IGE
F6 F IGE
F7 F Unaffected relative of F8
F8 F TLE
F9 F TLE
F10 F Unclassified epilepsy Migraine
F11 M Unclassified epilepsy Migraine
F12 F TLE

Table 2.3 Samples and basic clinical descriptions of cases identified for CGH array project

The samples were loaded into BlueFuse Multi version 3.0 for analysis. The NCBI36 build is

used by this programme. This software package provides limited CNV analysis and groups

CNVs into three likely categories: pathogenic, unknown and benign. Initially the automated

calls were analysed, then the unknown calls. The pipeline included i) identifying if the loci

has been associated with epilepsy, then ii) identifying if the loci is associated with a CNV
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syndrome, then iii) looking at genes of interest, iv) manually analysing the CNV to see if it is

genuine and v) comparing with DGV is as described in detail below for SNP genotyping.

2.5.2 SNP Genotyping

Thirty four samples were submitted for high-resolution SNP genotyping to Molecular
Cytogenetics and Microarray Diagnostics at the West Midlands Regional Genetics
Laboratories, Birmingham. We chose to use an Affymetrix platform CytoScan HD. At the
time of submission (Spring 2012) it provided the best gene level coverage of any
commercially available array for copy number: coverage is in excess of 18,500 RefSeq genes
with one marker per 3kb; non-gene (backbone) coverage was at 1 marker per 5kb. Over
12,000 OMIM genes are covered at a marker per 2 kb. In total across the genome 2.5 million
markers are used constituting 750,000 known SNPs and 1.7 million non-polymorphic probes.

Figure 2.6 provides more technical details.

2.5.2.1 Analysis

The data were analysed using Affymetrix custom software — ChAS (Chromosome Analysis
Suite); this uses NCBI build GRCh37. Advantages of this graphical analysis tool are: that you
can choose to focus analysis on specific regions of known significance; analyse the genome
at different levels of resolution; customize and load your own annotations and regions for
focused analysis; directly access external databases such as NCBI, UCSC Genome Browser,

Ensembl, and OMIM.

Taking advantage of these functions | chose to compare our dataset against a number of
known databases uploaded into ChAS as ‘bed’ files. | am grateful to West Midlands Regional
Genetics Laboratories (WMRGL) Birmingham for giving me access to these files. The bed

files are described below -

1. HD calls from WMRGL
This is a dataset of CNVs that have been created using the CytoScan HD method and
analysed using ChAS. They have reached their in house criteria for a diagnostic laboratory to

label them as probable pathogenic. This list is relatively short as WMRGL must be cautious
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about how they choose to identify CNVs; any CNV from my dataset that corresponds to one
of these ‘calls” would need careful scrutiny.

2. Cooper Warning regions
This is a dataset of areas of likely significance across the genome. For example 22q deletions
associated with DiGeorge syndrome could be overlooked as pathogenic as they will look like
infrequently repeating deletions across all reference databases. The Cooper file highlights
areas which are known to be frequently recurring but of clinical relevance.

3. EUCNV control data
This file contains the summary data from a large European collection of unaffected
individuals all analysed using the CytoScan HD platform. This dataset when used in
conjunction with DGV permits both 1) the identification of frequently recurring CNVs — likely
to be benign; and 2) the identification of artefact brought about by the CytoScan method —
which appears to produce novel CNVs — but are frequently seen in the EU data set and yet
not in DGV.

4. ISCA
The International Standards for Cytogenomic Arrays (ISCA) file lists a large number of genes
that are thought to contribute to intellectual disability, autism, and developmental delay.

5. WERN
We have included our cases as a dataset to enable us to quickly see if the CNVs identified
are recurrent within our study population.

6. HI (Haplotype Index) Scores
This data file estimates the likely outcomes of homozygosity for a gene. This is a non-
standard custom function provided by Cytoscan HD. The scores are scores by percent with
scores over 40% being very unlikely; 40 to 20% being of moderate significance and under
20% deserving of careful consideration.

7. Custom epilepsy datafile (appendix F)
Together with Fiona Togneri (Clinical Scientist at WMRGL) we created a custom bed file for
the ChAS platform. | identified a list of genes that | wanted to be able to identify quickly if
they were affected by CNVs in the dataset. There were six areas that were included

1. Allion channel genes
| chose to include all 237 ion channel genes identified and screened by Klassen et al.

(2011) in their study of targeted NGS in people with epilepsy.
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2. Linkage regions identified as likely to be important in IGE or JIME
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Figure 2.6 CytoScan HD workflow for SNP genotyping

3. A list of 143 genes identified as likely to be important in epileptic

encephalopathy. These were taken from a number of sources such as the screens
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offered by the commercial services of CEGAT (http://www.cegat.de/), and a

systematic review of published papers in PubMed.
4. A list of rare variants identified by Heinzen et al. (2012) in the study of 118

individuals with IGE and genes that may be implicated in neighbouring pathways.

Using these guide files | analysed each of the thirty-four files using a number of the ChAS
options to aid analysis.

1. OMIM genes
OMIM (Online Mendelian Inheritance in Man) described itself as “a comprehensive,
authoritative, and timely compendium of human genes and genetic phenotypes.” Including
this annotation allows me to right click on a gene within a CNV to then jump to the
database. Every gene within a CNV was checked in this way because OMIM is thought to
contain updated information on all Mendelian disorders and over 12,000 genes and is
particularly strong on the rel