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ABSTRACT

This thesis studies two aspects of epilepsy genetics.

Firstly a Brazilian family with a novel idiopathic autosomal dominant partial epilepsy,
Partial Epilepsy with Peri-central Spikes (PEPS) is studied. It is differentiated clinically,
electrophysiologically and genetically from previously described idiopathic partial
epilepsy syndromes. A genome screen on members of the family was then performed to
map the condition. Although PEPS epilepsy within the family appears inherited in an
autosomal dominant manner, there are several consanguinity loops within the family
which reduces the power of the family for linkage analysis. In order to map the
condition, several models of linkage analysis were analysed together with construction
of overlapping haplotypes for each chromosome followed up with a multipoint analysis
over the areas unexcluded by this method. Analysis of further markers and typing of two
unaffected individuals in these regions excluded all areas except 4p16-15. A multipoint
LOD score of 3.3 was obtained at D45S2311. Examination of the genes within the region
has identified several possible candidates for PEPS.

Secondly, the role of genes involved in neuronal migration has been studied in a
model system, the zebrafish. Mutations in two genes, LISI and DCX, have been found in
patients with lissencephaly, a neuronal migration disorder which causes intractable
epilepsy. The zebrafish orthologues of LISI and a gene closely related to DCX, DCLK,
were cloned and the expression patterns during embryogenesis described. The technique
of morpholino oligonucleotide injection to create targeted gene knock-down was used
for both these genes. Whereas dclk knock-down gave no discernible phenotype, knock-
down of lis] expression in the zebrafish resulted in a disturbance of neuronal
organisation, failure of neuronal migration increased cell death and cranio-facial

abnormalities, providing a model system for the study of the action of this gene.
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CHAPTER 1
INTRODUCTION

1.1  The Relationship between Genetics and Epilepsy

Epilepsy has been thought to have a genetic basis for many centuries but it is only in the
last decade that molecular basis of this has been elucidated for a number of epilepsy
syndromes.

Epilepsy can be classified as idiopathic (when no aetiology other than a genetic
predisposition is identified), symptomatic (epilepsy occurring as a result of identified
brain lesion, whether this is an inherited lesion or not) and cryptogenic (where
symptomatic epilepsy is suspected but an underlying brain lesion is not identified). An
abbreviated version of the International league against epilepsy (ILAE) classification of
epileptic syndromes is shown in Tablel.1. With advances in genetics and neuroimaging,
the prevalence of cryptogenic epilepsy is falling as a patient’s condition can be

reclassified as either genetic or symptomatic.

Although the commonest forms of idiopathic epilepsy are complex inherited traits, the
genetic analysis of rare large families with epilepsy has remained a key strategy in
examining genes important in the pathogenesis of epilepsy and will be discussed further
here. I will firstly review the genetics of idiopathic epilepsy syndromes and then the
genetics of the symptomatic epilepsies, particularly neuronal migration disorders. The

different models used for studying the genes and cellular processes involved in some of

14



Table 1.1 Abbreviated ILAE Classification of Epileptic Syndromes

I Localisation-related Epilepsies and Syndromes
a. Idiopathic including Autosomal dominant nocturnal frontal lobe
epilepsy, Benign epilepsy with centro-temporal spikes, Childhood
epilepsy with occipital paroxysms, Autosomal dominant partial epilepsy

with auditory features, Focal partial epilepsy with variable foci

b. Symptomatic including many different syndromes
IL. Generalised Epilepsies and Syndromes
a. Idiopathic (with age-related onset)
1. Benign neonatal (familial) convulsions
2. Benign infantile familial convulsions

3. Benign Myoclonic Epilepsy in Infancy

4. Childhood Absence epilepsy

S. Juvenile Absence epilepsy

6. Juvenile Myoclonic Epilepsy

7. Epilepsy with grand mal seizures on awakening

b. Symptomatic and/or Idiopathic

1. West’s syndrome (Infantile spasms)
2. Lennox-Gastaut syndrome
3. Epilepsy with myoclonic-astatic seizures
4, Epilepsy with myoclonic absences
C. Symptomatic including many different specific syndromes of which

epilepsy is a dominant feature



Table 1.1 cont.  Abbreviated ILAE Classification of Epileptic

Syndromes

III.  Epilepsies and Syndromes undetermined whether Focal or Generalised

a. With Focal and Generalised Features
1. Neonatal seizures
2. Severe myoclonic epilepsy in Infancy
3. Epilepsy with continuous spikes and waves during slow wave
sleep

4. Landau-Kleffner Syndrome (acquired epileptic aphasia)
b. Without Unequivocal Focal or Generalised Features

IV.  Special Syndromes

a. Situation-related seizures:
1. febrile convulsions
2. other stresses e.g. alcohol, drugs, sleep deprivation
b. Isolated unprovoked seizures
c. Epilepsies characterised by mode of seizure precipitation (hot water,
reading)
d. Chronic progressive epilepsia partialis continua of childhood
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these symptomatic epilepsy syndromes will be examined and the developmental features

of the zebrafish (Danio rerio), which has been used in this study, described.

1.2  Genetics of Idiopathic Epilepsy

The following sections will deal only with conditions of which epilepsy is the primary
manifesting symptom, not those more complex syndromes of which epilepsy is only a
part.

There have been fourteen genes identified to date as causing epilepsy syndromes in
humans mostly identified by parametric linkage analysis of large pedigrees and all
except two encoding voltage- or ligand —gated ion channels. The three exceptions are a
JRK mutation in one case of juvenile myoclonic epilepsy (JME) (Moore et al., 2001),
LGI1 mutations in ADPEAF (Kalachikov et al., 2002) and ARX mutations in infantile
spasms and myoclonic epilepsy (Scheffer et al., 2002; Stromme et al., 2002; Turner et
al., 2002). The ion channels involved to date are two genes each for Autosomal
Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE) (CHRNA4, CHRNB2) (Fusco et
al., 2000; Steinlein et al., 1995) and Benign Familial Neonatal Convulsions (BFNCs)
(KCNQ2, KCNQ3) (Charlier et al., 1998; Singh et al., 1998) and four genes for the
syndrome of Generalised Epilepsy with Febrile Seizures Plus (GEFS+) (SCN1B,
SCN1A, SCN2A and GABAY2) (Baulac et al., 2001; Escayg et al., 2000b; Sugawara et
al., 2001; Wallace et al., 1998). Mutations have been found in CACNA1A in a case of
idiopathic generalised epilepsy (IGE) with ataxia (Jouvenceau ef al., 2001), in GABRA1
in autosomal dominant JME (Cossette ef al., 2002) and mutations in CACNB4 in one

case of JME and one of IGE (Escayg et al., 2000a). Eleven of these fourteen genes

17



encode a subunit for an ion channel gated by voltage (KCNQ2, KCNQ3, SCN1B,
SCNI1A, SCN2A, CACNAIA, CACNAB4) or a neurotransmitter (CHRNA4, CHRNB?2,
GABRA1 and GABAY2), findings that have established the concept of the idiopathic

epilepsies as “ion channelopathies”.

1.2.1 Idiopathic Partial Epilepsy

Single gene partial epilepsy syndromes are summarised in Table 1.2 including the
clinical features, the map location and the gene responsible where found. These results
have been generated by the characterisation of rare large families with autosomal

inherited syndromes.

1.2.2 Idiopathic Generalised Epilepsy

The study of the genetics of idiopathic generalised epilepsy (IGE) has also been possible
either by parametric analysis in a few large pedigrees or combined analysis of multiple
small families and also by non-parametric analysis of sib-pairs. This has been
undertaken either with a broad inclusion of family members with IGE or using
subgroups of IGE such as Juvenile Myoclonic Epilepsy (JME). The map locations found
for IGE are listed in Table 1.3. The syndrome of Generalised Epilepsy with Febrile
Seizures plus (GEFS+) has both generalised and partial seizure types present in family
members and has been included in Table 1.2, together with a description of the seizure
types present.

The other approach taken to the identification of genes important in IGE are association

studies between IGE and polymorphisms or mutations in genes already identified as
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Tablel.2

Syndrome

ADNFLE

ADPEAF

FPEVF

BECTS

BNFC

BIFC

Single Gene Conditions with Map Locations for Idiopathic Partial Epilepsy

Location

1q, 15q, 20q

10q

2q,22q

15q

8q, 20q

2q24, 16p, 19q

Gene

CHRNA4
CHRNB2

LGI1

nil

nil

KCNQ2

KCNQ3

nil

Clinical Characteristics

Clusters of brief nocturnal frontal (motor, motor automatisms,
tonic) seizures, interictal EEG normal, respond CBZ

Auditory SPS, auditory aura prior to CPS, respond CBZ

Different partial seizure types within family, one type per
individual, correlation seizures and interictal EEG
Age-related centro-temporal characteristic EEG, rolandic
seizures, nocturnal emphasis

Neonatal seizures: generalised and partial seizures

3-12 months seizures, partial onset ictal EEG



Tablel.2

Syndrome

ICCA

RE-PED-WC

TLE and FS

GEFS+

Ring Chr 20

Location

16p12-ql2

16p12-11.2

1q and 18q

2q, 19q, 5p

20q

Gene

nil

nil

nil

SCN1A/2A/1B

GABA-AY2

unknown

Single Gene Conditions with Map Locations for Idiopathic Partial Epilepsy

Clinical Characteristics

Infantile convulsions as above, dystonic paroxysmal
choreoathetosis also age-related

Rolandic epilespy and dystonia during childhood, writer’s cramp
persists

FS and TLE co-segregating without evidence of hippocampal
sclerosis, digenic inheritance

FS+, generalised seizures, partial seizures, myoclonic-astatic
epilepsy

Nocturnal frontal seizures, complex partial status, mental

retardation



Key to Table 1.2

SPS = simple partial seizures; CPS = complex partial seizures; CBZ = carbamazepine; TLE = temporal lobe epilepsy; EEG =
electroencephalogram; ADNFLE = autosomal dominant nocturnal frontal lobe epilepsy; ADPEAF = autosomal dominant partial
epilepsy with auditory features; FPEVF = familial partial epilepsy with variable foci; BECTS = benign epilepsy with centro-temporal
spikes; BNFC = benign neonatal familial convulsions; BIFC = benign infantile familial convulsions; ICCA = infantile convulsions
with choreoathetosis; RE-PED-WC = rolandic epilepsy, paroxysmal exerciée-induced dystonia and writer’s cramp; TLE and FS =
temporal lobe epilepsy and febrile seizures; GEFS+ = generalised epilepsy with febrile seizures+; FS+ = febrile seizures+ (outside the

age range of normal febrile seizures)



Table 1.3

Syndrome

IGE
IGE
IGE
CAE
JME
JIME
JME
JME
FS

FS

FS

IS
FMEI
FAME

ADCME

Loci for Idiopathic Generalised Epilepsy found by Linkage

Analysis
Location
8pl11-12
3926
3pl4.2-12.1
8q24

6p (HLA)
6p12-11
6q

15q14

8q

19p

5q

Xp

16p13

8q23.3-24.1

2p11.1-q12.2

Reference

(Durner et al., 1999)

(Sander et al., 2000c)

(Zara et al., 1998)

(Fong et al., 1998)

(Greenberg et al., 1988; Weissbecker et al., 1991)
(Liu et al., 1996; Liu et al., 1995; Serratosa et al., 1996)
(Personal communication)

(Elmslie et al., 1997)

(Wallace et al., 1996)

(Johnson et al., 1998)

(Nakayama et al., 2000)

(Claes et al., 1997)

(Zara et al., 2000)

(Mikami et al., 1999)

(Guerrini et al., 2001)

IGE = Idiopathic Generalised Epilepsy; JME = juvenile myoclonic epilepsy; CAE =

childhood absence epilepsy; FAME = familial adult myoclonic epilepsy; FMEI =

familial myoclonic epilepsy of infancy; IS = infantile spasms; FS = febrile seizures

ADCME = Autosomal Dominant Cortical Myoclonus and Epilepsy



being important in epilepsy, genes theoretically thought likely to be important in
epilepsy and/or genes located in one of the linked susceptibility loci. This has so far
been done on a relatively small scale but with the advent of genome sequencing
identifying polymorphisms (generally single nucleotide polymorphisms, SNPs) in genes,
and the development of high throughput technology for typing these SNPs, this will be
increasingly be done on a larger scale. Studies done to date on cases of IGE have failed
to show any association between IGE and polymorphisms in many candidate genes
analysed (Table 1.5). Several others have however found associations between IGE and
candidate genes (Table 1.4). Several of these associations have failed to be replicated by
other groups (Table 1.4 and 1.5). A couple of groups have found rare mutations altering
the coding sequence of candidate genes potentially involved in epilepsy in patients with
IGE. One mutation in the human JRK gene (orthologue of the Jerky mouse gene) has
been described in one individual with JME (Moore et al., 2001), two changes in the 4
subunit of the voltage gated calcium channel caused JME in one individual and IGE in
another (Escayg et al., 2000a) and a further study identified a novel missense mutation

in the calcium channel subunit CACNA1A in IGE (Jouvenceau et al., 2001) (Table 1.4).

1.2.3 Mouse Models of Idiopathic Epilepsy

Further support to the concept of epilepsy as an ion channel disorder has come from the
study of mouse mutants with epilepsy resembling human epilepsy syndromes,
particularly the idiopathic generalised epilepsies. Mapping and positional cloning of the
genes involved in these have also revealed mutations in ion channels (Calcium channel

subunits ot1A,0282, B4 and y3) as the cause of these autosomal recessive syndromes. In
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Table 1.4  Genes Implicated in Idiopathic Generalised Epilepsy (either

Syndrome

Mutations Found:

IGE

JME/CAE

JME/IGE

JME

IS

Association Analysis:

IGE

IGE

IGE

CAE

JAE

IAE

Gene

CACNAIA
CACNB4
JRK (JHS8)
GABRAL

ARX

CACNAIlA
CHRNA4
DAT
GABRB3
GluR5

OPRM

mutations found or association analysis)

Reference

(Jouvenceau et al., 2001) (see Table 1.5)
(Escayg et al., 2000a)

(Moore et al., 2001)

(Cossette et al., 2002)

(Stromme et al., 2002)

(Chioza et al., 2001)(see Table 1.5)
(Steinlein et al., 1997a) (see Table 1.5)
(Sander et al., 2000b)

(Feucht et al., 1999)

(Sander et al., 1997)

(Sander et al., 2000a)

IGE = Idiopathic Generalised Epilepsy; JME = Juvenile Myoclonic Epilepsy; IAE =

Idiopathic Absence Epilepsy; CAE = Childhood Absence Epilepsy; JAE = Juvenile

Absence Epilepsy; IS = Infantile Spasms

CACN A1A/B4 = a1 A/P4 subunit voltage gated Ca channel; CHRNA4 = o4 subunit of

neuronal nicotinic acetyl choline receptor; GABRB3/A1 = GABA- A receptor subunit

B3/ al; DAT = Dopamine transporter; JRK = human orthologue of mouse Jerky ;

GluRS = GIuRS5 kainate receptor; OPRM = p-opioid receptor; ARX = Aristaless gene
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Table 1.5 Lack of Association found between Candidate Genes and

Syndrome

IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE
IGE

IGE/BECTS

Epilepsy

Gene

KCNQ2
KCNQ3
EAAT2
SERT
SCN2B
CACNAI1A
GluR6
mGIluR7
mGluR8
GLRA3
GLRB
KCNK9
ARC
GABRAL
GABRG2
NCAM
CHRNA4

KCC3

Reference

(Steinlein et al., 1999)

(Haug et al., 2000a)

(Sander et al., 2000b)

(Sander et al., 2000b)

(Haug et al., 2000d)

(Sander et al., 1998) (see Table 1.4)
(Sander et al., 1995)

(Goodwin et al., 2000)

(Goodwin et al., 2000)

(Sobetzko et al., 2001)

(Sobetzko et al., 2001)

(Kananura et al., 2002)

(Haug et al., 2000b)

(Sander et al., 1996b)

(Sander et al., 1996b)

(Sander et al., 1996a)

(Chioza et al., 2000) (see Table 1.4)

(Steinlein et al., 2001)
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Syndrome Gene Reference

JME KCNIJ3/6 (Hallmann et al., 2000)

JME GABRAS (Guipponi et al., 1997) (Feucht et al., 1999)
JME GABRB3 (Guipponi et al., 1997)

IME/TAE GABRB1 (Sander et al., 1999)

JME/TIAE MAO-A (Haug et al., 2000c)

BFIC SCNI1B (Moulard et al., 2000)

IGE = Idiopathic Generalised Epilepsy; JME = Juvenile Myoclonic Epilepsy; IAE =
Idiopathic Absence Epilepsy; BFIC = Benign Familial Infantile Convulsions; BECTS =
Benign Epilepsy with Centro-Temporal Spikes

KCNQ2/3 = Voltage gated K channels; EAAT2 = glutamate transporter; SERT =
serotonin transporter; SCN2B/1B = 1 and B2 subunit of voltage gated sodium channel;
CACNA1A = alA subunit voltage gated Ca channel; GluR6 = GluR6 kainate receptor;
mGluR7/8 = metabotrobic glutamate receptors 7,8; GLR A3/B = 3 and 3 subunits of
glycine receptors; KCNK9 = tandem pore domain K channel; ARC = activity-regulated
cytoskeleton-associated gene; NCAM = neural cell adhesion molecule; CHRNA4 = a4
subunit of neuronal nicotinic acetyl choline receptor; KCC3 = K/CI cotransporter
KCC3; KCNJ3/6 = inwardly rectifying K channelsJ3/6; MAO-A = monoamine oxidase

A; GABR A1/G2/A5/B3/B1 = GABA- A receptor subunits al/5, $1/3, y2

26



addition to mouse mutants, genetically engineered knock-out mice of individual ion

channels also suffer from epilepsy, for example Kv1.1.

1.2.4 Epilepsy as an lon Channelopathy

Ion channel mutations cause defects in the electrical properties of excitable cells,
whether in the resting potential, depolarisation or repolarisation of the cell. These
defects therefore frequently manifest as paroxysmal disorders, being dependent on
changes in or around the cell, for example pH, to trigger an abnormal
electrophysiological response. Several paroxysmal neurological conditions are either
proven to be due to, or there is strong circumstantial evidence to implicate, ion channel
dysfunction similar to that seen in epilepsy (Ptacek et al., 1997). These include disorders
such as dystonia and chorea, episodic paralysis, ataxia and migraine. Several of these
neurological manifestations can co-exist in the same patient or can be associated with
different or even identical mutations in the same gene. This is most clearly seen in ICCA
which is linked to the peri-centromeric region of chromosome 16p (Lee et al., 1998;
Szepetowski et al., 1997). This condition was reported when families where infantile
convulsions and paroxysmal choreoathetosis co-segregated within the family were
observed. Paroxysmal kinesiogenic choreoathetosis (Bennett et al., 2000) alone and
infantile convulsions (Caraballo et al., 2001) alone have also been mapped to the same
region. Although the gene for this condition has not as yet been cloned, it seems likely
that it will be due to ion channel dysfunction.

Although the genetics of several conditions has become clearer over the last few years

by the implication of ion channels in the pathogenesis of epilepsy and other paroxysmal
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conditions of the nervous system, the explanation of the symptoms manifested by
individuals remains largely to be explained. Many of the ion channel mutations are
changes in one subunit of a larger complex channel or of a group of similar channels.
The manifestations of the mutation may therefore be due to a compensatory increase in
other channel subunits as much as in deficiency or dominant abnormality of one

particular channel.

1.2.5 Examination of lon Channels Causing Epilepsy in Humans and

Mouse Models of Human Disease

1.2.5.1 Voltage Gated Channels

a. Sodium Channel Mutations.

(i) Generalised Epilepsy with Febrile Seizures Plus (GEFS+): SCNIA, 1B and 2A

This phenotype, first described in 1997 (Scheffer et al., 1997) comprises of, most
commonly, febrile seizures extending beyond the typical age limit of 6 years (FS+).
Family members had other forms of generalised seizures in addition to FS+ including
absence seizures, myoclonus, atonic seizures and myoclonic astatic seizures. More
recently, families with seizures similar to those in GEFS+ have been described and have
included an even wider range of seizures including focal epilepsy.

After linkage of the condition to a locus to chromosome 19 was reported, the affected
members of the family were found to have a mutation in the voltage gated sodium

channel SCN1B (Wallace et al., 1998). The non-conservative mutation (Cys121Trp)
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would be predicted to cause disruption of a di-sulphide bridge in the extra-cellular
domain of the channel. Neuronal Sodium channels consist of a large pore-forming o
subunit and two 3 subunits which alter inactivation of the channel. Co-expression of the
mutant form of SCN1B with a wild-type o subunit in Xenopus oocytes did demonstrate
a reduction in the rate of inactivation of the channel. In vivo, this would be predicted to
result in increased excitability of neurons and hence increased susceptibility to seizures.
Three further GEFS+ families in France (2) and Canada (1) were reported and were
linked a 20 cM region, 2q21-33, which was known to contain a cluster of Sodium
channels (Baulac et al., 1999; Lopes-Cendes et al., 2000; Moulard et al., 1999).
Different mutations have now been reported in two of these families in the SCN1A gene
namely Argl648His and Thr875Met (Escayg et al., 2000b). Both of these mutated
amino acids are located in a trans-membrane domain that is known to be important in the
gating properties of the channel and are in evolutionary conserved amino acids. The
Argl1648His mutation is predicted to cause slower inactivation of the channel. The
threonine to methionine substitution is in a conserved heptad repeat. Threonine to
methionine substitutions in the equivalent heptad repeat of other sodium channel
subunits cause long QT syndrome (SCN5A) (Wattanasirichaigoon et al., 1999) and
hyperkalaemic periodic paralysis (SCN4A) (Ptacek et al., 1991) which are paroxysmal
-disorders of cardiac and skeletal muscle respectively.

A further case of GEFS+ syndrome was found to have a mutation in the SCN2A (Nv2.1)
(Sugawara et al., 2001) gene. This was a missense mutation resulting in a change of
amino acid from Arginine to Tryptophan in a patient with febrile and afebrile seizures.
The mutant channel inactivated more slowly than the wild-type channel on expression in

human embryonic kidney cells.
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In addition, several anti-epileptic drugs such as phenytoin act via modulation of sodium

channel activity.

b. Potassium Channel Mutations.

(i) Benign Familial Neonatal Convulsions (BFNC).

This disorder consists of convulsions occurring in the initial months of life which then
spontaneously remit. There are two genetic defects known to cause this disorder;
mutations in KCNQ 2 and 3 found on chromosome 20q and 8q respectively (Charlier et
al., 1998; Singh et al., 1998). The two channels form heteromeric complexes which
result in the M-type current. Mutations in either gene are thought to act by causing a
reduction in the number of heteromeric complexes and hence a reduction in potassium

current.

(ii) Kvi.1 Mouse Knock-out.

A null mutation of the Kv1.1 channel results in mice that are mildly ataxic but have a
lethal seizure phenotype (Smart et al., 1998). Although heterozygote mice showed no
spontaneous seizure activity, they do have increased susceptibility to seizures induced
by flurothyl. This supports the observed association between EA1 and epilepsy (see
below), as does the pro-convulsant effect of Kv channel blockers such as 4-amino-

pyridine (Morales-Villagran et al., 1996a; Morales-Villagran ef al., 1996b).
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(iii) Episodic Ataxia with Myokymia (Episodic ataxia type 1: EAI)

This autosomal dominant disorder consists of episodes of limb and gait ataxia and
variable limb tremor. The attacks usually last up to 15 minutes and are frequently
triggered by sudden movement particularly after a period of rest. A sensory aura or
warning often precedes the attack. There is no vertigo or nystagmus present, in contrast
to Episodic Ataxia type 2 (EA2). Myokymia is continuously present and varies in
severity from visible stiffening of the limbs to myokymia only detectable by EMG. The
myokymia originates peripherally from multifocal nerves and is thought to be due to
prolonged channel closure time and therefore delayed repolarisation of pre-synaptic
nerve terminals. There have been a number of reported cases of individuals within
families of EA1 who not only have the myokymia and episodic ataxia but also epilepsy.
In a recent report of a case of the co-existence of EA1 and epilepsy, the literature was
reviewed and a total of 8 cases of epilepsy out of 90 individuals with EA1 have been
reported giving a relative risk of epilepsy in patients with EA1 of 17.8 (Zuberi et al.,
1999). The genetic defect in classical EA1 is a missense mutation in the KCNA1 locus
or Kv1.1 channel on chromosome 12p (Browne et al., 1994). Expression studies of the
mutant channel have revealed a reduction in the current magnitude of the channel in a
dominant negative fashion. The mechanism of action of potassium channels is to
repolarize the cell, maintain a resting potential and determine the frequency of repetitive
depolarisation. Any reduction in the potassium current therefore could lead to hyper-

excitability and repetitive firing of neurons.
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c. Calcium Channel Mutations.
Voltage dependent calcium channels are made up of 4 subunits, al, a23, f and y. They
form 6 electrophysiologically and pharmacologically distinct types of channels: L, P, Q,

N, T and R.

(i) alA subunit

There are three human conditions commonly associated with mutations in the 1A
subunit of the P/Q-type calcium channel; Spinocerebellar Ataxia type 6 (CAG repeat in
intracellular C terminal tail), Familial Hemiplegic Migraine (missense mutations) and
Episodic Ataxia type 2 (predominantly premature termination mutations). A mutation in
this gene has been described in a patient with IGE and episodic and progressive ataxia
(Jouvenceau et al., 2001) which is a premature stop codon at amino acid 1820
(R1820stop).

Tottering Mouse.

This spontaneous mouse mutant has a recessive mutation in the voltage-gated calcium
channel a1 A subunit which causes a phenotype of ataxia, 5-7 Hz spike-wave discharges
associated with behavioural arrest and intermittent dystonic episodes (Doyle et al.,
1997). The mechanism of absence epilepsy in these mice is unclear as absence seizures
are thought to result from abnormalities in the thalamo-cortical connections which rely
on T-type calcium currents, not high threshold P/Q channels which are the type

contributed to by the a1 A subunit.

(ii) B4 subunit.
There are two reported mutations in the human 4 subunit in association with disease

(Escayg et al., 2000a). The first (Arg482Stop) is a premature stop mutation 38 amino
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acids before the end of the protein. This resulted in juvenile myoclonic epilepsy in one
patient and an abnormal EEG (3Hz spike-wave discharges) in her daughter. Functional
studies of this mutation in Xenopus oocytes revealed a decreased time constant for
inactivation, hence increasing the rate of channel inactivation and reducing the amount
of calcium flux into the cell. A missense mutation (Cys104Phe) was detected in two
apparently unrelated families. One of these families had idiopathic generalised epilepsy
and the other had attacks similar to Episodic Ataxia type 2, which is normally associated
with mutations in the 0.1 A subunit. This mutation had no effect on the kinetics of the
channel but is still likely to be pathogenic because it lies in a conserved area of the
protein thought to be involved in interaction with other proteins and was not present in
510 control chromosomes.

Lethargic Mouse.

This mutant has an almost identical phenotype to the tottering mouse with absence
seizures (5-7 Hz spike-wave), episodes of dystonia and ataxia. It is caused by a mutation
in the Calcium channel 34 subunit preventing its association with the pore forming o1
subunit (Burgess et al., 1997). The (34 subunit forms P/Q channels in association with
1A subunits but there are no defects recorded in these channel currents in Purkinje
cells from lethargic mice. There is however evidence for increased ct1 A subunit
association with other 3 subunits (Lin et al., 1999; McEnery et al., 1998) and so it is
postulated that these different complexes have functionally different kinetics which lead

to the clinical phenotype.

(iii) v3 Subunit
There are no human mutations in this gene known.
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Stargazer Mouse:

The stargazer mouse has a phenotype of spike wave epilepsy, characterised by
behavioural arrest, and ataxia. In addition, it also shows head-tossing, assumed to be due
to an inner ear phenotype. A mutation in the Y3 subunit of the voltage gated calcium
channel has been described in this mutant, consisting of the insertion of a transposon
between exons 2 and 3 (Letts et al., 1998). The wildtype subunit reduced the availability
of the channel for activation and so lack of this channel modification would be predicted
to result in inappropriate channel opening and Ca®* entry. Stargazer was found to have a
complete loss of y3 subunit protein (Sharp et al., 2001) but the phenotype is not thought
to be due purely to its role in the voltage dependent calcium channel (co-
immunoprecipitation with 1B subunit) but partly due to a direct interaction with GluR1
AMPA receptors. A deficit in AMPA receptor function had previously been described in
cerebellar granule cells in the waggler allele of the stargazer mouse (Chen et al., 1999;

Chen et al., 2000).

(iv) a282 Subunit

There are no human mutations known in this gene.

Ducky Mouse:

Ducky mouse again has a phenotype of ataxia and behavioural arrest again associated
with 5-7Hz spike wave activity. After mapping of the gene to mouse chromosome 9, a
novel 028 Calcium channel subunit, named 282, was found in an area of conserved
synteny on human chromosome 3p21. The corresponding mouse 0262 gene was found

on mouse chromosome 9 within the ducky critical region and sequencing of the gene
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was undertaken in two alleles of the ducky mouse. A genomic rearrangement resulting

in two abnormal transcripts of the 0262 gene was found in the original allele and a 2

base pair deletion has been found in further allele (du*) of the ducky mouse (Barclay et

al., 1999).
1.2.5.2 Ligand Gated Channels
a. Neuronal Nicotinic AcetylCholine Receptors

Neuronal nicotinic acetylcholine receptors are pentamers composed of 2a and 38
subunits. The majority of the channels in the brain are composed of o4 and (32 subunits
although some may contain a5 subunits. To date, mutations in two different subunits of
these receptors have been found in individuals with a particular type of idiopathic partial
epilepsy, autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE). Individuals
with this syndrome have brief partial motor seizures almost exclusively arising from
sleep. The onset is usually in childhood and the condition, although occasionally

intractable, is usually treatable with Carbamazepine.

(i) o4 subunit

Two mutations have been described in three families with ADNFLE. The first mutation
in this gene was a missense mutation (Ser247Phe) in the critical M2 pore-forming
domain of the channel (Steinlein et al., 1995). The mutation does not reduce the
efficiency of formation of the channel but reduces receptor function by four
mechanisms: firstly the permeability to Ca® is reduced, secondly adaptation to repeated
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stimuli occurred more rapidly, thirdly channel opening time is reduced and lastly the
channel conductance is reduced (Kuryatov et al., 1997). The addition of a5 subunits
restores channel function. The second mutation found was a 3 base pair insertion (CGT)
at position 776 resulting in the insertion of a Leucine residue at the C terminal end of the
M2 domain (Steinlein et al., 1997b). This mutation again allows assembly of the channel
and does not change the conductance or desensitisation properties of the channel.
Paradoxically the mutant subunit causes an increase in channel affinity to acetylcholine
but again causes a reduction in channel function by again reducing the permeability to

calcium.

(ii) B2 subunit

Two mutations in the subunit most commonly associated with the 04 subunit into a
functional receptor have now been described. The first is a missense mutation
Val287Leu is again in the conserved channel-lining M2 domain (Fusco et al., 2000).
Expression of the mutant subunit with or without wildtype 2 results in a slower
desensitisation of the channel. The second mutation is a substitution of the same Valine
for a Methionine (Val287Met) (Phillips ez al., 2001). Despite this family having a
similar phenotype, the effects of the two mutations on channel kinetics are different.
This mutation causes an increase in the sensitivity of the channel to acetylcholine (as the
Leucine insertion into the o4 subunit) but no change in the desensitisation of the

channel.
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There is much speculation about how a mutation in an acetylcholine receptor can result
in a specific form of epilepsy. Neuronal acetylcholine receptors are located both pre-
synaptically being important in neurotransmitter release from synaptosomes, and post-
synaptically. Reduction in the function of the channels which has been proven for three
out of the four subunit mutations would reduce calcium influx and reduce
neurotransmitter release. This could cause epilepsy if the neurotransmitters released
were inhibitory such as GABA. The timing of the seizures during light sleep is thought

to be related to cholinergic activity during the transition between wakefulness and sleep.

b. GABA-A receptor (GABA-AY2 subunit)

(i) Childhood Absence Epilepsy (CAE) and/or Febrile seizures (FS)

CAE is one of the syndromes of idiopathic generalised epilepsy with a characteristic age
of onset and manifesting as brief absence seizures. It has a typical EEG pattern of
diffuse 3 Hz spike and wave activity. Febrile seizures are relatively common events
which occur between the ages of 6 months and 6 years.

A mutation in the GABA-AY2 subunit caused CAE and FS in a single family. The
Arg43Gln missense mutation was in the first of two benzodiazepine-binding domains
and abolished in vitro sensitivity to benzodiazepines (BDZs). The GABA-induced
current of wildtype channels was potentiated by benzodiazepines but this potentiation

was much reduced in channels expressing of mutant y2 subunit. There was no alteration

in channel response to GABA (Wallace et al., 2001).
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(ii) Generalised Epilepsy with Febrile Seizures Plus (GEFS+)

This syndrome was first associated with mutations in the sodium channels SCN1A and
1B and is described above. A mutation in the GABA-AY2 subunit caused a phenotype
similar to GEFS+ in one family. A missense mutation (Lys289Met) in the conserved
extracellular loop between transmembrane domains M2 and M3 was described (Baulac
et al., 2001). Decrease of approximately 10% in amplitude of GABA-activated currents
of channel resulted from expression studies of the mutated channel in Xenopus oocytes
with no change in BDZ sensitivity.

A different mutation has now been reported as causing GEFS+ in a further family. This
missense mutation introduces a Stop codon between 3™ and 4" transmembrane domains
(GIn351STOP) resulting in complete lack of response to GABA on expression studies.
Tagging the mutant channels with GFP revealed that they are not expressed on the
membrane of the cell but remain in the endoplasmic reticulum (Harkin ez al., 2001). This
would reduce the amount of functional GABA-A receptors in the heterozygotes which

would reduce the inhibitory effect of GABA.

1.2.6 Summary

Thus the genetics of epilepsy is dominated by changes in either voltage or ligand gated
ion channels causing either idiopathic generalised or partial epilepsy syndromes. Despite
these great advances over the years, the phenotype of epilepsy cannot as yet be predicted
by the genotype, even within a family with a defined mutation. This is seen most clearly
in the case of GEFS+ where the phenotype within a family can range from febrile
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seizures to myoclonic astatic epilepsy. Furthermore, even when a phenotype is clearly
defined, such as ADNFLE, it is difficult to predict the genotype as so many of these
syndromes have been found to be genetically heterogeneous. The role of these and other
ion channels in the complex genetics of the majority of idiopathic epilepsy syndromes
remains to be discovered. The advent of high throughput automated sequencing and
genotyping technology and the definition of an increased number of identified

polymorphisms throughout the genome makes this an area for future research.

1.3  Genetics of Symptomatic Epilepsy

1.3.1 Genetic Causes of Symptomatic Epilepsy

Although the genetics of idiopathic and symptomatic epilepsy are thought of as separate
topics, there is some evidence of overlap between the two subjects. Mutations in the
ARX gene, for example, are responsible for the idiopathic epilepsy syndrome of X-
linked Infantile Spasms and also for the syndrome of Lissencephaly with ambiguous
genitalia (Stromme et al., 2002; Kitamura et al., 2002).

There is a wide range of genetic conditions with symptomatic epilepsy as part of the
phenotype; these are largely metabolic, neuro-degenerative or developmental disorders.
Those in which epilepsy forms a significant part of the disorder, or the disorder is
sufficiently common to warrant inclusion despite a relatively low prevalence of epilepsy
(e.g. Huntington’s disease), are listed in Table 1.6. The main focus of this study is the

brain developmental disorders which are discussed in more depth below.
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Table 1.6  Genetic Causes of Symptomatic Epilepsy

Disorder

Metabolic Causes

Ceroid Lipofuscinoses

(late infantile, juvenile or adult)
Sialidosis

GM1 gangliosidosis

(late infantile or juvenile)

GM2 gangliosidosis

(1ate infantile or juvenile)

Lafora body Disease
Phosphoglycerate dehydrogenase
Deficiency

Niemann-Pick (late onset)

Neurodegeneration

Huntington’s disease
DRPLA
Unverricht-Lundborg
Mitochondrial Disease
Retts

Alper’s disease

Gene or Location % Epilepsy

(where known)

CLN genes

sialidase (neuraminidase) 100%

B galactosidase

Hexosaminidase A

EPM2A 100%
PGD

sphingomyelinase + others

Huntingtin 10%
Atrophin-1 60%
Cystatin B 100%
Many genes

MECP2

AR, gene unknown
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Table 1.6 cont.  Genetic Causes of Symptomatic Epilepsy
Disorder Gene or Location % Epilepsy
(where known)

Disorders of Cortical Development

Lissencephaly Typel Lisl, DCX 90-100%
Lissencephaly with ambig. genitalia ARX 90-100%
Lissencephaly Type2 Fukutin, 90-100%
BPNH Filamin 1 80-100%
Aicardi Syndrome Xp 100%
Schizencephaly EMX2 (unconfirmed) 90%
Bilat frontoparietal PMG 16q12-2 80-90%
Bilat. peri-sylvian PMG Xq28 80-90%
Familial Cavernomas KRIT1 70%
Tuberous Sclerosis Tuberin, Hamartin 60-100%
Neurofibromatosis Type I NF1 20%
Zellweger syndrome peroxisome biosynthesis

Other

Wolf-Hirschhorn Syndrome 4p - 100%
Angelman’s Syndrome GABA-A, UBE3A 90%
Prader Willi 15q11-13

Fragile X FMR1 30-45%
Coffin Lowry Xq

o-Thalassaemia/Mental Retardation ATR-X/ XH2 40%

(Adapted from and Extended from Genetics of Focal Epilepsies (Berkovic et al., 1999).
Chapter 15: “Genetically determined forms of partial symptomatic epilepsies: clinical

phenotype, neuropathology and neurogenetic basis of seizures” Guerrini et al )
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1.3.2 Developmental Disorders and Epilepsy

1.3.2.1 Neuronal Migration Disorders

) Classical (Typel) Lissencephaly, Pachygyria and Subependymal Band Heterotopia:

Classical lissencephaly (literally “smooth brain”) consists of lack of the normal gyral
pattern of the surface of the cortex. There is also a disorganisation of the normal six-
layered cortex and the scanning appearance is of a four-layered brain consisting of a
relatively normal marginal zone followed by a layer of pyramidal cells, then a cell sparse
layer and finally a dense disorganised layer of neurons. There is a spectrum of
abnormalities from the complete agyral brain through pachygyria to band heterotopia
(Figure 1.1) in which there is normal cortex as well as a layer of abnormal cortex in the
white matter. The clinical phenotype correlates with the severity of defect on the MRI
scan from severe seizures, spasticity and very little developmental progression through
to epilepsy (often drug resistant) with only mild learning difficulties. This continuum
was established by the discovery of familial cases where members of a single kindred
could either be affected with lissencephaly (males) or with band heterotopia (females).
Classical lissencephaly can be associated with other abnormalities, most commonly the
Miller Dieker Syndrome in which lissencephaly is associated with cranio-facial
abnormalities, particularly a prominent forehead with bitemporal hollowing, short nose
with upturned nares, flat mid-face and small jaw. Other rarer syndromes which include
classical lissencephaly as part of a syndrome include autosomal recessive lissencephaly
with cerebellar hypoplasia (al Shawan et al., 1996; Farah et al., 1997; Hong et al., 2000;
Kato et al., 1999), Norman-Roberts syndrome (Iannetti et al., 1993) (lissencephaly

associated with low sloping forehead and prominent nasal bridge), lissencephaly with
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Figure 1.1 Spectrum of Classical Lissencephaly

MRI scans of:

A Lissencephaly: agyria, complete lack of gyri

B Pachygyria: frontal regions show increased gyral pattern but still less than
normal and more posterior regions show no gyral folding (agyria-pachygyria)

C Subcortical Band Heterotopia

D Subcortical Band Heterotopia

Arrows in C and D indicate the abnormal band of grey matter in the subcortical position.

Note normal gyral pattern of the cortex itself.
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cleft palate and cerebellar hypoplasia (Kerner et al., 1999), X-linked lissencephaly with
absent corpus callosum and ambiguous genitalia (Dobyns et al., 1999a) and Zellweger
syndrome (Volpe et al., 1972) in which the peroxisome disorder disturbs lipid
metabolism and causes arrest of neuronal migration, dysmyelination and gyral

abnormalities.

(i) Cobblestone (Type 2) Lissencephaly: Fukutin, PsI-/-mouse

This is distinguished from classical lissencephaly as neurons pass through the pial
surface and show no organisation or layering.

Fukuyama Congenital Muscular Dystrophy (FCMD): This autosomal recessive disorder
consists of cobblestone lissencephaly in association with muscular dystrophy (Takada et
al., 1984). It is caused by mutations in the Fukutin gene (Kobayashi et al., 1998) on
chromosome 9q31 (Toda et al., 1993) which encodes a secreted protein (Yoshioka et al.,
1994).

Muscle Eye Brain Disease (MEB): Another autosomal recessive disorder where type 2
lissencephaly is associated with retinal dysplasia and myopathy (Santavuori et al.,
1989). It has been mapped to chromosome 1 (Cormand et al., 1999).

Walker-Warburg Syndrome (WWS): This is a similar but more severe phenotype of
MERB. It has very severe cobblestone lissencephaly again associated with retinal
dysplasia and myopathy (Dobyns et al., 1989). The two above conditions and in
particular WWS show cerebellar abnormalities in addition to cortical disorganisation
and pial disruption. WWS is distinguished from FCMD and MEB genetically (Cormand

et al., 2001) and also by the lack of merosin deficiency in WWS (Voit et al., 1995).
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Presenilinl (Ps1) Mouse Knock-out: Although mutations in PSI have been found in
families with familial Alzheimer’s disease (Perez-Tur et al., 1995), the mouse knock-out
had a phenotype analogous to type II lissencephaly with migration of cortical plate
neurons into the subarachnoid space (Shen et al., 1997). Between E14-18, mouse Ps1 is
expressed in the leptomeninges and it is at that stage that there is loss of most cells and
extracellular matrix of the marginal zone and disorganisation of Notch-1 protein

localisation, allowing passage of neurons through the meninges (Hartmann e¢ al., 1999).

(iii) Bilateral Peri-ventricular Nodular Heterotopia (BPNH): FLNI

The abnormality on MRI scanning is the presence of heterotopic grey matter neurons
lining the ventricles. Histologically, these are mature differentiated neurons with
dendrites. It is likely that this condition is genetically heterogeneous as it is seen in
combination with a variety of other features. There is however a female preponderance
of the disease pedigrees were described in which females were affected with the disorder
together with a high rate of miscarriage and a lack of male births implying male lethality
for the hemizygous mutated state and an X-linked dominant disorder (Eksioglu et al.,

1996).

@iv) Kallman’s Syndrome

This syndrome consists of anosmia (due to hypoplasia of the olfactory bulbs and cortex)
and congenital hypogonadotrophic hypogonadism (Pulli et al., 1975). This is because
cells in the hypothalamus that normally secrete LHRH originate in the olfactory placode

and fail to migrate properly in Kallman’s syndrome. KAL1 or Anosminl is a secreted
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protein found in the extracellular matrix and basement membranes (Hardelin ef al.,
1999) and interacts with heparan sulphate proteoglycan (Bulow et al., 2002) during
organogenesis. It also promotes axonal branching and acts as a chemoattractant for
neurons. It is this latter function which is thought to explain the deficiencies in the
formation of the olfactory tract (Soussi-Yanicostas et al., 2002). The failure of migration
of the gonadotrophic cells may be secondary to the lack of olfactory neurons along

which they normally migrate.

W) Aicardi Syndrome

Features consist of severe mental retardation, infantile spasms and partial seizures,
chorioretinal lacunae and agenesis of the corpus callosum (de Jong et al., 1976). The
cortex is thin and unlayered with polymicrogyria and there is peri-ventricular nodular
heterotopia. The disorder is X-linked dominant with male lethality. It is possibly due to a
gene contained on Xp22.3 (Donnenfeld et al., 1990) as deletions of this region are

associated with callosal agenesis and eye abnormalities.

1.3.2.2 Disorders of Cell Fate, Proliferation and Specification

@) Schizencephaly: EMX2

Schizencephaly or porencephaly consists of a cleft between the pial and ventricular
surfaces. The cleft is lined with polymicrogyric cortex. Clinically, these cases tend to
present with seizures and mental retardation of varying severity. Aetiologically it is

likely to be diverse but a few heterozygous mutations in the homeobox EMX2 gene have
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been found (Brunelli et al., 1996; Faiella et al., 1997; Granata et al., 1997) but mutations

in this gene has not been confirmed by other groups as a cause for schizencephaly.

(ii) Tuberous Sclerosis (TS): TSC1/2

This neurocutaneous syndrome consists in the CNS of cortical tubers, subependymal
nodules and giant cell tumours. Clinically patients with TS present with epilepsy, mental
retardation and skin lesions. Epilepsy is present in between 60-100% of TS patients.
Seizures are often partial with secondary generalisation. Infantile spasms are also
common. It is thought that the cortical tubers are responsible for epilepsy.
Histopathologically they resemble focal cortical dysplasia with subpial glial proliferation
and irregular neuronal lamination.

TSC1 (hamartin) was mapped to chromosome 9q34 and is a novel gene (van
Slegtenhorst et al., 1997). TSC2 (tuberin) is on chromosome 16p13.3 and is found to be
associated with cellular or intracellular membranes. It shows some homology with the
GTPase activating protein for Krevl/Rapl (Consortium, 1993). Krevl/Rapl protein
potentially acts as a tumour suppressor for the ras family of oncogenes (see KRIT1:
familial cavernomas).

The two genes interact directly with each other via coiled-coil domains (van
Slegtenhorst et al., 1998). Both genes are thought to act as tumour suppressor genes as

somatic loss of heterozygosity has been found in hamartomas and tumours.

(iii) Familial Cavernomas: KRIT1
Mutations in the KRITI gene (7q11-22) have been found in cases of familial cerebral

cavernomas (cavernous angiomas) previously linked to chromosome 7q (Sahoo et al.,

1999).
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KRIT1 interacts with Krevl/rapl A in a yeast interaction trap assay. Krevl/raplAis a
putative tumour suppressor: it has homology with Ras and is thought to act as a
competitive inhibitor of Ras-GAP interaction. Loss of heterozygosity could lead to

vascular growth and tumour formation.

1.4  Neuronal Migration in the Developing Mammalian Brain

The processes involved in the migration of neurons during central nervous system
development are reviewed below and so the genetic abnormalities found in neuronal
migration disorders can be put into the context of the normal situation.

Migration of neurons in the developing central nervous system occurs broadly by
extension of a leading edge process, translocation of the cell body nucleus along the
process and then retraction of the trailing edge and the cessation of migration. As well as
the physical movement of the cell, the organisation of cells into the final structure must
also occur. Although superficially the mechanical process is relatively constant, different
neurons rely on different substrates along which to migrate and also the morphology of
the leading process and cell varies depending on the location and the type of cell
involved (reviewed in (Lambert de Rouvroit et al., 2001)). There are three types of
migration described during brain development and there is some genetic evidence that
these different types of migration differ from each other not just in the morphology and
location of the cells involved but also in the molecular control of their movement. These

are reviewed below.
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1.4.1 Radial Migration

Pyramidal neurons are generated in the developing brain in the ventricular and sub-
ventricular zones. They migrate to the cortex to form the six-layered mammalian cortex
by radial migration. The first migrating cells form the preplate. Neurons then migrate
splitting the preplate to form the marginal zone and the subplate. The next wave of
neurons to be generated travel through the previous layer of neurons and stop outside,
forming the so-called “inside-out” cortex. Classical radial migration is used by the
majority of migrating cells of the cortex and cerebellum and starts with the extension of
a “gliophilic” dendritic tip. This associates closely with radial glial cells (mediated by
Astrotactin and Integrins, especially a3f31) which are thought to guide the extension to
the cortical plate (reviewed in (Lambert de Rouvroit et al., 2001)). Very early radial
migration in the cortex is thought to occur over short distances without radial glial cell

interaction (radial non-gliophilic migration) (Nadarajah et al., 1999).

1.4.2 Tangential Migration

Growing evidence suggests that although the majority of cortical pyramidal cells migrate
by radial migration from their position in the ventricular zone, GABAergic cortical inter-
neurons are born in the ventral telencephalon and migrate tangentially to the cortex
(Anderson et al., 1997). These cells migrate through the intermediate zone, possibly
along axons of radially migrating neurons. Tangential migration also occurs superficially

along the pial surface (e.g. external granule cells in cerebellum) by growth cone
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extension, so-called neuronophilic migration. The extension of the leading edge is
thought to be mediated by similar molecules to those affecting axonal growth cone

extension, for example netrins (Yee et al., 1999), Rho, Rac and Cdc42 (Mueller, 1999).

1.4.3 Chain Migration

A further form of migration is observed without the support of either glial cells or an
axonal scaffold, so-called chain migration. This occurs in the migration of neurons
tangentially forward to the olfactory cortex from the sub-ventricular zone in mammals
(the rostral migratory stream) (Wichterle et al., 1997). The neurons form closely packed
aggregates surrounded by an astrocytic sheath, although in culture the migration can
occur without the astrocytic sheath. Blocking a6f1 integrin inhibits chain migration in
cell culture (Jacques et al., 1998) and mice lacking the type of neural cell adhesion
molecule (NCAM) which can be polysialated show abnormalities in the migration of

cells towards the olfactory cortex (Tomasiewicz et al., 1993).

1.5 Genetics of Neuronal Migration: Human and Mouse Studies

Much of the information about genes involved in migration of neurons has come from
cloning of genes responsible for migration defects in human and mouse disease
(reviewed in (Wynshaw-Boris et al., 2001), (Lambert de Rouvroit et al., 2001), (Walsh
et al., 2000)). Further information has been gained from the study of mouse mutants and

targeted mouse knock-outs of specific genes. Conservation of pathways and cellular
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mechanisms has meant that studies in other model organisms from fungi to Drosophila
have added to the recent increase in knowledge about this process. Some of the genes
involved in neuronal migration are discussed in more detail below. The type II
lissencephaly syndromes mentioned above will not be considered in detail as they are
caused by deficiencies in the pial surface rather than abnormalities in migration of the

neurons themselves.

1.5.1 Failure of Leading Edge Extension

1511 Cell Adhesion Molecules

Some of the molecules implicated in guidance of the leading edge of the migrating
neuron are thought to be cell surface molecules such as Integrin o33, Netrins and
NCAM as well as molecules involved in actin cytoskeletal changes such as the small

GTPases, Rho, Rac, RalA and Cdc42.

1.5.1.2 Actin Cytoskeletal Elements:

(a) Bilateral Peri-Ventricular Nodular Heterotopia (BPNH): Filaminl mutations

Linkage analysis of X-linked families with BPNH mapped the gene to Xq28 and
mutations in the Filaminl gene were found by positional cloning (Fox et al., 1998).
Filaminl is a previously identified actin binding protein with two actin binding domains
(Patrosso et al., 1994) and an ability also to bind cell surface proteins such as integrins.

This gene is only upregulated for a short time during embryogenesis, coincident with
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neuronal migration. It is thought that lack of Filamin in cells prevents extension of the
leading edge of the migrating neuron and failure to leave the ventricular zone. There are
abnormalities in vascular and clotting systems also. It is yet unclear what proportion of
BNPH will have FLLN mutations, for typical X-linked families, it is high whereas for
female sporadic cases only 19% had Filamin1 mutations. A couple of “mild” missense

mutations have been identified in rare males with the condition (Sheen et al., 2001).

1.5.2 Failure of Nucleokinesis

1.5.2.1 Microtubule Cytoskeletal Elements

(a) DCX lissencephaly

DCX or XLIS is located on Xq22-23 and was cloned in families with lissencephaly in
males and SBH in females (des Portes et al., 1998) and also by cloning the breakpoint of
a X:2 translocation in a female with lissencephaly (Gleeson et al., 1998). Lissencephaly
seen in DCX mutations has a severity gradient from anterior to posterior in contrast to
that seen in LIS mutations (Dobyns ef al., 1999b) (Pilz et al., 1998b). The milder
phenotype in females is thought to be due to the inactivation of the abnormal X
chromosome in some cells, as one female with an X-2 translocation had extreme
skewing of X inactivation and had the severe male phenotype of lissencephaly (Ross et
al., 1997). The variation in severity of the female phenotype could be due to differences
in X inactivation patterns. Rare males with SBH have been shown to have somatic
mosaicism (Kato et al., 2001; Poolos et al., 2002) or rare missense mutations (Pilz ez al.,
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1999). DCX has been demonstrated to be a microtubule associated protein (Gleeson et
al., 1999; Taylor et al., 2000) (Francis et al., 1999), stabilising microtubules in vitro
(Horesh et al., 1999). It also binds directly to LIS1 (Caspi et al., 2000) linking the two
genes responsible for a similar phenotype in humans. The microtubule cytoskeleton is
thought to be vital in nucleokinesis which could explain the reduction in migration of the
neurons (see LIS1 section below). There is also some evidence for DCX being part of a
putative signalling pathway (Sossey-Alaoui et al., 1998) (Gleeson et al., 1998): it has
several potential phosphorylation sites and is highly homologous to a protein kinase
highly expressed in the CNS, Doublecortin-like kinase DCLK (originally KIA03669)
(Omori et al., 1998) (Sossey-Alaoui et al., 1999). This gene consists of an N terminal
domain highly homologous to DCX (78% similar to DCX) with a C terminal kinase
domain 98% similar to rat Cpg-16 kinase. It is expressed in similar pattern during
cortical development to DCX, consistent with a role in neuronal migration (Mizuguchi et
al., 1999). It also has the ability to bind to and promote polymerisation of microtubules
(Lin et al., 2000) in vitro. The association with microtubules is also seen in C.elegans
where mutant zyg8 (DCLK orthologue) embryos have defective spindle position during
asymmetric cell division because of failure of microtubule stabilisation during anaphase
(Gonczy et al., 2001). The two domains are cleaved by Calpain (Burgess et al., 2001),
possibly indicating that the DCX domain acts as a cellular localisation devise for the
kinase domain.

Although DCLK is a candidate gene for cases of lissencephaly and band heterotopia not
caused by DCX or LISI, no disease caused by mutations in DCLK has yet been found

(J.Gleeson, personal communication).
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(b) LIS1 (PAFAH1b1) lissencephaly

All cases of Miller-Dieker Syndrome (MDS) and many of isolated lissencephaly (50-
60%) have been found to include deletions in the LISI (PAFAH1bI) gene on
chromosome 17p12 (Dobyns et al., 1993) (Pilz et al., 1998a). It is thought that deletion
of additional genes are required to cause the cranio-facial abnormalities of MDS as
patients with mutations rather than deletions of LIS1 have lissencephaly alone (Lo Nigro
et al., 1997), although their facial features and measurements are reminiscent of MDS
(Allanson et al., 1998). The syndrome is due to haplo-insufficiency of the LIS1 gene
product and rare missense mutations have been reported to cause band heterotopia rather
than lissencephaly (Cardoso et al., 2000; Leventer et al., 2001; Pilz et al., 1999). The
lissencephaly seen with LIS] mutations is more severe in the posterior regions of the
brain in contrast to DCX mutations. LIS1 interacts with a large number of other proteins
and it remains unclear exactly which interactions are significant during neuronal

migration. These interactions are therefore summarised below.

(i) Relationship of Platelet Activating Factor to Neuronal Migration

LIS1 is also a non-catalytic subunit of PAFAH1B (platelet activating factor
acetylhydrolase 1b) which inactivates platelet activating factor (PAF) (Hattori et al.,
1994). It is a member of a family of WD repeat proteins (similar to the Gg subunit of
heterotrimeric G proteins) and binds multiple different proteins including forming a
homodimer which along with the two catalytic subunits of PAFAH forms the PAFAH
complex. Its role in deactivation of platelet activating factor has been postulated as a one

mechanism through which it acts during neuronal migration. Evidence for this is that
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migration of cerebellar cell aggregates in vitro is inhibited by addition of a constitutively
active form of PAF (Bix et al., 1998), lissencephaly-causing mutations in LIS1 reduce or
abolish binding of LIS1 to the catalytic subunits of PAF (Sweeney et al., 2000) and the
developmental expression of the catalytic subunits of PAF correspond with neuronal
migration (Albrecht et al., 1996). A cytogenetic abnormality resulting in truncation of
one of the catalytic subunits of PAFAH caused brain atrophy, ataxia and mental

retardation (Nothwang et al., 2001).

(ii) LISI is a Microtubule-associated protein

Similar to DCX, LIS1 has also been found to both bind to and stabilise microtubules
(Sapir et al., 1999; Sapir et al., 1997). The microtubule cytoskeleton is thought to be
fundamental in nucleokinesis (Oakley et al., 1980): much of the evidence for this comes
from nuclear movement mutants in Aspergillus nidulans and Neurospora crassa.

LISI is a highly conserved gene, with 42% homology to the A.nidulans gene NudF
(Xiang et al., 1995). NudF is one of a number of mutants with defects in n;clear
positioning in A.nidulans. Others include components of cytoplasmic dynein and
dynactin and two other proteins: NudC and NudE. A summary of the various genes is
shown in Table 1.7. Mammalian LIS1 has now been shown to interact with the
orthologues of many of these genes implying a conserved pathway of nuclear movement
genes. For example, a yeast two-hybrid system revealed an interaction between mouse
LIS1 and NudC proteins (Morris et al., 1998).

Despite orthologues of NudC being found in humans (Matsumoto et al., 1999a) and

mouse, no further information on its exact role in the pathway has been elucidated.
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Table 1.7 Nuclear Positioning Mutants in A.nidulans and N. crassa

DYNEIN mutants

Vertebrates A.nidulans N.crassa
CD heavy chain NUDA RO1

CD intermediate chain NUDI

CD light chain NUDG

DYNACTIN mutants

Vertebrates A.nidulans N.crassa
p150 & RO3
ARP1 NUDK RO4

p70 RO2
OTHERS

Vertebrates A.nidulans N.crassa
Lis1 (PAFAH1Db) NUDF

NUDC NUDC

NUDE, NUDEL, MP43 NUDE ROI11

(Adapted from (Lambert de Rouvroit et al., 2001))
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(iii) LIS1 interacts with components of the microtubule motor: dynein and dynactin.

The evidence for this comes from both developmental studies in several different
organisms and biochemical experiments.

A.nidulans: The mutants NudA, Nudl and NudG are components of cytoplasmic
dynein and NudK is one of the components of dynactin. All of these mutants show an
identical phenotype to the NudF mutant which is the orthologue of LIS! in A.nidulans.
Suppression of NudF mutants by NudA imply they are in the same genetic pathway
(reviewed in (Wynshaw-Boris et al., 2001)).

D.melanogaster: Germ-line lis] mutations showed defective nuclear positioning
and oocyte growth (Lei et al., 2000; Liu et al., 1999): this was similar to cytoplasmic
dynein heavy chain (CDHC) Drosophila mutants. This phenotype was analogous to that
seen in Aspergillus mutants. Homozygous Llis/ mutants were however lethal early in
embryonic life. Repressible cqll marker technology (MARCM) was used to generate a
somatic mosaic lacking Lis1 in the nervous system. This resulted in an identical
phenotype to that seen with a similarly generated dynein heavy chain knock-down,
consisting of proliferation defects in the mushroom bodies, reduced dendritic
arborisation and axonal swellings suggestive of an axonal transport defect (Liu et al.,
2000b).

Cellular/Molecular Studies: LIS1 coimmunoprecipitates with dynein and dynactin in
tissue extracts. In cultured cells, over-expression of LIS1 resulted in an increase of
mitotic activity although with randomised spindle orientation and a disruption of the
pattern of dynein and dynactin location in the periphery of the cell (Faulkner ez al.,

2000). Fibroblasts in culture showed high levels of LIS1 in the same areas of the cell as
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microtubules were found. Changes in the level of LIS1 in the cells either by
overexpression or by culturing cells from LIS1+4/- mice showed a change in dynein
motor function and microtubule distribution in the cell (Smith et al., 2000).

These experiments demonstrate that LIS1, as well as directly binding and stabilising
microtubules, also interacts with the microtubule motor, dynein and dynactin, in several
cellular functions including mitosis, nuclear positioning and probably axonal transport.
LIS1 interacts with a further member of the nuclear distribution pathway in fungi, NudE
(Kitagawa et al., 2000). Orthologues of this gene have been found in many species
including MP43 in Xenopus laevis and two homologous genes in mammals: NudE and
NudEL (NudE-like). These genes both co-immunoprecipitated with LIS1 and were
isolated from a yeast two-hybrid screen using mouse Lis1 as bait. They bind to each
other and LIS1 via coiled-coil regions and contain multiple serine residues which are
consensus phosphorylation sites for serine-threonine protein kinases such as CdkS5.
There is evidence that NUDEL protein is phosphorylated in the brain and that Cdk5 does
indeed phosphorylate NUDEL both in vitro and in vivo (Sasaki et al., 2000),
(Niethammer et al., 2000). NudE is located at the centrosome (together with LIS1 and
NudEL), binding Tubulin and other centrosomal proteins including dynein light chain.
Truncated mouse NudE (LIS1 binding domain) was injected into Xenopus embryos
resulting in a reduction of anterior structures and thickening and disorganisation of the
forebrain and mid-brain with abnormal tectal projections from the retina, implying an
important role in brain development (Feng et al., 2000). With the maturation of neurons,
NudEL and LIS1 are expressed in axons in the developing cortex (Sasaki et al., 2000).
In cultured cells, they are expressed together with dynein intermediate chain in the cell

body and dynactin (P1508"*! subunit) in the growth cone (Niethammer et al., 2000).
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LIS1 and NudEL were shown to physically interact together with dynein (particularly
Heavy chain subunit) by biochemical studies (Sasaki et al., 2000). Over-expressing LIS1
and NudEL in cultured cells changed their cellular distribution as well as the localisation
of dynein subunits. Addition of truncated NudEL and culture of LIS1 haplo-insufficient
mouse cells also affected dynein localisation and motor function (Niethammer e al.,

2000, Sasaki et al., 2000).

(iv) Graded Reduction of Lisl causes Disorganisation of the CNS in Mice.

Mice with graded reduction in Lis1 levels have been created. The Lis1 null mouse was
lethal in the early stages post-implantation, similar to the Drosophila mutant. The
heterozygous mouse showed a subtle phenotype of neuronal disorganisation in the
cortex, hippocampus and olfactory bulb which appeared to result from delayed
migration (Hirotsune et al., 1998). A greater reduction in LIS1 levels caused a more
disorganised brain and cerebellar disruption. There was also progressive thinning of the
cortical plate perhaps caused by a reduction in proliferation. Culture of Lis1+/-
cerebellar granule cell aggregates showed that processes were extended normally but the
cell soma was not translocated into the processes (Hirotsune ef al., 1998), supporting the
role of LIS1 in nuclear movement in mammals. There was a reduction in the dendritic
arborisation in the hippocampus in Lis1 +/- mice, analogous to that seen in Drosophila
mushroom bodies, and behavioural defects (Fleck et al., 2000).

Although undoubtedly acting through the microtubule cytoskeleton, the relationship
between LIS1’s interaction with the dynein/dynactin/Nud pathway and the catalytic

subunits of PAFAH is still unclear, especially as A.nidulans does not have orthologues
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of the catalytic subunits of PAFAH and Drosophila has subunits without any catalytic

activity.

© Lissencephaly with Cerebellar Hypoplasia (LCH): RELN

Two consanguineous pedigrees (one Saudi Arabian, one British) were reported with a
syndrome including lissencephaly but associated with other abnormalities namely severe
cerebellar hypoplasia, flattened hippocampus, a small pons and thinning of the corpus
callosum. Additional abnormalities included myopia, congenital lymphoedema and in
one patient, chylous ascites. Examination of microsatellite markers around 7922 (to
which area human RELN has been mapped) revealed a significant area of homozygosity
in affected individuals not present in other family members, consistent with autosomal
recessive inheritance. Western blotting revealed absence of RELN protein in affected
members of each family and splice site mutations leading to premature truncation of the
protein were revealed by sequencing (Hong ef al., 2000). RELN is not a microtubule-
associated protein and so is unlikely to cause lissencephaly by the same mechanism as
LIS1 or DCX. More information about its action has come from the study of mouse

mutants and is described below.

1.5.3 Failure of Correct Neuronal Placement

1.6.3.1 The Reeler Phenotype Mutants and Reln receptors: Neuronal
Migration Defects in Mouse.
The Reeler spontaneous mutant mouse has a phenotype of ataxia and tremor with early

death after weaning. The brain pathology is characterised by failure of the cortical cells
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to split the preplate and failure of subsequent neurons to pass through each other to form
the usual “inside-out” cortex. The reeler mouse therefore has an “outside-in” cortex. The
causative mutation was in a gene named Reelin (Reln), coding for a secreted glyco-
protein (D'Arcangelo et al., 1995), expressed particularly in the marginal zone.

Two further mouse mutants were found to have an identical phenotype, namely yotari
(Yoneshima et al., 1997) and scrambler (Gonzalez et al., 1997), both of which were
found to be mutations in mDabl (mouse Disabled] gene) (Sheldon et al., 1997). Studies
have placed mDab1l downstream of Reln. It is expressed in migrating cortical plate
neurons in the mouse (Rice et al., 1998). Binding of Reelin to these cells results in the
intracellular phosphorylation of tyrosine residues of mDabl (Howell et al., 1999),
crucial to its biological action in cortical development. Replacement of these residues in
mouse results in a reeler/ mDabl phenotype (Keshvara et al., 2001).

Further components of the Reln pathway are the lipoprotein receptors VLDLR and
ApoER?2. The double knock-out of these two genes results in a Reeler phenotype
(Trommsdorff et al., 1999). They are expressed on the membrane of Reln target cells
and bind Reln specifically (Hiesberger et al., 1999). Their intracellular tail interacts with
mDab1 resulting in mDab1 phosphorylation.

Further Reln receptors are the Cadherin-related neuronal receptors and o.331-Integrin
(Dulabon et al., 2000). It is thought that Reln and its downstream partners may provide a
“stop” signal for migrating neurons: although it cannot stop leading edge extension, it
possibly acts as a stop for nucleokinesis (Walsh et al., 2000). A role for Reln has been

proposed in promoting the final cortical organisation and pattern.
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1.6.3.2 The Role of Cdk5 in Neuronal Migration: a possible link between

Reln and LIS1 pathways

CdkS is a serine-threonine protein kinase which is activated by forming a complex with
one of its two activators p35 or p39. Mouse knock-outs of Cdk5 and p35 resulted in
severe disruption of cortical development with a phenotype similar to the reeler mouse
(Gilmore et al., 1998). The major difference between the abnormality present in the
CNS of the Cdk5 mouse knock-out and that of reeler was that initial cortical plate
migration was intact, splitting the preplate (Kwon et al., 1998). Subsequent waves of
migrating neurons however failed to pass through preceding layers, again producing an
“outside-in” cortex. There are several ways in which CdkS could be involved in
neuronal migration. Firstly it has been shown to affect growth cone formation (Nikolic
et al., 1998) and neurite outgrowth (Nikolic et al., 1996). Secondly it could affect
nuclear movement as NudEL has been shown to be a substrate for Cdk5 phosphorylatio
(Niethammer et al., 2000). DCX also contains a consensus c-Abl phosphorylation site.
Thirdly, it could also act in the Reln pathway, particularly given the very similar mouse
phenotypes. A recently discovered gene, Cables, activates Cdk5 via phosphorylation of

c-abl (Zukerberg et al., 2000). C-abl also binds and possibly phosphorylates mDab].

The possible interactions of Lis1, the Reln pathway, Cdk5 and DCX are summarised in

Figure 1.2.

n
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Figure 1.2: Possible scheme for integration of pathways involved in

nucleokinesis during neuronal migration.

The Reln pathway is on the right and is involved in other processes such as termination
of migration and also probably stablisation of patterning on arrival of neuron.

The Cdk5 pathway (centre) links the Reln pathway with that of the LIS1 interacting
proteins, probably via NudEL.

The main genes interacting with LIS1 and having a role in microtubule dynamics and

hence nuclear migration are on the left.

P= phosphorylation

Dotted lines denote a possible interaction

CDHC/CDLC=cytoplasmic dynein heavy chain and light chain

Adapted from (Wynshaw-Boris et al., 2001)
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1.6 Model Systems for the Study of Developmental Genetics

The role of genes in neuronal migration has been studied using both tissue culture of
mammalian cells and a wide variety of organisms as models for either genetic
interactions of for the study of the developmental effects of various genes. During this
thesis I have used the zebrafish, Danio rerio, as a model organism for the study of lis]
and dclk genes. Here I will outline the developmental stages of the zebrafish and
describe the features of the zebrafish which make it a suitable organism for the study of
developmental genetics. As this thesis is concerned with the development of the central
nervous system, the development of the vertebrate nervous system, as seen in the
zebrafish will also be reviewed, with comparisons made between the zebrafish and the

mammalian brain.

1.6.1 Zebrafish Development

Zebrafish development is external and so there are clearly defined stages from
fertilisation (Kimmel et al., 1995) which are shown in Figure 1.3. Fertilisation results in
the initiation of cell division which is initially synchronous. The embryo initially
contains RNA and protein inherited maternally from the oocyte. Embryonic production
of RNA starts at around the mid-blastula transition around 1000 cells. The embryo then

undergoes epiboly with spreading of the embryo around the yolk cell. The embryonic

67



Figure 1.3: Stages in Embryonic Development of the Zebrafish (Danio

rerio)

i 1 cell (0.2 hpf)

ii 2 cells (0.75 hpf)

iii 4 cells (1 hpf)

iv 8 cells (1.25 hpf)

v 16 cells (1.5 hpf)

vi 32 cells (1.75 hpf)

vii 64 cells (2 hpf)

viii 128 cells (2.25 hpf)

ix 256 cells (2.5 hpf)

X 512 cells (2.75 hpf)

xi high (3.3 hpf)

xii oblong (3.7 hpf)

xiii  sphere (4 hpf)

xiv  dome (4.3 hpf); arrow points to yolk syncytium

XV 30% epiboly (4.7 hpf)

xvi  50% epiboly (5.3 hpf)

xviia/b shield (6 hpf); lateral and dorsal view respectively. Arrow points to embryonic
shield)

xii ~ 75% epiboly (8 hpf)

xix  tailbud (10 hpf)



XX 3 somites (11 hpf); arrow points to 3™ somite

xxi 6 somites (12 hpf); arrow points to eye primordium

xxii 10 somites (14 hpf); arrow points to otic vesicle

xxiii 14 somites (16 hpf)

xxiv 18 somites (18 hpf); arrow points to yolk extension

xxv 26 somites (22 hpf)

xxvi prim-6 (25 hpf); arrowhead points to hatching gland; arrow points to lens of eye
cb = cerebellum

xxvii prim-22 (35 hpf)

xxviii high pec (42 hpf); arrow points to pectoral fin bud

xxix long pec (48 hpf)

xxx  protruding mouth (3 days, 72 hpf); arrow points to jaw

Adapted from (Kimmel et al., 1995)

b
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shield forms at 50% epiboly marking the dorsal side of the embryo and the onset of
gastrulation (formation of the germ layers) which is completed at tailbud stage (10 hpf).
Elongation and segmentation of the body axis then starts with somitogenesis and then
hindbrain segmentation during neurulation, during which period the nervous system
expands in size and becomes functional. The first movement of the embryo is present by
24 hours. By 4 days, the embryo has a working nervous system with developed eyes and
retino-tectal connections, co-ordinated movement, touch response, formation of

recognisable brain structures and completed folding of the neural tube.

1.6.2 The Zebrafish (Danio rerio) as a Model Organism

The zebrafish has many advantages as a model organism for studying developmental
disorders in a vertebrate system. Firstly it develops externally allowing access to
embryos for observation and manipulation at all stages of development. Development is
rapid with a well-documented series of developmental stages. The basic central nervous
system structure is present by 24 hours and functioning by 3 days. The embryos are
translucent allowing observation of morphology under the light microscope and easy
staining of embryos for in situ hybridisation and immunohistochemistry. Large clutches
of embryos (200-300 per week) can be produced and the generation time is only 4
months. The zebrafish is particularly suited to the study of brain development as this
process is characterised by the formation of a simple scaffold of axons tracts (Wilson et
al., 1990) easily identified for example by staining with an antibody against acetylated
Tubulin.
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The zebrafish is also amenable to genetic manipulation: large-scale mutagenesis screens
have been undertaken to identify mutants many of which are now being cloned, helped
by increasing zebrafish genome resources. Genomic resources are becoming available in
public databases as the Wellcome Trust is sequencing the zebrafish genome. Features of
the genome include a probable genome duplication event early in teleost evolution
(Taylor et al., 2001; Van De Peer et al., 2001) resulting in two copies of some genes
being present which are present only as a single copy in other organisms. The function
of the original single gene is frequently split between the two homologues with division

of function in time or space during embryonic development (Rohr et al., 2001).

Genetic manipulation of live zebrafish includes RNA mis-expression and over-
expression. A recent advance has been the success of morpholino-modified anti-sense
oligonucleotide technology against the first 25 bases of the coding sequence or the
immediate 5’ untranslated region (Summerton, 1999). This results in targeted gene
knock-down in the living organism. These modified oligonucleotides do not work via
the RNase H degradation of mRNA, as traditional antisense technology does, but instead
by the inhibition of translation from mRNA to the protein. The specificity of these
morpholinos is thought to be much greater than traditional antisense methods and this
specificity has been demonstrated now with an increasing number of genes (Feldman et

al., 2001; Karlen et al., 2001; Nasevicius et al., 2000).
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1.6.3 Development of the Vertebrate CNS

The central nervous system is formed from the ectodermal layer. It forms a ridge along
the dorsal midline of the embryo and then develops into a hollow tube structure either by
primary (flattening and then folding around of the neural ridge: as seen in mammals) or
secondary (cavitation of the solid ridge: as seen in zebrafish) neurulation. The organiser
region (embryonic shield in zebrafish) specifies this primary axis.

Along the anterior to posterior (A-P) axis, the neural tube is then specified into regions
from the spinal cord caudally, through the hindbrain (rhombencephalon), cerebellum,
midbrain (mesencephalon) and then forebrain (di- and tel-encephalon). The regional
diversity along the neural plate is generated by several mechanisms. Firstly different
areas of the neural plate respond differentially to identical signals along the anterior-
posterior axis. This is seen for example in the response to Sonic Hedgehog (shh)
signalling from the ventral tissue of the floor plate posteriorly and the prechordal plate
anteriorly. Anteriorly shh induces nk2.1 expression whereas posteriorly the induction of
hnf3f occurs (Shimamura et al., 1997). A further example of the differential
competence of various tissues to respond to identical signals is seen in the response to
fibroblast growth factor 8 (fgf8). Its production by the anterior neural ridge induces bf1
expression and telencephalic development whereas more posteriorly fgf8 production in
the midbrain-hindbrain boundary results in engrailed2 (en2) expression and midbrain
development (Shimamura et al., 1997). Secondly the neural plate is split along the
medio-lateral (dorso-ventral) axis into longitudinally aligned domains. This is thought to
result from gradients of secreted molecules firstly from the medial (ventral) tissue,

particularly shh/ nodals from the floor plate/ prechordal plate, and secondly from the
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lateral (dorsal) tissue, bone morphogenetic proteins (BMPs) from the non-neural
ectoderm (Barth et al., 1999; Shimamura et al., 1995). These combinations of protein
gradients create a unique identity at each medio-lateral point of the neural plate. Thirdly,
further diversity is created by the existence of local signalling centres along the neural
axis. These include the midbrain/hindbrain boundary (MHB) which expresses fgf8 and
pax2, the anterior neural ridge which also expresses fgf8 together with bmp4/7
(Shimamura et al., 1997) and tlc (Houart et al., 2002), and possibly also the mid
diencephalic boundary (which develops into the zona limitans intrathalamica; ZLI).

These patterning centres further refine regional identity.

1.6.3.1 The central nervous system is segmentally arranged along its

length

The spinal cord is most obviously segmented along its length with the production of
segmental motor neurons extending out into each somite. Within the hindbrain,
segmentation into 7 rhombomeres occurs. Each one of these has a specific genetic
identity specified by homeobox transcription factors (hox genes) even before the
segment boundaries are in place. Segmental identity determines which of the cranial
nerves originate from the various segments. The cerebellum is formed from rhombomere
1, the posterior part of the MHB. Whether more anterior regions are also segmentally
divided into so called prosomeres is more controversial and several models of
segmentation in the anterior neural plate have been proposed. Here the model described
in (Rubenstein et al., 1994) is discussed (Figure 1.4 ¢ and d). The so-called prosomeric
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Figure 1.4: Anatomy and Comparative Anatomy of Vertebrate Brain

Development

A. Photograph of zebrafish embryo at 24 hours stained with anti-acetylated
Tubulin antibody. A basic scaffold of early axon tracts is present and the
major subdivisions of the anterior neural plate are clearly seen at this
stage.

(anatomical areas labelled in black/white, axon tracts in red).

B. Drawing of 28 hour embryo showing the axon pathways relative to the
major subdivisions of the brain. The midbrain-hindbrain boundary/

cerebellar anlage is now visible.

C. Amniote Brain: The forebrain (telencephalon and diencephalon) split into
six prosomeres, p1-p6. The division of the telencephalon into three
prosomeres is controversial.

The midbrain forms a single neuromere and the 8 rhombomeres of the
hindbrain (hb) are not shown
The longitudinal divisions of the brain into alar and basal plates is

indicated.

- D. Zebrafish brain (day 5): The diencephalon is divided into three

rhombomeres (p1-p3). There is less evidence that the zebrafish
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telencephalon is further divided in three prosomeres. Again the midbrain
is a single neuromere. The hindbrain divisions are not shown. Again the
division into alar and basal plates is shown. The most anterior part of the

brain is the optic chiasm.

di = diencephalon, hb = hindbrain, mb = midbrain, mhb = midbrain-hindbrain

boundary, tel =telencephalon, oc = optic chiasm, ht = hypothalamus, pin = pineal

ac = anterior commissure, poc = post-optic commissure, tpoc = tract of the post-optic

commissure, sot = supra-optic tract, pc = posterior commissure.

p2

p3
p4
pS

p6

Pretectal area
Dorsal Thalamus
Mid-diencephalic Boundary/ ZLI
Ventral Thalamus
Archicortex and Supra-optic area
Dorsal and Ventral Telencephalon

Pre-optic area and Olfactory Bulb

77






model is based on several lines of evidence. Firstly the morphological appearance of
divisions, secondly the pattern of gene expression domains and lastly the identification
of distinct proliferative zones. The model has been extended to the zebrafish,
particularly in the diencephalon by examination of analogous areas, by documentation of
proliferation zones (Wullimann et al., 2000; Wullimann e¢ al., 1999a; Wullimann et al.,
1999b) and by studying gene expression patterns. The anatomical terminology used here
is taken from (Wulliman et al., 1996).

The midbrain or mesencephalon forms anterior to the MHB and is generally thought to
be made up of one neuromere. In the zebrafish, this forms the optic tectum (analogous to
the superior colliculus) dorsally, and the torus semicircularis (auditory processing,
analogous to the inferior colliculus) and tegmentum (motor structures including the III
and IV cranial nuclei) ventrally.

The forebrain is composed of the diencephalon and the telencephalon. The prosomeric
model proposes three divisions of the diencephalon, so-called prosomeres P1-3. These
are further subdivided into dorsal and ventral divisions which are derivatives of the alar
and basal plates respectively. These are a continuity of the dorso-ventral divisions seen
clearly more posteriorly in the spinal cord. The most posterior part of the diencephalon
is the pretectal area. The mid-diencephalic boundary (ZLI) lies between P2 and P3
(dorsal and ventral thalamus). The prosomeric divisions of the diencephalon are shown
in Figure 1.4c and d, for the zebrafish and amniotes respectively. In the zebrafish, the
telencephalon is divided into the olfactory bulbs most rostrally and the dorsal and ventral
areas of the telencephalon. Putative subdivisions of the telencephalon are also indicated

in Figure 1.4c for amniotes although the segmental nature of these is controversial.
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1.6.4 Comparison between Zebrafish and Mammalian Brain Development

1.6.4.1 Anatomical Similarities between the Developing Zebrafish and

Mammalian Brains

From an early stage the major subdivisions of the neural plate can be seen in zebrafish
by examination of axons formed by early differentiating neurons. The major divisions of
the dorsal and ventral telencephalon and the midbrain can be seen (Figure 1.4 a and b)
A number of similarities between the zebrafish and mammalian brain are evident and
will be described for the forebrain as the similarities in the hindbrain rhombomeres are
more clearly evident. Firstly the division of the telencephalon into dorsal and ventral
areas mirrors the pallial and sub-pallial division of the mammalian brain. Although the
pallial area of the mammalian brain has been greatly expanded to form the neocortex,
the analogies between the pallium of mammals and the dorsal telencephalon of fish are
present at a number of levels: functional anatomy, neurotransmitter distribution and
histology (reviewed in (Wulliman et al., 1996)). Firstly anatomically, the areas are
analogous lying just posterior to the olfactory bulbs when initially formed. The
commissures and axon tracts forming at an early stage are in analogous locations with
the exception of the corpus callosum which is a mammalian structure accompanying the
expansion of the pallium into the cortex (Figure 1.4). Secondly functional anatomy of
the dorsal telencephalon reveals that it is subdivided into nuclei which process
integrative information to and from the motor and sensory organs. The dorsal

telencephalon also receives ascending activating connections from the raphe nucleus,
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locus coeruleus and reticular formation. The posterior zone of the dorsal telencephalon
receives olfactory connections and is thought to be analogous to the lateral pallium or
olfactory cortex. The ventral telencephalon of fish is an analogous structure to the
subpallial region of mammals including the striatum and basal ganglia. There is a
pathway thought to represent connections analogous to the striato-nigral pathway of
mammals: Substance-P containing neurons project from the dorsal nucleus of the ventral
telencephalon to catecholaminergic (dopaminergic) cells of the ventral mesencephalon
(posterior tuberal nucleus). There is also then reciprocal pathway back to the striatum
(ventral telencephalon).

The diencephalon is easier to compare than the telencephalon anatomically, with more
similarity of structures between vertebrates, namely the thalamus and epithalamic
structures such as the pineal gland and habenula. The areas of the adult diencephalon are
roughly equivalent between vertebrates, with some alteration in the relative importance

of the dorsal thalamus and posterior tuberculum (described in more detail below).

1.6.4.2 Similarities in Gene Expression during Development of the CNS

From examination of gene expression patterns during development, areas of the
forebrain between vertebrates are also found to be analogous. The dorsal telencephalon
in fish and mammalian pallial region express T-brainl (7br1) (Bulfone et al., 1995;
Mione et al., 2001) and the homeobox gene orthologous to the Drosophila empty
spiracles gene, EmxI (Fernandez et al., 1998; Morita et al., 1995). The ventral

telencephalon of fish (subpallial region) expresses the distalless orthologue, dixI/2 as
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does the mammalian striatum (Fernandez et al., 1998). Other gene expression patterns
are analogous between fish and mammals, lending support to the prosomeric theory of
vertebrate brain development. Firstly, pax6 is expressed in the dorsal region of the
anterior neural plate in analogous regions to those seen in the mouse (Wullimann ef al.,
2001), with reciprocal expression of shk in the anterior ventral region (Macdonald ez al.,
1995). Secondly, BfI is expressed throughout the telencephalon in fish and mouse. The
homeobox gene nk2.1 is a further example of similarity of gene expression patterns
during mammalian and zebrafish development. The zebrafish has two paralogues nk2.1a
and b which are orthologous to the mouse gene Nkx2.1. The sum of their expression
patterns is equivalent to the mouse single gene, being expressed in the ventral
telencephalon (nk2.1b) and ventral diencephalon (hypothalamus (nk2.1a)) (Rohr et al.,
2001).

Gene expression in signalling centres is also conserved between vertebrate groups. The
MHB is a constant feature of vertebrate brain development, expressing fgfS and pax2.
The mid-diencephalic boundary (ZLI) also consistently marks the division between
ventral and dorsal thalamus in vertebrates and consists of the dorsal extension of ventral

markers such as shh, causing a break in the expression of dorsal markers such as emx2.

1.6.4.3 Similarities in Neuronal Proliferative Zones between Vertebrates

Further evidence for a common underlying plan of brain development common to all
vertebrates including the zebrafish comes from the examination of proliferative zones

within the developing brain. Examination of proliferative zones in the zebrafish has
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revealed firstly that, similar to other vertebrates, proliferation occurs in the ventricular
zone. Secondly, the proliferative zones of the zebrafish match the predictions of the
proposed neuromere model, with the exception of the telencephalon, with discontinuity
of proliferative zones between neuromeres and also between the dorsal and ventral

subdivisions of each neuromere (Wullimann et al., 1999a).

1.6.4.4 Cellular similarities in Brain Development between Vertebrates

On a cellular level, there is likely to be even more exact correlation between the
processes involved in brain development between vertebrates. The process that is the
subject of the current thesis, namely neuronal migration is an example of this. Several of
the mechanisms of neuronal migration described earlier have been documented in the
zebrafish. Firstly chain migration has been visualised directly in the migration of cells
from the upper rhombic lip through the MHB to the cerebellum and ventral brainstem
(Koster et al., 2001). Secondly, radial migration on radial glial cells, although not
directly visualised, is thought likely to occur within the zebrafish dorsal telencephalon as
radial glial cells labelled with zrf1 antibody exist extending from ventricular to pial
surface (Wullimann et al., 2001). Thirdly, tangential migration is also thought to occur
in zebrafish as the presence of GABAergic cells within the pallium of mammals arises
from tangential migration from the subpallial dix2 positive areas (Anderson et al., 1997).
It is possible that zebrafish interneurons in the dorsal telencephalon also originate from
the same source as dIx2 positive cells are present in the ventral telencephalon and are

subsequently seen scattered throughout the dorsal telencephalon (data shown in Chapter
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6). A further example of tangential migration occurs in the hindbrain with posterior
movement of motor neurons of the VII and IX cranial nerves. This was visualised by
examination of GFP expression driven by the islet] promoter (nVII) (Higashijima et al.,
2000) or by anti-Zn-5 antibody (nIX) (Chandrasekhar et al., 1997). This migration is
disrupted in the trilobite mutant which was originally described because of its
gastrulation defect (Hammerschmidt et al., 1996; Solnica-Krezel et al., 1996) and has
recently been identified as a mutation in Strabismus, a protein involved in planar cell

polarity in Drosophila (Jessen et al., 2002; Taylor et al., 1998; Wolff et al., 1998).

1.6.4.5 Differences in Brain Development between Zebrafish and

Mammals

There are differences between the fish forebrain and the mammalian brain apart from the
obvious expansion of the neocortex in mammals (reviewed in (Wulliman et al., 1996)).
The most obvious difference is that of eversion of the fish dorsal telencephalon in
contrast to the formation of the mammalian pallium by evagination and rostral
thickening. This means that anatomically areas do not lie always in the equivalent
positions in the fish compared to the mammal. Most obviously, the dorsal telencephalic
ventricles lie on the most dorsal surface of the animal, covered only by a choroidal layer,
as opposed to the internal ventricles of the mammalian telencephalon. The second
difference present in teleosts is the expansion of the posterior tuberculum in fish taking

over some of the functions of the mammalian dorsal thalamus as a sensory relay area.
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1.7 SUMMARY

This thesis looks at a wide range of aspects of the genetics of epilepsy. It describes a
new familial idiopathic epilepsy syndrome and describes its linkage mapping to
chromosome 4p15.

The second part of the thesis describes the cloning of the zebrafish orthologues of two
genes and the examination of the function of these genes in the zebrafish. Firstly, LIS],
which causes a syndrome of symptomatic epilepsy resulting from a defect in neuronal
migration, namely lissencephaly and secondly DCLK, a gene closely related to the other

lissencephaly gene, DCX.
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CHAPTER 2
MATERIALS AND METHODS

2.1 MOLECULAR BIOLOGY TECHNIQUES

2.1.1 DNA extraction from Blood

Blood (collected in EDTA) was mixed with reagent A: 40mls reagent A (320mM
sucrose, SmM MgCl,, 10mM Tris-HCI pHS, 1% Triton x100) mixed with 10mls blood
and centrifuged for 5 minutes at 2600rpm twice. The pellet was suspended in lysis buffer
4mls with proteinase K added and incubated overnight at 55°C. Two phenol-chloroform
and two chloroform extractions were performed and the genomic DNA precipitated in
100% Ethanol. DNA was removed into a tube containing 0.5ml of sterile 1XTE (10mM

Tris pHS, 1ImM EDTA).

2.1.2 Measurement of DNA concentration

DNA concentration was measured by optical densitometry (OD) using a
spectrophotometer. The OD was measured at 260nm following calibration with distilled
water. DNA concentration was then calculated by adding 1ul of DNA to 5ul water in a
quartz cuvette. For the family genome screen, DNA was diluted to 50ng/ul and stored in
96 well titre plate.
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2.1.3 Polymerase Chain Reaction (PCR)

PCR was carried according to standard protocols using Applied Biosystems 9700
thermocycling machine except for the MRC marker set which used Hybaid Omnigene
thermal cycler. AmpliTaq Gold was used to amplify fluorescent primers from human
genome mapping sets and a proof-reading Taq (Pfu polymerase, Promega) was used for
amplifying sequences to be cloned into expression vectors for RNA mis-expression
studies. 1.5mM MgCl2 was included as standard in all reactions. Annealing temperature
specific to each primer was optimised with test reactions prior to use. Manufacturer’s
instructions were followed to vary the length of the various cycles within the PCR
programme according to the Taq enzyme used. For LMS Version 2 mapping primers,
the manufacturer’s recommended programme was followed, all primers having an

annealing temperature of 55°C.

2.1.4 Oligonucleotide primers for microsatellite markers

For genome wide searches, two sets of fluorescently labelled primers arranged into
panels were used. The first set was a Medical Research Council (UK) panel containing
254 dinucleotide repeat marker loci with an average spacing of 13cM (Reed et al.,
1994). Each marker was labelled with a fluorescent dye (FAM: blue, TET: green or
HEX: yellow). The second set used was purchased from Applied Biosystems (LMS

Version 2) and consisted of 400 markers (TET: blue, HEX: green and NED: yellow)
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with an average spacing of 10cM. All the markers were selected from the Genethon
linkage map (Dib et al., 1996; Gyapay et al., 1994; Weissenbach et al., 1992). Map
positions were taken from CEPH genotype data (Dib et al., 1996). The markers of one
panel within a set were non-overlapping (separated by dye or size) and so could be
pooled to be run simultaneously on a single gel. The map positions of markers within the
two panels were combined to create a single genetic map. The markers used and the
genetic distances between markers are listed in Appendix 1. For higher resolution
genetic mapping of regions of interest, custom-made fluorescent-tagged primers for

markers chosen from the Genethon genetic map were ordered from Applied Biosystems.

2.1.5 Poly-acrylamide gel electrophoresis

Fluorescent PCR products were separated by electrophoresis through a denaturing 4%
polyacrylamide gel in an automated DNA sequencer (Applied Biosystems 377). The gel
mix was polymerised with 35ul TEMED and 250ul 1% Ammonium Persulphate and the
mix injected between two cleaned plates. After 2 hours polymerisation, a 36 or 48 well
comb was inserted into the gel prior to assembly of the heating plate and electrophoresis
leads and addition of buffer (1x TBE: 45mMTris-borate, ImM EDTA) to chambers.
Non-overlapping PCR products from a panel amplified from a single individuals DNA
sample were pooled, the amount added dependent on the strength of the dye and the

amount of product yield as determined by agarose gel electrophoresis.
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Pooled products were added to loading buffer (deionized formamide, blue dextran
50mg/ml and Genescan 500 TAMRA/ 400 ROX size standard) and denatured at 95°C
for 2 minutes and snap cooled on ice.

Samples were loaded in alternate wells and then run for 2 minutes allowing spacing and

improved resolution of adjacent lanes.

2.1.6 Bacterial Plasmid DNA extraction

This was performed using Quiagen miniprep spin column kits according to

manufacturers instructions or by alkaline lysis as described in Sambrook et al.

2.1.7 Basic DNA Manipulation

Common molecular biology techniques were performed as described in (Sambrook et
al., 1989). Restriction enzyme digest was carried out using enzymes from Promega
using an appropriate 1x buffer and 2-5 units of enzyme per lug DNA at the temperature
recommended.

Protein removal was carried out by phenol/chloroform extraction to purify DNA
preparations.

Concentration and purification of nucleic acids was performed using 0.1 volume 3M
sodium acetate and 2.5 volumes ethanol, incubated at -20°C for minimum of 2 hours.
For plasmid transformation, DNA was inserted into competent cells by incubation for 30

minutes on ice, a 30 second heat shock at 42°C and a further 5 minutes on ice. The cells
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were then incubated in LB media for one hour at 37°Cfollowed by plating on the

appropriate antibiotic-containing LB agar plate.

2.1.8 Agarose Gel Electrophoresis and DNA Extraction from Agarose

Separation of DNA and RNA fragments was carried out by agarose gel electrophoresis
in TAE buffer (40mM Tris-acetate, ImM EDTA). The agarose was dissolved in 1XTAE
and ethidium bromide (1mg/ml) was added for visualisation of DNA under ultraviolet
light. The amount of agarose was varied (between 0.8 and 3%) according to the size of
DNA fragment to be run. The DNA was loaded by mixing with loading buffer. A DNA
ladder (1kb or 100bp size standard) was run alongside the DNA. Extraction of DNA
fragments from the agarose gel was performed using the QiaexII gel extraction kit

(Qiagen) according to manufacturer’s instructions.

2.1.9 DNA sequencing

Automated fluorescent sequencing was carried out by the Advanced Biotechnology
Centre, Imperial College School of Medicine using an ABI 377 or 310 sequencer. PCR
product or plasmid DNA as well as sequencing primers were supplied in concentrations

according to their sequencing guidelines.
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2.1.10 Cloning of DNA fragments into Bacterial Vectors

Subcloning of DNA fragments was performed according to Sambrook et al 1989. Blunt
ended ligation was carried out after dephosphorylation of plasmid using CIAP
(Promega) to prevent reannealing. Sticky end ligation was performed where possible

either using enzymes giving compatible ends or digesting primer-engineered restriction

enzyme sites on the ends of PCR amplified DNA. Transformation of the ligated plasmid

was performed as described above and colonies containing the ligation product were
detected by blue-white selection (4ul IPTG and 40ul XGal spread onto agar plates).

The direction of insertion was then tested by restriction digest mapping or by PCR.

2.1.11 Extraction of Total RNA from tissues

Embryos of the required stage were obtained and dechorionated. Lysis (RLT) buffer
from RNeasy mini kit (Qiagen) was added, material homogenised and stored at -80°C.
Tissue suspended in RLT buffer (Quiagen) with B-mercaptoethanol added was
centrifuged through a QIAshredder according to manufacturer’s instructions. RNeasy
protocol (Quiagen) for extraction of RNA was then followed according to

manufacturer’s instructions.
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2.1.12 Reverse Transcriptase Reaction (RT PCR)

RT-PCR was performed in two separate steps. The RT reaction was performed using
Superscript II reverse transcriptase (Gibco) with oligo (dT),, sas a reverse strand primer
and total RNA as a template according to manufacturer’s instructions. The PCR was

performed as described above.

2.1.13 Radiation Hybrid Panel mapping

Hamster-zebrafish hybrid cells each containing small regions of the zebrafish genome
provide substrates for PCR using primers designed against a required DNA sequence.
Amplification will only occur in cell lines containing the sequence and so map position
can be determined by linkage to known markers and chromosomal position. Primers
were designed to the zebrafish lis/ gene allowing amplification of sequence within one
exon and in a region with differences in sequence to that of the mouse gene (assuming
this would be the closest to the hamster sequence). The primers were supplied to the
Geisler laboratory in the Max Plank Institute, Tuebingen for mapping on the Goodfellow

Research genetics mapping Panel.

92



2.1.14 Radio-Isotope Screening of cDNA Libraries

2.1.141 Lambda Bacteriophage Library

Prior to screening, the library was titred by serial dilution so that 50000 plaque forming
units (PFU) would be plated on a 13cm diameter petri dish. 25 plates were used so that
more than 10° plaques would be screened in the first round. The library (zebrafish cDNA
late somitogenesis stage Grunwald library) was cloned into Lambda ZAP II and grown
in XL1 blue (Stratagene).

Filters were pulled in duplicate from each plate and the library filters were screened by
hybridisation with **P-labelled DNA probes according to modified protocols of
(Sambrook et al., 1989).

Hybridisation was performed at 55°C in 50% formamide, 6xSSC, 2%SDS, 5SxDenhardts
with 10ul/ml sonicated denatured salmon sperm DNA and probe added just prior to
incubation. Washing was carried out at 42-55°C in 0.2-2xSSC, 0.1%SDS depending on
the stringency required.

Hybond-N filters were used for hybridisation (Amersham); Fujifilm RX was used to
detect positive colonies. Subsequent rounds of screening were performed until the plates

were “plaque pure” i.e. containing only positive hybridising clones.

2.1.14.2 Rescue of Phagemids from Bacteriophage.

Phagemid (pBluescript SK II+, Stratagene) from positive plaques was rescued using

R408 helper phage (Stratagene) according to retailer’s instructions.
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2.1.14.3 Micro-Arrayed cDNA Library

Filters were obtained from the RZPD (German Resource Centre for Genome Research)
containing three libraries: adult brain cDNA, 16-17 somite total embryo cDNA and
shield stage cDNA (total 6 filters).

Filters were pre-hybridised in Church medium (7%SDS, 0.5M sodium phosphate pH7.2,
ImMEDTA) and 0.1mg/ml yeast torula RNA. These were screened with denatured **P-
labelled human Doublecortin in Church medium overnight at 55°C. Filters were washed
in 40mM sodium phosphate pH7.2, 0.1% SDS at 42°C, 50°C, 55°C and 65°C according
to the signal remaining.

Positive clone co-ordinates were calculated according to filter instructions and the clones

ordered from the database.

2.2 ALLELE SIZING and LINKAGE ANALYSIS

2.2.1 Genescan Analysis

Data from electrophoresis was analysed by the Genescan programme (Genescan 3.1.2
Applied Biosystems). Lane tracking was performed automatically but checked on the gel
image for accuracy. Size allocation to the size standard was input for one lane and

extrapolated automatically to all others again with manual checking for accuracy.
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2.2.2 Genotyping

Data was transferred from the Genescan files to Genotyper (version 2.5.1, Applied
Biosystems) and peak sizes labelled automatically then manually adjusted to prevent
labelling of non-allele peaks. Discrete alleles with similar peak sizes were grouped into

alleles and sequentially numbered.

2.2.3 Computational Linkage Analysis

2.2.3.1 MLINK

Two point linkage analysis was performed using the FASTLINK version of MLINK
(LINKAGE program package) (Cottingham et al., 1993; Lathrop et al., 1984a; Lathrop
et al., 1984b; Lathrop et al., 1986; Schaffer, 1996; Schaffer et al., 1994).

Autosomal dominant inheritance was assumed with a disease allele frequency of 0.0001.
When clinically unaffected individuals were typed, a penetrance of 70% was used.
Multipoint analysis was performed using the same variables listed above but using the
LINKMAP function of the LINKAGE package. Distances used for calculation of the
multipoint score were taken from the CEPH genotypes (Dib et al., 1996).

During all analyses, allele frequencies were assumed to be equal.
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2.2.3.2 GENEHUNTER

Non-parametric analysis was undertaken using the Genehunter programme (Kruglyak et
al., 1996). This involved splitting the pedigree into three equal parts prior to running

markers. Parameters for the linkage analysis were kept constant as described above.

2.3 FISH MAINTENANCE AND OBSERVATION

2.3.1 Observation and Staging of living embryos

Breeding zebrafish stocks (Danio rerio) were maintained at 28.5°C using a 14 hour
light/10 hour dark cycle. Fertilised eggs were obtained from natural spawning and grown
in incubators at 28.5°C, 22°C (to slow development) or 31°C (to accelerate development)
after the completion of epiboly according to the stages required. Embryos were staged

according to standard references (Kimmel et al., 1995).

2.3.2 Obtaining Non-pigmented embryos

Formation of melanin was blocked by incubating embryos in 0.2mM 1-phenyl-2-
thiourea (PTU) at 24 hours onwards to prevent pigmentation of developing embryos

without affecting growth.
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2.3.3 Anaesthetising of Embryos

Where required, embryos were anaesthetised using 0.02% tricaine (3-amino benzoic
acidethylester) in fish water prior to fixation (above 18 somite stage) or prior to

mounting in 3% methyl cellulose for photographing live.

2.4 IMMUNOHISTOCHEMISTRY

2.4.1 Fixation and Permeablisation of tissue

Embryos up to 36 hours of development were fixed in 4% paraformaldehyde (PFA) in
1% PBS (PBS tablets, Oxoid) overnight at 4°C. Embryos older than 36 hours were fixed
in 2% trichloroacetic acid (TCA) in 1% PBS for 3 hours at room temperature. These
were then treated with 0.25% trypsin for 5 minutes on ice to improve permeablisation of

tissue.

2.4.2 Antibody Labelling and Development

Immunohistochemistry was performed according to the methods detailed in (Macdonald

etal., 1995). Horseradish peroxidase coupled (detection by conversion of di-amino
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benzoic acid, DAB and hydrogen peroxide) secondary antibodies were used. To increase
sensitivity of detection, a biotinylated secondary antibody was sometimes used and then
incubation with AB solution (Vector Laboratories) prior to development was required
according to manufacturer’s instructions. Post-staining fixation with 4%PFA in PBS
overnight was used for DAB developed antibodies. Storage of embryos was in

70%glycerol/30%PBS.

2.5 INSITU HYBRIDISATION

2.5.1 Preparation and Fixation of Embryos

Embryos were fixed in 4% PFA overnight. Embryos older than 18 somites were
dechorionated prior to fixation and those younger, after fixation. Embryos were washed
with PBS and then stored in methanol at -20°C. Permeablisation was performed at room
temperature for 5 minutes per 24 hours of development with Proteinase K at a

concentration of 0.0lmg/ml.

2.5.2 Preparation of Riboprobe

In vitro transcription of template (cut cleaned plasmid DNA) for synthesis of

Digoxigenin-labelled antisense riboprobe was performed (1x transcription buffer, 10mM
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DTT, NTP- digoxigenin labelling mix, 40 units RNAse inhibitor and 10 unit Sp6/T7/T3
RNA polymerase: all Promega). Incubation at 37°C for 2-4 hours was followed by
partial hydrolysis if needed, precipitation of probe and removal of unincorporated

nucleotide by spinning on a Probe Quant G50 microcolumn.

2.5.3 Wholemount in situ Hybridisation

Embryos fixed and permeablised as described above were pre-hybridised at 65°C for a
minimum of 1 hour in hybridisation solution (50% formamide, 5xSSC, 50ug/ml heparin,
500ug/ml torula RNA and 0.1% Tween-20). This was replaced by hybridisation solution
containing the anti-sense riboprobe and the embryos incubated at 65°C overnight. Post-
hybridisation washes were performed at 65°C at increasing stringency from 25%
hybridisation mix with 75% 2xSSC to 0.2xSSC. Embryos were then treated with RNAse
T1 (200 units/ml) and A (10ug/ml) in 10mM PIPES/ 0.5M NaCl for 15 minutes and then
washed into blocking solution (2% Boehringer blocking reagent in Maleic acid buffer,
MAB). Incubation in blocking solution was performed for a minimum of 2 hours at
room temperature, and then overnight at 4°C in preabsorbed anti-digoxigenin-alkaline
phosphatase conjugated Fab fragments (1:5000 in MAB block).

After washing and equilibrating in developing buffer NTMT: 0.1M Tris pH9.5, 50mM
MgCl,, 0.1M NaCl, 0.1% Tween-20) NBT/BCIP was added to perform alkaline
phosphatase reaction. When developed, the embryos were washed in PBS to stop the
reaction and then fixed in 4% PFA in PBS overnight at 4°C. Embryos were then

gradually washed into glycerol 70% for storage and mounting.
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2.5.4 In situ Hybridisation on Cryo-sections

Sections were taken from the -80°C freezer and dried for 20 minutes. Slides were then
passed through fixation (4%PFA), washes (PBS) and permeablisation (Proteinase K
Tug/ml in TE (100 mM Tris-HCI pH8 and S50mM EDTA). After refixing for 5 minutes
and washing into 50% Formamide, slides were hybridised overnight at 55°C (50%
formamide, 5xSSC, 10mM Bmercaptoethanol, 10% dextran sulphate, 2xDenhardt’s,
250ug/ml torula RNA and 500ug/ml salmon sperm DNA with riboprobe 1:100).
Slides were washed in 2xSSC at 55°C then RNAse treated (RNAse A 20ug/ml and T1
lun/ml) and washed in 0.2% SSC at room temperature.

Blocking, antibody incubation and development were as in wholemount in situ
hybridisation protocol. Following development, the slides were washed in PBS,
dehydrated through a progressive series of ethanol dilutions, clarified in xylene,

mounted in DPX and covered with a cover slip.

2.6 DETECTION of APOPTOTIC CELL DEATH

2.6.1 TUNEL staining

Embryos were dechorionated, fixed, stored as in the protocol for in situ hybridisation.
The embryos were permeablised in proteinase K 10ug/ml in PBS for Sminutes per 24

hours of development. They were washed in PBT (PBS, 0.1% Tween-20), post-fixed for
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20 minutes in 4%PFA and then further permeablised in Ethanol:Acetone 2:1 for 10
minutes at —20°C. After washing they were incubated in 75ul equilibration buffer (Oncor
Inc) for 1 hour then incubated in working strength TdT enzyme (reaction buffer: enzyme
2:1 plus Tween 0.3%) overnight at 37°C.

The reaction was stopped by washing for 3 hours with Stop/Wash Buffer at 37°C. After
blocking with 5% sheep serum, 2mg/ml BSA in PBT for 1 hours at room temperature,
the embryos were incubated in 1:2000 Anti-digoxigenin antibody (Alkaline phosphatase
conjugated) in block solution. Post antibody washing and development is as described in

the in situ hybridisation protocol above.

2.7 MICRO-INJECTION

2.7.1 Injection Technique

Embryos were obtained at the 1-2 cell stage and microinjection targeted to the cytoplasm
or yolk syncytial layer. Needles were pulled from glass capillary tubes by Clark
Electromedical Instruments needle puller and injections were performed using a

Picospritzer micro-injector.
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2.7.2 Synthesis of Capped mRNA preparation for injection

The construct to be injected was first cloned into an expression vector containing the
SV40 poly A region to promote RNA stability. Capped mRNA was synthesised from
cut, purified DNA using the Message Machine Kit (Ambion) according to the
manufacturer’s instructions. The RNA was purified over a G50 sephadex micro-column
to remove unincorporated nucleotides. The RNA was run on an agarose gel to check
integrity and optical density was measured to check concentration and for

contamination.

2.7.3 Morpholino Preparation

Morpholino-modified antisense oligonucleotides were prepared by Genetools. The
supplied 300nmol (approx. 2.5mg) of lyophilised powder was diluted as a stock solution
in 100ul (25ng/nl in Danieau buffer (SmM HEPES pH7.6, 58mM NaCl, 0.7mM KCl,
0.4mM MgSO,, 0.6mMCa(NO;),). This was then diluted further for injection to test

concentrations of 0.5, 1.0, 2.5, 5.0 and 10ng/nl.

2.7.4 Retino-Tectal Projection Visualisation (fluorescent tracer injection)

Embryos were kept at 28.5°C until 4 days old. They were then fixed overnight in 4%

PFA in PBS and then washed into PBS. Dil and DiO (dissolved in chloroform) were
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then injected one into each eye. The embryos were incubated overnight in the fridge,
mounted in agarose and viewed under the confocal microscope for visualisation of optic

pathway from eye via optic nerve to contralateral tectum.

2.8 SECTIONING OF ZEBRAFISH EMBRYOS

2.8.1 Cryo-Sections

Cryo-sections of zebrafish embryos were cut at a thickness of 10-15um onto poly-L-
lysin or positively charged slides and stored at -80°C. Sections used in this thesis were a

gift of Dr M. Mione.
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CHAPTER 3

ELECTRO-CLINICAL DESCRIPTION OF A NEW PARTIAL
EPILEPSY SYNDROME: PARTIAL EPILEPSY WITH PERI-CENTRAL
SPIKES (PEPS)

3.1 INTRODUCTION

Specific syndromes within idiopathic partial epilepsy have only recently been described
in families. This has allowed the mapping of genes for these conditions and in some
cases the cloning of genes causing the disorders.

To date the familial idiopathic partial epilepsy syndromes described include ADNFLE,
Familial Partial Epilepsy with Auditory Features (FPEAF), Benign Familial Neonatal
Convulsions (BFNC), Benign Familial Infantile Convulsions, Familial Partial Epilepsy
with Variable Foci (FPEVF) and Benign Epilepsy with Centro-Temporal Spikes
(BECTS) as well as other conditions including BECTS such as Autosomal Recessive
Rolandic Epilepsy with Paroxysmal Exercise-induced Dystonia and Writers Cramp (RE-
PED-WC) and Autosomal Dominant Rolandic Epilepsy with Speech Dyspraxia
(ADRESD). Other syndromes (GEFS+ and ADCME) have both partial and generalised
seizures as part of the phenotype.

The key to the identification or mapping of genes for seizure disorders has been the

careful analysis of a syndrome within a family. As epilepsy is a common condition in
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the general population, the presence of phenocopies is likely within a large family such
as one suitable for linkage analysis. Although the syndromes have initially thought to be
rare, once described, wider reporting of the same phenotype often seems to follow.

In this chapter I will describe the characteristic features of a new partial epilepsy
syndrome and differentiate it on a clinical and electrophysiological basis from
previously described epilepsy syndromes. In addition I will discuss the high prevalence
of epilepsy within the family which seems to lie outside the phenotype of the main

epilepsy family syndrome of PEPS.

3.2 RESULTS: Definition of the Phenotype

3.2.1 Definition of PEPS “Core individuals” by characteristic EEG

abnormality

The raw clinical data (collected by Professor Sander) was examined to define which
individuals with epilepsy within the family may have an inherited form of epilepsy.
Many seizures types were identified within the family: temporal lobe complex partial
seizures, hemi-clonic, hemi-tonic seizures, episodes of epigastric pain with secondary
generalisation, absence seizures and myoclonus.

EEG analysis was performed by Dr SJ Smith and the results collated with the clinical
data to define a clinical syndrome. The pedigree is shown in Figure 3.1 taking into

account the definitions described below.

106



/&,

% )

% )0 %%&

% )0

9

*

% % &

% % &






Figure 3.2 Interictal EEG recordings (10 second sampling using bipolar
montage, high frequency filter at 70Hz, low frequency filter at

0.5 Hz)

A. VI:55
* marks sharp and slow waves in Left central and parietal regions.
B. VII:34
* marks sharp and slow wave complexes l
C. VI:44
* marks repetitive sharp and slow waves in Right central and centro-temporal

leads.
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Family members were classified as 'core family members' if they manifested the EEG
signature of peri-central spikes or if their offspring manifested this EEG abnormality and
if no aetiology for their epilepsy could be identified other than a genetic predisposition.
The characteristic EEG abnormalities were either centro-temporal (IV:69, V:44) or
centro-parietal (IV:46, IV:55 and V:34) or frontal (IV:69) spikes and sharp waves. Three
of these EEGs are shown in Figure 3.2 to illustrate the electro-physiological picture.
These core family members (Table 3.1) were then used to describe the range of seizure
types that constitute the family epilepsy syndrome Partial Epilepsy with Pericental

Spikes (PEPS).

3.2.2 Seizure types in the core family members define affected individuals

Family members with epilepsy but without the characteristic EEG signature were
assigned affected status if their semiology was consistent with that described for core
family members and if no other aetiology could be identified other than a genetic
predisposition (Table 3.2). The seizure types defined by the core family members as
typical were hemi-clonic, hemi-tonic, stereotyped episodes of epigastric pain and

temporal lobe complex partial seizures.

3.2.3 Seizures with possible alternative aetiology are common in the
family

Several other individuals had seizures with a possible aetiology other than a genetic

predisposition to the family epilepsy syndrome of PEPS (Table 3.3). Four individuals
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Table 3.1: "Core" Family members with PEPS EEG abnormality

Pedigree
Reference

V:11

V1:46

VI1:55

VI:69

Vil:34

Vil:44

CPS = Complex partial seizures, PSSG = partial seizures with secondary generalisation, FS = febrile seizure, TLE = temporal lobe epilepsy, TC = tonic clonic,

66

63

27

14

31

10

9

Age Studied Age at Sz
Onset

16

13

Seizure Types

Nocturnal CPS (temporal) and left
hemi-clonic (left hemi-facial) Szs
(nocturnal or early morning)

Nocturnal CPS (temporal)

PSSG: Left hemi-tonic (left arm)
with secondary generalisation

CPS (temporal: oro-facial
automatisms and swallowing) from
age 6; hemi-clonic seizures (hemi-
facial) from age 6

No seizures

SPS (epigastric pain) from age 6;
single nocturnal PSSG age 8

No seizures

Sz Outcome

EEG

CPS stopped age 21. Left hemi- Normal

facial seizures stopped age 55

stopped age 18

10 seizures: last age 21. On
VPA and CBZ

CPS and hemi-facial seizures

resolved aged 8 on CBZ
(changed from Pb)

SPS resolved on CBZ

Normal

Centro-parietal

Centro-parietal

Centro-

temporal/fronto-

central

Centro-parietal

Centro-temporal

Neuroimaging

ND

ND

Normal CT
Normal MRI

normal CT

ND

normal MRI

ND

SPS = simple partial seizures, LOC = loss of conciousness, ND = not done. Pb = phenobarbitone, CBZ = carbamazepine, VPA = sodium valproate



Table 3.2: Family members with seizure semiology typical of PEPS

Pedigree
Reference

1:2
V:2

V:3

V.7

V.22

V:26

V:30

Vi:12

VI:18

Age Studied

deceased

deceased

71

68

57

55

52

46

42

Age at Sz
Onset

unknown

unknown

6

15

14

teens

Seizure Types

Nocturnal unclassified TC seizures
Nocturnal unclassified CPS

SPS (epigastric ache); hemi-tonic
(hemi-body); hemi-clonic (hemi-
facial) and nocturnal CPS
(temporal)

PSSG: hemi-tonic sz followed by
secondary generalisation

Unclassified nocturnal TC seizures

Nocturnal Temporal CPS

Sz Outcome

resolved on Pb

continued during adult life
SPS age 6-10. Hemi-tonic and
nocturnal CPS in teens only.
Hemi-facial clonic seizures

onset in teens and ongoing.

Remitted spontaneously age
15

resolved on Pb aged 20

Resolved on Pb aged 18.

(swallowing, fiddling); PSSG age 18 Discont. age 30.Age45 further

Temporal CPS (fear, epigastric
sensation, LOC and confusion)

TC Seizures (unclassified): age 3
to 5; CPS (unclassified): around
puberty only.

Nocturnal Temporal CPS
(swallowing, fiddling)

convulsion with febrile illness
Ongoing
Px Pb until aged 7. TC

seizures: stopped aged 5. CPS:
few only

Remitted age 20

EEG

ND
ND

Normal

Normal

sharp theta L>R
fronto-central

Normal

theta during
sleep

Normal

Normal

Neuroimaging

ND
ND

ND

ND

ND

ND

ND

ND



Table 3.2: Family members with seizure semiology typical of PEPS

Pedigree
Reference

VI1:33

VI:53

VI1:58

V1:83

V1:86

Vii:12

Vik:15

30

25

31

20s

25

15

12

Age Studied Age at Sz
Onset

17

18

14

13

Seizure Types

Non-dominant temporal CPS (look
dazed, speak nonsense)

PSSG: left hemi-tonic (tonic
posturing left arm) followed by
secondary generalisation

SPS (epigastric pain) and rare
PSSG

Temporal CPS (oral and
swallowing movements); possible
SPS (enigastric pain)

SPS (epigastric pain) and 1
episode of PSSG

PSSG: hemi-clonic (unilateral arm
jerking followed by secondary
generalisation)

Nocturnal Temporal CPS

Sz Outcome

Frequent until age 23

2 episodes only aged 18 and
21

Remitted aged 17

CPS resolved age 12;
epigastric pain from age 12-15
only

Resolved aged 16

6 Szs age 2 and 4. Szs
stopped with Pb.

Resolved aged 10

EEG

ND

Normal

Centro-parietal
sharp waves

Normal

Normal

ND

ND

Neuroimaging

ND

normal CT

normal CT

ND

normal CT

ND

ND



Table 3.3: Family members with seizures of possible alternative aetiology

Pedigree

Reference Studied

Symptomatic Epilepsy

VI1:25

VI:27

Vi:42

VI1:51

Age

43

41

34

28

Age at
Onset

neonatal Neonatal convulsions; left hemi-

12

Seizure Types

clonic (left arm focal motor)

with rare PSSG; nocturnal CPS

(fear, motor automatisms)

Probable, prolonged febrile
convulsion age 5; left hemi-

clonic (facial twitching) from 7
with single PSSG; Age 36 CPS
(temporal: epigastric aura, fear,

motor automatisms)

Seizure Outcome

EEG

neonatal convulsions stopped Fronto-

age 1 month. Left hemi-

temporal/fro

clonic, PSSG and CPS age 17 nto-central

to 24. Pb until age 41

Single FS only; left hemi-
clonic seizures age 7 to 14
(Pb until age 20); medically
refractory TLE age 36 till
present (on CBZ/Pb)

Fronto-
temporal/fro
nto-central

PSSG (focal motor activity Right One seizure per year until age Generalised

arm followed by secondary
generalisation)

PSSG (looked dazed and not
responding followed by
secondary generalisation).
Majority nocturnal

15 on anti-epileptic

spike-wave

medication (discontinued age discharge

24). One further seizure age
30

1984

Last seizure age 18. Stopped Normal

CBZ aged 22

Neurolmaging

CT: Right para-
sagittal ovoid
calcification: medial
frontal (4-5mm)

MRI: Right
hippocampal
sclerosis

CT: 3 small
calcifications. Right
parietal(convexity);
Left parietal
parasagital; Right
med occipital.

MR!: as CT

CT: 2 small

calcifications. Left
medial frontal; Left
occipital convexity

Other Genetic
Status
CSF Heterozygous
negative
neurocyster
cercosis.
Heterozygous
CSF Partial
negative for Heterozygous
neurocyster
cercosis.
CSF Absent
negative for
neurocyster
cercosis.



Table 3.3: Family members with seizures of possible alternative aetiology

Pedigree Age
Reference Studied

Age at
Onset

ldiopathic Generalised Epilepsy

Vi:54 19 13
VI1:20 15 10
Unclassified Epilepsy
V:21 60 1st
decade
V:24 54 early
teens
VI:56 30 6
VI: 80 21 5

Seizure Types

early morning myocionic jerks;
PSSG: right hemitonic (tonic
posturing of arm) followed by
secondary generalisation

absence seizures age 10: early
morning myoclonus age 14.

unclassified TC seizures

unclassified nocturnal TC
seizures

prolonged febrile convulsion age
6. 3 afebrile nocturnal
unclassified TC seizures

unclassified TC seizures

Seizure Qutcome

Myoclonus stopped with VPA
aged 17; PSSG stopped aged
16 with CBZ

Ongoing seizures.

On Pb and Clonazepam. No
seizures since early 20s. Also
severe learning difficulties,
hvpothyroidism

Resolved in late teens

Last seizure age 11. On Pb
until late teens

2 episodes age 5 and age 9

EEG

Generalised
spike-wave
and Right
fronto-central
slow.

Normali

ND

Normal

Normal

Normal

Neuroimaging Other

normal CT

normal CT

ND

ND

normal CT

normal CT

Genetic
Status

Heterozygous

Not tested

Not tested

Not tested

Not tested

Not tested



had abnormal neuroimaging; three (VI:25, VI:42, VI:51) had small (4-5mm)
calcifications in brain regions that could account for both their epilepsy and EEG
abnormality and one (VI:27) demonstrated right hippocampal sclerosis. Two individuals
manifested generalised spike-wave activity without peri-central spikes (V1:42, VI:54)
and one (VII:20) had seizures also suggestive of primary generalised epilepsy with a
normal EEG. Four individuals (V:21, V:24, VI:56 and VI:80) had unclassified epilepsy
without any EEG abnormality or offspring with PEPS. All of these individuals were

designated 'unknown' for the purposes of linkage analysis.

3.2.4 Phenotypic characteristics of PEPS

The key features of PEPS are summarised below. Firstly, there are several characteristic
seizure types seen within the family, namely hemi-tonic seizures (5), hemi-clonic
seizures (4), simple partial seizures consisting of epigastric pain with or without
secondary generalisation (4) and complex partial seizures consistent with temporal lobe
epilepsy (6). Frequently more than one of these seizure types would occur in one
individual. Secondly, the onset of epilepsy in PEPS is early, in the first and second
decades. Thirdly, the syndrome is relatively benign with infrequent secondary
generalisation and either spontaneous remission or remission on single anti-epileptic
medication (most commonly Carbamazepine). Two individuals had the EEG signature
of PEPS without any clinical seizures and there were several obligate carriers within the
wider affected family as defined by seizure type. Four also had epigastric pain without

any other more definite evidence of epilepsy and so were not counted as affected by
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epilepsy for the purpose of clinical description of the family syndrome or genetic
analysis. There was persistence of seizures to the age of 71 (V:3) although these were
simple partial seizures and no medication was being taken. Lastly, a high proportion of
seizures occurred from sleep although this is a less marked feature than seen in

ADNEFLE.

3.3 DISCUSSION

3.3.1 Electro-clinical differentiation from other familial partial epilepsy

syndromes

PEPS can be readily distinguished on an electro-clinical basis from previously described
familial epilepsy syndromes.

a. FPEVF: In this autosomal dominant syndrome, affected family members
characteristically manifested only a single partial seizure type (Scheffer et al., 1998;
Xiong et al., 1999) in contrast to several seizure types seen within one individual in
PEPS (for example, V:11 and VI:55). The manifestation of more than one partial seizure
type in PEPS could reflect the central origin of the epileptic discharge with spread to
different regions. Also in FPEVF, the EEG abnormality is concordant with the seizure
type whereas in PEPS, the exact EEG abnormality does not necessarily correlate with

the types of seizure experienced (Individual VI:55).
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b. BECTS: Clinically, PEPS has many features in common with benign epilepsy with
centrotemporal spikes (BECTS), including hemi-convulsions, nocturnal emphasis and
peri-central spikes. Patients with BECTS may also manifest epigastric auras, a
characteristic of patients with temporal lobe and opercular seizures (Legarda et al.,
1994). Typical temporal lobe complex partial seizures are, however, a rare manifestation
of BECTS (Legarda et al., 1994). In contrast, 9/30 family members with PEPS
manifested complex partial seizures consistent with temporal lobe epilepsy. PEPS
further distinguishes itself from BECTS in terms of persistence of both epilepsy and
EEGQG trait. The rolandic seizures of BECTS typically remit by teenage years. In a study
of 168 patients with BECTS studied beyond the age of 20, 165 (98%) remained seizure
free as adults with the three remaining patients (2%) having rare generalised seizures 6-
14 years after BECTS had remitted (Loiseau et al., 1988). In PEPS, of the four affected
family members with childhood hemi-convulsions, seizures continued beyond the age of
20 in two (V:3, V:11), persisting into late-adulthood in both. Similarly, the rolandic EEG
discharges of BECTS are not seen beyond the age of 16 (Wirrell, 1998) but in PEPS are
clearly identified in adults as old as 30 years. As with BECTS, waking EEG
abnormalities are seen in family members with no history of seizures.

The dominant EEG feature of BECTS is a spike or sharp wave with average duration
around 74ms, typically of high amplitude and with a following slow wave (Kellaway et
al., 2000). The rolandic spike of BECTS is typically surface negative in the inferior
rolandic area and positive in the frontal region. The peri-central spikes of PEPS in
contrast, are typically of shorter duration than that of BECTS. When rolandic spikes of
BECTS have been abolished as a result of effective drug treatment, the discharge may

manifest as a low voltage spike in the central region (Kellaway ez al., 2000). Drug
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treatment cannot account for the morphology of the peri-central spike in PEPS as two
core family members manifested the PEPS EEG morphology off anti-epileptic
medication (VI:69 and VII:44). Spike location further distinguishes PEPS from BECTS.
Whilst atypical spike location has been noted in 17% of patients with BECTS (Wirrell ez
al., 1995), the pericentral spikes of PEPS are frequently centro-parietal (3/5).

Thus, PEPS distinguishes itself from BECTS in terms of the additional seizure types
(seen both within the family and in individuals), in the persistence of the EEG trait and
epilepsy into middle and late-adulthood as well as in the differences in spike

morphology and distribution.

c. ADRESD:  The electroclinical features of Autosomal Dominant Rolandic Epilepsy
with Speech Dyspraxia (Scheffer ez al., 1995) are identical to those of BECTS, with
typical rolandic seizures and an EEG showing centrotemporal spikes. In contrast to
BECTS however, individuals with ADRESD manifest oromotor and speech dyspraxia in
addition to the epilepsy. Neither the typical EEG features of BECTS nor the features of

oromotor and speech dyspraxia are observed in PEPS.

d. RE-PED-WC: A further syndrome with age-related rolandic epilepsy is
Autosomal Recessive Epilepsy with Paroxysmal Exercise-induced Dystonia and Writers
Cramp (RE-PED-WC) (Guerrini et al., 1999). PEPS has neither the additional features
of this syndrome, the typical age distribution of the rolandic seizures nor autosomal

recessive inheritance.
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e. ADPEAF:  Autosomal Dominant Partial Epilepsy with Auditory Features
(ADPEAF), a familial partial epilepsy syndrome mapped to chromosome 10q, has no
clear similarities clinically to PEPS (Michelucci et al., 2000; Ottman et al., 1995;
Winawer et al., 2000). ADPEAF affected family members commonly manifest an
elementary auditory aura usually followed by complex partial seizures with frequent
secondary generalisation. Interictal EEGs in ADPEAF are typically normal and PEPS is
further distinguished by the absence of ictal auditory phenomenon in any of the affected

individuals.

f ADNFLE:  PEPS is readily distinguished from Autosomal Dominant Nocturnal
Frontal Lobe Epilepsy (ADNFLE) particularly by the difference in seizure semiology
and timing. Although many of the PEPS seizures were nocturnal, the number that

occurred during daytime is much greater than would be expected with ADNFLE.

g GEFS+: The majority of seizures occurring in the syndrome of GEFS+ are
generalised seizures with febrile convulsions a particular feature. Although some
families with GEFS+ have partial seizures, these are a minor feature of the clinical

syndrome in contrast to the seizures found in PEPS.

3.3.2 Non-PEPS epilepsy in family

A distinctive feature of this family is the high incidence of other (non-PEPS) forms of

epilepsy within the pedigree. Four individuals appeared to have symptomatic epilepsy,
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three with areas of calcification on CT and one with hippocampal sclerosis. Out of the
three with calcification on CT scanning, two (VI:25 and VI:42) had seizures typical of
PEPS (hemi-clonic seizures in both, nocturnal temporal complex partial seizures in
VI:25 only) and the other, VI:51, had unclassified nocturnal complex partial seizures
with secondary generalisation. The aetiology of the calcification is uncertain but could
be due to Neurocysticercosis and could cause epilepsy. The individual with hippocampal
sclerosis (VI:27) had hemi-clonic seizures in keeping with a diagnosis of PEPS between
the age of 7 and 14 but also had a febrile convulsion aged 5 years developing drug-
resistant temporal lobe epilepsy from the age of 36. Two individuals had idiopathic
generalised epilepsy; one with early morning myoclonus (VI:54) and one with
myoclonus and absence seizures (VII:20). One of these (VI:54) had right hemi-tonic
seizures in addition but without the EEG signature of PEPS although there was slowing
in the right fronto-central region. Another individual (VI:42) had generalised spike-wave

discharge on his EEG, hemi-clonic seizures and calcification on the neuro-imaging.

3.3.3 Relevance of familial epilepsy genetics to sporadic idiopathic

epilepsy

It has not been well documented whether the genes described so far in familial epilepsy
syndromes are important in idiopathic generalised epilepsy, in seizure predisposition or
in the severity of symptomatic epilepsy. The only studies so far which clearly support
this are (Escayg et al., 2000a) and (Chioza et al., 2001). There are also some association
studies which lend support to many of these genes being involved in the commoner
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idiopathic generalised epilepsy syndromes but many of these have not been replicated
(see Tables 1.4 and 1.5). The argument in favour of them being important in wider
epilepsy phenotypes is supported however by the overlap between various
channelopathies and a higher than normal incidence of epilepsy. For example, there have
been a number of reported cases of individuals within families of Episodic ataxia type I
(EA1) who not only have the myokymia and episodic ataxia but also epilepsy. In a
recent report of the co-existence of EA1 and epilepsy in a family, the literature was
reviewed and a total of 8 cases of EA1 with epilepsy out of 90 individuals with EA1
were reported. This gave a relative risk of epilepsy in patients with EA1 of 17.8 (Zuberi
et al., 1999). Secondly although most of the familial epilepsy syndromes are rare
syndromes not commonly seen in the wider population, the syndrome of GEFS+
contains several of the commoner types of seizures within its phenotype. This could
argue in favour of the relevance of the genes discovered for GEFS+ in epilepsy on a

wider scale.

3.4 SUMMARY

In this chapter I have described a new idiopathic partial epilepsy syndrome with peri-
central spikes. It has been distinguished both clinically and electrophysiologically from
other familial idiopathic partial epilepsy syndromes. As with all familial epilepsies, the
inherited nature of this new syndrome may be overlooked because of the variability in
penetrance and seizure types between affected family members. In this case the family

members were linked by characteristic seizure types and a characteristic EEG pattern.
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CHAPTER FOUR

GENETIC AND LINKAGE ANALYSIS OF PEPS FAMILY

4.1 INTRODUCTION

4.1.1 Genetic Analysis: Modes of Inheritance

Initial characterisation of a family has to include an assessment of the mode of
transmission: autosomal dominant, recessive, X-linked or mitochondrial manner of
inheritance.

Autosomal dominant inheritance requires only one mutant allele per individual and so
reveals affected members in consecutive generations although reduced penetrance can
mask this. In true dominant inheritance, individuals can be homozygous for an affected
allele without additional detrimental effects.

For autosomal recessive disorders, an individual will need to have two mutant alleles to
be affected with the disease. The disease will therefore not typically manifest in every
generation.

Male to male transmission excludes both X-linked inheritance and mitochondrial DNA
disorders. Maternal inheritance of mitochondrial DNA usually results in equal numbers
of affected male and female offspring (although there are exceptions to this pattern, for

example Leber’s hereditary optic neuropathy (Harding et al., 1995)). The severity and
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pattern of mitochondrial disease is governed by the proportion of abnormal mitochondria
in a particular tissue, so-called heteroplasmy.

X-linked recessive disorders affect primarily males who inherit their only X
chromosome from their mother. Some females may however have mild disease
(manifesting carriers). X-linked dominant inheritance is also described, typically
affecting hemizygous males more severely than heterozygous females as the process of
X chromosome inactivation means that, on average, half the cells will inactivate the
abnormal X chromosome (Lyonisation). X chromosome inactivation is not a fully
random process however, and so if there is skewed inactivation for whatever reason,
females can be either more or less severely affected. One example of this is the presence
of a chromosomal translocation: this will skew X inactivation to ensure that the

translocated chromosome is kept active (for example in (Ross et al., 1997)).

4.1.2 Genetic Analysis: Linkage Analysis Programmes

Fundamentally, mapping of a disease gene relies on the finding of a chromosomal region
(haplotype) being shared by individuals affected with a disease and not being present in
those family members unaffected by a disease. Although simple in concept, there are
limitations to the practical application of this technique and it is not quantitative. This
has meant that a computational approach is now more usually taken to linkage analysis.

The main types are described below, with particular attention to those used in this study.
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41.21 Parametric Analysis

This gives scores dependent on whether co-inheritance of a disease trait and of a
particular chromosomal region are shared and fit a predefined set of parameters
including a particular inheritance pattern. It relies upon the phenomenon of
recombination, allowing a statistical measure of the genetic closeness (recombination
fraction, ) between two loci: in disease mapping, the marker and the inherited trait. It
involves calculation of a LOD score between a marker or genetic locus and a disease
trait in a two-point score or across several loci in calculation of a multi-point score. The
LOD score is the log,, of the likelihood ratio or relative probability that there is linkage
between the marker and the disease (i.e. 6<0.5) and the likelihood ratio of the null
hypothesis of no linkage (i.e. 6=0.5), (Morton, 1955). The score can be calculated by
computer, usually the LINKAGE programme (Lathrop et al., 1984a; Lathrop et al.,
1984b; Lathrop et al., 1986). This method is sensitive to deviations from the inheritance
model (autosomal or X-linked dominant or recessive inheritance) specified. A two-point
score has the advantage of easy calculation even in large families and can cope with
consanguinity loops. The disadvantage of this method is that it does not use information
from surrounding markers. The maximum amount of genetic information can be
extracted from a pedigree by performing a multi-point analysis of closely spaced
markers. The multipoint score is the same as the two-point LOD score if the markers are
fully informative. A multi-point score calculates linkage for a specific genetic locus
using information from all the surrounding markers. The number of loci which can be

analysed together is however small because of computational limitations. With an
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increase in the size of a pedigree or an increase in the number of untyped individuals, the
number of markers that can be examined together decreases further (to 3 in this study).
The score at which a result is considered statistically significant has been the source of
debate. Traditionally a LOD score of >3 has been taken to be significant, corresponding
to a pointwise significance level of p = 10®. Over a genome scan, this gives a
significance level of 9%, i.e. almost 1 in 10 genome screens will give a false positive
result. More recently it has been proposed that a LOD score of >3.3 should be used as
the threshold for significant linkage. This corresponds to a pointwise p value of 5 x 107,
which over a genome screen implies a significance value of 5% (chance that the region
is a false positive is no more than 5% or 1 in 20 genome screens) (Lander et al., 1995)
reviewed in (Nyholt, 2000). In this study a maximum LOD score of 3.3 has been

achieved making it significant under either criteria of linkage.

4122 Non-parametric analysis

Non-parametric analysis has advantages if the mode of inheritance or any other
parameters are unknown or uncertain, as incorrect specification would reduce the score
of a parametric analysis. It loses power compared to a parametric analysis when
parameters can be specified accurately. Therefore it is typically applied to mapping of
complex trait genes. There are several different computational programmes for
calculation of non-parametric scores. Traditional methods work by breaking up of
pedigrees into small nuclear families to which sib-pair analysis is applied (reviewed in
(Kruglyak et al., 1996; Nyholt, 2000)). The principle behind sib-pair analysis is the
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sharing of alleles between sibs which are inherited from a common parental allele (the
allele is identical by descent, IBD). A non-parametric analysis tests whether the pattern
of inheritance of an allele deviates from expectation under independent assortment. This
however can lose information from a larger pedigree structure as any larger family
structure is broken down into sib pairs for analysis. Secondly, the “affected-pedigree-
member” method (reviewed in (Kruglyak et al., 1996)) looks at all members of a
pedigree to see whether an allele is shared at a locus throughout the family. It does not
however use the family information to differentiate between alleles being identical by
state (IBS) or identical by descent (IBD), as parametric and sib-pair methods do. The
GENEHUNTER programme provides a way of calculating both a multi-point parametric
analysis (LOD score calculation) alongside a calculation of an NPL (non-parametric
linkage) score (Kruglyak et al., 1996), reviewed in (Nyholt, 2000). The scores obtained
result from tracing the inheritance of alleles throughout the whole pedigree (not just sib-
pairs), differentiating between alleles identical by descent rather than those identical by
state. The parametric score is calculated by testing the inheritance of alleles within a
pedigree against a defined mode of inheritance whereas the non-parametric score
calculates whether the affected individuals share alleles by descent more frequently than
expected under random segregation. The programme also calculates a measure of the
information content (as a fraction of the maximum) extracted from each marker.
GENEHUNTER is designed for small to medium size families (maximum of around 12

members). If the family exceeds this then the least informative members are discarded.
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4.2 GENETIC ANALYSIS OF THE PEPS FAMILY

4.2.1 PEPS appears to be transmitted in an autosomal dominant manner

Examination of the pedigree reveals affected members in consecutive generations taking
PEPS epilepsy as the trait under examination. The proportion of affected sibs with an

| affected parent is 62% using both epilepsy and EEG phenotypes. Given an autosomal
dominant model of inheritance, there is reduced penetrance within the family. There is
male to male transmission of the epilepsy trait excluding mitochondrial DNA or X-
linked recessive inheritance (VI:66-VII:44). The proportion of females affected would
also make X-linked inheritance unlikely.
The presence of consanguinity within the family raises the possibility of an autosomal
recessive disorder but by far the most likely mode of inheritance is autosomal dominant.
The known consanguinity loops within the family are mostly involving the older
generations and yet there are still affected individuals in the younger “outbred”
generation. These are the result of marriages outside the relatively isolated area from
which the family originated and argue against a recessive disorder.
The presence of consanguinity loops within the pedigree further complicates the
analysis. One of these is described exactly by existing family members and is shown in
the main pedigree drawing in Chapter 3 (Figure 3.1) and can be modelled into the
linkage analysis pedigree file. There is however at least one other which is less well
defined and as much information as is known about it is shown in Figure 4.1. Because

of the inexact nature of this loop, it is not possible to model into linkage analysis
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Figure 4.1 Partially defined consanguinity loop in PEPS family

The pedigree members shown in black are those from the original family. The pedigree
numbers shown correspond to those shown in Figure 3.1.
The individuals shown in red are part of a family who have married several members of

the PEPS family and are also thought to be distantly related to the PEPS family.
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programmes. The people in this loop were therefore classed as unaffected, unrelated
marrying-in individuals. Because of the loop, there is a remote chance that these
individuals could carry an affected allele although apparently none had epilepsy, but no
DNA samples were available on these individuals and so they were not typed for the

analysis.

4.2.2 Phenocopies

There is almost certainly epilepsy within the family not due to PEPS and each case has
been carefully assessed, excluding from the linkage analysis those with atypical or
unclassified seizures or seizures with a possible alternative aetiology other than PEPS.

These cases have been described in more detail in Chapter 3.

4.3 Overview of models used for linkage analysis

Because of consanguinity within the family, the possibility of a more complex mode of
inheritance than a straightforward autosomal dominant pedigree is raised, therefore
several different models were used to perform linkage analysis. Firstly the family was
analysed using all the available pedigree information, including the well-characterised
loop within the family in the analysis. Using this model, the analysis was performed
using an autosomal dominant model in the FASTLINK (Cottingham et al., 1993;
Schaffer, 1996; Schaffer et al., 1994) version of MLINK programme from the

LINKAGE package providing two-point analysis across the genome. A multipoint
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exclusion analysis could not be performed using this model because the amount of
unknown typings contained within the loop was too great for the computer analysis.
Secondly, manual construction of overlapping haplotypes for the whole genome was
undertaken to exclude areas with recombinants and identify areas in which the disease
could be located, assuming a single gene inheritance and the absence of double
recombinants. This had the advantage of identifying areas not sufficiently informative to
give a LOD score suggestive of linkage on statistical analysis and also of allowing an
analysis irrespective of mode of inheritance. Thirdly, a multipoint analysis, using the
LINKMAP function of the LINKAGE package, was performed without the
consanguinity loop modelled in, assuming autosomal dominant inheritance, in those
areas not excluded by the haplotype analysis and in areas of the genome in which loci
for epilepsy have already been mapped.

A further analysis to try and identify areas of interest, eliminating the complications of
consanguinity and assumptions about mode of inheritance was performed using a non-
parametric linkage analysis with the Genehunter programme. This required splitting the
family into three separate units to allow the programme to work and adding together the
resultant scores.

Overall, for the genome analysis, 20 affected individuals, S5 “unknown” affectation status
family members were typed using a total of approximately 500 markers across the
genome, spaced at approximately 10cM intervals. In areas not excluded by a manual
haplotype reconstruction, further markers were typed in the region together with typing

of 3 “marrying-in” individuals and 2 unaffected family members.

136



4.4 RESULTS

4.41 Autosomal Dominant two point analysis containing consanguinity

loop

The individuals analysed are listed in Table 4.1. This method of analysis revealed 3
areas of interest with LOD scores above 1.5. Although this is the analysis that most
closely models the family, the power of the analysis is limited by the fact that the
affected allele could theoretically have come from either side of the pedigree
(individuals IV:1/2) or even from both. Without the typings of these individuals, this
could not be inferred. To allow for this, individual IV:1 was given a liability class
allowing him to carry the affected allele despite him having no known personal history
of epilepsy. Theoretically he had a probability of 1 in 8 of having the affected allele, for
the purposes of linkage analysis he was counted as unaffected with a penetrance of 70%.
This also gave their offspring a chance of being homozygous for an affected haplotype.
The LOD scores analysed by this method are listed in Appendix 2.

The regions giving a LOD score larger than 1.5 were 4p15 (1.73 at 6=0 at marker
D4S2935), 10q11-21 (2.4 at 6=0 for marker D10S196) and 11q21 (1.66 at 6=0 for
marker D11S4175). In addition to not providing an area definitely linked to the
condition, the analysis only excluded approximately half the genome (Table 4.2), given
the magnitude of the negative LOD scores obtained and the distances between markers.

More of the genome may have been excluded if a multi-point analysis had been possible.
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Table 4.1 Individuals used in the genetic analysis

Affected Unaffected (marrying-in

individuals/  individuals: added for Unaffected family members
obligate analysis of (Added for analysis
carriers 4p15/10q12/10925 4p15/10912/10g25)

V:3 V.8 VI1:36
V:5 V:10 V172
V.7 VI1:42

V:9

V:11

V:13

V:15

V.22

V:26

VI:12
Vi:43
VI:46
VI:53
VI:55
VI:58
VI:66
VI:69
VI1:86

Vil:12
VII:34



Table 4.2  Percentage of each chromosome excluded by linkage analysis
using Autosomal Dominant two-point analysis containing

consanguinity loop

Chromosome % Excluded Chromosome % Excluded
1 41 12 80
2 50 13 71
3 79 14 54
4 40 15 62
5 41 16 76
6 71 17 62
7 69 18 45
8 71 19 55
9 69 20 20
10 51 21 81
11 54 22 32
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4.4.2 Genehunter: Non-parametric analysis of data

As discussed above, using this programme required the family to be split into three equal
parts. This meant that this method of analysis had reduced power for exclusion so was
primarily used as a means of identifying additional areas of interests. The scores
obtained are attached in Appendix 3 as NPL scores. Analysis of five areas gave NPL
scores of 2 and above on non-parametric analysis: chromosomes 1, 7, 8, 11 and 16. After
manual inspection of the haplotypes, these areas did not appear to contain a conserved
haplotype, therefore the way in which the pedigree was divided was rearranged. The
NPL scores in the rearranged pedigrees are also shown in Appendix 3. In some cases the
rearrangement of the pedigree abolished the positive scores. The best illustration of this
is seen in chromosome 11 where the initial NPL score was 5.9 at D11S901. On
rearranging the pedigree into three different divisions, the score dropped to less than 1.
The reason for this was obvious on haplotype reconstruction: three different segregating
alleles had segregated with the original division of the family giving a spuriously high
result. The areas remained positive on the other chromosomes but these were not

pursued further as haplotype reconstruction did not support linkage in these areas.

4.4.3 Manual Chromosomal Haplotype Construction

As the two-point scores achieved were not sufficient to exclude many areas of the
genome and only gave three areas with LOD scores over 1.5 and none above 3, the
entire genome was examined manually. This was done by reconstruction of the whole

genome into overlapping haplotypes. Eleven areas were identified as not excluded:
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Chromosomes 2p25-23, 2pl14-11, 2q14-30, 4p15, 8q24, 10q11-21, 10q25, 11p15-13,
14q11-21, 20q11-12 and 20q13. Of these, only three remained unexcluded after running
a multipoint analysis (see section 4.4.4.2 below and Figure 4.3) over the markers
involved, namely 4p15, 10q11-21 and 10q25. Two of these areas correlated with the
areas identified by the autosomal dominant two-point analysis (4p15 and 10q11-21).
Extra individuals (unaffected individuals VI:36 and VI1:72) and further markers in these
three areas were typed (chromosome 4p15: D452983, D4S2311 and D452926,
chromosome 10q12-21: D10S1767, D10S1666 and D10S1669 and chromosome 10q25:
D10S1483 and D10S1723) and the haplotypes with this extra information constructed
again. This resulted in exclusion of the two areas on chromosome 10 leaving only 4p15
as the possible location for PEPS (see also multi-point score, Figure 4.4 and section

4.4.5.2).

4.4.4 Autosomal dominant multipoint analysis without consanguinity loop

This analysis used a simplified version of the pedigree, leaving out the known
consanguinity loop because of computational constraints. Because of the time involved
in performing a multi-point analysis of the entire genome, this analysis was undertaken
only in selected regions. Firstly it was used to supplement the construction of
overlapping haplotypes to exclude previously mapped loci for epilepsy syndromes and
secondly to give a multipoint LOD score for those areas of interest not excluded by the

haplotype reconstruction (section 4.4.3).
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4.4.41 Exclusion of known epilepsy loci

Firstly a multi-point exclusion was run across loci to which the following familial partial
epilepsy syndromes have already been mapped:

Benign Epilepsy with Centro-Temporal Spikes (BECTS;15q): maximum LOD score
—4.9

Autosomal dominant partial epilepsy with auditory features (ADPEAF; 10q): maximum
LOD score —3.86.

Autosomal Recessive Rolandic Epilepsy with Paroxysmal Exercise-induced Dystonia
and Writers Cramp (RE-PED-WC; 16p): maximum LOD score —2.64.

Familial Partial Epilepsy with Variable Foci (FPEVF; 2q and 22q): maximum LOD
score —11.05 and —4.06 respectively.

Generalised epilepsy with febrile seizures plus (GEFS+; 2q, 19q and 5q): maximum
LOD scores —4.19, -5.51 and —7.44 respectively.

Autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE; 1p, 15q and 20q):

maximum LOD scores —2.94, -4.83 and —4.58 respectively.

The multi-point scores at these loci are shown in Figure 4.2.

This analysis resulted in exclusion of all these previously described epilepsy loci as the

map position of PEPS.
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Figure 4.2 Exclusion of known epilepsy loci in the PEPS family

Multi-point LOD scores for loci to which idiopathic partial epilepsy syndromes have

been mapped to date

A ADNFLE chromosome 20
B ADNFLE chromosome 15
C ADNFLE chromosome 1
D FPEVF chromosome 2
E FPEVF chromosome 22
F ADPEAF chromosome 10
G GEFS+ chromosome 2
H GEFS+ chromosome 19
| | GABA-AYy2 chromosome 5
J BECTS chromosome 15

K RE-PED-WC chromosome 16
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4442 Further linkage analysis in unexcluded areas

Multipoint analysis was undertaken in the eleven areas which remained unexcluded by
manual chromosomal haplotype analysis. The scores obtained in these areas are shown
in Figure 4.3. Only three of these regions gave LOD scores greater than -2: 4p15
(maximum LOD = 1.98), 10q11-21 (maximum LOD = 0.31), and 10925 (maximum
LOD =2.44).

Further markers were analysed for these three areas of interest together with 2
“marrying-in” individuals and two unaffected individuals, VI:36 and VI:72 (unaffected
with penetrance of 70%). As with the haplotype reconstruction of the extra markers and
family members in these areas, further multipoint analysis excluded 10q11-21 and
1025 (Figure 4.4) but supported linkage to 4p15, giving a maximum multi-point LOD
score of 3.3 at D4S2311. A graph of the scores obtained across this region after typing
of additional individuals and further markers is shown in Figure 4.4. This LOD score
approximates to the maximum possible LOD score for this family given the lack of
information in several affected individuals because of their homozygosity.

A two-point analysis with and without the consanguinity loop included of the individual
markers in this region was also performed and the LOD scores are shown in Table 4.3.
As can be seen they do not achieve significant linkage but only a level suggestive of
linkage, the higher score being obtained in the model closest to the real family situation,

namely containing the consanguinity loop.
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Figure 4.3 Multipoint Analysis of Unexcluded Areas from Haplotype

Analysis

A. Chromosome 2p25-23: D2S2211, D2S162, D2S168, D2S131, D2S305

B. Chromosome 2p14-11: D2S2368, D2S286, D2S139, D252333, D2S2216

0

Chromosome 2q14-30: D2S347, D2S112, D2S114, D2S151, D2S142, D2S52330,
D2S335

Chromosome 4p15: D4S412, D4S2935, D4S403, D4S391

Chromosome 8q24: D8S281, D8S198, D8S514, D8S284, D8S272

Chromosome 10q11-21: D10S197, D10S208, D10S196, D10S220, D10S1652

Chromosome 10g25: D10S190, D10S587, D10S217, D10S1651, D10S212

T Q" om o

Chromosome 11p15-13: D11S922, D11S1338, D11S569, D115S899, D11S904,

D11S907, D11S935

L Chromosome 14q11-21: D14S261, D14S283, D14S72, D14S50, D14S275,
D14S80, D14549, D14S70, D14S288

J. Chromosome 20q11-13: D20S195, D20S106, D20S107, D20S119, D20S178,

D20S196

K. Chromosome 20q13: D20S100, D20S173, D20S171, D20S93
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Figure 4.4 Additional Multi-point LOD score analysis of chromosome
4p15, 10925 and 10q12-21 (with extra markers and family

members).

A. Multipoint analysis of chromosome 4p15
Markers: D452935, D4S2983, D4S403, D4S2311 and D4S2926

Maximum LOD score of 3.3 obtained at D4S2311.

B. Multipoint analysis of chromosome 10q25
Markers: D10S1483, D10S587, D10S1723, D10S217 and D10S1651

Maximum LOD score of 4.8

C. Multipoint analysis of chromosome 10q12-21
Markers: D10S308, D10S1666, D10S1669, D10S196, D10S220, D10S1767 and
D10S1652

Maximum LOD score of -3.6
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