
The Role of Genetic Factors in Neuronal

Migration Disorders and Epilepsy

DR LUCY KINTON

INSTITUTE OF NEUROLOGY 

UNIVERSITY COLLEGE LONDON

In submission for the degree of Doctor of Philosophy

January 2003



ProQuest Number: U643827

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U643827

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



ACKNOWLEDGEMENTS

I would like to thank my supervisors, Nick Wood and Steve Wilson for all their input 

over the years.

Also thanks to all the other people involved with the project: Mark Gardiner, Ley 

Sander, John Duncan, Shelagh Smith and Simon Shorvon.

Very special thanks go to Mary Davis and Mike Johnson for technical and moral support 

with the linkage project and to Anukampa, Corinne and Marina in the zebrafish lab for 

all the advice and generous help.

I met some very special people in the two labs I worked in at UCL and I would be too 

afraid of missing people out to start listing everyone...

Thanks particularly to all my family, friends and to the ever long-suffering Julian for 

support when needed!



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 4pl6-15. A multipoint 

LOD score of 3.3 was obtained at D4S2311. 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, LISl and DCX, have been found in 

patients with lissencephaly, a neuronal migration disorder which causes intractable 

epilepsy. The zebrafish orthologues of LISl 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 lisl 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 Epiiepsy

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 Table 1.1. 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

II. 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

5. 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
15



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

16



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 Epiiepsy

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 a l, 2001), 

LGIl mutations in ADPEAF (Kalachikov et a l, 2002) and ARX mutations in infantile 

spasms and myoclonic epilepsy (Scheffer et al, 2002; Stromme et a l, 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 a l, 1998) and four genes for the 

syndrome of Generalised Epilepsy with Febrile Seizures Plus (GEFS+) (SCNIB,

SCNIA, SCN2A and GABAy2) (Baulac et al, 2001; Escayg et a l, 2000b; Sugawara et 

al, 2001; Wallace et a l, 1998). Mutations have been found in GAGNAI A in a case of 

idiopathic generalised epilepsy (IGE) with ataxia (Jouvenceau et a l, 2001), in GABRAl 

in autosomal dominant JME (Gossette et a l, 2002) and mutations in GAGNB4 in one 

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

17



encode a subunit for an ion channel gated by voltage (KCNQ2, KCNQ3, SCNIB, 

SCNIA, SCN2A, CACNAlA, CACNAB4) or a neurotransmitter (CHRNA4, CHRNB2, 

GABRAl 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
18



Tablel.2 Single Gene Conditions with Map Locations for Idiopathic Partial Epilepsy

Syndrome Location Gene Clinical Characteristics

ADNFLE

ADPEAF

Iq, 15q, 20q CHRNA4

CHRNB2

lOq LGIl

Clusters of brief nocturnal frontal (motor, motor automatisms, 

tonic) seizures, interictal EEG normal, respond CBZ 

Auditory SPS, auditory aura prior to CPS, respond CBZ

FPEVF

BECTS

BNFC

BIFC

2q, 22q

15q

nil

nil

8q, 20q KCNQ2

KCNQ3 

2q24, I6p, 19q nil

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 Single Gene Conditions with Map Locations for Idiopathic Partial Epilepsy

Syndrome Location Gene Clinical Characteristics

ICCA 16pl2-ql2

RE-PED-WC 16pl2-11.2

TLE and FS Iq and 18q

GEFS+ 2q, 19q, 5p

Ring Chr 20 20q

nil

nil

nil

SCN1A/2A/1B

GABA-Ay2

unknown

Infantile convulsions as above, dystonie 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 exercise-induced dystonia and writer’s cramp; TLE and FS = 

temporal lobe epilepsy and febrile seizures; GEFS+ = generalised epilepsy with febrile seizures+; FS+ = febrile seizures-k (outside the 

age range of normal febrile seizures)



Table 1.3 Loci for Idiopathic Generalised Epilepsy found by Linkage

Analysis

Syndrome Location Reference

IGE 8p 11 -12 (Dumer et a l , 1999)

IGE 3q26 (Sander era/., 2000c)

IGE 3pl4.2-12.1 (Zara era/., 1998)

CAE 8q24 (Fong er a/., 1998)

JME 6p (HLA) (Greenberg er a/., 1988; Weissbecker et a/., 1991)

JME 6pl2-l 1 (Liu et a/., 1996; Liu er a/., 1995; Serratosa er a/., 1996)

JME 6q (Personal communication)

JME 15ql4 (Elmslie era/., 1997)

FS 8q (Wallace era/., 1996)

FS 19p (Johnson era/., 1998)

FS 5q (Nakayama er a/., 2000)

IS Xp (Claes era/., 1997)

FMEI 16pl3 (Zaraera/., 2000)

FAME 8q23.3-24.1 (Mikami era/., 1999)

ADCME 2pll.l-ql2.2 (Guerrini era/., 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
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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 a l, 2001), two changes in the ^4 

subunit of the voltage gated calcium channel caused JME in one individual and IGE in 

another (Escayg et a l, 2000a) and a further study identified a novel missense mutation 

in the calcium channel subunit CACNAl A 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 a l  A,a252, p4 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

mutations found or association analysis)

Syndrome Gene Reference

Mutations Found:

IGE CACNAIA (Jouvenceau et al, 2001) (see Table 1.5)

JME/CAE CACNB4 (Escayg et a l, 2000a)

JME/IGE JRK (JH8) (Moore et a l, 2001)

JME GABRAl (Cossette et a l, 2002)

IS ARX (Stromme et a l, 2002)

Association Analysis:

IGE CACNAIA (Chioza et a l, 2001)(see Table 1.5)

IGE CHRNA4 (Steinlein et a l, 1997a) (see Table 1.5)

IGE DAT (Sander e ta l, 2000b)

CAE GABRB3 (Feucht et a l, 1999)

JAE GluR5 (Sander gr a/., 1997)

lAE OPRM (Sander e ta l, 2000a)

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

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

Absence Epilepsy; IS = Infantile Spasms

CACN A1A/B4 = a l  A/p4 subunit voltage gated Ca channel; CHRNA4 = a4 subunit of 

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

p3/ a l;  DAT = Dopamine transporter; JRK = human orthologue of mouse Jerky ;

GluRS = GluR5 kainate receptor; OPRM = p-opioid receptor; ARX = Aristaless gene

24



Table 1.5 Lack of Association found between Candidate Genes and 

Epilepsy

Syndrome Gene Reference

IGE KCNQ2 (Steinlein et al,  1999)

IGE KCNQ3 (Haug et al,  2000a)

IGE EAAT2 (Sander et al,  2000b)

IGE SERT (Sander et al,  2000b)

IGE SCN2B (Haug et al,  2000d)

IGE CACNAIA (Sander et al,  1998) (see Table 1.4)

IGE GIuR6 (Sander et al,  1995)

IGE mGluR7 (Goodwin et al,  2000)

IGE mGluRS (Goodwin et a l , 2000)

IGE GLRA3 (Sobetzko et al,  2001)

IGE GLRB (Sobetzko et al,  2001)

IGE KCNK9 (Kananura et al,  2002)

IGE ARC (Haug et al,  2000b)

IGE GABRAl (Sander et al,  1996b)

IGE GABRG2 (Sander e / <3 / . ,  1996b)

IGE NCAM (Sander et al,  1996a)

IGE CHRNA4 (Chioza et al,  2000) (see Table 1.4)

IGE/BECTS KCC3 (Steinlein et al,  2001)
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Syndrome Gene Reference

JME KCNJ3/6 (Hallmann et ah, 2000)

JME GABRA5 (Guipponi et a l, 1997) (Feucht et a l, 1999)

JME GABRB3 (Guipponi et a l, 1997)

JME/IAE GABRBl (Sander gr a/., 1999)

JME/IAE MAO-A (Haug et a l, 2000c)

BFIC SCNIB (Moulard et a l, 2000)

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

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 = pi and P2 subunit of voltage gated sodium channel; 

CACNAIA = a l  A subunit voltage gated Ca channel; GluR6 = GluR6 kainate receptor; 

mGIuR7/8 = metabotrobic glutamate receptors 7,8; GLR A3/B = a3 and P 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/Cl cotransporter 

KCC3; KCNJ3/6 = inwardly rectifying K channel sJ3/6; MAO-A = monoamine oxidase 

A; GABR A1/G2/A5/B3/B1 = GAB A- A receptor subunits al/5 , pl/3, y2
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addition to mouse mutants, genetically engineered knock-out mice of individual ion 

channels also suffer from epilepsy, for example Kvl.l.

1.2.4 Epilepsy as an Ion 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 a l, 1998; 

Szepetowski et a l, 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 a l, 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 Ion 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, IB and 2A 

This phenotype, first described in 1997 (Scheffer et a l, 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 SCNIB (Wallace et al, 1998). The non-conservative mutation (Cysl21Trp)
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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 a  

subunit and two P subunits which alter inactivation of the channel. Co-expression of the 

mutant form of SCNIB with a wild-type a  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-i- 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 a l, 2000; Moulard et a l, 1999).

Different mutations have now been reported in two of these families in the SCNIA 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 

Argl648His 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 a l, 1999) and 

hyperkalaemic periodic paralysis (SCN4A) (Ptacek et a l, 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 a l, 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 

ai, 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) K v l . l  Mouse Knock-out.

A null mutation of the Kvl.l channel results in mice that are mildly ataxic but have a 

lethal seizure phenotype (Smart et a l, 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 EAl and epilepsy (see 

below), as does the pro-convulsant effect of Kv channel blockers such as 4-amino- 

pyridine (Morales-Villagran et a l, 1996a; Morales-Villagran et a l, 1996b).
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(ni) Episodic Ataxia with Myokymia (Episodic ataxia type 1: EAl)

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 EAl who not only have the myokymia and episodic ataxia but also epilepsy. 

In a recent report of a case of the co-existence of EAl and epilepsy, the literature was 

reviewed and a total of 8 cases of epilepsy out of 90 individuals with EAl have been 

reported giving a relative risk of epilepsy in patients with EAl of 17.8 (Zuberi et al, 

1999). The genetic defect in classical EAl is a missense mutation in the KCNAl locus 

or Kvl.l channel on chromosome 12p (Browne et a l, 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, a l ,  a20, (3 and y. They 

form 6 electrophysiologically and pharmacologically distinct types of channels: L, P, Q, 

N, T and R.

(i) a lA  subunit

There are three human conditions commonly associated with mutations in the a l  A 

subunit of the P/Q-type calcium channel; Spinocerebellar Ataxia type 6 (GAG 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 a l  A subunit which causes a phenotype of ataxia, 5-7 Hz spike-wave discharges 

associated with behavioural arrest and intermittent dystonie 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 a l  A subunit.

(ii) (34 subunit.

There are two reported mutations in the human |34 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 (Cysl04Phe) 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 a l  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 P4 subunit preventing its association with the pore forming a l  

subunit (Burgess et a l, 1997). The p4 subunit forms P/Q channels in association with 

a l  A subunits but there are no defects recorded in these channel currents in Purkinje 

cells from lethargic mice. There is however evidence for increased a l  A subunit 

association with other P subunits (Lin et al, 1999; McEnery et a l, 1998) and so it is 

postulated that these different complexes have functionally different kinetics which lead 

to the clinical phenotype.

(Hi) y3 Subunit

There are no human mutations in this gene known.

33



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 a l, 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 Câ  ̂entry. Stargazer was found to have a 

complete loss of y3 subunit protein (Sharp et a l, 2001) but the phenotype is not thought 

to be due purely to its role in the voltage dependent calcium channel (co- 

immunoprecipitation with a lB  subunit) but partly due to a direct interaction with GluRl 

AMP A receptors. A deficit in AMP A receptor function had previously been described in 

cerebellar granule cells in the waggler allele of the stargazer mouse (Chen et al, 1999; 

Chen et a l, 2000).

(iv) o252 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 a25 Calcium channel subunit, named a202, was found in an area of conserved 

synteny on human chromosome 3p21. The corresponding mouse a202 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 a2ô2 gene was found in the original allele and a 2 

base pair deletion has been found in further allele {di^^) 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 3P 

subunits. The majority of the channels in the brain are composed of a4 and p2 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) a4  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 Câ  ̂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 a l, 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) p2 subunit

Two mutations in the subunit most commonly associated with the a4 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 a l, 2000). 

Expression of the mutant subunit with or without wildtype p2 results in a slower 

desensitisation of the channel. The second mutation is a substitution of the same Valine 

for a Methionine (Val287Met) (Phillips et a l, 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 a4 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 G ABA. 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 y l subunit. There was no alteration 

in channel response to GAB A (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 SCNIA and 

IB 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 a l, 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 and 4^ transmembrane domains 

(Gln351STOP) resulting in complete lack of response to GAB A 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 et a l, 2001). This 

would reduce the amount of functional GABA-A receptors in the heterozygotes which 

would reduce the inhibitory effect of GAB A.

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 Epiiepsy

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 Gene or Location

Metabolic Causes

Ceroid Lipofuscinoses

(late infantile, juvenile or adult)

Sialidosis

GMl gangliosidosis 

(late infantile or juvenile)

GM2 gangliosidosis 

(late infantile or juvenile)

Lafora body Disease 

Phosphoglycerate dehydrogenase 

Deficiency

Niemann-Pick (late onset)

% Epilepsy

(where known)

CLN genes

sialidase (neuraminidase) 100% 

P galactosidase

Hexosaminidase A

EPM2A

PGD

sphingomyelinase + others

100%

Neurodegeneration

Huntington’s disease 

DRPLA

Unverricht-Lundborg 

Mitochondrial Disease 

Retts

Alper’s disease

Huntingtin 

Atrophin-1 

Cystatin B 

Many genes 

MECP2

AR, gene unknown

10%

60%

100%
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Table 1.6 cont. Genetic Causes of Symptomatic Epilepsy

Disorder Gene or Location

Disorders of Cortical Development

Lissencephaly Type 1 Lis 1, DCX

Lissencephaly with ambig. genitalia ARX

Lissencephaly Type2 

BPNH

Aicardi Syndrome 

Schizencephaly 

Bilat frontoparietal PMG 

Bilat. peri-sylvian PMG 

Familial Cavemomas 

Tuberous Sclerosis 

Neurofibromatosis Type I 

Zellweger syndrome

Fukutin,

Filamin 1 

Xp

EMX2 (unconfirmed)

16ql2-2

Xq28

KRITl

Tuberin, Hamartin 

NFl

peroxisome biosynthesis

% Epilepsy

(where known)

90-100%

90-100%

90-100%

80-100%

100%

90%

80-90%

80-90%

70%

60-100%

20%

Other

Wolf-Hirschhom Syndrome 

Angelman’s Syndrome 

Prader Willi 

Fragile X 

Coffin Lowry

4p-

GABA-A, UBB3A 

15qll-13 

FMRl 

Xq

a-Thalassaemia/Mental Retardation ATR-X/ XH2

100%

90%

30-45%

40%

(Adapted from and Extended from Genetics of Focal Epilepsies (Berkovie et a i, 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

(i) 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 hssencephaly as part of a syndrome include autosomal recessive lissencephaly 

with cerebellar hypoplasia (al Shawan et a l, 1996; Farah et a l, 1997; Hong et a l, 2000; 

Kato et a l, 1999), Norman-Roberts syndrome (lannetti et a l, 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 (Kemer et al, 1999), X-linked lissencephaly with 

absent corpus callosum and ambiguous genitalia (Dobyns et a l, 1999a) and Zellweger 

syndrome (Volpe et a l, 1972) in which the peroxisome disorder disturbs lipid 

metabolism and causes arrest of neuronal migration, dysmyelination and gyral 

abnormalities.

(ii) Cobblestone (Type 2) Lissencephaly: Fukutin, Psl-/-mo\ise

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 a l, 1998) on 

chromosome 9q31 (Toda et a l, 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 a l,

1989). It has been mapped to chromosome 1 (Cormand et a l, 1999).

Walker-Warburg Syndrome (WWS): This is a similar but more severe phenotype of 

MEB. 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 a l, 1995).
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Presenilinl (Psi) Mouse Knock-out: Although mutations in PSl have been found in 

families with familial Alzheimer’s disease (Perez-Tur et a l, 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 a l, 1997). Between E14-18, mouse Psl 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 et al, 1999).

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

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 a l, 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. KALI or Anosminl is a secreted
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protein found in the extracellular matrix and basement membranes (Hardelin et 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 a l, 2002). The failure of migration 

of the gonadotrophic cells may be secondary to the lack of olfactory neurons along 

which they normally migrate.

(v) Aicardi Syndrome

Features consist of severe mental retardation, infantile spasms and partial seizures, 

chorioretinal lacunae and agenesis of the corpus callosum (de Jong et a l, 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 a l, 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

(i) 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 (Bmnelli et a l, 1996; Faiella et a l, 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): TSCl/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.

TSCl (hamartin) was mapped to chromosome 9q34 and is a novel gene (van 

Slegtenhorst et a l, 1997). TSC2 (tuberin) is on chromosome 16pl3.3 and is found to be 

associated with cellular or intracellular membranes. It shows some homology with the 

GTPase activating protein for Krev 1/Rap 1 (Consortium, 1993). Krev 1/Rap 1 protein 

potentially acts as a tumour suppressor for the ras family of oncogenes (see KRITl: 

familial cavemomas).

The two genes interact directly with each other via coiled-coil domains (van 

Slegtenhorst et a l, 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 Cavemomas: KRITl

Mutations in the KRITl gene (7ql 1-22) have been found in cases of familial cerebral 

cavemomas (cavemous angiomas) previously linked to chromosome 7q (Sahoo et al, 

1999).
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KRITl interacts with Krevl/rapl A in a yeast interaction trap assay. Krevl/raplA is 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 a l, 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 a3|3l) which are thought to guide the extension to 

the cortical plate (reviewed in (Lambert de Rouvroit et a l, 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 a l, 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 bom 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 a l, 1997). The neurons form closely packed 

aggregates surrounded by an astrocytic sheath, although in culture the migration can 

occur without the astrocytic sheath. Blocking a6pi integrin inhibits chain migration in 

cell culture (Jacques et a l, 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 a l, 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 a l, 2001), (Lambert de Rouvroit et a l, 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

1.5.1.1 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 a3p, 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 a l, 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 FLN mutations, for typical X-linked families, it is high whereas for 

female sporadic cases only 19% had Filaminl 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 a l, 1998) and also by cloning the breakpoint of 

a X:2 translocation in a female with lissencephaly (Gleeson et a l, 1998). Lissencephaly 

seen in DCX mutations has a severity gradient from anterior to posterior in contrast to 

that seen in LISl mutations (Dobyns et a l, 1999b) (Pilz et a l, 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 a l, 2001; Poolos et a l, 2002) or rare missense mutations (Pilz et al,
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1999). DCX has been demonstrated to be a microtubule associated protein (Gleeson et 

al., 1999; Taylor et a l, 2000) (Francis et a l, 1999), stabilising microtubules in vitro 

(Horesh et a l, 1999). It also binds directly to LISl (Caspi et a l, 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 LISl section below). There is also some evidence for DCX being part of a 

putative signalling pathway (Sossey-Alaoui et a l, 1998) (Gleeson et a l, 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 a l, 1998) (Sossey-Alaoui et a l, 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 

a l, 1999). It also has the ability to bind to and promote polymerisation of microtubules 

(Lin et a l, 2000) in vitro. The association with microtubules is also seen in C.elegans 

where mutant zygS (DCLK orthologue) embryos have defective spindle position during 

asymmetric cell division because of failure of microtubule stabilisation during anaphase 

(Gonczy et a l, 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 LISl, no disease caused by mutations in DCLK has yet been found 

(J.Gleeson, personal communication).
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(b) LISl (PAFAHlb 1) lissencephaly

All cases of Miller-Dieker Syndrome (MDS) and many of isolated lissencephaly (50- 

60%) have been found to include deletions in the LISl (PAFAH 1 hi) gene on 

chromosome 17pl2 (Dobyns et al, 1993) (Pilz et a l, 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 LISl have lissencephaly alone (Lo Nigro 

et a l, 1997), although their facial features and measurements are reminiscent of MDS 

(Allanson et a l, 1998). The syndrome is due to haplo-insufficiency of the LISl gene 

product and rare missense mutations have been reported to cause band heterotopia rather 

than lissencephaly (Cardoso et al, 2000; Leventer et a l, 2001; Pilz et al, 1999). The 

lissencephaly seen with LISl mutations is more severe in the posterior regions of the 

brain in contrast to DCX mutations. LISl 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 o f  Platelet Activating Factor to Neuronal Migration  

LISl is also a non-catalytic subunit of PAFAH IB (platelet activating factor 

acetylhydrolase lb) which inactivates platelet activating factor (PAF) (Hattori et a l, 

1994). It is a member of a family of WD repeat proteins (similar to the Gp 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 LISl reduce or 

abolish binding of LISl to the catalytic subunits of PAF (Sweeney et a l, 2000) and the 

developmental expression of the catalytic subunits of PAF correspond with neuronal 

migration (Albrecht et a l, 1996). A cytogenetic abnormality resulting in truncation of 

one of the catalytic subunits of PAFAH caused brain atrophy, ataxia and mental 

retardation (Nothwang et a l, 2001).

(H) LISl is a M icrotubule-associated protein

Similar to DCX, LIS 1 has also been found to both bind to and stabilise microtubules 

(Sapir et a l, 1999; Sapir et a l, 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.

LISl is a highly conserved gene, with 42% homology to the A.nidulans gene NudF 

(Xiang et a l, 1995). NudF is one of a number of mutants with defects in nuclear 

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 LISl 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 

LISl and NudC proteins (Morris et a l, 1998).

Despite orthologues of NudC being found in humans (Matsumoto et a l, 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 ROl

CD intermediate chain NUDI

CD light chain NUDG

DYNACTIN mutants

Vertebrates A.nidulans N.crassa

pl50 R03

ARPl NUDK R04

p70 R02

OTHERS

Vertebrates A.nidulans N.crassa

List (PAFAHlb) NUDF

NUDC NUDC

NUDE, NUDEL, MP43 NUDE RO ll

(Adapted from (Lambert de Rouvroit et a l, 2001))
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(Hi) LISl 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, NudI 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 LISl in A.nidulans. 

Suppression of NudF mutants by NudA imply they are in the same genetic pathway 

(reviewed in (Wynshaw-Boris et a l, 2001)).

D.melanogaster: Germ-line Us I mutations showed defective nuclear positioning

and oocyte growth (Lei et a l, 2000; Liu et a l, 1999): this was similar to cytoplasmic 

dynein heavy chain (CDHC) Drosophila mutants. This phenotype was analogous to that 

seen in Aspergillus mutants. Homozygous Llisl mutants were however lethal early in 

embryonic life. Repressible cell marker technology (MARCM) was used to generate a 

somatic mosaic lacking Lisl 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: LISl coimmunoprecipitates with dynein and dynactin in 

tissue extracts. In cultured cells, over-expression of LIS 1 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 et a l,

2000). Fibroblasts in culture showed high levels of LISl in the same areas of the cell as
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microtubules were found. Changes in the level of LIS 1 in the cells either by 

overexpression or by culturing cells from LIS1+/- mice showed a change in dynein 

motor function and microtubule distribution in the cell (Smith et a l, 2000).

These experiments demonstrate that LISl, 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. 

LISl interacts with a further member of the nuclear distribution pathway in fungi, NudE 

(Kitagawa et a l, 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 LISl and were 

isolated from a yeast two-hybrid screen using mouse Lisl as bait. They bind to each 

other and LIS 1 via coiled-coil regions and contain multiple serine residues which are 

consensus phosphorylation sites for serine-threonine protein kinases such as Cdk5.

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 a l, 2000),

(Niethammer et a l, 2000). NudE is located at the centrosome (together with LISl and 

NudEL), binding Tubulin and other centrosomal proteins including dynein light chain. 

Truncated mouse NudE (LISl 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 a l, 2000). With the maturation of neurons, 

NudEL and LISl are expressed in axons in the developing cortex (Sasaki et a l, 2000).

In cultured cells, they are expressed together with dynein intermediate chain in the cell 

body and dynactin (P150 '̂“̂ ‘̂ subunit) in the growth cone (Niethammer et a l, 2000).
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LIS 1 and NudEL were shown to physically interact together with dynein (particularly 

Heavy chain subunit) by biochemical studies (Sasaki et a l, 2000). Over-expressing LlSl 

and NudEL in cultured cells changed their cellular distribution as well as the localisation 

of dynein subunits. Addition of truncated NudEL and culture of LIS 1 haplo-insufficient 

mouse cells also affected dynein localisation and motor function (Niethammer et al, 

2000; Sasaki et a l, 2000).

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

Mice with graded reduction in Lisl levels have been created. The Lisl 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 a l, 1998). A greater reduction in LlSl 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 Lisl+/- 

cerebellar granule cell aggregates showed that processes were extended normally but the 

cell soma was not translocated into the processes (Hirotsune et a l, 1998), supporting the 

role of LlSl in nuclear movement in mammals. There was a reduction in the dendritic 

arborisation in the hippocampus in Lisl +/- mice, analogous to that seen in Drosophila 

mushroom bodies, and behavioural defects (Fleck et a l, 2000).

Although undoubtedly acting through the microtubule cytoskeleton, the relationship 

between L lS l’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.

(c) 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 7q22 (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 et ai, 2000). RELN is not a microtubule- 

associated protein and so is unlikely to cause lissencephaly by the same mechanism as 

LISl 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

1.5.3.1 The Ree/er Phenotype Mutants and Rein receptors: Neuronal 

Migration Defects in Mouse.

The Keeler 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 {Rein), coding for a secreted glyco

protein (D'Arcangelo et a l, 1995), expressed particularly in the marginal zone.

Two further mouse mutants were found to have an identical phenotype, namely y atari 

(Yoneshima et al, 1997) and scrambler (Gonzalez et a l, 1997), both of which were 

found to be mutations in mDabl (mouse Disabledl gene) (Sheldon et a l, 1997). Studies 

have placed mDabl downstream of Rein. It is expressed in migrating cortical plate 

neurons in the mouse (Rice et a l, 1998). Binding of Reelin to these cells results in the 

intracellular phosphorylation of tyrosine residues of mDabl (Howell et a l, 1999), 

crucial to its biological action in cortical development. Replacement of these residues in 

mouse results in a reeler! mDabl phenotype (Keshvara et a l, 2001).

Further components of the Rein pathway are the lipoprotein receptors VLDLR and 

ApoER2. The double knock-out of these two genes results in a Reeler phenotype 

(Trommsdorff et a l, 1999). They are expressed on the membrane of Rein target cells 

and bind Rein specifically (Hiesberger et a l, 1999). Their intracellular tail interacts with 

mDabl resulting in mDabl phosphorylation.

Further Rein receptors are the Cadherin-related neuronal receptors and aSpi-Integrin 

(Dulabon et a l, 2000). It is thought that Rein 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 a l, 2000). A role for Rein has been 

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

Rein and LIS1 pathways

Cdk5 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 a l, 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 a l, 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 Cdk5 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 phosphorylation 

(Niethammer et a l, 2000). DCX also contains a consensus c-Abl phosphorylation site. 

Thirdly, it could also act in the Rein pathway, particularly given the very similar mouse 

phenotypes. A recently discovered gene. Cables, activates Cdk5 via phosphorylation of 

c-abl (Zukerberg et a l, 2000). C-abl also binds and possibly phosphorylates mDabl.

The possible interactions of Lisl, the Rein pathway, Cdk5 and DCX are sununarised in 

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

nucleokinesis during neuronal migration.

The Rein 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 Rein pathway with that of the LIS 1 interacting 

proteins, probably via NudEL.

The main genes interacting with LISl 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 zebraflsh, Danio rerio, as a model organism for the study of lisl 

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 a l, 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
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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)

xiii 75% epiboly (8 hpf)

xix tailbud (10 hpf)
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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 a l, 1995)
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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 

ai, 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 a l, 2001; Van De Peer et a l, 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 a l, 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 

a l, 2001; Karlen et al, 2001; Nasevicius et a l, 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 (shk) 

signalling from the ventral tissue of the floor plate posteriorly and the prechordal plate 

anteriorly. Anteriorly shk induces nkl.l expression whereas posteriorly the induction of 

hnf3p occurs (Shimamura et a l, 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 (fgfS). Its production by the anterior neural ridge induces bfl 

expression and telencephalic development whereas more posteriorly fgfS production in 

the midbrain-hindbrain boundary results in engrailed! (en2) expression and midbrain 

development (Shimamura et a l, 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 a l, 1999; Shimamura et a l, 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/g/S and 

pajc2, the anterior neural ridge which also expresses fgfS together with bmp4/7 

(Shimamura et a l, 1997) and tic (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 a l, 1994) is discussed (Figure 1.4 c 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, pl-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 (pl-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, hi = hypothalamus, pin = pineal 

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

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

pi Pretectal area

p2 Dorsal Thalamus

Mid-diencephalic Boundary/ ZLI

p3 Ventral Thalamus

p4 Archicortex and Supra-optic area

p5 Dorsal and Ventral Telencephalon

p6 Pre-optic area and Olfactory Bulb
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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 et al, 1999a; Wullimann et a l, 

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 P I-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 Ac 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 palliai and sub-pallial division of the mammalian brain. Although the 

palliai 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 a l, 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 coemleus 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 palliai region express T-brainl {Tbrl) (Bulfone et al., 1995; 

Mione et a l, 2001) and the homeobox gene orthologous to the Drosophila empty 

spiracles gene, Emxl (Fernandez et a l, 1998; Morita et a l, 1995). The ventral 

telencephalon of fish (subpallial region) expresses the distalless orthologue, dlxl/2 as
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does the mammalian striatum (Fernandez et a l, 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 et al,

2001), with reciprocal expression of shh in the anterior ventral region (Macdonald et al, 

1995). Secondly, Bfl is expressed throughout the telencephalon in fish and mouse. The 

homeobox gene nkl.l is a further example of similarity of gene expression patterns 

during mammalian and zebrafish development. The zebrafish has two paralogues nk2. la  

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/g/8 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 e?nx2.

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 a l, 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 zrfl antibody exist extending from ventricular to pial 

surface (Wullimann et a l, 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 dlx2 positive areas (Anderson et a l, 1997). 

It is possible that zebrafish intemeurons in the dorsal telencephalon also originate from 

the same source as dlx2 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 1 promoter (nVII) (Higashijima et al, 

2000) or by anti-Zn-5 antibody (nIX) (Chandrasekhar et a l, 1997). This migration is 

disrupted in the trilobite mutant which was originally described because of its 

gastrulation defect (Hammerschmidt et a i, 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 (lessen et a l, 2002; Taylor et a l, 1998; Wolff et a l, 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 a l, 1996)). 

The most obvious difference is that of eversion of the fish dorsal telencephalon in 

contrast to the formation of the mammalian pallium by évagination 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 4p 15.

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, LISl, 

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, OCX.
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CHAPTER 2 

MATERIALS AND METHODS

2.1 MOLECULAR BIOLOGY TECHNIQUES

2.1.1 DNA extraction from Blood

Blood (collected in BDTA) was mixed with reagent A: 40mls reagent A (320mM 

sucrose, 5mM MgClj, lOmM Tris-HCl pH8, 1% Triton xlOO) mixed with lOmls 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 IxTE (lOmM 

Tris pH8, ImM 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 lul 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 (PGR)

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 MgC12 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 lOcM. All the markers were selected from the Genethon 

linkage map (Dib et a l, 1996; Gyapay et a l, 1994; Weissenbach et al, 1992). Map 

positions were taken from CEPH genotype data (Dib et a l, 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 (Ix 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 

a l, 1989). Restriction enzyme digest was carried out using enzymes from Promega 

using an appropriate Ix 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 TAB buffer (40mM Tris-acetate, ImM BDTA). The agarose was dissolved in IxTAB 

and ethidium bromide (1 mg/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 (Ikb or lOObp size standard) was run alongside the DNA. Bxtraction 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 Bacteriai 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 p-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)i2.igas 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 Panei 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 lisl 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.
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2.1.14 Radio-Isotope Screening of cDNA Libraries

2.1.14.1 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 10̂  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 XLl 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 a l, 1989).

Hybridisation was performed at 55°C in 50% formamide, 6xSSC, 2%SDS, 5xDenhardts 

with lOul/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 SKII+, 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 0.1 mg/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 ANAL YSIS

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 a l, 1984a; Lathrop 

e ta l, 1984b; Lathrop e ta l, 1986; Schaffer, 1996; Schaffer gf a/., 1994).

Autosomal dominant inheritance was assumed with a disease allele frequency of 0.000L 

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 a l, 1996).

During all analyses, allele frequencies were assumed to be equal.
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2.2.S.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 OBSERVA TION

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 a l, 1995).

2.3.2 Obtaining Non-pigmented embryos

Formation of melanin was blocked by incubating embryos in 0.2mM l-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 

et a l, 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%glyceroV30%PBS.

2.5 IN SITU 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 O.Olmg/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 (Ix transcription buffer, lOmM
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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 (lOug/ml) in lOmM 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: O.IM Tris pH9.5, 50mM 

MgClj, O.IM 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 

lug/ml in TE (100 mM Tris-HCl pH8 and 50mM EDTA), After refixing for 5 minutes 

and washing into 50% Formamide, slides were hybridised overnight at 55®C (50% 

formamide, 5xSSC, lOmM Pmercaptoethanol, 10% dextran sulphate, 2xDenhardf 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 

1 un/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 ofAPOPTOTIC 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 lOug/ml in PBS for 5minutes 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 MlCRO-lNJECTlON

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 ohgonucleotides were prepared by Genetools. The 

supplied 300nmol (approx. 2.5mg) of lyophilised powder was diluted as a stock solution 

in lOOul (25ng/nl in Danieau buffer (5mM HEPES pH7.6, 58mM NaCl, 0.7mM KCl, 

0.4mM MgSO^, 0.6mMCa(NO3)2). This was then diluted further for injection to test 

concentrations of 0.5, 1.0, 2.5, 5.0 and lOng/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%

PEA 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 OFZEBRAFISH 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 (FFEAF), 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-i- 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 BEG 

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.
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Figure 3.1 Drawing of the PEPS pedigree (two of the generations are 

anonymised for sex)

Unaffected

Affected with PEPS: EEG and epilepsy

n Affected with PEPS: epilepsy with normal EEG or EEG not done

Affected with epilepsy of possible alternative aetiology or unclassified 

seizures
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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

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 A ge Studied A ge at Sz
O nset

Seizure Types Sz Outcom e EEG
R eference

V:11

V:15

Vl:46

Vl:55

Vl:69

Vll:34

VI 1:44

66

6 3

2 7

14

31

10

1 6

13

9

Nocturnal CPS (temporal) and left CPS stopped age 21. Left hemi-Normal

Neuroimaging

ND
hemi-clonic (left hemi-facial) Szs  
(nocturnal or early morninq)

Nocturnal CPS (temporal)

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

facial seizures stopped age 55

stopped age 18

10 seizures: last age 21. On 
VPA and CBZ

Normal ND

Centro-parietal Normal CT 
Normal MRI

CPS (temporal: oro-facial 
automatisms and swallowing) from resolved aged 8 on CBZ 
age 6; hemi-clonic seizures (hemi- (changed from Pb) 
facial) from aqe 6

No seizures

CPS and hemi-facial seizures Centro-parietal normal CT

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

No seizures

SPS resolved on CBZ

Centro- ND
tem poral/fronto-
central

Centro-parietal normal MRI

Centro-temporal ND

CPS = Complex partial seizures, PSSG = partial seizures with secondary generalisation, PS = febrile seizure, TLE = temporal lobe epilepsy, TO = tonic clonic, 
SP S = simple partial seizures, LOG = 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 A ge Studied A ge at Sz Seizure Types
O nset

Sz O utcom e EEG
R eference

1:2

IV:2

V:3

V:7

V:22

V:26

V:30

Vl:12

Vl:18

deceased

deceased

71

68

5 7

5 5

5 2

4 6

4 2

unknown Nocturnal unclassified TC seizures resolved on Pb

unknown Nocturnal unclassified CPS

6

continued during adult life

ND

ND

Neurolmaging

ND

1 5

14

teen s

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

PSSG: hemi-tonic sz  followed by 
secondary qeneralisation

SPS age 6-10. Hemi-tonic and Normal 
nocturnal CPS in teens only.
Hemi-facial clonic seizures 
onset in teens and onqoinq.

ND

ND

Remitted spontaneously age  
1 5

Normal ND

Unclassified nocturnal TC seizures resolved on Pb aged 20 sharp theta L>R ND 
fronto-central

Nocturnal Temporal CPS 
(swallowing, fiddling); PSSG age 18

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)

Resolved on Pb aged 18. 
Discont. age 30.Age45 further 
convulsion with febrile illness

Ongoing

Normal

theta during 
sleep

Px Pb until aged 7. TC Normal
seizures: stopped aged 5. CPS: 
few only

Remitted age 20 Normal

ND

ND

ND

ND



Table 3.2: Family members with seizure semiology typical of PEPS

Pedigree A ge Studied A ge at Sz Seizure T ypes Sz Outcom e EEG Neurolmaging
R eference O nset

Vl:33 3 0  17  Non-dominant temporal CPS (look Frequent until age 23 ND ND
dazed, speak nonsense)

Vl:53 2 5  18  PSSG: left hemi-tonic (tonic 2 episodes only aged 18 and Normal normal CT
posturing left arm) followed by 21
secondary qeneralisation

Vl:58 31 14  SPS (epigastric pain) and rare Remitted aged 17 Centro-parietal normal CT
PSSG sharp waves

Vl:83 2 0 s  8 Temporal CPS (oral and CPS resolved age 12; Normal ND
swallowing movements); possible epigastric pain from age 12-15
SPS (eoiqastric pain) only

Vl:86 2 5  13  SPS (epigastric pain) and 1 Resolved aged 16 Normal normal CT
episode of PSSG

Vll:12 15  2 PSSG: hemi-clonic (unilateral arm 6 S zs age 2 and 4. Szs ND ND
jerking followed by secondary stopped with Pb.
qeneralisation)

Vll:15 12  8 Nocturnal Temporal CPS Resolved aged 10 ND ND



Table 3.3: Family members with seizures of possible alternative aetiology

Pedigree A ge A ge at Seizure T ypes Seizure O utcom e
R eference Studied O nset

Sym ptom atic Epilepsy

EEG Neurolmaging Other G enetic
S tatus

Vl:25 4 3

Vl:27 41

neonatal Neonatal convulsions; left hemi- 
clonic (left arm focal motor) 
with rare PSSG; nocturnal CPS 
(fear, motor automatisms)

5 Probable, prolonged febrile 
convulsion age 5; left hemi- 
clonic (facial twitching) from 7 
with single PSSG; Age 36 GPS 
(temporal: epigastric aura, fear, 
motor automatisms)

Vl:42 3 4

neonatal convulsions stopped Fronto- 
age 1 month. Left hemi- temporal/fro
clonic, PSSG and CPS age 17 nto-central
to 24. Pb until aqe 41

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

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

MRI: Right
hippocampal
sclerosis

6 PSSG (focal motor activity Right One seizure per year until age Generalised CT: 3 small

CSF
negative
neurocyster
cercosis.

Heterozygous

Heterozygous

CSF Partial
arm followed by secondary 
generalisation)

15 on anti-epileptic spike-wave calcifications. Right negative for Heterozygous
medication (discontinued age discharge 
24). One further seizure age 1 9 8 4  
3 0

parietal(convexity); 
Left parietal 
parasagital; Right 
med occipital.
MRI: as CT

neurocyster
cercosis.

Vl:51 2 8  12 PSSG (looked dazed and not
responding followed by 
secondary generalisation). 
Majority nocturnal

Last seizure age 18. Stopped Normal 
CBZ aged 22

CT: 2 small 
calcifications. Left 
medial frontal; Left 
occipital convexity

CSF Absent
negative for 
neurocyster 
cercosis.



Table 3.3: Family members with seizures of possible alternative aetiology

Pedigree A ge A ge at Seizure Types Seizure O utcom e
R eference Studied O nset

EEG Neuroimaging Other G enetic
S tatus

Idiopathic Generalised Epilepsy

Vl:54 19 13  early morning myoclonic jerks;
PSSG: right hemitonic (tonic 
posturing of arm) followed by 
secondary generalisation

Myoclonus stopped with VPA Generalised normal CT 
aged 17; PSSG stopped aged spike-wave 
16 with CBZ and Right

fronto-central
slow.

Heterozygous

VI 1:20 15 10  absence seizures age 10: early Ongoing seizures,
morning myoclonus age 14.

Normal normal CT
Not tested

Unclassified Epilepsy

V:21 6 0

V:24

Vl:56

5 4

3 0

1st unclassified TC seizures 
decade

early unclassified nocturnal TC 
teen s seizures

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

Resolved in late teens Normal

prolonged febrile convulsion age Last seizure age 11. On Pb Normal 
6. 3 afebrile nocturnal until late teens
unclassified TC seizures

ND

ND

normal CT

Not tested

Not tested

Not tested

VI: 80 21 unclassified TC seizures 2 episodes age 5 and age 9 Normal normal CT 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 (VI: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 sununarised 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 

ADNFLE.

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 a l, 1998; 

Xiong et a l, 1999) in contrast to several seizure types seen within one individual in 

PEPS (for example, V :ll 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 

EEG 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 :ll), 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 et 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 et 

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 et a l, 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 a l, 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 lOq, has no 

clear similarities clinically to PEPS (Michelucci et a l, 2000; Ottman et al, 1995; 

Winawer et a l, 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.

/  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 

(EAl) who not only have the myokymia and episodic ataxia but also epilepsy. In a 

recent report of the co-existence of EAl and epilepsy in a family, the literature was 

reviewed and a total of 8 cases of EAl with epilepsy out of 90 individuals with EAl 

were reported. This gave a relative risk of epilepsy in patients with EAl 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 1 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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4.1.2.1 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, 0) 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 logjo of the likelihood ratio or relative probability that there is linkage 

between the marker and the disease (i.e. 0<O.5) and the likelihood ratio of the null 

hypothesis of no linkage (i.e. ^0 .5), (Morton, 1955). The score can be calculated by 

computer, usually the LINKAGE programme (Lathrop et ai, 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 10^, 

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.

4.1.2.2 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 

GENEHUNTBR 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.

130



4.2 GENETIC ANAL YSIS OF THE PEPS FAMIL Y

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, 5 “unknown” affectation status 

family members were typed using a total of approximately 500 markers across the 

genome, spaced at approximately lOcM 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.
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4.4 RESULTS

4.4.1 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 4p 15 (1.73 at 0=0 at marker 

D4S2935), lOql 1-21 (2.4 at 0=0 for marker D10S196) and 1 lq21 (1.66 at 0=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
obligate analysis of
carriers 4 p 1 5 / 1 0 q 1 2 / 1 0 q 2 5

V:3 V:8
V:5 V:10
V:7 Vl:42
V;9
V:11
V:13
V:15
V:22
V:26

Vl:12
Vl:43
Vl:46
Vl:53
Vl:55
Vl:58
Vl:66
Vl:69
Vl:86

Vll:12
Vll:34

Unaffected family members  
(Added for analysis 
4 p 1 5 / 1 0 q 1 2 / 1 0 q 2 5 )

Vl:36
Vl:72



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, 2pl4-ll, 2ql4-30,4pl5, 8q24, lOqll-21, 10q25, llpl5-13, 

14qll-21, 20ql 1-12 and 20ql3. 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 4pl5, lOqll-21 and 10q25. Two of these areas correlated with the 

areas identified by the autosomal dominant two-point analysis (4pl5 and lOql 1-21). 

Extra individuals (unaffected individuals VI:36 and VI:72) and further markers in these 

three areas were typed (chromosome 4pl5: D4S2983, D4S2311 and D4S2926, 

chromosome 10ql2-21: D10S1767, D10S1666 and D10S1669 and chromosome 10q25: 

DIOS 1483 and DIOS 1723) and the haplotypes with this extra information constructed 

again. This resulted in exclusion of the two areas on chromosome 10 leaving only 4pl5 

as the possible location for PEPS (see also multi point score. Figure 4.4 and section 

^.^.J.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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4.4.4.1 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; lOq): 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; Ip, 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

I GABA-Ay2 chromosome 5

J BECTS chromosome 15

K RE-PED-WC chromosome 16
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4.4A.2 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: 4pl5 

(maximum LOD = 1.98), lOqll-21 (maximum LOD = 0.31), and lGq25 (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 VL72 (unaffected 

with penetrance of 70%). As with the haplotype reconstruction of the extra markers and 

family members in these areas, further multipoint analysis excluded lOql 1-21 and 

10q25 (Figure 4.4) but supported linkage to 4pl5, 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 2pl4-ll: D2S2368, D2S286, D2S139, D2S2333, D2S2216

C Chromosome 2ql4-30: D2S347, D2S112, D2S114, D2S151, D2S142, D2S2330, 

D2S335

D Chromosome 4pl5: D4S412, D4S2935, D4S403, D4S391

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

F Chromosome lOqll-21: D10S197, D10S208, D10S196, D10S220, D10S1652

G Chromosome 10q25: D10S190, D10S587, D10S217, D10S1651, D10S212

H Chromosome llpl5-13: D11S922, D11S1338, D11S569, D11S899, D11S904,

D11S907,D11S935

I Chromosome 14qll-21: D14S261, D14S283, D14S72, D14S50, D14S275,

D14S80, D14S49, D14S70, D14S288 

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

D20S196

K Chromosome 20ql3: D20S100, D20S173, D20S171, D20S93
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Figure 4.4 Additional Multi-point LOD score analysis of chromosome 

4pl5, 10q25 and lOq 12-21 (with extra markers and family 

members).

A. Multipoint analysis of chromosome 4pl5

Markers: D4S2935, 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 ̂ .8

C. Multipoint analysis of chromosome lOq 12-21

Markers: D10S308, D10S1666, D10S1669, D10S196, D10S220, D10S1767 and 

D10S1652

Maximum LOD score of -3.6
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Table 4.3 Pairwise LOD scores across markers at 4p15

Marker 0 0.001 0.01 0.1 1 2 3 4

with loop

D 4S2935 -5 .1 6 -0 .7 8 0 .1 9 0 .7 3 0 .8 4 0 .7 3 0 .5 0 .2 4
D 4S2983 1 .9 4 1 .9 3 1 .8 7 1 .63 1 .33 0 .7 9 0 .3 6 0.1
D 4S403 1 .3 7 1 .3 7 1 .33 1 .1 5 0 .9 2 0.51 0 .2 4 0.1
D4S2311 2 .3 6 2 .3 5 2 .2 7 1 .9 3 1 .5 3 0 .8 5 0 .3 8 0 .1 2
D 4S3936 -infinity -3.21 -1 .2 8 -0 .2 0 .0 4 0 .0 4 0 0

without loop

D 4S2935 -infinity -2 .3 7 -1 .3 5 -0 .3 7 0 .1 5 0 .4 7 0.41 0 .2
D 4S2983 1 .1 9 1 .19 1 .1 6 1 .0 3 0 .8 7 0 .5 8 0 .3 2 0.1
D 4S403 1.01 1.01 1 0 .9 4 0 .8 4 0 .6 2 0 .3 7 0 .1 3
D4S2311 1 .9 3 1 .92 1 .88 1 .72 1 .52 1 .12 0 .7 0 .2 6
D 4S3936 -infinity -3 .7 5 -1 .7 8 -0 .5 3 -0.11 0 .1 2 0.11 0 .0 4



4.5 SUMMARY OF LINKAGE

As the initial two-point analysis gave no definite linked areas and excluded only 

approximately 50% of the genome, manual reconstruction of haplotypes was undertaken 

across the genome. This excluded areas apart from the eleven regions listed in section 

4.4.3. A multipoint analysis over these areas was then performed, only three giving 

positive scores, the other areas all gave scores less than -2  (Figure 4.3). Further markers 

and family members were typed in these three areas excluding the two areas on 

chromosome 10 and achieving a LOD score of 3.3 at 4p 15, confirming this as the locus 

of the gene (Figure 4.4).

4.6 REFINEMENT OF, AND ADDITIONAL EVIDENCE FOR, THE 4p15 

LOCUS

4.6.1 Definition of the locus

The size of the region was defined further by typing additional markers (D4S394 and 

D4S2946). This reduced the size of the region from 24cM from initial telomeric to 

centromeric recombination to 22cM, because of a recombination at D4S2946. A further 

marker (D4S2942) was added in the centre of the region to give further support to the 

linkage in the region. Haplotype reconstruction of the whole region is shown in Figure 

4.5.
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Figure 4.5 Haplotype reconstruction of 4pl5

Genotypes are shown for markers: D4S2935

D4S394

D4S2983

D4S403

D4S2942

D4S2311

D4S2946

D4S2926

X marks recombination events defining the region in which the gene is to be found 

Uncertain typings are represented by “0”

Typings in which the origin of each allele can not be determined are shown in brackets

adjacent to the haplotypes

Bold figures represent the linked haplotype
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4.6.2 Analysis of the hapiotype in other family members with epilepsy

As described in Chapter 3, there are several members of the family who have epilepsy 

which could not be definitely attributed to PEPS; either idiopathic generalised epilepsy 

or possible symptomatic epilepsy.

Four individuals appeared to have symptomatic epilepsy, 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 lobe complex partial seizures in VI: 25 

only) and both had the linked hapiotype. The other, VI:51, had unclassified nocturnal 

complex partial seizures with secondary generalisation and did not carry the affected 

hapiotype. 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. This patient only had part of the affected hapiotype (recombinant between 

D4S403 and D4S2311) making it unclear whether or not her early seizures were a 

manifestation of PEPS.

Of two individuals with idiopathic generalised epilepsy (one with early morning 

myoclonus, VI:54 and one with myoclonus and absence seizures, VII:20), individual 

VI:54 had right hemi-tonic seizures, consistent with PEPS, in addition. Although the 

EEC signature of PEPS was not present, VI:54 had slowing in the right fronto-central 

region. Hapiotype analysis revealed VI: 54 carried the affected hapiotype.
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Therefore, those with seizure phenotypes similar to PEPS (VI:25, VI:42 and VI:54) 

shared the hapiotype whereas those without clear PEPS-like seizures (VI:51) did not. 

This provides additional support for the view that the PEPS phenotype maps to 4pl5.

4.7 CANDIDA TE GENE ANAL YSIS

4.7.1 Searching the Human Genome Project Database

The physical locations of the markers at the limits of the initial linked region (D4S2983 

to D4S391) were identified and a list obtained of the genes identified to date in that 

region (Table 4.4) using the August 2001 draft at the UCSC website (URL: 

http://genome.ucsc.edu/) (Consortium, 2001; Kent et a l, 2001; Kent et a l, 2002). 

Following typing of markers D4S2926 and D4S2946, genes centromeric to LDB2 

shown in Table 4.4 were outside the linked area for PEPS. The area remaining consisted 

of approximately 11Mb.

Several of the genes in the region were of interest from the information available about 

them and this evidence is considered below. Two of these genes have been sequenced in 

the PEPS family; KChIP and DRD5, and a summary of their expression patterns and 

known action is described below. The other potential candidate genes which have not to 

date been sequenced are then considered afterwards.
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Table 4.4 Genes Located in Chromosome 4p15 between D4S2983 and D4S391

Symbol G ene Name Function/ A ssociated  D isease Expression

SP100 8100 Calcium Binding Protein P cell cycle progression/differentiation Brain, placenta, others

AC0X3 Acyl Coenzyme A oxidase 3 peroxisomal Boxidation of fatty acids weak in liver

CRZ Carboxypeptidase Z precursor biosynthesis of peptides (see  text)

DRD5 Dopamine Receptor D5 se e  text

SCL2A9 Solute Carrier Family 2A9 glucose transporter

WDR1 WD repeat containing protein 1 isoform 1/2 possible tissue repair gene: se e  text inner ear

HS3ST Heparan Sulphate D Glucosaminyl rate-limiting enzyme for production heparan anti-coag

RAB28 ras oncogene family member possibly involved in vesicle transport all tissues

BAPX1 Bagpipe Homeobox homologue 1 development visceral muscle and skeleton dorsal mesoderm

BST1 Bone marrow stromal cell Antigen 1 precursor pre-B cell growth factor

CD38 CD38 antigen hydrolysis cyclic ADP ribose + humoral immunity ALL cells, pancreas

HBP17 (Midkine) Heparin-Binding Growth Factor Binding Protein 17 neurite outgrowth& migration.Target Wilm's tumour supp. brain, kidney, liver

KSP37 Ksp37 Protein unknown cytotoxic lymphocytes

PR0ML1 Prominin-like 1 Autosomal recessive retinal degeneration

0R1E1 Olfactory Receptor Family 1 Subfamily E Odorant receptor



Table 4.4 continued

Symbol

LDB2

CDPR

LOC51056

HOAP-G

SLIT2

CALP

PPARGC1

DDX15

S0D3

LOC41091

HSPC052

APC4

SCYB5

CCKAR

Unknown

G ene Name

LIM domain binding protein 2 

Q Dihydropteridine Reductase 

Leucine aminopeptidase 

Chromosomal condensation protein G 

SLIT (drosophila) homologue 2 

Calsenilin-like/DREAM/KChIP 

peroxidase proliferative activator receptor 

DEAD/H box polypeptide 15 

superoxide dismutaseS extra-cellular 

soluble liver/pancreas antigen 

HSPC052

Anaphase promoting complex subunit 4 

small inducible cytokine subfamily B member 5 

cholecystokinin A receptor 

FLJ:11230, 20356, 12891, 13885, 20280,

Function/ A ssociated  D isease

bind LIM homeodomain transcription factors (see  text) 

atypical Phenylketonuria (autosomal recessive) 

degradation of peptides (see  text) 

mitosis and DMA repair 

midline repulsive signal axon guidance 

Modulate Kv4 channels (see  text) 

adaptive thermogenesis, regul" hepatic gluconeogenesis 

pre-mRNA splicing (RNA helicase 2) 

elimination of oxygen free radicals 

Antigen involved in autoimmune hepatitis

Expression

developmental tissues

placenta, brain, gut 

testis, melanoma cells 

spinal cord 

Brain, heart 

muscle, kidney,liver

V. little in b r a in

CD34+ stem cells

inflammatory/immune response: activates neutrophils 

receptor for cholecystokinin in gall bladder, gut, pancreas 

10675, 11105, 23024 and DKFZp434N185



4.7.1.1 Potassium Channel Interacting Protein (CALP/KChlP/DREAM)

Because the majority of genes identified to date for epilepsy have been ion channels, the 

initial search focused on ion channels and related genes. The Calsenilin/KChlP/DREAM 

gene was felt to be a good candidate for PEPS and was the first gene sequenced. It was 

located at the telomeric end of the region. It belongs to a family of Potassium Channel 

Interacting Proteins (KChlPs) which have been shown to modulate the activity of A-type 

currents in the brain and heart in a calcium dependent manner by binding to the 

cytoplasmic amino termini of Kv4 a-subunits (An et a l, 2000) (Bahring et a l, 2001). 

There were previously three homologues described and this gene constitutes a possible 

fourth member of the family. They have been shown to alter the current density, the 

inactivation kinetics and the rate of recovery from inactivation of Kv4 channels.

The three different names (KChIP, Calsenilin-like protein, DREAM) result from 

alternative protein products from the same genomic region. Calsenilin binds to 

Presenilin-1 and 2 (Buxbaum et a l, 1998) whereas DREAM (Downstream Regulator 

Element Antagonist Modulator) is a transcription factor regulated by levels of 

intracellular calcium (Carrion et a l, 1999). These different proteins are formed firstly by 

alternative splicing and secondly by the exclusion of nucleotides from the mRNA, 

altering the reading frame ((Spreafico et al, 2001). The effect on the excitatory state of 

the membrane resulting from the alteration in channel kinetics could implicate KChlPs 

in the pathogenesis of epilepsy.

158



4.7.1.2 Dopamine Receptor D5 (DRD5)

There is some evidence that dopamine (DA), its receptors and transporters have some 

role in epilepsy susceptibility although no mutation in any of these genes has been 

reported in epilepsy. It has been noted for many years that dopamine antagonists 

prescribed for psychosis can precipitate seizures. More recently, activation of the two 

different classes of DA receptors (D1 and D2) has been demonstrated to have opposing 

effects on seizure thresholds. D1 stimulation by selective agonists resulted in a pro- 

convulsant action and D2 class receptor stimulation in the fore-brain had anti-convulsant 

properties (reviewed in (Starr, 1996)). A further DA receptor, DRD5, was cloned along 

with two pseudogenes in 1991 (Grandy et a l, 1991). It belongs to the Dl-like subclass 

of DA receptors which is coupled preferentially to the heterotrimeric G protein, Ĝ  as a 

second messenger system, activating protein kinase A and adenylyl cyclase pathways. 

DRD5 is 49% identical to the human D1 receptor, with most variation at the C terminal 

end. DRD5 is a neuron-specific DA receptor expressed in the hippocampus, dentate 

gyrus and layers II, IV and VI of the cortex (Beischlag et a l, 1996). On a cellular level, 

D5 receptors (but not Dl) are localised to dendritic shafts and the cell soma or axon 

hillock area where inhibitory GABAergic neurons contact (Bergson et a l, 1995). DRD5 

interacts directly with GAB A-A receptors by binding of the C-terminal domain with the 

second intracellular loop of the GABA-Ay2 subunit (Liu et a l, 2000a). This interaction 

was agonist dependent, occurring only where DA and GAB A co-localise. The 

interaction had a functional effect on both in vitro and in vivo cellular currents, with 

reciprocal modulation of GAB A-A and D5 mediated activity. Given the mutations found
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in the GABA-Ay2 subunit in 3 families with epilepsy described earlier in this thesis, 

DRD5 receptor is an excellent candidate gene for PEPS.

4.7.1.3 Carboxypeptidase Z precursor (CPZ)

This enzyme is part of a family of metallo-carboxypeptidases which are involved in 

selective processing reactions in the biosynthesis of peptide hormones or 

neurotransmitters (for example CPE is involved in insulin synthesis). The exact role of 

CPZ is not known but if it were involved in neurotransmitter synthesis, it could have a 

role in epileptogenesis (Song et a i, 1997). Most metabolic deficiencies are however 

usually autosomal recessive whereas there was no difference in phenotype strength 

between the individuals heterozygous or homozygous for the affected hapiotype.

4.7.1.4 WD-Repeat Protein 1 (WDR1)

WD-repeat containing proteins have been implicated in a couple of neurological

diseases. LISl causes lissencephaly and intractable epilepsy and is discussed in detail

elsewhere in this thesis. The gene mutated in the Triple A syndrome (ACTH-resistant

adrenal insufficiency. Achalasia of the oesophagus and Alacrima) which consists of the

above abnormalities of the autonomic nervous system and CNS deficits such as ataxia

and dementia ((Tullio-Pelet et a l, 2000)) also contains WD repeats. WDRl is thought to

interact with the actin cytoskeleton possibly in cellular repair processes as it was found

as a gene up-regulated in the acoustically damaged chick inner ear (Adler et a l, 1999).
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Actin-binding cytoskeletal proteins can have a role in neuronal migration (for example 

Filaminl, (Fox et a l, 1998)) and hence epilepsy. However, the few MRI scans in PEPS 

individuals showed no visible migration defect.

4.7.1.5 Heparin-binding Growth Factor Binding Protein 17 (HBP17)

Although this growth factor is expressed in multiple tumour cells and is fairly widely 

expressed in development, it appears to have a major role in CNS development. It is 

expressed in the developing brain, eye and spinal cord, is regulated by retinoic acid and 

is down-regulated in the adult brain (Bohlen et al, 1991). It is expressed in radial glial 

fibres and is thought to play a role in neurite outgrowth and cell migration (Kretschmer 

et a l, 1991). This gene could therefore cause epilepsy by either causing an abnormality 

in neuronal migration or possibly by altering synapse formation during development.

4.7.1.6 LIM-domain Binding protein 2 (LDB2)

This protein interacts with members of the LIM homeodomain transcription factors 

(LHX genes). LDB1 is involved in aspects of development and differentiation of cells of 

the erythroid and neuronal cell lineage (Jurata et al, 1996; Semina et a l, 1998). If 

LDB2 has a similar role in development, it is possible that an alteration in cell 

specification during development by a mutation in LDB 2 could alter neurotransmitter 

balance and result in an increased susceptibility to seizures.
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4.7.1.7 Leucine Amino-peptidase (LOCI 5056)

This peptide degradation enzyme has several potential roles. Firstly it increases in the 

placenta to maintain pregnancy (oxytocinase). Secondly it is also a gut enzyme 

(C.elegans has retarded growth consistent with reduced intestinal enzymatic function) 

(Joshua, 2001). It is however expressed in the adult brain as a membrane associated 

protein required for the degradation of neuro-peptides, including metenkephalin and 

dynorphin (Matsumoto et a l, 2001). If it has a wide role in neuro-peptide and 

neurotransmitter turnover, it could possibly have a role in epileptogenesis.

4.7.2 Sequencing of the KChIP Gene

Three individuals from the family were sequenced: an unaffected individual (VI:36) who 

did not share the affected hapiotype, and two affected individuals, one homozygous 

(V:9) and one heterozygous for the affected hapiotype (VI:46).

The sequence surrounding the nine exons was obtained from the Human Genome 

Sequence Database and primers designed to allow amplification of each exon (Table 

4.5).

Four changes from the published sequence were detected.

The first two changes were in exon 2, changing the amino acid sequence of the coding 

region in both cases: I29T and N32S (Figure 4.6). These were not thought to be disease- 

causing mutations; firstly because they were both present in the unaffected individual as 

well as the affected. Secondly, examination of the mouse orthologue of the KChIP gene
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Table 4.5 Primers used for amplification of KChIP gene

EXON FORWARD PRIMER REVERSE PRIMER EXON SIZE (bp) FRAGMENT SIZE (bp)

1 CGCCGAAGCTCTCGCTCCCAGC GAGTGGGGGGAGGTGAGTGTGTG 6 0 3 1 4

2 CTGCCTGTGATTGCCTGAGTGGA TGGAGGAGAGGGTGGTGTGAGTAAG 103 4 3 6

3 TGTGTGGACAGTCACAGACATTAGC TGGTATGTGGGAAGGATGAGTATG 125 3 5 6

4 CTTGGTGCAGCTTTGCATGGTAGAC GAGGGAGAGTAGTGGGGAGAGAGT 7 0 3 9 5

5 ACTCTAGTGCTCTACAGAAAGAGGGTA AGTGGAGTGTGGTTGTATGAGGGG 71 4 4 4

6 GACTAAGGAGTGATTTATGCCCAC GATGGGAGGAGGAAAGAAGGGTGT 108 5 0 0

7 TCTGCTCTTAAGGCAGAAAGCTGT GATGAGAAGTGTTTAGTGTTGTATGTTGG 105 4 9 6

8 GCTGGITGGTGGTGTGAAAGAGTTGGT TGAGAGTGGTAGGGTTATGGTGG 6 3 3 3 6

9 TGGGTGGTTGATGTATGTGG GAGTTAGAGGATGGGGTGAAGTGAGTGG 4 8 4 3 8



Figure 4.6 Sequencing of exon 2 of KChIP gene

Two changes from the published sequence were found resulting in two amino acid 

changes.

A. Majority sequence

B Published sequence

C. Family sequence of heterozygote affected, homozygote affected and unaffected 

individual

D. Mouse KChIP sequence
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showed conservation of the T (as found in the family samples sequenced) rather than the 

published I at amino acid 29. Thirdly, the change of N to S at amino acid 32 substituted 

a similar amino acid at a position which is not conserved in the mouse sequence (amino 

acid T in the mouse sequence) also making a functional effect less likely.

The third change was seven bases 3’ to the intron-exon boundary of exon 5 (Figure 4.7) 

with the unaffected family member being genotype TT (as the reference sequence) and 

the heterozygous affected member, TC. As functional effects from base changes up to 16 

bases into an intron have been described (Hutton et a l, 1998) and the change was 

present as a heterozygous base substitution in the heterozygous affected individual, the 

inheritance of the change was examined. The individual’s father who was homozygous 

for the affected hapiotype was sequenced and found to have genotype TT i.e. the same 

as the unaffected and the reference sequences. The base change observed was therefore a 

polymorphism inherited from the mother.

The last change was a single base pair deletion (Figure 4.8) 15 bases into the intron, 5’ 

to exon 8. This was present in both the affected and unaffected individuals sequenced 

and so disregarded as it did not segregate with the disease.

In parallel with the sequencing of the KChIP gene, further markers were being analysed 

as described above (Section 4.5.1 and re-examination of the new limits of the region 

placed the KChIP gene outside the linked region, confirming that it has no role in the 

pathogenesis of PEPS.
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Figure 4,7 Sequence of KChIP gene, Exon 5 (reverse sequences shown).

A. Sequence of unaffected individual. Arrow shows the wild type sequence of

CCAGAGC.

B Sequence of heterozygous affected individual. Arrow shows the heterozygous

base change of A to G (T to C in forward sequence): CCAGNGC.

C. Sequence of homozygous affected individual. Arrow shows the wild type base:

CCAGAGC

This sequence change was found 7 base pairs 3’ to the end of exon
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Figure 4.8 Sequence of KChIP gene, exon 8.

A. Heterozygous affected individual. * shows position of heterozygous deletion of 1

base pair (G) resulting in the lack of coherence between the sequence of each 

copy of the gene.

B. Unaffected individual. * shows the deletion is also present in the unaffected 

family member.

C. Homozygous affected individual. * shows position of homozygous G deletion. 

This deletion was 15 bases prior to the start of exon 8 coding sequence.
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4.7.3 Sequencing of DRD5 (Dopamine receptor D5)

DRD5 consists of 1433 base pairs in a single exon. The 5’ promotor region has been 

examined (Beischlag et a l, 1996) and there is a positive modulator from -199 to -182 

and a negative modulator from -500 to -251 from the ATG initiation codon. There are 

two transcriptionally active pseudogenes of DRD5 on chromosomes 1 and 2 which are 

95% identical to DRD5 in nucleotide sequence, but contain insertions and deletions 

resulting in premature termination codons (Grandy et al, 1991). A further pseudogene 

was found on chromosome 4 approximately 17kb telomeric to DRD5, by searching of 

the genome sequence database. These genes were consistently divergent to the DRD5 

sequence around Ikb upstream of the DRD5 start codon. No sustained divergence from 

the DRD5 genome sequence was found even 3kb downstream (3 prime) of the DRD5 

stop codon. A primer was designed Ikb 5 prime to the beginning of DRD5 in an area of 

divergent sequence between DRD5 and the documented pseudogenes and a reverse 

strand primer designed in the 3 prime untranslated region (UTR). The fragment was 

amplified using a mixture of proof-reading and standard Taq polymerase with a 

prolonged and increasing elongation time in each cycle. Four pairs of internal primers 

were then designed to amplify the coding sequence of DRD5 from within this 3.6kb 

fragment. The primers used are listed in Table 4.6.

Sequencing revealed one change between the individuals sequenced and a further 

change between all the family members sequenced and the database. The first change 

was a heterozygous CT at base 978 in the unaffected and heterozygous affected member
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Table 4.6 Primers used for amplification of DRD5 gene

FRAGMEriT FORWARD PRIMER

Entire Gene TGAGGAAATAGCACATGACCGT

1 GTTGGGAGCGCGCAGAGACCGC

2 TGGTGGGGGTGGTGGTGATGGG

3 GAATGGAGAGAAGTGTGAGTGGAGG

REVERSE PRIMER

GGAGTGGAAAGGGATGTATTTGGG

GTGGAAGGGGAGGGAGAGGTGG

GGTGTAGGTGAGGATGATGATGGGA

AGTGGGGGTTGAAGGGATAGATGAGG

FRAGMENT SIZE (bp) 

3 6 0 0  

4 0 0  

4 7 2  

431

GGAGGTGTTGGTGTGGTTGGGGTG GGGTGGTTGTGAGTGTGTGTGGGGT 4 8 0



with a C homozygous in the affected homozygote sequenced. The database sequence at 

this base was T. The two bases resulted in an identical amino acid sequence, both 

encoding the amino acid Proline. There was one further change from the published 

sequence. All family members sequenced had an A at base 258 whereas the published 

sequence is a T at that position. Again there was no change in the amino acid sequence 

resulting from this change: TCA and TCT both encode Serine. Therefore no changes to 

the amino acid sequence of DRD5 were detected.

4.7.4 Sequencing of Additional Candidate Genes in the Region

These were the only two genes in the region interacting directly with ion channels and so 

were sequenced initially. Sequencing of further genes in the region was outside the 

scope of this thesis but is ongoing.

4.8 DISCUSSION

4.8.1 Mapping PEPS required the combination of several approaches

A genome screen was undertaken to map PEPS in this family. The project was 

complicated by a high level of consanguinity within the family leading to a lack of 

genetic information on linkage analysis. Because of this a number of different analyses 

have been performed to try and obtain the maximum information from the family.
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Firstly by analysing the family with an autosomal dominant model including the 

consanguinity loop, only three areas of interest were obtained. None of these achieved a 

LOD score above 3. There was no clear indication of the location of the gene 

responsible for this syndrome from the initial linkage analysis. Although the family was 

large, the amount of genetic information gained from the linkage analysis was not 

sufficient to map the gene for the condition. Because of this a manual approach to the 

family was taken by constructing overlapping haplotypes throughout the whole genome. 

This method excluded the majority of the genome assuming the absence of double 

recombinants between adjacent markers. This also had the advantage of allowing 

examination of the pedigree’s genetic information without any imposed model of 

inheritance.

The eleven areas remaining unexcluded all fitted an autosomal dominant model, and 

eight of these areas were excluded by running a multipoint analysis over the area. Three 

areas remained, two of which correlated with the areas of interest generated by the initial 

2 point analysis. Further markers analysed in these areas as well as the addition of two 

unaffected individuals to the analysis excluded two out of the three areas, leaving 4pl5 

as the only remaining possibility. Although none of the markers of this region achieves a 

2 point LOD score above 3, a multipoint LOD score across three markers D4S2983, 

D4S403 and D4S2311 gave a LOD score of 3.3 at D4S2311. This confirms the location 

of the gene for PEPS being within chromosome 4pl5 even using the stricter linkage 

criteria proposed by (Lander et a l, 1995). This LOD score approximates to the 

maximum possible LOD score obtainable in this family lending further support to the 

existence of the gene at this location.
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In dealing with the failure to map PEPS by conventional linkage analysis, a combination 

of different approaches was used to get around the problems of the family.

The approach used is a return to the fundamental theory of mapping by examination of 

the typings of the genome screen and construction of overlapping haplotypes along 

chromosomes, rather than relying on computational models of linkage analysis which 

are restricted by programmed models.

Mapping a condition fundamentally relies on the presence of a shared, linked hapiotype. 

Instead of confirming linkage obtained computationally with a hapiotype analysis, the 

process was reversed so that areas that did not share a hapiotype were excluded and the 

multi-point computational analysis performed only in those areas which were remaining. 

Extra support for the linkage of PEPS to 4pl5 was given by the finding that different 

approaches were consistent: one of the areas of interest originally obtained on initial 

linkage analysis was 4pl5. Additional information supports 4pl5 being the true map 

position for PEPS. The phenotype of PEPS was kept deliberately narrow to try and 

restrict phenocopies contaminating the analysis but those with seizures suggestive of 

PEPS did share the hapiotype on 4pl5. These had in addition seizures suggestive of IGE 

or a possible symptomatic aetiology for their epilepsy excluding them from the initial 

analysis. Secondly, the family was analysed by a two point analysis both with and 

without the loop included and the model including the consanguinity loop gave the 

higher scores. This implies that if the multipoint analysis had been possible across the 

three markers D4S2983, D4S403 and D4S2311 with the consanguinity loop included a 

score higher than 3.3 may have been obtained.
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4.8.2 PEPS appears to be a “true dominant” condition

One of the interesting genetic features revealed by the mapping of PEPS to 4pl5 is that 

there are a number of individuals within the family (the offspring of the consanguineous 

marriage) who are homozygous for the affected hapiotype, and hence by implication for 

the mutation causing PEPS. The phenotype in these individuals was indistinguishable 

from that of the heterozygote affected individuals. This could be explained by a 

dominant negative mechanism of a mutation whereby the abnormal version of a protein 

disrupts the normal protein function in the heterozygous state, removing any residual 

wild-type function. In vitro expression analysis of some mutated ion channel subunits, 

both voltage and ligand gated, has revealed identical physiological disturbance in both 

the heterozygous and homozygous states (Bertrand, 1999; Fusco et al., 2000; Kuryatov 

et al, 1997; Wollnik era/., 1997).

4.8.3 Finding the Gene Responsible for PEPS

Finding a mutation responsible for PEPS is the ultimate validation of the map position 

and the slightly unconventional approach taken to the linkage analysis. There are two 

approaches to finding the mutation or gene responsible for a condition: candidate gene 

analysis and positional cloning.

Following the sequencing and the beginnings of annotation of the human genome, 

initially any obvious candidate genes for a particular condition can be quickly examined.
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The majority of genes found to date as being responsible for idiopathic human and 

mouse epilepsies are ion channels, either voltage or ligand gated. Therefore the presence 

of a member of the KChIP gene family in the initially linked region presented an 

obvious candidate gene to examine. The negative results of this sequencing are 

described above. Further characterisation of the centromeric extent of the region 

however excluded the KChIP gene as the cause of PEPS as it lay centromeric to 

D4S2946.

Although not previously directly implicated in epilepsy pathogenesis, Dopamine has 

been reported in human and animal models of epilepsy as influencing epileptogenesis. 

The presence of a dopamine receptor, DRD5, which has been documented to interact 

directly with the GABAy2 subunit, which has been directly implicated in epilepsy, made 

this gene a clear candidate for causing the PEPS phenotype. The whole coding region 

was examined without any mutation found in the affected individuals, comparing both 

with the published data and the unaffected family member sequenced. The documented 

promotor sequences have not as yet been sequenced.

There are a further 18 known genes and 6 predicted genes in the region between 

D4S2983 and D4S2946: finding a recombinant at D4S2946 eliminated the genes 

centromeric to HCAP-G. As mentioned above, several of the remaining genes (CPZ, 

WDRl, HBP17, LDB2 and LOG 15056) could be involved in epileptogenesis via various 

mechanisms. Chromosome 4pl5 to which PEPS is linked is an area of the human 

genome which has a fairly low level of finalised sequence. This means that new 

candidate genes are likely to be listed in the region in future.

The second approach to finding a gene responsible for the syndrome within a mapped

region is positional cloning. The first step towards taking this approach is to narrow the
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region in which the gene could be located. There are several documented markers in the 

region which have not to date been typed. Future work could involve typing of these 

markers to try to restrict the region to a smaller genetic and hence physical area.

4.9 SUMMARY

During the first part of this thesis I have described the clinical phenotype of, and mapped 

a new idiopathic partial epilepsy syndrome. Partial Epilepsy with Peri-central Spikes 

(PEPS). The presence of consanguinity within the family made the mapping difficult 

despite the large numbers of affected individuals. The combination of a variety of 

approaches however allowed the identification of the map position for PEPS as 

chromosome 4pl5. Sequencing of candidate genes in the region will be performed on an 

ongoing basis.

179



CHAPTER 5

CLONING AND EXPRESSION OF ZEBRAFISH ORTHOLOGUES OF

LIS I AND DCLK

5.1 INTRODUCTION

LISl {PAFAH) and Doublecortin (DCX) are the two human lissencephaly genes cloned 

to date. The two genes are thought to be involved in a microtubule-dependent process of 

migration of neurons after they leave the ventricular zone to the cortical plate. LIS 1 is 

also part of a conserved pathway of nuclear movement used by yeast and fungi as well 

as mammals. The work of this chapter describes the identification of the zebrafish 

orthologues of the LISl gene and a gene closely related to DCX, Doublecortin-like 

kinase, DCLK. The expression patterns of mRNA of these genes in the zebrafish embryo 

and mature fish are described and these are compared with patterns described in the 

literature for other species.

5.2 CLONING OF ZEBRAFISH Ms1

5.2.1 Isolation of the zebrafish orthologue of LISl

A  low stringency hybridisation screen of a late somitogenesis stage ÀZAP zebrafish 

cDNA library was performed using full length human LISl as a probe (gift: Prof. O. 

Reiner, Weizmann Institute, Rehovat, Israel). After 4 rounds of screening the filters
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were plaque pure and six different clones were isolated. Restriction digest identified two 

of the clones were duplicated leaving 4 different positive clones for analysis. All four 

clones were sequenced and found to be homologous to LISL All of them contained 

identical coding sequence although one showed a different splicing in the 3 prime UTR, 

with only 185 bp after the stop codon. This could have been due internal priming on 

making the library or could be a site of alternative splicing in the UTR as it finished at a 

tract of 18 Adenosine residues.

The three other clones included a 3’UTR of 1558 bp and a varying length upstream of 

that. One of the clones included the full coding sequence and 408bp of 5’UTR. A 

consensus Kozak sequence, AAAATGG was present around the ATG start site. The 

sequence was imported into Gene Jockey sequence analysis programme to give the 

predicted amino acid sequence (Figure 5.1).

5.2.2 LIS1 shows a high degree of conservation across species

The zebrafish sequence was aligned with those of other species. The nucleotide 

sequence shows 80% homology between the zebrafish and human sequence across the 

whole gene. The amino acid sequence showed 93% homology across the gene. 

Alignment of the amino acid sequence with human, mouse, Xenopus, chick. Drosophila,

C. elegans and A. nidulans is shown in Figure 5.2. This high degree of conservation 

across species implies a highly important, evolutionarily conserved role for this gene.
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Figure 5.1 Nucleotide and Amino Acid sequence of Zebrafish lis l

Open reading frame sequence only is shown 

Standard amino acid abbreviations are used
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ATGGTGCTGTCACAGAGGCAACXSAGATGAACTAAATCGAGCTATAGCTGAÎTA'TITGCGCTCCAATGGCTATGAAGAG
M V L S Q R Q R D E L N R A I A D Y L R S N G Y E E

GCATATTCCACTTTTAAGAAGGAGGCAGAGTTGGATGTGAATGATGAGTTGGATAAGAAGTTTGCAGGACTTTTGGAA 
A Y S T F K  K E A E L D V N D E L D K K F A G L L E

AAGAAATGGACTTCGGTTATCAGATTACAAAAAAAGGTAATGGAGTTGGAGTCTAAACTAAATGAAGCTAAGGAGGAG
K K W T S V I R L Q K K V M E L E S K L N E A K E E

ATCACTTTAGGAGGCCCCGTGGGGCAGAAACGAGACCCCAAAGAGTGGATCCCACGCCCACCTGAGAAGTACGCCCTC
I T L G G P V G Q K R D P K E W I P R P P E K Y A L

AGCGGACY^CAGAAGCC(n\GTCACACGCX3TCATCTTCCACCCTGTGTTCAGCCTTATGGTCTCCGCCTCAGAGGACGCC
S G H R S P V T R V I F H P V F S L M V S A S E D A

ACTATAAAGGTGTGGGACTATGAGGCTGGTGATTTTGAGCGAACCCTGAAGGGTCACACTGACTCGGTGCAGGACATC
T I K V W D Y E A G D F E R T L K G H T D S V Q D I

TCCIT?TGAœAGACTGGAAAGCTGCIGGCTTCTTGCTCCGCTGACATGACCATCAAACTCTGGGATTTCCAGGGCTTT
S F D Q T G K L L A S C S A D M T I K L W D F Q G F

GAGTGCATCAGGACCATGCACGGACACGATCACAATGTGTCGTCAGTTGCCATCATGCCTAACGGTGACCACATAGTG 
E C  I R T M H G H D H N V S S V A I M P N G D H I V

TCTGCTTCCAGGGATAAGACGATGAAGATGTGGGAAGTGGCCACTGGTTACTGCGTGAAGACGTTCACAGGTCACAGA
S A S R D K T M K M W E V A T G Y C V K T F T G H R

GAGTGGGTTCGTATGGTCCGGCCCAATCAAGACGGCACGCTGTTGGCCAGCTGCTCCAATGACCAGACGGTGCGCGTG
E W V R M V R P N Q D G T L L A S C S N D Q T V R V

TGGGTCGTGGCCACCAAAGAGTGCAAGGCGGAGCTGAGGGAGCACGAGCATGTGGTGGAGTGTATCTTCTGGGCCCCT
W V V A T K E C K A E L R E H E H V V E C I F W A P

GAGAGCGCACATCCTACTATATCCGAGGCCACAGGCTCTGAGAACAAGAAGAGTGGAAAGCCTGGGCCATTCCTGTTA
E S A H P T I S E A T G S E N K K S G K P G P F L L

TCTGGATCCAGAGACAAGACCATTAAAATGTGGGACATCAGTACTGGCATGTGCCTTATGACACTGGTTGGCCATGAT
S G S R D K T I K M W D I S T G M C L M T L V G H D

AACTGGGTGCGTGGAGTGCTGTTTCATCCGGGCGGGAGGTTTGTGGTGAGCTGTGCTGATGACAAGACCCTTCGTATC
N W V R G V L F H P G G R F V V S C A D D K T L R I

TGGGACTATAAGAACAAGCGCIGCATGAAGACCCTCAGTGCCCYlTGAACACTTTGTrACCTCTTTGGATTTCCACAAG
W D Y K N K R C M K T L S A H E H F V T S L D F H K

ACTTCTCCTTACGTGGTAACAGGAAGTGTAGATCAAACGGTCAAAGTGTGGGAATGTCGCTGA
T S P Y V V T G S V D Q T V K V W E C R »



Figure 5.2 Comparison of Lisl amino acid sequences from different 

species

Clustal alignment is used from the DNA Star programme with identical amino acids 

shaded in black.
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5.2.3 Zebrafish Iis1 maps to linkage group 21

lisl was mapped to linkage group 21 by radiation hybrid mapping near msxd and an 

olfactory receptor cluster. There is some evidence of conservation of synteny of this 

region between the zebrafish and human chromosomal regions with an olfactory 

receptor complex being present adjacent to LISl on human chromosome 17pl3 and 

zebrafish LG21.

5.3 EXPRESSION OF lisl : IN SITU HYBRIDISATION

5.3.1 lisl is expressed during the earliest stages of embryogenesis

mRNA synthesis occurs in the zebrafish embryo from the mid-bias tula transition 

(around 1000 cells). Any mRNA detected prior to this stage is inherited in the yolk from 

the mother. In situ hybridisation detected lisl mRNA from the earliest stages of 

development (Figure 5.3 A and B) implying that it is maternally supplied suggesting an 

important early function.

5.3.2 Us1 expression levels are increased during neurulation

Subsequent expression of lisl mRNA during gastrulation is at very low levels. It is 

expressed in the developing shield (Figure 5.3 C), which forms the future axis of the
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Figure 5.3 Expression of zebrafish lis l from 8 cells to 18 somites

A 8 cells: maternal mRNA expression (bracketed) in blastula

B high stage strong blastula expression still maintained

C shield stage Animal pole view, weak expression in the embryonic shield

(arrowed)

D tailbud prolonged development of colour expression reveals low levels of

expression in the embryo throughout the axis but most strongly 

anteriorly (ant) compared to posteriorly (tb indicates the tailbud). 

E 12 somites lateral view, widespread expression seen throughout the embryo

notochord staining can be distinguished (no: arrowed)

F 12 somites dorsal view, widespread staining is confirmed including in the eye

primordia (arrowheads)

G 18 somites lateral view, widespread staining still present, with staining in the

notochord (no: arrow) and somites (s: arrowheads) distinguishable 

H 18 somites dorsal view, eye (arrowheads) and widespread neural expression
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embryo, at low levels which continue during gastrulation. It becomes expressed again at 

increasing levels during somitogenesis and neurulation. During this period it is 

expressed in the neuroectoderm as well as in the notochord, somites and eye. It is 

particularly highly expressed in the telencephalon, diencephalon, cerebellum and 

hindbrain (Figure 5.4). There is also expression in an area which we think corresponds 

to be the developing pancreas (Figure 5.4 C).

5.3.3 Iis1 has a more restricted pattern of expression by 72 hpf

Beyond 48 hours of development, expression of lisl RNA becomes increasingly 

restricted anteriorly in the embryo. There is also distinct staining in ordered rows of cells 

in the hindbrain (Figure 5.4 E). These segmentally arranged cells are thought to be either 

hindbrain intemeurons or radial glia.

There is expression throughout the brain and by 72 hours there is strong expression in 

the developing jaw and pharyngeal arches which is subsequently maintained.

5.3.4 Iis1 continues to be expressed in adult brain and eyes

In situ hybridisation on cryosections through 1 month and adult zebrafish show 

continued expression of lisl throughout the brain (Figure 5.5 and data not shown). It is 

present in a wide range of cells within the brain including much of the telencephalon 

(dorsal and ventral), thalamic nuclei and hypothalamus. It is also patchily expressed in 

the optic tectum in layer 3 and scattered cells in the periventricular grey of the tectum.
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Figure 5.4 Expression of zebrafish l is l from 28 hours to 5 days

A-C 28 hour embryo: eyes have been removed in lateral view embryos 

A Lateral view of embryo showing expression in neural tissues, notochord

and somites

B Dorsal view of anterior embryo showing expression in developing

nervous system, floor plate (fp) and eye (labelled)

C Lateral view anterior of embryo showing expression in telencephalon,

diencephalon and hindbrain. The area of expression seen ventral to the 

hindbrain is possibly the developing pancreas (p)

D, E 3 day embryo: D lateral view, E dorsal view

Reduced expression seen posterior to the hindbrain (D: arrowed), 

possibly due to reduced penetration. In hindbrain there is staining of 

ordered rows of hindbrain (E: marked with ****). Expression in addition 

to neural tissues is in developing jaw (D, labelled).

F 5 day embryo: lateral view. Increased expression in jaw and brain.

G eye expression at 24 hours

H Eye expression at one month with expression in ganglion cell and inner

plexiform layers (N) but not photoreceptor layer (Ph)

Abbreviations: tel = telencephalon, di = diencephalon, mhb = midbrain hindbrain 

boundary, hb = hindbrain, fp = floor plate, p = pancreas, Ph = 

photoreceptive layer of retina, N = neuronal layer of retina
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Figure 5.5 Expression of lis l  by in situ  hybridisation of digoxigenin- 

labelled antisense RNA to cryosections of 1 month old 

zebrafish brain

i. Olfactory bulb

ii. Telencephalon

iii. Diencephalon and Midbrain

iv. Midbrain

A External Cellular Layer of Olfactory Bulb

B Glomerular Layer of Olfactory Bulb

C Primary Olfactory Fibre layer

D Dorsal Telencephalon

a Lateral Zone, b Posterior Zone, c Dorsal Zone, d Medial Zone, e Central Zone 

E Ventral Telencephalon (supracommissural nucleus)

F Lateral Forebrain Bundle

G Anterior Commissure

H Entopeduncular Nucleus

I Parvocellular Pre-Optic Nucleus

J  Optic Tectum

K Periventricular Grey Zone of Optic Tectum

L Pre-Tec tal Nuclei

194



a Posterior, b Accessory, c Dorsal Part of Periventricular, d Ventral Part of 

Periventricular 

M Ventrolateral Optic Tract

N Preglomerular Nuclei

a Lateral, b Medial 

O Habenula

P Thalamic Nuclei

a Anterior, b Ventrolateral, c Ventromedial, d Central Posterior, 

e Dorsal Posterior, f Posterior 

Q Periventricular Nucleus of Posterior Tuberculum

R Posterior Tuberal Nucleus

S Hypothalamus

a Ventral Zone of Periventricular Hypothalamus, b Lateral Nucleus 

c Dorsal Zone of Periventricular Hypothalamus 

d Caudal Zone of Periventricular Hypothalamus 

T Anterior Tuberal Nucleus

U Posterior Commissure

V Torus Longitudinalis

W Torus Semicircularis

X Tectal Ventricle

Y Posterior Commissure
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Although widely expressed, transcripts are not ubiquitous: the external cellular layer of 

the olfactory bulb (A) is, for example, clear of expression as is the accessory pretectal 

nucleus (Lb), lisl continues to be expressed in the neural layers of the eyes (Figure 5.4 

H).

5.3.5 Examination of Us1 expression by RT-PCR confirms the time course 

of Us1 expression seen by in situ hybridisation.

To confirm the results seen by wholemount in situ hybridisation, RNA was extracted 

from embryos at equivalent stages: 50% epiboly, tailbud, 18 somites, 24 hours, 48 hours, 

72 hours and 7 days. The RNA was DNAse treated prior to reverse transcription using 

oligo-dT primers for synthesis of cDNA. Amplification of a fragment within the gene 

was then done by PCR and checked on an agarose gel. A negative control was included 

with all components of both reactions present except the reverse transcriptase enzyme to 

exclude contamination (Figure 5.6).

The amplified fragment of lisl was present at all stages of development examined, 

verifying the in situ results. No clear quantitative data could be inferred from the RT 

PCR gel.
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Figure 5.6 RT-PCR supports the timing of zebrafish lis l expression found 

by in situ hybridisation

A 50% epiboly

B tailbud

C 12 somites

D 24 hours

E 48 hours

F 3 days

G 7 days

H negative control

I positive control
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5.4 CLONING OF ZEBRAFISH dclk

5.4.1 Zebrafish dclk, not dcx, was Isolated by cDNA library screening with 

human DCX

A  low stringency hybridisation screen of a late somitogenesis stage ÀZAP zebrafish 

cDNA library was performed using full length human DCX as a probe (gift: Prof. J. 

Chelly, Institut Cochin de Genetique Moléculaire, INSERM 129, Paris, France). Several 

clones hybridised on the initial screen but they were not clearly duplicated on the initial 

filters and did not continue to hybridise on further rounds of screening. Further zebrafish 

cDNA libraries were then obtained and screened with a new human DCX probe, (gift of 

Prof. C Walsh, Harvard, USA). The libraries screened with this probe were two separate 

somitogenesis stages (12 somites and 15-17 somites) and an adult zebrafish brain 

library. No positive clones were obtained from either somitogenesis libraries but the 

adult brain library revealed five hybridising clones which duphcated within the filter. 

Sequencing of the clones obtained revealed highest homology to Doublecortin-like 

kinase {DCLK) rather than DCX. The fourth clone was a false positive result: the clone 

obtained showed homology to pecanex, a proneural gene previously cloned in mouse 

and Drosophila and the fifth clone showed no homology to any known gene on the 

database.
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The three zebrafish dclk clones were identical in length and sequence, containing the full 

length coding sequence (2163bp) with approximately 1.1 kb of 3’UTR and 78 bases of 

5’UTR.

Again there is a consensus Kozak sequence around the ATG start site (GACATGG).

5.4.2 dclk Is highly conserved between species in its DCX and kinase 

domains

The nucleotide sequence obtained by screening of the cDNA library was translated from 

the ATG start site in Gene Jockey programme to give the predicted amino acid sequence 

(Figure 5.7). The nucleotide and amino acid sequences were aligned with that from 

mouse and human showing a high degree of conservation between the species in both 

the Doublecortin and kinase domain (80% identity between human and zebrafish amino 

acid sequences Figure 5.8a). There is a short linking domain between the two presumed 

functional domains which is not well conserved, best seen on a matrix comparison of the 

human and zebrafish amino acid sequences (Figure 5.8b).
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Figure 5.7 Nucleotide and Amino Acid sequence of Zebrafish dclk

Open reading frame sequence only is shown 

Standard amino acid abbreviations are used
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ATGGAGGAGCATTTTGACGAGCGGGACAAACTGCAGCGCAACAGCCGGAGCGCAGGCCGGGCGAACGGGCTCCTCAGC
M E E H F D E R D K L Q R N S R S A G R A N G L L S

CCCACTCACAGCXX:CCACTGCAGCCTTTACCGCACGCGGACCCTCAAAACACTCAGCTCCGAGAAGAAGGCGAAGAAA
P T H S A H C S L Y R T R T L K T L S S E K K A K K

GTGCGCTTTTACCX3CAATGGTGACCGATATTTCAACGGGATCGTGTACGCCATCTCATCGGACCGCATCAGAACCTTT
V R F Y R N G D R Y F N G I V Y A I S S D R I R T F

GACGCTCTGCTGGCTGACCTGACCCGAACCCTGTCCGACAACXÏTCAACCTCCCGCAAGGGGTGCX3AATTATCTACTCA
D A L L A D L T R T L S D N V N L P Q G V R I I Y S

ATCGATGGCAACAAAAAAATCACCAACATAGATCAGCTGGTGGAAGGTGAGAGTTATGTGTGCGGCTCCACTGAAGCG
I D G N K K I T N I D Q L V E G E S Y V C G S T E A

TTTAAAAGAGTTGACTACTCCAACAATGTCAACCCTAACTGGTCTGTAAATGTGAGGGCCCTGGGCTCCAGCAAGTGC
F K R V D Y S N N V N P N W S V N V R A L G S S K C

CCCACXSTCTCTAGCCAGCTCCAAATCAGGCCCGCAGTTCAGAGAGAGCAAAGACTTCATCAGACCCAAACTGGTCACC
P T S L A S S K S G P Q F R E S K D F I R P K L V T

GTGATCCGCAGCGGAGTGAAGCCACGCAAGGCGGTTOXATTCTGCTCAACAAGAAGACGGCGCACTCCTTTGAACAA
V I R S G V K P R K A V R I L L N K K T A H S F E Q

GTGCTCACTGACATTACAGACGCTATAAAGCTGGATTCGGGCATTGTCAAGAGGATCTACACCCTTGAGGGAAAACAG
V L T D I T D A I K L D S G I V K R I Y T L E G K Q

GTCTCTTGCCTTCAGGATTTCTTCGGGGAGGAGGACATCTTCATCGCATGCGGCCCAGAGAAGTTCCGTrACCAGGAT
V S C L Q D F F G E E D I F I A C G P E K F R Y Q D

GACTTTCTGCTGGATGAGAGCGAGTGTCGAGTGGTGAAATNAACATCCTATGGCAGGGTGGGCTCTTTAAACCGAAAC
D F L L D E S E C R V V K X T S Y G R V G S L N R N

TOXrCTAGAAGCGTTGTCCTTTGCAGACGCAGCAAGTCCCXnTCTGGATCAGTGAATGGGACCCCAGCGAGTCAGCTG
S P R S V V L C R R S K S P S G S V N G T P A S Q L

TCCACACCCCAITOTCCAAAGTCACCTAGTCCATCTCCAGCCAGCCCGGGGAGCTTAAAGAAACX3CAGGGGGTCTCAG
S T P H S P K S P S P S P A S P G S L K K R R G S Q

CAGAGCGGCnCCTCTCTGTCTCTGGCCTCCACCAAAGTCTGCAGCATGGATGAGGAGGAAGGGCCTGTCAGCGATGCC
H S G S S L S L A S T K V C S M D E E E G P V S D A

GAGACGTTGGAGGAAACGCCAATTCCCACCGTCCCGAGCTCCATTTCAGATCGGTACAAAGTGGGCCGGATGATCGGA
E T L E E T P I P T V P S S I S D R Y K V G R M I G

GAaXX3AACTTTGCXX?IGGTTCACX3AGTGTGTGGAGCACTCGACCGACAGGGCGTACGCTCTGAAGATCATCAACAAA
D G N F A V V H E C V E H S T D R A Y A L K I I N K

GGCAAATGCAGAGGAAAGGAGCATATGATCCAGAACX3AAGTGGCTATCCTGAGAAGAGTGAAGCATCCGAACATTGTG
G K C R G K E H M I Q N E V A I L R R V K H P N I V

TTGCTGATCGAGGAAATGGACACTTATAATGAACTCTATCTGGTCATGGAGCTGGTTAAGGGAGGAGATCTTTTCGAT 
L L I  E E M D T Y N E L Y L V M E L V K G G D L F D

GCCATCACXrrCTGCCAACAGATACACTGAGCGGGATGCCAGTGGCATGCTGTACAACCTGGCCAGTGCCATCAAATAT
A I T S A N R Y T E R D A S G M L Y N L A S A I K Y

TTACACAGCCTTAACATœTCCACAGAGACATCAAACCAGAGAACCTTTTGGTrTACGAACATCAAGACGGGAGCAAA
L H S L N I V H R D I K P E N L L V Y E H Q D G S K

TCTCTGAAACTAGGAGACTTCGGCTTGGCCACAGTGGTAGACGGACCCCTGTACACCGTCTGCGGGACACCCACATAT
S L K L G D F G L A T V V D G P L Y T V C G T P T Y

GTAGCACCAGAGATTATCGCAGAGACCGGGTATGGCCTTAAGGTAGATATCTGGGCCGCTGGAGTCATCACATATATT
V A P E I I A E T G Y G L K V D I W A A G V I T Y I

CTœTTTGTGGCTlTCCnGCATTTCGTGGGAGTACTGAAGATCAGGAGGCTCTGTTTGAœAGATACTACTGGGACAG
L L C G F P P F R G S T E D Q E A L F D Q I L L G Q

TTAGAATTCCCTCTCCCATACTGGGACAACGTGTCAGACTCAGCCAAAGAGCTGATCGTGTCCATGCTGCAGGTGGAA
L E F P L P Y W D N V S D S A K E L I V S M L Q V E

GTGGACCAGAGATACACAGCGTTACAAGTGCTCGAACATCCCTGGGTCACAAACGACGGTCTGTCAGAAAAŒIAGCAC
V D Q R Y T A L Q V L E H P W V T N D G L S E N E H

CAGCTGTCAGTGGCAGGAAAGATCAAGAAGCACTTTAACACTGGACCCAAACCCAACACTCCTGGAGTCACCGTCATG
Q L S V A G K I K K H F N T G P K P N T P G V T V M

ACGOTCGACCAaSACTTOTCCATGCAGAGATCAGGGTCXXTEGGATTrcTATCAGAACCCGGGAATGTTCTQGATCAGA
T L D H D F S M Q R S G S L D F Y Q N P G M F W I R

CCACCGCTCTTGATAAGGAGAGGCAGATTCTCAGACGAGGACGCCACCAGAATGTGA
P P L L I R R G R F S D E D A T R M »



Figure 5,8 Comparison between Dclk amino acid sequences

a. Clustal alignment shows identical amino acid sequences highlighted in black.

b. Matrix comparison between human and zebrafish Dclk protein sequences.

Long stretches of conserved amino acids are in black (5 or more consecutive 

amino acids identical) with shorter stretches of identical amino acids in 

progressively lighter colours. There are two highly conserved domains within the 

protein which correspond to the DCX (i) and kinase (ii) domains (predominantly 

black/blue line). The region between the two domains is less well conserved 

(seen in yellow, labelled (iii)).
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5.5 EXPRESSION OF dclk

5.5.1 dclk is not expressed In the early embryo

Examination of embryos at stages between a few cells to tailbud (8 cells, 1000 cells, 

shield, tailbud) revealed no dclk expression at these stages. Expression of dclk is first 

detected at 10 somites in the spinal cord and at low levels in the hindbrain (Fig 5.9 A 

and B). By 18 somites, high levels of dclk expression are present in the developing 

embryo (Figure 5.9 C, D and E). This expression is widespread throughout zones of 

neuronal production in the central nervous system including the telencephalon, 

diencephalon, hindbrain and spinal cord. The dorsal midbrain less clearly expresses dclk, 

consistent with the delayed differentiation of neurons in this region. There is also 

expression in the pineal and putative pancreatic anlage.

5.5.2 dclk Is expressed In the developing central nervous system

Throughout the stages examined, dclk is expressed in high levels in the central nervous 

system. Earlier, it is expressed from the telencephalon through the spinal cord but 

expression in the spinal cord is reduced caudally from 24 hours possibly because of 

difficult penetration later in development (Figure 5.10 B and C). In contrast to lisl 

expression there is no expression in the jaw (Figure 5.10 C). The pineal gland, epiphysis 

or “third eye” is a photoreceptive organ located in the dorsal diencephalon, dclk is 

expressed strongly in the pineal gland from an early stage in its development and is
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Figure 5.9 Expression of zebrafish dclk by in situ hybridisation from 10

somites to 24 hours

A. 10 somites, lateral view. Faint expression in the hindbrain (hb) and spinal 

cord (sp) is seen

B. 10 somites, flat mount, dorsal view showing hindbrain and spinal cord 

expression

C. 18 somites, lateral view, eye removed. Expression is widespread at sites 

of neurogenesis including in telencephalon (tel), diencephalon (di), pineal 

gland (pin), hindbrain (hb), spinal cord (sp) and the putative pancreatic 

anlage (?p)

D. 18 somites, flat mount, dorsal view. A rhombomeric pattern of expression 

in the hindbrain (rl, r2, r3) is apparent

E. 18 somites, flat mount, dorsal view showing spinal cord (sp) expression 

and the midline expression in the putative developing pancreas (?p)

F. 24 hours, lateral view, eyes removed. Expression decreases caudally with 

only weak expression in the spinal cord (sp). There is still expression in 

areas labelled as in C. There is a stripe of expression extending dorsally 

from the anterior hindbrain into the developing cerebellum (c).

G. 24 hours, flat mount, dorsal view showing hindbrain expression clearly. 

The rhombomeric pattern seen in D is less obvious at this stage. 

Expression in the eyes is described in Figure 5.11
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Figure 5.10 Expression of Zebrafish dclk at 48 and 72 hours

A 48 hours, dorsal view. Spinal cord (sp) expression is reduced, probably due to

reduced penetration. The hindbrain (hb) and more anterior brain structures are 

darkly stained. The eyes show expression throughout. There is also expression 

seen in the floor plate (fp, arrowed)

B. 48 hours, lateral view, eyes removed. The expression seen in A is also seen in 

this view. Expression in the pineal gland is shown (pin, arrowed).

C. 72 hours lateral view, eyes removed. The regions of the brain: telencephalon 

(tel), diencephalon (di), midbrain (mb), cerebellum (c) and hindbrain (hb) are all 

labelled. Again pineal expression is marked (pin, arrowed)

D. 72 hours dorsal view hindbrain. Expression of dclk is seen in ordered rows of 

cellular processes in hindbrain (marked****).

2 1 1



sp pm

D

jaw



maintained throughout all stages examined (fig 5.9 C, F and 5.10 B, C). Expression of 

dclk in the hindbrain is rhombomerically arranged from somitogenesis onwards (Figure 

5.9 C and D). There is also staining in segmentally arranged hindbrain cellular processes 

as seen with lisl by in situ hybridisation at 3 days (Figure 5.10 D). The expression of 

dclk appears to corresponds to sites of neuronal differentiation throughout the nervous 

system at these stages (see 5.5.4 below also).

5.5.4 ddkxs expressed in the differentiating gangiion celi layer in the 

retina

Expression of dclk in the retina starts in a small area in the ventral anterior (nasal) retina 

at around 24 hours, near where the future choroid fissure for the exit of the optic nerve 

forms (Figure 5.11 A and B). This small spot of expression is in an identical place to that 

seen in the initial expression of ath5 which then spreads in a wave over the retina 

predicting the site of neurogenesis of the ganglion cell layer (Masai et al, 2000) (Figure 

5.11C), dclk is also expressed in the presumptive lens at 24 hours (Figure 5.11 A and B). 

It is expressed in the ganglion cell, plexiform and photoreceptive layers of the retina by 

4-5 days of development (Figure 5.11 D) and is maintained in the adult in these layers 

(Figure 5.11 E).

5.5.5 dc/Ac continues to be expressed in the adult brain and eye

In situ hybridisation on cryosections revealed widespread expression in the adult brain 

(Figure 5.12). Similarly to lisl there is expression in the dorsal as well as the ventral
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Figure 5.11 Expression of Zebrafish dclk in the Eye during development

A. 28 hour embryo, dorsal view. Dclk expression is evident in the eyes in the lens 

(labelled) and a small area of expression in the anterior nasal retina (arrowed).

B. Dissection of the eye from a 24 hour embryo. The same areas of expression are 

shown more clearly. Labels as above.

C. Section through the eye of 4-5 day embryo. Expression in all layers of the eye is 

seen. Ph = photoreceptive layer,

D. Section through adult eye. Expression of dclk is maintained throughout retinal 

ganglion cell, plexiform and photoreceptive (Ph) layers
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Figure 5.12 Expression of dclk by in situ hybridisation of

digoxigenin-labelled antisense RNA to cryosections of 1 

month old zebrafish brain

i. Olfactory bulb

ii. Telencephalon

iii. Diencephalon and Midbrain

iv. Midbrain

A External Cellular Layer of Olfactory Bulb

B Glomerular Layer of Olfactory Bulb

C Primary Olfactory Fibre layer

D Dorsal Telencephalon

a Lateral Zone, b Posterior Zone, c Dorsal Zone, d Medial Zone, e Central Zone 

E Ventral Telencephalon (supracommissural nucleus)

F Lateral Forebrain Bundle

G Anterior Commissure

H Entopeduncular Nucleus

I Parvocellular Pre-Optic Nucleus

J  Optic Tectum

K Periventricular Grey Zone of Optic Tectum

L Pre-Tectal Nuclei
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a Posterior, b Accessory, c Dorsal Part of Periventricular, d Ventral Part of 

Periventricular 

M Ventrolateral Optic Tract

N Preglomerular Nuclei

a Lateral, b Medial 

O Habenula

P Thalamic Nuclei

a Anterior, b Ventrolateral, c Ventromedial, d Central Posterior, 

e Dorsal Posterior, f Posterior 

Q Periventricular Nucleus of Posterior Tuberculum

R Posterior Tuberal Nucleus

S Hypothalamus

a Ventral Zone of Periventricular Hypothalamus, b Lateral Nucleus 

c Dorsal Zone of Periventricular Hypothalamus 

d Caudal Zone of Periventricular Hypothalamus 

T Anterior Tuberal Nucleus

U Posterior Commissure

V Torus Longitudinalis

W Torus Semicircularis

X Tectal Ventricle

Y Posterior Commissure
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telencephalon. The hypothalamus is stained more dorsally than ventrally and the 

thalamic nuclei are also stained. There is heavy staining in the peri-ventricular grey of 

the optic tectum compared with scattered staining only in sections hybridised with lisl 

riboprobe. Expression in the optic tectum is in layers two and three, again more 

extensive than lisl expression. Although the staining within the adult brain is 

widespread, it is not universal. Expression is not present in several nuclei, for example 

the torus longitudinalis (V) (which does express lisl) and although there is staining in 

the anterior periventricular nucleus of the posterior tuberculum, this becomes absent 

more posteriorly (Figure 5.12: iii cf. iv Q). There is continuing expression in the adult 

eye in all layers (Figure 5. HE).

5.6 DISCUSSION

5.6.1 LIS1 has a high degree of sequence homology across species

Cloning of the zebrafish lisl gene lends further support to the fact that this gene has a 

very important role in development. It has one of the highest degrees of sequence 

conservation across species; even the orthologue in Aspergillus nidulans has 42% 

identity to the human protein. The zebrafish lisl orthologue detailed in this chapter has 

93% identity to human LISL Because of a genome duplication event early in the teleost 

lineage (Taylor et a l, 2001; Van De Peer et a l, 2001), some zebrafish genes are 

duplicated, although the two copies are usually divergent in timing and/or sites of
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expression (e.g. (Rohr et al, 2001)]). However, I could find no evidence for a second 

lisl gene in the zebrafish. Despite obtaining 4 different positive clones from the 

hybridisation screen for lisl, they only differed in the length of the 3’UTR or length of 

the clone.

5.6.2 The expression pattern of US1 is not identical across species

In all organisms examined, LlSl is consistently expressed very early in embryogenesis 

and subsequently in the developing nervous system. In mammals, expression has been 

reported in the oocyte and zygote (Cahana et a l, 1999) and must be required early as the 

complete Lisl knock-out is lethal prior to E6 (Hirotsune et a l, 1998).

From E l0.5 in the mouse, expression was noted in all areas in the central nervous 

system, the peripheral nervous system as well as the pharyngeal arches and mesoderm 

tissues (Albrecht et a l, 1996). In the adult human, expression was found predominantly 

in layers 5 and 6 of the cortex as well as the hippocampus (predominantly CA2 and 3) 

and the olfactory bulbs (Reiner et a l, 1995). Lisl has also been cloned in the chick 

(Gallus gallus) although early expression has not been detailed. During neurulation, 

chick lisl is less strongly expressed in the head but more strongly in the posterior neural 

tube. It is also expressed in the notochord and somites. From stage 20 it is additionally 

expressed in the lens of the eye but the neural crest is reported as not having any 

expression. From stage 27 chick lisl is also in peripheral nerves and muscle and by stage 

35, expression is weakly throughout the whole embryo excluding the bone (Shmueli et
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al, 2000). Expression in C. elegans has been examined and found in all nerve cells 

during development (Dawe et a l, 2001).

In the zebrafish, I have shown expression which has most similarity to that shown in 

mammals rather than the predominantly posterior expression pattern found in chick. 

Examination of zebrafish lisl expression confirms a likely early role for lisl as it is 

maternally expressed in the oocyte. Expression of lisl RNA continues during gastrula 

stages but at very low levels. During somitogenesis the expression of lisl mRNA is 

widespread but then becomes enriched in the developing nervous system from around 24 

hours. No expression in seen late in the somites or muscle, as it is in the chick. Lens 

expression is however also seen in the zebrafish. Outside the developing nervous 

system, there is strong expression in the developing jaw (Figure 5.5). In the adult 

zebrafish (there is very little change in anatomy between 1 month and adult), there is 

similarity between the mammalian pattern of expression in the brain and that observed in 

the zebrafish sections detailed above. Firstly, lisl is strongly expressed in the lateral 

zone of the dorsal telencephalon (Da) which is thought to be equivalent to the 

mammalian hippocampus and also in the olfactory bulbs (A). Many cortical functions of 

mammals are thought to be handled by diencephalic nuclei in fish, for example the 

nuclear preglomerular complex (N) which processes acoustic and gustatory sensory 

processing and the torus semicircularis (W) which processes lateral line and acoustic 

information. The majority of these nuclei express lisl.

The expression of Lisl is relatively widespread in all species examined. There are some 

differences in the expression pattern in chick compared to other species: it is more 

highly expressed in the posterior neural tube and tail during gastrulation than in the 

head. This has not been described in other species. One possibility is that the paper
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looking at chick developmental expression was done by immuno-staining, thus looking 

at protein rather than mRNA expression, which was the case with both the human, 

mouse and zebrafish work. There are however other possible explanations for the 

differences. Although LISl is part of an evolutionarily conserved pathway of genes 

involved in nuclear positioning and movement, it may have acquired additional roles 

throughout development. One interaction of LIS 1 in mammals is with the two catalytic 

sub-units of PAFAH. These are not present in the C.elegans genome, present but non- 

catalytic in Drosophila (Sheffield et al, 2000) and present and catalytic in mammals 

(Albrecht et a l, 1996). Thus although LISl is highly conserved throughout evolution, at 

least some of the pathways through which it acts are not present throughout evolution 

and so could account for some of the differences in expression pattern seen in a variety 

of organisms.

5.6.3 DCLK is present in many species whereas OCX may only be found 

in vertebrates

It is unclear why a dclk clone was obtained but not a dcx orthologue. One possibility is 

that dcx is not expressed in the time periods during development that the libraries were 

made from: the somitogenesis libraries are possibly too early for DCX to be present and 

it is thought only to be present in low levels in the adult brain. Another possibility 

explored below is that there is no zebrafish dcx gene, but only a dclk gene. This could be 

the case as there is no DCX orthologue reported in the genome database for some other 

organisms. For example, C.elegans has the equivalent of a DCLK gene (Accession

2 2 2



number AJ319870: Zyg8) but no DCX orthologue was found on searching genomic 

databases.

As I was unable to clone DCX from the cDNA libraries screened with human DCX, 

various databases were searched for the zebrafish orthologue. The Wellcome Trust has 

funded the sequencing of the zebrafish genome and many ESTs have been sequenced 

and are available in public databases. Currently approximately 2.88 Gb of the zebrafish 

genome has been sequenced by the Sanger Centre and is present in searchable databases, 

but no clone homologous to DCX was found in the searches performed either in the 

genomic or available EST databases. Databases were searched with both the human 

DCX sequence and the zebrafish dclk gene sequence with the kinase removed. The DCX 

orthologues found to date are only in mammals (human and mouse (Burgess et al,

1999)) and in chick (Christiansen et a l, 2001). Mammals have a dclk gene in addition to 

DCX and so it seems possible that DCX arose by duplication and subsequent 

modification of DCLK.

Because of their probable evolutionary relationship, the high similarity in amino acid 

sequence between DCX and the DCX domain of DCLK (80% between the two human 

proteins) and the similarity of the two expression patterns in mammals, it was decided to 

explore the function of dclk in the zebrafish embryo. Because of its probable relationship 

to DCX, it is a candidate gene for neuronal migration disorders in humans.
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5.6.4 A comparison between zebrafish dc/Ac expression and DCLK/DCX

expression reported in other species.

Relatively little data is available in the literature on DCLK expression. It has been 

reported in mammals in an overlapping, but wider, pattern of expression to that of DCX 

(Mizuguchi et a l, 1999). In mouse, it is not expressed before neurulation stages at E ll, 

coming on at an identical time as DCX expression (Omori et a l, 1998). It is thought then 

to be expressed almost exclusively in the neuroepithelium, including the cortex, 

diencephalon, ganglionic eminences, midbrain (including the floor plate), cerebellum 

and hindbrain (Burgess et a l, 1999). Within the cortex, the expression of both DCX and 

DCLK are thought to become progressively restricted to migratory cells (in intermediate 

zone and cortical plate) rather than the proliferative ventricular zone. DCLK continues to 

be expressed in the adult brain (Matsumoto et al, 1999b). On a sub-cellular level, DCLK 

is found in cell bodies, neurites and growth cones, supporting its role in neuronal 

migration (Mizuguchi et a l, 1999).

DCX expression in mammals is similar in timing of expression to that of DCLK, with the 

exception that some studies reported complete down-regulation of expression of DCX in 

the adult. Other reports however have described in detail DCX expression in migratory 

and differentiated neurons in the adult rat brain (Nacher et a l, 2001). Its spatial 

expression is also similar to DCLK: it is also seen in migrating layers of the cortex, 

including the tangentially as well as radially migrating cells but is down-regulated in the 

proliferative ventricular zone (des Portes et a l, 1998; Francis et a l, 1999; Gleeson et al, 

1999; Matsuo et a l, 1998; Mizuguchi et al, 1999). Expression in the retinal ganglion 

cell layer is also reported.
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A chick orthologue of the DCX gene was found by in situ hybridisation screening of a 

subtractive cDNA library looking for genes specifically expressed in a segmental 

fashion during hindbrain development. At stage 10-12, it is expressed in rhombomeres 2 

and 4 and the migrating neural crest from rhombomere 4 (Christiansen et a l, 2001).

In this chapter I have described the pattern of zebrafish dclk expression throughout 

development. It has revealed several zones of expression not previously described in 

other species. Firstly, the onset of expression is confirmed to be relatively late in 

development, during somitogenesis stages. Secondly, dclk appears from its expression 

pattern to have an important role in the development of the visual system. It is expressed 

in a pattern similar to that of the genes that map out the formation of neuronal layers, 

such as ath5 (Masai et a l, 2000), of the retina. In addition to expression in the retinal 

ganglion layer, it is also expressed in zebrafish in the photoreceptive cells of the retina.

It is also expressed in the pineal gland.

Secondly, zebrafish dclk is not solely expressed in rhombomeres 2 and 4 as seen in the 

chick Dcx gene but rather in many neurons throughout the CNS, including clusters in all 

zebrafish rhombomeres. Similar to the expression of Dclk in the mouse, zebrafish dclk is 

also expressed in the floor plate. In the adult zebrafish brain, there is widespread 

expression of dclk, not just in migratory areas of the adult brain such as olfactory lobes. 

Continuing strong expression in the tectum supports the presumed important role of dclk 

in the visual system.
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5.7 SUMMARY

Cloning and sequencing of LISl and DCX orthologues in the zebrafish has revealed 

further information about these genes in non-mammalian vertebrates.

Furthermore, examination of the expression patterns has revealed previously 

undocumented locations of expression and highlighted differences seen between species. 

The zebrafish’s advantages of being amenable to analysis from an early stage of 

development and being translucent, allowing in situ hybridisation staining at all stages of 

development, have meant that the expression pattern of these genes have been examined 

in detail not previously described in other species. These findings give an indication of 

the role of these genes in development and highlight the changes which occur in the 

expression patterns of these genes through evolution. One of the most interesting issues 

is the possible absence of a DCX gene in some organisms. With the advent of increased 

genome sequences available, it will be interesting to see which organisms have both a 

DCX and DCLK gene and which have just a DCLK gene.

The expression patterns described in the zebrafish show that Lisl has a function both 

inside and outside the nervous system. There is expression early in development prior to 

neurogenesis and, during neurula stages, lisRs expressed in the whole neuroepithelium. 

Later in development there is increasing restriction of expression to areas of the CNS 

and also the jaw. dclk expression is, in contrast, tightly restricted to the developing 

nervous system with expression in neuronal cells during differentiation and beyond. For 

dclk, the early expression in the presumptive retinal ganglion cell layer at the time of
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neurogenesis is interesting. It may be that it has a role in neurogenesis or some other 

process as the role of a microtubule-associated protein/ neuronal migration gene in this 

location is uncertain. Certainly it seems to have a role in the development of the visual 

system, previously unsuspected. Also the expression of dclk in the pineal gland and the 

photoreceptive layer of the retina is previously unreported and it is unclear again how 

this fits with the previously assumed function of the gene.
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CHAPTER 6

STUDIES OF THE FUNCTION OF LISl AND DCLK IN THE 

DEVELOPING ZEBRAFISH EMBRYO

6.1 INTRODUCTION

Studying the Functional Effects of Genes using Zebrafish Embryos

The zebrafish is an excellent model organism for the study of brain development for the 

many reasons outlined in Chapter 1. Most particularly, it is accessible during all 

embryonic stages, is translucent and develops rapidly. The ease with which the genome 

can be mutagenised, for example with ENU (ethyl nitrosurea) has also helped elucidate 

the genetic pathways involved in many steps of vertebrate development. More recently, 

the injection of morpholino-modified oligonucleotides (Summerton, 1999) has allowed 

gene-specific knock-down and this approach has now been described for many genes. 

The success of this technology in its specificity to the targeted genes and its long-lasting 

effects within the embryo are key to this study. The specificity has been demonstrated in 

many genes now including no tail and one-eyed-pinhead (Feldman et a l, 2001). The 

long-acting effects of morpholinos has been demonstrated by its reproduction of 

pigmentation defects up to 10 days post-fertilisation {nacre MO and sparse MO) 

(Nasevicius et al, 2000).
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The relevance however, of using a vertebrate so removed from humans particularly 

when attempting to model a brain developmental disorder (in which the differences 

between fish and humans are so striking) has to be questioned. There are however 

several successful zebrafish models of human diseases published. Firstly in the field of 

haematology, zebrafish mutants have conditions analogous to erythropoietic 

protoporphyria (ferrochelatase deficiency), hepato-erythropoietic porphyria 

(uroporphyrinogen decarboxylase deficiency) and congenital sideroblastic anaemia 

(ALAS2) with blood defects closely modelling the human diseases (Brownlie et al., 

1998; Childs et a l, 2000; Wang et a l, 1998). Hepatoerythropoietic protoporphyria has 

also been successfully phenocopied using a morpholino against uroporphyrinogen 

decarboxylase (Nasevicius et a l, 2000). Secondly the disorder holoprosencephaly, 

where there is failure of midline separation of the brain and the face, has been found to 

be due to mutations in several genes including Sonic Hedgehog (SHE), ZIC2, SIX3 and 

TGIF (Wallis et al, 2000). In zebrafish, an equivalent phenotype is cyclopia. Although 

the shh mutant (sonic you) does not have cyclopia as a further hedgehog gene 

compensates for its function anteriorly (tiggywinkle hedgehog: twhh), knock-down of 

both these genes by double morpholino injection does result in cyclopia (Nasevicius et 

a l, 2000). Furthermore, mutation of the Smoothened protein, a transmembrane protein 

that functions in the reception/transduction of hedgehog signals also gives cyclopia. 

Other mutations that regulate or interact with Hedgehog signalling such as nodal 

pathway genes (cyclops, squint) and their receptor cofactor one-eyed pinhead (Feldman 

et a l, 2001; Karlen et a l, 2001) also result in cyclopia.

As well as the previously documented success of the zebrafish in modelling disease 

pathology, the study of lissencephaly genes is suited to the use of the zebrafish for
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several reasons. Firstly the similarities between vertebrates in the development of the 

brain has previously been discussed in Chapter 1. Secondly the conservation of some of 

the genetic interactions of lisl has been demonstrated through organisms from 

Anidulans to humans. Thirdly the basic mechanisms of neuronal migration are likely to 

be conserved between species regardless of the distances over which migration occurs. 

A consequence of the translucency and rapid development of the zebrafish embryo is 

that time-lapse microscopy allows in vivo imaging of neurons and their movement. The 

specific cells of interest can either be visualised by the use of a transgenic fish 

expressing GPP under the control of a particular gene promotor either transiently or as 

part of a stable transgenic line. The cells can then be visualised by confocal microscopy. 

Neuronal migration by chain migration has been demonstrated in the developing 

cerebellum (Koster et a l, 2001) by this method. The in vivo imaging allows dynamic 

events to be followed rather than the interpretation of expression patterns alone.

6.2 RESULTS

6.2.1 Over-expression and mis-expression of lisl RNA has no obvious 

effect on zebrafish deveiopment

The open reading frame of lisl was amplified by PCR using Pfu DNA polymerase and 

blunt-end cloned into pCS2+ expression vector. The 5’ and 3’ untranslated regions of 

the gene were removed to abolish any destabilising regulatory elements and the gene
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inserted in frame with the P actin promoter and an SV40 poly-A tail (pCS2+). As, even 

with a proof-reading DNA polymerase such as Pfu, there can be errors in amplification, 

the clone was sequenced prior to injection.

Between 20-40 pg of RNA was injected at the 1-4 cell stage. There was no obvious 

morphological phenotype found on injection of this amount of RNA. Further analysis of 

these embryos is described below.

6.2.2 Injection of lisi morpholino causes morphological abnormalities in 

the developing zebrafish

Targeted knock-down of Lis 1 activity by morpholino injection between 1 and 2 cells 

caused abnormal development of the embryo. Firstly a greater number of the embryos 

died in the first 5 hours after injection than did either uninjected embryos or embryos 

injected with, for example, lisl ORF (11/70 compared to 2/70 controls). The striking 

abnormalities of those that survived were reduced eyes, smaller head, particularly 

anteriorly and ventrally, and almost complete absence of the jaw, demonstrated by 

Alcian Blue staining of cartilage. There is some degree of heart oedema in addition, a 

frequent and often non-specific finding in mutant zebrafish embryos. The embryos do 

not die until approximately 7 days, presumably because of the inability to eat.
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6.2.3 The effects of //s7M0 on development of the zebrafish embryo are 

specific

To establish whether or not the changes observed were specific or not, two tests were 

performed. Firstly, two non-overlapping lisl morpholinos were designed and gave a 

similar phenotype. One started at the ATG start site and comprised the first 25 bases of 

the coding region, the other was designed to the 25 bases upstream of the ATG. The 

morpholino upstream was much more potent than that at the ATG, requiring only 3-6ng 

of morpholino injected. The second morpholino required 10-15ng to produce a less 

dramatic effect. Secondly, rescue of the effect of the morpholino was performed by co- 

injecting lisl RNA. This could only be performed with the morpholino upstream of the 

ATG start site as no sequence of this overlapped with the sequence of the injected RNA 

and so there would be no physical interaction between the two substances co-injected. 

The effects of the two morpholinos on morphology and the jaw phenotype described 

above, together with the rescue of these phenotypes are shown in Figures 6.1 and 6.2. 

Not only does this rescue provide evidence for the morpholino having a specific effect 

on development but also proves that the protein synthesised by the injected RNA is 

active in vivo despite causing no observable phenotype.

6.2 4 injection of //sIMO causes only subtle changes In mitosis

In other organisms in which Lisl has been completely knocked-out, notably mouse and 

Drosophila, the embryos have died at a very early age. This is thought to be because the
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Lisl protein has an essential role in spindle formation and nuclear position during early 

cell division. Injection of lislMO into the zebrafish embryo does not result in embryonic 

cell death in the majority of embryos. Although a proportion of the embryos die at early 

stages, the remainder appear normal throughout the early stages of blastula cell division.

233



Figure 6.1 Injection of lis lM O  causes abnormal morphology

A Wildtype embryo: 24 hours

B lislMO injected embryo at 24 hours revealing reduced brain and eye size. The

trunk is relatively normal.

C lislORF injected embryo at 24 hours showing wildtype size and appearance.

D lislMO  and lislORF injected embryo at 24 hours revealing rescue of the lislMO

injected phenotype seen in B by expression of exogenous lisl mRNA.

E Wildtype embryo: 48 hours

F lislMO injected embryo at 48 hours with more marked reduction in head and eye 

size. There is also some heart oedema present, arrowed, a common and often 

non-specific abnormality in mutant zebrafish.

e = eye; ov = otic vesicle; mhb = midbrain-hindbrain boundary
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Figure 6.2 lis lM O  injection causes disruption of jaw formation 

All embryos are stained with alcian blue and photographed in ventral view

A Wildtype embryo at 4 days

B lislORF injected embryo at 4 days

C lislMO  and lislORF co-injected embryo at 4 days

D lislMO  injected embryo (MO designed from ATG plus 22 bases upstream)

E lislMO  injected embryo (MO designed 5 prime to the ATG start codon)

e = ethmoid plate; m = meckels cartilage; pq = palatoquadrate; ch = ceratohyal; bh = 

basihyal; bb = basibranchial; hs = hyosymplectic; cb = ceratobranchial; t = trabeculae; 

pc = parachordal; abc = anterior basicranial commissure; ol = otoliths; n = notochord

Labels in B and C are the same as in A. More of the neurocranium (ethmoid plate and 

trabeculae) is visible in D and E as the more ventral jaw structures are not present or are 

reduced.
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Mitosis was examined during the blastula stage by staining of embryos with anti- 

phosphorylated H3 antibody, with no obvious difference in number of dividing cells 

between the injected and uninjected embryos. Later stages were also examined. During 

neurulation, although there is no consistent or marked difference in the number of cells 

dividing, the location within the neuroepithelium within which mitoses were observed 

was expanded. In control embryos, dividing cells are restricted to a very narrow band 

alongside the ventricle whereas this pattern was more diffuse in the lislMO  injected 

embryos (Figure 6.3).

6.2.5 Injection of lislMO causes neural and eye cell death from 20 

somites

Examination of the embryos injected with lislMO revealed a granular appearance at 

around 24 hours similar to that caused by cell death. In addition, the embryos were 

smaller than their uninjected siblings from around 24 hours. If cell division was not 

greatly affected as described above, then the likelihood is that the cells were dying. To 

investigate this further, TUNEL staining to detect apoptotic cell death was performed 

between 128 cell stage and 20 hours of development. It was only at the last stage that a 

significant difference between control and injected embryos was noted (Figure 6.4). 

Although cell death is seen sometimes as a non-specific event in morpholino injection, 

we consider that the cell death observed in these embryos was occurring as a specific 

result of the lislMO injection. There were two reasons for this. Firstly, the embryos in 

which lisl ORF RNA was co-injected showed no morphological appearance consistent
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Figure 6.3 Staining with Antibody against Phosphorylated Histone-3 (anti 

H3 antibody)

Dark stained cells are mitotic.

A Wildtype embryo at sphere stage.

B lislMO injected embryos at sphere stage, showing no difference from A

C Wildtype embryo at 50% epiboly

D lisIMO injected embryo at 50% epiboly, showing no difference from C

E Wildtype embryo at 12 somites. Dividing cells in the CNS are indicated by arrow

and in developing eye fields by arrowhead.

F lislMO injected embryo at 12 somites. CNS and eye fields are denoted as in E.

Some embryos had a slight reduction in number of mitotic cells present (right 

embryo)

G Wildtype embryo at 24 hours, dorsal view. Periventricular distribution of mitotic

neurons in CNS is shown adjacent to midline (arrows).

H /z57MO injected embryo at 24 hours shows expansion of the area over which cell

division occurs, particularly in the head (line). In the spinal cord, cell division 

appears more similar to the wildtype pattern (arrow).
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Figure 6.4 TUNEL staining to detect apoptotic cell death in embryos

A Wildtype embryo at 20 somites: dorsal view of eyes and brain. Dark blue

staining areas are apoptotic cells. Relatively few cells show cell death in control 

embryos

B lislMO injected embryo at 20 somites. Dorsal view of anterior embryo. An

increased number of apoptotic cells are present in the caudal part of the eyes 

(arrows) and the diencephalon (arrowheads).

C Wildtype embryo at 20 somites, lateral view again showing relatively few

apoptotic cells throughout the embryo.

D lisIMO injected embryo at 20 somites. Increased apoptotic cells are present

throughout the neural tube, particularly anteriorly
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with cell death occurring and were of normal size. Secondly, the areas which were 

reduced in size morphologically were the areas in which lisl is most highly expressed.

6.2.6 Injection of //s7M0 causes abnormalities of hindbrain neurons

Because of the role of Lisl in neuronal migration and brain development, the pattern and 

arrangement of neurons was examined by staining with antibodies against acetylated 

Tubulin (staining axonal processes) and Islet-1 (staining cranial motor neurons). Both 

showed evidence of disrupted organisation of the neurons in the hindbrain (Figure 6.5). 

Islet-1 staining reveals lack of clear division of the anterior and posterior parts of the 

trigeminal nucleus in embryos injected with lislMO. Secondly, there are striking 

abnormalities of the formation of VII ganglion. These cells originate in rhombomeres 4 

and 5 and migrate caudally into their final positions in rhombomeres 6 and 7 

(Higashijima et a l, 2000). In the lislMO injected embryos, the cells do not appear to 

migrate caudally, visualised by a difference in the position of these neurons relative to 

the otic vesicle and a greater distance between the cells of the VII and X nuclei. 

Although the arrangement of neurons was disturbed, the underlying segmentation 

pattern of the hindbrain was unaffected as visualised by the unaltered expression of 

kroxlO in rhombomeres 3 and 5 (Figure 6.5).
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Figure 6.5 Injection of lis lM O  causes abnormal organisation of hindbrain 

neurons

A -  D: Anti-GFP antibody staining of transgenic zebrafish expressing Green Fluorescent 

Protein under the control of the Islet 1 GFP promotor; E and F: Anti-acetylated tubulin 

Antibody staining; G: kroxlO in situ hybridisation, e = eye, ov = otic vesicle 

A Wildtype embryo at 18 somites showing Isletl in the hindbrain and hatching

gland (HG)

B lislMO  injected embryo at 18 somites showing Isletl again in HG and slightly

reduced in hindbrain neurons 

C Wildtype embryo at 36 hours showing cranial motor nerve nuclei (labelled IV,V

(a = anterior and p = posterior), VII and X) in the hindbrain.

D lislMO  injected embryo at 36 hours showing all the major cranial nerve nuclei

present (labelled as above). However, the anterior and posterior cell groups of V 

(a and p) are less clearly separated. Secondly, the neurons of VII have failed to 

migrate caudally, visualised by its position relative to the otic vesicle and to X 

neurons and laterally.

E Wildtype embryo at 40 hours showing the hindbrain stained with anti-acetylated

tubulin antibody. The axons stained are arranged in bundles which are aligned 

with the rhombomeres.

F Equivalent stage in a lislMO embryo. The main axon bundles are present but

less well organised than in E.

G lislMO  injected embryo at 12 somites stained with krox20 antisense probe

showing normal staining in rhombomeres 3 and 5 (r3 and r5).
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6.2.7 Truncal neural crest derivatives are normal in //s7M0 injected 

embryos

The neural crest is a migratory population of cells which form not only the jaw but also 

the pigmentation of the skin. Although the jaw and branchial arches are severely 

disrupted in lislMO injected embryos, the pigmentation of the embryos is normal 

(Figure 6.6). This means that the abnormality in the jaw is either occurs after the neural 

crest has migrated {lisIMO is expressed in the jaw) or the defect in the neural crest is 

specific to the cranial neural crest.

6.2.8 Abnormalities in cranial neural crest are detected by in situ 

hybridisation staining

The cranial neural crest was examined with several gene markers at several different 

stages of development. Snail2 was examined at 12 and 18 somites. At both these stages, 

the cranial neural crest is migrating around the eyes and otic vesicles and appears to 

migrate normally in lislMO injected embryos (Figure 6.7). As well as marking specific 

groups of neurons, dlx2 gene expression is also found in migrating cranial neural crest. 

Failure of neural crest migration to the jaw and pharyngeal arches could not be clearly 

visualised but dlx2 RNA expression was down-regulated in many embryos in the neural 

crest cells by 40 hours (Figure 6.8). lisl expression is seen both in these neural crest 

cells and in the formed jaw (Figure 6.5) and so could be important in either the early
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Figure 6.6 Migration of Truncal Neural Crest Pigment Cells is Normal in 

l is lM O  injected embryos

Presence of and pattern of distribution of pigment cells examined at 3 days.

A and C Wildtype embryo at 3 days, lateral view (A) and dorsal view (C)

B and D lislMO injected embryo at 3 days, lateral view showing normal pattern of

pigmentation, lateral view (B) and dorsal view (D)
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Figure 6.7 Examination of early neural crest migration by  fkd6  and snail2 

in situ hybridisation reveals no significant alteration in l is lM O  

injected embryos

A and C fkd6 at 12 somites in wildtype embryo (A= lateral view, C= dorsal view)

B and D fkd6 at 12 somites in lislMO injected embryo (B= lateral view, D= dorsal

view)

E snail2 at 12 somites in wildtype embryos (dorsal view)

F snail2 at 12 somites in lislMO injected embryos (dorsal view)

G snail2 at 18 somites in wildtype embryos (dorsal view)

H snail2 at 18 somites in lislMO injected embryos (dorsal view)

e = eye

ov = otic vesicle
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Figure 6.8 dlx2 expression domains are abnormal in l is lM O  injected 

embryos

A and C Wildtype embryo at 24 hpf. dlx2 is expressed in the telencephalon,

ventral thalamus (diencephalon) and in cells extending from this 

diencephalic domain to the caudal hypothalamus (A= lateral, C= dorsal)

B and D lislMO injected embryo at 24hpf. dlx2 is expressed in the same domains

as in wildtype embryos at reduced levels, except no cells extend from the 

ventral thalamus to the hypothalamus (B= lateral, D=dorsal)

E and G Wildtype embryos at 40 hpf. Identical domains are still visible but the

hypothalamic domain is more extensive

F and H lislMO  injected embryos at 40 hpf. There is down-regulation of dlx2 in

neural crest and forebrain. There is still no extension of expressing cells 

into the hypothalamus

Arrow = ventral thalamic cells

Arrowhead = cells extending to caudal hypothalamus

h = hypothalamus

nc = neural crest

t = telencephalic cells
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movement of these cells or in the formation of the structure of the jaw and arches after 

completed migration of the neural crest.

6.2.9 Injection of lisIMO appears to disrupt migration of neurons in the 

zebrafish embryo

Although migration over the distances seen in human cortical development does not 

occur in zebrafish, there are several groups of neurons which migrate from their point of 

origin to the position in which they are seen in the adult brain (Koster et a i, 2001). One 

of the domains of dlx2 expression seen by in situ hybridisation studies shown in Figure 

6.8 appears to move from the ventral thalamus, extending ventrally and caudally to the 

hypothalamus. In situ hybridisation with dlx2 anti sense riboprobe in 24 and 40 hour 

embryos visualises this population of cells near the start and end of migration 

respectively. The diencephalic group of dlx2 positive cells are intact in lislMO injected 

embryos but the shift in the expression domain in the diencephalon does not seem to 

occur in these embryos. The expression of dlx2 then appears down-regulated in the 

injected embryos by 40 hours (Figure 6.8). To check that the dlx2 down-regulation seen 

is not simply due to non-specific cell death in the ventral diencephalon, cells expressing 

nk2.1b or isletl were examined in the same batch of injected embryos (40 hpf). No 

down-regulation of nk2.1b is seen. Isletl expression in the ventral diencephalon is also 

approximately the same between injected and control embryos although there is a 

reduction also in caudal hypothalamic isletl expressing cells. (Figure 6.9).

253



Figure 6.9 n k l . l b  and isletl expression in l i s lM O  injected embryos

A and C Wildtype embryo at 40 hours (A = lateral view, C = ventral view)

labelled with antisense RNA probe against nkl.lb

B and D lislMO  injected embryo at 40 hours (B = lateral view, D = ventral view) 

labelled with antisense RNA probe against nk2.1b

E and G Wildtype embryo at 48 hours (E = lateral view, G = dorsal view) labelled

with anti-sense RNA probe against isletl.

F and H lislMO  injected embryo at 48 hours (F = lateral view, H = dorsal view)

labelled with antisense RNA probe against isletl. There is almost absent 

isletl staining in the eyes. There is also a reduction of isletl expression in 

the hypothalamus (arrowed).

p = pineal; tel = telencephalon; cb = cerebellum; hb = hindbrain
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There is almost complete absence of isletl RNA in the eyes of lislMO injected embryos. 

As seen in Figure 6.5, there are also differences in isletl expression in the hindbrain.

To verify these results, lisIMO was injected in a transgenic zebrafish line expressing 

GFP under the control of the dlx4/6 promotor. In this line, the diencephalic neurons 

previously stained by dlx2 which migrate, are clearly seen by GFP fluorescence pre

migration, during movement and in their final placement. The embryos were injected 

with lislMO  and examinated and photographed at various timepoints. Confirmation of 

these changes by anti-GFP antibody staining (data not shown) was also performed.

Again, injection of lislMO seemed to prevent the diencephalic neurons undergoing their 

migratory path, despite the embryos being at an equivalent stage (Figure 6.10). Review 

of these embryos at 5 days did reveal some small amount of migration of this group of 

neurons.

Time-lapse confocal microscopy of the transgenic line was undertaken between 26 and 

36 hours of development. Optical sections were taken at 5 or lOum distances through the 

region of interest at 15 minute time intervals. So far, migration of individual cells has 

not been detected using this approach -  in part this may be due the GFP fluorescence 

only being visualised during or after migration and also because of the large number of 

bright fluorescent cells making it difficult to track individual cells. Thus a gradual 

accumulation and shifting of cells caudally is observed but not yet resolution of 

individual cell behaviours. Despite this, the time-lapse movies of lislMO injected 

embryos show much less movement of these GFP-labelled cells compared to the 

wildtype situation and virtually no accumulation of labelled cells in the caudal 

hypothalamus. A composite photograph of the sections through the embryos taken by 

the confocal microscope at various timepoints is shown in Figure 6.11.
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Figure 6.10 Examination of transgenic GFP expression under the control of 

the zebrafish Dlx4/6 promotor

Arrow indicates pathway of dix positive cells from ventral thalamus to hypothalamus 

tel = telencephalon, vt = ventral thalamus, cb = cerebellum, hi = hypothalamus

A Wildtype embryo at 36 hours

B lislMO  injected embryo at 36 hours

C Embryo from A visualised with fluorescent and transmitted light illumination

showing position of GFP positive cells in the embryo.

D Embryo from B showing position of GFP positive cells by partial illumination

with transmitted light

E Embryo from A/C with fluorescent illumination only showing extension of GFP

expression from the ventral thalamus ventrally and caudally (arrow)

F Embryo from B/D with fluorescent illumination only showing lack of the

extension of ventral thalamic GFP expression (arrow)

G Wildtype embryo at 48 hours

H lislMO  injected embryo at 48 hours

I Embryo from G showing progression of the GFP domain from the ventral

thalamus into the hypothalamus 

J  Embryo from H showing failure of the formation of this domain of expression

from the ventral thalamic domain
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Figure 6.11 Confocal microscopy of Dlx4/6 GFP transgenic line confirms 

failure of migration in l is lM O  injected embryos and rescue by 

co-injection of lisIORF  RNA

Arrows show the extent of migration in all pictures

tel = telencephalon; di = diencephalon; ht = hypothalamus

A 24 hour Dlx4/6 GFP transgenic embryo co-injected with lislMO  and

lislORF RNA. The embryo is slightly tilted so both telencephalic 

hemispheres are visible 

B 36 hour Dlx4/6 GFP transgenic embryo co-injected with lislMO  and

lislORF RNA. Normal migration of dorsal thalamic diencephalic cells to 

the hypothalamus occurs (x20 magnification)

C B at higher magnification (x40)

D 24 hour Dlx4/6 GFP transgenic embryo injected with lislMO. A  small

amount of migration of diencephalic cells has occurred 

E 36 hour Dlx4/6 GFP transgenic embryo injected with lislMO. Very little

migration has occurred (x20 magnification)

F E at x40 magnification
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6.2.10 lislMO injected embryos appear to have reduced numbers of Dix-

positive cells in the dorsal telencephalon

Anti-Dlx antibody was used to stain cryosections of wildtype and lislMO injected 

embryos at 4 days. The main bulk of Dix staining is in the ventral telencephalon with 

individual cells seen in the dorsal telencephalon. In the sections of embryos injected 

with lislMO, there appear to be many fewer cells scattered in the dorsal telencephalon 

than in wildtype embryos (Figure 6.12). These cells are most likely to be analogous to 

the Dix positive cells which, in mammals, have been described as migrating tangentially 

from the ventral to dorsal telencephalon (medial ganglionic eminence to the cortex) to 

form GABAergic intemeurons.

6.3 Functional Studies: dclk

6.3.1 Overexpression of dclk does not result in any morphological 

abnormality

dclk open reading frame (ORF) was amplified with primers containing BamHI 

restriction sites at the 5’ ends and designed to ensure dclk would be in frame on cloning 

into an expression vector. The resulting PCR product was cut with BamHI and run on an 

agarose gel from which the DNA was extracted. Plasmid containing GFP was also cut
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Figure 6.12 Anti-Dix antibody staining reveals a reduction in Dlx-

positive cells in the dorsal telencephalon

Cryosections of 4 day embryos stained with anti-Distalless antibody. Sections through

the telencephalon.

A and B Wildtype embryos showing many cells scattered throughout the dorsal

telencephalon. The majority of Dlx-positive cells are as previously 

described in the ventral telencephalon.

C and D lislMO injected embryos show a greatly reduced number of scattered

Dlx-positive cells in the dorsal telencephalon although there are still Dix 

positive cells in the ventral telencephalon.
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with BamHI and the two products ligated, transformed into competent cells, grown and 

then plasmid DNA extracted. The plasmid was sequenced to ensure that amplification 

had been correctly performed. RNA of the dclk-GFP fusion gene {GFP attached at the 3 

prime end of dclk) was synthesised and injected. Examining for GFP fluorescence 

checked protein synthesis. Despite protein being present for over 48 hours, there was no 

gross morphological phenotype seen for over-expression of dclk.

6.3.2 dclk Morpholino (MO) injection abolishes Dcik-GFP protein 

synthesis In vivo

The activity of the dclk morpholino was tested against exogenously injected RNA for 

dclk. As the morpholino prevents translation of RNA, an anti-sense riboprobe/ in situ 

hybridisation will not reveal the activity of the morpholino. dclk RNA was tagged with 

GFP, and so lack of fluorescence in embryos co-injected with morpholino and dclk-GFP 

RNA demonstrates the activity of the morpholino. Injection of 30pg/ul of dclk-GFP 

RNA with 2 ng/ul of dclk morpholino completely abolished GFP fluorescence for over 

48 hours (Figure 6.13). The amount of exogenous RNA injected is much more than the 

intrinsic RNA content of the organism for a particular gene.

6.3.3 c/c/kMO injection gives no apparent morphological phenotype

Injection of 2 ng/ul of dclkMO resulted in no obvious morphological defect between 

wildtype and injected fish. The fish were examined through development with particular
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Figure 6.13 Injection of dclk MO abolishes translation of exogenous dclk 

ORF mRNA

Visualisation of exogenous dclk mRNA was enabled by a GFP tag to the 3 prime end.

A Anti-GFP antibody at 24 hours (dorsal view) in embryo injected with dclk ORF-

GFP mRNA. Immunohistochemistry shows widespread GFP and hence Dclk 

presence throughout the embryo.

B Anti-GFP antibody at 24 hours (dorsal view) in embryo co-injected with dclk

MO and dclk ORF-GFP mRNA. Immunohistochemistry shows complete absence 

of antibody staining and hence protein presence.

C Embryo seen in B in lateral view.

265



dclkORF

B . dclkORF

h  - r

dclkORF
+dclkMO



attention being paid to the development from late somitogenesis when the RNA is most 

abundantly expressed.

6.3.4 dclkMO injection resuited in no change to the pineai giand or its 

neuronai projections

Because dclk is expressed in the developing pineal gland, the development of this 

structure was examined in detail. One of the earliest genes expressed in the pineal gland 

during development is floating head (flh). It later is also expressed in the projection 

neurons with axons emanating from the pineal. A transgenic zebrafish line expressing 

GFP under the control of the flh promotor has been generated by Miguel Concha in the 

group. Embryos from this transgenic line were injected with dclkyiO. The embryos were 

then examined under the fluorescent microscope to visualise GFP expression and hence 

the pineal. The embryos were examined at 24 and 48 hours of development for the 

position of the pineal, para-pineal and projections. There were no differences between 

the wildtype and injected embryos (data not shown).

6.3.5 dclkMO injection resulted in no consistent change in retino-tectal 

projections

As dclk is expressed in the early differentiating ganglion cells of the retina and later in 

neuronal layers of the eye and the optic tectum, the development of the optic tract was 

examined in more detail. Dil and DiO backfill injections into the eye were performed at
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Figure 6.14 Injection of dclk MO dies not consistently affect the

formation of the Retino-Tectal pathway

on = optic nerve, ot = optic tectum

A Wildtype embryo at 4 days. Eyes have been injected with Dil

(green) and DiO (red) allowing visualisation of optic nerve and 

optic tectum from both sides

B and C dclk MO injected embryos fixed at 4 days and treated as above. Whereas

C shows optic nerves and optic tectum forming normally as in A,

B shows forward branching of part of both optic nerves (arrowed).

This was however the only abnormality out of 30 embryos (60 eyes) injected.
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4-5 days to reveal the retino-tectal projections (Figure 6.14). Although 1 out of 4 of the 

initial batch of dclkMO injected embryos had a defect in the projections, this did not 

repeat on further testing (n=30 embryos).

6.3.6 dc/AdVIO injection reveaied no defect in neuronal arrangement.

dclk is also highly expressed in the developing nervous system. Staining of dclkMO 

injected embryos with anti-Hu antibody at 24 hours and anti-acetylated Tubulin antibody 

at 48 hours revealed no defect in either the number or arrangement of neurons in the 

developing brain (data not shown).

6.3.7 Co-injection of lislMO and dclkMO results in no added effects

Both lislMO and dclkMO were co-injected into the early zebrafish embryo and yielded 

a morphological appearance which was comparable to that of injecting lislMO alone.
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6.4 DISCUSSION

6.4.1 Functional effects of dclk gene knock-down

6.4.1.1 dclk over-expression or knock-down gives no obvious phenotype 

in zebrafish

The injection of mRNA of dclk in zebrafish results in protein translation because we can 

visualise the GFP 3’ fusion protein. Therefore we have yet to detect a phenotype 

resulting from this over-expression. This implies that the levels of dclk are not critical 

during development. There is the possibility that the GFP-tag interferes with the function 

of Dclk protein but the GFP was targeted to the 3’ end making this less likely.

In addition, injection of the morpholino directed against dclk did not give an obvious 

phenotype when injected into the embryo, despite presumably inhibiting endogenous 

RNA translation. The dose injected was sufficient to inhibit the translation of exogenous 

RNA which is likely to be present at higher levels than the endogenous transcripts.

There are several possible explanations for this. Firstly, it may be that dclk, despite being 

expressed in a very specific distribution during development is not critical at this time. 

The expression pattern documented is of RNA and so does not necessarily give exact 

information about where the protein is present during development. Secondly, the gene 

is not expressed until mid-somitogenesis and so the morpholino may possibly be no 

longer present at this point. This is unlikely however as many of the morpholinos studied 

to date have effects up to quite late in development. Thirdly, although all the clones 

identified from the library screen were identical in coding sequence, it is possible that
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there is a further dclk gene resulting from the teleost genome duplication event. 

Although these duplicated genes are only maintained if they have some separate 

function, they can have some overlapping functions causing functional redundancy. The 

fourth explanation is that despite looking for a phenotype in the systems suggested by 

the expression pattern of the gene, the phenotype could be a subtle one not revealed by 

the methods described above. For instance, we have yet to extensively analyse if any 

neuronal migrations are disrupted or if specific aspects of neuronal differentiation may 

be perturbed.

6.4.1.2 There are no known mutants of this gene to date in any organism.

Despite the similarity of the Dclk protein to DCX, sequencing of the DCLK gene in 

many patients with neuronal migration disorders, in particular lissencephaly and band 

heterotopia has been performed (J. Gleeson, personal communication: unpublished data) 

without finding any mutations in this gene. Despite the availability of many mouse and 

Drosophila mutants and the technology of RNA interference (RNAi) in C.elegans, no 

phenotype has to date been attributed to Dclk reduction. There is not as yet a mouse 

knock-out.
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6.4.1 Functional effects of Iis1 gene knock-down

6.4.1.1 //s/MO injection is not lethal early in development of zebrafish 

embryos

Complete Lisl null mutants or “knock-outs” in mouse and Drosophila have resulted in 

very early embryonic death, meaning that to study the gene’s function in a model 

organism, a reduction in Lisl function rather than a full null allele or a somatic mosaic 

has had to be created. In the zebrafish, however, the yolk of a fertilised embryo is full of 

maternally transmitted protein and RNA. In chapter 5 ,1 demonstrated the presence of 

maternally transmitted lisl mRNA in the bias tula. A proportion of the RNA is likely to 

have been translated by the time of injection 30-45 minutes after fertihsation at the 1-4 

cell stage. This would protect the majority of embryos against the early loss of Lisl 

function, allowing survival to neurulation. The alternative explanation for the survival of 

embryos beyond early embryonic stages is a second lisl gene may be present in the 

zebrafish. As described in the Introduction, duplicate copies of many genes exist due to 

a probable genome duplication event early in teleost evolution. None of the clones 

however extracted from the library screen for lisl showed any variation in the coding 

region.

6.4.1.2 Lisl knock-down in the Zebrafish causes a reduction in size of 

eyes and brain

Injection of lisIMO causes a reduction in size of the eyes and head. At least some of this 

is due to an increased level of cell death. Staining for apoptotic cell death revealed an

273



increase in this process from around 20 somites. This occurs in the areas in which lisl is 

expressed at very high levels, namely the developing eye and brain.

Humans with lissencephaly also have microcephaly and a reduced cortical size and the 

mouse Lisl knock-down also has a reduction in cortical thickness (Hirotsune et al,

1998). Reduced mitosis was felt to be the main cause of the reduction in size of the CNS 

in these organisms, as reduced neuroblast proliferation was seen in the Drosophila 

neuronal somatic knock-down of Lisl (Liu et a l, 2000b). The numbers of cells dividing 

in the zebrafish embryo is not strikingly abnormal although the organised array of 

dividing neurons is disturbed. Nuclear movement during the mitotic cycle of neuroblasts 

in the proliferative ventricular zone has been observed with cell division only occurring 

adjacent to the ventricle. Disruption of nuclear movement by injection of lislMO  could 

result in altered relationship between cell division and nuclear position. This could lead 

to mitoses occurring away from the ventricular edge as seen in Figure 6.3.

In the zebrafish, cell death seems a major factor in the reduction of size of the embryos. 

The only previous reference to increased apoptosis was in the brains of Lisl mutant 

mice. This was mentioned as unpublished data (Sasaki et a l, 2000). It is unclear by 

which mechanism Lisl could cause apoptotic cell death. It is possible this effect is an 

indirect consequence of Lisl reduction: that if cells are not correctly positioned, le. by 

correct migration, they may lack the trophic factors required for their survival. 

Alternatively, a reduction in Lisl could directly cause cell death. One paper reported that 

an increased level of PAP (which is degraded by PAP AH of which Lisl is a regulatory 

subunit) causes increased neuronal apoptosis mediated by GSK-3p activation in post- 

migratory cells in vitro (Tong et a l, 2001).
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6.4.1.3 //s7M0 injection causes craniofacial abnormalities in the zebrafish

Knock-down of Lisl function in the zebrafish causes almost a total absence of 

differentiated cartilaginous elements of the jaw and pharyngeal arches. The pre- 

migratory neural crest is normal but it is unclear whether the migration of this tissue is 

affected or whether Lisl affects jaw and arch formation later in development. Certainly 

the pigment cells from neural crest in the trunk appear to migrate normally as seen by a 

normal pattern of pigmentation and lisl is expressed in the jaw at day 3, potentially 

implicating a later process. There is a potential parallel with the human LIS 1 deficient 

state. Although Miller-Dieker syndrome has cranio-facial abnormalities including 

micrognathia, this syndrome is usually associated with a deletion of 17pl2 and so other 

genes in the deleted region may be responsible for the cranio-facial abnormalities 

(Grimm et a l, 1999). It is of interest however that in patients with isolated lissencephaly 

due to microscopic deletions of LlSl or LISl mutations, rather than larger deletions, 

there is close correlation between quantitative morphometric features of MDS and 

lissencephaly patients (Allanson et a l, 1998). This implies that even in the haplo- 

insufficient state of LIS 1 in humans, there is some deficiency of craniofacial 

development, with the more severe effects coming from additional genes in the region in 

MDS. The expression of lisl in the jaw and the jaw defect found in lislMO  injected 

embryos supports a contributory role for Lisl in the jaw defects of MDS.
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6.4.1.4 The zebrafish provides an in vivo system for studying Lisl - 

dependent neuronal migration.

The migration of three different sets of neurons has apparently been disrupted by knock

down of Lisl function in the zebrafish.

Following the migration of cells expressing a particular gene has been facilitated by the 

creation of GFP-expressing transgenic lines. The dlx4/6 promotor drives GFP expression 

in neurons that appear to migrate during brain development. One group of neurons in 

which this expression is seen is in the ventral diencephalon, migrating to the caudal 

hypothalamus. Injection of lislMO abolished this change in dlx2/4/6 expression pattern. 

The lack of movement of these cells in embryos injected with //57MO appears to 

confirm the action of Lisl in movement of neurons, providing an in vivo example of the 

gene’s action. Previous studies of Lisl knock-down mice (Hirotsune et a l, 1998) have 

shown indirect evidence for a delay in migration of neurons to the cortex by BrdU 

labelling experiments. Culture of cerebellar granule cells from Lisl deficient mice 

migrated shorter distances than wildtype cells. Both of these supported a role for Lisl in 

neuronal migration but the did not provide direct visualisation of the lack of migration in 

vivo.

In the zebrafish telencephalon there is also preliminary evidence for reduced migration 

of dix positive cells from the ventral to dorsal telencephalon from the sections stained 

with anti-Dlx antibody (Figure 6.12). Although not conclusively shown, these cells are 

likely to be analogous to the dix positive cells which form the GABAergic intemeurons 

of the pallium. This could have implications for the pathogenesis of epilepsy within the 

lissencephalic cortex; if there were less GABAergic cells within abnormal cortex, this
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could explain the hyper-excitability of these malformations. A decrease in proliferation 

and migration of these GABAergic intemeurons has been demonstrated in the ARX 

mouse knockout (Kitamura et aL, 2002). The orthologous gene in humans is mutated in 

the X-linked syndrome of lissencephaly with ambiguous genitalia (Dobyns et a l, 1999a) 

which has a severe epilepsy phenotype.

The injection of lislMO disrupts a third group of migrating neurons, namely the cranial 

motor neurons in the hindbrain, seen by the lack of posterior (tangential) and lateral 

(radial) movement of cells of the VII nucleus in the hindbrain. The cells which form the 

Vllth cranial nerve originate in rhombomere 4 and undergo tangential (caudal) migration 

to their final destination in rhombomeres 6 and 7. They also undergo radial migration 

laterally within the hindbrain (Higashijima et a l, 2000). Disruption of this tangential 

migration, but not the radial migration, as well as that of IX cranial neurons has 

previously been described in zebrafish trilobite (tri) mutant (Bingham et a l, 2002) as 

well as the previously known gastrulation defect (Hammerschmidt et a l, 1996; Solnica- 

Krezel et a l, 1996). This phenotype is caused by a mutation in the strabismus gene 

(lessen et a l, 2002). Strabismus is a transmembrane protein which has previously been 

described in relation to establishment of planar cell polarity in Drosophila (Taylor et al, 

1998; Wolff et al, 1998). The mechanism of action of Strabismus is thought to be 

control of the orientation and direction of extension of the leading process of cells 

(lessen et a l, 2002) so that in tri embryos although movement of cells occurs, it is 

delayed, slow and incomplete because of lack of direction of movement. It is unlikely 

that Lisl acts through the same mechanism as Strabismus as there is disruption of both 

forms of migration in the hindbrain in lisIMO injected embryos and only overlap in the
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phenotypes in the hindbrain. Lisl appears to have more widespread effect on migration 

in the CNS and has no effect on gastrulation.

The exact mechanism by which Lisl causes defects in migration is not known but its 

action to stabilise microtubules and interaction with components of the dynein 

microtubule motor make it possible that it has a role in a microtubule-mediated nuclear 

movement into extended cell processes.

The severe cortical phenotype of the human LISl haplo-insufficient state implies a role 

in radial migration. In the mouse knock-down of Lisl, there were not only abnormalities 

in the cortex but also in the olfactory bulbs, hippocampus and cerebellum implicating a 

role for Lisl in not only radial but also chain and tangential migration. The evidence to 

date in zebrafish supports the view that it is not purely radial migration which is affected 

by a reduction in Lisl function. The posterior migration of VII neurons in the hindbrain 

is mediated by tangential migration, as is the migration of Dix positive cells from the 

ventral to dorsal telencephalon. The mechanism of migration of neurons from the ventral 

thalamus to the hypothalamus within the zebrafish embryo is not yet fully characterised.

As Lisl interacts with so many different proteins, it is unclear which ones are important 

in pathways of neuronal migration in the brain. The zebrafish, more specifically the 

examination of the behaviour of fluorescent cells of transgenic zebrafish as described 

above, could provide a system by which the role of the different Lw7-interacting genes 

could be addressed. This may be possible by serial knock-down of these genes with 

morpholino technology and the study of their effects on migration individually and in 

combination. The knock-down of dynein molecules may be expected to have too 

widespread effects to allow them to be easily studied. Zebrafish orthologues of two of
278



the other genes which interact with Lisl have been identified from EST databases: nudC 

(EST clone fb66g02) and nudE or nudEL (EST clone fd07b07). Morpholinos to these 

genes could be created to see if they phenocopied the results of Lisl knock-down either 

individually or in combination.

6.5 SUMMARY

This study shows work which identifies groups of cells which do not end up in their 

normal position when Lisl is removed. The behaviour of individual cells has not been 

fully defined in this study and this is required to confirm the disruption of migration 

hypothesised. It may be easier to define migration of individual neurons with higher 

resolution in a less densely staining area, for example by transplantation of individual 

fluorescing cells. Overall this study provides some groundwork for better definition of 

the role in neuronal migration of genes in the Lisl pathway in vivo.
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CHAPTER 7 

GENERAL DISCUSSION

7.1 SUMMARY

This thesis has covered a couple of aspects of the genetics of epilepsy.

Firstly a new idiopathic partial epilepsy syndrome has been described and mapped to 

chromosome 4pl5. Two strong candidate genes for epilepsy were found in this region 

and sequenced but no changes in sequence which co-segregated with the disease were 

found. Time restraints for the thesis meant that no further genes were sequenced.

Secondly the zebrafish orthologues of two genes {lisl and dclk) were cloned and their 

expression detailed during development described. Functional studies of these genes 

were performed in the zebrafish embryo using the technique of morpholino-modified 

anti-sense oligonucleotide injection.

Although no functional effects of dclk knock-down were visualised, the expression 

pattern in the zebrafish has included regions of expression not previously described for 

this gene.

The functional experiments with lisl have demonstrated in vivo the failure of migration 

in neurons in not only the telencephalon but also the diencephalon and hindbrain. The 

movement of cells has been directly visualised under confocal microscopy in the hving 

embryo and the different behaviour of the cells documented in the lisl knock-down.

As there is a detailed discussion of the results at the end of each chapter, I will now 

concentrate on the future directions of both parts of this project.
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7.2 FINDING THE GENE RESPONSIBLE FOR PEPS

7.2.1 Candidate Gene Selection

Since this thesis was written, there have been several newer drafts of the Human 

Genome Sequence Browser at http://genome.ucsc.edu/

These are being searched on an ongoing basis to look for the most likely candidate genes 

in the region. The two genes sequenced originally (KChIP and DRD5) were the most 

likely candidates for PEPS as they directly interacted with ion channels. The expression 

patterns and functions of the genes in the region have been studied and possible roles for 

these genes in epilepsy has been examined in Chapter 4. An updated list of genes in the 

region is shown in Table 7.1. The DNA of individuals within the family is being 

sequenced as part of collaboration with Dr. M. Johnson and the Sanger Centre in 

Cambridge. The genes within the region will be sequenced in an order depending on the 

possibility from existing data of them having a role in the central nervous system or 

epileptogenesis. Again, a homozygous affected individual, a heterozygous affected 

individual and an unaffected family member without the haplotype are being sequenced.
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Table 7.1 Candidate G enes for PEPS betw een D4S2983 AND D4S2946

Identifiers Full Name (where known) Function (where known)
Q9HBY1
Q9BT26
Q96JL7
Q8TE82
HRA3
AC0X3
Q9H9A4
GPR78
CRZ
DRD5
SLC2A9
WDR1
Q9C0D4
Q9P2U9
HS3ST1
RAB28
BAPX1
Q9P2L9
C1QTNF7
Q9H8A7
Q 9H 054
FBXL5
BST1
CD38
Q 1 4 5 1 2
Q9BYJ0
PROMU
Q9NZK9
Q96G 24

HBP17
KSP37

acyl-Coenzyme A oxidase 3, pristanoyl

G protein-coupled receptor 78 
carboxypeptidase Z precursor 
dopamine receptor D5
solute carrier family 2 (facilitated glucose transporter), member 9 
WD repeat-containing protein 1

heparan sulfate D-glucosaminyl 3-0-sulfotransferase 1 precursor 
RAB28, member RAS oncogene family 
bagpipe homeobox homolog 1

01 q and tumor necrosis factor related protein 7

F-box and leucine-rich repeat protein
bone marrow stromal cell antigen 1 precursor
CD38 antigen (p45)
heparin-binding growth factor
KSP37 protein
prominin-like 1

Actin filament-associated protein
No description
Actin binding LIM protein
May bind proline-rich peptides
Probable serine protease HTRA3 precursor
Fatty acid oxidation in perisomes
No description

peptide cleavage

helps maintain glucose homeostasis

No description 
MIST
involved in heparan synthesis 
GTP-binding protein
may regulate expression/differentiation 
No description

No description 
No description 
protein degradation
bone-expressed; supports pre-B cell growth 
calcium regn, cell adhesion 
neurite outgrowth

GDI 3$ 
CMV  
No des

transmembrane protein 
bartial fusion receptor 
scription



Table 7.1cont. Candidate G enes for PEPS between D4S2983 AND D4S2946

Identifiers Full Name (where known) Function (where known)
LDB2
Q9BQ00
LRE1
QDPR
LAPS
Q9BZJ5
Q9ULE4

LIM domain binding 2

quinoid dihydropteridine reductase 
leucine aminopeptidase

differentiation of neuronal cells 
unknown

hydroxylation of aromatic a.a.s 
degradation of peptides 
endothelial derived 
From brain cDNA



7.3 STUDYING THE FUNCTION OF LIS1 USING ZEBRAFISH EMBRYOS

7.3.1 Failure of Migration of Cells from Ventral Thalamus to Caudal 

Hypothalamus in other gene knock-downs

Further work is ongoing in the zebrafish group at UCL to firstly look at the migration of 

this group of cells in the knock-down of other genes involved in neuronal migration. 

Firstly injection of dlx2 morpholino in the zebrafish embryo produces a similar failure of 

migration of these cells, as does knock-down of fezl, an upstream regulator of dix gene 

expression. Interestingly, the knock-down of dabl {disabledl) in zebrafish also produces 

a reduction in the migration of cells from the ventral thalamus to the caudal 

hypothalamus. This suggests an interaction between lisl and dabl.

Secondly the behaviour of individual cells will be examined by transplanting a few 

fluorescent cells from the dlx4/6 transgenic line into a wild-type embryo.

7.3.2 Characterisation of the Cell Types which fail to migrate to Caudal 

Hypothalamus

The cells which fail to migrate to the caudal hypothalamus in embryos with reduced 

function of lisl, dabl, dlx2 and fezl have been characterised as dopaminergic and 

serotoninergic cells. Firstly there is a severe reduction in 5HT (5-hydroxytryptophan = 

serotonin) and only a mild reduction in tyrosine hydroxylase (TH) staining in the
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hypothalamus of these embryos and this can be rescued by injection of specific RNA. 

Secondly, immunohistochemistry has shown co-localisation of GFP with 5HT and 

complementary localisation of TH in this region (Figure 7.1(1)).

7.3.3 Interaction between lisl and dab1

The similarity of the phenotypes of the knock-downs of lisl and dabl suggests that they 

may interact directly.

The phenotype of the lislMO injected embryos however could not be rescued by 

injection of dabl RNA and the same was true for the converse experiment. Co- 

immunoprecipitation of over-expressed molecules detected by antibody to look for 

direct interaction will be performed.

Thirdly, work is being performed in mouse embryos to look for a similar migratory 

stream seen in explants. Lastly, scrambler mice {Dabl mutant mice) will be examined to 

look for a reduction in serotoninergic cells in the hypothalamus.

7.3.4 Characterisation of Migration from Ventrai to Dorsal Telencephalon

Work has also been directed at firstly establishing that the anti-dlx antibody staining 

cells scattered in the dorsal telencephalon of zebrafish are equivalent to the GABAergic 

intemeurons of mammals. Using a red fluorescent labelled antibody against GAB A in
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Figure 7.1: Characterisation of dlx4/6-GFP positive cells in the

caudal hypothalamus and telencephalon 

Work Done by Dr Marina Mione

(I) Cryosections taken in the region of the caudal hypothalamus at 5 days

A There is extensive co-localisation of GFP and Serotonin (5HT) shown by

the yellow (overlapping) cells 

B G ABA expressing cells also overlap with GFP positive cells in the caudal

hypothalamus

C Tyrosine hydroxylase (TH, Dopaminergic) expressing cells in the caudal

hypothalamus are adjacent to but do not overlap with GFP cells

(II) Cryosections through the olfactory bulb (A and D), telencephalon (B and E) and 

anterior diencephalon (C and F) at 5 days

A and C In the olfactory bulb/ rostral telencephalon (A) and in the ventral

diencephalon (C), there is some co-localisation of GFP and 

GABA

B There are some scattered GFP-positive cells in the dorsal

telencephalon also expressing GABA (arrowed) within the 

GABA-positive neuropil. These are the cells seen on staining 

sections with distalless antibody (Figure 6.12)

D Subgroups of TH cells in the olfactory bulbs overlap with GFP

positive cells

E TH positive cells are found only at the border of the ventral and

dorsal telencephalon 

F The dorsal pre-tectal nucleus only expresses TH (red) whereas

there is partial co-expression of TH and GFP in the more ventral 

posterior tuberculum

286



(i)

I 'lA l t  r i i i r  I u Ik t c u Ium i

B I . i ii/nFP -• f >• : •

I 'a iK U il h > |M ) th a la m u s

(ii)

V:

’ f



the dlx4/6 GFP transgenic zebrafish line has revealed that a proportion of the cells 

migrating to the dorsal telencephalon from the ventral telencephalon co-localise both 

fluorescent colours (Figure 7.1(ii)B) implying that some of the migrating cells are 

GABAergic neurons.

It would be of interest to see if lissencephalic cortex of a patient with a LlSl mutation 

had a reduced number of GABAergic intemeurons. There is some evidence from the 

Lisl-deficient mouse that there are certainly abnormalities in the placement of 

GABAergic intemeurons in the hippocampus, although not a reduction in number (Fleck 

et a l, 2000).

7.4 CHARACTERISATION OF OTHER GENES INVOLVED IN MIGRATION

7.4.1 Characterisation of expression patterns and targeted gene knock

down of other genes important in neuronal migration

Some of the techniques in this thesis could be used as a method for assessing the 

functional overlap of other genes with which lisl interacts. The phenotype of gene 

knock-down for each of these genes could be examined and compared with the lisl 

phenotype. As there are so many interactions of lisl it may be that some genes are 

significant in some of the defects observed and others in other functions/ areas of 

development. Work is continuing in the zebrafish lab at identifying ESTs or sequences 

of other genes in the pathway shown in Figure 1.2.

288



BIBLIOGRAPHY

Adler, H. J., Winnicki, R. S., Gong, T. W., and Lomax, M. I. (1999). A gene upregulated in the 

acoustically damaged chick basilar papilla encodes a novel WD40 repeat protein. Genomics 56, 

59-69.

al Shawan, S. A., Bruyn, G. W., and al Deeb, S. M. (1996). Lissencephaly with pontocerebellar 

hypoplasia, J Child Neurol 77, 241-4.

Albrecht, U., Abu-Issa, R., Ratz, B., Hattori, M., Aoki, J., Aral, H., Inoue, K., and Eichele, G.

(1996). Platelet-activating factor acetylhydrolase expression and activity suggest a link between 

neuronal migration and platelet-activating factor, Dev Biol 180, 579-93.

Allanson, J. E., Ledbetter, D. H., and Dobyns, W. B. (1998). Classical lissencephaly syndromes: 

does the face reflect the brain?, J Med Genet 35, 920-3.

An, W. F., Bowlby, M. R., Betty, M., Cao, J., Ling, H. P., Mendoza, G., et al (2000).

Modulation of A-type potassium channels by a family of calcium sensors. Nature 403, 553-6. 

Anderson, S. A., Eisenstat, D. D., Shi, L., and Rubenstein, J. L. (1997). Intemeuron migration 

from basal forebrain to neocortex: dependence on Dix genes. Science 278,474-6.

Bahring, R., Dannenberg, J., Peters, H. C., Leicher, T., Pongs, O., and Isbrandt, D. (2001). 

Conserved Kv4 N-terminal domain critical for effects of Kv channel- interacting protein 2.2 on 

channel expression and gating, J Biol Chem 276, 23888-94.

Barclay, J., and Rees, M. (1999). Mouse models of spike-wave epilepsy. Epilepsia 40, 17-22.

Barth, K. A., Kishimoto, Y., Rohr, K. B., Seydler, C., Schulte-Merker, S., and Wilson, S. W.

(1999). Bmp activity establishes a gradient of positional information throughout the entire neural 

plate. Development 126, 4977-87.

Baulac, S., Gourfmkel-An, I., Picard, P., Rosenberg-Bourgin, M., Prudhomme, J. P., Baulac, M., 

Brice, A., and LeGuem, E. (1999). A second locus for familial generalized epilepsy with febrile 

seizures plus maps to chromosome 2q21-q33, Am J Hum Genet 65, 1078-85.

Baulac, S., Huberfeld, G., Gourfinkel-An, I., Mitropoulou, G., Beranger, A., Prud'homme, J. P., 

et al (2001). Pirst genetic evidence of GABA(A) receptor dysfunction in epilepsy: a mutation in 

the gamma2-subunit gene, Nat Genet 28, 46-8.

Beischlag, T. V., Nam, D., Ulpian, C., Seeman, P., and Niznik, H. B. (1996). A polymorphic 

dinucleotide repeat in the human dopamine D5 receptor gene promoter, Neurosci Lett 205, 173- 

6 .

Bennett, L. B., Roach, E. S., and Bowcock, A. M. (2000). A locus for paroxysmal kinesigenic 

dyskinesia maps to human chromosome 16, Neurology 54, 125-30.

289



Bergson, C., Mrzljak, L., Smiley, J. F,, Pappy, M., Levenson, R., and Goldman-Rakic, P. S. 

(1995). Regional, cellular, and subcellular variations in the distribution of D1 and D5 dopamine 

receptors in primate brain, J Neurosci 15, 7821-36.

Berkovic, S. P., Genton, P., Hirsch, E., and Picard, P., eds. (1999). Genetics of Pocal Epilepsies: 

Clinical Aspects and Molecular Biology (John Libbey).

Bertrand, D. (1999). Neuronal nicotinic acetylcholine receptors: their properties and alterations 

in autosomal dominant nocturnal frontal lobe epilepsy. Rev Neurol (Paris) 155, 457-62. 

Bingham, S., Higashijima, S., Okamoto, H., and Chandrasekhar, A. (2002). The Zebrafish 

trilobite Gene is Essential for Tangential Migration of Branchiomotor Neurons, Dev Biol 242, 
149-160.

Bix, G. J., and Clark, G. D. (1998). Platelet-activating factor receptor stimulation disrupts 

neuronal migration In vitro, J Neurosci 18, 307-18.

Bohlen, P., and Kovesdi, I. (1991). HBNP and MK, members of a novel gene family of heparin- 

binding proteins with potential roles in embryogenesis and brain function. Prog Growth Factor 

Res 3, 143-57.

Browne, D. L., Gancher, S. T., Nutt, J. G., Brunt, E. R., Smith, E. A., Kramer, P., and Litt, M.

(1994). Episodic ataxia/myokymia syndrome is associated with point mutations in the human 

potassium channel gene, KCNAl [see comments], Nat Genet 8, 136-40.

Brownlie, A., Donovan, A., Pratt, S. J., Paw, B. H., Oates, A. C., Brugnara, C., Witkowska, H. 

E., Sassa, S., and Zon, L. 1. (1998). Positional cloning of the zebrafish sauternes gene: a model 

for congenital sideroblastic anaemia, Nat Genet 20, 244-50.

Brunelli, S., Paiella, A., Capra, V., Nigro, V., Simeone, A., Cama, A., and Boncinelli, E. (1996). 

Germline mutations in the homeobox gene EMX2 in patients with severe schizencephaly, Nat 

Genet 12, 94-6.

Bulfone, A., Smiga, S. M., Shimamura, K., Peterson, A., Puelles, L., and Rubenstein, J. L.

(1995). T-brain-1: a homolog of Brachyury whose expression defines molecularly distinct 

domains within the cerebral cortex. Neuron 15, 63-78.

Bulow, H. E., Berry, K. L., Topper, L. H., Peles, E., and Hobert, O. (2002). Heparan sulfate 

proteoglycan-dependent induction fo axon branching and axon misrouting by the Kallmann 

syndrome gene kal-1, Proc Natl Acad Sci USA 99, 6346-6351.

Burgess, D. L., Jones, J. M., Meisler, M. H., and Noebels, J. L. (1997). Mutation of the Ca2+ 

channel beta subunit gene Cchb4 is associated with ataxia and seizures in the lethargic (Ih) 

mouse. Cell 88, 385-92.

290



Burgess, H. A., Martinez, S., and Reiner, O. (1999). KIAA0369, doublecortin-like kinase, is 

expressed during brain development, J Neurosci Res 58, 567-75.

Burgess, H. A., and Reiner, O. (2001). Cleavage of doublecortin-like kinase by calpain releases 

an active kinase fragment from a microtubule anchorage domain, J Biol Chem 276, 36397-403. 

Buxbaum, J. D., Choi, E. K., Luo, Y., Lilliehook, C., Crowley, A. C., Merriam, D. B., and 

Wasco, W. (1998). Calsenilin: a calcium-binding protein that interacts with the presenilins and 

regulates the levels of a presenilin fragment, Nat Med 4 ,1177-81.

Cahana, A., and Reiner, O. (1999). LISl and platelet-activating factor acetylhydrolase (Ib) 

catalytic subunits, expression in the mouse oocyte and zygote, FBBS Lett 451, 99-102. 

Caraballo, R., Pavek, S., Lemainque, A., Gastaldi, M., Echenne, B., Motte, J., etal. (2001). 

Linkage of benign familial infantile convulsions to chromosome 16pl2- q l2 suggests allelism to 

the infantile convulsions and choreoathetosis syndrome. Am J Hum Genet 68, 788-94.

Cardoso, C., Leventer, R. J., Matsumoto, N., Kuc, J. A., Ramocki, M. B., Mewbom, S. K., et ai 
(2000). The location and type of mutation predict malformation severity in isolated 

lissencephaly caused by abnormalities within the LISl gene. Hum Mol Genet 9, 3019-28. 

Carrion, A. M., Link, W. A., Ledo, P., Mellstrom, B., and Naranjo, J. R. (1999). DREAM is a 

Ca2+-regulated transcriptional repressor. Nature 398, 80-4.

Caspi, M., Atlas, R., Kantor, A., Sapir, T., and Reiner, O. (2000). Interaction between LISl and 

doublecortin, two lissencephaly gene products, Hum Mol Genet 9, 2205-13.

Chandrasekhar, A., Moens, C. B., Warren Jr, J. T., Kimmel, C. B., and Kuwada, J. Y. (1997). 

Development of branchiomotor neurons in zebrafish. Development 124, 2633-2644.

Charlier, C., Singh, N. A., Ryan, S. G., Lewis, T. B., Reus, B. P., Leach, R. J., and Leppert, M.

(1998). A pore mutation in a novel KQT-like potassium channel gene in an idiopathic epilepsy 

family [see comments], Nat Genet 18, 53-5.

Chen, L., Bao, S., Qiao, X., and Thompson, R. F. (1999). Impaired cerebellar synapse 

maturation in waggler, a mutant mouse with a disrupted neuronal calcium channel gamma 

subunit, Proc Natl Acad Sci U S A 96, 12132-7.

Chen, L., Chetkovich, D. M., Petralia, R. S., Sweeney, N. T., Kawasaki, Y., Wenthold, R. J., 

Bredt, D. S., and Nicoll, R. A. (2000). Stargazing regulates synaptic targeting of AMPA 

receptors by two distinct mechanisms. Nature 408, 936-43.

Childs, S., Weinstein, B. M., Mohideen, M. A., Donohue, S., Bonkovsky, H., and Fishman, M. 

C. (2000). Zebrafish dracula encodes ferrochelatase and its mutation provides a model for 

erythropoietic protoporphyria, Curr Biol 10, 1001-4.

291



Chioza, B., Goodwin, H., Blower, J., McCormick, D., Nashef, L., Asherson, P., and Makoff, A. 

J, (2000). Failure to replicate association between the gene for the neuronal nicotinic 

acetylcholine receptor alpha 4 subunit (CHRNA4) and IGE, Am J Med Genet 96, 814-6.

Chioza, B., Wilkie, H., Nashef, L., Blower, J., McCormick, D., Sham, P., Asherson, P., and 

Makoff, A. J. (2001). Association between the alpha(la) calcium channel gene CACNAl A and 

idiopathic generalized epilepsy. Neurology 56, 1245-6.

Christiansen, J. H., Coles, E. G,, Robinson, V., Pasini, A., and Wilkinson, D. G. (2001). 

Screening from a subtracted embryonic chick hindbrain cDNA library: identification of genes 

expressed during hindbrain, midbrain and cranial neural crest development, Mech Dev 102, 119- 

33.

Claes, S., Devriendt, K., Lagae, L., Ceulemans, B., Dom, L., Casaer, P., Raeymaekers, P., 

Cassiman, J. J., and Fryns, J. P. (1997). The X-linked infantile spasms syndrome (MIM 308350) 

maps to X p ll.4 - Xpter in two pedigrees, Ann Neurol 42, 360-4.

Consortium, T. E. C, T. S. (1993). Identification and characterization of the tuberous sclerosis 

gene on chromosome 16., Cell 75, 1305-15.

Consortium, T. H. G. S. (2001). Initial sequencing and analysis of the human genome. Nature 

409, 860-921.

Cormand, B., Avela, K., Pihko, H., Santavuori. P., Talim, B., Topaloglu, H., de la Chapelle, A., 

and Lehesjoki, A. E. (1999). Assignment of the muscle-eye-brain disease gene to Ip32-p34 by 

linkage analysis and homozygosity mapping. Am J Hum Genet 64, 126-35.

Cormand, B., Pihko, H., Bayes, M., Valanne, L., Santavuori, P., Talim, B., et al. (2001). Clinical 

and genetic distinction between Walker-Warburg syndrome and muscle-eye-brain disease. 

Neurology 56, 1059-69.

Cossette, P., Liu, L., Brisebois, K., Dong, H., Lortie, A., Vanasse, M., et al (2002). Mutation of 

GABRAl in an Autosomal Dominant form of Juvenile Myoclonic Epilepsy, Nat Genet 31, 184- 

189.

Cottingham, R. W., Jr., Idury, R. M., and Schaffer, A. A. (1993). Faster sequential genetic 

linkage computations. Am J Hum Genet 53, 252-63.

D'Arcangelo, G., Miao, G. G., Chen, S. C., Soares, H. D., Morgan, J. I., and Curran, T. (1995).

A protein related to extracellular matrix proteins deleted in the mouse mutant reeler. Nature 374, 
719-23.

Dawe, A. L., Caldwell, K. A., Harris, P. M., Morris, N. R., and Caldwell, G. A. (2001). 

Evolutionarily conserved nuclear migration genes required for early embryonic development in 

Caenorhabditis elegans, Dev Genes Evol 211, 434-41.

292



de Jong, J. G., Delleman, J. W., Houben, M., Manschot, W. A., de Minjer, A., Mol, J., and 

Slooff, J. L. (1976). Agenesis of the corpus callosum, infantile spasms, ocular anomalies 

(Aicardi's syndrome). Clinical and pathologic findings. Neurology 2(5,1152-8. 

des Portes, V., Pinard, J. M., Billuart, P., Vinet, M. C., Koulakoff, A., Carrie, A., et al. (1998). A 

novel CNS gene required for neuronal migration and involved in X- linked subcortical laminar 

heterotopia and lissencephaly syndrome. Cell 92, 51-61.

Dib, C., Faure, S., Fizames, C., Samson, D., Drouot, N., Vignal, A., etal. (1996). A 

comprehensive genetic map of the human genome based on 5,264 microsatellites. Nature 380, 
152-4.

Dobyns, W. B., Berry-Kravis, E., Havemick, N. J., Holden, K. R., and Viskochil, D. (1999a). X- 

linked lissencephaly with absent corpus callosum and ambiguous genitalia. Am J Med Genet 86, 
331-7.

Dobyns, W. B., Pagon, R. A., Armstrong, D., Curry, C. J., Greenberg, F., Grix, A., et al. (1989). 

Diagnostic criteria for Walker-Warburg syndrome. Am J Med Genet 32, 195-210.

Dobyns, W. B., Reiner, O., Carrozzo, R., and Ledbetter, D. H. (1993). Lissencephaly. A human 

brain malformation associated with deletion of the LISl gene located at chromosome 17pl3, 

Jama 270, 2838-42.

Dobyns, W. B., Truwit, C. L., Ross, M. E., Matsumoto, N., Pilz, D. T., Ledbetter, D. H., 

Gleeson, J. G., Walsh, C. A., and Barkovich, A. J. (1999b). Differences in the gyral pattern 

distinguish chromosome 17-linked and X- linked lissencephaly. Neurology 53, 270-7. 

Donnenfeld, A. E., Graham, J. M., Jr., Packer, R. J., Aquino, R., Berg, S. Z., and Emanuel, B. S. 

(1990). Microphthalmia and chorioretinal lesions in a girl with an Xp22.2-pter deletion and 

partial 3p trisomy: clinical observations relevant to Aicardi syndrome gene localization. Am J 

Med Genet 37, 182-6.

Doyle, J., Ren, X., Lennon, G., and Stubbs, L. (1997). Mutations in the Cacnlla4 calcium 

channel gene are associated with seizures, cerebellar degeneration, and ataxia in tottering and 

leaner mutant mice, Mamm Genome 8, 113-20.

Dulabon, L., Olson, E. C., Taglienti, M. G., Eisenhuth, S., McGrath, B., Walsh, C. A.,

Kreidberg, J. A., and Anton, E. S. (2000). Reelin binds alpha3betal integrin and inhibits 

neuronal migration. Neuron 27, 33-44.

Dumer, M., Zhou, G., Fu, D., Abreu, P., Shinnar, S., Resor, S. R., et al. (1999). Evidence for 

linkage of adolescent-onset idiopathic generalized epilepsies to chromosome 8-and genetic 

heterogeneity. Am J Hum Genet 64, 1411-9.

293



Eksioglu, Y. Z., Scheffer, L E., Cardenas, P., Knoll, J., DiMario, F., Ramsby, G., et al (1996). 

Periventricular heterotopia: an X-linked dominant epilepsy locus causing aberrant cerebral 

cortical development, Neuron 16, 77-87.

Elmslie, F. V., Rees, M., Williamson, M, P., Kerr, M., Kjeldsen, M. J., Pang, K. A., et al 
(1997). Genetic mapping of a major susceptibility locus for juvenile myoclonic epilepsy on 

chromosome 15q, Hum Mol Genet 6, 1329-34.

Escayg, A., De Waard, M., Lee, D. D., Bichet, D., Wolf, P., Mayer, T., et ai (2000a). Coding 

and noncoding variation of the human calcium-channel beta4- subunit gene CACNB4 in patients 

with idiopathic generalized epilepsy and episodic ataxia, Am J Hum Genet 66, 1531-9.

Escayg, A., MacDonald, B. T., Meisler, M. H., Baulac, S., Huberfeld, G., An-Gourfinkel, I., et 
al (2000b). Mutations of SCNIA, encoding a neuronal sodium channel, in two families with 

GEFS+2, Nat Genet 24, 343-5.

Faiella, A., Brunelli, S., Granata, T., D'Incerti, L., Cardini, R., Lenti, C., Battaglia, G., and 

Boncinelli, E. (1997). A number of schizencephaly patients including 2 brothers are 

heterozygous for germline mutations in the homeobox gene EMX2, Fur J Hum Genet 5, 186-90. 

Farah, S., Sabry, M. A., Khuraibet, A., Khaffagi, S., Rudwan, M., Hassan, M., etal (1997). 

Lissencephaly associated with cerebellar hypoplasia and myoclonic epilepsy in a Bedouin 

kindred: a new syndrome?, Clin Genet 57, 326-30.

Faulkner, N. F., Dujardin, D. L., Tai, C. Y., Vaughan, K. T., O'Connell, C. B., Wang, Y., and 

Vallee, R. B. (2000). A role for the lissencephaly gene LISl in mitosis and cytoplasmic dynein 

function, Nat Cell Biol 2, 784-91.

Feldman, B., and Stemple, D. L. (2001). Morpholino phenocopies of sqt, oep, and ntl mutations. 

Genesis 30, 175-7.

Feng, Y., Olson, F. C., Stukenberg, P. T., Flanagan, L. A., Kirschner, M. W., and Walsh, C. A. 

(2000). LISl regulates CNS lamination by interacting with mNudF, a central component of the 

centrosome. Neuron 28, 665-79.

Fernandez, A. S., Pieau, C., Repérant, J., Boncinelli, F., and Wassef, M. (1998). Expression of 

the Fmx-1 and Dlx-1 homeobox genes define three molecularly distinct domains in the 

telencephalon of mouse, chick, turtle and frog embryos: implications for the evolution of 

telencephalic subdivisions in amniotes. Development 125, 2099-111.

Feucht, M., Fuchs, K., Pichlbauer, F., Homik, K., Scharfetter, J., Goessler, R., etal (1999). 

Possible association between childhood absence epilepsy and the gene encoding GABRB3, Biol 

Psychiatry 46, 997-1002.

294



Fleck, M. W., Hirotsune, S., Gambello, M. J., Phillips-Tansey, E., Suares, G., Mervis, R. P., 

Wynshaw-Boris, A., and McBain, C. J. (2000). Hippocampal abnormalities and enhanced 

excitability in a murine model of human lissencephaly, J Neurosci 20, 2439-50.

Fong, G. C., Shah, P. U., Gee, M. N., Serratosa, J. M., Castroviejo, I. P., Khan, S., et al. (1998). 

Childhood absence epilepsy with tonic-clonic seizures and electroencephalogram 3-4-Hz spike 

and multispike-slow wave complexes: linkage to chromosome 8q24, Am J Hum Genet 63, 1117- 

29.

Fox, J. W., Lamperti, E. D., Eksioglu, Y. Z., Hong, S. E., Feng, Y., Graham, D. A., et ai (1998). 

Mutations in filamin 1 prevent migration of cerebral cortical neurons in human periventricular 

heterotopia. Neuron 21, 1315-25.

Francis, F., Koulakoff, A., Boucher, D., Chafey, P., Schaar, B., Vinet, M. C., et al. (1999). 

Doublecortin is a developmentally regulated, microtubule-associated protein expressed in 

migrating and differentiating neurons. Neuron 23, 247-56.

Fusco, M. D., Becchetti, A., Patiignani, A., Annesi, G., Gambardella, A., Quattrone, A., 

Ballabio, A., Wanke, E., and Casari, G. (2000). The nicotinic receptor beta2 subunit is mutant in 

nocturnal frontal lobe epilepsy [In Process Citation], Nat Genet 26, 275-6.

Gilmore, E. C., Ohshima, T., Goffmet, A. M., Kulkami, A. B., and Herrup, K. (1998). Cyclin- 

dependent kinase 5-deficient mice demonstrate novel developmental arrest in cerebral cortex, J 

Neurosci 18, 6370-7.

Gleeson, J. G., Allen, K. M., Fox, J. W., Lamperti, E. D., Berkovic, S., Scheffer, I., et al. (1998). 

Doublecortin, a brain-specific gene mutated in human X-linked lissencephaly and double cortex 

syndrome, encodes a putative signaling protein. Cell 92, 63-72.

Gleeson, J. G., Lin, P. T., Flanagan, L. A., and Walsh, C. A. (1999). Doublecortin is a 

microtubule-associated protein and is expressed widely by migrating neurons. Neuron 23, 257- 

71.

Gonczy, P., Bellanger, J. M., Kirkham, M., Pozniakowski, A., Baumer, K., Phillips, J. B., and 

Hyman, A. A. (2001). zyg-8, a gene required for spindle positioning in C. elegans, encodes a 

doublecortin-related kinase that promotes microtubule assembly, Dev Cell I, 363-75.

Gonzalez, J. L., Russo, C. J., Goldowitz, D., Sweet, H. O., Davisson, M. T., and Walsh, C. A. 

(1997). Birthdate and cell marker analysis of scrambler: a novel mutation affecting cortical 

development with a reeler-like phenotype, J Neurosci 17, 9204-11.

Goodwin, H., Curran, N., Chioza, B., Blower, J., Nashef, L., Asherson, P., and Makoff, A. J.

(2000). No association found between polymorphisms in genes encoding mGluR7 and mGluR8 

and idiopathic generalised epilepsy in a case control study. Epilepsy Res 39, 27-31.

295



Granata, T., Farina, L., Faiella, A., Cardini, R., D'Incerti, L., Boncinelli, E., and Battaglia, G.

(1997). Familial schizencephaly associated with EMX2 mutation. Neurology 48, 1403-6. 

Grandy, D. K., Zhang, Y. A., Bouvier, C., Zhou, Q. Y., Johnson, R. A., Allen, L., et al. (1991). 

Multiple human D5 dopamine receptor genes: a functional receptor and two pseudogenes, Proc 

Natl Acad Sci U S A 88, 9175-9.

Greenberg, D., Delgado-Escueta, A., Widelitz, H., Sparkes, R., Treiman, L., Maldonado, H., and 

Terasaki, P. (1988). Juvenile myoclonic epilepsy (JME) may be linked to the BE and HLA loci 

on huma chromosome 6, Am J Med Genet 31, 185-192.

Grimm, C., Sporle, R., Schmid, T. E., Adler, I. D., Adamski, J., Schughart, K., and Graw, J. 

(1999). Isolation and embryonic expression of the novel mouse gene H id , the homologue of 

HICl, a candidate gene for the Miller-Dieker syndrome. Hum Mol Genet 8, 697-710.

Guerrini, R., Bonanni, P., Nardocci, N., Parmeggiani, L., Piccirilli, M., De Fusco, M., et al.
(1999). Autosomal recessive rolandic epilepsy with paroxysmal exercise-induced dystonia and 

writer's cramp: delineation of the syndrome and gene mapping to chromosome I6pl2-11.2, Ann 

Neurol 45, 344-52.

Guerrini, R., Bonanni, P., Patrignani, A., Brown, P., Parmeggiani, L., Grosse, P., et al. (2001). 

Autosomal Dominant Cortical Myoclonus and Epilepsy (ADCME) with complex partial and 

generalised seizures: a newly recognised epilepsy syndrome with linkage to chromosome 

2 p ll.l-q l2 .2 , Brain 12, 2459-2475.

Guipponi, M., Thomas, P., Girard-Reydet, C., Feingold, J., Baldy-Moulinier, M., and Malafosse,

A. (1997). Lack of association between juvenile myoclonic epilepsy and GABRA5 and 

GABRB3 genes. Am J Med Genet 74, 150-3.

Gyapay, G., Morissette, J., Vignal, A., Dib, C., Fizames, C., Millasseau, P., et al. (1994). The 

1993-94 Genethon human genetic linkage map, Nat Genet 7, 246-339.

Hallmann, K., Dumer, M., Sander, T., and Steinlein, O. K. (2000). Mutation analysis of the 

inwardly rectifying K(+) channels KCNJ6 (GIRK2) and KCNJ3 (GIRKl) in juvenile myoclonic 

epilepsy. Am J Med Genet 96, 8-11.

Hanunerschmidt, M., Pelegri, F., Mullins, M. C., Kane, D. A., Brand, M., van Eeden, F. J., et al.
(1996). Mutations affecting morphogenesis during gastrulation and tail formation in the 

zebrafish Danio rerio.. Development 123, 143-151.

Hardelin, J. P., Julliard, A. K., Moniot, B., Soussi-Yanicostas, N., Vemey, C., Schwanzel- 

Fukunda, M., Ayer-LeLievre, C., and Petit, C. (1999). Anosmin-1 is a regionally restricted 

component of basement membranes and interstitial matrices during organogenesis: implications

296



for the developmental anomalies of X chromosome-linked Kallmann syndrome, Dev Dyn 215, 
26-44.

Harding, A. E,, Sweeney, M. G., Govan, G. B., and Riordan-Eva, P. (1995), Pedigree Analysis 

in Leber Hereditary Optic Neuropathy Families with a Pathogenic mtDNA Mutation, Am J Hum 

Genet 57, 77-86.

Harkin, L. A., Bowser, D. N., Dibbens, L. M., Singh, R., Phillips, P., Wallace, R. H., et al
(2001). Truncation of the GABAA-Receptor gamma2 Subunit in a Family with Generalized 

Epilepsy with Febrile Seizures Plus, Am J Hum Genet 70, 2.

Hartmann, D., De Strooper, B., and Saftig, P. (1999). Presenilin-1 deficiency leads to loss of 

Cajal-Retzius neurons and cortical dysplasia similar to human type 2 lissencephaly, Curr Biol 9, 
719-27.

Hattori, M., Adachi, H., Tsujimoto, M., Aral, H., and Inoue, K. (1994). Miller-Dieker 

lissencephaly gene encodes a subunit of brain platelet- activating factor acetylhydrolase 

[corrected]. Nature 370, 216-8.

Haug, K., Hallmann, K., Horvath, S., Sander, T., Kubisch, C., Rau, B., et al (2000a). No 

evidence for association between the KCNQ3 gene and susceptibility to idiopathic generalized 

epilepsy. Epilepsy Res 42, 57-62.

Haug, K., Kremerskothen, J., Hallmann, K., Sander, T., Dullinger, J., Rau, B., etal (2000b). 

Mutation screening of the chromosome 8q24.3-human activity-regulated cytoskeleton-associated 

gene (ARC) in idiopathic generalized epilepsy. Mol Cell Probes 14, 255-60.

Haug, K., Sander, T., Hallmann, K., Lentze, M. J., Propping, P., Eiger, C. E., and Heils, A. 

(2000c). Association analysis between a regulatory-promoter polymorphism of the human 

monoamine oxidase A gene and idiopathic generalized epilepsy. Epilepsy Res 39, 127-32.

Haug, K., Sander, T., Hallmann, K., Rau, B., Dullinger, J. S., Eiger, C. E., Propping, P., and 

Heils, A. (2000d). The voltage-gated sodium channel beta2-subunit gene and idiopathic 

generalized epilepsy. Neuroreport 11, 2687-9.

Hiesberger, T., Trommsdorff, M., Howell, B. W., Goffmet, A., Mumby, M. C., Cooper, J. A., 

and Herz, J. (1999). Direct binding of Reelin to VLDL receptor and ApoE receptor 2 induces 

tyrosine phosphorylation of disabled-1 and modulates tau phosphorylation. Neuron 24, 481-9. 

Higashijima, S., Hotta, Y., and Okamoto, H. (2000). Visualisation of Cranial Motor Neurons in 

Live Transgenic Zebrafish Expressing Green Fluorescent Protein under the Control of the Islet-1 

Promotor/Enhancer, J Neurosci 20, 206-218.

297



Hirotsune, S., Fleck, M. W., Gambello, M. J., Bix, G. J., Chen, A., Clark, G. D., Ledbetter, D.

H., McBain, C. J., and Wynshaw-Boris, A, (1998). Graded reduction of Pafahlbl (Lisl) activity 

results in neuronal migration defects and early embryonic lethality, Nat Genet 19, 333-339.

Hong, S. E., Shugart, Y. Y., Huang, D. T., Shahwan, S. A., Grant, P. E., Hourihane, J. O.,

Martin, N. D., and Walsh, C. A. (2000). Autosomal recessive lissencephaly with cerebellar 

hypoplasia is associated with human RELN mutations, Nat Genet 26, 93-6.

Horesh, D., Sapir, T., Francis, P., Wolf, S. G., Caspi, M., Elbaum, M., Chelly, J., and Reiner, O.

(1999). Doublecortin, a stabilizer of microtubules. Hum Mol Genet 8, 1599-610.

Houart, C., Caneparo, L., Heisenberg, C. P., Barth, K., Take-Uchi, M., and Wilson, S. W.

(2002). Establishment of the telencephalon during gastrulation by local antagonism of wnt 

signalling. Neuron 35, 215-217.

Howell, B. W., Herrick, T. M., and Cooper, J. A. (1999). Reelin-induced tryosine 

phosphorylation of disabled 1 during neuronal positioning. Genes Dev 13, 643-8.

Hutton, M., Lendon, C. L., Rizzu, P., Baker, M., Froelich, S., Houlden, H., et al (1998). 

Association of missense and 5'-splice-site mutations in tau with the inherited dementia FTDP-17, 

Nature 393, 702-5.

lannetti. P., Schwartz, C. E., Dietz-Band, J., Light, E., Timmerman, J., and Chessa, L. (1993). 

Norman-Roberts syndrome: clinical and molecular studies. Am J Med Genet 47, 95-9.

Jacques, T. S., Relvas, J. B., Nishimura, S., Pytela, R., Edwards, G. M., Streuli, C. H., and 

ffrench-Constant, C. (1998). Neural precursor cell chain migration and division are regulated 

through different bl integrins. Development 125, 3167-3177.

lessen, J. R., Topczewski, J., Bingham, S., Sepich, D. S., Marlow, F., Chandrasekhar, A., and 

Solnica-Krezel, L. (2002). Zebrafish trilobite identifies new roles for Strabismus in gastrulation 

and neuronal movements, Nat Cell Biol 4, 610-615.

Johnson, E. W., Dubovsky, J., Rich, S. S., O'Donovan, C. A., Orr, H. T., Anderson, V. E., et al. 
(1998). Evidence for a novel gene for familial febrile convulsions, FEB2, linked to chromosome 

19p in an extended family from the Midwest, Hum Mol Genet 7, 63-7.

Joshua, G. W. (2001). Functional analysis of leucine aminopeptidase in Caenorhabditis elegans. 

Mol Biochem Parasitol 113, 223-32.

Jouvenceau, A., Eunson, L. H., Spauchus, A., Ramesh, V., Kullman, D. M., and Hanna, M. G.

(2001). Human epilepsy associated with dysfunction of the brain P/Q type calcium channel. 

Lancet 258, 801-7.

298



Jurata, L. W., Kenny, D, A., and Gill, G. N. (1996). Nuclear LIM interactor, a rhombotin and 

LIM homeodomain interacting protein, is expressed early in neuronal development, Proc Natl 

Acad S c iU S  A 95, 11693-8.

Kalachikov, S., Evgrafov, O., Ross, B., Winaver, M., Barker-Cummings, Boneschi, F. M., etal 
(2002). Mutations in LGIl cause autosomal-dominant partial epilepsy with auditory features,

Nat Genet 30, 335-41.

Kananura, C., Sander, T., Rajan, S., Preisig-Muller, R., Grzeschik, K. H., Daut, J., Derst, C., and 

Steinlein, O. K. (2002). Tandem pore domain K(-f)-channel TASK-3 (KCNK9) and idiopathic 

absence epilepsies. Am J Med Genet 114, 227-9.

Karlen, S., and Rebagliati, M. (2001). A morpholino phenocopy of the cyclops mutation,

Genesis 30, 126-8.

Kato, M., Kanai, M., Soma, O., Takusa, Y., Kimura, T., Numakura, C., Matsuki, T., Nakamura, 

S., and Hayasaka, K. (2001). Mutation of the doublecortin gene in male patients with double 

cortex syndrome: somatic mosaicism detected by hair root analysis, Ann Neurol 50, 547-51. 

Kato, M., Takizawa, N., Yamada, S., Ito, A., Honma, T., Hashimoto, M., et al. (1999). Diffuse 

pachygyria with cerebellar hypoplasia: a milder form of microlissencephaly or a new genetic 

syndrome?, Ann Neurol 46, 660-3.

Kellaway, P., Mizrahi, E. M., and Noebels, J. L. (2000). Benign focal epilepsies of childhood: 

genetically determined pathophysiology. Report of an international workshop. Epilepsia 41, 
1049-50.

Kent, W. J., and Haussier, D. (2001). Assembly of the working draft of the human genome with 

Gig Assembler, Genome Res 11, 1541-1548.

Kent, W. J., Sugnet, C. W., Furey, T. S., Roskin, K. M., Pringle, T. H., Zahler, A. M., and 

Haussier, D. (2002). The Human Genome Browser at UCSC, Genome Res 12.
Kemer, B., Graham, J. M., Jr., Golden, J. A., Pepkowitz, S. H., and Dobyns, W. B. (1999). 

Familial lissencephaly with cleft palate and severe cerebellar hypoplasia. Am J Med Genet 87, 
440-5.

Keshvara, L., Benhayon, D., Magdaleno, S., and Curran, T. (2001). Identification of reelin- 

induced sites of tyrosyl phosphorylation on disabled 1, J Biol Chem 276, 16008-14.

Kimmel, C. B., Ballard, W. W., Kimmel, S. R., Ullmann, B., and Schilling, T. F. (1995). Stages 

of embryonic development of the zebrafish, Dev Dyn 203, 253-310.

Kitagawa, M., Umezu, M., Aoki, J., Koizumi, H., Arai, H., and Inoue, K. (2000). Direct 

association of LIS 1, the lissencephaly gene product, with a mammalian homologue of a fungal 

nuclear distribution protein, rNUDE, FEBS Lett 479, 57-62.

299



Kitamura, K., Yanazawa, M., Sugiyama, N., Miura, H., lizuka-Kogo, A., Kusaka, M., et al. 
(2002), Mutation of ARX causes abnormal development of forebrain and testes in mice and X- 

linked lissencephaly with abnormal geneitalia in humans, Nat Genet 52, 341-2.

Kobayashi, K., Nakahori, Y., Miyake, M., Matsumura, K., Kondo-Iida, E., Nomura, Y., et al. 
(1998). An ancient retrotransposal insertion causes Fukuyama-type congenital muscular 

dystrophy. Nature 394, 388-92.

Koster, R. W., and Fraser, S. F. (2001). Direct imaging of in vivo neuronal migration in the 

developing cerebellum, Curr Biol 11, 1858-63.

Kretschmer, P. J., Fairhurst, J. L., Decker, M. M., Chan, C. P., Gluzman, Y., Bohlen, P., and 

Kovesdi, I. (1991). Cloning, characterization and developmental regulation of two members of a 

novel human gene family of neurite outgrowth-promoting proteins. Growth Factors 5, 99-114. 

Kruglyak, L., Daly, M. J., Reeve-Daly, M. P., and Lander, F. S. (1996). Parametric and 

nonparametric linkage analysis: a unified multipoint approach. Am J Hum Genet 58, 1347-63. 

Kuryatov, A., Gerzanich, V., Nelson, M., Olale, F., and Lindstrom, J. (1997). Mutation causing 

autosomal dominant nocturnal frontal lobe epilepsy alters Ca2-f- permeability, conductance, and 

gating of human alpha4beta2 nicotinic acetylcholine receptors, J Neurosci 17, 9035-47.

Kwon, Y. T., and Tsai, L. H. (1998). A novel disruption of cortical development in p35(-/-) mice 

distinct from reeler, J Comp Neurol 395, 510-22.

Lambert de Rouvroit, C., and Goffmet, A. M. (2001). Neuronal migration, Mech Dev 105, 47- 

56.

Lander, F., and Kruglyak, L. (1995). Genetic dissection of complex traits: guidelines for 

interpreting and reporting linkage results, Nat Genet i i ,  241-7.

Lathrop, G. M., and Lalouel, J. M. (1984a). Easy calculations of lod scores and genetic risks on 

small computers. Am J Hum Genet 36, 460-5.

Lathrop, G. M., Lalouel, J. M., Julier, C., and Ott, J. (1984b). Strategies for multilocus linkage 

analysis in humans, Proc Natl Acad Sci U S A 5 i, 3443-6.

Lathrop, G. M., Lalouel, J. M., and White, R. L. (1986). Construction of human linkage maps: 

likelihood calculations for multilocus linkage analysis. Genet Epidemiol 3, 39-52.

Lee, W. L., Tay, A., Ong, H. T., Goh, L. M., Monaco, A. P., and Szepetowski, P. (1998). 

Association of infantile convulsions with paroxysmal dyskinesias (ICCA syndrome): 

confirmation of linkage to human chromosome 16pl2-ql2 in a Chinese family. Hum Genet 103, 
608-12.

Legarda, S., Jayakar, P., Duchowny, M., Alvarez, L., and Resnick, T. (1994). Benign rolandic 

epilepsy: high central and low central subgroups, Epilepsia 35, 1125-9.

300



Lei, Y., and Warrior, R. (2000). The Drosophila Lissencephaly 1 (DLisl) gene is required for 

nuclear migration, Dev Biol 226, 57-72.

Letts, V. A., Felix, R., Biddlecome, G. H., Arikkath, J., Mahaffey, C. L., Valenzuela, A., et al
(1998). The mouse stargazer gene encodes a neuronal Ca2+-channel gamma subunit, Nat Genet 

19, 340-7.

Leventer, R. J., Cardoso, C., Ledbetter, D. H., and Dobyns, W. B. (2001). LISl missense 

mutations cause milder lissencephaly phenotypes including a child with normal IQ, Neurology 

57, 416-22.

Lin, P., Barun, S., Lutz, C. M., Wang, Y., and Hosford, D. A. (1999). Decreased (45)Ca(2)(+) 

uptake in P/Q-type calcium channels in homozygous lethargic (Cacnb41h) mice is associated 

with increased betaS and decreased beta4 calcium channel subunit mRNA expression. Brain Res 

Mol Brain Res 71, 1-10.

Lin, P. T., Gleeson, J. G., Corbo, J. C., Flanagan, L., and Walsh, C. A. (2000). DCAMKLl 

encodes a protein kinase with homology to doublecortin that regulates microtubule 

polymerization, J Neurosci 20, 9152-61.

Liu, A., Delgado-Escueta, A., Gee, M., Serratosa, J., Zhang, Q., Alonso, M., and Medina, M.

(1996). Juvenile myoclonic epilepsy in chromosome 6pl2-p ll: locus heterogeneity and 

recombinations. Am J Med Genet 63, 438-446.

Liu, A. W., Delgado-Escueta, A. V., Serratosa, J. M., Alonso, M. E., Medina, M. T., Gee, M. N., 

et al. (1995). Juvenile myoclonic epilepsy locus in chromosome 6p21.2-pl 1: linkage to 

convulsions and electroencephalography trait. Am J Hum Genet 57, 368-81.

Liu, P., Wan, Q., Pristupa, Z. B., Yu, X. M., Wang, Y. T., and Niznik, H. B. (2000a). Direct 

protein-protein coupling enables cross-talk between dopamine D5 and gamma-aminobutyric acid 

A receptors. Nature 403, 274-80.

Liu, Z., Steward, R., and Luo, L. (2000b). Drosophila Lisl is required for neuroblast 

proliferation, dendritic elaboration and axonal transport, Nat Cell Biol 2, 776-83.

Liu, Z., Xie, T., and Steward, R. (1999). Lisl, the Drosophila homolog of a human lissencephaly 

disease gene, is required for germline cell division and oocyte differentiation. Development 126, 
4477-88.

Lo Nigro, C., Chong, C. S., Smith, A. C., Dobyns, W. B., Carrozzo, R., and Ledbetter, D. H.

(1997). Point mutations and an intragenic deletion in LISl, the lissencephaly causative gene in 

isolated lissencephaly sequence and Miller-Dieker syndrome. Hum Mol Genet 6, 157-64.

301



Loiseau, P., Duché, B., Cordova, S., Dartigues, J. F., and Cohadon, S. (1988). Prognosis of 

benign childhood epilepsy with centrotemporal spikes: a follow-up study of 168 patients. 

Epilepsia 29, 229-35.

Lopes-Cendes, I., Scheffer, I. E., Berkovic, S. F., Rousseau, M., Andermann, E., and Rouleau,

G. A. (2000). A new locus for generalized epilepsy with febrile seizures plus maps to 

chromosome 2, Am J Hum Genet 65, 698-701.

Macdonald, R., Barth, K. A., Xu, Q., Holder, N., Mikkola, I., and Wilson, S. W. (1995). Midline 

signalling is required for Pax gene regulation and patterning of the eyes. Development 121, 
3267-78.

Masai, I., Stemple, D. L., Okamoto, H., and Wilson, S. W. (2000). Midline signals regulate 

retinal neurogenesis in zebrafish. Neuron 27, 251-63.

Matsumoto, H., Nagasaka, T., Hattori, A., Rogi, T., Tsuruoka, N., Mizutani, S., and Tsujimoto, 

M. (2001). Expression of placental leucine aminopeptidase/oxytocinase in neuronal cells and its 

action on neuronal peptides, Eur J Biochem 268, 3259-66.

Matsumoto, N., and Ledbetter, D. H. (1999a). Molecular cloning and characterization of the 

human NUDC gene. Hum Genet 104, 498-504.

Matsumoto, N., Pilz, D. T., and Ledbetter, D. H. (1999b). Genomic structure, chromosomal 

mapping, and expression pattern of human DCAMKLl (KIAA0369), a homologue of DCX 

(XLIS), Genomics 56, 179-83.

Matsuo, N., Kawamoto, S., Matsubara, K., and Okubo, K. (1998). Cloning and developmental 

expression of the murine homolog of doublecortin, Biochem Biophys Res Commun 252, 571-6. 

McEnery, M. W., Copeland, T. D., and Vance, C. L. (1998). Altered expression and assembly of 

N-type calcium channel alpha IB and beta subunits in epileptic lethargic (Ih/lh) mouse, J Biol 

Chem 275, 21435-8.

Michelucci, R., Passarelli, D., Pitzalis, S., Dal Corso, G., Tassinari, C. A., and Nobile, C. (2000). 

Autosomal dominant partial epilepsy with auditory features: description of a new family. 

Epilepsia 47,967-70.

Mikami, M., Yasuda, T., Terao, A., Nakamura, M., Ueno, S., Tanabe, H., et al. (1999). 

Localization of a gene for benign adult familial myoclonic epilepsy to chromosome 8q23.3- 

q24.1. Am J Hum Genet 55, 745-51.

Mione, M., Shanmugalingam, S., Kimelman, D., and Griffin, K. (2001). Overlapping expression 

of zebrafish T-brain-1 and eomesodermin during forebrain development, Mech Dev 100, 93-7.

302



Mizuguchi, M., Qin, J„ Yamada, M., Ikeda, K., and Takashima, S. (1999). High expression of 

doublecortin and KIAA0369 protein in fetal brain suggests their specific role in neuronal 

migration, Am J Pathol 155, 1713-21.

Moore, T., Hecquet, S., McLellann, A., Ville, D., Grid, D., Picard, P., et al. (2001). 

Polymorphism analysis of JRK/JH8, the human homologue of mouse jerky, and description of a 

rare mutation in a case of CAE evolving to JME, Epilepsy Res 46, 157-67.

Morales-Villagran, A., and Tapia, R. (1996a). Preferential stimulation of glutamate release by 4- 

aminopyridine in rat striatum in vivo, Neurochem Int 28, 35-40.

Morales-Villagran, A., Urena-Guerrero, M. E., and Tapia, R. (1996b). Protection by NMDA 

receptor antagonists against seizures induced by intracerebral administration of 4-aminopyridine, 

Eur J Pharmacol 305, 87-93.

Morita, T., Nitta, H., Kiyama, Y., Mori, H., and Mishina, M. (1995). Differential expression of 

two zebrafish emx homeoprotein mRNAs in the developing brain, Neurosci Lett 198, 131-4. 

Morris, S. M., Albrecht, U., Reiner, O., Eichele, G., and Yu-Lee, L. Y. (1998). The 

lissencephaly gene product Lisl, a protein involved in neuronal migration, interacts with a 

nuclear movement protein, NudC, Curr Biol 8, 603-6.

Morton, N. E. (1955). Sequential tests for the detection of linkage. Am J Hum Genet 7, 277-318. 

Moulard, B., Buresi, C., and Malafosse, A. (2000). Study of the voltage-gated sodium channel 

beta 1 subunit gene (SCNIB) in the benign familial infantile convulsions syndrome (BFIC),

Hum Mutat 16, 139-42.

Moulard, B., Guipponi, M., Chaigne, D., Mouthon, D., Buresi, C., and Malafosse, A. (1999). 

Identification of a new locus for generalized epilepsy with febrile seizures plus (GEFS-t-) on 

chromosome 2q24-q33, Am J Hum Genet 65, 1396-400.

Mueller, B. K. (1999). Growth Cone Giudance: first steps towards a deeper understanding. 

Annual Review of Neuroscience 22, 351-388.

Nacher, J., Crespo, C., and McEwen, B. S. (2001). Doublecortin expression in the adult rat 

telencephalon, Eur J Neurosci 14, 629-44.

Nadarajah, B., Brunstrom, J. E., Wong, R. O. L., and Pearlman, A. L. (1999). Somal 

translocation during early layer formation in developing neocortex, Soc Neurosci Abstr 25, 504. 

Nakayama, J., Hamano, K., Iwasaki, N., Nakahara, S., Horigome, Y., Saitoh, H., et al. (2000). 

Significant evidence for linkage of febrile seizures to chromosome 5ql4- ql5. Hum Mol Genet 

9, 87-91.

Nasevicius, A., and Ekker, S. C. (2000). Effective targeted gene 'knockdown' in zebrafish, Nat 

Genet 26, 216-20.

303



Niethammer, M., Smith, D. S., Ayala, R., Peng, J., Ko, J., Lee, M. S., Morabito, M., and Tsai, L. 

H. (2000), NUDEL is a novel Cdk5 substrate that associates with LISl and cytoplasmic dynein. 

Neuron 28, 697-711.

Nikolic, M., Chou, M. M., Lu, W., Mayer, B. J., and Tsai, L. H. (1998). The p35/Cdk5 kinase is 

a neuron-specific Rac effector that inhibits Pakl activity. Nature 395, 194-198,

Nikolic, M,, Dudek, H,, Kwon, Y, T,, Ramos, Y, F,, and Tsai, L, H, (1996), The cdk5/p35 kinase 

is essential for neurite outgrowth during neuronal differentiation,, Genes Dev 10, 816-825, 

Nothwang, H, G,, Kim, H, G,, Aoki, J,, Geisterfer, M,, Kubart, S,, Wegner, R, D,, et al. (2001), 

Functional hemizygosity of PAFAH1B3 due to a PAFAH1B3-CLK2 fusion gene in a female 

with mental retardation, ataxia and atrophy of the brain. Hum Mol Genet 10, 797-806,

Nyholt, D, R, (2000), All LODs are not created equal. Am J Hum Genet 67, 282-8,

Oakley, B, R,, and Morris, N, R, (1980), Nuclear movement is beta—tubulin-dependent in 

Aspergillus nidulans. Cell 19, 255-62,

Omori, Y,, Suzuki, M„ Ozaki, K,, Harada, Y,, Nakamura, Y,, Takahashi, E,, and Fujiwara, T,

(1998), Expression and chromosomal localization of KIAA0369, a putative kinase structurally 

related to Doublecortin, J Hum Genet 43, 169-77,

Ottman, R,, Risch, N,, Hauser, W, A,, Pedley, T, A,, Lee, J, H,, Barker-Cummings, C„ et al. 
(1995), Localization of a gene for partial epilepsy to chromosome lOq [see comments], Nat 

Genet 10, 56-60,

Patrosso, M, C,, Repetto, M,, Villa, A,, Milanesi, L,, Frattini, A,, Faranda, S„ et al. (1994), The 

exon-intron organization of the human X-linked gene (FLNl) encoding actin-binding protein 

280, Genomics 21, 71-6,

Perez-Tur, J,, Froelich, S,, Prihar, G,, Crook, R,, Baker, M,, Duff, K,, et al. (1995), A mutation 

in Alzheimer's disease destroying a splice acceptor site in the presenilin-1 gene. Neuroreport 7, 

297-301,

Phillips, H, A,, Favre, I,, Kirkpatrick, M,, Zuberi, S, M,, Goudie, D,, Heron, S, E,, et al. (2001), 

CHRNB2 is the second acetylcholine receptor subunit associated with autosomal dominant 

nocturnal frontal lobe epilepsy. Am J Hum Genet 68, 225-31,

Pilz, D, T,, Kuc, J,, Matsumoto, N,, Bodurtha, J,, Bemadi, B,, Tassinari, C, A,, Dobyns, W, B,, 

and Ledbetter, D, H, (1999), Subcortical band heterotopia in rare affected males can be caused 

by missense mutations in DCX (XLIS) or LISl, Hum Mol Genet 8, 1757-60,

Pilz, D, T,, Macha, M, E,, Precht, K, S,, Smith, A, C,, Dobyns, W, B,, and Ledbetter, D, H, 

(1998a), Fluorescence in situ hybridization analysis with LISl specific probes reveals a high 

deletion mutation rate in isolated lissencephaly sequence. Genet Med 1, 29-33,

304



Pilz, D. T., Matsumoto, N., Minnerath, S., Mills, P., Gleeson, J. G., Allen, K. M., et al (1998b). 

LISl and XLIS (DCX) mutations cause most classical lissencephaly, but different patterns of 

malformation. Hum Mol Genet 7, 2029-37.

Poolos, N. P., Das, S., Clark, G. D., Lardizabal, D., Noebels, J. L., Wyllie, E., and Dobyns, W.

B. (2002). Maies with epilepsy, complete subcortical band heterotopia and somatic mosaicism 

for DCX, Neurology 58, 1559-1562.

Ptacek, L. J., George, A. L., Jr., Griggs, R. C., Tawil, R., Kallen, R. G., Barchi, R. L., Robertson, 

M., and Leppert, M. F. (1991). Identification of a mutation in the gene causing hyperkalemic 

periodic paralysis. Cell 67, 1021-7.

Pulli, K., and Pelkonen, R. (1975). [Kallman's syndrome-hypogonadism and anosmia], 

Duodecim 91, 649-56.

Reed, P. W., Davies, J. L., Copeman, J. B., Bennett, S. T., Palmer, S. M., Pritchard, L. E., et al
(1994). Chromosome-specific microsatellite sets for fluorescence-based, semi-automated 

genome mapping, Nat Genet 7, 390-395.

Reiner, O., Albrecht, U., Gordon, M., Chianese, K. A., Wong, C., Gal-Gerber, O., et al (1995). 

Lissencephaly gene (LISl) expression in the CNS suggests a role in neuronal migration, J 

Neurosci 15, 3730-8.

Rice, D. S., Sheldon, M., D'Arcangelo, G., Nakajima, K., Goldowitz, D., and Curran, T. (1998). 

Disabled-1 acts downstream of Reelin in a signaling pathway that controls laminar organization 

in the mammalian brain. Development 125, 3719-29.

Rohr, K. B., Barth, K. A., Varga, Z. M., and Wilson, S. W. (2001). The Nodal Pathway Acts 

Upstream of Hedgehog Signaling to Specify Ventral Telencephalic Identity, Neuron 29, 341- 

351.

Ross, M. E., Allen, K. M., Srivastava, A. K., Featherstone, T., Gleeson, J. G., Hirsch, B., et al 
(1997). Linkage and physical mapping of X-linked lissencephaly/SBH (XLIS): a gene causing 

neuronal migration defects in human brain. Hum Mol Genet 6, 555-62.

Rubenstein, J. L., Martinez, S., Shimamura, K., and Puelles, L. (1994). The embryonic 

vertebrate forebrain: the prosomeric model. Science 266, 578-80.

Sahoo, T., Johnson, E. W., Thomas, J. W., Kuehl, P. M., Jones, T. L., Dokken, C. G., et al
(1999). Mutations in the gene encoding KRITl, a Krev-l/rapla binding protein, cause cerebral 

cavernous malformations (CCMl), Hum Mol Genet 8, 2325-33.

Sambrook, J., Fritsch, E., and Maniatis, T. (1989). Molecular cloning, a laboratory manual, 2 

edn. Cold Spring Harbor Laboratory Press).

305



Sander, T., Berlin, W., Gscheidel, N., Wendel, B., Janz, D., and Hoehe, M. R, (2000a). Genetic 

variation of the human mu-opioid receptor and susceptibility to idiopathic absence epilepsy. 

Epilepsy Res 39, 57-61,

Sander, T., Berlin, W., Ostapowicz, A., Samochowiec, J., Gscheidel, N., and Hoehe, M. R. 

(2000b). Variation of the genes encoding the human glutamate EAAT2, serotonin and dopamine 

transporters and Susceptibility to idiopathic generalized epilepsy. Epilepsy Res 41, 75-81. 

Sander, T., Hildmann, T., Janz, D., Bianchi, A., Bauer, G., Scaramelli, A., and Beck- 

Mannagetta, G. (1996a). Lack of linkage between idiopathic generalized epilepsies and the gene 

encoding the neural cell adhesion molecule. Epilepsy Res 25, 139-45.

Sander, T., Hildmann, T., Janz, D., Wienker, T. P., Bianchi, A., Bauer, G., et al. (1996b). 

Exclusion of linkage between idiopathic generalized epilepsies and the GABAA receptor alpha 1 

and gamma 2 subunit gene cluster on chromosome 5, Epilepsy Res 23, 235-44.

Sander, T., Hildmann, T., Kretz, R., Furst, R., Sailer, U., Bauer, G., et al (1997). Allelic 

association of juvenile absence epilepsy with a GluR5 kainate receptor gene (GRIKl) 

polymorphism. Am J Med Genet 74, 416-21.

Sander, T., Janz, D., Ramel, C., Ross, C. A., Paschen, W., Hildmann, T., et al (1995). 

Refinement of map position of the human GluR6 kainate receptor gene (GRIK2) and lack of 

association and linkage with idiopathic generalized epilepsies. Neurology 45, 1713-20.

Sander, T., Peters, C., Janz, D., Bianchi, A., Bauer, G., Wienker, T. P., Hildmann, T., Epplen, J. 

T., and Riess, O. (1998). The gene encoding the alpha 1 A-voltage-dependent calcium channel 

(CACN1A4) is not a candidate for causing common subtypes of idiopathic generalized epilepsy. 

Epilepsy Res 29, 115-22.

Sander, T., Peters, C., Kammer, G., Samochowiec, J., Zirra, M., Mischke, D., et al (1999). 

Association analysis of exonic variants of the gene encoding the GABAB receptor and 

idiopathic generalized epilepsy. Am J Med Genet 88, 305-10.

Sander, T., Schulz, H., Saar, K., Gennaro, E., Riggio, M. C., Bianchi, A., et al (2000c). Genome 

search for susceptibility loci of common idiopathic generalised epilepsies. Hum Mol Genet 9, 
1465-72.

Santavuori, P., Somer, H., Sainio, K., Rapola, J., Kruus, S., Nikitin, T., Ketonen, L., and Leisti,

J. (1989). Muscle-eye-brain disease (MEB), Brain Dev 11, 147-53.

Sapir, T., Cahana, A., Seger, R., Nekhai, S., and Reiner, O. (1999). LISl is a microtubule- 

associated phosphoprotein, Eur J Biochem 265, 181-8.

Sapir, T., Elbaum, M., and Reiner, O. (1997). Reduction of microtubule catastrophe events by 

LISl, platelet- activating factor acetylhydrolase subunit, Embo J 16, 6977-84.

306



Sasaki, S., Shionoya, A., Ishida, M,, Gambello, M. J., Yingling, J., Wynshaw-Boris, A., and 

Hirotsune, S. (2000). A LISl/NUDEL/cytoplasmic dynein heavy chain complex in the 

developing and adult nervous system, Neuron 28, 681-96.

Schaffer, A. A. (1996). Faster linkage analysis computations for pedigrees with loops or unused 

alleles. Hum Hered 46, 226-35.

Schaffer, A. A., Gupta, S. K., Shriram, K., and Cottingham, R. W., Jr. (1994). Avoiding 

recomputation in linkage analysis. Hum Hered 44, 225-37.

Scheffer, I. E., and Berkovic, S. F. (1997). Generalized epilepsy with febrile seizures plus. A 

genetic disorder with heterogeneous clinical phenotypes. Brain 120, 479-90.

Scheffer, I. E., Jones, L., Pozzebon, M., Howell, R. A., Saling, M. M., and Berkovic, S. F.

(1995). Autosomal dominant rolandic epilepsy and speech dyspraxia: a new syndrome with 

anticipation, Ann Neurol 38, 633-42.

Scheffer, I. E., Phillips, H. A., O'Brien, C. E., Saling, M. M., Wrennall, J. A., Wallace, R. H., 

Mulley, J. C., and Berkovic, S. F. (1998). Familial partial epilepsy with variable foci: a new 

partial epilepsy syndrome with suggestion of linkage to chromosome 2, Ann Neurol 44, 890-9. 

Scheffer, I. E., Wallace, R. H., Phillips, F. L., Hewson, P., Reardon, K., Parasivam, G., et al
(2002). X-linked myoclonic epilepsy with spasticity and intellectual disability: mutation in the 

homeobox gene ARX., Neurology 59, 348-56.

Semina, E. V., Altherr, M. R., and Murray, J. C. (1998). Cloning and chromosomal localization 

of two novel human genes encoding LIM-domain binding factors CLIMl and 

CLIM2/LDB1/NLI, Mamm Genome 9, 921-4.

Serratosa, J. M., Delgado-Escueta, A. V., Medina, M. T., Zhang, Q., Iranmanesh, R., and 

Sparkes, R. S. (1996). Clinical and genetic analysis of a large pedigree with juvenile myoclonic 

epilepsy, Ann Neurol 39, 187-95.

Sharp, A. H., Black, J. L., 3rd, Dubel, S. J., Sundarraj, S., Shen, J. P., Yunker, A. M., Copeland, 

T. D., and McEnery, M. W. (2001). Biochemical and anatomical evidence for specialized 

voltage-dependent calcium channel gamma isoform expression in the epileptic and ataxic mouse, 

stargazer. Neuroscience 105, 599-617.

Sheen, V. L., Dixon, P. H., Fox, J. W., Hong, S. E., Kinton, L., Sisodiya, S. M., et al (2001). 

Mutations in the X-linked filamin 1 gene cause periventricular nodular heterotopia in males as 

well as in females. Hum Mol Genet 10, 1775-83.

Sheffield, P. J., Garrard, S., Caspi, M., Aoki, J., Aral, H., Derewenda, U., et al (2000).

Homologs of the alpha- and beta-subunits of mammalian brain platelet- activating factor 

acetylhydrolase Ib in the Drosophila melanogaster genome. Proteins 39, 1-8.

307



Sheldon, M., Rice, D. S., D'Arcangelo, G., Yoneshima, H., Nakajima, K., Mikoshiba, K., et al. 
(1997). Scrambler and yotari disrupt the disabled gene and produce a reeler- like phenotype in 

mice. Nature 389, 730-3.

Shen, J., Bronson, R. T., Chen, D. F., Xia, W., Selkoe, D. J., and Tonegawa, S. (1997). Skeletal 

and CNS defects in Presenilin-1-deficient mice, Cell 89, 629-39.

Shimamura, K., Hartigan, D. J., Martinez, S., Puelles, L., and Rubenstein, J. L. (1995). 

Longitudinal organization of the anterior neural plate and neural tube. Development 121, 3923- 

33.

Shimamura, K., and Rubenstein, J. L. (1997). Inductive interactions direct early regionalization 

of the mouse forebrain. Development 124, 2709-18.

Shmueli, O., and Reiner, O. (2000). Expression of chLISl, a chicken homolog of LISl, Dev 

Genes Evol 270, 51-4.

Singh, N. A., Charlier, C., Stauffer, D., DuPont, B. R., Leach, R. J., Melis, R., et al (1998). A 

novel potassium channel gene, KCNQ2, is mutated in an inherited epilepsy of newborns [see 

comments], Nat Genet 18, 25-9.

Smart, S. L., Lopantsev, V., Zhang, C. L., Robbins, C. A., Wang, H., Chiu, S. Y.,

Schwartzkroin, P. A., Messing, A., and Tempel, B. L. (1998). Deletion of the K(V)1.1 potassium 

channel causes epilepsy in mice. Neuron 20, 809-19.

Smith, D. S., Niethammer, M., Ayala, R., Zhou, Y., Gambello, M. J., Wynshaw-Boris, A., and 

Tsai, L. H. (2000). Regulation of cytoplasmic dynein behaviour and microtubule organization by 

mammalian Lisl, Nat Cell Biol 2, 767-75.

Sobetzko, D., Sander, T., and Becker, C. M. (2001). Genetic variation of the human glycine 

receptor subunit genes GLRA3 and GLRB and susceptibility to idiopathic generalized 

epilepsies. Am J Med Genet 105, 534-8.

Solnica-Krezel, L., Stemple, D. L., Mountcastle-Shah, E., Rangini, Z., Neuhauss, S. C., Malicki, 

J., et al (1996). Mutations affecting cell fates and cellular rearrangements during gastrulation in 

zebrafish. Development 123, 67-80.

Song, L., and Flicker, L. D. (1997). Cloning and expression of human carboxypeptidase Z, a 

novel metallocarboxypeptidase, J Biol Chem 272, 10543-50.

Sossey-Alaoui, K., Hartung, A. J., Guerrini, R., Manchester, D. K., Posar, A., Puche-Mira, A., 

Andermann, E., Dobyns, W. B., and Srivastava, A. K. (1998). Human doublecortin (DCX) and 

the homologous gene in mouse encode a putative Ca2-i-dependent signaling protein which is 

mutated in human X- linked neuronal migration defects. Hum Mol Genet 7, 1327-32.

308



Sossey-Alaoui, K., and Srivastava, A. K. (1999). DCAMKLl, a brain-specific transmembrane 

protein on 13ql2.3 that is similar to doublecortin (DCX), Genomics 56, 121-6.

Soussi-Yanicostas, N., de Castro, F., Julliard, A. K., Perfettini, I., Chedotal, A., and Petit, C.

(2002). Anosmin-1, defective in the X-linked form of Kallmann syndrome, promotes axonal 

branch formation from olfactory bulb output neurons.. Cell 109, 217-228.

Spreafico, P., Barski, J. J., Farina, C., and Meyer, M. (2001). Mouse

DREAM/calsenilin/KChIP3: gene structure, coding potential, and expression. Mol Cell Neurosci 

17, 1-16.

Starr, M. S. (1996). The role of dopamine in epilepsy. Synapse 22, 159-94.

Steinlein, O., Sander, T., Stoodt, J., Kretz, R., Janz, D., and Propping, P. (1997a). Possible 

association of a silent polymorphism in the neuronal nicotinic acetylcholine receptor subunit 

alpha4 with common idiopathic generalized epilepsies. Am J Med Genet 74, 445-9.

Steinlein, O. K., Magnusson, A., Stoodt, J., Bertrand, S., Weiland, S., Berkovic, S. F., Nakken,

K. O., Propping, P., and Bertrand, D. (1997b). An insertion mutation of the CHRNA4 gene in a 

family with autosomal dominant nocturnal frontal lobe epilepsy. Hum Mol Genet 6, 943-7. 

Steinlein, O. K., Mulley, J. C., Propping, P., Wallace, R. H., Phillips, H. A., Sutherland, G. R., 

Scheffer, I. E., and Berkovic, S. F. (1995). A missense mutation in the neuronal nicotinic 

acetylcholine receptor alpha 4 subunit is associated with autosomal dominant nocturnal frontal 

lobe epilepsy, Nat Genet 11, 201-3.

Steinlein, O. K., Neubauer, B. A., Sander, T., Song, L., Stoodt, J., and Mount, D. B. (2001). 

Mutation analysis of the potassium chloride cotransporter KCC3 (SLC12A6) in rolandic and 

idiopathic generalized epilepsy. Epilepsy Res 44, 191-5.

Steinlein, O. K., Stoodt, J., Biervert, C., Janz, D., and Sander, T. (1999). The voltage gated 

potassium channel KCNQ2 and idiopathic generalized epilepsy. Neuroreport 10, 1163-6. 

Stromme, P., Mangelsdorf, M. E., Scheffer, I. E., and Gecz, J. (2002). Infantile spasms, dystonia, 

and other X-linked phenotypes caused by mutations in Aristaless related homeobox gene, ARX., 

Brain Dev 24, 266-8.

Sugawara, T., Tsurubuchi, Y., Agarwala, K. L., Ito, M., Fukuma, G., Mazaki-Miyazaki, E., et al. 
(2001). A missense mutation of the Na+ channel alpha II subunit gene Na(v)1.2 in a patient with 

febrile and afebrile seizures causes channel dysfunction, Proc Natl Acad Sci U S A 98, 6384-9. 

Summerton, J. (1999). Morpholino antisense oligomers: the case for an RNase H-independent 

structural type, BBA 1489, 141-158.

309



Sweeney, K. J., Clark, G. D., Prokscha, A., Dobyns, W. B., and Eichele, G. (2000). 

Lissencephaly associated mutations suggest a requirement for the PAFAHIB heterotrimeric 

complex in brain development, Mech Dev 92, 263-71.

Szepetowski, P., Rochette, J., Berquin, P., Piussan, C., Lathrop, G. M., and Monaco, A. P.

(1997). Familial infantile convulsions and paroxysmal choreoathetosis: a new neurological 

syndrome linked to the pericentromeric region of human chromosome 16, Am J Hum Genet 61, 
889-98.

Takada, K., Nakamura, H., and Tanaka, J. (1984). Cortical dysplasia in congenital muscular 

dystrophy with central nervous system involvement (Fukuyama type), J Neuropathol Exp Neurol 

43, 395-407.

Taylor, J., Abramova, N., Charlton, J., and Adler, P. N. (1998). Van Gogh: a new Drosphila 

Tissue Polarity Gene, Genetics 150, 199-210.

Taylor, J. S., Van De Peer, Y., Braasch, I., and Meyer, A. (2001). Comparative genomics 

provides evidence for an ancient genome duplication event in fish, Philos Trans R Soc Lond B 

Biol Sci 356, 1661-79.

Taylor, K. R., Holzer, A. K., Bazan, J. F., Walsh, C. A., and Gleeson, J. G. (2000). Patient 

mutations in doublecortin define a repeated tubulin-binding domain, J Biol Chem 275, 34442- 

50.

Toda, T., Segawa, M., Nomura, Y., Nonaka, I., Masuda, K., Ishihara, T., et al (1993). 

Localization of a gene for Fukuyama type congenital muscular dystrophy to chromosome 9q31- 

33, Nat Genet 5, 283-6.

Tomasiewicz, H., Ono, K., Yee, D., Thompson, C., Goridis, C., Rutishauser, U., and Magnuson, 

T. (1993). Genetic deletion of a neural cell adhesion molecule variant (N-CAM-180) produces 

distinct defects in the central nervous system. Neuron 11,1163-1174.

Tong, N., Sanchez, J. F., Maggirwar, S. B., Ramirez, S. H., Guo, H., Dewhurst, S., and Gelbard,

H. A. (2001). Activation of glycogen synthase kinase 3 beta (GSK-3beta) by platelet activating 

factor mediates migration and cell death in cerebellar granule neurons, Eur J Neurosci 13, 1913- 

22.

Trommsdorff, M., Gotthardt, M., Hiesberger, T., Shelton, J., Stockinger, W., Nimpf, J.,

Hammer, R. E., Richardson, J. A., and Herz, J. (1999). Reeler/Disabled-like disruption of 

neuronal migration in knockout mice lacking the VLDL receptor and ApoE receptor 2, Cell 97, 
689-701.

Tullio-Pelet, A., Salomon, R., Hadj-Rabia, S., Mugnier, C., de Laet, M. H., Chaouachi, B., et al.
(2000). Mutant WD-repeat protein in triple-A syndrome, Nat Genet 26, 332-5.

310



taf/DynaPage.taf?file=/ng/joumal/v26/n3/full/ngl 100_332.html 

taf/DynaPage.taf7file=/ng/joumal/v26/n3/abs/ngl 100_332.html.

Turner, G., Partington, M., Kerr, B., Mangelsdorf, M. E., and Gecz, J. (2002). Variable 

expression of mental retardation, autism, seizures and dystonie hand movements in two families 

with an identical ARX gene mutation., AM J Med Genet 112, 405-411.

Van De Peer, Y., Taylor, J. S., Braasch, I., and Meyer, A. (2001). The ghost of selection past: 

rates of evolution and functional divergence of anciently duplicated genes, J Mol Evol 53, 436- 

46.

van Slegtenhorst, M., de Hoogt, R., Hermans, C., Nellist, M., Janssen, B., Verhoef, S., et al.
(1997). Identification of the tuberous sclerosis gene TSCl on chromosome 9q34, Science 277, 

805-8.

van Slegtenhorst, M., Nellist, M., Nagelkerken, B., Cheadle, J., Snell, R., van den Ouweland, A., 

et at. (1998). Interaction between hamartin and tuberin, the TSCI and TSC2 gene products. Hum 

Mol Genet 7, 1053-7.

Voit, T., Sewry, C. A., Meyer, K., Hermann, R., Straub, V., Muntoni, P., et al (1995). Preserved 

merosin M-chain (or laminin-alpha 2) expression in skeletal muscle distinguishes Walker- 

Warburg syndrome from Fukuyama muscular dystrophy and merosin-deficient congenital 

muscular dystrophy. Neuropediatrics 26, 148-55.

Volpe, J. J., and Adams, R. D. (1972). Cerebro-hepato-renal syndrome of Zellweger: an 

inherited disorder of neuronal migration, Acta Neuropathol 20, 175-98.

Wallace, R. H., Berkovic, S. P., Howell, R. A., Sutherland, G. R., and Mulley, J. C. (1996). 

Suggestion of a major gene for familial febrile convulsions mapping to 8q 13-21, J Med Genet 

33, 308-12.

Wallace, R. H., Marini, C., Petrou, S., Harkin, L. A., Bowser, D. N., Panchal, R. G., et al
(2001). Mutant GABA(A) receptor gamma2-subunit in childhood absence epilepsy and febrile 

seizures, Nat Genet 28, 49-52.

Wallace, R. H., Wang, D. W., Singh, R., Scheffer, I. E., George, A. L., Jr., Phillips, H. A., et al
(1998). Febrile seizures and generalized epilepsy associated with a mutation in the Na+-channel 

betal subunit gene SCNIB, Nat Genet 19, 366-70.

Wallis, D., and Muenke, M. (2000). Mutations in holoprosencephaly. Hum Mutat 16, 99-108. 

Walsh, C. A., and Goffmet, A. M. (2000). Potential mechanisms of mutations that affect 

neuronal migration in man and mouse, Curr Opin Genet Dev 10, 270-4.

Wang, H., Long, Q., Marty, S. D., Sassa, S., and Lin, S. (1998). A zebrafish model for 

hepatoerythropoietic porphyria, Nat Genet 20, 239-43.

311



Wattanasirichaigoon, D., Vesely, M. R., Duggal, P., Levine, J. C., Blume, E. D., Wolff, G. S., 

Edwards, S. B., and Beggs, A. H. (1999). Sodium channel abnormalities are infrequent in 

patients with long QT syndrome: identification of two novel SCN5A mutations. Am J Med 

Genet 56, 470-6.

Weissbecker, K., Dumer, M., Janz, D., Scaramelli, A., and Spence, M. (1991). Confirmation of 

linkage between juvenile myoclonic epilepsy and the HLA-region on chromosome 6, Am J Med 

Genet 55, 32-36.

Weissenbach, J., Gyapay, G., Dib, C., Vignal, A., Morissette, J., Millasseau, P., Vaysseix, G., 

and Lathrop, M. (1992). A second-generation linkage map of the human genome. Nature 359, 
794-801.

Wichterle, H., Garcia-Verdugo, J. M., and Alvarez-Buylla, A. (1997). Direct Evidence for 

Homotypic Glia-Independent Neuronal Migration, Neuron 18, 779-791.

Wilson, S. W., Ross, L. S., Parrett, T., and Easter, S. S., Jr. (1990). The development of a simple 

scaffold of axon tracts in the brain of the embryonic zebrafish, Brachydanio rerio. Development 

108, 121-45.

Winawer, M. R., Ottman, R., Hauser, W. A., and Pedley, T. A. (2000). Autosomal dominant 

partial epilepsy with auditory features: defining the phenotype. Neurology 54, 2173-6.

Wirrell, E. C. (1998). Benign epilepsy of childhood with centrotemporal spikes. Epilepsia 59, 

S32-41.

Wirrell, E. C., Camfield, P. R., Gordon, K. E., Dooley, J. M., and Camfield, C. S. (1995).

Benign rolandic epilepsy: atypical features are very common, J Child Neurol 10, 455-8.

Wolff, T., and Rubin, G. M. (1998). strabismus, a novel gene that regulates tissue polarity and 

cell fate decisions in Drosophila, Development 125, 1149-1159.

Wollnik, B., Schroeder, B. C., Kubisch, C., Esperer, H. D., Wieacker, P., and Jentsch, T. J. 

(1997). Pathophysiological mechanisms of dominant and recessive KVLQTl K+ channel 

mutations found in inherited cardiac arrhythmias. Hum Mol Genet 6, 1943-9.

Wulliman, M. P., Rupp, B., and Reichert, H. (1996). Neuroanatomy of the Zebrafish Brain: a 

topological atlas, Birkhauser Verlag).

Wullimann, M. P., and Knipp, S. (2000). Proliferation pattern changes in the zebrafish brain 

from embryonic through early postembryonic stages, Anat Embryol (Berl) 202, 385-400. 

Wullimann, M. P., and Puelles, L. (1999a). Postembryonic neural proliferation in the zebrafish 

forebrain and its relationship to prosomeric domains, Anat Embryol (Berl) 199, 329-48.

312



Wullimann, M. F., Puelles, L,, and Wicht, H. (1999b). Early postembryonic neural development 

in the zebrafish: a 3-D reconstruction of forebrain proliferation zones shows their relation to 

prosomeres, Eur J Morphol 37, 117-21.

Wullimann, M. P., and Rink, E. (2001). Detailed immunohistology of Pax6 protein and tyrosine 

hydroxylase in the early zebrafish brain suggests role of Pax6 gene in development of 

dopaminergic diencephalic neurons. Brain Res Dev Brain Res 131, 173-91.

Wynshaw-Boris, A., and Gambello, M. J. (2001). LISl and dynein motor function in neuronal 

migration and development. Genes Dev 15, 639-51.

Xiang, X., Osmani, A. H., Osmani, S. A., Xin, M., and Morris, N. R. (1995). NudF, a nuclear 

migration gene in Aspergillus nidulans, is similar to the human LIS-1 gene required for neuronal 

migration. Mol Biol Cell 6, 297-310.

Xiong, L., Labuda, M., Li, D. S., Hudson, T. J., Desbiens, R., Patry, G., et al (1999). Mapping 

of a gene determining familial partial epilepsy with variable foci to chromosome 22ql l-q l2 . Am 

J Hum Genet 65, 1698-710.

Yee, K. T., Simon, H. H., Tessier-Lavigne, M., and O'Leary, D. M. (1999). Extension of long 

leading processes and neuronal migration in the mammalian brain directed by the 

chemoattractant netrin-1. Neuron 24, 607-622.

Yoneshima, H., Nagata, E., Matsumoto, M., Yamada, M., Nakajima, K., Miyata, T., Ogawa, M., 

and Mikoshiba, K. (1997). A novel neurological mutant mouse, yotari, which exhibits reeler-like 

phenotype but expresses CR-50 antigen/reelin, Neurosci Res 29, 217-23.

Yoshioka, M., and Kuroki, S. (1994). Clinical spectrum and genetic studies of Fukuyama 

congenital muscular dystrophy. Am J Med Genet 53, 245-50.

Zara, P., Gennaro, E., Stabile, M., Carbone, I., Malacame, M., Majello, L., Santangelo, R., de 

Falco, F. A., and Bricarelli, F. D. (2000). Mapping of a locus for a familial autosomal recessive 

idiopathic myoclonic epilepsy of infancy to chromosome 16pl3, Am J Hum Genet 66, 1552-7. 

Zara, P., Labuda, M., Garofalo, P. G., Durisotti, C., Bianchi, A., Castellotti, B., Patel, P. I., 

Avanzini, G., and Pandolfo, M. (1998). Unusual EEG pattern linked to chromosome 3p in a 

family with idiopathic generalized epilepsy. Neurology 51, 493-8.

Zuberi, S. M., Eunson, L. H., Spauschus, A., De Silva, R., Tolmie, J., Wood, N. W., et al.
(1999). A novel mutation in the human voltage-gated potassium channel gene (K vl.l) associates 

with episodic ataxia type 1 and sometimes with partial epilepsy. Brain 122, 817-25.

Zukerberg, L. R., Patrick, G. N., Nikolic, M., Humbert, S., Wu, C. L., Lanier, L. M., et al.
(2000). Cables links Cdk5 and c-Abl and facilitates Cdk5 tyrosine phosphorylation, kinase 

upregulation and neurite outgrowth. Neuron 26, 633-646.

313



Appendix 1

Chromosome 1 Chromosome 2

DIS) Distance (cM) Marker (D2S) Distance (cM)
4 6 8 1 3 3 1 9 6
2 1 4 9.4 22 1 1 9.2
4 5 0 6.5 1 6 2 6.7

2 6 6 7 4 1 6 8 5.8
2 2 8 2 131 8.4

2 6 9 7 1 1 3 0 5 5
1 9 9 7.8 1 6 5 7.1

2 7 9 7 2 6 3 6 7 7.8
1 9 7 0.4 2 2 5 9 9.1

2 8 9 0 1 1 391 6.4
2 3 0 10.6 3 3 7 11.4
2 0 9 1 2 3 6 8 4.8

28 41 1 1 2 8 6 8.2
2 1 6 1 3 9 7
2 0 7 8 2 3 3 3 3

2 8 6 8 14.3 2 2 1 6 7.2
2 0 6 9.3 1 6 0 12.5

2 7 2 6 9 3 4 7 10.7
2 5 2 6 11 2 10.1
4 9 8 5.6 1 1 4 2
4 8 4 13.1 151 1 1

2 8 7 8 9 14 2 8.7
1 9 6 5 3 3 5 16.2
2 1 8 8.9 3 2 6 2
2 3 8 10.9 3 6 4 8.8
4 1 3 8.5 15 2 2.5
4 2 5 2 0 1 1 7 6.2
2 1 3 1 0 7 2 2.2
1 0 3 2 1 5 7 8.4

2 8 0 0 7 2 3 8 2 6.7
2 8 4 2 2 3 1 2 6 10.4
2 8 3 6 11 .3 1 3 3

qtr 3 2 2 2 8
1 5 9
3 9 6
2 0 6
3 3 8
1 2 5

qtr

13 .4
6 .2

10 .6
7.1

9

3 1 4



Appendix 1

Chromosome 3 Chromosome 4

(D3S) Distance (cM) Marker (D4S) Distance (cM)
1 2 9 7 9 4 1 2 7
1 3 0 4 13 .3 2 9 3 5 9
1 2 6 3 13.8 4 0 3 13
1 2 6 6 2 0 391 2 1 .3
1 2 7 7 1 0 4 1 8 12

1 1 3 4 0 5 2
1 2 8 9 10 1 5 9 2 14
1 3 0 0 8.4 3 9 8 3
1 2 8 5 11.8 3 9 2 7
1261 6 2 9 6 4 1 0
1 5 6 6 1.1 1 5 3 4 6
368 1 1 1 4 1 4 5.2
1271 9 1 5 7 2 7.1
1 3 0 3 1 7 2 5 0
1 2 6 7 2.2 4 0 6 13.6
1 2 9 2 9 4 0 2 6.7
1 5 7 6 4 3 0
1 5 6 9 1 2.3 1 5 7 5 7.1
1 2 7 9 9.6 1 5 6 5 1 2
1 6 1 4 9.9 4 1 3 12.4
1 2 8 2 4 1 5 3 9 2 3
1 5 6 5 8 4 1 5 4
1 2 6 2 13.5 1 5 3 5 12.4
1 5 8 0 9 4 0 8 1
1 3 1 4 4. 5 4 2 6 13.2
1 2 6 5 10.5
131 1 2

3 1 5



Appendix 1

Chromosome 5 Chromosome 6

qtr

(D5S) Distance (cM) Marker (D6S) Distance (cM)
4 0 6 1 7 1 5 7 4 1 5
6 3 0 7 .6 3 0 9 5
4 1 6 9 4 7 0 5
2 6 8 6 2 8 9 12.5
4 1 9 6.7 4 2 2 6.2
4 2 6 12.9 2 7 6 7.9
4 1 8 7.2 2 7 3 1.5
4 0 7 5. 9 291 2.5
6 4 7 10.2 1 6 1 0 3
4 2 4 6.2 2 5 7 2 3 .8
641 10 2 8 6 10.5
4 2 8 3 4 6 0 0.5
6 4 4 10 .4 4 6 2 10
4 0 9 2 4 3 4 9.3
4 3 3 6.8 2 8 7 11.7

2 0 2 7 8 2 6 2 9.7
2 1 1 5 2 2 2 9 2 5.2

2 1 0 10.5 3 1 4 8.5
4 3 6 1 1 3 0 8 0.6
4 1 0 6 .7 2 9 0 8
4 2 2 8 441 0.6
4 0 0 13.1 1581 12.3
4 0 8 1 9 3 0 5 3

3 2 6 4 7
4 4 6 10
281 13

qtr 0 .5

3 1 6



Appendix 1

Chromosome 7 Chromosome 8

qtr

(D7S) Distance (cM) Marker (D8S) Distance (cM)
531 6.5 5 0 4 8
5 1 7 3.9 2 6 4 1
5 1 3 8.7 2 7 7 8
5 0 7 11.8 5 0 3 4
4 9 3 6.3 5 5 0 4
6 2 9 4 5 5 2 5.5
5 1 6 3.8 5 4 9 5.5

2 2 5 2 261 5
2 2 5 0 2 5 8 5

4 8 4 13.2 5 0 5 2 0
2 25 1 2 8 3 5
2 4 9 7 2 8 5 5.5

5 1 0 5.1 2 6 0 8.3
5 1 9 12.4 2 8 6 14
5 0 2 1 2 2 7 3 6
6 6 9 14 8 8 1
5 2 4 7 2 7 0 3
6 3 0 1 2 5 7 5
6 5 7 7 1 7 8 4 6
5 2 7 5 281 7
5 1 5 4.8 1 9 8 5
4 8 6 13.2 5 1 4 1
5 3 0 10.2 2 8 4 12.5
6 4 0 3.5 2 7 2 12.4
6 8 4 11.2 qtr 2 0
661 9
6 3 6 8
4 8 3 2
7 9 8 4
5 5 0 8

2 4 6 5 2
3

3 1 7



Appendix 1

Chromosome 9 Chromosome 10

)9S) Distance (cM) Marker (DIOS) Distance (cM)
2 8 8 4 2 4 9
2 8 6 9.3 591 11.3
1 4 4 5 18 9 5.2
2 8 5 6.1 5 4 7 11 .9
1 5 6 1 191 1 0
1 5 7 2.9 1 6 5 3 1.7
171 9.1 5 4 8 6.2
161 7.1 19 7 6

147E 1 2 0 8 9.7
4 3 0.5 19 6 9.3

1 8 1 7 5.5 2 2 0 1
1 5 7 1 6 5 2 9.6

2 7 3 0.2 5 3 7 11.4
1 7 5 4.5 201 1 2
1 6 7 13.9 1 6 8 6 1
2 8 3 11.1 18 5 1 1.5
2 8 7 1 0 19 2 6. 9
1 7 6 2 5 9 7 3

1 6 9 0 1.2 1 6 9 3 9 .4
1 6 7 7 11.4 19 0 1.1
1 7 7 6 9 5 8 7 10
1 6 8 2 8. 6 2 1 7 8.4

2 9 0 8.3 1651 11.1
1 5 9 2 2 1 2 2 .4
1 6 4 5.2 qtr 2

1 8 2 6 12.1
1 5 8 2.8

3 1 8



Appendix 1

Chromosome 11 Chromosome 12

qtr

II S) Distance (cM) Marker (D12S) Distance (cM)
4 0 4 6 4 3 5 2 0

9 2 2 0.1 9 9 13 .8
1 3 3 8 10.5 3 3 6 8. 3

5 6 9 6.6 7 7 2
9 0 2 1 3 5 8 3
8 9 9 1 3 6 4 4 . 8
9 0 4 12.3 6 2 3
9 0 7 4 3 1 0 2 .4
9 3 5 7.5 1 6 1 7 1 0
9 0 5 8.9 8 7 7. 5
9 0 3 1 3 4 5 2 . 5

41 9 1 5.1 8 5 8. 3
9 8 7 6.3 3 6 8 4. 2

1 3 1 4 7. 4 8 3 8.2
9 1 6 2.5 4 3 6
901 4 .4 9 2 3
9 3 7 4.6 3 2 6 4 . 7

4 1 7 5 7.3 351 9.3
3 5 6 9 5 2

8 9 8 0.3 3 4 6 8
9 2 7 6 3 3 8 7
9 0 8 3.5 7 8 0 .5
9 2 5 11.1 7 9 1 2 .8
9 3 4 8.4 8 6 9

415 1 1 3 4 2 10
9 1 0 1 0 3 2 4 3 .5

1 3 2 0 1.9 1 6 5 9 9
9 6 8 8 9 7 9

4.5 1 7 2 3
qtr

1
10

3 1 9



Appendix 1

Chromosome 13 Chromosome 14

qtr

13S) Distance (cM) Marker (D14S) Distance (cM)
17 5 4 261
1 9 2 5.8 2 8 3 7.1
2 1 7 1 7 2 1
1 2 0 3 5 0 1.5
171 5.3 2 7 5 10.3
2 1 8 9 8 0 1
2 6 3 6 4 9 11.3
2 7 9 15.8 7 0 1
1 5 6 3 7 5 3.5
1 7 0 8.6 2 8 8 3.5
2 6 5 7.1 2 7 6 7.8
1 2 2 5.2 6 3 14.3
1 5 8 11.9 2 5 8 4.9
1 7 3 6.5 74 13

1 2 6 5 6 2 8 0 16.7
2 8 5 1 2 51 2 .5

7 6 5 9
2 6 7 1
9 8 5 8
2 9 2

3 2 0



Appendix 1

Chromosome 15 Chromosome 16

qtr

qtr

15S) Distance (cM) Marker (D16S) Distance (cM)
1 2 8 4 2 3 12

1 0 0 2 9 4 0 4 7.6
1 6 5 7 4 0 7 0.5

1 0 0 7 6 3 0 7 5 6.5
1 1 8 6 4 0 5 6

1 0 1 2 4 3 1 0 3 3
9 9 4 5 2 8 7 0.5
9 7 8 9 3 0 4 6 8.5
1 1 7 5.7 4 2 0 3
1 5 3 10.6 3 0 6 8 6
1 2 5 1 261 6
131 6 41 1 1
1 1 4 4 3 1 3 6 4
2 0 5 5.4 4 1 5 8
1 2 7 7.9 3 2 0 4
1 3 0 12.7 5 0 3 4
2 0 7 2 2 6 5 1
1 2 0 9.6 5 1 5 10.2

4 5 1 6 10.4
2 8 9 4
4 2 2 6.5

30 91 0.5
5 2 0 14

qtr 10

romos ome 17 Chr om oso me  18

17S) Distance (cM) Marker (D18S) Distance (cM)
8 4 9 1.5 5 9 1
831 6 6 3 6
5 1 3 4.5 5 2 1
9 3 8 4. 5 4 5 2 10
7 8 6 4 6 2 0.5

1 8 5 2 4 5 3 2 2
7 9 9 1 0 4 7 8 13
921 5 5 7 9

1 8 5 7 7 1 1 0 2 1
7 9 8 12 4 7 4 1 0
9 3 4 1 0 6 4 13 .8

1 8 6 8 5 6 8 12
7 8 7 1 0 61 1 1
9 4 4 8 1 161 1 1
8 0 7 1.5 4 6 2 7
7 8 9 2.5 7 0 6
9 4 9 7 qtr 3
7 8 5 12
7 8 4 12
9 2 8 11.6

2
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Appendix 1

Chromosome 19 Chromosome 20

Marker (D19S) Distance (cM)

qtr

Marker (D20S) Distance (cM)
2 0 9 2 0 1 1 7 1
8 8 4 1 2 8 8 9 8
221 10 1 1 5 12
2 2 6 7.3 1 8 6 1 2
4 1 4 12.6 1 1 2 7.1

4 9 3 1 9 5 13
2 2 5 2 1 0 6 1
2 2 0 3 1 0 7 5
4 2 0 5.5 1 1 9 5.6
9 0 2 7 1 7 8 5.7
571 1 1 1 9 6 7.4
18 0 5 1 0 0 8.7
4 1 8 5 1 7 3 13.1
2 1 0 9.8 171 3.2

10 9 3 1 1
qtr 12

C hrom osom e 21 C hrom osom e 22

Marker (D21S) Distance (cM) Marker (D22S) Distance (cM)

qtr

2 5 8 4 2 6 4 2
1 2 5 6 6 5 3 9 8
1 9 1 4 14 1 5 6 5.5

2 6 5 1 3 1 5 2 .5
2 6 3 7 2 8 0 10.7
2 1 9 2 8 3 7.3

1 2 5 2 6. 7 4 2 3 6.9
6 5 2 7 4 7.8

2 7 0 6
1 6 7 1
2 6 8 0.5
2 6 6 7

2 0

3 2 2



Appendix 2

Chromosome 1 2 point LOD score at theta

m arker p la ce 0.00 0.01 0 .05  0.1 0.2 0.3 0.4

4 6 8 1 3 0 . 29 0 . 8 4  0 . 9 5 0 . 8 4 0 . 5 7 0 .2 4
2 1 4 2 2 . 4 -1 .42 -0 .7 2  -0 .42 - 0 .1 4 -0.01 0 .0 3
4 5 0 2 8 . 9 -0 .36 0 . 2 8  0 . 4 9 0 . 5 7 0 .4 5 0 .3 3

2 6 6 7 3 2 . 9 -1.91 -0 .10  0 . 4 7 0 . 6 8 0 . 5 0 0 .3 2
2 2 8 3 4 . 9 -1 .45 -0 .1 9  0.21 0 . 3 8 0 . 2 6 0 .0 8

2 6 9 7 4 5 . 9 -2 .89 -1 .89  -1 .34 -0 .7 7 -0 .42 -0 .18
1 9 9 5 3 . 7 -2 .49 -1 .33  -0 .85 -0 .4 4 -0 .23 -0 .09

2 7 9 7 81 -2 .56 -1 .25  -0 .7 5 -0 .3 2 -0 .13 -0 .04
1 9 7 8 1 .4 -5 .86 -3 .13  -2.01 -0 .9 6 -0 .43 -0 .14

2 8 9 0 9 2 .4 -8 .36 -4 .37  -2 .7 9 -1 .3 7 -0 .67 -0 .25
2 3 0 1 0 3 -5 .13 -2.51 -1 .5 3 -0 .7 6 -0 .43 -0 .20
2 0 9 1 0 4 -1 .30 -0 .6 7  -0 .4 4 -0 .2 3 -0 .12 -0 .04

284 1 11 5 -1 .83 -0 .62  -0 .2 4 -0 .0 3 -0 .02 -0 .04
2 1 6 11 9 -3 .14 -1 .25  -0 .62 -0 .2 3 -0 .16 -0 .09
2 0 7 12 3 -4 .54 -2 .00  -1 .1 0 - 0 .4 9 -0 .32 -0 .18

2 8 6 8 13 7 .3 -4 .87 -2 .28  -1 .33 -0.61 -0.31 -0 .13
2 0 6 14 6 .6 -6 .75 -3.41 -2 .10 -1 .0 2 -0 .54 -0 .23

3 7 3 6 15 5 .6 -2 .29 -0 .66 -0.11 0 . 0 2 0 . 0 6 0 . 0 5 0 .0 2
2 5 2 16 1 .6 1 .14 1 .09 0 .9 2  0 . 7 3 0 . 4 3 0 . 2 5 0 .1 2
4 9 8 16 7 .2 -4 .24 -1 .68  -0 .7 8 -0 .1 7 -0 .02 0 .0 0
4 8 4 1 8 0 .3 -1 .35 -1.31 -0 .95  -0 . 48 -0 .0 4 0 . 1 0 0 .0 9

2 8 7 8 1 8 9 .3 -3 .09 -1.21 -0 .5 7 -0 .1 6 -0 .02 0 .0 3
1 9 6 19 4 .3 -0 .37 -0 .34 -0 .20  -0 .0 4 0 . 1 0 0 .1 0 0 .0 6
2 1 8 2 0 8 . 2 -3 .13 -1 .24  -0 .59 -0 .1 8 -0 .06 -0 .02
2 3 8 219.1 -1 .50 -0 .86  -0 .6 0 -0 .3 2 -0 .14 -0 .04
4 1 3 2 2 7 . 6 0 .1 3 0 . 1 6 0 . 4 4  0 . 5 4 0 . 4 5 0 . 3 0 0 .1 6
4 2 5 2 4 8 . 8 -3 .12 -1 . 74  -1 .1 4 -0 .5 7 -0 .28 -0 .13
2 1 3 2 5 9 -2 .82 -0 .89  -0 .2 2 0 . 1 9 0.21 0 .1 0
1 0 3 261 -0 .88 0 . 3 4  0.71 0 . 7 7 0 . 5 4 0 .2 3

2 8 0 0 2 6 8 -1 .59 -0 .3 7  0.01 0.21 0 .1 9 0 .1 2
2 8 4 2 291.1 -2 .55 -0 .76  -0 .2 3 0 . 0 0 -0.01 -0 .02
2 8 3 6 3 0 2 . 4 -1.81 -0 .94  -0 .3 8 0 . 1 2 0.21 0 .1 2
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Appendix 2

Chromosome 2 2 point LOD score at theta

m arker p lace 0.00 0.01 0.05 0.1 0.2 0.3 0.4

3 1 9 6 0 .6 4 0 .6 3 0 .5 6 0 . 4 8 0 .3 5 0 .2 3 0 .12
221 1 15 .2 -0 .37 -0 .37 -0 .18 0 . 0 0 0 .1 0 0 .0 9 0 .0 7
1 6 2 2 1 .9 -0.65 -0.61 -0 .43 -0 .2 0 0 . 0 3 0 .0 9 0 .07
1 6 8 2 7 .7 -1.15 0 .2 3 0 .6 9 0 .71 0.51 0 .2 9 0 .12
131 37.1 0 .6 8 0 .6 6 0 .6 0 0 . 5 2 0 . 3 7 0 .2 4 0 .1 2
3 0 5 42.1 -5.41 -2 .72 -1 .6 5 -0 .70 -0 .27 -0 .07
1 6 5 4 9 .2 -6 .09 -2.81 -1 .5 7 -0 .56 -0 .15 0.01
3 6 7 5 7 0 .4 0 0 .3 7 0 .2 8 0 . 1 8 0 . 0 9 0 .1 2 0 .0 9

2 2 5 9 66.1 -2 .25 0.21 0 .7 6 0 . 8 7 0 . 7 8 0 . 5 4 0 .2 5
391 7 2 .5 -2.91 -1 .42 -0 .6 5 0 . 0 5 0 .2 2 0 .1 5
3 3 7 8 3 .9 -0 .43 -0 .36 0 .0 0 0 .21 0 . 2 9 0 .2 5 0 .1 5

2 3 6 8 8 8 .7 1 .06 1 .03 0 .9 3 0 . 8 2 0.61 0.41 0.21
2 8 6 9 6. 9 -1 .47 -0.71 -0 .3 7 -0 .05 0 .0 5 0 .0 5
1 3 9 1 4 6 -1 .37 -0 .72 -0 .4 5 -0 .16 -0.01 0 .0 3

2 3 3 3 1 4 9 -6.41 -3 .52 -2 .2 8 -1 .1 0 -0 .49 -0 .16
2 2 1 6 1 56 .2 -4 .87 -2 .25 - 1 .2 7 -0 .5 0 -0 .30 -0 .06
1 6 0 1 6 8 .7 -2 .18 -0 .09 - 0 .4 7 -0 .25 -0 .17 -0 .06
3 4 7 17 9 .4 -7.61 -3 .6 7 -2 .1 7 -0 .94 -0 .38 -0 .10
1 1 2 18 9 .5 -4 .52 -1 .9 4 - 1 .0 0 -0.31 -0 .09 -0.01
1 1 4 19 1 .5 -6 .17 -2 .86 -1 .5 9 -0 .5 5 -0 .13 0 .0 2
151 2 0 2 . 5 2 .6 7 -0 .83 -0 .2 5 0 . 0 4 0 .0 5 0 .0 4
1 4 2 2 1 1 . 2 -1 .27 -0 .6 7 -0 .4 7 -0 .3 0 -0 .18 -0 .08
3 3 5 2 2 7 . 4 -8 .54 -4 .33 -2 .6 4 -1 .2 0 -0 .56 -0 .20
3 2 6 2 2 9 . 4 -8 .08 -4 .55 -3.01 -1 .49 -0 .07 -0 .25
3 6 4 2 3 8 . 2 -8 .76 -4 .69 -3.01 -1 .4 7 -0 .70 -0 .26
1 5 2 2 4 0 . 7 -3 .27 -1 .9 4 -1 .2 2 -0 .56 -0 .25 -0 .08
1 1 7 2 4 6 . 9 -1 .06 -0 .4 7 -0 .2 9 -0 .1 7 -0 .10 -0 .04
7 2 249.1 -8 .80 -4 .69 -2 .9 9 -1 .45 -0 .68 -0 .25

1 5 7 2 5 7 . 5 -6 .03 -2 .92 - 1 .6 9 -0 .6 9 -0 .27 -0 .09
2 3 8 2 2 6 4 . 2 -0 .49 -0 .50 -0 .50 -0 .4 5 -0 .2 5 -0 .10 -0 .02
1 2 6 2 7 4 . 6 -0 .76 -0.71 -0 .2 7 0 . 2 0 0 . 5 2 0 .4 4 0 .2 0
1 3 3 2 7 8 -0.31 0.31 0 . 4 9 0.51 0 .3 8 0 .1 9

2 2 2 8 2 8 0 -0 .29 0 .3 0 0 . 4 5 0 . 4 3 0 .2 7 0.11
1 5 9 2 8 4 0 .1 0 0 .0 9 0 . 0 7 0 . 0 5 0 . 0 2 0 .0 0 -0.01
3 9 6 2 8 8 -0 .72 -0 .0 6 0 . 1 7 0 . 2 8 0 .2 5 0 .1 5
2 0 6 2 9 4 . 2 -7 .25 -3.81 -2 .3 9 -1 .1 0 -0 .48 -0 .16
3 3 8 3 0 4 . 8 -6 .54 -3 .2 7 - 2 .0 4 -1 .0 0 -0 .48 -0 .17
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Appendix 2

Chromosome 3 2 point LOD score at theta

Tiarker place 0.00 0.01 0.05 0.1 0 .2 0.3 0.4

1 2 9 7 9 -4 .53 -1 .96 -1 .00 -0 .2 9 -0 .06  -0.01
1 3 0 4 2 2 . 3 -8 .40 -4 .35 -2 .73 -1 .2 8 -0 .59  -0 .22
1 2 6 3 36.1 -4 .95 -2 .33 -1 .33 -0 .53 -0.21 -0 .05
1 2 6 6 56.1 -4 .36 -2 .22 -1 .32 -0 .4 9 -0 .13  0.01
1 2 7 7 66.1 -3.91 -2 .4 4 -1 .77 -1 .0 4 -0 .56  -0 .23

1 1 69.1 -5 .89 -3 .2 0 -2.11 -1 .09 -0 .56  -0 .22
1 2 8 9 79.1 -6.41 -3 .15 -1 .92 -0 .92 -0 .44  -0 .15
1 3 0 0 8 7 . 5 -7.91 -4 .05 -2 .50 -1 .15 -0.51 -0 .17
1 2 8 5 9 9 . 3 -2 .56 -1 . 24 -0 .73 -0 .3 0 -0.11 -0 .03
1261 1 0 5 .3 -4 .58 -1 .96 -0 .98 -0 .2 5 -0 .03  0.01
1 5 6 6 10 6 .4 -4 .69 -2 .08 -1.11 -0 .3 9 -0 .16  -0 .08
3681 11 7 .4 -0 .64 -0 .05 0 . 1 2 0 . 1 5 0 .0 7  0.01
1271 1 2 6 .4 0 .9 3 0 .9 0 0 . 7 7 0 . 6 3 0 . 4 0 0.21 0 .0 7
1 3 0 3 1 4 3 . 4 -5 .86 -2 .9 7 -1 .78 -0 .7 3 -0 .2 7  -0 .06
1 2 6 7 1 5 5 .6 -4 .54 -1 .98 -1 .03 -0 .3 0 -0 .04  0 .0 3
1 2 9 2 1 6 4 .6 -6 .54 -3 .25 -1 .9 7 -0 .86 -0 .34  -0 .08
1 5 7 6 1 6 9 -1.81 -0 .50 -0 .02 0 . 0 4 0 . 0 0 -0.01 0 .0 0
1 5 6 9 1 7 6 .9 -4 .59 -2 .04 -1 .13 -0 .50 -0 .28  -0 .14
1 2 7 9 1 8 6 .5 -3 .23 -1 .74 -0 .96 -0 .19 0 .0 6  0 .0 6
1 6 1 4 1 9 6 .4 -3 .35 -1 .96 -1 .36 -0 .72 -0 .34  -0.11
1 2 8 2 2 0 0 . 4 -2 .89 -1 .50 -0 .85 -0 .33 -0 .1 3  -0 .04
1 5 6 5 2 0 8 . 4 -3 .39 -1 .88 -1 .10 -0 .3 7 -0 .0 9  0 .0 0
1 2 6 2 2 1 1 . 9 -2 .55 -1 .24 -0 .74 -0 .3 0 -0.11 -0 .03
1 5 8 0 2 2 0 . 9 -0 .85 0 . 2 5 0 . 4 9 0 . 4 2 0 . 2 3  0 . 0 9
1 3 1 4 2 2 5 . 4 -6.51 -3 .14 -1 .82 -0 .72 -0 .28  -0 .10
1 2 6 5 2 3 5 . 9 -2 .06 -0 .8 0 -0 .3 7 -0 .13 -0 .10  -0 .07
131 1 2 3 7 . 9 -1 .40 -0 .73 -0 .46 -0 .22 -0 .10  -0 .03
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Appendix 2

Chromosome 4 2 point LOD score at theta

Tiarker p la ce 0.00 0.01 0.05 0.1 0 .2 0.3 0.4

4 1 2 7 -2 .18 -0 .95 -0 .4 7 -0 .13 -0 .04 -0 .03
2 9 3 5 1 6 1 .73 1 .69 1.51 1 .30 0 . 9 0 0 .5 4 0 .2 4
4 0 3 2 9 -1 .13 -0 .20 0 .2 4 0 . 2 7 0 . 1 7 0.11 0 .0 7
391 5 0 .3 -5 .34 -2 .60 -1 .5 2 -0 .65 -0.31 -0 .13
4 1 8 6 2 .3 -1 .93 -1 .28 -0 .99 -0.61 -0 .34 -0 .15
4 0 5 6 4 .3 -6 .17 -2 .86 -1 .58 -0 .56 -0 .19 -0 .07
1 5 9 2 7 8 .3 -0 .13 0 .4 0 0 . 4 9 0 . 3 9 0 .2 0 0 .0 6
3 9 8 8 1 . 3 -4 .05 -2 .06 -1 .30 -0 .66 -0 .34 -0 .13
3 9 2 8 8 . 3 -2 .63 -1 .69 -1 .0 5 -0 .39 -0 .13 -0 .04

2 9 6 4 9 8 . 3 -1 .75 -0 .50 -0 .1 0 0 .1 0 0 .0 8 0 . 0 2
1 5 3 4 10 4 .3 -2 .26 -0 .97 -0 .4 9 -0 .12 0.01 0 .0 3
4 1 4 10 9 .5 -5 .12 -2 .49 -1 .48 -0 .64 -0 .28 -0.11

1 5 7 2 11 6 .6 -2 .34 -0 .73 -0 .1 4 0 . 2 3 0 .2 5 0 .1 3
2 5 0 1 2 5 1.21 1 .17 1 .03 0 . 8 5 0 . 5 3 0 .2 6 0 .0 9
4 0 6 13 0 .2 -3 .47 -1 .56 -0 .88 -0 .35 -0 .14 -0 .04
4 0 2 13 6 .9 -4 .09 -2 .08 -1.31 -0 .70 -0 .39 -0 .17
4 3 0 1 4 0 -4 .33 -2 .25 -1 .3 9 -0 .65 -0 .33 -0 .15

1 5 7 5 1 4 4 -1 .35 -1 .29 -1 .08 -0 .8 6 -0 .4 6 -0 .18 -0 .04
1 5 6 5 1 5 6 -1.49 -1 .27 -0 .44 -0 .0 5 0 . 1 7 0 .1 8 0 .1 0
4 1 3 16 8 .4 -3 .43 -1 .47 -0 .6 5 0.01 0 .1 9 0 .1 4
1 5 3 9 1 9 1 .5 0 .6 0 0 .5 8 0 .5 2 0 . 4 5 0 . 3 3 0 .2 2 0.11
4 1 5 1 9 5 .5 -4 .67 -2 .05 -1 .0 6 -0 .2 9 -0.02 0 .0 4
1 5 3 5 2 0 7 . 9 -2 .18 -0 .34 0 . 2 5 0 .5 2 0 .4 2 0 .2 2
4 0 8 2 0 8 . 9 -0 .23 -0.21 -0 .14 0 . 0 0 0 . 2 6 0 .3 0 0 .1 8
4 2 6 222.1 -2 .33 -0 .88 -0 .2 6 0 . 2 0 0 . 2 7 0 .1 7
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Appendix 2

Chromosome 5 2 point LOD score at theta

m arker p la ce 0.00 0.01 0.05 0.1 0.2 0.3 0.4

4 0 6 1 7 -0 .78 -0 .75 -0 .63 -0 .50 -0 .26 -0.11 -0 .02
6 3 0 2 4 . 6 -4 .88 -2 .79 -1 .89 -1 .03 -0 .5 4  -0 .22
4 1 6 3 3 . 6 -2 .34 -1 .03 -0 .53 -0 .1 5 -0 .04  -0 .03
2 6 8 3 9 . .6 -6 .26 -2 .97 -1 .72 -0 .73 -0 .36  -0 .17
4 1 9 4 6 . 3 -1 .17 -0 .53 -0 .30 -0 .15 -0.11 -0 .08
4 2 6 5 9 . 2 -2 .58 -0 .68 -0 .04 -0.31 0 . 2 7  0 .1 2
4 1 8 6 6 . 2 -0 .48 -0 .45 -0 .25 0.11 0 . 4 4 0 . 4 0  0.21
4 0 7 72.1 -5 .00 -2 .33 -1 .26 -0 .3 4 0 . 0 2  0 .1 0
6 4 7 8 2 . 3 -5 .32 -2 .68 -1 .65 -0 .73 -0 .29  -0 .07
4 2 4 8 8 . 5 -3 .48 -1 .92 -1 .19 -0 .52 -0 .1 9  -0 .04
641 9 8 . 5 -3 .17 -1 .26 -0 .59 -0 .16 -0 .0 6  -0 .05
4 2 8 1 0 1 . 5 -5 .16 -2 .48 -1 .40 -0 .5 0 -0 .1 6  -0 .05
6 4 4 1 1 1 .9 -3 .63 -1 .60 -0 .83 -0 .2 7 -0.11 -0 .06
4 0 9 1 1 3 . 9 -4 .17 -2 .13 -1 .33 -0 .6 4 -0 .32  -0 .13
4 3 3 1 2 0 . 7 -1 .90 -1 .03 -0 .49 -0 .0 6 0 . 0 2  0 .0 2

2 0 2 7 1 2 8 . 7 -4.61 -2 .46 -1 .50 -0 .5 9 -0 .2 2  -0 .09
2 1 1 5 1 5 0 . 7 -4 .02 -1 .87 -0 .95 -0 .2 4 -0 .0 5  -0 .05
2 1 0 1 6 1 .2 -4.31 -2 .18 -1 .26 -0 .46 -0 .1 7  -0 .09
4 3 6 1 7 2 . 2 -2 .39 -1 .08 -0 .58 -0 .18 -0 .0 6  -0 .06
4 1 0 1 7 8 . 9 -0 .17 0 . 5 6 0 .7 8 0 . 7 6 0 . 5 2  0.21
4 2 2 1 8 6 . 9 -4 .53 -1 .95 -1.01 -0 .32 -0 .0 9  -0 .02
4 0 0 1 9 4 -1 .73 -0 .59 -0 .08 0 . 1 5 0 . 1 5  0 .0 7
4 0 8 2 1 3 -0 .34 0 . 1 0 0 . 1 0 -0 .0 8 -0 .1 5  -0 .09
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Chromosome 6 2 point LOD score at theta

m arker p lace 0.00 0.01 0 .05 0.1 0.2 0.3 0.4

1 5 7 4 1 5 -4 .27 -2 .16 -1 .28 -0 .52 -0 .19 -0 .04
3 0 9 20 -8 .38 -4 .2 6 -2 .60 -1 .13 -0 .46 -0 .14
4 7 0 2 5 -4 .06 -1 .6 8 -0 .77 -0 .14 0.01 0 .0 0
2 8 9 3 7 .5 -4 .98 -2 .3 2 -1.31 -0 .50 -0.21 -0 .09
4 2 2 43 .7 -1 .93 -1 .1 5 -0 .79 -0 .44 -0 .25 -0.11
2 7 6 51.6 -3 .20 -1 .29 -0 .62 -0 .17 -0 .07 -0 .03
2 7 3 53.1 -1 .14 0 . 0 5 0 .3 8 0 . 4 7 0 .3 4 0 .1 7
291 55.6 0 .3 4 0 .3 3 0 . 2 8 0 .2 3 0 .1 5 0 .0 9 0 .0 4

1 6 1 0 58 .6 -2 .49 -0 .65 -0 .06 0 .2 4 0 .2 2 0 .1 3
2 5 7 82 .4 -2 .28 -0 .9 4 -0 .37 0.11 0 .2 3 0 .1 7
2 8 6 92 .9 -1.91 -0 .9 5 -0 .52 -0 .13 0 .0 2 0 .0 5
4 6 0 9 3 .4 0 .3 0 0 .2 7 0 . 1 4 0 .0 3 -0 .07 -0 .07 -0 .03
4 6 2 103 .4 -2 .80 -1.91 -1 .33 -0 .68 -0 .33 -0 .12
4 3 4 1 12 .7 -3 .26 -1 .4 0 -0 .77 -0 .33 -0 .13 -0.01
2 8 7 124 .4 -4 .86 -2 .6 7 -1 .74 -0 .86 -0.41 -0 .14
2 6 2 134.1 -6 .03 -3 .2 2 -2 .00 -0 .88 -0 .38 -0 .12
2 9 2 139 .3 -0 .69 -0 .1 6 -0 .07 -0.11 -0 .13 -0 .09
3 1 4 147 .8 -4 .54 -1 .9 9 -1 .09 -0 .43 -0 .19 -0.11
3 0 8 148 .4 -2 .39 -1 .5 4 -1 .12 -0 .64 -0 .33 -0 .13
2 9 0 156.4 -4 .90 -3 .0 5 -1 .98 -0 .98 -0 .49 -0 .20
441 15 7 -7 .98 -3 .9 7 -2.41 -1 .09 -0 .52 -0.21

1581 169 .3 -3 .65 -1.71 -0 .99 -0.41 -0 .16 -0 .04
3 0 5 17 2.3 -4 .36 -2 .3 0 -1 .43 -0.61 -0 .23 -0 .06
2 6 4 179.3 -7 .12 -3 .59 -2 .14 -0 .88 -0 .33 -0 .08
4 4 6 189 .3 -3 .53 -1 .5 7 -0 .84 -0 .30 -0 .12 -0 .04
281 2 0 2 . 3 -1 .77 -1 .42 -0 .4 2 -0 .03 0 . 1 9 0 .1 8 0 . 1 0
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Chromosome 7 2 point LOD score at theta

m arker p lace 0.00 0.01 0 .05 0.1 0.2 0.3 0.4

531 6.5 -5 .65 -2 .9 3 -1 .83 -0 .87 -0 .43 -0 .19
5 1 7 10.4 -2 .37 -1 .0 8 -0 .62 -0 .27 -0 .14 -0 .07
5 1 3 19.1 -3 .54 -1 .5 6 -0 .82 -0 .26 -0 .10 -0 .06
5 0 7 3 0 .9 -4 .89 -2 .2 5 -1 .26 -0 .50 -0 .23 -0.11
4 9 3 37 .2 -3 .43 -1 .52 -0 .84 -0 .35 -0 .17 -0 .09
6 2 9 41 .2 -4.11 -1 .7 6 -0 .90 -0 .29 -0 .09 0.01
5 1 6 4 5 -3 .62 -1 .5 7 -0 .80 -0 .25 -0 .09 -0 .05

2 2 5 2 4 8 -1.81 -1 .02 -0 .62 -0 .24 -0 .09 -0 .02
2 2 5 0 5 5 -2 .24 -0 .9 3 -0 .44 -0 .08 0 .0 2 0.01
4 8 4 58 .2 0 .7 6 0 .7 8 0.81 0 . 7 8 0 .6 2 0 .4 0 0 .1 8

2 2 5 1 5 9 0 .3 0 0 . 2 9 0 . 2 8 0 . 2 5 0 .1 9 0 .1 3 0 .0 7
2 4 9 7 61 -0 .85 -0 .2 5 -0 .07 0.01 0 .0 0 -0.01
5 1 0 6 3 .3 -1 .82 -1 .06 -0 .7 0 -0 .34 -0 .18 -0 .09
5 1 9 7 5 .7 1 .37 1 . 36 1 .2 9 1 .19 0 .9 5 0 .6 2 0 .2 5
5 0 2 8 7 .7 0 . 6 3 1.11 1 .14 0.91 0 .5 7 0.21
6 6 9 1 01 .7 -1 .72 -0 .4 8 -0 .0 8 0 .1 2 0 .1 0 0 .0 2
5 2 4 10 8.7 -2 .85 -1 .5 4 -1 .02 -0 .50 -0.21 -0 .05
6 3 0 10 9.7 -2 .45 -1 .2 6 -0 .76 -0 .33 -0 .15 -0 .07
6 5 7 11 6.7 -5 .72 -2 .92 -1 .76 -0 .74 -0.31 -0.11
5 2 7 1 21. 7 -4 .0 6 -2 .1 0 -1 .3 6 -0.71 -0 .36 -0 .13
5 1 5 126 .5 -2 .2 0 -1 .5 0 -1 .1 6 -0 .66 -0 .32 -0.11
4 8 6 139 .7 -5.41 -3 .0 4 -1 .9 7 -0 .95 -0 .43 -0 .14
5 3 0 149 .9 -9 .78 -5 .0 6 -3 .1 7 -1 .50 -0 .70 -0 .24
6 4 0 1 53. 4 -5 .9 8 -3.31 -2 .2 3 -1 .19 -0 .62 -0 .24
6 8 4 164 .6 -5 .55 -2 .7 5 -1 .5 5 -0.51 -0 .10 0 . 0 3
661 173 .6 -1 .55 -1 .13 -0 .1 9 0.11 0.21 0 . 1 7 0.11
6 3 6 181 .6 -4 .33 -1 .7 4 -0 .8 0 -0 .13 0 .0 3 0 .0 2
4 8 3 183 .6 -1.91 -0 .6 6 -0 .2 5 -0 .02 0.01 0 .0 0
7 9 8 187 .6 -4 .58 -1 .9 8 -1 .0 2 -0 .33 -0.11 -0 .04
5 5 0 195 .6 -4 .25 -2 .1 0 -1 .2 3 -0 .50 -0 .19 -0 .0 4

2 4 6 5 197 .6 0 .6 7 0 . 7 5 0 . 5 6 0 . 4 4 0.31 0 .2 7 0 . 1 7
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Chromosome 8 2 point LOD score at theta

Tiarker place 0.00 0.01 0 .05 0.1 0.2 0.3 0.4

5 0 4 8 -0 .90 -0 .17 0 .1 2  0 .2 9 0 .2 5 0.11
6 4 9 -2 .47 -0 .85 -0 .2 5  0 .1 2 0 .1 3 0 . 0 4

2 7 7 1 7 -5 .62 -2 .93 -1 .8 5  -0 .87 -0 .39 -0 .13
5 0 3 21 -1 .47 -0 .23 0 . 1 7  0 .3 3 0 .2 3 0 . 0 7
5 5 0 2 5 -4 .17 -2.01 -1 .20  -0 .57 -0 .29 -0.11
5 5 2 3 0 .5 -3 .99 -1 .96 -1.21 -0 .62 -0 .33 -0 .12
5 4 9 36 -2 .22 -1 .48 -1 .14  -0 .7 4 -0 .42 -0 .17
261 41 -4.61 -3.01 -2 .10  -1 .09 -0 .53 -0 .20
2 5 8 4 7 0 .5 8 0 .5 6 0.51 0 . 4 4  0 .3 2 0.21 0.11
5 0 5 6 7 -1.41 -0 .72 -0 .45  -0.21 -0 .09 -0 .02
2 8 3 72 -0 .25 0 . 3 4 0 . 4 8  0 .4 4 0 .2 7 0 .1 0
2 8 5 7 7. 5 0 .0 4 0 .0 4 0 . 0 4 0 . 0 5  0 .0 4 0 .0 2 0 .0 0
2 6 0 8 5 .8 -4 .62 -2.51 -1 .6 0  -0 .73 -0 .29 -0 .07
2 8 6 9 9. 8 -5 .33 -2 .66 -1.61 -0.71 -0 .30 -0 .0 9
2 7 3 1 05 .8 -2 .48 -1 .1 6 -0 .6 8  -0 .30 -0 .13 -0 .0 3
8 8 10 6.8 -2 .97 -1 .68 -1 .1 7  -0 .62 -0 .27 -0 .06

2 7 0 1 09. 8 -5 .56 -2 .5 0 -1 .3 3  -0 .42 -0 .09 0 . 0 3
2 5 7 1 14. 8 -5 .46 -2 .82 -1 .7 8  -0 .86 -0 .40 -0 .1 4

1 7 8 4 1 20 .8 -3 .78 -1 .28 -0 .4 5  0 .0 2 0 . 0 6 0 . 0 3
281 1 27 .8 -4 .20 -1 .63 -0.71 -0 .06 0.11 0 . 1 0
1 9 8 1 32. 8 -1 .82 0 .0 9 0 .6 2 0 . 7 2  0 .6 4 0 .4 6 0 . 2 4
5 1 4 1 33. 8 -0 .86 -0 .83 -0 .69 -0 .4 7  -0 .19 -0 .06 -0.01
2 8 4 1 46. 3 -4 .72 -2 .06 -1 .0 4  -0 .24 0 . 0 4 0 . 0 9
2 7 2 1 58 .7 -6 .88 -3 .56 -2 .26  -1 .08 -0 .49 -0 .1 6
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Chromosome 9 2 point LOD score at theta

m arker p lace 0.00 0.01 0.05 0.1 0.2 0.3 0.4

2 8 6 13.3 -8 .87 -4 .75 -3 .05 -1 .48 -0 .70 -0 .26
1 4 4 18.3 -2 .09 -0 .88 -0 .48 -0.21 -0 .12 -0 .05
2 8 5 2 4 . 4 -4 .8 4 -2 .26 -1 .32 -0 .60 -0 .30 -0 .12
15 6 2 5 . 4 -0 .70 -0 .63 -0 .46 -0 .33 -0 .17 -0 .08 -0 .03
1 5 7 2 8 . 3 -3.61 -1 .66 -0 .93 -0 .35 -0 .13 -0 .04
171 3 7 .4 -1.31 -0 .67 -0 .44 -0 .23 -0 .13 -0 .06
161 4 4 . 5 -3 .58 -1 .58 -0.81 -0 .02 0.01 0 .0 5

147E 4 5 . 5 -2 .6 3 -1 .39 -0.81 -0 .35 -0 .14 -0 .03
4 3 4 6 -4 .96 -2 .33 -1 .33 -0 .53 -0.21 -0 .05

1 8 1 7 5 1 .5 -8 .05 -4 .04 -2 .46 -1 .10 -0 .48 -0 .16
1 5 5 8 .5 -5 .33 -2 .63 -1 .55 -0 .65 -0 .27 -0 .10

2 7 3 5 8 .7 -2 .75 -1 .29 -0 .59 0 .0 4 0 .1 9 0 . 1 3
1 7 5 6 3 .2 -1 .53 -0 .85 -0 .57 -0.31 -0 .18 -0 .09
2 8 3 8 8 .2 -7 . 74 -4 .25 -2 .73 -1 .30 -0 .60 -0 .22
2 8 7 9 8 .2 -1 .82 -0 .64 -0 .28 -0 .07 -0 .02 0.01
1 7 6 1 00 .2 -5 .96 -3.21 -2 .03 -0 .86 -0 .30 -0 .06

1 6 9 0 1 01 .4 -0 .36 -0 .3 7 -0 .38 -0 .32 -0 .17 -0 .08 -0 .03
1 6 7 7 1 2 2 .8 -1 .79 -0 .46 0 .0 9 0 .2 4 0 .2 6 0 .1 8 0 .0 9
1 7 7 6 1 31 .8 -2 .10 -1 .28 -0 .86 -0 .40 -0 .16 -0 .03
1 6 8 2 1 40 .4 -0.51 -0 .04 -0.01 -0 .12 -0 .15 -0 .08
2 9 0 1 4 8 .7 -3 .48 -1 .58 -0.91 -0 .42 -0 .22 -0.11
1 5 9 1 5 0 .7 -3.71 -1 .74 -1 .00 -0.41 -0 .20 -0 .1 0
1 6 4 1 55 .9 -2 .63 -1 .75 -1 .20 -0 .60 -0 .28 -0 .09

1 8 2 6 16 8 -2 .35 -1 .53 -1 .06 -0 .50 -0 .20 -0 .05
1 5 8 1 70 .8 0 .4 5 0 .4 2 0.31 0 .2 0 0 .0 7 0 .0 2 0 .01
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Chrormosome 10 2 point LOD score at theta

m arker p lace 0.00 0.01 0.05 0.1 0.2 0.3 0.4

591 11.3 -1 .17 -0 .58 -0 .39 -0 .24 -0 .15 -0 .07
1 8 9 16.5 -5 .18 -2 .53 -1 .50 -0 .62 -0 .23 -0 .05
5 4 7 2 8 . 4 -3 .26 -1 .88 -1.31 -0 .77 -0 .44 -0 .18
191 3 8 . 4 0 .4 4 0 .4 3 0 . 3 7 0 .2 9 0 .2 0 0 .1 4 0 .0 9

1 6 5 3 40.1 -0 .17 -0 .16 -0 .12 -0 .09 -0 .02 0 .0 6 0 .0 7
5 4 8 4 6 . 3 -2 .07 -1 .28 -0 .86 -0 .40 -0 .16 -0 .03
1 9 7 5 2 .3 -3 .73 -1 .70 -0 .92 -0 .30 -0 .10 -0 .04
2 0 8 6 2 -2.01 -0 .69 -0 .20 0.11 0 . 1 4 0 . 0 8
1 9 6 7 1 . 3 2 .4 0 2 .3 5 2 .1 6 1 . 92 1 .42 0 .9 0 0 .3 9
2 2 0 7 2 . 3 -2 .40 -1 .37 -0 .96 -0 .57 -0 .32 -0 .13

1 6 5 2 8 1 . 9 -3 .18 -1 .38 -0 .53 0 .1 2 0 .2 5 0 .1 5
5 3 7 93 .3 -3 .28 -1.31 -0 .59 -0 .08 0 . 0 5 0 . 0 4
201 1 0 5 .3 0 .3 0 0 .2 8 0 .2 2 0 . 1 5 0 .0 6 0 .01 0.01

1 6 8 6 1 0 6 .3 -2 .77 -1 .4 6 -0 .96 -0.52 -0 .28 -0 .12
1 8 5 11 7 .8 -0 .79 -0 .75 -0 .6 4 -0 .4 6 -0 .14 -0.01 0 .0 2
1 9 2 1 2 4 .7 -2 .20 -0 .93 -0 .48 -0 .16 -0 .06 -0 .03
5 9 7 12 7 .7 -3 .04 -2 .05 -1 .44 -0 .73 -0 .3 4 -0 .12

1 6 9 3 137.1 -3 .76 -2 .15 -1 .45 -0 .77 -0 . 39 -0 .15
1 9 0 1 38 .2 -2 .14 -1 .33 -0 .84 -0 .34 -0 .16 -0 .07
5 8 7 1 48 .2 0 .0 0 0 .0 3 0 .1 9 0 .4 0 0 .4 9 0 . 3 6 0 .1 8
2 1 7 1 56 .6 -0 .80 0 .0 0 0 .5 5 0 .6 7 0 .5 6 0 . 3 3 0 .1 3

1651 1 6 7 .7 -1 .12 -1 .08 -0 .94 -0 .64 -0 .12 0 . 1 0 0.11
2 1 2 170.1 0 .1 4 0 .1 5 0 . 2 4 0 .3 2 0.31 0 . 2 4 0 .1 3
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Chromosome 11 2 point LOD score at theta

marker p la ce 0.00 0.01 0.05 0.1 0.2 0.3 0.4

9 2 2 4.1 -4.31 -1 .54 -0 .50 0 . 2 0 0.31 0 . 2 0
1 3 3 8 14.6 0 . 6 5  0 .6 3 0 .5 6 0 . 4 8 0 . 3 5 0 .2 3 0 . 1 2
5 6 9 2 1 .2 -3 .99 -1 .96 -1 .15 -0 .4 3 -0.11 0 .0 2
9 0 2 2 2 .2 -0 .80  -0.71 -0 .20 0 .0 3 0 . 1 0 0 .0 9 0 . 0 7
8 9 9 2 3 .2 -0 .75  -0 .72 -0 .57 -0 .33 0 . 0 2 0 .1 2 0 .0 9
9 0 4 3 5 .5 -0 .48  -0 .46 -0 .40 -0 .30 0 . 0 0 0 .1 4 0.11
9 0 7 3 9 .9 -5 .47 -2 .69 -1 .59 -0 .6 7 -0 .27 -0 .0 7
9 3 5 4 7 .4 -1 .55  -1 .05 -0 .65 -0 .54 -0 .38 -0 .22 -0 .09
9 0 5 5 6 .3 -7 .68 -3 .69 -2 .15 -0 .8 6 -0 .32 -0 .08
9 0 3 5 7 .3 -0 .18  -0 .16 -0 .03 0 .0 8 0 . 1 5 0 .1 3 0 . 0 7

41 91 6 2 .4 -0 .90 0 .2 3 0 .5 0 0 . 4 5 0 .2 4 0 . 0 8
9 8 7 6 8 .7 -4 .42 -1 .86 -0 .96 -0 .3 4 -0 .17 -0 .0 9

1 3 1 4 76.1 -4 .39 -2 .13 -1 .24 -0 .5 5 -0 .28 -0 .12
9 1 6 7 8 .6 -1 .57 -0.41 -0 .07 0 . 0 9 0 .0 8 0 . 0 2
901 8 3 -2 .95 -1 .05 -0 .39 0 . 0 2 0 .0 6 0.01
9 3 7 8 7 .6 -1 .79 -0 .58 -0 .22 -0 .0 7 -0 .07 -0 .0 4

4 1 7 5 9 4 .9 1 .66  1 .63 1.51 1 .35 1.01 0 .6 5 0 . 2 8
3 5 10 0 .9 1 . 50  1 .4 7 1 .34 1 .18 0 . 8 5 0 .5 2 0 . 2 2

8 9 8 1 01 .2 -2 .0 7 -0 .26 0 .2 9 0 . 4 8 0 .3 5 0 . 1 6
9 2 7 1 07 .2 -0 .29 0 .3 9 0 .6 0 0 . 6 2 0 .4 4 0 . 1 9
9 0 8 11 0 .7 -4 .70 -2 .06 -1 .07 -0 .3 0 -0 .04 0 . 0 2
9 2 5 1 21 .8 -0.71 -0 .22 0 .2 2 0 . 3 4 0 . 3 5 0 .2 8 0 . 1 6
9 3 4 1 3 0 .2 0 . 1 4  0 . 1 4 0 .1 5 0 .1 6 0 . 1 5 0 .1 2 0 . 0 7

41 51 1 3 1 .2 -1 .3 0  -0 .09 0 .3 8 0 .4 3 0 . 3 3 0 .2 2 0 . 1 2
9 1 0 141. 2 -2 .6 4 -0 .76 -0 .14 0 . 2 2 0 . 2 3 0 . 1 3

1 3 2 0 143.1 -1 .69  -0 .68 -0 .05 0 . 1 7 0 . 2 7 0 . 2 2 0.11
9 6 8 151.1 -0.01 0 .5 6 0 .6 9 0 . 6 4 0 . 4 4 0 . 2 0
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Chromosome 12 2 point LOD score at theta

m arker p la ce 0.00 0.01 0.05 0.1 0.2 0.3 0.4

9 9 13. 8 -0 .19 -0 .15 0.01 0 .1 3 0 .1 9 0 .1 5 0 .0 8
3 3 6 22.1 -5 .16 -2 .53 -1.51 -0 .67 -0.31 -0.11
7 7 24.1 -1.21 -0.61 -0.41 -0 .27 -0 .18 -0 .10

3 5 8 27.1 0 .4 5 0 .4 3 0 . 3 7 0 . 3 0 0 . 1 7 0 .0 7 0 .0 0
3 6 4 3 1 .9 -4 .07 -2 .10 -1 .34 -0 .63 -0 .25 -0 .05
6 2 3 4 .9 -3 .16 -1.71 -1 .04 -0 .39 -0 .10 0.01

3 1 0 3 7 .3 -2 .59 -1 .34 -0 .89 -0 .52 -0.31 -0 .13
1 6 1 7 4 7 . 3 -2 .73 -1.41 -0 .90 -0 .47 -0 .28 -0 .15

8 7 5 4 . 8 -1 .7 8 -1 .66 -1 .05 -0 .69 -0 .35 -0 .16 -0 .05
3 4 5 5 7 . 3 -4 .78 -2 .72 -1 .82 -0.91 -0 .43 -0 .15
8 5 6 5 .6 -2.91 -1 .50 -0 .89 -0 .32 -0 .07 0 .0 2

3 6 8 6 9 . 8 -1 .93 -1 .20 -0 .83 -0 .42 -0 .18 -0 .05
8 3 7 8 -7 .10 -3 .6 8 -2 .24 -0 .92 -0 .32 -0 .06
4 3 8 6 -4 .50 -2 .45 -1 .58 -0 .76 -0 .35 -0 .12
9 2 8 9 -3 .08 -1 .72 -1 .16 -0 .62 -0 .32 -0 .13

3 2 6 9 3 .7 -5 .40 -2.71 -1 .65 -0 .75 -0 .35 -0 .13
351 1 0 3 -5 .39 -2 .62 -1 .50 -0 .53 -0 .12 0 .0 2
9 5 1 0 5 -3 .18 -1 .77 -1 .13 -0 .57 -0 .28 -0 .10

3 4 6 1 1 3 -2 .95 -1 .56 -1 .00 -0 .50 -0 .27 -0.11
3 3 8 12 0 -0.81 -0 .75 -0 .42 -0 .17 0 .0 3 0 .0 9 0 .0 7
7 8 1 2 0 .5 -4 .59 -2 .33 -1 .33 -0 .43 -0 .07 0 . 0 4
7 9 1 3 3 .3 -4 .75 -2 .08 -1 .06 -0 .27 0 .0 0 0 .0 6
8 6 14 2 .3 -4.81 -2 .15 -1 .12 -0 .29 0 .0 0 0 .0 5

3 4 2 1 5 2 .3 -1.31 -0 .5 7 -0 .26 -0 .03 0 .0 4 0 .0 5
3 2 4 15 5 .8 -0 .68 -0 .16 0 . 2 3 0 . 2 9 0 .2 3 0 .1 8 0.11

1 6 5 9 1 6 4 .8 -3 .99 -1 .88 -1 .00 -0 .28 -0 .03 0 . 0 3
9 7 1 7 3 .8 -2 .37 -1 .12 -0 .68 -0 .34 -0 .17 -0 .0 5

1 7 2 3 1 7 4 .8 -5 .0 7 -2.41 -1 .40 -0 .58 -0 .23 -0 .06

C hrom osom e 13 2 point LOD score at theta

m arker p la ce 0 .00 0.01 0 .05 0.1 0.2 0.3 0.4

19 2 9.8 -4 .3 7 -0 .35 -1 .52 -0 .70 -0 .28 -0 .0 7
2 1 7 10.8 -1 .54 -0 .9 4 -0 .46 -0 .30 -0 .16 -0 .07 -0.01
12 0 14.8 0 . 4 6 0 .4 4 0 . 3 8 0 .3 0 0 .2 0 0 .1 2 0 . 0 5
171 20.1 -2 .42 -1 .25 -0 .75 -0.41 -0.23 -0.01
2 1 8 29.1 0 . 4 0 0 . 3 9 0 . 3 3 0 . 2 7 0 .1 7 0 .1 0 0 . 0 5
2 6 3 35.1 -6 .09 -2 .85 -0 .65 -0.71 -0.31 -0 .1 0
2 7 9 5 0 . 9 -1 .27 -1 .22 -0 .94 -0 .69 -0 .39 -0.20 -0 .0 7
1 5 6 5 3 . 9 -3 .92 -1 .85 -0 .96 -0 .22 0.01 0 . 0 3
1 7 0 6 2 .5 -2 .7 4 -1 .73 -1 .04 -0 .40 -0 .16 -0 .0 6
2 6 5 6 9 .6 -4 .20 -2 .1 7 -1 .36 -0 .66 -0.35 -0 .1 7
1 2 2 7 4 .8 0 .0 2 0.01 -0.01 0 .0 0 0 .0 2 0 .0 2 0 . 0 0
1 5 8 8 6 . 7 -5 .5 7 -2 .84 -1 .75 -0 .82 -0 .40 -0 .1 6
1 7 3 9 3 .2 -0 .2 4 -0 .2 4 -0.21 -0 .18 -0 .12 -0 .06 -0 .0 2

1 2 6 5 9 9 .2 -6 .72 -3 .3 5 -2 .02 -0 .88 -0 .38 -0 .1 3
2 8 5 11 1 .2 -4.01 -1 .99 -1 .19 -0 .52 -0.21 -0 .0 5

3 3 4
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Chromosome 14 2 point LOD score at theta

m arker p la ce 0 .00 0.01 0 .05 0.1 0.2 0.3 0.4

2 8 3 12 .6 -1 .38  -0 .1 7 0 . 1 9  0 .3 0 0 . 1 8 0 .0 4
7 2 13.6 -2.41 -1 .06 -0 .5 5  -0 .15 0 . 0 0 0 .0 3
5 0 15.1 -1 .17  0 .0 2 0 . 3 6  0 . 4 5 0.31 0.11

2 7 5 2 5 . 4 0 . 5 9 0 .5 9  0 .5 6 0 . 5 2  0 . 4 0 0 .2 4 0 .0 7
8 0 2 6 . 4 -3 .47  -1 .56 - 0 .8 9  -0 .44 -0 .28 -0 .16
4 9 3 7 . 7 -1 .74  -0 .53 - 0 .1 5  0 .0 5 0 .1 0 0 .0 7
7 0 3 8 . 7 -3 .33  -1.41 -0 .7 2  -0 .22 -0 .03 0 .0 2
7 5 4 2 . 2 -1 .5 7 -0 .83  0 .2 3 0 . 5 4  0 .5 5 0 .3 5 0 .1 5

2 8 8 4 5 . 7 -3 .49  -1 .57 -0 .8 8  -0 .40 -0 .24 -0 .12
2 7 6 5 3 . 5 -1 .63  -0.41 - 0 .0 4  0.11 0 .0 8 0 .0 5
6 3 6 7 . 8 -2 .16  -0 .87 -0 .4 0  -0 .08 -0 .03 -0 .04

2 5 8 7 2 . 7 -3 .00  -1 .68 -1 .1 4  -0 .62 -0.31 -0 .12
7 4 8 5 . 7 -1.31 -0 .62 -0 .3 4  -0 .10 -0 .02 0 .0 0

2 8 0 1 0 2 . 4 -5 .45  -2 .69 -1.61 -0 .70 -0 .30 -0 .10
51 1 0 4 .9 -8 .63  -4 .53 - 2 .8 7  -1 .36 -0 .64 -0 .23
6 5 1 1 3 .9 -7 .22  -3 .80 -2 .3 8  -1 .09 -0 .47 -0 .15

2 6 7 1 1 4 . 9 -3 .79  -1 .89 -1.21 -0 .65 -0 .34 -0 .13
9 8 5 1 2 2 . 9 -1 .0 9  -0 .57 - 0 .4 3  -0 .32 -0 .22 -0.11
2 9 2 1 3 0 .9 -2 .12  -0 .85 -0.41 -0.12 -0 .04 -0 .02

C hrom osom e 15 2 point LOD score at theta

m arker p la ce 0 .00 0.01 0 .05 0.1 0.2 0.3 0 .4

1 0 0 2 13 -1 .30 -0 .09  0 .3 6 0 . 3 9  0 .2 6 0 .1 6 0 . 0 9
1 6 5 2 0 -5.31 -2 .68 -1 .6 2  -0 .66 -0 .24 -0 .0 7

1 0 0 7 2 6 -5 .8 3  -2 .56 -1 .3 4  -0.41 -0.11 -0 .02
1 1 8 3 2 -1 .98  -0 .73 -0.31 -0 .06 -0 .02 -0 .02

1 0 1 2 3 6 -2 .20  -0 .88 -0 .3 8  -0 .03 0 .0 3 -0.01
9 9 4 41 -1.21 -0 .58 -0 .3 6  -0 .18 -0 .09 -0 .04
9 7 8 5 0 1.0 8 1 . 03  0 .8 4 0 . 6 3  0 .3 4 0 .1 7 0 .0 7
1 1 7 5 5 . 7 -0 .20  0 . 2 6 0 . 2 8  0 .1 2 0.01 -0.01
1 5 3 6 6 . 3 -4 .22  -1 .65 -0 .7 2  -0 .07 0 .1 0 0 .1 0
1 2 5 6 7 . 3 -4.31 -1 .73 -0 .7 9  -0 .10 0.11 0.11
131 7 3 . 3 -6.21 -2 .86 -1.51 -0 .40 0.01 0 . 1 0
1 1 4 7 7 . 3 -2 .55  -1.41 -0 .9 5  -0 .52 -0 .27 -0 .1 0
2 0 5 8 2 . 7 -1 .16 -1 .0 7  -0 .44 -0 .0 7  0 .2 0 0 .2 3 0 . 1 4
1 2 7 9 0 . 6 -5 .0 3  -2 .40 -1 .3 9  -0 .55 -0 .19 -0 .0 3
13 0 1 0 3 .3 -3 .28  -1 .77 -1.11 -0 .47 -0 .13 0.01
2 0 7 1 0 5 .3 -5 .79  -3 .04 -1.91 -0 .89 -0 .39 -0 . 13
1 2 0 1 1 4 .9 0 .7 6 0 . 7 4  0 .6 5 0 . 5 6  0 .4 0 0 .2 6 0 . 1 3
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Chromosome 16 2 point LOD score at theta

m arker p lace 0.00 0.01 0 .05 0.1 0.2 0.3 0.4

4 0 4 19.6 -2 .79 -1 .38 -0.81 -0 .33 -0 .13 -0 .04
4 0 7 20.1 -4 .45 -2 .33 -1 .46  -0 .69 -0 .33 -0 .13

3 0 7 5 26 .6 -6 .2 6 -3 .32 -2 .04  -0 .86 -0 .32 -0 .08
4 0 5 3 2 .6 -1 .15 -1 .1 0 -0.71 -0 .35  -0 .02 0 .0 9 0 .0 8

3 1 0 3 35 .6 -4.61 -2 .42 -1 . 49  -0 .64 -0 .26 -0 .07
2 8 7 40.1 -0 .43 -0 .42 -0 .38 -0 .28  -0 .07 0 .0 3 0 .0 5

3 0 4 6 4 8 .6 -6.61 -3 .30 -2.01 -0 .89 -0 .36 -0 .09
4 2 0 51 .6 -4 .26 -2 .06 -1 .14  -0 .36 -0 .06 0 .0 4

3 0 6 8 57 .6 -4 .3 5 -2.31 -1 .4 4  -0.61 -0 .22 -0 .04
261 63 .6 0 .1 6 0 . 1 5 0 . 1 4 0 . 2 0  0 .3 3 0 .2 8 0 .1 4
41 1 64 .6 -0 .9 8 0 .2 6 0 . 6 4  0 .7 3 0.51 0.21

3 1 3 6 68 .6 0 .5 6 0 . 5 5 0.51 0 . 4 7  0 .3 7 0 . 2 7 0 .1 5
4 1 5 76 .6 0 .1 2 0 .11 0 . 0 9 0 .1 2  0 .2 3 0 .2 2 0.11
3 2 0 8 0 .6 -2 .42 -1 .5 7 -0 .98  -0 .37 -0 .12 -0.01
5 0 3 84 .6 -2 .8 9 -1 .4 8 -0 .8 5  -0 .35 -0 .13 -0 .02
2 6 5 85 .6 -6 .5 6 -3 .2 4 -1 .93  -0 .80 -0 .30 -0 .07
5 1 5 90 .8 -4 .7 3 -2 .1 6 -1 .2 3  -0 .49 -0 .17 -0.01
5 1 6 101 .2 -9 .5 5 -4 .8 5 -2 .9 9  -1 .38 -0 .63 -0 .23
2 8 9 105.2 -9 .0 6 -4 .85 -3 .0 8  -1 .45 -0 .67 -0 .24
4 2 2 111 .7 -8 .6 2 -4.51 -2 .8 4  -1 .36 -0 .65 -0 .25

3091 112.2 -1 .2 6 -0 .6 2 -0 .3 9  -0 .20 -0.11 -0 .04
5 2 0 126.2 -1 .8 0 -1 .0 0 -0 .6 3  -0 .28 -0 .13 -0 .07

C hrom osom e 17 2 point LOD score at theta

m arker p lace 0.00 0.01 0.05 0.1 0.2 0.3 0.4

831 7.5 -3 .1 4 -1 .2 6 -0 .6 2  -0 .24 -0 .13 -0 .05
5 1 3 12 1.42 1 .38 1.21 1 .0 2  0 .6 8 0 . 3 9 0 . 1 6
9 3 8 16.5 -0 .72 -0 .14 0 . 2 8 0 . 3 5  0 .2 6 0 . 1 7 0 . 0 9
7 8 6 20 .5 -3 .3 3 -1 .4 6 -0 .83  -0 .38 -0 .18 -0 .05

1 8 5 2 24 .5 -6 .3 5 -3 .0 5 -1 .78  -0.71 -0 .26 -0 .06
7 9 9 34.5 -3 .4 5 -2 .0 4 -1 .38  -0.71 -0 .3 5 -0 .13
921 39 .5 -0 .06 -0 .0 6 -0 .0 8 -0.11 -0.11 -0 .03 0 .0 2

1 8 5 7 46 .5 -1 .25 -0 .6 4 -0 .1 9 -0 .08  -0 .03 -0.01 0.01
7 9 8 58 .5 -4 .7 5 -2 .1 8 - 1 .2 7  -0 .62 -0 .3 7 -0 .18
9 3 4 68 .5 -5.91 -3 .0 4 -1 .8 3  -0 .76 -0 .29 -0 .0 7

1 8 6 8 73 .5 -0 .54 -0 .19 0 . 1 4 0 . 1 8  0.11 0 .0 5 0.01
7 8 7 83.5 0 .6 5 0 . 6 3 0 .5 6 0 . 4 7  0 .3 3 0 .2 0 0 . 1 0
9 4 4 91 .5 -0 .56 -0 .5 4 -0 .3 4 -0 .1 7  -0 .04 0 . 0 0 0 .0 2
8 0 7 93 -2 .1 3 -1 .28 -0 .79  -0 .32 -0 .12 -0 .03
7 8 9 95.5 -4 .6 0 -2 .4 5 -1 .5 4  -0 .69 -0 . 26 -0 .05
9 4 9 102 .5 -7 .3 4 -3 .89 -2 .46  -1 .15 -0.51 -0 .17
7 8 5 114 .5 -2 .5 3 -1.21 -0 .7 4  -0 .45 -0.31 -0 .14
7 8 4 126 .5 0 .0 4 0 . 0 3 0 . 0 0 -0 .02  -0 .03 -0 .0 2 -0.01
9 2 8 138.1 -2 .08 -0 .82 -0 .3 8  -0 .08 -0.01 0 .0 0

3 3 6



Appendix 2

Chromosome 18 2 point LOD score at theta

m arker p lace 0.00 0.01 0.05 0.1 0.2 0.3 0.4

6 3 7 -2 .36 -1 .05 -0 .55 -0 .14 0.01 0 .0 4
5 2 8 -0 .82 -0 .24 -0 .0 8 -0 .04 -0 .08 -0 .07

4 5 2 18 -3.01 -1 .05 -0 .33 0 . 1 5 0.21 0.11
6 2 18.5 -1 .50 -0 .50 0 . 0 2 0 . 1 6 0 .19 0 .1 5 0 .0 9
5 3 4 0 .5 -2 .1 4 -1 .38 -1 .03 -0 .63 -0 .33 -0 .12

4 7 8 53 .5 -1 .05 -1 .0 0 -0 .85 -0 .67 -0 .34 -0 .12 -0 .02
5 7 62.5 -6.31 -3 .52 -2 .34 -1 .20 -0 .60 -0 .23

1 1 0 2 63.5 -2 .86 -1 .57 -0 .99 -0 .52 -0 .28 -0.11
4 7 4 73.5 -8 .23 -4 .22 -2 .65 -1 .29 -0 .63 -0 .24
6 4 8 7. 3 -0 .78 -0.71 -0.31 -0 .03 0 .15 0 .1 5 0 .1 0
6 8 9 9. 3 -1.81 -0 .65 -0 .33 -0.21 -0 .13 -0 .04
61 110.3 -2 .62 -0 .82 -0 .25 0 .0 6 0 .1 0 0 .0 7

1161 12 1.3 -3.61 -1 .45 -0 .62 -0.02 0 . 1 4 0 .1 3
4 6 2 128 .3 -1 .75 -1 .4 7 -0 .53 -0 .10 0 .1 8 0 .2 2 0 . 1 3
7 0 134.3 -0 .67 -0 .62 -0.21 0 .0 9 0 .2 9 0 . 2 9 0 . 1 8

C hrom osom e 19 2 point LOD score at theta

m arker p lace 0.00 0.01 0 .05 0.1 0.2 0.3 0.4

8 8 4 3 2 -6 .0 5 -3 .2 7 -2 .09 -0 .96 -0 .42 -0 .14
221 42 -5 .5 5 -2 .7 3 -1 .6 0 -0 .67 -0 .27 -0 .07
2 2 6 4 9 .3 -6.01 -2 .72 -1 .47 -0 .49 -0 .12 0.01
4 1 4 61 .9 -4 .62 -2 .0 5 -1 .00 -0.21 0 .0 3 0 .0 7
4 9 64 .9 -4 .82 -2 .1 7 -1 .15 -0 .35 -0 .08 0 .0 0

2 2 5 66 .9 -6 .3 8 -3 .3 9 -2 .09 -0 .94 -0.41 -0 .14
2 2 0 69 .9 -3.31 -1 .3 7 -0 .68 -0 .16 0 .01 0 . 0 5
4 2 0 7 5. 4 -3 .60 -1 .1 7 -0 .32 0.21 0 . 2 7 0 . 1 7
9 0 2 82 .4 -2 .75 -0 .8 7 -0 .24 0 .1 6 0.21 0 .1 4
571 93 .4 -2 .33 -1.51 -1.11 -0 .64 -0 .29 -0 .08
1 8 0 98 .4 -0 .85 -0 .2 3 0 .0 0 0 .1 5 0 . 1 7 0 .1 0
4 1 8 103 .4 -0 .45 -0 .42 -0 .2 5 0 .0 0 0 .2 0 0 .1 7 0 .0 9
2 1 0 113 .2 -0 .16 -0 .07 0 . 5 2 0 . 6 7 0 .6 8 0 .4 7 0.21

3 3 7
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Chromosome 20 2 point LOD score at theta

m arker p la ce 0.00 0.01 0.05 0.1 0.2 0.3 0.4

8 8 9 9 -1 .39 -0 .22 0.11 0 .2 3 0 . 1 8 0 .0 9
11 5 21 -1 .22 -0 .06 0 . 2 5 0.31 0 . 1 9 0 . 0 8
18 6 3 3 -1 .44 -1.01 0 . 0 2 0 .4 0 0 .5 2 0 .3 8 0 . 1 6
1 1 2 40.1 -3.73 -1 .65 -0 .85 -0 .22 -0.01 0 . 0 4
19 5 53.1 -1 .49 -0 .26 0 .1 5 0 .3 6 0.31 0 . 1 8
10 6 54.1 0 .5 8 0 .5 6 0 .5 0 0 .4 4 0 .3 2 0.21 0 .11
10 7 59.1 -0 .94 -0 .36 -0 .19 -0 .10 -0 .0 7 -0 .0 4
11 9 6 4 . 7 -0 .35 -0 .35 -0 .33 -0 .27 -0 .16 -0 .0 7 -0 .02
17 8 7 0 . 4 -2 .99 -1 .66 -0 .82 -0 .15 0 .0 2 0 . 0 0
19 6 7 7 . 8 -4 .30 -2 .33 -1 .55 -0.81 -0 .4 0 -0 .1 5
10 0 8 6 . 5 -1.75 -1 .05 -0 .75 -0 .45 -0 .26 -0.11
1 7 3 9 9 . 6 0 . 4 3 0 .42 0 .4 0 0 .3 8 0.31 0 .2 0 0 . 0 9
171 1 0 2 . 8 -1.01 -0 .39 -0 .18 -0 .0 3 0 . 0 4 0 . 0 4
9 3 1 1 3 . 8 -0.81 -0 .18 0 .0 3 0 . 1 4 0 . 1 0 0 . 0 3

C hrom osom e 21 2 point LOD score at theta

m arker p la ce 0 .00 0.01 0.05 0.1 0.2 0.3 0 .4

1 2 5 6 1 0 -3.91 -1 .87 -1 .03 -0 .32 -0 . 05 0 . 0 3
1 9 1 4 2 4 -5 .86 -2 .99 -1 .84 -0 .89 -0 .4 8 -0 .2 2
2 6 5 2 5 -2 .00 -0 .78 -0 .39 -0 .1 6 -0 .1 0 -0 .0 6
2 6 3 3 2 -4 .30 -2 .30 -1.51 -0 .82 -0 .4 5 -0 .2 0
2 1 9 3 5 -4 .33 -2 .29 -1 .49 -0 .78 -0 .4 0 - 0 .1 4
2 5 2 3 8 . 7 -7 .00 -3 .69 -2.41 -1 .29 -0 .68 -0 .2 6
6 5 41 -2.51 -1 .72 -1 .27 -0 .69 -0 . 33 -0 .1 2

2 7 0 4 4 . 7 -3 .16 -1.61 -0 .99 -0 .54 -0 .35 -0 .1 5
1 6 7 4 5 . 7 -4.71 -2 .16 -1 .26 -0 .64 -0 . 38 -0 .1 6
2 6 8 4 6 . 2 -0.02 0.51 0 .5 9 0 . 4 5 0 . 2 3 0 . 0 7
2 6 6 5 3 . 2 -4 .49 -2 .44 -1 .57 -0 .77 -0 . 39 -0 .1 6

C hrom osom e 22 2 point LOD score at theta

m arker p la ce 0 .00 0.01 0.05 0.1 0.2 0.3 0 .4

5 3 9 2 7 -3 .03 -1 .17 -0 .56 -0 .16 -0 .0 5 -0.01
15 6 3 2 . 5 -0.71 -0 .68 -0 .48 -0 .30 -0 .12 -0 .0 4 -0.01
3 1 5 3 5 -0 .85 -0 .13 0 .1 5 0 . 2 9 0.21 0 . 0 6
2 8 0 4 5 . 7 -2 .7 7 0 .02 0 .5 7 0 .6 8 0 . 6 0 0 . 4 0 0 . 1 6
2 8 3 5 3 -3 .69 -1 .70 -0.91 -0 .25 -0 .0 3 0 .01
4 2 3 5 9 . 9 -2 .93 -1 .59 -1 .04 -0 .52 -0 .2 4 -0 .0 7
2 7 4 6 7 . 7 -1 .70 -1.01 -0 .72 -0 .42 -0 .2 4 -0.11

3 3 7



APPENDIX 3: Genome-vvidc NPL scores  
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