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Abstract

This thesis describes clinical, molecular genetic and electrophysiological 

studies in two dominantly inherited CNS disorders; episodic ataxia type 1 

(E A l) and episodic ataxia type 2 (EA2). Shortly before this work was 

initiated, evidence had been published that EAl associated with mutations in 

the voltage gated potassium channel gene (KCNAl) and EA2 associated with 

mutations in the P/Q-type voltage gated calcium channel gene {CACNAIA). 

However, the frequency of mutations in these genes in patients with EAl and 

EA2 was unknown. Furthermore, the range o f phenotypes associated with 

mutations in these channels and their molecular mechanisms had not been 

defined. Through National and International collaboration, 42 individuals 

were identified from 20 families with a phenotype compatible with K yl.l 

dysfunction. In addition, 29 individuals were identified from 20 families with 

a phenotype compatible with P/Q-type calcium channel dysfunction.

Five previously unreported pathogenic heterozygous mutations were 

identified (A242P, P244H, T226R, V404I and R417X) in the KCNAl gene. 

Although two of these mutations associated with typical EA l, three mutations 

associated with phenotypes which had not been reported previously. These 

included EA l with epilepsy, epilepsy with myokymia and isolated 

myokymia. In addition to observing this new phenotypic variation between 

families, marked phenotypic variation within one family was observed. In 

family F, with the T226R mutation, the index case exhibited unusually severe 

disabling neuromyotonia without episodic ataxia, while his mother exhibited 

typical EAl with mild neuromyotonia. This study shows the mechanism for



this variability was not due to polymorphisms in a related potassium channel 

Kv 1.2, which is known to co-assemble with K yi. 1.

Using site directed mutagenesis, cDNA constructs harbouring each of the

novel mutations were produced and the electrophysiological consequences of

these mutations on the function of the potassium channel in a Xenopus laevis

Oocyte system was studied. This revealed that all mutations reduced the

delayed rectifying function of this channel to different degrees. This is

predicted to result in increased neuronal excitability, which is likely to be the

basis o f the clinical phenotypes. There was some correlation between the

electrophysiological data and the severity of the clinical phenotype.

Five previously unreported heterozygous mutations were identified in

CACNAIA (R1820X, Y1854X, 3404 ins ATCCAATCC, 6056 + 4 del AGTG

and 3698 + 1 G>A) which are likely to be pathogenic. Although three of these

new mutations (Y1854X, 6056 + 4 del AGTG and 3698 + 1 G>A) associated

with typical EA2 phenotypes, one o f them represented a previously

undescribed mutational mechanism of intronic deletion (6056 + 4 del AGTG).

RT-PCR analysis of this mutation provided evidence that the RNA was

unstable. Two of the new mutations associated with previously unrecognised

phenotypes. The first patient (R1820X) exhibited absence epilepsy and

mental retardation in addition to EA2. This is the first evidence that

dysfunction of this calcium channel may associate with epilepsy in humans

and provides a link with a large body of data in mouse models of absence

epilepsy. The second patient (3404 ins ATCCAATCC) exhibited a late onset,

pure, non-episodic ataxia, similar to the phenotype associated with an

abnormal CAG repeat expansion in the C-terminal region o f CACNAIA
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(resulting in spinocerebellar ataxia type 6). One of the EA2 families without a 

mutation in CACNAIA  was large enough to confirm linkage to CACNAIA. 

This suggests that mutations in non-coding regions of CACNAIA may also 

cause EA2.

A cDNA construct harbouring the R1820X mutation was produced, allowing 

detailed molecular expression studies in the Xenopus laevis Oocyte system. 

This showed that the R1820X mutation resulted in a loss of function of the 

calcium channel. This is likely to be the basis of the disease, including the 

epilepsy, in this patient.

These studies have identified novel pathogenic mutations in K C N A l and 

CACNAIA and have extended our knowledge about the clinical phenotypes 

associated with dysfunction of these ion channels. In addition, it has provided 

insights into the m olecular mechanism s that underlie these CNS 

channelopathies.
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Chapter 1 Introduction

1.1 Ion channels

1.1.1 General functions of Ion channels

Ion channels are large transmembrane proteins. They are located in the lipid 

bilayer of all cells and are responsible for the transport of ions into and out of 

the cell. Ion charmels are gated pores in which opening and closing may be 

intrinsic, or regulated (by ligand binding or changes in membrane voltage). 

Ion channels play important roles in processes such as nerve excitation, 

learning and memory, and the control of salt and water balance. Thus, defects 

in ion channels would be predicted to have profound physiological effects 

[Ashcroft 2000].

Ion channels can be classified as voltage-gated, ligand-gated or G-protein- 

coupled.

Table 1 Classification of Ion channels

Family Subfamily Example (gene name)
Voltage-gated Na"  ̂channel SCN4A

channel K C N A l
Ca^^ channel CACNAIA

Ligand-gated Nicotinic AChR-gated channel C H RN Al
Glutamate-gated ionotropic channel G R IA l

GABA-gated CP channel G A BR A l
Glycine-gated CP channel G R LA l

G-protein coupled Muscarinic AChR CHRM2
Glutamate-gated metabotropic channel mGluRS
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1.1.2 Potassium channels

1.1.2.1 General functions o f  Potassium channels

In an excitable membrane, such as a nerve or muscle fibre, signals are passed 

between cells by a regenerative potential change, known as an action potential 

(see fig 1, page 22). By studying giant squid axons, the membrane changes 

responsible were identified [Hodgkin and Huxley 1952]. It is now clear that 

the generation of the action potential is entirely dependent on ion channels. At 

rest, there is a high Na^ ion concentration outside the cell and a high ion 

concentration inside the cell. This is due to the action of the Na^/KVATPase 

pump maintaining these levels of ions. The resting membrane potential o f a 

cell is approximately -60m V and the relative charge outside the cell is 

positive (+50mV). Membrane depolarization causes an initial activation of 

voltage-gated sodium channels followed shortly afterwards by the activation 

of voltage-gated potassium channels. Na^ ions enter the cell down its 

electrochemical gradient resulting in depolarization. As the sodium channels 

(Na^) activate more rapidly than the potassium  channels (K^) on 

depolarization, there is an initial net inward Na^ current that leads to further 

depolarization. This in turn activates more Na^ channels and depolarizes the 

membrane further, but does not quite reach the equilibrium potential for Na"̂  

ions (+50mV). This is the start of a regenerative (action) potential. Next, the 

Na^ channels begin to deactivate, reducing the Na"*" current and channels 

open. The resulting net outward current returns the membrane towards the

equilibrium potential ( E k) of-80m V . Because the channels take longer
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to close, the membrane potential may transiently overshoot the resting 

membrane potential, causing hyper-polarization. The duration of the hyper

polarization reflects the time taken for the voltage-gated potassium channels 

to close.
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Figure 1 Diagrammatic representation of an action potential in a neurone

>

D£«
"o

N a' channels 
inactivate (close')

K cliannels activate (open); 
K ions ex it the cell 
causing repolarisation.

+50M V ___

OMv

-70Mv

Time

Na' channels open: Na' 
ions enter the cell 
causing depolarisation.

HYPERPOLARISATION: A transient 
overshoot o f negative charge. The 
membrane must return to the resting 
membrane potential (-70mV) before 
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1.1.2.2 Classification of potassium channels

Shalier ( Ky i )

KCNQ

Eag erg

elk

BK

SK

Figure 2 Classification o f  six transmembrane domain Potassium channels 

[Ashcroft 2000]

Potassium channels are found in virtually all cells. They fall into two main 

structural families, those with two transmembrane domains and those with six 

transmembrane domains. An example o f  a two transmembrane domain 

channel is the inwardly rectifying channel (Kjr channel). These are 

responsible for varying strengths o f  inward rectification within a cell. The six 

transmembrane domain family can be further subdivided into six groups (see
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figure 2 above). These are the voltage-dependent channels (Ky channels), 

the KCNQ channels, the erzg-like channels and three types of calcium 

activated channels (Maxi (BK), small (SK) and intermediate (IK) 

channels) [Wei et al. 1996].

The Kv, KCNQ and eag-like (ether-a-go-go) K^ channels are typically closed 

at resting potential, but open on membrane depolarization. They are important 

in the repolarization of the action potential and thus in the electrical 

excitability of nerve and muscle fibres, including cardiac muscle [Ashcroft 

2000].

1.1.2.3 Voltage-gated potassium channels

The first Ky channel identified was in a mutant fruit fly {Drosophila) 

[Papazian et al. 1987]. When exposed to ether the mutant flies would shake 

their legs; hence the name. Shaker. Following identification o f the Shaker  

gene, families of related channels were identified in Drosophila, known as 

Shab, Shaw and Shal. Their mammalian counterparts were referred to as Kyi  

{Shaker), Ky2 {Shab), Ky3 {Shaw) and Ky4 {Shal) [Dolly and Parcej 1996]. 

The gene encoding K y l . l  is KCNAl and the gene encoding K y i .2 is KCNA2.
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1.1.2.4 Structure o f  voltage-gated potassium channels

Voltage-gated channels are made up of pore forming a-subunits that may 

associate with different types of p-subunits. Nine subfamilies of Ky channel a- 

subunits have been identified (Ky 1-9). The ot-subunit of the Ky channel 

consists of a single domain containing 6 transmembrane segments, named S l- 

S6. The S4 segment is commonly a voltage-sensing segment, which reacts to 

current changes and allows opening and closing to occur. Every third residue 

in the S4 segment is a positively charged amino acid. A linker between 

segments 5 and 6 in each subunit lines the pore region of the channel. This 

region is known as the pore loop or H 5 region. The amino terminus may be 

involved in voltage-dependent inactivation. Four of these subunits come 

together to form a complete channel, which is inserted into the cell membrane 

[Ashcroft 2000].

Ky channels can be either homomeric, composed of four identical subunits, or 

heteromeric, made up of different types of subunit. However, they will only 

form functional channels with members of the same family, for example, 

K y l . l  can form heterotetramers with K y i .2 and 1.8, but not with Ky4 subunits 

[Christie a/. 1990].

Auxiliary subunits are also required for a functional channel. K^ channel P

subunits were identified in 1994 [Rettig et al. 1994]. p subunits do not span

the membrane, but are intracellular proteins that enhance the amplitude of the

K^ current by promoting the surface expression of coexpressed a  subunits,

thus increasing Ky channel density [Shi et al. 1996] (see fig 3, page 27). Four

p subunits have been cloned, three representing splice variants o f a single
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gene and the fourth derived from a related gene [Jan and Jan 1997]. Affinity 

studies using Dendrotoxin from snake venom to purify Ky channels have 

shown that the (3 subunit tightly associates with the a  subunit in a 1:1 

stoichiometry, suggesting that 4 a  subunits and 4 [3 subunits combine to form 

the whole Ky channel complex [Parcej et al. 1992].

1.1.2.5 KCNAl: voltage-gated potassium channel gene

In 1992, Curran and co-workers described the m olecular cloning, 

characterisation and genomic localisation of a human potassium channel gene 

[C urran  et al. 1992]. Using a human cardiac cDNA library and the 

corresponding genomic clone, a new gene was identified and named 

KCNAl.\]sing  RT-PCR from RNA of many tissue types, KCNAl was found 

to be expressed in cardiac, brain and placental tissue, but not colon. The 

KCNAl gene is an intronless gene of 1488 base pairs, which encodes the 

K y l . l  voltage-dependent potassium channel. This is the human homologue of 

the Drosophila Shaker channel from the Kyi family. In 1994, Litt and 

colleagues confirmed linkage of episodic ataxia type 1 to chromosome 12pI3. 

This region contained a cluster of K^ channel candidate genes such as 

KCNAl, KCNA5 and KCNA6 [Litt et al. 1994]. Later that year, the same 

group discovered that mutations in K C N A l were responsible for causing 

Episodic ataxia type 1 [Browne et al. 1994].
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Figure 3 Diagrammatic representation of KCNA / and the K,, 1.1 complex

NH

Extracellular

Intracellular

COOH

(A) Membrane topology of the protein product of KCNAl.
Four of these subunits come together to form a complete K  ̂l . 1 channel.

S4 is the voltage-sensing segment (in blue).
The 3 subunit (in purple) interacts with the N-terminus and S2-3 linker.

(B) The four subunits form a complete K^l. 1 channel. 
The S5-6 linker (in red) lines the pore.

From Alberts et al. 1994.

27



1.1.3 Calcium channels

1.1.3.1 General functions o f  calcium channels

C alcium  channels play a different, but crucial role in regulating cellular 

functions. They allow the flow of Ca^^ ions across the cell membrane. They 

are responsible for controlling intracellular signaling, triggering muscle 

contraction, the release of neurotransmitters from nerve terminals and the 

regulation of gene expression [Lorenzon and Beam 2000].

Voltage-dependent calcium channels couple electrical signals to cellular 

responses in excitable cells. Calcium channels are essential for excitation- 

secretion coupling in neurons and endocrine cells and for excitation- 

contraction coupling in muscle. Many different types of calcium channel have 

been identified at the molecular, electrophysiological and pharmacological 

levels [Jones 1998].
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1.1.3.2 Classification o f  calcium channels

Voltage-gated Ca^^ channels

ô ic

0(|D

CXiS

OCiA

OClB

OtlE

OC|G

L-type

P/Q-type

N-type

R-type

T-type

Ligand-gated Ca  ̂ channels

RyR Ryanodine receptor

IP 3R  Inositol 1,4,5-triphosphate 
receptor

Figure 4 Classification of calcium channels

Voltage or ligand-gated calcium channels control the intracellular influx in 

Ca^^ levels. Ligand-gated calcium channels such as the Ryanodine receptor 

(RyR) and the inositol 1,4,5-triphosphate receptor (IP3R) mediate the release 

of Ca^^ from intercellular stores [Ashcroft 2000].

Voltage-dependent calcium channels are closed at resting membrane potential 

and open only on depolarisation. They can be divided into two groups, the 

low and high threshold-activated channels. They are also classified as T, L, 

N, P, Q and R type and can be distinguished by their sensitivity to 

pharmacological blockers, single-channel conductance, kinetics and voltage- 

dependence.
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Table 2 Subunit composition and function of Ca^^ channel subtypes [Catterall 

1998]

channel Localisation a , Specific b locker N euronal functions
type subunits
L Cell bodies, OClS DHP’s Regulation o f  transcription
(Slowly proximal dendrites OCic
inactivating)

ajF
N Nerve terminals. OtlB co-conotoxin-GVIA Neurotransm itter release
(Neiirotm nsm itter dendrites Dendritic Ca^^ transients
release control)
P Nerve terminals, 

dendrites
OtlA co-Agatoxin Neurotransm itter release 

Dendritic Ca^^ transients

Q Nerve terminals, 
dendrites

OClA (û-conotoxin-MVIIC Neurotransm itter release 
Dendritic Ca^^ transients

R Cell bodies, 
dendrites

OC]E None

T Ô IG None Repetitive firing
(Transient, tiny) ttlH

T-type Ca^^ channels, also known as low threshold-activated channels, are 

opened by small depolarisations from the resting potential. The remaining 

channels (L, N, P, Q and R) require much stronger depolarisations to open 

them.

The high threshold-activated channels can be further distinguished by the 

pharm acological properties. L-type channels are blocked by the 

dihydropyridines (DHP), N-type channels are blocked by the cone shell co- 

conotoxin-GVIA, P-type channels are blocked by the funnel web spider co- 

agatoxin, and with a lower affinity, it also blocks the Q-type channel 

[Ashcroft 2000]. Q type channels are more sensitive to co-agatoxin MVIIC 

\Ddiy et al. 1996].

It is thought that P and Q type Ca^^ channels are splice variants encoded by 

the same gene (CACNAIA). P-type calcium currents were first described in 

Purkinje cells [Llinas et al. 1989] and Q type calcium currents form a major
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component of calcium currents in cerebellar granule cells [Pinto et al. 1998; 

Randall and Tsien 1995]. When aiA is coexpressed with different P subunits, 

the kinetics o f channel gating are altered, fitting either P or Q-type 

characteristics [Steae/^a/. 1994].

Studies using autoantibodies to presynaptic voltage-gated calcium channels, 

as found in the human auto-immune neurological disease Lambert-Eaton 

myasthenic syndrome (LEMS), revealed that P- and Q-type calcium channels 

may indeed be encoded by the same gene. The LEMS antibodies were 

incubated with cultured rat cerebellar neurones and a reduction in P-type 

current in purkinje cells and both P- and Q-type current in granule cells was 

observed [Pinto et al. 1998].

1.1.3.3 Structure o f  calcium channels

The first calcium channel to be purified and cloned was the L-type Ca^^

channel from skeletal muscle [Curtis 1984]. The purification revealed a

heteroligomeric complex of five subunits, a i , « 2, P,  T and ô arranged in a

1:1:1:1:1 stoichiometry. The a i subunit forms the main pore o f the channel

and is inserted into the membrane. It is translated from a single gene and is a

protein o f about 2000 amino acid residues (190KDa). It contains four

repeated domains (I, II, III, IV), each consisting of six transmembrane

segments (S1-S6). Each domain is very similar to a single subunit of the Ky

channel family, which may suggest a common evolutionary origin. The S4

segment in each domain is the voltage-sensing segment and is contains a high

density o f positively charged amino acids. There is an intracellular loop
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between segments 5 and 6  in each domain, which lines the pore (see fig 5, 

page 41).

The P subunit does not form part of the channel itself, but is a cytoplasmic 

structure interacting with a , at the domain I/II linker. The human p4 subunit 

gene (CACNB4) was localised to chromosome 2 in 1998 [Escayg et al. 1998]. 

P4 is expressed in the brain, and in high concentrations, in the cerebellum, and 

is a 520 amino acid protein (52 KDa).

The « 2  and 6  subunits are encoded by the same gene [Ellis et al. 1988] and 

are postranslationally cleaved to yield the disulphide linked az and Ô subunits 

(160KDa) [De Jongh et al. 1990]. The Ô subunit acts as a transmembrane 

anchor whereas the a i  subunit is extracellular (see fig 5, page 41). The y 

subunit is a four transmembrane protein of 32 KDa and is much less studied. 

The auxiliary subunits are all essential when co-expressed with a i as they 

enhance the current magnitude and influence its kinetic properties [Gurnett 

and Campbell 1996].
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1.1.3.4 CACNAIA: P/Q type voltage-gated calcium channel gene

At least 10 different genes coding for a i subunits have been described.

Table 3 Human Ca^^ channel a i subunit genes [Ashcroft 2000]

Gene Protein Channel

name

Chromosome

location

Tissue

distribution

Disease

association

Reference

OC|S L-type

(skeletal)

lq31-32 Skeletal

muscle

Hypokalemic

periodic

paralysis.

Malignant

hyperthermia

[Gregg et a l  

1993a]

« 1 A P/Q-type 19pl3.1 Cerebellum,

cortex,

hypothalamus

SCA6, EA2, 

FHM

[Diriong et a l  

1995]

CAC N AIB 0 ( | B N-type 9q34 Brain [Diriong et a l  

1995]

C A C N AIC a , c L-type

(cardiac)

12pl3.3 Heart, smooth 

muscle, lung

[Schultz et a l  

1993]

CAC N AID OClD L-type

(neuroen

docrine)

3pl4.3 Brain,

endocrine

tissues

[Seino et a l  

1992]

C A C N A IE 0 ( | E R-type lq25-31 Brain, heart [Diriong et a l  

1995]

C A C N A IF a i F L-type X p ll.4 Retina X-linked

congenital

stationary

night

blindness

[Bech-Hansen et 

a / 1998]

C AC N AIG 0 ( | G T-type 17q22 Brain, heart [Perez-Reyes et 

a l  1998]

C A C N A IH O t l H T-type 16pl3.3 Heart [Cribbs et a l  

1998]

C A C N A ll (% IG T-type 22ql2.3-13.2 Brain [Mittman et a l  

1999]
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The genes encoding aiA, ocib and aiE were localised in 1995 by in situ 

hybridisation. Probes consisting of C-terminal regions of aiA, cxib and am  

subunits were subcloned into a pGEM vector, labelled with biotinyl-16-dUTP 

and hybridised to human metapbase chromosomes. For the aiA probe, a 

specific labeling of 19pl3 was observed for 34/40 metapbase preparations. 

The remaining isoforms were also localised; am  to 9q34 and am  to lq25-31 

[Diriong et a l 1995]. Together with am, am  and a  is, previously localised to 

12pl3.3, 3pl4.3 and lq31-32 respectively, the a i subunit genes are dispersed 

throughout the entire genome. It has been postulated that gene duplication 

occurred at some point during evolution and the slight differences in sequence 

and therefore pharmacological and electrophysiological properties resulting in 

these different isoforms, have occurred later [Diriong et a l 1995].

The C ACNL1A4  gene (now renamed C A C N A IA )  was m apped and 

characterised in 1996 [Ophoff et a l 1996]. The gene is composed of 47 exons 

ranging in size from 36 base pairs (exon 44) to 810 base pairs (exon 19). 

Exon 1 contains the start codon (ATG) and the 5’ untranslated region and 

exon 47 contains the stop codon (TAG) and 3’ untranslated region. The 47 

exons are distributed over 300 kb and the first 10 exons span 150 kb alone. 

The cDNA is 8.5kb in length.

Alternative splicing of CACNAIA was investigated in 1997. Zhuchenko and 

CO workers identified six isoforms of CACNAIA, five of which contained a 

five base pair insertion just prior to the TAG stop codon in exon 47. These 

isoforms have an extended open reading frame of an addition 239 amino 

acids which allows translation of a GAG repeat encoding polyglutamine in

three o f these isoforms [Zhuchenko et a l 1997].
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In 2000, a fine physical map of CACNAIA was revealed. An alternatively 

spliced exon 37 was identified and sequenced and the cosmid contig 

surrounding CACNAIA  was enlarged. This will be extremely useful for 

analysing promotor and regulatory regions of CACNAIA not yet identified 

[Trettel et al. 2000].

1.1.3.5 Calcium channel P subunit genes

The first |3 subunit to be cloned was from skeletal muscle. The sequence 

revealed no hydrophobic segments that would suggest transmembrane 

topology, leading to the conclusion that it had to be cytoplasmic and 

associated with the channel through protein-protein interactions [Birnbaumer 

et al. 1998].

Table 4 Human Câ "̂  channel P subunit genes [Birnbaumer et al. 1998]

G ene Pro te in C hrom osom  
e location

Tissue
d istribu tion

Disease association R eference

C AC N Bl (31 17q21-q22 Muscle None known [Gregg et al. 
1993b]

(32 10pl3 Heart None known [Taviaux et al. 
1997]

P3 12ql3 Brain,
cerebellum

None known \? 2Lxketal. 1997]

(34 2q22-q23 Cerebellum, 
k id n ey , te s tis , 
retina,
lymphocytes

H um an: possibly 
idiopathic epilepsy or 
EA2
M ouse: lethargic

[Taviaux et a l  
1997]

The p subunit exerts an important modulatory effect on the Ca^^ channel. 

When any of the four p subunits are coexpressed with a i subunits, an 

increase in current amplitude or change in current kinetics is observed. The P
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subunit binds to the cytoplasmic loop linking domains I and II o f the a i  

subunit. Within this region is a highly conserved motif positioned 24 amino 

acids downstream of S6  from domain I. Mutations within this ai-interaction 

motif can greatly reduce binding of the p subunit, preventing the changes in 

current amplitudes and kinetics mentioned above [Pragnell et al. 1994].

The chromosomal location and structure o f CACNB4, the human calcium 

channel p4 subunit gene, was determined in 1998. RT-PCR using rat-specific 

p4 primers was performed on human tissues and cDNA of CACNB4 was 

sequenced. The 13 coding exons of CACNB4 span 55kb of genomic sequence 

and show 99% amino acid homology to the rat protein. The exons range in 

size from 20 base pairs (exon 6 ) to 258 base pairs (exon 13) and the introns 

range in size from 0.2 kb to 14 kb. The cDNA is 1.56 kb in length, but a 9kb 

transcript was detected by Northern blotting o f human cerebellar RNA, 

suggesting this large untranslated region may have an important stabilising or 

regulatory function [Escayg et al. 1998].

1.1.3.6 Calcium channel a 2Ô subunit genes

The ŒzÔ subunit was also isolated from Ca^^ channel complexes purified from 

skeletal muscle [Curtis 1984]. The brain expresses aiby, an alternatively 

spliced form of the skeletal muscle aiôa, which differs only by an insertion of 

seven amino acids and a deletion of 19 amino acids between domains I and II 

\¥Am etal. 1992].
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The structural organisation of the gene encoding for skeletal muscle specific 

Œzh protein (CACNA2) was revealed in 1999. Using overlapping genomic 

DNA clones from a human phage library, the gene was discovered to consist 

of at least 40 exons spanning more than 150 kb of genomic DNA. Exons 

ranged in size from 21 base pairs to 159 base pairs and introns from 98 base 

pairs to more than 20 kb. Exon 1 contains the ATG start codon and exon 40 

contains the termination codon followed by 494 base pairs o f the 3’ 

untranslated region. Exons 37-40 encode the putative 6 -part, which is post- 

translationally cleaved from the a-part o f the protein. The membrane- 

spanning part of the 6 -portion is encoded by a single exon (exon 40). There 

are two alternatively spliced exons, accounting for different isoforms. A full 

length cDNA construct of « 2 6 3  was created and coexpressed in HEK293 cells 

with brain specific ttiA and P4 cDNAs. The physiological properties of the 

channels were determined by the accessory subunits and this combination 

gave currents similar to Q-type. When aiA was expressed alone, or only with 

p4 or az6 , currents were undetectable. When (XiA was expressed with both p4 

and « 2 6 , current levels were enhanced by a factor of 20 [Schleithoff et a l  

1999].

The function of « 2 6  was determined by Gurnett and colleagues in 1996. From 

hydropathy analysis, three transmembrane domains were predicted [Ellis et 

a l  1988]. Membrane extraction preparations revealed the presence of full 

length Œ2 6 , confirming the presence of at least one transmembrane domain. 

Mutant constructs were created, deleting each hydrophobic domain in turn 

and membrane extraction preparations were analysed to identify the size of
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product still associated with the membrane. This revealed that only the third 

hydrophobic domain ( 6  subunit) was necessary for membrane insertion. This 

forms an important transmembrane domain interaction with the a i subunit. 

The remaining a i  subunit containing two hydrophobic domains was entirely 

extracellular. Further studies revealed that this region, when glycosylated, 

stabilises the channel and enhances current amplitude [Gurnett et al. 1996].

1.1.3.7 Calcium channel y  subunit genes

Table 5 Human and mouse Ca^^ channel y subunit genes [Klugbauer et al. 

2000]

G ene Pro te in C hrom osom e
location

Tissue
d istribu tion

R eference

Yi Human 17q24 Skeletal muscle [Powers et al. 
1993]

72 Human 22ql2-13 Human 
cerebellum, 
purkinje cells

[Letts et n/. 1998]

(Stargazin) M ouse chr 15 Mouse brain

73 Human 16p2-13.1 Brain-
hippocampus

[Burgess et al. 
1999]
[Black and Lennon 
1999]

74 Human 17qll-25 Brain-purkinje
cells
Human fetal 
brain

[Burgess et al.
1999]
[Klugbauer et al.
2000]

75 Human 17ql 1-25 Liver, kidney, 
heart, lung, 
skeletal muscle, 
testis

[Burgess et al.
1999]
[Klugbauer et al.
2000]

A human skeletal muscle y subunit was isolated from a fetal cDNA library 

using a rabbit y cDNA as a probe. It was called CACNLG  and later renamed 

CACNGl. This gene was localised to chromosome 17q23 and consisted of 

four exons spanning 12.5 kb of DNA. RT-PCR analysis detected CACNGl
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transcript in human and mouse skeletal muscle RNAs, but not from human or 

mouse brain, cardiac muscle, spleen, kidney, liver or stomach [Powers et al. 

1993]. In 1998, a second y subunit was identified in mouse brain. A 

spontaneously occurring mutant mouse with epilepsy, known as ‘stargazer’ 

(see section 1.3.4) was found to have mutations in a novel protein, expressed 

only in the brain, and named ‘stargazin’ [Letts et al. 1998]. Stargazin had a 

predicted protein structure with 25% homology to CACNG l, consisting of 

four transmembrane segments, but its expression was detected only in the 

brain, specifically cerebellum and synaptic plasma membranes. To confirm its 

role in the calcium channel complex, ‘stargazin’ was expressed in BHK cells, 

stably expressing aiA,  Pia and a 2 6 . ‘Stargazin’ shifted the voltage- 

dependence of inactivation of a ,  A by 7mV, significantly reducing channel 

availability at the neuronal resting potential of -70m V. This effect was 

thought to be due to stabilisation of channel inactivation through direct 

interaction with other channel subunits. This effect on P/Q-type channels 

mimics that of the skeletal muscle y subunit on L-type channels, suggesting 

‘stargazin’ as a calcium channel y subunit. However, recent studies suggest 

that stargazin may be more involved in the regulation o f delivery o f AMP A 

receptors to the membrane surface and mediates synaptic targeting of AMP A 

receptors [Chen et al. 2000].

A further three y subunits were identified from sequences around the known 

chromosome locations of yi and yi. The hypothesis o f gene duplication was 

proven to be correct when a low-stringency comparative analysis of CACNGl 

and CACNG2 with genomic regions predicted to contain further y subunit
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genes, revealed three more genes, predicted to have arisen from ancient whole 

chromosome or whole genome duplications. These genes were designated 7 3 , 

74 and 7 5  and all proteins were predicted to contain four transmembrane 

segments. The amino acid homology between 71 and 7 3 , 74 and 75 is only 22- 

26% but in contrast, the amino acid homology between 72 and 7 3 , 73 and 7 4 , 

and 74 and 75 is 84%, 64% and 32% respectively [Burgess et al. 1999].

At the same time, a family of 7 -like calcium channel subunits were identified 

by searching an EST database using 71 and 7 2  (stargazin) as probes 

[Klugbauer et al. 2000]. This method revealed the same three 7  subunits, 

named 73 .5. Due to their expression patterns, it was suggested that 72  may 

associate with a,A, 73 may associate with a ie  and 74 may associate with aiE- 

Following coexpression of 75 with a jo  (T-type), the time course of current 

activation and inactivation was accelerated. This effect was specific to a ic  

and was not seen with aiA or aic- Therefore it was suggested that 75 may 

interact with a ic  (T-type) calcium channels [Klugbauer et al. 2000].
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Fig 5 Diagrammatic representation of CACNAIA and interacting subunits

Extracellular

Intracellular

H

COOH

COOH

NH The ttj subunit and interacting auxiliary subunits.
Pi is a cytoplasmic protein, a ;  is extracellular with 
18 glycosylated domains that mediate enhancement 
of current amplitude and 8  mediates interaction with the 
a i subunit.
From Gurnett et al. 1996
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1.2: Diseases caused by mutations in ion channels

1.2.1 Overview o f ‘Channelopathies’

Research over the past fe^v years has identified many ion channel genes. It 

has also been discovered that genetic defects in both voltage and ligand-gated 

ion channels may cause inherited disorders in humans. Collectively, these 

disorders have become known as the ‘channelopathies’ [Hanna et al. 1998].

1.2.1.1 Non-neurological channelopathies

Non-neurological channelopathies have been identified in tissues as diverse 

as lung (C F T R  gene in cystic fibrosis), retina (RF  gene in retinitis 

pigmentosa) and heart (KCNQl in Long QT syndrome).

Table 6  Examples o f non-neurological diseases caused by mutations in ion 

channels

Disease Defective channel C hrom osom e
location

M utations R eference

Cystic Fibrosis CFTR  (epithelial 
chloride channel)

7q31 AF508 (70%) 
>450 others

[Denning et 
a l  1992]

Familial persistent
hyperinsulinémie
hypo^lycaemia

SU R l ( K a t p  channel 
subunit)

l lp l5 .1 Concentrated 
in cytoplasmic 
loops >11

[Thomas et a l  
1995]

Liddle ’s syndrome 
(hereditary hypertension)

ENaC  (epithelial 
sodium channel) 
P subunit I6p Truncations in

[Shimkets et 
a l  1994] 
[Hansson et

Y subunit 16p both subunits al. 1995a] 
[Hansson et 
a l  1995b]

Bartters Syndrome (renal SCL12A1 (NaK-2Cl co- 15ql5-21.1 Missense, [Simon et al.
salt wasting and  
hypokalemic acidosis)

transporter frameshift,
truncations

1996a]

Long Q T syndrome 
(cardiac arrhythmia)

KCNQ] (cardiac K^) l lp l5 .5 Mostly 
m issense near

[W ang et a l  
1996]
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HERG  (cardiac K^) 7q35-36
pore region 
Missense [Curran et al. 

1995]

i g n SCN5A  (cardiac Na^) 3p21-24 Deletions and 
missense

[Wang et al. 
19951

Jervell-Lange-Neilsen  
cardioavdiotary 
syndrome (JLN- 
congenital deafness)

K C N Q l (also expressed 
in stria vascularis o f 
inner ear)

llp l5 .5 Frameshift/tru 
ncation and 
missense

[Neyroud et 
al. 1997]

1.2.1.1.1 Lung channelopathies

Cystic fibrosis is an autosomal recessive disorder caused by a defect in a

chloride channel gene {CFTR), which prevents chloride from crossing the cell

membrane. It affects 1 in 2500 to 3000 Caucasians and the mutant gene is

carried by 1 in 27 Caucasians [Epstein 1997]. The main pathological

abnormalities in CF affect the lungs; mucus accumulation leads to chronic

infection and progressive destruction of the alveolar tissue. Fibrosis also

occurs. In addition, sufferers also display pancreatic insufficiency, which

causes malabsorption in the gut. Management of CF consists o f chest

percussion to relieve bronchial obstructions, antibiotics to treat infections and

replacement of pancreatic enzymes to prevent malnutrition. The median age

of survival is currently around 29 years [Ashcroft 2000].

The CFTR gene (cystic fibrosis transmembrane conductance regulator) was

mapped to chromosome 7q31, and isolated in 1989 [Riordan et al. 1989]. It is

a two domain, six transmembrane protein, expressed in epithelial cells in

tissues such as sweat and salivary glands, lung, intestine and renal tubules.

The CFTR  gene product is thought to be a C f channel. Expression of the

CFTR protein product in several different systems gives normal C f currents

[Gray et al. 1989]. Also, mutations in CFTR have been shown to alter the
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anion selectivity and conductance of the expressed channel, consistent with 

the theory that CFTR acts as the channel itself rather than a regulator o f an 

endogenous channel [Anderson et al. 1991].

Cystic fibrosis results from the total absence of epithelial Cl" conductance, 

particularly in the lungs. Mutations in CFTR lead to mucus accumulation and 

is followed by chronic infection and progressive destruction o f the lungs. 

Over 400 mutations in CFTR  have been identified. The most common 

mutation in Europe (70% of Caucasian CF patients in Northern Europe) is a 

deletion o f a single amino acid, phenylalanine, at codon 508. Functional 

studies revealed that this mutation caused reduced chloride conductance. The 

mutant protein is incorrectly processed and does not reach the membrane, 

resulting in Cystic fibrosis in vivo [Denning et al. 1992].

1.2.1.1.2 Heart channelopathies

Cardiac channelopathies have also been identified. Long QT syndrome is a

rare inherited disorder that causes abrupt loss of consciousness or sudden

death from ventricular arrhythmia, in children or young adults. Its incidence

is 1 in 10,000 to 1 in 15,000 [Epstein 1997]. Clinically, it is identified from an

electrocardiogram (ECG) which shows an abnormally long QT interval. Four

genetic loci for Long QT syndrome have been identified and three code for

cardiac sodium or potassium channels [Ashcroft 2000]. LQTl is caused by

mutations in KCNQ l. This gene encodes a cardiac voltage-gated potassium

channel, localised to chromosome l lpl5.5 [Wang et al. 1996]. Two forms of

LQTl have been described: an autosomal dominant form, known as Romano-
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Ward (RW) Syndrome and a rarer recessive form, known as Jervell-Lange- 

Neilsen (JLN) Syndrome, which includes congenital bilateral deafness as one 

of its main features along with LQT Syndrome [Neyroud et al. 1997]. 

Mutations in KCNQl are predicted to decrease the current by a dominant 

negative effect, due to the coassembly of K C N Q l with other subunits of 

KC N Q l or another cardiac channel protein, minK  to form the slow delayed 

rectifier ( I k s )  channel [Sanguinetti and Spector 1997]. LQT2 is caused by 

mutations in a second potassium channel, HERG  (Human ether-a-go-go- 

related gene). This gene has been localised to chromosome 7q35-36 [Curran 

et al. 1995]. HERG  encodes a rapid delayed rectifier ( I k r )  channel, which 

is believed to suppress depolarisations that lead to premature firing. 

Therefore, patients with LQT2 are prone to sudden cardiac death as they lack 

protection from arrhythmogenic afterbeats [Epstein 1997]. The third type of 

Long QT syndrome (LQT3) is caused by mutations in SCN5A [Wang et al.

1995]. SC N 5A  encodes the cardiac sodium (I^a) channel, localised to 

chromosome 3p21-24. This channel is responsible for the fast upstroke o f the 

cardiac action potential, ensuring contractile synchrony by causing the 

potential to spread rapidly throughout the heart muscle. Mutations in SCN5A 

prevent the sodium channel from inactivating completely, resulting in 

reopening of the channel and long-lasting bursts of channel activity [Bennett 

et al. 1995].
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1.2.1.1.3 Audiological channelopathies

K C N Q l  and its associated gene, m inK  are also expressed in the stria 

vascularis of the inner ear. Recessive mutations in K C N Q l cause Jervell- 

Lange-Neilsen Syndrome (JLN). Patients suffer from profound congenital 

bilateral deafness aswell as QT prolongation [Neyroud et al. 1997]. This is 

thought to be the cause of deafness in less than 1 % of all deaf children 

[Lehmann-Horn and Jurkat-Rott 1999]. KCNQl is expressed in the marginal 

cells of the stria vascularis that secrete the endolymph of the inner ear. This is 

a rich fluid that bathes the sensory hair cells. A high endolymph 

concentration is required for hair cell function. Lack of endolymph leads to 

death of the hair cells and degeneration o f the ganglion cells in the auditory 

pathway [Ashcroft 2000].

1.2.1.1.4 Renal channelopathies

Bartter’s Syndrome is an autosomal recessive renal disorder, characterised by

salt wasting, alkalosis, hypercalciuria, and low blood pressure. Mutations in

SCL12A1, the gene encoding the kidney Na-K-2Cl-cotransporter are

associated with this disorder [Simon et al. 1996a]. Mutations in the ATP-

activated channel gene (ROM K) can also cause Bartter’s Syndrome

[Simon et al. 1996b]. RO M K  is expressed in the thick ascending loop of

Henle where it regulates recycling and in the nephron where it mediates

secretion. It is thought that ROMK  mutations result in an inability to

reabsorb from the thick ascending loop of the renal tubule, causing an
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inhibition of Na-K-2C1 cotransport and salt wasting. Loss of salts would 

increase aldosterone levels, resulting in increased Na^ absorption in exchange 

for and and hypokalemic alkalosis, characteristic o f this disease 

[Simon et al. 1996b].

1.2.1.2 Neurological channelopathies

A variety of neurological channelopathies have been identified in recent years 

[Hanna et al. 1998]. They may be broadly divided into peripheral nervous 

system and central nervous system channelopathies.

Table 7 Neurological diseases caused by mutations in ion channels [Celesia 

2001 ; Hanna et al. 1998]

Disease Defective channel Chromosome
location

M utations R eference

Peripheral channelopathies

Hypokalemic PP lq32 R528H, R1239H [Fontaine et al. 
1994]

17q23.1-25.3 R669H [Buiman et al. 
1999]

Hyperkalemia PP SCN4A 17q23.1-25.3 T704M, M l 592V [Koch e? a/. 1991]
Paramyotonia
congenita

SCN4A I7q23 .1-25.3 11 mutations [Ptacek e /a /. 1992]

M yotonia congenita CLCNI 7q35 Over 50 mutations [Koch e/ a/. 1992]
Potassium-
aggravated
myotonia

SCN4A 17q23.1-25.3 6 mutations [Heine e /a /. 1993; 
L e rc h e e /a /. 1997]

Incomplete X-linked  
congenital 
stationary night 
blindness

C AC N AIF Xp 11.23 Frameshift/truncati 
on and missense

[Bech-Hansen et 
a l  1998]

M alignant 
hyperthermia/ 
central core disease

RYRI 19ql3.1 MHS: 22 mutations 
CCD: 7 mutations

[Q u a n ee /a /. 1993; 
Richter e? fl/. 1997; 
M anning et al. 
1998; M cCarthy et 
a l  2000].

C A C N A IS lq32 R1086H [M onnier e t a l  
1997]

Not yet identified 3ql3.1 Not yet identified [Sudbrak et a l
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19951
Familial infantile
M yasthenia
(congenital
myasthenic
syndrome with
episodic apnea-
CMS-EA)

CH AT {ChoWne.
acetyltransferase
gene)
CHRNE  promotor 
(e-AchR)

lO q ll.2

17pl3.1

10 recessive 
mutations in five 
families 
C>T in N-box 
promotor element

[Ohno et a l  2001]

[Nichols et al. 
1999]

Slow channel
myasthenic
syndromes

a, p, Ô and s 
AchR subunits

17pl2-n
2q24.2

Four mutations 
Five mutations

[Engel et al. 
11999]

Endplate
acetylcholinesterase
deficiency

3p24.2 Five mutations [Ohno et a l 
1998]

Central nervous system  channelopathies

Episodic ataxia 
type I

KCNAI 12pl3 11 mutations [Browne et a l  
1994]

Episodic ataxia 
type 2

19p13.1 11 mutations [Ophoff et al. 
1996]

Spinocerebellar 
ataxia type 6

CACNAIA 19pl3.1 (CAG)n expansion, 
G293R

[Zhuchenko et al. 
1997]

Familial hemiplegic 
migraine

CACNAIA 19pI3.1 8 mutations [Ophoff et al. 
1996]

Generalised  
epilepsy with febrile  
seizures plus 
(GEFS+)

SC N IB 19ql3.1 C121W [Wallace et al. 
1998]

Familial 
generalised  
epilepsy with febrile  
seizures (GEFS+2)

SCNIA 2q24 R1648H, T875M

D188V, V1353L,
I1656M
W1204R

[Escayg et a i  
2000a]
[Wallace et al. 
2001]
[Escayg et a l  
2001]

Autosomal 
dominant fron ta l 
nocturnal epilepsy

CHRNA4

ENFL2

20ql3.2

15q24

S248P, 
ins 776GCT

N ot identified

[Steinlein e t al. 
1995]

[Phillips et al. 
1998]

Benign neonatal 
fam ilia l convulsions

/CCÆgj

20ql3.3

8q24

Y284C, A306T, 
Del 1846T 
G263V

[Biervert et al. 
1998]
[Charlier et al. 
1998]

Hyperekplexia G ERA I 5q32 Five mutations [Shiang et a l  
1993]
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1.2.1.2.1 Peripheral nervous system channelopathies

1.2.1.2.1.1 Hyperkalemic periodic paralysis

The first gene identified to cause a neurological channelopathy was the 

skeletal muscle sodium channel gene, SCN4A on chromosome 17q23. This is 

a voltage-gated ion channel important in determining membrane excitability 

in muscle fibres during an action potential (see page 22). In 1991, Koch and 

colleagues performed linkage studies on six European families with 

hyperkalemic periodic paralysis and myotonia, an autosomal dominantly 

inherited disorder characterised by episodes o f flaccid muscle weakness 

associated with high blood levels. These attacks can be precipitated by rest 

after exercise, stress or eating potassium-rich food, such as bananas 

[Lehmann-Horn and Jurkat-Rott 1999]. The weakness was found to be caused 

by a prolonged depolarization of the muscle fibre membranes. Koch and 

colleagues showed linkage to 17q, where portions of SCN4A had been cloned 

and localised to the human growth hormone locus [Koch et al. 1991]. This 

was the first non-dystrophic myotonic disorder to be localised on the human 

genome. This gene also shows allelic heterogeneity, as mutations causing 

paramyotonia, and potassium aggravated myotonia have been found in 

SCN4A. The two most common mutations, T704M and M l 592V are thought 

to be responsible for 80% of cases of hyperkalemic periodic paralysis.
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1.2.1.2.1.2 Hypokalemic periodic paralysis

In 1994, Fontaine and co-workers localised the gene responsible for

hypokalemic periodic paralysis to chromosome lq31-32, in an interval where

the aiA subunit of the dihydropyridine receptor L-type calcium channel gene,

CACNL1A3 (Now CACNAIS) also maps [Fontaine et al. 1994]. Hypokalemic

periodic paralysis is an autosomal dominant disease, characterised by acute

attacks of muscle weakness, accompanied by a fall in blood potassium levels.

Precipitating factors include both the ingestion o f a meal rich in

carbohydrates and rest after exercise. The dihydropyridine receptor shares a

common structure with the aiA subunit of sodium and calcium channels. The

aiA subunit of this channel consists of four domains, each domain comprising

of six transmembrane segments. In a later study, Fontaine and colleagues

showed two common mutations in CACNAIS  segregate with hypokalemic

Periodic Paralysis, and account for approximately 80% of cases [Fontaine et

al. 1994; Elbaz et al. 1995]. These are Arg528His and Argl239His, found in

the positively charged voltage-sensing segment of domains 11 and IV

respectively. More recently, hypokalemic periodic paralysis has also been

shown to be caused by point mutations in the voltage-gated sodium channel

gene, SCN4A  [Bulman et al. 1999]. This gene was analysed in a group of

hypokalemic periodic paralysis patients negative for mutations in CACNAIS.

The mutation identified was Arg669His, also found in the voltage-sensing S4

segment o f domain 11 of SCN4A. The DHP-sensitive calcium channel gene

may also be regarded as phenotypically heterogeneous, as a point mutation in

C A C N A I S  has been found to segregate in a family with malignant
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hyperthermia [Monnier et al. 1997]. This rare disorder occurs following 

exposure to anaesthetics and muscle relaxants, resulting in hyperthermia, 

muscle rigidity and rhabdomyolysis, and is usually associated with mutations 

in another ion channel, the Ryanodine receptor. This protein, found in the 

membrane of the sarcoplasmic recticulum, interacts with the skeletal muscle 

calcium channel {CACNAIS)  to release calcium ions and contribute to 

excitation-contraction coupling [Quane et al. 1993].

1.2.1.2.1.3 Myotonia congenita

Myotonia congenita is characterised by generalised symptomatic myotonia 

(difficulty with muscle relaxation) from a young age. The milder, dominant 

form is known as Thomsen’s disease, and the more common recessive form is 

known as Becker’s disease. Electrophysiological studies of the myotonic goat 

revealed that the resting chloride conductance of the muscle fibre is reduced, 

which lowers the threshold for depolarisation and therefore predisposes to 

myotonia [Bryant 1969]. In 1992, Koch and colleagues identified and cloned 

the gene responsible for both forms o f myotonia congenita, the skeletal 

muscle chloride channel, CLC-1 [Koch et al. 1992].

In contrast to the sodium and calcium channels, the chloride channel is a

homodimer. This may explain why the disease can be either dominant or

recessive. The pore-forming region of sodium and calcium channels is formed

by a single a i subunit, whereas functional chloride channels are formed from

two identical subunits. A heterodimer consisting of one mutant and one wild

type subunit, may show a dominant negative effect, that is the mutant subunit
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reduces or abolishes the function of the channel. The recessive form of the 

disease is caused by two different loss-of-function mutations. So far, over 50 

mutations have been identified in this gene, with no clear genotype-phenotype 

correlations. However, exon 8 may be a hotspot for mutations causing the 

dominant disorder [Rudel et al. 1998].
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1.2.3.2 Central nervous system channelopathies

1.2.3.2.1 Episodic ataxia type 1

1.2.3.2.1.1 Historical background and epidemiology

Episodic ataxia type 1 (EAl) is a rare, autosomal dominant neurological 

disorder. It was first described as familial periodic ataxia in 1946 [Parker 

1946] but was first termed as Episodic ataxia type 1 in 1975 [Van Dyke et al. 

1975]. Since the original report, at least 10 families worldwide have been 

described in the literature [Gancher and Nutt 1986; Browne et al. 1994; 

Lubbers et al. 1995; Browne et al. 1995; Scheffer et al. 1998; Comu et al.

1996].

Episodic ataxia type 1 is quite rare as only seven genetically characterised 

families have been described in the literature, although the actual prevalence 

may be considerably higher as the disorder may be undiagnosed in many 

families.

1.2.3.2.1.2 Clinical features

Episodic ataxia type 1 is characterised by brief attacks of cerebellar ataxia

lasting seconds to minutes. Sudden movement, startle or emotion may

precipitate attacks. In addition, there is continuous myokymia (sometimes

known as neuromyotonia), which may be clinically evident or only detectable

by EMG. There is no interictal cerebellar dysfunction or abnormal eye
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movements and brain imaging is normal [Browne et al. 1994; Hart et a l

1997]. The treatment response is variable, but many families have responded 

well to either earbamazepine or aeetazolamide.

1.2.3.2.1.3 Inheritance and molecular genetics

Episodic ataxia type 1 is an autosomal dominant disorder. In 1994, Litt and 

colleagues postulated that the recently discovered cluster of voltage-gated 

potassium channel genes (KCNA)  may be good candidate genes for EAl .  

They tested markers near known channel genes for linkage. Using a group 

of Genethon markers from this region on chromosome 12p, they found 

evidence of linkage in four EA/myokymia families. Three human channel 

genes, KCNA5, KCNA6, and KCNAI map close to this region. KCNAI was a 

viable candidate and because it is a single exon gene, the entire gene could be 

amplified from genomic DNA and screened rapidly for mutations in their 

EAl families. They identified heterozygous mutations, which segregated with 

the disease in each family [Browne et al. 1994]. Since 1994, other groups 

have also described mutations in KCNAI in families with episodic ataxia type 

1 (See table 8  below and fig 6 , page 56).
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Table 8  Mutations in KCNAI described in episodic ataxia type 1 families

Nucleotide change Consequence Reference
G>C Vall74Phe [Browne et al. 1994]

lle l76A rg [Scheffer e / (3/. 1998]
5 5 / T>G Phel84Cys [Adelman e /a /. 1995]

Thr226Ala [Scheffer e / (3/. 1998]
677 o r Thr226Met [Comu e /a /. 1996]
7 /5  0 , 4 Arg239Ser [Browne e / (3/. 1994]
7V5 0 , 4 Phe249Ile [Browne e / (3/. 1994]
P75G >C Glu325Asp [Adelman et al. 1995]
9(95 0 , 4 Leu3291le [Knight et al. 2000]
/2 /0  0 , 4 Val404Ile [Scheffer e /a /. 1998]
7225 O C Val408Ala [Browne e / (3/. 1994]
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Figure 6 Diagrammatic representation of K,,1.1 showing mutations causing EAl

L329I

F249I
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1.2.3.2.2 Diseases caused by mutations in CACNAIA

Table 9 Overview of diseases caused by mutations in CACNAIA

Disease Type o f m utation R eference

Episodic ataxia type 2 (EA2) Mostly truncations [Ophoff e? a/. 1996]

Familial hemiplegic migraine Mostly missense [Ophoff e /a /. 1996]
(FHM)
Spinocerebellar ataxia type 6 Mostly expanded CAG repeat [Zhuchenko et al. 1997]

encoding polyglutamine

1.2.3.2.2.1 Episodic ataxia type 2

1.2.3.2.2.1.1 Historical background and epidemiology

Familial periodic ataxia was first described in 1946, in two pairs of brothers 

from two families [Parker 1946]. The syndrome was often confused with 

episodic ataxia type 1, now known to be caused by mutations in the voltage- 

gated potassium channel.

The similarities between EAl and EA2 are that they both display cerebellar 

ataxia, developing in childhood or early adolescence and the triggers for an 

attack are similar; emotional stress or exercise.

However, the differences are that EAl patients suffer very short attacks, 

lasting seconds to minutes only, whereas EA2 patients suffer longer attacks 

which may last for hours, or days. EAl patients also exhibit myokymia, 

whereas EA2 patients may also suffer from migraines, and between attacks, 

abnormal eye movements are present (nystagmus) as well as slurred speech
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(dysarthria). Twenty families have been described in the literature [Brandt 

and Strupp 1997], although not all have been genetically characterised.

1.2.3.2.2.1.2 Clinical features

Episodic ataxia type 2 is characterised by intermittent attacks o f cerebellar 

ataxia lasting for several hours. In addition, patients may also suffer migraine

like headache, vertigo, nausea, vomiting, dysarthria, tinnitus or BEG 

dysrhythmia during the attacks. Emotional stress, alcohol or exercise are the 

commonest précipitants. Interictal down/upbeat or gaze-evoked nystagmus 

may be observed. Prognosis can vary: some families show spontaneous 

improvement or remission, whereas others have periodic ataxia/vertigo 

followed by slowly progressive ataxia. MRI has revealed cerebellar atrophy 

in some families [Brandt and Strupp 1997]. EA2 usually responds well to 

aeetazolamide.

1.2.3.2.2.1.3 Inheritance and molecular genetics

Episodic ataxia type 2 is an autosomal dominant disorder. In 1995, two

groups o f scientists mapped a gene for familial periodic ataxia without

myokymia to the same region on chromosome 19p [Teh et al. 1995; von

Brederlow et al. 1995]. In 1996, Ophoff and co-workers mapped a gene for

familial hemiplegic migraine (FHM) and episodic ataxia type 2 (EA2) to

chromosome 19pl3. Using exon trapping, they characterised a brain-specific

P/Q-type Ca^^ channel a i  subunit gene, C A C N L lA 4  (now renam ed
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CACNAIA), covering 300 kb with 47 exons. Sequencing of all exons and 

their surroundings revealed polymorphic variations, including a (CAG)n 

repeat in the 3' untranslated region, and different types o f deleterious 

mutations in FH M  and EA 2 patients [Ophoff et al. 1996].This gene was 

sequenced in EA2 patients and two mutations leading to truncated proteins 

were identified. Since then, further mutations throughout CACNAIA  have 

been identified in Episodic ataxia type 2 patients (see table 10, page 61). All 

o f the mutations except three (G293A, R 1662H  and E1757K) result in 

truneated proteins.

In 2000, Escayg and coworkers postulated that voltage-gated calcium channel 

P4 subunit may also be involved in episodic ataxia. They sequenced CACNB4 

in small pedigrees with generalised epilepsy or episodic ataxia and identified 

two coding variations. Evidence from mouse models also suggested 

involvement of the P4 subunit as the lethargic mouse (see section 1.3.4) 

results from a mutation in p4 . The coding variations identified resulted in a 

premature truncation o f the p4 subunit, seen in a patient with juvenile 

myoclonic epilepsy, and a Cysteine to Phenylalanine substitution at codon 

104, seen in a German family with generalised epilepsy and a French- 

Canadian family with episodic ataxia. Both sequence variations were not 

deteeted in over 500 control chromosomes and these have been presented as 

possible pathogenie mutations [Escayg et al. 2000b].

In 1997, Zhuchenko and colleagues identified an expanded CAG repeat in the 

3 ’ UTR of CACNAIA, in patients with an autosomal dominant, pure 

eerebellar ataxia. The polyglutamine expansion is translated in splice variants
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most often identified in the cerebellum. This was named spinocerebellar 

ataxia type 6 (SCA6) [Zhuchenko et al. 1997; von Brederlow et a l 1995].
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Table 10 Mutations in CACNAIA causing EA2

L ocation E xtra
features

Dom ain N ucleotide change C onsequence R eference

Exon 6 PCA/
FHM

IS5-S6 877 G>C G293A
(GGG  >GCG)

[Yue et al. 
19971

Intron 11 Splice
site

1558 + 1 g>a Aberrant splicing 
(TTTgt>TTTat)

[Denier et 
a l  19991

Exon 16 II S6 2279-80 delAG Frame shift and 
stop 780

[Denier et 
a l  19991

Exon 19 ll /m
linker

2816 insG Frame shift and 
stop 1067

[Scoggan et 
a l  20011

Exon 22 III SI 3798 deIC Frame shift and 
stop 1294

[Ophoff et 
a l  1996; 
Denier et 
a l  19991

Exon 23 IIIS2-S3 3835 C>T R1279X
(CG A >TG A )

[Yue et a l  
19981

Intron 24 Splice
site

3395 + I g>a Aberrant splicing 
(CAC/gt>CAC/at)

[Ophoff et 
a l  19961

Intron 26 Splice
site

4256 + 1 g>a Aberrant splicing 
(TCG/gt>TCG/at)

[Denier et 
a l  19991

Exon 2 7 III S5-S6 4330 C>G Y1443X 
(TAG >TAG)

[Denier et 
a l  19991

Exon 29 IV SI 4639 C>T R I547X
(CG A>TGA)

[Ducros et 
a l  1999; 
Jen et a l  
19991

Exon 30 IV S2 4848 deIG Frame shift and 
stop 1624

[Scoggan et 
a l  20011

Exon 32 IV S4 4985 G>A R1662H
(C G O C A C )

[Friend et 
a l  19991

Exon 35 IV S6 5271 G>A EI757K  
(G AA>AAA)

[Denier et 
a l  20011

Please note; When the complete genomic DNA sequence of CACNAIA was 

published in 1996 (Accession number X99897), the 5’UTR was included so 

nucleotide position +1 was counted as the beginning of the UTR, rather than 

the beginning of the coding DNA sequence. The ATG start codon was 

nucleotide position 276. Since the introduction of consistent gene mutation 

nomenclature [den Dunnen and Antonarakis 2000] which states the A o f the 

ATG initiator Methionine codon is denoted nucleotide +1, all nucleotide 

positions referred to in this thesis obey these rules, so to locate the position on 

the cDNA sequence (Accession number X99897), add 275 nucleotides.
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1.23.2.2.2 Familial hemiplegic migraine

Familial hemiplegic migraine was described in 1955 as an autosomal 

dominant form of migraine with aura [Blau and Whitty 1955]. It is associated 

with paralysis of one half of the body during an attack (hemiplegia). The 

migraine can last from 4 to 72 hours. About 20% of patients experience an 

aura before an attack, for example visual disturbances, weakness in the limbs 

and difficulty speaking. In addition, approximately 20% of patients display 

mild, permanent cerebellar symptoms and signs [Ducros et al. 1999]. The 

gene for FHM was first mapped to chromosome I9pI3.I in 1993 [Joutel et al.

1993] and the gene responsible was identified in 1996 [Ophoff et al. 1996]. 

Familial hemiplegic migraine is caused by missense mutations in the P/Q- 

type voltage-gated calcium channel gene, CACNAIA  (see table II below for 

mutations).
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Table 11 Mutations in CACNAIA causing Familial hemiplegic migraine

Location Dom ain E x tra
features

N ucleotide change C onsequence R eference

Exon 4 I S4 575 G>A RI92Q
(CGA>CAA)

[O phoff et al. 
19961

Exon 13 II S4 PCA 1748 G>A R583Q
(CGA>CAA)

[Battistini et 
al. 19991

Exon 16 P loop PCA 1997 O T T666M
(A C O A T G )

[O phoff et al. 
19961

Exon 17 II S6 2141 T>C V714A
(GTG>GCG)

[O phoff e t al. 
19961

Exon 17 II S6 PCA 2145 O G D715E
(G A O G A G )

[Denier et al. 
19991

Exon 26 III S5 Coma,
cerebellar
atrophy

4154 A>G Y I385C
(TAC>TGC)

[Vahedi et al. 
20001

Exon 27 III S5-6 4369 G>T V I457L
(GTG>TTG)

[Carrera e t al. 
19991

Exon 36 IV S6 PCA 5431 A>C I I 8 I IL
(A T O C T C )

[O phoff et al. 
19961
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1.2.3.2.2.3 Spinocerebellar ataxia type 6

The autosomal dominant cerebellar ataxias (ADCA) are a group of clinically 

and genetically heterogeneous conditions [Harding 1982]. The main clinical 

feature is progressive cerebellar ataxia although extracerebellar signs such as 

pyramidal signs or neuropathy may be present. At least fourteen different loci 

have been mapped (see table 12 below).

Table 12 Chromosomal localisation of genes causing ADCA

Disease C hrom osom e

localisation

G ene nam e Gene p roduct R eference

SC/4/ 6p22-23 SC A l Ataxin 1 [Zoghbi e/Of/. 1991]

12q23-24.1 ^C /12 Ataxin 2 [Gispert e /a /. 1993]

14q24.3-q32.] SCA3 Ataxin 3 [Stevanin et a/. 1994]

MJD

I6q22.1 - [Flanigan et cr/. 1996]

SC A 5 I Icen - [R anum eta /. 1994]

^C/16 19pl3 CACNAIA P/Q-type Ca^^ channel [Zhuchenko et a/. 1997]

.^C/^7 3pl2-13 Ataxin 7 [Benomar et cz/. 1995]

13q21 Antisense RNA to 

K LH Ll (Kelch-like 1)

[Koob et al. 1999; W orth et 

al. 2000]

SCAIO 22ql3 SCAIO - [Zu et al. 1999]

S C A ll 15ql4-21.3 S C A ll - [Worth et a/. 1999]

5q31-33 PPP2R2B Brain-specific regulatory 

subunit o f  phosphatase 

PP2A

[Holmes et al. 1999]

19ql3.3-13.4 - [Herman-Bert et al. 2000]

19ql3.4 - [Yamashita et al. 2000]

8q - [Yamada et al. 2000]

Spinocerebellar ataxia type 6 (SCA6) is a pure, late onset cerebellar ataxia. In 

1997, Zhuchenko and co-workers identified an expanded polyglutamine
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sequence in the 3’UTR of CACNAIA, in patients with SCA6 [Zhuchenko et 

al. 1997]. At least six isoforms of CACNAIA exist and a five base pair 

insertion at the TAG stop codon in exon 47 causes the polyglutamine repeat 

to be translated in high levels in the cerebellum. The normal sized CAG 

repeat ranges from 4 to 19 and the disease range is 21-27 repeats. This is a lot 

smaller than other poly glutamine diseases such as Huntington’s disease, 

where pathogenic CAG repeat expansions are above 35 repeats [Huntington's 

Disease Collaborative Research Group 1993]. There are currently two 

theories of how the SCA6 expansion is pathogenic. Ishikawa and colleagues 

studied levels of expression of CACNAIA  protein in human SCA6-positive 

brains. They used antibodies raised against synthetic peptides corresponding 

to a variable region between domains I and II and specific to the CACNAIA  

isoform expressing the polyglutamine expansion. In both normal and SCA6 

brains, immuno-reactivity was most intense in the cell body o f the purkinje 

cells. However, in SCA6 brains, densely immuno-reactive oval or rod-shaped 

structures in the cytoplasm of SCA6 purkinje cells were clearly visible. These 

inclusions differed from other poly glutamine diseases in several ways: they 

were not nuclear, they were not ubiquitinated and they could be recognised by 

staining with antibodies from the domain I/II linker, suggesting the whole 

calcium channel protein is involved, not just the polyglutamine tail. They 

suggest that these inclusions may interfere with trafficking or metabolism of 

the channel protein and may result in apoptotic cell death [Ishikawa et al. 

1999].

Matsuyama and colleagues studied the effects of the SCA6 expansion on

channel properties by analysing currents through P/Q-type calcium channels
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containing 24, 30 and 40 CAG repeats. Using rabbit cDNA constructs 

expressed in BHK cells, they discovered that Ca^^ channels expressing 30 or 

40 CAG repeats exhibited an 8mV hyperpolarising shift in the voltage- 

dependence of inactivation, considerably reducing the number of channels 

available at resting membrane potential. They suggest that this leads to 

neuronal cell death and cerebellar atrophy through reduction in Ca^^ influx 

into purkinje cells [Matsuyama et a l 1999].

1.2.3.2.3 Epilepsy and Ion channels

Table 13 Chromosomal localisation of ion channel genes causing epilepsy 

[Hirose et al. 2000a]

Disease Chrom osom e

localisation

G ene nam e G ene p ro d u ct R eference

A utosomal dominant 
nocturnal fron ta l lobe 
epilepsy (ADNFLE)

20ql3.2-13.3 CHRNA4 Neuronal 
nicotinic AChR 
a 4  subunit

[Steinlein et al. 
1995]

Benign fam ilia l 
neonatal convulsions 
(BNFCJ)

20ql3.3 KQT-like
potassium
channel

[Biervert et al. 
1998; Singh et al. 
19981

Benign fam ilia l 
neonatal convulsions 2

8q24 /CCTVgj KQT-like
potassium
channel

[Hirose et al. 
2000b]

Generalised epilepsy 
and febrile seizures 
‘p lu s ’ (GEFS+)

19ql3.1 SCNJB Voltage-gated 
sodium channel 
p i subunit

[Wallace et al. 
1998]

G eneralised epilepsy 
and febrile seizures 
‘plus ’ 2 (GEFS+2)

2p24-q33 SCNIA Voltage-gated 
sodium channel 
a l  subunit

[Escayg et al. 
2000a]

Episodic ataxia type2 
with epilepsy

2q22-23 CACNB4 Voltage-gated 
calcium channel 
P4 subunit

[Escayg et a l  
2000b]
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Ion channels are also candidate genes for many types of epilepsy, due to its

paroxysmal nature. So far, six genes responsible for human idiopathic

epilepsy have been identified and all code for ion channels [Berkovic 2000].

The nicotinic acetylcholine receptor a4 subunit (CHRNA4) is responsible for

autosomal dominant nocturnal frontal lobe epilepsy (ADNFLE). This is a rare

form of partial epilepsy, presenting in childhood. It is associated with violent

but brief seizures occurring exclusively at night [Steinlein et al. 1995].

Mutations in CHRNA4, causing ADNFLE have been studied in vitro and are

thought to reduce nAChR function by decreasing channel open time, reducing

single channel conductance and increasing the rate of desensitisation. This

may cause epilepsy by reducing the release of nAChR-mediated inhibitory

neurotransmitters, therefore resulting in enhanced excitability o f post-

synaptic neurones and lowering the seizure threshold [Ashcroft 2000].

Two potassium channel subunit genes (KCNQ2, KCNQ3) are implieated in

benign familial neonatal convulsions (BFNC). Seizures usually begin

between the first and fourteenth days of life and remit spontaneously by six

weeks old. The seizures consist of tonic posturing, clonic activity and

generalised convulsions [Ronen et al. 1993]. BNFC was linked to 20q and 8q

and two potassium channel subunit genes were identified (KCNQ2 and

KCNQ3) [Charlier et al. 1998; Singh et al. 1998; Biervert et al. 1998]. It is

thought that KCNQ 2  and KCNQ3  coassemble to form the neuronal M-

channel, as their expression patterns are very similar and when eoexpressed,

yield eurrents with gating properties of the M-channel [Wang et al. 1998]. M-

type currents are highly regulated, are active near the threshold o f action

potential firing and are an important determinant o f neuronal excitability
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[Weinreich and Jentsch 2000]. Mutations in BNFC patients are thought to 

result in epilepsy beeause the activity of the M-ehannel is reduced, causing 

neurons to become slightly depolarised and to fire multiple action potentials 

rhytlimically after receiving excitatory inputs. Why this occurs in the neonatal 

period is uncertain, although theories suggest the neonatal brain may have a 

lower seizure threshold, or that potassium channel subunit expression is 

developmentally regulated and eventual upregulation of other subunits may 

compensate for the defects in the M-channel [Benatar 2000].

Two sodium channel subunits are also involved in generalised epilepsy with 

febrile seizures plus (GEFS+). GEFS+ patients have seizures with fever that 

may persist over 6 years of age, or may be associated with afebrile seizures 

including tonic-elonie, myoclonic or absence seizures. Mutations in the 

voltage-gated Na^ channel [3 subunit gene (SC N IB ) on 19pl3.1 and the 

voltage-gated Na^ channel a  subunit gene (SCNIA) on 2p24-q33 have been 

identified as the cause of GEFS+ and GEFS+2 respectively [Wallace et al. 

1998; Escayg et al. 2000a]. Functional studies of mutations in SCNIB  reveal 

loss of function of the p subunit, resulting in slower inactivation of the Na^ 

channel complex. The late Na”*" currents may lead to hyperexcitability of 

neurons, resulting in seizures [Wallace et al. 1998].

Even more recently, the voltage-gated calcium channel p subunit gene,

C AC N B4, has also been implicated in human generalised epilepsy. A

premature termination codon was identified in a patient diagnosed with

juvenile myoclonic epilepsy. The truncated protein may prevent the second

interaction between the C-terminus o f aiA and the C-terminus of p4 in the

calcium channel complex. Functional analysis through expression in Xenopus
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oocytes revealed that the truncation mutation caused an increase in current 

density but also increased the rate of channel inactivation, thus reducing the 

net inward flow of calcium ions into the neurons [Escayg et al. 2000b].

1.2.3.2.4 Hyperekplexia

Also known as ‘Startle disease’, hyperekplexia is an autosomal dominant 

disorder characterised by muscle spasms in response to an unexpected 

stimulus. For example, an unexpected noise can cause the patient to become 

rigid and fall over, often causing multiple injuries as they do not put their 

arms out to protect themselves [Ashcroft 2000]. Mutations in the gene 

encoding the a  i-subunit of the glycine receptor, GLRAl on chromosome 

5q32, have been identified [Shiang et al. 1993]. Functional studies of GLRAl 

mutations reveal a marked reduction in glycine sensitivity [Langosch et al.

1994]. Glycine is the major inhibitory transm itter in the spinal cord 

controlling reflexes and muscle tone, so it is not surprising that a reduction in 

glycine current causes excessive uncontrolled movements.
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1.3 Mouse models of ataxia and epilepsy

1.3.1 K yl.l null mouse

Evidence for ion channel involvement in epilepsy has been collected from 

studies of mouse mutants with epilepsy. In 1998, Smart and colleagues 

showed that deletion of the mouse homologue of the K yl.l  potassium channel 

gene causes epilepsy in mice. The deletion was generated by removal of the 

K yl.l  open reading frame and replacement o f the Kcnal chromosomal locus 

by a neomycin resistance cassette. This construct was electroporated into 

embryonic stem cells, which were used to establish mouse cell lines. 

Homozygous null pups were produced, demonstrating that the null mutation 

was not embryonic lethal. In the third postnatal week, homozygous K y l . l  null 

mice began to display episodic eye blinking, arrested motion and hyperstartle 

response. 50% of the null mice died suddenly between the third and fifth 

weeks of life. Those surviving beyond 5 weeks have been maintained over 12 

months, but display spontaneous seizures lasting from 20 seconds to 2 

minutes, occurring once or twice each hour throughout adult life [Smart et al. 

1998].
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1.3.2 Tottering, leaner and rolling Nagoya mouse

Evidence for calcium channel involvement in ataxia and epilepsy has also

been identified using mouse models. Fletcher and co-workers studied the

spontaneously occurring mutant mice known as ‘tottering’ (/g) and ‘leaner’

{t^^) [Fletcher et al. 1996]. These mice suffer seizures and cerebellar ataxia

with varying degrees of severity and are considered a good model for human

epilepsy. The milder tg mutation produces seizures of the focal motor type;

symptoms appear 3-4 weeks after birth, and decrease with age. In contrast,

the more severe mice display the first signs of ataxia as early as 8-10

postnatal days, and most die around the time of weaning. Both tg  and tg^^

exhibit absence epilepsy, as recognised by generalised spike and wave

discharges on EEG. A third mutant mouse, ‘rolling Nagoya’ exhibits

an intermediate phenotype. The ataxia is more severe than tg  but motor

seizures do not occur. The tottering locus was localised to mouse

chromosome 8 in a region bracketed by intervals o f genomic homology to

human chromosome 19pl3.1 [Ceci 1994]. In addition, the human calcium

channel CACNAIA had just been assigned to 19pl3 [Ophoff er al. 1996], so a

mouse calcium channel gene was considered to be a good candidate for the tg

locus. Fletcher and co-workers identified by positional cloning, an aiA

calcium channel that is mutated in tg  and t^ ^  mice [Fleteher et al. 1996].

They were able to isolate and sequence mouse Cacnlla4  cDNA, and assign it

to the tg locus on mouse chromosome 8. Sequencing of tg and t^^^ cDNA

revealed a predicted protein of four domains, each containing six

transmembrane segments. They sequenced RT-PCR products from the leaner
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mouse, to reveal splicing errors resulting in two mutated proteins; an exon 

skip and an intron inclusion. Both cause out-of-frame translations, which may 

result in junk protein or premature termination. In 1997, Doyle and colleagues 

measured the levels of expression of this protein. In the more severe 

phenotype, tg'^, the levels of C acn lla4  mRNA expressed were reduced 

[Doyle et al. 1997]. A possible explanation for this, as discussed by Fletcher, 

is that the leaner mutation disrupts alternative splicing of the gene. A previous 

report showed that a 423 base pair insertion introduces in frame stop codons, 

which lead to the production of two shorter aiA subunit isoforms [Mori et al. 

1991]. In the milder, tg form, a single C to T transition resulting in a Pro line 

to Leucine substitution in the S5-S6 region of domain II was found. This was 

a highly conserved position near the pore-lining region (P-region), with a 

Proline found in all other types of calcium channel in many species [Doyle et 

al. 1997]. The mutation responsible for tg°' mouse was also identified. 

cDNAs from homozygous tg'̂ °̂  mice were analysed by RT-PCR and 

sequencing and revealed a single base change C3784G, resulting in Arginine 

to Glycine at codon 1262 [Mori et al. 2000]. This is a highly conserved 

region in the S4 voltage-sensing segment o f domain III. The consensus 

Arginine is critical for the voltage-sensing properties of this region, so a 

deviation from this is predicted to alter voltage-sensitivity o f the Ca^^ 

channel. Electrophysiological studies o f the mutant cDNA expressed in BHK 

cells and native P-type channels in purkinje cells revealed a shift in voltage- 

dependence of inactivation, towards more depolarising potentials. A possible 

consequence of the tg'^' mutation may be that reduced Ca^^ influx in purkinje
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neurons fails to activate the Ca^^-activated channels, leading to 

depolarisation block of Na^ spikes [Mori et al. 2000].
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1.3.3 aiA null mouse

To further confirm the involvement of the calcium channel aiA subunit in 

neurological disease, mice mutants were generated to be completely deficient 

of aiA protein. A neomycin-resistance cassette replaced the initiation codon 

in a vector containing the mouse calcium channel gene, disrupting the reading 

frame and allowing for positive selection. Heterozygous mutant mice were 

backcrossed to produce homozygous mutant mice and Ca^^ channel current 

recordings were taken in cultured cerebellar granule and purkinje cells. 

Results showed that heterozygous mutant mice were fertile and 

neurologically normal. Homozygous mutant mice were viable and appeared 

healthy for 10 days after birth, when they began to lose balance and fall onto 

their backs. Falls were accompanied by dystonie postures, weakness and 

spasms of the hind legs, increasing with age, thought to be absence seizures 

as seen in tg and mice. The null mutant mice died at four weeks despite 

hand feeding. Electrophysiological recordings of Ca^^ channel currents 

revealed complete absence of P/Q-type currents in granule cells and absence 

of P-type currents in purkinje cells. Studies of neurotransmission on CAl 

hippocampal brain slices revealed that synaptic transmission persisted, but 

showed increased reliance on both N-type and R-type channels. This 

reinforces the idea that P/Q-, N- and R-type channels all share the intrinsic 

capability of triggering fast neurotransmitter release at mammalian central 

synapses [Jun et al. 1999].
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1.3.4 Lethargic mouse

Mouse models of epilepsy and ataxia have also been described in association 

with mutations in other subunits responsible for complete assembly o f a 

functional calcium channel. For example, the lethargic mouse {Ih) is caused 

by mutations in the p subunit gene, Cchh4 [Burgess et al. 1997]. RT-PCR and 

sequencing of Cchb4 from Ih mice revealed two distinct products differing in 

size by 20 base pairs, suggesting a splicing defect. Genomic DNA splice sites 

were analysed and a four base pair insertion at +3 of the donor splice site of 

exon B was identified. This consistently caused skipping of the preceding 

exon (exon B, 77 base pairs) resulting in a frameshift and premature 

truncation of Cchb4 with loss of 60% of the C-terminus of the protein. This 

includes the highly conserved a,-subunit binding site and is predicted to 

produce a functionally null protein. The phenotype of lethargic mouse is very 

similar to tottering, but no pathological changes are found in the CNS, 

possibly due to compensation by other P subunits. Also, major changes in 

P/Q currents were not detected in the purkinje cells of lethargic mice, so 

perhaps it is an indirect mechanism responsible for generating the classic 

spike-wave discharge seen in these mice [Fletcher and Frankel 1999].
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1.3.5 Stargazer mouse

The spontaneously oecurring stargazer mouse is caused by mutations in the 

calcium channel y  subunit, specifically a retro-transposon insertion in the 

second intron, resulting in a vast reduction in normal mRNA [Letts et al. 

1998]. Like tottering and lethargic mice, the stargazer shows spike-wave 

discharges o f 5-7 Hz, but also ataxia and vertical head tossing (hence 

‘stargazer’) possibly due to inner ear defects. The stargazer mice also have 

reduced expression of the neurotrophic factor BDNF and an immature 

GABAa receptor profile associated with delayed m aturation o f the 

cerebellum and persistence of immature granule cells in adult mutants. This 

has lead to speculation that the abnormal spike-wave discharges are caused by 

impaired synaptic transmission in thalamocortical neurons [Fletcher and 

Frankel 1999]. However, very recent studies of stargazin protein suggest that 

stargazin has two distinct roles in controlling AMPA receptor function and 

may not be associated with the calcium channel complex. Stargazin shares 

less than 25% homology with the yi subunit and studies suggest that stargazin 

regulates delivery of AMPA receptors to the membrane surface and mediates 

synaptic targeting of AMPA receptors [Chen et al. 2000].

Episodic neurological disorders such as epilepsy and ataxia are now 

associated with ion channel genes in both human and mouse. This thesis 

involves the study of these two ion channel genes in a cohort of candidate 

patients with varying symptoms including ataxia and epilepsy.
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Chapter 2 Aims of this study

The aims of the project were:

1. To identify families with candidate phenotypes. This included typical and 

atypical episodic ataxia syndromes

2. To analyse the voltage-gated potassium channel gene, KCNAl and the 

voltage-gated calcium channel gene, CACNAIA in these patients

3. To analyse the relationship between genotype and phenotype for any new 

mutations identified

4. To assess the physiological effects of the mutations identified
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Chapter 3 Patients and Methods

This chapter describes how the candidate patients and new mutations were 

identified and studied. Clinical information and mutations identified are 

described in the results section (pages 117 and 162).

3.1 Patients

3.1.1 Patients

Patients were identified following a National survey in collaboration with the 

British Neurological Surveillance Unit. In addition, many families were 

referred to the department via National and International collaborations. 

Twenty families with candidate phenotypes for KCNAl mutations and twenty 

families with candidate phenotypes for CACNAIA mutations were studied in 

this project. Clinical descriptions of each family are in results section (page 

117 and page 162) or appendix V and VI (pages 258-259).

3.1.2 Control population

When screening normal controls for possible mutations, panels o f 120 

unaffected patient DNAs were used. These were made up of Huntington’s 

disease spouses and CEPH family DNA samples. When screening a mutation 

found in an Indian family, 80 ethnically matched unaffected patient DNAs 

were used.
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3.2: Materials and Methods

3.2.1 Outline of chapter

The section below describes the methods used for the experiments described 

in this thesis. Most of the protocols are based upon those described in “A 

Laboratory Manual”, by J. Sambrook, E. Fritsch and T. Maniatis, 2nd 

Edition, from the Cold Spring Harbour Press. Buffers and solutions used are 

described in appendix I at the end of the thesis. Suppliers o f chemical 

reagents are listed in appendix II at the end of the thesis.

3.2.2 Nucleic acid preparation

3.2.2.1 Extraction o f  genomic DNA from whole blood

Genomic DNA was extracted from lOmL venous blood collected in EDTA 

tubes. The sample was split into 2x 50mL falcon tubes, and 40mL Reagent A 

(see appendix I) was added to lyse the red blood cells. The samples were spun 

in a Beckman centrifuge (model CS-6R) at 2600rpm for 20 minutes. The 

supernatant was discarded and the pellet washed with 5mL PBS (see 

appendix II). After vortexing to resuspend the pelleted cells, the sample was 

centrifuged again at 2600 rpm for eight minutes. The supernatant was 

discarded and the pellet washed again with 5 mL PBS. After vortexing again, 

the sample was spun again at 2600 rpm for eight minutes. The supernatant

79



was discarded, and 500 |iL of a solution containing 25 |LiL 10% SDS, 500|iL 

CVS buffer and 100|iL proteinase K solution (see appendix I) was added to 

the pelleted cells and the sample was placed in an incubator at 55°C for 

overnight digestion. Each sample was phenol-chloroform extracted to remove 

proteins. 5mL phenol was added to each pellet (lOmM Tris, pH 8, ImM 

EDTA, see appendix II) inverted to mix sample and centrifuged at 2600 rpm 

for 15 minutes. The top aqueous layer was removed and placed in a clean 

tube, and a chloroform extraction step was performed twice, by adding 5mL 

chloroform/isoamyl alcohol (24:1 v/v, see appendix II), shaking well to mix, 

and spinning at 2600 rpm for 15 minutes to remove the phenol. The DNA was 

precipitated by adding 15mL 100% ethanol (see appendix II) and hooking the 

DNA threads out with a pipette tip. The DNA was resuspended in 300p.L Ix 

TE (see appendix I) and left to dissolve at room temperature overnight. The 

yield was assessed as described below.

i.2.2.2 Extraction o f total RNA from whole blood

For RNA work all solutions were prepared using distilled water which had 

been treated with diethylpyrocarbonate (DEPC) (see appendix II) to inactivate 

ribonucleases. DEPC was added to a final concentration of 0.1% v:v, left 

overnight and then autoclaved. Plasticware was sterile and individually 

wrapped to prevent degradation by RNAses.

Total RNA was extracted from venous fresh whole blood collected in EDTA

tubes. ImL blood was poured into a 15mL falcon tube and lOmL TRIZOL

solution added (see appendix II). The sample was mixed and left at room
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temperature for five minutes. 2mL chloroform was added and the sample 

shaken vigorously for 15 seconds, then left at room temperature for two to 

three minutes. The sample was then centrifuged in a Beckman centrifuge 

(model J2-21) using a JA-20 rotor, at 12000rpm (lOOOOg) for 30 minutes 

(4°C). The top aqueous phase was pipetted into a new clean tube, and 5mL 

isopropanol was added. The sample was left to precipitate at room 

temperature for 15 minutes, then spun at 12000g for 10 minutes (4°C). The 

supernatant was discarded and the RNA pellet washed with lOmL 75% 

ethanol, then centrifuged at 6800rpm (7500g) for five minutes (4°C). The 

supernatant was discarded and the pellet air-dried. The RNA was then 

resuspended in 30|liL DEPC water.

3.2.23 Quantification ofDNA/RNA

The concentration of DNA in aqueous solutions was determined by 

measuring the optical density (OD) of the sample at wavelengths 260 run and 

280 nm in the UV spectrum using a spectrophotometer (RNA/DNA 

Calculator, see appendix II). 5pL DNA was diluted in 995pL distilled water 

and placed in a quartz cuvette. The OD was measured against a ‘blank’ 

sample (lOOOpL distilled water) and the concentration determined. An OD of 

1.0 at 260 nm corresponds to 50 mg/mL double stranded DNA or 20 mg/mL 

oligonucleotide. Therefore the concentration of a DNA sample (in mg/mL) is 

calculated by:

OD260 nm ^ conversion factor (50) x dilution factor (200)
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The ratio of the OD readings at 260 nm/280 nm provides an assessment of the 

purity of the DNA sample with pure samples having a ratio of greater than 

1.8. A ratio of less than 1.5 indicates that the sample was contaminated with 

proteins and needed an extra extraction with phenol chloroform.

The concentration o f RNA in aqueous solutions was determined by 

measuring the optical density (OD) of the sample at wavelengths 260nm and 

280nm using a spectrophotometer. lp,L of RNA was diluted 500 fold with 

distilled water, and placed in a quartz cuvette. The OD was measured against 

a blank sample (distilled water only) and the concentration determined. An 

OD of 1.0 at 260nm corresponds to 40mg/mL double-stranded RNA. 

Therefore the concentration of an RNA sample (in mg/mL) is calculated by:

O D 260 nm X 40 X 500

Yield and quality of RNA was also assessed by running samples on a 

formaldehyde/ agarose/MOPS gel and visualised under UV light.
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3.2.3 Polymerase chain reaction

The polymerase chain reaction is a method for the selective enzymatic 

synthesis of a specific DNA sequence using two oligonucleotide primers 

binding to opposite strands of DNA flanking the target sequence. Repeated 

cycles of dénaturation, primer annealing and extension by a thermostable 

polymerase derived from Thermus aquaticus (Taq) results in the specific 

amplification of the target DNA sequence, the number of copies increasing 

exponentially with each cycle. The required reagents for PCR are: DNA 

template, two oligonucloeotide primers, deoxyribonucleoside triphosphates 

(dNTPs), Taq polymerase, a magnesium-containing buffer and a thermal 

cycler. Both primers and dNTPs must be in excess.

3.2.3.1 Amplification o f DNA Using the polymerase chain reaction (PCR)

Amplification of genomic DNA by PCR was carried out using an automated 

DNA thermal cycler (Perkin Elmer 480 or 9700) in a total volume o f 50p,L 

containing 50-100ng DNA template, 100 ng of each oligonucleotide primer, 

50 mM KCl, 10 mM Tris/HCl pH 8.3, 1-3 mM MgCb, 100 mM dNTP and 2 

units Taq polymerase (Promega or Perkin Elmer-see appendix II). The 

reaction was overlaid with mineral oil to prevent evaporation when using PE 

480 Thermal cyclers. The standard conditions for the reactions were as 

follows:
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94°C for 3 minutes (Dénaturation step- 15 m inutes when using
Amplitaq Gold, Applied Biosystems)

30-40 cycles o f 30 seconds at 94°C Dénaturation step
30 seconds at 50°C - 67°C Annealing step ^ 30 cycles
30 seconds at 72°C Extension step

10 minutes at 72°C Final extension

For >1 kb products, longer extension periods were used, increasing by one 

minute per kilobase. Negative controls (water blank) were included in all 

PCR reactions (for primers used and conditions, see appendix III, tables 26- 

35, pages 248-256).

3.2.3.2 Reverse transcription PCR (RT-PCR)

Reverse transcription was performed as a two-step process- first strand cDNA 

synthesis followed by amplification of products (PCR). 1|liL  Total RNA was 

added to RNAse-free 0.5p.L eppendorf tubes and mixed with 0.65jiL Oligo 

dT (GIBCO), 0.85|xL random hexamers (GIBCO) and 9.5p,L DEPC treated 

water (GIBCO) in a 12|xL reaction volume. The samples were incubated at 

70°C for 10 minutes, then placed directly onto ice for two minutes. Next, a 

master mix containing 2p.L of lOx PCR buffer, 2|iL of 25mM Magnesium 

chloride, lp.L of lOmM dNTP and 2pL of 0.1 M DTT was added to the RNA 

mix and incubated at 25°C for five minutes. Next, l|iL  (200U) of Superscript 

II Reverse Transcriptase enzyme was added and the samples incubated at 

42°C for 50 minutes. The reaction was terminated by heating the samples to 

lOTC for 15 minutes, then placing directly onto ice. Finally, 1|liL  of RNAse H 

inhibitor (GIBCO) was added to each sample and incubated at 37°C for 20
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minutes to degrade the remaining RNA. The sample was then frozen at -20°C 

until required for the second step PCR.

The cDNA was amplified in a standard round of PCR using 2\iL o f the RT 

reaction in a total volume of 50|iL containing 100 ng each 5’ and 3’ 

oligonucleotide primer, 50mM KCl, 10 mM Tris/HCl pH8.3, ImM MgClz, 

lOOmM dNTP and 2 units AmpHTaq Gold polymerase (Applied Biosystems). 

Following initial dénaturation at 94°C for 15 minutes, the PCR conditions 

were as described in section 3.2.3.1. The entire PCR product was 

electrophoresed through a 2% agarose/TBE gel and the required bands 

excised from the gel for subsequent purification.

3.2.3.3 Clean-up o f  PCR products

When a single, discrete band is produced following a PCR, the remaining

contents of the tube can be ‘cleaned-up’ in preparation for DNA sequencing,

that is, excess primers, salts and unincorporated dNTPs must be removed to

prevent mispriming or inhibition of the downstream sequencing reaction.

Qiagen PCR purification kits were used (See appendix II). 200|iL of buffer

PB was added to the PCR, mixed and pipetted into the labelled spin column.

The spin columns were spun in a benchtop centrifuge at 13000rpm for 30

seconds. The flowthrough was discarded and 750|LiL of wash buffer PE was

added to the column. The column was spun again at 13000rpm for 30

seconds, the flowthrough was discarded and the column was spun again for

one minute to ensure all of buffer PE was removed. The spin column was

transferred into a new l.SmL eppendorf tube, 40|LiL of elution buffer EB was
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pipetted onto the spin column membrane and left to dissolve the DNA for 10 

minutes, before being spun again at 13000rpm for one minute. The cleaned 

PCR product was collected in the eppendorf and frozen at -20°C  until 

required and the spin column was discarded.

3.2.3.4 Extraction and clean up o f  PCR products from  agarose gels

RT-PCR can have variable specificity and more than one band can be 

produced. In these situations, clean up and sequencing of the entire reaction 

would create an unreadable sequence as other products would be sequenced 

alongside the one required. To avoid this, after electrophoresis through an 

agarose gel, the required band can be cut out o f the gel and purified separately 

using the BIO 101 Geneclean kit (See appendix II).

After excision of the band from the gel, the gel slice was placed in a 1.5mL

eppendorf, weighed, and 4.5 volumes o f Nal added to the slice, along with

0.5 volumes of TBE modifier. The gel slice was incubated at 65°C for five to

ten minutes until the agarose was completely dissolved. Next, 5)iL of

GLASSMILK was added to the melted Nal/agarose/DNA mix, vortexed well

and left at room temperature for five minutes, to allow the GLASSMILK to

bind to the DNA. The tubes were then spun in a benchtop centrifuge at

I3000rpm for 10 seconds to pellet the GLASSMILK. The supernatant was

discarded and 500p.L of New Wash was added. The pellet was vortexed to

resuspend the GLASSMILK, then spun again for 10-20 seconds. The

supernatant was discarded again and the wash step repeated. After discarding

the second wash, the tubes were spun again for afew seconds to collect any
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New Wash on the sides of the tube. This was then pipetted off carefully and 

the GLASSMILK/DNA pellet left to dry at room temperature for 10-20 

minutes. 25-40p.L of autoclaved PCR water was then added to the pellet and 

vortexed to resuspend and dissolve the DNA. The tubes were spun again for 

30-60 seconds, the supernatant containing the DNA was carefully pipetted 

into a new, clean eppendorf and frozen until required.

3.2.3.5 PCR clean up in 96-well format

When PCR was performed in a 96-well format, it was much quicker and 

easier to clean up in a 96-well format. For this, Multiscreen PCR plates (See 

appendix II) were used. Using a multi-channel pipettor, 60)iL of autoclaved 

PCR water was added to each well. This was pipetted up and down to mix. 

The contents of each well (now 100p.L) were transferred to the Multiscreen 

PCR plate using the multi-channel pipettor. The Multiscreen plate was placed 

onto the vacuum manifold and vacuum was applied at 24 inches Hg for 10 

minutes until dry. The DNA was now on the membrane. The Multiscreen 

plate was removed from the vacuum manifold and 40p,L autoclaved PCR 

water was added to each well of the Multiscreen plate using the multi-channel 

pipettor. The autoclaved water was pipetted up and down to dissolve the 

DNA off the membrane and the plate was placed on a shaker for one hour, to 

allow the DNA to dissolve completely. The DNA was then pipetted off the 

membrane using the multi-channel pipettor and place in a new 96-well plate 

and frozen at -20°C until required.
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3.2.3.6 Gene duplication PCR

To quantify the ratios of wild type and mutant DNA in family F with a 

KCNAl mutation, a gene duplication PCR assay (semi-quantitative PCR) was 

used. Two sets of fluorescently labelled markers (D12S1594 and D12S314, 

for all primers see table 30, appendix III, page 252) approximately 200kb 

either side of the KCNAl gene were used to determine the size and quantity 

of a dinucleotide repeat region in the patient and unaffected controls. 

However, if the proposed repeat did not extend 200 kb either side of KCNAl, 

this method would not be able to detect it. So in addition, another fluorescent 

primer pair was designed to bind to a coding region within the KCNAl gene 

(primers named KCNAl dosage F/R). These primers were multiplexed with a 

fluorescent primer pair binding to exon 37 of the CACNAIA gene (chr 19pl3) 

for direct comparison of allele peak intensity against a control gene. 1 0  

pmol/|iL per 50p.L reaction of KCNAl primers and 5 pmol/|LiL o f ex 37 

primers were used, all primers were optimised at 55°C and the PCR reaction 

was stopped in the exponential phase after 23 cycles. The fluorescent 

products were run on an ABl 377 using Genescan collection software (see 

section 3.2.5.2 page 91) and analysed by Genescan analysis software (see 

section 3.2.6.3 page 95).



3.2.4 Electrophoresis

3.2.4.1 Agarose gel electrophoresis

DNA fragments were separated by electrophoresis on 0.8-4% agarose gels 

containing O.bpg/ml ethidium bromide. For the separation of small PCR 

products of 100-300 bp in size a 2.5% gel was used whereas for the 

separation of larger products, a gel with a lower agarose concentration was 

used (e.g. 1%). Prior to loading on a gel, 2 |LiL of sucrose/bromophenol blue 

loading dye (see appendix I) was added to lOpL of each DNA sample. The 

gels were cast in Ix TBE buffer and run at a constant voltage o f 50V. A size 

ladder (Ikb marker or lOObp ladder (see appendix II)) was electrophoresed 

alongside the samples to allow identification of DNA fragments size.

3.2.4.2 Formaldehyde/MOPS gel electrophoresis

RNA fragments were separated by electrophoresis on 1.2% agarose gels 

containing 0.6g agarose, 7mL formaldehyde (37%), SmL 5X MOPS and 

30mL DEPC water. A IX MOPS running buffer was used. IpL of lOmg/mL 

ethidium bromide was added to 200|LiL RNA loading blue. 16|xL of this was 

added to 4pL of RNA and heated upto 65°C for 10 minutes, then placed 

directly onto ice before loading onto the gel and running at a constant voltage 

of 50V for 60 minutes.
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3.2.4.3 Single Stranded Conformational Polymorphism (SSCP) analysis gels

PCR products amplified by intronic primers o f individual exons were 

electrophoresed through pre-cast 10% TBE gels using the Thermoflow 

system (see appendix II). 10|j,L of PCR product was mixed with 6 |llL SSCP 

loading blue (see appendix I) heated to 95°C for three minutes then placed 

directly onto ice. The samples were loaded into the wells and run at a constant 

voltage of 200V, at 10"C and 20°C, for 120-180 minutes, depending on PCR 

product size.

Following electrophoresis, gel cassettes were cracked open and gels stained in 

200mL IxTBE buffer with 2 0 |liL  ethidium bromide (10 mg/mL), and shaken 

for 2 0  minutes.

3.2.4.4 Visualisation and photography o f  electrophoresed gels under UV light

The ethidium bromide stained DNA was visualised by transillumination 

(ultraviolet 254nm, see appendix II) and photographed using a Sony video 

graphic camera onto thermal paper for Sony video graphic printer (model UP- 

860CE).
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3.2.5 Polyacrylamide electrophoresis

This method of electrophoresis can be used to separate DNA fragments with 

very high resolution, allowing products of one base pair to be separated. 

Denaturing polyacrylamide gels are polymerised in the presence o f a 

denaturing agent such as urea, to allow single stranded DNA to migrate 

through the gel depending exclusively on the fragment size.

3.2.5.1 Polyacrylamide gel electrophoresis o f  fluorescent DNA sequencing 

products

Fluorescent sequencing products (see section 3.2.7.1) were electrophoresed 

through a 6 % acrylamide gel in an automated DNA Sequencer (ABI Model 

373, see appendix II). Fluorescent products are size separated with the 

smallest fragments running quickest through the gel matrix. A laser scanning 

at the bottom of the gel plates detects the light emitted by each fluorescent 

terminating dNTP, and using the matrix file, converts that information into 

DNA sequence.

3.2.5.2 Polyacrylamide gel electrophoresis o f  fluorescently labelled PCR 

products

PCR products produced using fluorescently labelled primers were sized on a

denaturing 4% polyacrylamide gel using an automated DNA Sequencer

(Model 377, see appendix II). The products migrate through the gel

91



depending on their size, and the fluorescent label incorporated by the primer 

is detected by the laser scanning at the bottom of the gel. A size standard is 

run with each sample, so that the exact size of each fragment can be 

calculated precisely.

3.2.5.3 Polyacrylamide gel preparation

36cm well-to-read glass plates were used with both the 373 and the 377, 

although each machine had its own specific set of plates. Plates were 

scrubbed with 1% Decon, rinsed thoroughly in distilled water and left to air- 

dry. The 373 plates were assembled and held together by bulldog clips, 

whereas the 377 plates have a specific gel cassette for pouring the gel. The 

gel composition varied slightly for 373 and 377 gels (see appendix I) but for 

the 373 gel, 400p,L of 10% APS (ammonium persulphate, see appendix II) 

and 45p.L of TEMED (catalysts for polymerisation- see appendix II) was 

added to 80mL of gel mix and poured immediately, directly from the beaker. 

For the 377 gel, 250|LtL 10% APS and 35|iL TEMED was added to 50mL gel 

mix, taken up in a 50mL syringe, and injected immediately between the glass 

plates. A plastic spacer strip was inserted and clamped between the plates and 

the gel was left to polymerise for two hours.

After polymerisation, the spacer strip was removed and a 48 or 64 well

sharks-tooth comb was inserted into the top of the gel edge. The plates were

placed into the 373 or 377 Sequencer. Genescan collection software (Version

2.5) was used on the 377 and Sequencing collection software (Version 2.0)

was used on the 373. Heat plate and buffer chambers were assembled and
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1.5L Ix TBE running buffer was added (see appendix I) before pre-running 

until the gel reached a temperature of 50°C for the 377 and 40°C for the 373.

3.2.5.4 Gel loading and electrophoresis conditions

Wells were carefully flushed with Ix TBE buffer. Alternate (odd-numbered) 

lanes were loaded first using 0.4 mm duckbilled flat tips (see appendix II) and 

a P2 Gilson pipette and the products were electrophoresed into the gel at 

3000V for two minutes before loading the even-numbered wells.

Sequencing Samples had 3|iL of sequencing loading blue (see appendix I) 

added to them and 1.7qL was loaded onto the 373 gel. Genescan samples 

were diluted 1:12, 1.25p.L of this dilution was added to 1.85p,L o f ROX 

loading blue (see appendix I) and 1.6pL of this was loaded onto the 377 gel. 

The parameters of electrophoresis were as follows:

DNA sequencing on the ABI Automated DNA Sequencer 373

Plate check module: Plate check
Pre Run module: Pre Run
Run module: Run
Instrument file: dRhod (or 1188 matrix file for Dye Primer)
Runtim e: 12 hours
Filter set: A
Dye Set/Primer file: DT (6%BD AnyPrimer or

BP(6% -21M 13/M 13Rev)

Genescan on the ABI Automated DNA Sequencer 377

Plate check module: D
Pre Run module: GS PR 36D-2400
Run module: GS Run 36D-2400
Instrument file: 6-fam, hex, ned, rox
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3.2.6 Data collection and analysis

All sequencing data were generated on an ABI 373 DNA Sequencer and all 

genescan/genotyping data were generated on an ABI 377 DNA Sequencer.

3.2.6.1 DNA sequencing collection and analysis

Data collected during the electrophoresis run were analysed by Sequencing 

Analysis software version 3.4.1 (Applied Biosystems). The gel file was 

opened and each lane manually tracked. The data were extracted from the 

lanes, the correct instrument file and matrix selected in the sample manager 

window and the start and stop points for each sample defined. The analysis 

programme converts the raw data collected by the laser into DNA sequence, 

as each base emits a slightly different wavelength of light when excited by the 

laser. Parameters such as spacing and basecalling modules can be altered to 

improve the quality of the data if necessary (spacing set at approximately 1 0  

and Basecaller used was ABI 100).

3.2.6.2 Factura and autoassembler analysis

The analysed sample files were then processed by Factura version 2.2.2

(Applied Biosystems). This programme recognises and removes any vector

sequence if required, as well as identifying ambiguously called bases. It

assesses the quality of the data, gives an output file summarising it and is

required before the samples can be processed by Autoassembler.
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Autoassembler version 2.1.1 (Applied Biosystems) can assemble sections of 

sequence to form complete contigs and compare these against a text 

sequence. After opening a new window, sample files and text files can be 

added to the project by selecting ‘Project’ and ‘Add multiple from files’. The 

project is assembled by selecting ‘Project’ and ‘Assembly setup’, defining the 

assembly parameters, and clicking OK. The data can be zoomed into by 

pressing ‘apple + ’ until the bases are visible. The electropherograms can be 

viewed by double clicking on each sample file.

3.2.6.3 Genescan analysis software

After electrophoresis, the gel file is opened and the lanes tracked manually. 

The data are extracted from the lanes and the project saved. This creates a .71 

file. This file was opened, all colours were selected, and a new size standard 

was defined by clicking on each peak and inputting the appropriate size of 

each peak of the size standard. This new size standard was inputted and 

analysed alongside each sample to determine the size of each fragment.

3.2.6.4 Genotyper analysis

The analysed data from Genescan were imported into Genotyper version

2.5.1 (Applied Biosystems). Each fragment could be zoomed into, and sized.

The Genotyper programme labels fluorescent peaks with a fragment size and

filters out background peaks. Manual adjustments were required to ensure

that all alleles are correctly labelled throughout. Allele sizes were grouped

95



from the smallest to the largest and given a discrete number for ease of 

analysis.
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3.2.7 Mutation detection

3.2.7.1 Fluorescent DNA sequencing

Direct DNA sequencing was performed using Dye primer and BigDye 

terminator cycle sequencing kits (Applied Biosystems).

3.2.7.1.1 Dye primer sequencing

Dye primer sequencing requires the oligonucleotide primers used in the initial 

PCR to be labelled with a universal sequenee tag (-21 M l3 on the forward 

primer and M l3 Rev on the reverse primer). A total o f eight individual 

reactions are performed for each PCR product, four for the forward strand and 

four for the reverse strand. For example, when sequencing the forward strand, 

the following reactions are set up (see table 14 below)

Table 14 Protoeol for setting up Dye primer cycle sequencing reactions

Premixes from the -21 M13 Amount of reaction Amount o f PCR
kit (Forward) mixture (|il) product
A ready reaction premix 4 1
C ready reaction premix 4 1
G ready reaction premix 8 2
T ready reaction premix 8 2

The reactions were overlaid with paraffin (if a 480 thermal cycler was used) 

and the following programmes were run:
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Cycle sequencing on 480 Thermal Cycler Cycle sequencing on 9700 Thermal Cycler

95°C for 30 seconds 96°C for 10 seconds
55°C for 30 seconds 55°C for 5 seconds
70°C for 60 seconds 70°C for 60 seconds
Repeat for 15 cycles Repeat for 15 cycles
Then Then
95°C for 30 seconds 96°C for 10 seconds
70°C for 60 seconds 70°C for 60 seconds
Repeat for 15 cycles Repeat for 15 cycles
Rapid ramp to 4°C Rapid ramp to 4°C

To concentrate the samples and remove any unincorporated fluorescence, the 

four reactions for each sample were pooled together and pipetted onto a piece 

of PARAFILM (see appendix II). The bead o f aqueous reaction separates 

from the paraffin, which sticks to the PARAFILM. The bead is rolled down 

the PARAFILM until all traces of paraffin are removed. A new pipette tip is 

used to pipette the reaction into a new, clean 0.5mL eppendorf tube. 80fiL of 

95% ethanol was added to each tube and the samples were placed on wet ice 

for 15 minutes for precipitation of extension products to occur. The tubes 

were spun in a micro-centrifuge at 13000rpm for 40 minutes. The supernatant 

was aspirated and discarded and 250|iL 70% ethanol was added to wash the 

pellet. The samples were spun again at ISOOOrpm for 10 minutes, the 

supernatant aspirated and discarded and the pellets dried by placing in an 

incubator at 55°C for 10 minutes. The samples were frozen at -20°C  until 

required.
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3.2.7.1.2 BigDye terminator sequencing

BigDye terminator sequencing requires only one reaction tube for the forward 

strand and one for the reverse strand. The primer is selected by the user and is 

usually one of the primers used in the initial PCR. In the premix there are 

dioxynucleoside triphosphates, aswell as fluorescent terminators, each base a 

different colour.

For each sample, the following reactions were set up:

Forward reaction (|il) Reverse reaction (gl)
Terminator premix 4 4
Primer (~5pmol) 2 o f forward primer 2 o f reverse primer
Cleaned PCR product 10 10

All BigDye terminator reactions were performed in a 96-well format using a

9700 thermal cycler and the following programme:

96°C for 10 seconds 
50°C for 5 seconds 
60°C for 4 minutes 
Repeat for 25 cycles
Rapid ramp to 4°C and freeze at -20°C until required

To concentrate the samples and remove any un-incorporated fluorescent dye

terminators, 80pL of 80% ethanol was pipetted into each reaction using a

multi-channel pipettor. The adhesive tape was replaced and the samples were

placed onto a shaker for one hour. The plates were then spun in a Beckman

centrifuge (model CS-6 R) at 3000rpm for 45 minutes. Next, the tape was

removed from the plates and the pates were quickly inverted onto paper

towels, absorbing the ethanol. The plates were spun upside down (with a

paper towel underneath it) at ISOrpm for one minute, to remove all remaining

ethanol. 250pL of 70% ethanol was pipetted onto each sample and the plates
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were spun again at 3000rpm for a further 45 minutes. Again, the tape was 

removed and the plates inverted onto paper towels. The plates were spun 

upside down again at 150rpm for one minute, and then the pellets were dried 

by placing on a heat block at 65°C for five minutes. The samples were frozen 

at -20°C until required.

3.2.7.2 Single stranded conformational polymorphism analysis (SSCP)

DNA sequencing is the most direct and accurate method o f detecting 

mutations, however it is costly and fairly time consuming. A cheaper and 

quicker, although less accurate method o f mutation detection is single

stranded conformational polymorphism analysis. This technique relies upon 

the behaviour of single stranded DNA, running in a gel under non-denaturing 

conditions. Individual strands of DNA will adopt a particular conformation 

dependent on their sequence. This conformation will affect the mobility of the 

strand and therefore the distance it travels in a gel. Mutations in a given 

segment of DNA will hence show differences in mobility compared to a wild- 

type strand reflecting the sequence differences. A number of variables such as 

product size, gel percentage and temperature during gel electrophoresis can 

be altered to improve mutation detection efficiency. However, the efficiency 

of mutation detection can vary, and even under optimised conditions the level 

of mutation detection is rarely quoted to be above 85%.

SSCP was run using the NOVEX Thermoflow mini-cell system and 

powerpack (see appendix II). A self-contained electrophoresis tank was

connected to an external cooling and circulating water bath, which pumped
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chilled buffer around the pre cast gel cassettes (see section 3.2.4.3 for 

electrophoresis conditions).

3.2. 7.3 Detection o f  mutations by restriction fragment length polymorphism  

analysis (RFLP)

In order to detect a specific point mutation, mismatch primers were designed 

so that when amplifying a particular region of DNA, if  the mutation is 

present, it can be detected by digestion with a specific restriction enzyme, 

which recognises the mismatch created by the primer and the point mutation 

(see table 31 for primers and enzymes in KCNAl, table 33 for CACNAIA). In 

general, a reaction volume of 30pL contained 20|liL of PCR product, 3pL of 

buffer, 3p.L of restriction enzyme (see appendix II) and 4p,L of autoclaved 

water. The reactions were digested at the appropriate temperature for each 

enzyme (37°C, 55°C or 65°C) for two hours, and then the products were 

electrophoresed through a 4% agarose gel to allow complete separation o f 

bands.
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3.2.8 DNA manipulation and microbiology

3.2.8.1 General information on microbiology procedures

In general, the following procedures were carried out as described below, 

unless otherwise stated:

3.2.8.1.1 Agar plates and nutrient broth used

All agar plates and LB broth used contained ampicillin as the selective agent 

(see appendix I for contents). LB agar and broth were autoclaved and stored 

in a dedicated microbiology fridge. All streaked plates and inoculated cultures 

were also stored in this fridge. All procedures followed general aseptic 

technique and were carried out in dedicated microbiology laboratory. All 

pipette tips used were autoclaved and all plastics and glassware were sterile.

3.2.8.1.2 Competent cells

The competent cells used were XL 1-blue (see appendix II).
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3.2.8.1.3 Ligations

Ligations were performed as described below unless otherwise stated:

Insert 7.5|il
Vector 1 g  I
T4 ligase 0.5 |liI
T4 ligase buffer Ifii
Final volume o f IO|il

Incubate at 16°C for one hour

3.2.8.1.4 Transformations

Competent cells were transformed by heat shock at 42°C for 45 seconds, then 

placed directly onto ice. Cells were spread onto agar plates by pipetting 20p,L 

onto the plate and spreading it with a glass rod, sterilised by flaming in 

ethanol.

3.2.8.1.5 Picking colonies and growing up mini-cultures

Mini-cultures o f 2mL LB broth containing 60|iL  of ampicillin solution 

(50mg/mL) were inoculated with a single, white colony from a freshly grown 

streak and incubated overnight at 37°C. DNA was prepared from these 

cultures by using the QIAGEN miniprep plasmid purification kit (see 

appendix II) as follows:
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1.5mL of the 2mL culture was transferred into a 1.5mL eppendorf tube and

the bacterial cells were collected by spinning in a benchtop centrifuge at

13000rpm for one minute. The supernatant was autoclaved and discarded.

70p.L RNAse H was added to buffer PI and mixed well (then stored at 4°C).

The pelleted cells were resuspended in 250p.L of buffer PI by vortexing.

250)llL of buffer P2 was added, the sample inverted and left for five minutes.

Buffer P2 consists of NaOH-SDS, which lyses the bacterial cells and releases

the cell contents. NaOH denatures the chromosomal and plasmid DNAs, as

well as proteins. The optimal lysis time of five minutes allows maximum

release of plasmid DNA from the cell with the release of chromosomal DNA,

while minimising the exposure of the plasmid to denaturing conditions.

350|iL of buffer N3 was added to neutralise the reaction. Buffer N3 consists

of acidic potassium acetate. The high salt concentration causes SDS to

precipitate and the denatured proteins, chromosomal DNA and cellular debris

become trapped in salt-detergent complexes. Plasmid DNA, being smaller

and covalently closed, renatures correctly and remains in solution. The

samples were spun at 13000rpm for 10 minutes. The supernatant was applied

to the spin column and this was spun at 13000rpm for one minute. The

plasmid DNA had bound to the membrane. The membrane was washed with

750|iL of buffer PE and the sample was spun again at 13000rpm for one

minute. The flowthrough was discarded and the sample was spun again for

one minute to ensure all traces of wash buffer had been removed. The spin

columns were transferred to new 1.5mL eppendorf tubes and 30|LiL of elution

buffer EB (lOmM Tris-Cl, ImM EDTA, pH 8 ) or autoclaved water was

added to the membrane. The spin columns were incubated at room
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temperature for 10 minutes to allow the DNA to dissolve, and then the DNA 

samples were collected by spinning the eppendorf tubes containing the spin 

columns for one minute. The spin columns were discarded and the DNA 

samples frozen at -20°C until required.

3.2.8.1.6 Growing up larger cultures

When larger volumes of plasmid DNA were required, larger cultures of 25mL 

were grown. Into a 50mL sterile conical flask, 25mL of autoclaved LB broth 

was added along with 50pL of ampicillin solution (50mg/mL). 30p,L of the 

mini-culture was pipetted into the large culture flask and grown up at 37°C 

overnight.

The plasmid DNA was prepared using the QIAGEN midi-prep plasmid 

purification kit (see appendix I) as described below:

Following overnight growth, the culture was transferred to 30mL screw top

tubes and the cells harvested by centrifugation at 6000g for 15 minutes, in a

Beckman (model J2-21) using the JA 20 rotor (TOOOrpm). The supernatant

was discarded and the pellets completely resuspended in 4mL of buffer P 1.

Next, 4mL buffer P2 was added to lyse the cells, the samples were inverted

several times and left to incubate at room temperature for five minutes. Next,

4mL of chilled buffer P3 (see buffer N3, above) was added to precipitate the

genomic DNA, proteins and SDS, and incubated on ice for 15 minutes. The

samples were then centrifuged at 20,000g (13,500rpm with JA 20 rotor) for

30 minutes at 4°C. During this centrifugation step, a QIAGEN-tip 100 was

equilibrated by applying 4mL of buffer QBT (see appendix I) to the column.
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The supernatant was then applied to the column and the flowthrough 

discarded. The column was washed with two washes of lOmL buffer QC (see 

appendix I) and the flowthrough discarded. The column was transferred to a 

clean, clear plastic tube and the sample was eluted by the application of 5mL 

buffer QF (see appendix I) to the column. The column was discarded and the 

DNA was precipitated by the addition o f 3.5mL room tem perature 

isopropanol. This was mixed and centrifuged immediately at 15,000g 

(ll,500rpm  with JA 20 rotor) for 30 minutes at 4°C. the supernatant was 

carefully decanted and discarded and the pellet washed with 2mL 70% 

ethanol at room temperature, and centrifuged again at 15,000g (1 l,500rpm) 

for 10 minutes. The supernatant was carefully decanted and discarded and the 

pellet air-dried for five to ten minutes. The DNA was redissolved in 200|iL 

1X TE or autoclaved water and stored at -20°C until required.

3.2.8.2 Cloning o f  PCR products for single stranded sequencing

When heterozygous populations of DNA make it difficult or impossible to 

sequence properly, (for example, a deletion or insertion mutation causing a 

shift in alignment of sequence) the PCR products can be cloned into a vector 

and sequenced single-stranded. For this, the TOPO TA cloning kit (see 

appendix II) was used. PCR products were generated in the standard way (see 

section 3.2.3.1) ensuring Taq polymerase was used, as this enzyme has a non- 

tem plate-dependent terminal transferase activity that adds a single 

deoxyadenosine (A) to the 3’ ends of PCR products. This activity is usually

not required for normal PCR, but this method of cloning exploits this feature.
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The linearised vector provided in the TOPO TA cloning kit has single, 

overhanging 3 ’ deoxythymidine (T) residues, allowing PCR inserts to ligate 

efficiently with the vector. Following PCR to generate inserts, the following 

reaction was set up:

Fresh PCR product 2|il
Salt solution (provided in kit) I pi
Autoclaved water 2 |il
TOPO® vector____________________________ IpJ_____
Final volume 6|il

The reaction was mixed gently and incubated at room temperature for five 

minutes. 2 |LiL o f the ligation reaction as added to one vial o f TOP 10 

competent cells (see appendix II) and mixed very gently. The cells were 

placed on ice for 30 minutes. Next, the cells were heat-shocked at 42°C for 45 

seconds, to take up the vector DNA, then placed on ice for two minutes to 

recover. 250p,L SOC medium (see appendix II) was added to the cells, then 

they were capped and shaken horizontally at 37°C for one hour. Next, 20 |liL 

from each transformation was pipetted and spread out onto a pre-warmed 

ampicillin agar plate and incubated overnight at 37°C. Individual colonies 

were picked and grown up as described above.

3.2.8.S Site-directed mutagenesis o f  KCNAl

When mutations had been identified, constructs of the gene containing the

mutation were assembled. Firstly, a wild-type construct was created by

amplification of KCNAl by primers at the very beginning and end of the gene 

and containing artificial restriction enzyme recognition sites for cloning into a
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vector. The recognition site for Xba\ was generated into the forward primer 

and the recognition site for EcoR\ was generated into the reverse primer. 

Standard PCR as described in section 3.2.3.1 was performed using human 

genomic DNA as the template. This generated a 1500 base pair product. This 

product and the vector pSGEM were digested with Xba\ and EcoRl to give 

compatible restriction overhang ends. The vector and the insert were both 

cleaned by the GENECLEAN method (see section 3.2.3.4), then ligated 

together as described in section 3.2.8 .1.3. The ligation was transformed (see 

section 3.2.8.1.4) and DNA prepared from mini-cultures (see section

3.2.8 .1.5). Each mutation was created using overlapping primers containing 

the mutated base, with approximately 15 complementary bases on either side 

of the mutation (see table 34 and fig 7, page 109).

PCR was performed using wild type KCNAl in pSGEM as the template 

DNA, Pfu proofreading polymerase and an annealing temperature of 50°C for 

10 minutes in 16 cycles. The PCR was digested with Dpnl at 37°C for one 

hour to remove the methylated template DNA, then transformed into X Ll- 

blue competent cells and DNA prepared using QIAGEN miniprep kits.
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Figure 7 Diagrammatic representation of Site-directed mutagenesis PCR on KCNAl

^ocwardprioi^

I
2 .

I
3.

Figure 1; The forward and reverse 
primers overlap each other. The required 
mutation is highlighted in blue and the 
primers extend 15 base pairs in either 
direction dNTPs and Pfu polymerase are 
added and the primers copy the vector 
template in the direction of the arrows.

Figure 2: During PCR amplification, the 
entire vector sequence is copied by each 
primer, incorporating the mismatched 
base at the same time. A novel (but 
silent) restriction site can also be 
incorporated into the mutagenesis 
primers, to assist selection of positive 
clones.

Figure 3; After PCR, the parental 
methylated vector DNA (in black) is 
digested with Dpn\^ leaving only the 
PCR-produced DNA containing the 
mismatched base and novel restriction 
site. The PCR reaction is then 
transformed into competent cells and 
colonies are selected. Miniprep DNA is 
digested with the specific restriction 
enzyme to select for positive clones.
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3.2.8.4 Site directed mutagenesis o f  CACNAIA

The R1820X mutation was studied using electrophysiological techniques, so 

a construct was created by mutating the corresponding position (codon 1828) 

of the rabbit aiA cDNA BI-1 with a PCR-based strategy (see fig 8 , page 111) 

with proof-reading Pfu DNA polymerase (see appendix II).

The forward primer 5 AG A AAG ATT GT CGCGGC A AG-3 ' and the reverse 

prim er 5 '-G A T G G A C T A G TC TCACGTGAGGTAGTCGAAGTTGTC-3' 

were used on BI-1 cDNA that had been subcloned into an expression vector 

to yield the expression plasmid aiA-pMT2LF (Nucleotides highlighted in 

bold show mismatched bases required to create S p e \  site (ACTAGT), 

nucleotides highlighted in bold and underlined show engineered stop codon 

rXAGfy The reverse primer allowed generation of a Spel restriction site 

immediately adjacent to the stop codon mutation. The 1200 base pair PCR 

product was then digested with the enzymes Spe\ and Sgfl and subcloned into 

aiA-pMT2 LF, which had been cut accordingly. The sequences of mutated 

BI-1 cDNA were verified using BigDye terminator sequencing kits (see 

section 3.2.7.1.2).
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Figure 8 Diagrammatic representation of the creation of the R1820X mutation in CACNAIA

Spel site
Codon
2942

Sgfl siteCodon

Figure 1; PMT2 vector containing 
the CACNAIA BI-1 cDNA 
(rabbit). Codon 1828 corresponds to 
the human codon 1820.

1828

2 .

Forward primer

I

Figure 2; Amplification by PCR of 
the vector template is performed 
using a forward primer containing a 
natural Sgfl site and a reverse primer 
containing an artificial stop codon at 
codon 1828 and an artificial Spel 
site at the 5’ end The PCR product 
is -1200 base pairs.

f 1A BI-1 vector cDNA
Reverse primer

Natural S g fl site

i Artificial stop codon

3.

Spel site

TGA

Figure 3; The vector and PCR 
product are digested with Sgfl and 
Spel and ligated together. The 
premature stop codon joins up to the 
Sgfl site in the vector multiple 
cloning site. The BI-1 sequence 
between the premature stop codon 
and the vector is removed
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3.2.9 In vitro transcription

3.2.9.1 General information on RNA procedures

When working with RNA, it is essential that all plastics (e.g. eppendorf tubes, 

pipette tips) are completely RNAse free, as RNA is very unstable and 

RNAses are present on human skin surfaces and airborne. Gloves are changed 

regularly and all solutions are made from water treated with DEPC.

3.2.9.2 In Vitro transcription

For electrophysiological expression studies in Xenopus oocytes, cRNA was 

transcribed in vitro as described below.

The vector DNA was linearised by digestion with Nhel in a final volume of 

300 illL:

Vector DNA 200|iL
Nhe\ enzyme 3gL
Nhel Buffer 30|iL
lO X BSA  30|iL
Autoclaved water 37|iL
Final volume 300|iL

The sample was incubated at 37°C overnight and electrophoresed through a 

0.8% agarose gel to check that complete digestion occurred. To extract the 

DNA from the digest reaction, 300p,L phenol was added and the sample 

vortexed, followed by 300|llL chloroform and vortexed. The sample was spun
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in a benchtop centrifuge at 13000rpm for five minutes. The supernatant was 

removed and placed into an RNAse free tube. A second extraction was 

performed by adding 100|llL DEPC water to the original digest reaction, 

vortexed well and spun at ISOOOrpm for five minutes. The supernatant was 

removed and placed in the RNAse free tube with the first supernatant. 400|iL 

chloroform was added to this, vortexed and spun at 13000pm for five 

minutes. This supernatant was removed and placed into a new RNAse free 

tube and the volume determined by pipetting. The DNA was precipitated by 

the addition of 0.1 volumes of 3M NaAc and three volumes 100% ethanol 

(chilled at -20°C). This was left at -20°C overnight, then spun using the 

Beckman centrifuge (model J2-21) and the rotor JA 18.1-116 at llOOOrpm, 

4°C for 30 minutes. The supernatant was discarded and the pellet washed 

with 500|aL 70% ethanol (chilled at -20°C), then spun again at llOOOrpm, 

4°C for 10 minutes. The supernatant was discarded and the pellet dried using 

a freeze-dried speed vac. The DNA was then resuspended in 25|xL of DEPC 

water and the OD determined using IpL of DNA (see section 3.2.2.3).

The in vitro transcription reaction was set up as follows: (All reagents see 

appendix II):

Linearised DNA (3|ig) xgL
DEPC water (20-x) |iL
A TP(lO m M ): 5|iL
C TP(lO m M ): 5|iL
U TP(lO m M ) 5|iL
GTP + m7G (5 ’) ppp (5’) G-cap 5|iL 
1 OX transcription buffer 5pL
RNAse inhibitor 2.5|iL
T7 RNA polymerase______________2.5gL
Final volume 50gL
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The sample was incubated at 37°C for one hour. 5|iL DNAse was added and 

incubation continued for 15 minutes at 37°C. The reaction was stopped by 

adding 1 0 0 |liL  phenol and vortexing, followed by 100p,L of chloroform and 

vortexing, followed by centrifugation in a benchtop centrifuge at 13000rpm 

for five minutes. The supernatant was removed and placed into a new RNAse 

free tube. A second extraction was performed by adding 50)liL  DEPC water to 

the organic phase, vortexing, then spinning at 13000rpm for five minutes. The 

supernatant was removed and added to the first. 200pL of chloroform was 

added to this tube, vortexed and spun again at 13000rpm for five minutes. 

The supernatant was removed, placed into a new RNAse free tube and the 

volume determined. The RNA was precipitated by the addition o f 0.1 

volumes of 3M NaAc and three volumes of 100% ethanol (chilled at -20°C). 

The sample was left to precipitate at -2 0 °C overnight, then spun in the 

Beckman centrifuge (model J2-21) and the rotor JA18.1-116 at llOOOrpm, 

4°C for 30 minutes. The supernatant was discarded and the RNA pellet 

washed by the addition of 200p.L of 70% ethanol (chilled at -20°C), then spun 

again at llOOOrpm, 4°C for 10 minutes. The supernatant was discarded and 

the RNA pellet dried using a freeze-dried speed vac. The RNA was then 

resuspended in 12pL of DEPC water and the concentration estimated by 

electrophoresis through a formaldehyde/MOPS/agarose gel (see section 

3.2.4.2).
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3.2.10 Electrophysiology

All electrophysiological studies were performed by Professor Kullmann’s 

laboratory (Dr Jouvenceau, Dr Spauschus, Miss Rea) and are included for 

discussion purposes only.

3.2.10.1 Injection o f cRNA

Female Xenopus laevis frogs were killed by 0.5% tricaine, decapitation and 

pithing. X enopus  Oocytes were prepared from frogs and treated with 

collagenase type 1A (see appendix II) to remove the follicular layer and kept 

in Barth’s medium (see appendix I). cRNA (0.1-0.6ng) was injected using a 

Nanojet automatic injector (Drummond). After three days, two-electrode 

voltage-clamp recordings were performed at 22°C using a Geneclamp 500 

amplifier (Axon Instruments). Data were acquired and analysed with 

pClamp? (Axon Instruments) and Origin (Microcal).

3.2.10.2 Injection o f  cDNA

Oocytes were isolated and stored at 4-18°C in fresh ND96 medium (see 

appendix I).

Wild type (wt) or mutant ajA cDNA was injected into the nuclei o f Xenopus

laevis oocytes, stage V and VI using a Nanojet automatic injector

(Drummond) together with cDNA encoding p4 and ai-Ô subunits in a ratio of

3:3:1. Whole cell currents were measured with two-electrode voltage clamp,
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three days after injection using a Geneclamp 500 amplifier (Axon 

Instruments). To ensure that the total number of subunit cDNA copies were 

constant in each case, the results were normalised by the wild type amplitude 

recorded on the same day within the same batch o f oocytes. Normalised 

amplitudes were then averaged between batches.

Activation, inactivation and deactivation curves were acquired and data were 

analysed with pClamp? (Axon Instruments), Excel (Microsoft) and Statview 

(4.5 for Macintosh).

3.2.10.3 Protocols for electrophysiological studies

Whole cell currents were measured with two-electrode voltage-elamp, three 

days after injection. A classical IV protocol was used. Currents were filtered 

at IHz and sampled at 5Hz. The steady-state inactivation of currents was 

investigated by a standard protocol. Long prepulses (600msec) to different 

voltages were applied to allow inactivation to reach a steady-state. This was 

followed by a 300msec pulse to +10mV.

Ca^^ channel kinetics of deactivation were also characterised. This can be 

determined by the time course of tail current relaxation. Deactivation was 

measured for a range of repolarisations between -160 and -70mV.
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Chapter 4 Results of clinicaK genetic and biophysical 

analysis in families with novel KCNAl mutations

This chapter describes the phenotypes of members of six families in which 

KCNAl mutations were found. Section 4.1 contains the clinical symptoms, 

followed by the mutation identified in each family. Polymorphisms identified 

are discussed in section 4.2. The results of the electrophysiological analysis of 

each mutation are described in section 4.3. A diagrammatic summary o f the 

mutations identified is shown in figure 17 (page 143).

4.1 Novel mutations identified in KCNAl

DNA sequence analysis of the entire KCNAl gene revealed four previously 

undescribed mutations and one mutation that has been reported in an 

unrelated family [Scheffer et al. 1998]. All five mutations segregate with the 

disease in each family and were not found in 240 control chromosomes.
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4.1.1 Clinical description of family A

This family had myokymia and continuous motor unit discharges associated 

with epilepsy in the absence of episodic ataxia. The proband (1:1) is a 40-year 

old woman who was a normal full term delivery and had normal motor 

development. She first complained of widespread muscle twitching at the age 

of 9 and this was soon followed by tonic clonic seizures. She has also 

suffered simple partial seizures since the age o f 19 years, which were 

controlled by antiepileptic drugs. She had never experience any episodes o f 

ataxia. Interictal EEG performed during antiepileptic drug administration 

showed slow-wave activity in the temporal regions, more evident on the left 

where there was evidence of sporadic sharp-waves. An MRI scan was normal. 

The proband’s second son (11:2) presented with muscle twitching, persistent 

flexion of fingers and toes and non-febrile tonic-clonic seizures. EMG studies 

revealed continuous motor unit discharges associated with neuromyotonia in 

both patients. The proband’s deceased father was reported to have muscle 

twitching and epileptic seizures. The other two individuals (1:2 and 11:1) were 

neurologically normal.

4.1.1.1 Mutation identified in family A

In family A, a G724C point mutation results in a radical amino acid

substitution of alanine to proline at codon 242 (A242P), a highly conserved

position in the second transmembrane segment of the channel. The lower

panel in fig 9A (page 1 2 0 ) shows the products o f digestion following
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incubation with Cac8l. The PCR product generated is 126 base pairs in 

length. The recognition sequence of Cac8l is GCN/NGC, so the mutation 

G724C results in the loss of this site. The upper band in fig 9A is the 

undigested 126 base pair product and the lower band is the 91 base pair 

digestion product. Affected individuals, who are heterozygous, have two 

bands (126 base pairs and 91 base pairs). Normal individuals are homozygous 

for the lower 91 base pair fragment only. The 35 base pair fragment has run 

off the gel.

119



Figure 9 Pedigree of Family A
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11:1 11:2

9B
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11:1 1:1 1:2 11:2

720 730 740

F ig  9 A

U p p e r  p a n e l:  P e d ig re e  s h o w in g  f a m i ly  A

L o w e r  p a n e l:  A g a r o s e  g e l  s h o w in g  p r o d u c ts  o f  d ig e s t io n  w i th  Cac8\. T h e  G 7 2 4 C  m u ta t io n  c a u s e s  Ü ie  lo s s  o f  a  CacSl s ite . 

A f fe c te d  in d iv id u a ls  a re  h e te r o z y g o u s  f o r  t h e  1 2 6  a n d  9 1 b p  f ra g m e n ts  a n d  u n a f f e c te d  in d iv id u a ls  a r e  h o m o z y g o u s  f o r  t h e  91 

b p  f ra g m e n t .  T h e  3 5  b p  f r a g m a i t  h a s  ru n  o f f  t h e  g e l.

F ig  9 B
Electropherogram showing G to C point mutation at position 724. The arrow shows the position o f the mutation
G724C. ‘S ’ denotes G or C.
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4.1.2 Clinical description of family B

The proband (11:1) had a normal cognitive and motor development apart from

intermittent toe walking and running. He presented at age three with a 12

hour history of inability to walk following a 24 hour febrile vomiting illness.

He was fully alert, cranial examination was normal. Myokymie movements of

his fingers were visible and his knees were held in extension, ankles were

plantar flexed. His fists were held partially clenched with thumbs adducted.

Upper limb tendon reflexes were present but diminished in amplitude. Calf

muscles were hypertrophied and rippling movements were observed. Tone

was increased in his lower limbs. Tendon reflexes were diminished at the

knees and not demonstrable at the ankles. There was no percussion myotonia.

He did not appear weak. He could stand with minimal assistance but only on

the tips of his toes. Plasma alanine aminotransferase 80U/1 (normal range 10-

40), aspartate aminotransferase 30U/1 (15-45), and creatine kinase 1,008IU/1

(15-90) were elevated. There was no myoglobinuria. Muscle ultrasound was

normal. M otor nerve conduction velocities were normal. Surface

electromyography over the right lateral gastrocnemius and right extensor

digitorum showed continuous motor unit activity (myokymia) even at rest

with a regular periodicity of about six per second. His vomiting settled and 24

hours after his admission he was walking and running but with a toe-toe gait.

The legs felt less stiff, tendon reflexes were more easily demonstrated, and

plantar responses were down-going. His creatine kinase and other muscle

enzymes normalised. A year after this acute admission he was reviewed. He

had remained well, but generalized upper and lower limb muscle hypertrophy
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was more prominent. There were no fixed deformities and the muscles were 

not stiff. A toe-toe gait was evident on running. EMG of gastrocnemius, 

extensor digitorum and frontalis muscles showed continuous generalised 

myokymie activity. His 39 year old father (1:2) had no history of episodic 

ataxia, stiffness or other muscle symptoms. Review of general practice case 

notes revealed no history of toe walking as a child and no muscle or postural 

problems. The only abnormalities observed were calf muscle hypertrophy and 

subtle myokymia of his dorsal interossei. Surface EMG confirmed myokymia 

with continuous motor unit activity within the right lateral gastrocnemius and 

the right extensor digitorum. The 35 year old mother (1:1) and the 19 month 

old male sibling (11:2 ) were neurologically normal and showed normal 

surface electromyography.

4.1.2.1 Mutation identified in family B

In family B, a C731A point mutation results in a radical amino acid

substitution of proline to histidine at codon 244 (P244H), in the intracellular

loop between transmembrane segments two and three. The lower panel in fig

lOA (page 124) shows the products of digestion following incubation with

B sa J l. The PCR product generated is 126 base pairs in length. The

recognition site of BsaJl is C/CNNGG. The wild type sequence between base

pairs 730 and 735 is CCCAGC. The reverse mismatch primer used created

the following sequence in the wild type: CCCAGG. This is recognised and

cut by the restriction enzyme BsaJl in the wild type. The mutation C731A

results in the loss of this B saJl site. The upper band in fig lOA is the
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undigested 126 base pair product and the lower band is the digested 95 base 

pair fragment. Affected individuals are heterozygous and have two bands 

(126 base pairs and 95 base pairs), while normal individuals are homozygous 

for the lower 95 base pair fragment only. The 31 base pair fragment has run 

off the gel.
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Figure 10 Pedigree of Family B
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Electropherogram showing C to A point mutation at position 731. The arrow shows the position o f the mutation C731A. ‘M ’
denotes A or C.
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4.1.3 Clinical description of family C

The proband (11:1), a 20 year old female, was born following a normal full 

term delivery and showed normal motor milestones. Attacks of cerebellar 

ataxia lasting seconds to minutes began at the age of 10 years old. A major 

attack is characterised by gait and limb ataxia and cerebellar dysarthria. 

However, in addition there can be minor attacks consisting of dysarthria or 

upper limb dysmetria in isolation. Attacks were initially precipitated by high 

temperature such as after a hot bath or using a hairdryer, but as she got older 

were mainly precipitated by strenuous exercise, emotional stress, sudden limb 

movement or startle. The frequency of attacks had progressively increased 

and the threshold for developing attacks had decreased. By the age o f 19 

years old, attacks were occurring on most days. Periocular myokymia was 

present, but there were no cerebellar signs between attacks. In addition, she 

had a fine postural tremor of her outstretched upper limbs. Many drugs were 

tried including carbamazepine, phenytoin, lamotrigine and acetazolamide but 

were largely ineffective. There was an initial response to carbamazepine, but 

this was not sustained despite increasing the dose to 1600mg. Acetazolamide 

had a similar temporary benefit and Lamotrigine produced an increase in 

attack frequency. Both parents were neurologically normal on examination.
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4.1.3.1 Mutation identified in family C

In family C, a C1249T point mutation results in the substitution of an arginine 

to a premature stop at codon 417 (R417X). This is predicted to result in the 

loss o f nearly 80 amino acids at the intracellular C-terminus. This mutation 

was not found in either parents. Paternity testing using markers from over 10 

different autosomes revealed that this was the correct father, so this mutation 

arose from a de novo event (see section 4.1.3.2 for paternity data).

The lower panel in fig H A  (page 127) shows the products o f digestion 

following incubation with Seal. The PCR product generated is 152 base pairs 

in length. The recognition site of Seal is AGT/ACT. The wild type sequence 

between base pair 1244 and 1249 is ACCACC. Following amplification with 

the forward mismatch primer, the wild type sequence becomes AGTACC. 

The presence of the C1249T mutation results in the gain o f the Seal site, so 

the sequence AGTACT is recognised and cut. The upper band in fig 11A is 

the undigested 152 base pair product and the lower band is the digested 125 

base pair fragment. Affected individuals are heterozygous and have two 

bands (152 base pairs and 125 base pairs), while normal individuals are 

homozygous for the upper 152 base pair product only. The 27 base pair 

fragment has run off the gel.
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Figure 11 Pedigree of Family C
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Electropherogram showing C to T point mutation at position 1249. The arrow shows the position o f the mutation
C1249T. ‘Y’ denotes C or T.
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4.1.3.2 Paternity data in family C

The table below shows the markers used and gives relative mobility units. 

This revealed that the proband and the father shared one haplotype in each 

marker, consistent with paternity.

Table 15 Paternity data for family C

M arker name Max
heterozygosity
frequency

Father M other Proband

D12S1328 0.7200 265,267 265, 267 267, 267
D12S1333 0.7200 234,234 225, 227 2 3 4 ,225

0.7950 182,182 177, 182 1 8 2 ,182
D I7SJ22 0.5528 162, 162 164,164 162, 164
D17S800 0.7433 171, 171 171, 177 171, 177
D 17S92I 0.7400 174, 174 182,182 174, 182
D 19SJ150 0.8200 187, 187 187, 187 187, 187
DIS2141 N/A 252, 259 251,255 259, 255
D2S358 0.8240 164, 170 168, 170 164, 168
D 5S4II 0.4705 155, 155 155, 157 155, 155

0.6400 167, 167 167, 167 167, 167
Mac Prep (Chr 4) N/A 257,259 257, 259 257, 257
SC A 3 (Chr 14) N/A 222,239 224, 227 2 2 2 ,224
Synpin^ (Chr 4) N/A 185,189 179, 191 185, 191

Alleles inherited by the proband from the father are on the left of the column 

and are highlighted in bold.

The chances of these alleles being shared by another random person in the 

population is p'"̂  where p= the allele frequency in the population and 14 = 

number o f markers used. Assuming an average allele frequency of 0.2, the 

chances of this event occurring at random is 0 .2 '"̂  = 1 0 "'\
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4.1.4 Clinical description of family D

The proband (III;2) presented aged seven weeks with recurrent 1 apnoeic 

episodes associated with cyanosis. These episodes were shown to be complex 

partial seizures lasting upto two minutes. Recordings showed the child staring 

forward of with his head turning to the left with his eyes deviating to the left, 

the eyelids flickering, lip smacking and the development of cyanosis. He also 

had clenched fists and flexion of the toes due to contractures at birth. EEG 

changes during the episodes consisted of rhythmical slow-wave activity over 

the right hemisphere, becoming spike and slow-wave complexes. He was 

treated with carbamazepine and had no further epileptic seizures. Subsequent 

developmental progress was normal and antiepileptic medication was stopped 

at the age of two years. A diagnosis of benign partial epilepsy of infancy was 

made. From the age of three he has had episodes o f ataxia at least once a 

week lasting seconds to minutes, precipitated by startle, exercise or sudden 

movement. Consciousness is preserved in the attacks. Examination showed 

periorbital and finger myokymia, and EMG showed continuous motor 

activity.

The other four affected members (1:2, 11:2, 11:4 and 111:1) all exhibited

episodes of ataxia lasting seconds to minutes and brought on by sudden

movement, exercise or startle. They also all had periorbital and finger

myokymia, but in addition patient 11:4 also had epilepsy similar to the

proband. At the age of nine and ten she began to have epileptic seizures and

episodic ataxia, respectively. The ataxic episodes are clearly distinguished

from the seizures and are similar to those seen in her brother (11:2 ) and
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mother (1:2). Neither the seizures nor ataxic episodes have responded to 

phenytoin or sodium valproate.

The 50 year old maternal grandmother of the proband (1:2) has had symptoms 

of interm ittent ataxia since early childhood. Precipitated by sudden 

movement, exercise, anxiety or loud noises, the attacks last a few seconds to 

minutes, when she becomes ataxic, has dysarthria, but retains full 

consciousness. Phenobarbitone and Acetazolamide were unhelpful and she 

attended a school for children with mild to moderate learning difficulties.

The 31 year old father of the proband (11:2) was noted to have postural 

abnormalities of his upper and lower limbs at the age of three months. His 

wrists were flexed and his thumbs were adducted across his palms and his 

feet were held in equinovarus. There was no spastiscity on examination. He 

was treated with splints. Episodes of ataxia began at the age o f four years. 

They occur spontaneously, precipitated by exercise or after sudden 

movement. Attacks last seconds to minutes. Clinical examination showed 

myokymia, most prominent in the fingers and periorbital area. EMG showed 

continuous motor unit activity consistent with myokymia. An interictal EEG 

was normal apart from showing prominent muscle activity with EMG at a 

frequency o f - 1 0 /s, which was more prominent with hyperventilation. 

Acetazolamide produced a resolution of attacks for three months but they 

returned at a reduced frequency.

The 10 year old brother of the proband (111:1) was also born with postural

abnormalities seen in the other family members. At eight months his fingers

were held flexed, his knees were flexed and his feet were plantar flexed. By

14 months these postural deformities had resolved, but by the age o f four
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years he began to have typical ataxic episodes lasting from seconds to 

minutes. EMG showed myokymia. Carbamazepine produced an initial 

decrease in ataxic episodes but this was not sustained.

The remaining members of the family (1:1, 11:1, 11:3 and 11:5) were 

neurologically normal.

4.1.4.1 Mutation identified in family D

In family D, a C677G point mutation results in the radical substitution o f a 

threonine to an arginine at codon 226 (T226R), at a highly conserved position 

in the second transmembrane segment o f the channel. The lower panel in fig 

12A (page 132) shows the products of digestion following incubation with 

Ddel. The PCR product generated is 159 base pairs in length. The recognition 

site of Ddel is C/TNAG. The wild type sequence between base pair 673 and 

677 is GAAAC. Following amplification with the forward mismatch primer, 

the following sequence is generated in the wild type: CTAAC. In the presence 

of the C677G mutation, the sequence becomes CTAAG, causing a gain of 

Ddel site. The upper band in fig 12A is the undigested 159 base pair product 

and the lower band is the digested 131 base pair fragment. Affected 

individuals are heterozygous and have two bands (159 base pairs and 131 

base pairs), while normal individuals are homozygous for the upper 159 base 

pair product only. The 28 base pair fragment had run off the gel.
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Figure 12 Pedigree of Family D
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F ig  1 2 B

Electropherogram showing C to G point mutation at position 677. The arrow shows the position o f the mutation
C677G. ‘S’ denotes C or G. The nucleotide at position 684, marked as ‘Y ’, is a known polymorphism (C/T).
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4.1.5 Clinical description of family E

This is a very large pedigree of sixteen family members over four 

generations. The proband (IV:7) developed attacks at the age of three. These 

were stereotyped and had not changed over time. The attacks would involve a 

sensation of dizziness, followed by dysarthria, inco-ordination and tremor of 

the arms, body and head. She was unable to stand unassisted and there was 

partial relief on lying flat but not sitting. Exercise, sudden movement and 

startle precipitated the episodes; for example tripping on a pavement, sudden 

turning and falling off a bicycle would induce an attack. The patient also 

described infrequent events that occurred whilst at rest. The tremor and inco

ordination would typically last for minutes to hours but the dizzy sensation 

could persist for 24-48 hours especially during a febrile illness. The 

frequency of the attacks varied from once or twice a week to 50 times a day. 

Between episodes she had noticed occasional periocular muscle twitching but 

no tremor, cramp or weakness. Detailed neurological examination on a 

number of occasions was normal. EMG revealed no spontaneous muscle 

activity in the proband. Interictal electroencephalograms and MRI scan of 

brain were normal.

Acetazolamide, clonazepam and sodium valproate proved to be ineffective in 

reducing the frequency or severity of the attacks. Low dose carbamazepine 

(lOOmg b.d.) had an immediate effect in cutting the attack rate.

The other members of the family had similar attacks and in those untreated 

the episodes gradually diminished with age (see table 16 below).
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Table 16 Features of disease in family E

Iden tity Sex Age A ge o f 
O nset

A ttack
d u ra tio n

R esponse to 
th e ra p y

O th e r  fea tu res M R I head

111:1 M 69 2.5 M ins-hrs No treatment Attacks at rest N orm al
111:2 M 64 2.5 Mins-hrs No treatment None Norm al
1V:2 F 33 3 Mins-hrs CBZ None N/A
V:I F 11 2 l-2m ins No treatment None N/A
V:2 M 8 1.5 l-2m ins No treatment None N/A
IV: 5 F 53 13 Mins-hrs CBZ/valp Sleep attacks Norm al
V:4 M 32 13 Mins-hrs CBZ Sleep attacks Norm al
V:6 F 19 8 Mins-hrs CBZ N/A N/A
111:6 F N/A N/A N/A N/A N/A N/A
/K-7 F N/A N/A N/A N/A Sleep attacks, 

Headache
N/A

1V:9 F N/A N/A N/A N/A N/A N/A
V:7 M N/A N/A N/A N/A Headache N/A

N/A = Data not available.

4.1.5.1 Mutation identified in family E

In family E, a G1210A point mutation results in the radical substitution of a 

valine to an Isoleucine at codon 404 (V404I) at a highly conserved position in 

the sixth transmembrane segment of the channel. The lower panel of fig 13A 

(page 136) shows the products of digestion following incubation with Rsa\. 

The PCR product generated is 280 base pairs. The recognition site of Rsal is 

GT/AC. There are two Rsal sites in the wild type, which cut the fragment into 

149, 103 and 28 base pairs. In the presence o f the G1210A mutation, the first 

Rsal site is lost and the 149 and 28 base pair fragment are not severed, 

leaving a 177 base pair fragment. The upper band in fig I3A is the digested 

177 base pair fragment, the middle band is the digested 149 base pair 

fragment, and the lower band is the digested 103 base pair fragment. Affected 

individuals are heterozygous and have four bands (177, 149, 103 and 28 base
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pairs), while normal individuals are homozygous for three bands (149, 103 

and 28 base pairs). The 28 base pair fragment has run off the gel.
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Figure 13 Pedigree o f Family E

11:3 11:1 11:2 11:4

111:1 111:2

<5
111:7 111:3

■ C
111:4 111:8 111:5

IV : 1 IV :1 0

B  cb c i o -B  c5
111:6

IV :2  IV :3  I V :4  IV : 11 I V :5  IV :6  IV : 12

6 A 6 ^
V :1 V :2  V :3  V :4  V :5  V :6

A
(b B

I V : 7 ^  IV : IV :9

V :7

111:1 IV : 1 111:2 V :2  IV : 10 111:3 V :2  IV :2  V :3  V :4  V :5  111:5 1V :5 V :6  IV :6  IV : 12 V :7  111:6 IV :7  IV :8  IV :9

13B
1200 1210 1220

T A AC À A T T G C C C T  G C C C R T C C T G T C A T  T G T G T

F ig  13A

U p p e r  p a n e l:  P e d ig re e  s h o w in g  f a m i ly  E

L o w e r  p a n e l:  A g a ro s e  g e l s h o w in g  p r o d u c ts  o f  d ig e s t io n  w i th /? 5 a l .  T h e  G 1 2 1 0 A  m u ta t io n  r e s u l ts  in  t h e  g a in  o f &Rsa\ s ite . 
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F ig  1 3 B

Electropherogram showing G to A point mutation at position 1210. The arrow shows the position o f the mutation
G1210A. ‘R ’ denotes G or A.
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4.1.6 Clinical description of family F

The proband, currently 12 years old, presented with severe, generalised 

muscle stiffness causing significant delay in motor milestones, general 

immobility and skeletal deformity. He has a short stature, very severe 

kyphosis and an armadillo-like posture. This constellation of features raised 

the possibility of Schwartz-Jampel syndrome. He can walk for 15 minutes 

before he gets tired and sometimes uses a wheelchair. On examination his 

face appeared normal. He showed marked increase in tone and limitation of 

movement in his joints, most noticeably in shoulder abduction, elbow 

supination and hip and ankle flexion. A strong percussion o f the vastus 

medialis induced widespread muscle twitching of most of the quadriceps. The 

same thing happened in his deltoid. He did not have clear clinical percussion 

myotonia. He has not suffered any episodes of ataxia.

The 32 year old mother of the proband gave a typical history of episodes of 

ataxia precipitated by stress, emotion, sudden noises or lack o f food 

beginning in her late teens. The attacks last from 15 to 30 minutes and she has 

to sit down of lay down when the attacks come on. She describes muscle 

twitching around her eyes, the muscles in her forearm and thighs and says 

that since the age of 15 she has been unable to fully extend her fingers and 

noticing wasting of the small muscles of the hand. Examination revealed 

generalised myokymia present in her periocular muscles and throughout 

upper and lower limbs. She also showed clear myokymie lateral movements 

of the fingers.
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4.1.6.1 Mutation identified in family F

In family F, the T226R mutation found in family D was also identified and 

segregation in affected family members is shown in fig 14A (page 140). The 

lower panel in fig 14A shows the products of digestion following incubation 

with D del. The PCR product generated is 159 base pairs in length. The 

recognition site of Ddel is C/TNAG. The wild type sequence between base 

pair 673 and 677 is GAAAC. Following amplification with the forward 

mismatch primer, the following sequence is generated in the wild type: 

CTAAC. In the presence of the C677G mutation, the sequence becomes 

CTAAG, causing a gain of D del site. The upper band in fig 14A is the 

undigested 159 base pair product and the lower band is the digested 131 base 

pair fragment. Affected individuals are heterozygous and have two bands 

(159 base pairs and 131 base pairs), while normal individuals are 

homozygous for the upper 159 base pair product only. The 28 base pair 

fragment had run off the gel.

It is interesting to note the very different phenotypes in family D and F,

although they share the same mutation. Because of this, KCNA2 was also

sequenced in the proband of family F. It’s protein product, Kyi.2 is known to

coassemble with K yl.l, but no mutations or polymorphisms were identified.

In addition, the intensities of the gel digest bands in fig 14A do not appear as

expected for a heterozygous mutation. There appears to be more mutant DNA

than wild type DNA. Because of this, 1 hypothesised that gene duplication

may have taken place. The electropherograms of the sequencing data from an

affected member of family D and family F are compared in fig 15. This
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shows that there is a difference in peak height of the mutant base (G- yellow). 

It is twice as high as the wild type peak (C- blue), suggesting duplication of 

the KCNAl gene carrying the C677G mutation.

A gene dosage assay was also performed on the affected members of this 

family (see fig 16). The dinucleotide repeat markers used (D12S1594 and 

D12S314) are approximately 200kb either side of the KCNAl gene. If  a 

duplication had occurred and extended this far, it may be possible to see three 

alleles, or a difference in peak heights. Initial genescan data shows that there 

are only two alleles present at both marker locations. The mutant allele shared 

by the mother and proband (248bp) does not appear to be duplicated. If  the 

allele ratio is 0.4 or higher, the peak heights are considered to be in the 

normal range. If the allele ratio is less than 0.4 (usually 0.33) this suggests 

that the larger allele has been duplicated and there are two copies of one allele 

and one copy of the other allele.

Table 17 Calculating peak height ratio in family F

Allele size P eak  height (PH ) Sum  o f peak  heights Allele ra tio  (sm alle r 
P H /sum  o f  P H )

D12S314
Proband 248 53

254 52 105 0.49
D12S1594
Proband 177 4060

183 3367 7427 0.45

Mother 183 1705
185 1167 2872 0.4

In the table above, the allele ratios are in the normal range, indicating there 

has not been a duplication in either region determined by the markers 

D12S314orD12S1594.
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Figure 14 Pedigree of Family F
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Electropherogram showing C to G point mutation at position 677. The arrow shows the position o f the mutation
C677G. ‘S’ denotes C or G.
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Figure 15 Comparative sequencing of Family D and F
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U p p e r  P a n e l:  D N A  s e q u e n c in g  f ro m  th e  p r o b a n d  o f  f a m i ly  D . T h e  m u ta t io n  C 6 7 7 G  is  m a rk e d  w ith  an  a rro w  as ‘ I ’. T h e  w ild  
t y p e  b a s e  C  ( b lu e )  is t h e  p r e d o m in a n t  b a s e  s h o w n . T h e  m u ta n t  b a s e  G  (y e l lo w )  is  s h o w n  a s  a  s l ig h t  sh iA  o f  y e llo w  o v e r  th e  

w i ld  t y p e  b lu e .  T h e  s i l a i t  p o ly m o r p h is m  C 6 8 4 T  is s h o w n  b y  th e  a r ro w  m a r k e d  ‘2 ’. T h e  w i ld  t y p e  C  ( b lu e )  a n d  t h e  m u ta n t  T  
( re d )  p e a k s  a re  a p p ro x im a te ly  e q u a l  in  h e ig h t ,  as e x p e c te d  in  a  h e te r o z y g o u s  b a s e  d ia n g e .

L o w e r  P a n e l;  D N A  s e q u e n c in g  f ro m  t h e  p r o b a n d  o f  f a m i ly  F. T h e  m u ta t io n  C 6 7 7 G  is m a rk e d  w i th  a n  a rro w  a s  ‘ U . T h e  
m u ta n t  b a s e  G  ( y e l lo w )  is  t h e  p r e d o m in a n t  b a s e  s h o w n . T h e  m u ta n t  b a s e  G  ( y e l lo w )  is  a p p ro x im a te ly  tw ic e  t h e  h e i ^ t  o f  t h e  

w i ld  t y p e  b a s e  C  (b lu e ) .  T h e  s i le n t  p o ly m o r p h is m  C 6 8 4 T  is s h o w n  b y  th e  a r ro w  m a rk e d  ‘2 ’. T h e  w i ld  t y p e  C  p e a k  ( b lu e )  is 

t h e  p r e d o m in a n t  b a s e  s h o w n . T h e  w i ld  t y p e  C  p e a k  ( b lu e )  is  ^ p r o x i m a t e l y  tw ic e  t h e  h e ig h t  o f  t h e  m u ta n t  b a s e  T  ( re d ) .

T h is  e v id e n c e  is s u g g e s t iv e  o f  a  d u p l ic a t io n  c o n ta in in g  t h e  K C N A l  g e n e . T h is  w o u ld  r e s u l t  in  tw o  c o p ie s  o f  t h e  m u ta n t  a l l e le  

a n d  o n e  c o p y  o f  t h e  w i ld  t y p e  a lle le . T h e  w i ld  t y p e  C  a t  p o s i t io n  6 8 4  w a s  in h e r i te d  w i th  t h e  m u ta n t  C  a t p o s i t io n  6 7 7 . T h is  

m a y  e x p la in  t h e  d r a m a tic  d i f f e re n c e s  in  s e v e r i ty  o f  p h e n o ty p e  b e tw e e n  a f f e c te d  m e m b e rs  o f  f a m i ly  D  a n d  f a m i ly  F.
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Figure 16 Gene duplication analysis of family F
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T h e  b lu e  h i ^ l i ^ t e d  p e a k s  s h o w  t h e  a lle le s  s h a re d  b y  t h e  p r o b a n d  a n d  h i s  m o th e r .  A s  b e fo re , t h e r e  a re  o n ly  tw o  a l le le s  

p r e s e n t  in  t h e  p ro b a n d .  In  a d d it io n ,  t h e  p r o b a n d ’s  p e a k s  a t 1 7 7  a n d  183  a r e  o f  e q u a l  h e ig h t ,  s u g g e s t in g  th a t  th is  re g io n  h a s  n o t  

b e e n  d u p l ic a te d .
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Figure 17 Diagrammatic representation of K^l. I showing mutations causing EAl
(Mutations identified in this study are marked in pink)

L329I
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P244H E325D
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4.2 Polymorphisms identified in KCNAl

4.2.1 Polymorphisms identified in KCNAl mutation-positive patients

The entire coding and flanking regions of KCNAl were sequenced in the 

probands of the six families in which a mutation was identified. The 

polymorphisms found are in table 18 below.

4.2.2 Polymorphisms identified in KCNAl mutation-negative patients

The entire coding and flanking regions o f KCNAl were sequenced in the 

remaining fourteen EAl patients. No pathogenic mutations were identified. A 

table of silent polymorphisms identified is found below.

Table 18 Summary of polymorphisms found in KCNAl

P atien t code Polym orphism s identified________________________________________________
Proband A C79G homozygous, C804G heterozygous
Proband B C684T, C804G homozygous
Proband C  C79G, C684T, C804G homozygous
Proband D  C684T, C804G heterozygous
Proband E  C79G, C684T homozygous
Proband F  C79G homozygous,C684T, C804G, 1488+9 A to G heterozygous 
LG  C79G homozygous
A S  C79G, A1440T homozygous
CR C79G homozygous
SO  C79G homozygous, C684T, C804G, 1488+9 A to G heterozygous
RS  C79G homozygous, C684T, C804G, A1440T 1488+9 A to G heterozygous
10  C79G, C684T, C804G, A1440T homozygous
CF  C79G, C684T, C804G, A1440T homozygous
M M  C79G, homozygous, C684T, C804G, 1488+9 A to G heterozygous
EG  C79G homozygous, C804G, A1440T, 1488+9 A to G heterozygous
VR C79G, C684T, C804G homozygous, A1440T heterozygous
CD  C79G homozygous, 1488+9 A to G heterozygous
OR C79G homozygous, C684T, C804G, A1440T, 1488+9 A to G heterozygous
FS  C79G, C684T, C804G homozygous
SA____________ C684T, C804G, A1440T homozygous______________________________________
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Table 19 Consequence of KCNAl polymorphisms

M utation Am ino acid change Consequence R eference
C7PG CAG>GAG Q>E Novel

T G O T G T C>C Novel
ACC>ACG T>T Novel

A1440T ACA>ACT T>T Novel
y^,ÿ(9+Py4>G untranslated None known Novel
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The results of KCNAl gene analysis are summarised below:

Table 20 Summary of family information and mutations found in KCNAl

Family Clinical phenotype M utation found Position in channel
A Epilepsy and myokymia A242P 82 domain
B Myokymia, calf muscle P244H Intracellular II/III linker

hypertrophy
C Drug-resistant EAl R417Stop Intracellular C-terminus
D EAl and epilepsy, T226R 82 domain
E EAl V404I 86 domain
F Severe, generalised muscle stiffness T226R 82 domain
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4.3 Biophysical analysis of novel KCNAl mutations

4.3.1 Co-expression current amplitudes

(This work was carried out by Ruth Rea and Alex Spauschus and is included 

for discussion purposes only).

To determine the functional consequences of the five mutations, equal 

amounts of wild type and mutant cRNA were injected into oocytes, to mimic 

the heterozygous situation seen in man. Whole cell currents were assessed 

after three to five days by voltage-step protocols to various depolarizing test 

potentials from a holding potential o f -lOOmV. The current amplitudes in 

oocytes injected with one unit of wild type and one unit of mutant together 

(Wt+A242P, Wt+P244H and Wt+V404I) were larger than in oocytes injected 

with one unit of wild type alone (161%, 200% and 227% respectively-see fig 

18, page 149). For Wt + A242P, the amplitudes were significantly smaller 

than in oocytes injected with the same total amount o f cRNA in the form of 

two units of wild type (Wt+Wt 236%). This argues against saturation o f the 

translation machinery and is consistent with haploinsufficiency as the 

underlying cause of EAl in family A with the A242P mutation.

In the case of T226R and R417X, co-injection with Wt significantly reduced 

potassium currents below the level seen when mutant was not injected (75% 

for T226R and 67% of Wt for R417X- see fig 19 and fig 18, pages 150 and 

149). This is consistent with a dominant negative effect of the T226R and 

R417X mutant alleles.
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4.3.2 Activation and deactivation parameters

P244H and V404I exhibited neither a dominant negative effect nor 

haploinsufficiency, so the time course of activation and de-activation was 

investigated. P244H had small effects on activation time course, but the 

effects were fully reversed by co-expression of wild type. V404I showed 

slowed activation, which was not normalised by co-expression with wild 

type. Deactivation was slowed in P244H and V404I, although in P244H this 

effect disappeared following co-expression with wild type.

A summary of the proposed mechanisms by which the mutations identified 

cause pathogenicity is described below:

Mutation Proposed mechanism

T226R Dominant negative

A242P Haploinsufficiency

P244H Effects on tim e course o f  activation and de

activation parameters

V404I Effects on tim e course o f  activation and de

activation parameters

R417X Dominant negative
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Figure 18 Comparison of whole cell currents for A242P, P244H, V404I and 
R417X mutations

-  :
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Fig 18 Peak current histogram.
Oocytes were injected with a constant amount of wild type cRNA in each case plus the same 
amount of mutant or Wt cRNA. Current amplitudes were normalised to the mean value of Wt 
currents within the same batch of oocytes studied on the same day.
Column 1 (Wt) shows a normalised current value of 1 and column 6  (Wt+Wt) shows a 
normalised current value of 2 (twice the amount of Wt cRNA present). Mutants A242P, P244H 
and V404I contribute to the current, increasing it above 1. Mutant R417X reduces the 
normalised current value to below 1, exerting a dominant negative effect over the Wt cRNA 
injected.
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Figure 19 Amplitude histogram of whole cell currents (T226R)

:

Wt T226R Un injected Wt + 
T226R

Fig 19 Amplitude histogram of whole cell currents.
Cells were voltage-clamped at -lOOmV and current amplitudes were measured at the end 

of a 350-ms pulse to +40mV. When T226R mutant was injected alone, it gave currents 
comparable to uninjected oocytes.
The same amount of Wt as in column 1, was then co-injected with an equal amount of Wt 
cRNA. This gave currents of 9.17 nA, down from 12.95nA, indicating a dominant 
negative effect.
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Table 21 Summary of the parameters of current activation and deactivation 

for wild type, mutants, and co-injected subunits.

A C T IV A T IO N D E A C T IV A T IO N

Injected cRNA V0.5 (mV) K (m V ) X0.5 (ms) T0.5 (ms)

Wild type -27 .1± 0 .4 (19 ) 7.610.3 63.319.3 (23) 29.012.1 (28)

A242P -40.2+0.4(12) * * 5.410.4* * 273.6118.4(18) * * 46.315.2 (12) * *

Wt+A242P -31.9±0.4 (24) * * 7.210.3 88.617.9 (26) * * 35.013.9 (38) * *

P244H -33.5±0.3 (19) * * 6.610.3* * 85.6117.3(17) 32.511.3 (15) * *

W t+P244H -27.8±0.5 (24) 7.910.4 70.5111.4 (21) 32.315.5 (39)

V404I -16.3±0.2 (7) * * 9.610.2* * 73.2114.9 (7) 60.713.5 (8) * *

Wt+ V4041 -15.8±0.4 (9) * * 9.510.3* * 94.4136.0 (8) 37.312.0 (8) * *

W t+R417X -18.6±0.9(6) * * 12.810.8* * 91.8120.3(19) 28.9112.6(14)

Data were fitted with a single exponential according to T=To+To,5*exp- ((V- 

Vo.5)/g) where the constant V 0.5 denotes the potential of half-maximal channel 

activation and g is a slope factor. The function Inorm= 1/(1+exp- (V-Vo.sj/k) 

was fitted to the data, with k being a slope factor. * *p<0.05 (tested against 

wild type) (These data were collected by Alex Spauschus and Ruth Rea).
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Chapter 5 Discussion of novel KCNAl mutations 

identified

This chapter discusses the genotype/phenotype correlations of the members of 

families A-F in which KCNAl mutations were found. Section 5.1 discusses 

the clinical symptoms in relation to the mutation identified and its response to 

treatment. Section 5.2 discusses the results o f the electrophysiological 

analysis in relation to the severity of the phenotype in each family.

5.1 Novel mutations identified and their genotvpe/phenotvpe correlations

5.1.1 New clinical phenotypic variability identified in this study

The new families reported in this study exhibit variations in the clinical

phenotype associated with point mutations in the voltage-gated potassium

channel gene KCNAL This variability was, in part, mirrored by differences in

the properties of currents when mutant Kyl.l was expressed in vitro.

Isolated myokymia related to potassium channel dysfunction has previously

been reported in the context of autoimmune disease, in which voltage-gated

potassium channel antibodies may be detected [Hart et al. 1997]. However,

this is the first report of isolated myokymia caused by a genetic defect

(P244H) in this potassium channel. From a clinical viewpoint this indicates

that potassium channel gene analysis should be considered in the setting of

isolated generalized myokymia in which antibodies are not detected.
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The electrophysiological characteristics o f this genetically determined 

myokymia appear to be indistinguishable from autoimmune myokymia. It is 

notable that the father of the index case in family B had not experienced 

episodic ataxia by the age of 40 years and indeed regarded him self as 

asymptomatic.

5.1.2 Drug response versus genotype

The optimum therapeutic intervention for patients with EAl is unclear. Some 

cases respond to carbamazepine while others gain benefit from acetazolamide 

[Lubbers et al. 1995]. The index case in family C exhibited a marked degree 

of drug resistance, which has not been reported previously. It is notable that 

there was a deterioration when lamotrigine was tried. Interestingly, the 

R417X mutation found in this drug-resistant patient led to the most severe 

reduction in current amplitude when homomeric mutant channels were 

expressed in Xenopus oocytes. Furthermore, when co-expressed with wild 

type K vl. 1 , it suppressed the current amplitude below control level, and led to 

the most marked changes in channel kinetics o f all heteromultimers. It is 

possible that the genotype and therefore the mode of ion charme 1 dysfunction 

determine the response to medication in EA l. Indeed this may be a common 

theme in charmelopathies and requires further study.
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5.1.3 Epilepsy and KCNAl

The observations in family A and D indicate that K yl.l dysfunction may be 

relevant to epilepsy in humans, possibly by reducing seizure threshold. Mice 

lacking the gene encoding murine Kyl.l have recently been shown to exhibit 

spontaneous seizures [Smart et al. 1998]. An increased seizure susceptibility 

is also seen in heterozygous animals [Rho et al. 1999]. Other voltage-gated 

potassium channels have recently been implicated in epilepsy in humans, 

[Charlier et al. 1998; Biervert et al. 1998]. The present observations in family 

A are the first demonstration that a genetic defect in this potassium channel 

may associate with epilepsy as the only CNS manifestation.

5.1.4 Variability of phenotype in two families with the same mutation

Both family D and family F harboured the same mutation (T226R), although 

their phenotypes were very different. Family D had typical episodic ataxia 

type 1 and some members had epilepsy, whereas the proband of family F 

exhibited severe generalised muscle stiffness and was wheelchair bound by 

the age of 12. Because of the differences in severity of disease resulting from 

the same mutation in K C N A l, we hypothesised that other subunits may 

also harbour mutations or polymorphisms. This family of Kyi channels 

coassemble with other Kyi subunits to form functional Ky channels. For 

example K yl . l  coassembles with Kyi.2 and Kyi. 8 . Sequencing analysis of the 

coding region of KCNA2, encoding Kyi .2, revealed no further mutations or
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polymorphisms. Kyl.l is also known to co-assemble with Kyi.8 but this gene 

was not analysed.

However, the intensities of the mutant and wild type bands following a 

restriction digest with D del, were not as expected with a heterozygous 

mutation (see fig 14, page 140). There appeared to be more mutant DNA than 

wild type DNA. This suggested that the KCNAl gene harbouring the C677G 

point mutation may be duplicated. Electropherograms of sequencing data 

from affected members of family D and F were compared and the mutant 

peak appeared to be approximately twice the height of the wild type peak (see 

fig 15, page 141). Dinucleotide repeat markers 200kb either side of the 

KCNAl gene did not reveal three alleles, or one allele with a peak height 

twice that of the other allele. This suggests that if  there is a genetic 

duplication in family F, it does not extend as far as either of these markers. 

Initial analysis by direct KCNAl gene dosage was performed (no data 

available). Time constraints prevented further investigation by this method.
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5.1.5 Other genotype/phenotype correlations

Family E share a mutation previously described in an unrelated family 

[Scheffer et al. 1998]. The phenotype is an uncomplicated episodic ataxia 

type 1, with no epilepsy. Electrophysiological studies of this mutation, V404I, 

revealed no changes in current amplitude and all changes in activation, 

deactivation and inactivation were corrected when co-expressed with wild- 

type cRNA. This correlates with the relatively simple phenotype seen in 

family E, but suggests that compensatory mechanisms seen during co

expression of wild type in vitro are not working as efficiently in vivo, as a 

disease is manifested.

5.1.6 Mutation-negative families

There were 15 families in which no mutation was identified. The 

polymorphisms found in the patients are not considered to be pathogenic, as 

most are silent (do not change an amino acid) and all have been found in 

healthy control patients. There are at least two possibilities for this 

observation. First, it is possible that the clinical diagnosis is incorrect. 

However, some of the cases have been examined by Dr Hanna and appear to 

be definite EAl cases. The second possibility is that EAl may be genetically 

heterogeneous. For example, KCNA2 encoding Kyi .2 can coassemble with 

KCNAl to form a functional channel Other members of the Ky channel family 

can also coassemble, so these genes should be considered future targets. In 

addition, p subunit genes may also be considered candidate genes for
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analysis. The (3 subunit interacts with Kyl . l  at the N-terminus and the S2-S3 

linker. M utations in the p subunit may affect these interactions and 

subsequent formation or expression of a fully functional Ky channel.
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5.2 Biophysical effects on channels and relation to phenotype

5.2.1 Molecular pathophysiology of the potassium channel mutations

The families described exhibit variations in phenotype associated with point 

mutations in the voltage-gated potassium channel, KCNAL  This variation was 

also observed following in vitro expression studies in the properties of Kyl . l  

channels.

The expression studies show that all five mutations affect channel function. 

Results from experiments where mutant cRNA was injected alone show that 

the T226R, A242P, P244H and V404I mutations result in correctly translated 

and functional potassium channels. The R417X mutants failed to form 

functional homomeric channels, but when coexpressed with wild type, 

formed channels with altered kinetic properties, suggesting that the mutant 

protein can form heterotetrameric channels.

The results also indicated that the pathogenicity could be caused by one of 

two possible mechanisms. In haploinsufficiency, only 50% of the protein is 

present, and this reduction is enough to give the disease. A dominant negative 

effect occurs when a mutant protein suppresses the wild type protein, causing 

disease In this study, the KCNAl mutations have different pathogenic 

mechanisms. For example, the A242P mutation appears to cause K^ channel 

dysfunction through haploinsufficiency. In contrast, T226R and R417X 

appear to cause channel dysfunction through dominant negative 

mechanisms. The remaining mutations, P244H and V404I appear to cause K^
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channel dysfunction through more subtle effects on time course of activation 

and deactivation of Kyl . l .

5.2.2 Variability in channel dysfunction with close proximity mutations

The variability between phenotypes can be demonstrated when comparing the

mutations A242P and P244H. Although the changes occur only two amino

acids apart, the differences in phenotype are striking. Patients from family A

with the A242P mutation exhibit relatively severe epilepsy and myokymia. In

contrast, the proband from family B only suffered from isolated myokymia.

The father o f the proband who harboured the mutation, did not experience

any episodic ataxia by the age o f 40, and believed him self to be

asymptomatic. Functional studies of the A242P mutation showed a profound

reduction in the current amplitude and alterations in the time course and

voltage sensitivity o f activation when co-injected with wild-type cRNA.

Following injection of the mutant P244H cRNA, little effect on current

amplitude was observed and when co-injected with wild-type cRNA, all

parameters were restored to normal levels. P244H showed significant effects

on activation and deactivation parameters and these were also restored to

normal levels when coexpressed with wild type. This could be explained in

part, by the formation of a functional channel requiring four subunits. It is

possible that a threshold value has to be reached before the channel is

activated. When all four subunits of the channel contain the mutation, the

threshold of activation may be lowered or raised, depending on the mutation.

The exact stoichiometry of each channel is unknown, as there are five
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possible combinations e.g. one mutant subunit + three wild type, two mutant 

+ two wild type, three mutant + one wild type, four mutant and four wild 

type. Even if a complete channel contains three mutant and one wild type 

subunit, the wild type subunit may dictate the threshold at which the channel 

will activate. Across the entire oocyte, the minor effects of P244H seen when 

expressed alone, are cancelled out by the wild type subunits present. In a 

dominant disease such as episodic ataxia type 1, we would expect 50% 

mutant protein and 50% wild-type protein; would predict that the coassembly 

is random and that no combination is favoured over another. However, in 

reality, this may not be the case. Mutant protein may be differentially 

expressed or removed by endocytic processes, leaving an unequal amount of 

mutant and wild type protein. This may explain why results show that mutant 

cRNA injected alone has a large effect, which is greatly reduced, and 

sometimes even normalised, when coexpressed with wild-type cRNA. This 

may result in a less severe phenotype, like that seen in family B with the 

P244H mutation.

5.2.3 Correlations between electrophysiological effects and severity of 

disease

Two of the five affected members o f family D, harbouring the T226R

mutation also suffered from epilepsy. Functional studies revealed a severe

reduction in current and altered kinetics in a dominant negative manner.

This might suggest that epilepsy might be related to a more severe

disturbance of channel function, although the absence o f epilepsy in
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family C, which harboured the R417X mutation, would imply that other 

factors are involved.

The most severe mutation, R417X predicts the loss of the C-terminal region, 

thought to be important in membrane anchoring of the K yl . l  channel [Kim et 

al. 1995]. This could explain the very small current amplitudes seen when 

expressing the R417X mutant alone. Coexpression with wild-type cRNA 

demonstrates that heterotetrameric channels are formed and reveals a 

dominant negative effect on current amplitude. This may suggest that the C- 

terminus plays an important role in gating. It may also explain the relatively 

severe phenotype of the proband in family C, and it is interesting to note that 

this case is drug resistant.

161



Chapter 6 Results of genetic and biophysical analysis 

in patients with novel CACNAIA mutations

This chapter describes the phenotypes of members o f five families in which 

CACNAIA mutations were found. Section 6.1 contains the clinical symptoms, 

followed by the mutation identified in each family. Section 6.2 describes 

families without coding region mutations, specifically a family showing 

linkage to the CACNAIA locus and polymorphisms found in CACNAIA. The 

results of the electrophysiological analysis of one mutation are described in 

section 6.3. A diagrammatic summary of the mutations identified is shown in 

figure 27 (page 190).

6.1 Novel mutations identified in CACNAIA

DNA sequence analysis of the entire coding and flanking regions of 48 exons 

of the CACNAIA gene revealed five previously undescribed mutations. All 

five mutations segregate with the disease in each family and were not found 

in 240 control chromosomes.

Please note: When the complete genomic DNA sequence of CACNAIA was 

published in 1996 (Accession number X99897), the 5’UTR was included so 

nucleotide position +1 was counted as the beginning of the UTR, rather than 

the beginning of the coding DNA sequence. The ATG start codon was 

nucleotide position 276. Since the introduction of consistent gene mutation
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nomenclature [den Dunnen and Antonarakis 2000] which states the A of the 

ATG initiator Methionine codon is denoted nucleotide +1, all nucleotide 

positions referred to in this thesis obey these rules, so to locate the position on 

the cDNA sequence (Accession number X99897), add 275 nucleotides.
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6.1.1 Clinical description of family G

The proband, a 12 year old boy, was a normal full term delivery but showed 

mildly delayed motor and cognitive milestones and was described by his 

mother as a clumsy child. At the age o f three years he developed both 

nocturnal generalised tonic-clonic seizures and daytime absence seizures. The 

generalised tonic-clonic seizures remitted after the age of eight years but he 

continued to have absence seizures. He went on to develop episodes of gait 

ataxia, dysarthria and diplopia that lasted from minutes to hours, sometimes 

leading to falls without loss of consciousness. These attacks were recognised 

as entirely different from the absence seizures seen by his mother. Interictally 

he had signs of cerebellar dysfunction with gaze evoked nystagmus in all 

directions and impaired suppression of the vestibulo-ocular reflex and gait 

and limb ataxia. MRI of the brain was normal and interictal EEG showed 

bursts of generalised polyspike and wave. He has a variable degree o f upper 

limb and gait ataxia. The frequency of attacks o f ataxia decreased marginally 

after starting acetazolamide treatment (250 mg three times daily). He also 

suffers with learning difficulties. Both parents were neurologically normal 

and there were no other siblings.

6.1.1.1 Mutation identified in family G

The first mutation was found in the proband of family G. The C to T

transition at nucleotide 5458 in exon 36 (C5458T), resulted in the substitution

of an arginine to a premature stop codon (R1820X). This predicts the loss of
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the intracellular C-terminus, some 1000 amino acids (see fig 27, page 190). 

This mutation was not found in either parents. Paternity testing using markers 

from over 1 0  different autosomes confirmed paternity, so this mutation arose 

from a de novo event (see section 6 .1 .1 .3 for paternity data).

Amplification with CACNAIA  exon 36 primers gives a product of 179 base 

pairs. Following digestion with Ddel (cuts CT/NAG), the mutant sequence of 

CTGAG is recognised and cut, whereas the wild type sequence o f CCGAG is 

not cut. The lower panel in fig 20A (see page 166) shows the products of 

digestion. The upper band is the uncut 179 base pair fragment, the middle 

band is the digested 1 0 2  base pair fragment and the lower band is the digested 

77 base pair fragment. Affected individuals are heterozygous for the 179, 102 

and 77 base pair fragments, whereas the unaffected individuals are 

homozygous for the 179 base pair fragment.
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Figure 20 Pedigree of family G
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Electropherogram showing C to T point mutation at position 5458. The arrow shows the position of the mutation
C5458T, ‘Y ’ denotes C or T.
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6.1.1.3 Paternity data in fam ily G

The table below shows the markers used and gives relative mobility units. 

This revealed that the proband and the father shared one haplotype in each 

marker, consistent with paternity.

Table 22 Paternity data for family G

M a rk e r  nam e M ax
heterozygosity
frequency

F a th e r M other P ro b a n d

D I2S1328 0.7200 265, 277 265,267 265, 267
D12S1332 0.6947 170, 208 169, 202 208, 169
D I2S1333 0.7200 234, 234 226, 238 234, 226

0.7950 180, 182 182,184 182,184
D17S800 0.7433 175, 175 169, 169 175, 169
D19S1150 0.8200 148, 152 146, 154 148, 154
D1S2141 N/A 258, 258 247, 254 258, 254
D2S358 0.8240 151,166 170, 173 166, 170

0.8385 108, 112 106, 110 108, 110
D6S411 0.5900 155, 159 155, 155 155, 155
D8S549 0.6400 164, 166 161,168 164,161
NacPrep (Chr 4) N/A 257, 259 257, 159 259, 257

j  rCAr N/A 227, 236 201,221 227, 221
Synpin^ (Chr 4) N/A 187, 191 187, 189 191,187
Alleles inherited by the proband from the father are on the left of the column 

and are highlighted in bold.

The chances of these alleles being shared by another random person in the 

population is p'"* where p= the allele frequency in the population and 14 = 

number of markers used. Assuming an average allele frequency of 0.2, the 

chances of this event occurring at random is 0 .2 “̂̂ = 1 0 ’'
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6.1.2 Clinical description of family H

The proband is currently 43 years old and began to develop attacks o f 

intermittent vertigo and dizziness following a head injury at the age o f 15, 

when he was knocked unconscious and suffered a fractured skull. He then 

developed more prolonged attacks of cerebellar ataxia, which would last for 

four to five hours and could only be relieved by going to sleep. In between 

the attacks o f ataxia he developed mild inco-ordination o f his limbs and 

slurred speech. This has progressed so that he now has a moderate cerebellar 

syndrome all o f the time. He responded well to acetazolamide, the main 

response being a reduction in the frequency of attacks, but also a reduction in 

the duration and severity of attacks.

The proband’s sister is currently 48 years old and had identical attacks in her 

20’s. Her daughter is entirely well. There is no family history of migraine or 

epilepsy.

6.1.2.1 Mutation identified in family H

A  novel mutation was found in the proband o f family H. An aberrant

conformer in exon 41/42 was sequenced and revealed a four base pair

deletion of AGTG at + 4 of intron 41, the donor splice site (6056 + 4 del

AGTG). This was also present in another affected relative from the same

family and was absent in 200 normal control chromosomes. This mutation

was detected by SSCP (see fig 21 A, page 170). In the lower panel of fig 21 A,

individuals harbouring the deletion show three bands on the SSCP gel,
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whereas unaffected individuals show only one band. PCR products were 

cloned to obtain single stranded DNA products for sequencing (see section 

3.2.8.2, page 106). Mutations in the donor splice site sometimes predict 

aberrant splicing, for example skipping of the upstream exon or inclusion of 

the intron [Strachan and Read 1999]. This may result in a premature 

termination codon. However, the most common outcome o f splice site 

mutations is the degradation of mRNA by a form of RNA surveillance known 

as nonsense-mediated mRNA decay [Hentze and Kulozik 1999; Culbertson 

1999]. This would leave only 50% wild type protein remaining.
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6.1.3 Clinical description of family I

The proband is a 30 year old female who has suffered episodes of ataxia since 

the age of six. She was a normal full term delivery but had late motor and 

speech development. For 24 years she has suffered an attack every week, 

consisting of three stages. Initially she feels light headed, followed by nausea, 

dizziness and vertigo and finally she is profoundly ataxic with dysarthria. 

Headaches or migraines are not a feature of her attacks. Interictally she has 

mild cerebellar signs with gaze evoked nystagmus, dysarthria and difficulty 

heel/toe walking. She was started on acetazolamide two years ago and since 

then the frequency of attacks has reduced dramatically to only two or three 

per year. The proband’s mother is currently 69 years old and had identical 

attacks beginning in her teens. Her condition was never properly diagnosed 

and interestingly, at the age of 60 her attacks stopped and she has not had one 

since. The proband’s mother does not show nystagmus although she has 

difficulty heel/toe walking. The proband’s 31 year old brother was 

neurologically normal and has never had any similar attacks.

6.1.3.1 Mutation identified in family I

An aberrant conformer in exon 21 of the proband was sequenced and revealed

a G to A substitution at the donor splice site of exon 21 (3698 + I G>A). As

described above, this would predict skipping of the upstream exon, i  2 1 .

Amplification with CACNAIA exon 21 primers gives a product o f 291 base

pairs. Following digestion with M alll (cuts CATG/), the mutant sequence of
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CATG is recognised and cut, whereas the wild-type sequence of GOTO is not 

cut (see fig 22A, page 174). The lower panel in fig 22A shows the products of 

digestion. The far right lane shows the undigested wild type 291 base pair 

fragment. The sample lanes show the digested bands: the upper band is the 

digested 164 base pair fragment and the middle band is the digested 127 base 

pair fragment. In the presence of the mutation, a NlaWl site is gained which 

cuts the 127 base pair fragment into 101 and 26 base pairs. The lower band is 

the digested 101 base pair fragment seen only in affected patients. Unaffected 

individuals are homozygous for the 164 and 127 base pair fragments. 

Affected individuals are heterozygous for the 164, 127 and 101 base pair 

fragments. The 26 base pair fragment has run off the gel.

Both splice site mutations were studied by RT-PCR on mRNA extracted from 

fresh blood. Many different conditions of Reverse transcription and PCR only 

produced the wild-type product of normal splicing in family H, suggesting 

that the mutant mRNA transcript may be degraded, and disease in this family 

results from only 50% functional protein, i.e. haploinsufficiency (see figure 

23, page 175).

RT-PCR was also performed on RNA samples from members of family I. 

The PCR products were isolated from the agarose gel and sequenced. The 

sequences were analysed by BLAST nucleotide-nucleotide comparison 

database (www.ncbi.nlm .nih.gov/BLAST) but none were identified as 

human chromosome 19 sequence. The sequences identified were from human 

chromosomes 17, 22ql 1 and 6 q, so were considered to be due to unspecific
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annealing of the primers. Increasing the annealing temperature or magnesium 

concentration in the PCR buffer did not improve the specificity of the PCR.
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Figure 22 Pedigree of family I
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Electropherogram showing G to A point mutation at poshion 3698 + 1. The arrow shows the position o f the mutation
3698 + 1 G>A. ‘R ’ denotes G or A.
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Figure 23 RT-PCR of splice site mutation found in family H

M

F ig  2 3 : R T -P C R  f ro m  m e m b e rs  o f  f a m ily  II

M =  D N A  m a r k e r  ( b a n d  s iz e s  s h o w n  a lo n g  th e  s id e )

1=  P ro b a n d  f ro m  f a m i ly  H  (II; 1)

2  U n a f fe c te d  m e m b e r  o f  f a m ily  I I  (III: 1)

E x o n ic  p r im e rs  f ro m  e x o i  4 0  (F )  a n d  4 3  (R )  w e r e  u se d . ITie 

e x p e c te d  w i ld  t y p e  c D N A  P C R  p r o d u c t  is 3 7 2  b a s e  p a ir s .  B o th  

a ff e c te d  a n d  u n a f f e c te d  p a tie n ts  h a v e  o n ly  t h e  w i ld  t y p e  R T -P C R  

p ro d u c t .  ITiis p i c tu r e  s h o w s  th a t  t h e  in tr o n ic  m u ta t io n  f o u n d  in  II: 1 

d o e s  n o t  p r o d u c e  e x p a n d e d  o r  t ru n c a te d  R T -P C R  p ro d u c ts ,  

s u g g e s t in g  th a t  t h e  m u ta n t  m R N A  is  u n s ta b le  a n d  is  d e g ra d e d .
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6.1.4 Clinical description of family K

The proband presented at 21 years old with recurring headaches and dizziness 

since the age of six. His attacks lasted between six hours to one week and 

during an attack, he would lose co-ordination, suffer vomiting, vertigo, 

dysarthria and severe imbalance. He also suffered hemiplegic migraine and 

loss of vision. Interictally, he showed signs of mild clumsiness o f hands and 

during walking. Précipitants to his attacks were stress, exercise, excitement, 

fever and consuming chocolate or orangeade. His attacks were relieved by 

rest and he has responded well to Flunarizine.

6.1.4.1 Mutation identified in family K

An aberrant conformer in exon 37 was sequenced and revealed a C to G

substitution at nucleotide position 5562 (C5562G). This mutation is a TAG to

TAG at eodon 1854, resulting in the substitution of a Tyrosine to a premature

stop codon (Y1854X). Amplification with a mismatch primer (C5562GMF)

and CACNAIA exon 37R gave a PCR product size o f 137 base pairs. The

forward primer creates a mismatch so instead of TGTACA, the wild type

sequence becomes TCTACA and the mutant sequence becomes TÇTAGA

(mismatch sequence bold underlined). The recognition site of Xba\ is

T/CTAGA. In the presence of the mutation (C5562G), eeaXbal site is gained

and cut, whereas the wild type sequence of TCTACA is not cut. The products

of digestion are shown in the lower panel o f fig 24A (see page 178). The

upper band is the wild type undigested 137 base pair fragment, whereas the
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lower band is the mutant 109 base pair fragment. Unaffected individuals are 

homozygous for the 137 base pair fragment, whereas affected individuals are 

heterozygous for the 137, 109 and 28 base pair fragments. The smaller 28 

base pair fragment has run off the gel. No other family members were 

available to give a DNA sample.
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Figure 24 Pedigree of family K

24A

JZf-

1:1 1:2

11:1 11:2 U :4

n i:l 111:2 111:3 111:4 111:5 111:6 111:7 111:1 111:9 111:10

1 3 7  b p  

^ ---------------- 1 09 b p
O r «
IV : 1

P r o b a n d  ( IV :2 )  U n a f f e c te d

IV :2

24B V :1

5570 55505560

F i g 2 4 A

U p p e r  p a n e l:  P e d ig re e  s h o w in g  f a m i ly  K

L o w e r  p a n e l:  A g a ro s e  g e l  s h o w in g  p ro d u c ts  o f  d ig e s t io n  w i th  XbcA.. T h e  C 5 5 6 2 G  m u ta t io n  r e s u l ts  in  t h e  g a in  o f  a n  Xbal s ite . 

A f fe c te d  in d iv id u a ls  a re  h e te r o z y g o u s  f o r  t h e  1 3 7  a n d  10 9  b p  f ra g m e n ts  a n d  u n a f fe c te d  in d iv id u a ls  a r e  h o m o z y g o u s  f o r  t h e  

1 37  b p  f ra g m e n t .  T h e  2 8  b p  f ra g m e n t  h a s  ru n  o f f  t h e  g e l.

F i g 2 4 B

E le c t ro p h e ro g ra m  s h o w in g  C  t o  G  p o in t  m u ta t io n  a t p o s i t io n  5 5 6 2 . H i e  a rro w  s h o w s  t h e  p o s i t io n  o f  t h e  m u ta t io n  

C 5 5 6 2 G . ‘N ’ d e n o te s  C  o r  G .

P le a s e  n o te :  th e  a b o v e  s e q u e n c e  is  th e  r e v e r s e  s tra n d .

178



6.1.5 Clinical description of family L

This family from India was initially referred to us because individual 11:2 was 

thought to be suffering from episodic ataxia type 2. It later emerged that his 

father (individual 1 :1) had since developed a late onset, pure cerebellar ataxia, 

beginning at the age of 60 years. Before this, he showed childhood-onset 

complex partial epileptic seizures and a few generalised seizures, well 

controlled by antiepileptic drugs.

His two sons, the elder at 29 years old (11:1) and the younger, at 27 years old 

(11:2) also live in India. The eldest son (11:1) is entirely well. The youngest 

son (11:2 ) displayed symptoms said to be typical o f episodic ataxia type 2 , 

specifically prolonged periods of ataxia, although this was not progressive. 

He has never suffered with epilepsy.

6.1.5.1 Mutation identified in family L

An aberrant conformer in exon 20B was sequenced and revealed a nine base 

pair, in-frame insertion (ATCCAATCC, referred to as 3404 ins 

ATCCAATCC), resulting in the addition of residues Serine, Asparagine and 

Proline at nucleotide position 3404, codon 1226 (see fig 25A, page 181). This 

insertion was present in the father (1 :1) and the eldest son (11:1) but not the 

younger son (11:2). The entire coding region of CACNAIA  was completely 

sequenced in individual 11:2 and no mutations were identified. 29 ADC A type 

III patients, negative for the SCA6  polyglutamine expansion, were also
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screened for this nine base pair insertion. However, the insertion was not 

found in any other patients.
In addition, all three patients were re-bled and their DNA re-analysed, in case 
the samples were initially mixed-up. This was not the case.
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Figure 25 Pedigree showing family L

25A

11:1 11:2

2 5 B

11:1 1:1 11:2
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T C C A A T  -  -  -  -  -  -  -  -  -  C C C

\
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v\'A r.

T C C A A T C C A T C C A A T r  C C C C C C C C C

1
F i g 2 5 A

U p p e r  p a n e l:  p e d ig r e e  s h o w in g  f a m i ly  L

L o w e r  p a n e l:  S S C P  g e l  s h o w in g  a b e r r a n t  b a n d s  in  e x o n  2 0 , f a m i ly  L . A f fe c te d  m e m b e rs  s h o w  e x tr a  b a n d s  o n  an  S S C P  g e l. 

U n a f f e c te d  m e m b e r  II: 1 h a rb o u r s  t h e  m u ta t io n  a n d  is  p r e s y m p to m a t ic .

F i g 2 5 B

E le c t r o p h e r o g r a m  s h o w in g  a l ig n m e n t  o f  m u ta n t  a n d  w i ld  t y p e  s tr a n d s .  T h e s e  P C R  p ro d u c ts  w e r e  c lo n e d  s in g le  s tr a n d e d  in  

o r d e r  t o  r e a d  t h e  s e q u e n c e  c o m p le te ly .  T h is  r e v e a le d  a  9  b a s e  p a i r  in s e r tio n  a t  n u c le o t id e  3 4 0 4  ( to p =  w i ld  ty p e .  b o t to m =  

m u ta n t) .
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6.2 Families without coding region mutations

6.2.1 Linkage of family J to CACNAIA locus

This large, four generation family consisting of eight affected individuals, all 

show typical episodic ataxia type 2. Onset o f attacks ranged from early 

childhood to early forties and severity of attacks ranged from nystagmus 

alone to dizziness, dysarthria or nausea, through to ataxia and migraine 

lasting over 24 hours. Most affected members have responded well to 

acetazolamide.

The entire coding and flanking regions of CACNAIA was sequenced in 

individual 111:2 in family J. No mutations were identified. A linkage study of 

19pl3 was performed using the markers in table 35 (see appendix III, page 

256). Haplotype analysis revealed that there was a common haplotype, 

segregating with the affected members o f family J, and not with the 

unaffected member (IV: 1) (See fig 26 Genotyping data summarised on 

pedigree, for actual haplotype sizes see table 36, appendix IV, page 257).
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Figure 26 Pedigree of family J showing segregating haplotypes from chr. 19
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H a p lo ty p e  a n a ly s i s  o f  e ig h t  a f f e c te d  a n d  o n e  u n a f fe c te d  m e m b e r  o f  f a m i ly  J  r e v e a le d  a  s h a re d  h a p lo ty p e  b e tw e e n  a ll t h e  

a f f e c te d  m e m b e rs .  T h is  h a p lo ty p e  ( 5 1 2 1 3 4  in r ig l it  h a n d  s id e  c o lu m n )  w a s  n o t  s h a re d  b y  t h e  u n a f f e c te d  m e m b e r .  T h is  

s u g g e s te d  th a t  t h e  p a th o g e n ic  m u ta t io n  w a s  l ik e ly  t o  b e  w i th in  th e  re g io n  c o v e re d  b y  th e  s ix  m a rk e rs  u s e d  (1 9 p  13, 

CACNAIA lo c u s ) .
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6.2.2 Polymorphisms found in remaining EA2 patients

The entire coding region of CACNAIA was initially screened by SSCP, in the 

patients described in table 38. No mutations were identified, so the analysis 

was repeated using DNA sequencing for the entire coding region. No further 

mutations were identified. Polymorphisms found in the remaining EA2 

patients are shown in table 23 below.
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Table 23 Summary of polymorphisms found in CACNAIA
PATIENTS

Exon Nuc. Change Consequence Frequency Reference SV TD TB TC TJ DB TBt
Exon 8 1182G >A E394E 0.38 [O phoff et al. 

1996]
het het het het het het -

Intron 8 1199-31 A>G Unknown Found in -v e  
controls

[Carrera et al. 
1999]

horn hom hom hom hom hom hom

Exon 11 1360G>A A454T 0.02 [O phoff et al. 
1996]

- - - - - -

Exon 16 2094 G>A T698T 0.12 [O phoff et a i  
1996]

- - - - - - -

Intron 1 7 2 1 7 6 -3  del GAA Unknown Found in -v e  
controls

Novel

Intron 17 2 1 7 6 -1 3  O T Unknown Found in -v e  
controls

Novel - - hom het - het -

Exon 19b 2754 G>C E918D Found in -v e  
controls

Novel horn - - hom - hom -

Exon 19c 2978 A>T E993V 0.38 [Carrera et al. 
1999]

horn - - hom - hom -

Exon 19c 2982 T>C G994G Found in -v e  
controls

Novel - - - - - - -

Exon 19c 3060 G>A R1020R Silent [Carrera et al. 
1999]

hom - - hom - hom -

Exon 21 3 6 2 2 -3 6 2 4  del 
GAA

Del 1208E Found in -ve 
controls

Novel

Exon 23 3867 T>C F1289F 0.22 [O phoff et al. 
1996]

- - - - - - -

Exon 29 4638 O T T1546T Silent Novel - - - - - - -
Exon 30 4479 O T V1593V Silent Novel - - - - - - -
Exon 30 4815 O T A 1605A Silent Novel - - - - - - -
Exon 30 4853 O T A1617V Found in -v e  

controls
Novel - - - - - - -

Exon 46 6663 T>C H2221H 0.46 [O phoff et al. 
1996]

het het - - het - -
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PATIENTS
Exon Nuc. Change Consequence Frequency Reference PS JD KK MH PC MS PP CL
Exon 8 1182 G>A E394E 0.38 [O phoff et al. 

1996]
- - - - - - - -

Intron 8 1199-31 A>G Unknown Found in -v e  
controls

[Carrera et al. 
1999]

- - - -

Exon 11 1360G>A A454T 0.02 [O phoff et al. 
1996]

- “ het - -

Exon 16 2094 G>A T698T 0.12 [O phoff et al. 
1996]

hom het

Intron 17 2 1 7 6 -3  del GAA Unknown Found in -v e  
controls

Novel hom hom

Intron 17 2 1 7 6 -1 3  C>T Unknown Found in -v e  
controls

Novel - hom - - - - hom -

Exon 19b 2754 G>C E918D Found in -v e  
controls

Novel - hom hom hom - - hom -

Exon 19c 2978 A>T E993V 0.38 [Carrera et al. 
1999]

- - hom hom - - - -

Exon 19c 2982 T>C G994G Found in -v e  
controls

Novel hom - - hom hom hom

Exon 19c 3060 G>A R1020R Silent [Carrera et al. 
1999]

- - hom - - - - -

Exon 21 3622-3624 del 
GAA

Del 1208E Found in -ve 
controls

Novel hom - - “ - hom hom

Exon 23 3867 T>C F1289F 0.22 [O phoff et al. 
1996]

- - - het het - - -

Exon 29 4638 O T T1546T Silent Novel - het - - - - - -

Exon 30 4479 O T V1593V Silent Novel - - - - - - hom -

Exon 30 4815 O T A1605A Silent Novel - - - - - - het -

Exon 30 4853 O T A1617V Found in -v e  
controls

Novel hom - - - - - hom hom

Exon 46 6663 T>C H2221H 0.46 [O phoff et al. 
1996]

- - - “ - het - -

Het = heterozygous polymorphism; Hom = homozygous polymorphism
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6.2.3 Results of SSCP screening

Since all 47 exons were analysed by SSCP and directly sequenced, this 

provided me with the opportunity to assess the sensitivity and specificity of 

SSCP.

Table 24 Summary of results from SSCP screening

Exon in w hich 
a b e rra n t 
con fo rm er was 
identified

P atien t in which 
a b e rra n t 
con fo rm er was 
identified

Base change 
identified following 
sequencing

C onsequence Screening
resu lt

2 Negative control Silent Picked up a real
base change

5 CL No changes None False positive
9 (intron 8) SV, TD, TB, TC, 1199-31  A>G Unknown Picked up a real

TJ, DB base change
13 MS, PP No changes None False positive
18 (intron 17) TC, PP, DB, TBt, 2176 - 13 O T Unknown Picked up a real

JD base change
19 SV, JD, MS, PP, 2754 G>C E918D Picked up a real

TC, DB, KK, MH (GAG-GAC) base change
20A TBt, family L, No changes None False positive

family J
Family L 3404 ins 3 amino acid Picked up a real

ATCCAATCC insertion base change
21 Family I 3698 + 1 G>A Aberrant Picked up a real

splicing base change
27 TB No changes None False positive
29 JD 4638 O T T1545T Picked up a real

Silent base change
polymorphism

30 CL, Negative 4779 G>T Silent Picked up a real
control polymorphism base change

37 Family K 5562 O G Y1854X Picked up a real
base change

Family H 6056 + 4 del AGTG Aberrant Picked up a real
splicing base change

43 KK No changes None False positive
45 Family L No changes None False positive

A total of 1000 PCR products were screened. From this, 16 aberrant 

conformers were identified by SSCP. Six of these were false positives and 10 

were polymorphisms or mutations.
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Seven base changes were missed by SSCP and only picked up by sequencing. 

From a total of 18 base changes identified, 11 were identified by SSCP and 

seven by sequencing only. By coincidence, base changes not detected by 

SSCP were silent polymorphisms only.

Sensitivity of SSCP can be calculated by:

no. of base changes detected by SSCP/Total no. o f base changes identified = 

11/18 = 61%.
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The results of CACNAIA gene analysis are summarised below:

Table 25 Summary of clinical features and mutations found in CACNAIA

Fam ily C linical Phenotype M uta tion  identified
G Episodic ataxia type 2 

epilepsy, learning difficulties
R1820X

H Episodic ataxia type 2 6056 + 4 del AGTG

I Episodic ataxia type 2 3698 + 1 G>A

J Episodic ataxia type 2 No mutation identified. Haplotype 
suggests linkage to 19pl3

K Familial ataxic migraine Y1854X

L Late onset, pure progressive cerebellar 
ataxia

3404 ins ATCCAATCC
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Figure 27 Diagrammatic representation of CACNAIA showing all mutations described
causing EA2 syndromes and novel mutations identified in this study

Domain I Domain II Domain III Domain IV

E x tra c e llu la r

In tr a c e l lu la r

Key showing location and consequence of previously reported and novel 
CACNAIA mutations. The numbered mutations are in order of discovery and 
are colour-coded, depending on the author first describing them. The novel 
mutations described in this thesis are numbers 13-17, coloured in blue.
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6.2 Biophysical data of channels

(This work was carried out by Dr Anne Jouvenceau).

6.2.1 Homologous expression of mutant calcium channels

To determine the possible consequences of the R1820X mutation on ion 

channel function, the wild type and mutant aiA calcium channel subunits 

were heterologously expressed in the presence of p4 and (X2 8  subunits to 

enhance expression levels.

Oocytes injected with the R1820X mutant cDNA alone showed no detectable 

current (-0.060 ± 0.011 |iA, n = 22), whereas wild-type cDNA consistently 

gave currents with kinetics and voltage dependence typical o f the P/Q type 

channel (-0.892 ± 0.088 pA, n = 24; Fig 28). Current amplitudes from 

oocytes injected with mutant cDNA were indistinguishable from uninjected 

oocytes (-0.052 ± 0.006 pA, n = 7).

6.2.2 Heterologous expression of mutant and wild type calcium channels

Since the heterozygous patient expresses both wild type and mutant alleles, 

this situation was mimicked by co-injecting constant amounts of wild type 

and mutant cDNA, together with p4 and « 2 8  subunits. When one unit o f

mutant is expressed with one unit of wild type cDNA, a significant decrease 

in current amplitude, compared to that seen when one unit o f wild-type cDNA 

was injected alone, was seen. These results indicate that the mutant cDNA is 

suppressing the currents produced by wild type cDNA so the mutant and
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wild type proteins may be interacting with each other. This is known as a 

dominant negative effect.

The mechanisms of the wild-type-mutant interaction are unclear. aiA subunits 

are not generally thought to co-assemble. However, p4 (but not pg) subunits 

have been proposed to bind to ajA via more than one site [Walker et al. 

1998], potentially mediating an interaction between wild type and mutant aiA 

subunits by forming a complex consisting of one p4 and two aiA subunits. 

This possibility was addressed by measuring current amplitudes recorded 

from co-injection expression (wild-type and mutant aiA cDNA) when Pg was 

substituted for p4, or when no p subunit was co-expressed. A significant 

decrease in amplitude was still observed, as compared to the control situation 

where wild-type only was expressed with pg or no p: -0.050 ± 0.006 |iA (n = 

17) versus -0.280 ± 0.037 pA (n = 18) and -0.016 ± 0.003 pA versus -0.080 ± 

0.009 pA (n = 10), respectively (p<0.0001 in both cases; see fig 28, page 

193). This means that in this case, the interaction of P4 and ajA does not 

contribute to the dominant negative affect seen. The electrical properties o f 

the currents were altered by the change of subunits as predicted and described 

in the literature [De Waard and Campbell 1995], whereas Pg or no p did not 

restore current in the R1820X/wild type oocytes. This demonstrates that the 

reduced currents seen were not mediated by auxiliary subunits and must be 

acting via an alternative mechanism.
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Figure 28 Amplitude histogram of whole cell currents (R1820X)

( Lhnjeded W +

Fig 28 Amplitude histogram of whole cell currents.
Oocytes were injected with wild type (Wt), mutant (R1820X) and both Wt + mutant 
(coinjected), evoked by 400msec step depolarization to +5mV from a holding 
potential of -90mV. Uninjected oocytes were used as a control.
All oocytes were injected with subunits. The same amount of Wt was injected in 
Wt only (one unit), as was injected in Wt + mutant (coinjected one unit Wt and one 
unit mutant). This directly compares 810mV (Wt) with 237mV (coinjected) and shows 
that the mutant DNA is suppressing the current provided by the Wt DNA. This reveals 
a strong dominant negative effect.
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Chapter 7 Discussion of novel CACNAIA mutations

identified

This chapter discusses the genotype/phenotype correlations of the members of 

families G-L in which C A C N A IA  mutations were found. Section 7.1 

discusses the clinical symptoms in relation to the mutation identified. Section

7.2 discusses the polymorphisms identified and SSCP as a mutation detection 

technique. Section 7.3 discusses the results o f the electrophysiological 

analysis in relation to the severity of the phenotype in family G.

7.1 Novel mutations identified and their genotvpe/phenotvpe correlations

7.1.1 New phenotypic association for the calcium channel

Until this study, the established phenotypic associations of mutations in this 

P/Q-type voltage-gated calcium channel were episodic ataxia type 2 

(truncating mutations), spinocerebellar ataxia type 6  (expansion o f 3 ’ 

polyglutamine tract), and familial hemiplegic migraine (missense mutations). 

Although affected members o f families H, I and J had typical episodic ataxia 

type 2, the phenotype in family G is unique. The proband had a combination 

of mild mental retardation with learning difficulties, progressive cerebellar 

ataxia, intermittent ataxia and absence epilepsy. It seems most likely that his 

phenotype is entirely due to the calcium channel mutation. Indeed this is 

reminiscent o f the tottering and leaner mutant mice. The tottering mouse
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exhibits mild ataxia, intermittent convulsions and polyspike discharges 

similar to those seen in human absence epilepsy. The leaner mutation is 

allelic with the tottering mutation, which causes profound chronic ataxia 

associated with pervasive Purkinje and granule cell loss throughout the 

anterior cerebellum, and reduced cerebellar size. Like tottering mice, spike 

and wave discharges have been detected in leaner mice, but the paroxysmal 

convulsions have never been observed. The tottering locus was found to be 

situated on mouse chromosome 8 , between regions similar to human 

chr. 19p 13.1 andl6ql2  and the gene was identified as the murine aiA calcium 

channel subunit [Doyle et al. 1997].

The phenotype in family L can also be considered as a new association with 

CACNAIA. Although the clinical features of family L are very similar to 

SCA6 , the pathogenic mutation is not the same as the expanded CAG repeat, 

but an in frame nine base pair insertion in exon 20 (3404 ins ATCCAATCC). 

The pathophysiological mechanisms of this mutation have not yet been 

studied, but it would be interesting to discover if they acted the same way in 

vitro as the SCA6  expansion.

7.1.2 Premature stop codon results in loss of function in vitro and 

absence epilepsy in vivo

The mutation in family G, R1820X in exon 36 results in the complete loss o f 

the intracellular C-terminal region. This suggests that a region distal to this 

position may be critical for normal aiA function. Since all EA2 mutations 

described result in loss of at least this region, one could speculate that the
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loss of this region is important in causing EA2. The explanation for the severe 

phenotype in family G requires further studies but could be due to the effects 

o f co-inherited genes. Recently, the calcium channel p subunit gene, 

C AC N B 4, was implicated in human epilepsy. Escayg and colleagues 

identified a premature termination mutation (R482X) in the p4 subunit on 

human chromosome 2q22-23, in a patient with juvenile myoclonic epilepsy 

[Escayg et al. 2000b]. Functional studies in oocytes revealed a small decrease 

in the fast time constant of inactivation. In addition, a missense mutation 

(C104F) was identified in two families; a German family with generalised 

epilepsy and praxis-induced seizures, and a French-Canadian family with 

episodic ataxia. This finding opens the field for identification o f new 

mutations in patients with symptoms ranging from typical EA2 to generalised 

and myoclonic epilepsy. Not only will researchers now look at the aiA 

subunit, but also p4 and maybe even azb and y. It may be just as likely that 

the phenotypes described are caused by mutations in any of the subunits that 

make up a functional channel.

7.1.3 New mutational mechanisms for the calcium channel

The mutation identified in family H (6056 + 4 del AGTG), correlates with a 

relatively typical phenotype of episodic ataxia type 2 , responding well to 

acetazolamide. This is the first intronic deletion mutation described in this 

gene and may suggest a new mutational mechanism. The consequence to the 

protein is predicted to be the skipping of the upstream exon (exon 41). This 

results in a frameshift and creates a prem ature term ination signal at
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codon 2026, downstream of exon 41. mRNA transcripts carrying a premature 

termination codon such as this are most commonly degraded by a process 

known as nonsense-mediated mRNA decay. This would predict the loss of 

50% protein, leaving only 50% functional protein and would exert 

pathogenicity by haploinsufficiency.

The mutation identified in family I (3698 + 1 G>A), is also predicted to cause 

the skipping of the upstream exon (exon 21). This also results in a frameshift 

and creates a premature termination signal at codon 1195. As in family H, this 

mutation would most likely result in degradation of mutant mRNA by 

nonsense-mediated mRNA decay, leaving only 50% functional protein.

The observations in family J, linkage to the CACNAIA gene but no identified 

mutation, are very interesting. This suggests that the pathogenic mutation 

could be in either regulatory regions of the gene, such as a promotor sequence 

or transcription factor, or deep within an intron. Either mechanism is new to 

this gene and disease, and would be essential for further study.

The mutation identified in family K, Y1854X, is similar in position and 

consequence to that identified in family G (R1820X). However, the 

phenotype is more typical of uncomplicated episodic ataxia type 2 , as none of 

the affected members demonstrate epilepsy or learning difficulties. The 

proband suffers frequent attacks of ataxia, usually combined with hemiplegic 

migraine. Migraine is a characteristic feature of EA2 and hemiplegic migraine 

is also caused by point mutations in CACNAIA.
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7.1.4 An insertion mutation associates with a ‘SCA6-like’ phenotype

The mutation identified in family L is the first description of a mutation in 

CACNAIA causing pure, progressive cerebellar ataxia, that is not the SCA6  

expansion. This insertion mutation is also present in the eldest son (11:1) who 

appears to be asymptomatic. This may be because of the late onset o f the 

disease, individual 11:1 is likely to be presymptomatic i.e. he will develop the 

progressive ataxia in later life. The phenotype of individual 11:2 is more 

complex. He does not harbour the 3404 ins ATCCAATCC mutation, nor does 

he harbour any other mutation in CACNAIA. There are two possible 

explanations for this;

1 ) He is a non-genetic phenocopy or

2) He harbours a mutation in another gene, causing a phenotype very similar 

to episodic ataxia type 2 .

I believe that the former explanation is more likely, as a second mutation in a 

similar or related gene to CACNAIA  would be a remarkable coincidence. 

Non-genetic copies are members of a family with a genetic disease that 

‘copy’ or mimic symptoms of the family disease, without actually harbouring 

the mutation that causes it.

Twenty-nine ADC A type III patients negative for the SCA6  poly glutamine 

expansion were analysed but the insertion mutation was not identified in 

them, suggesting that this may be a private mutation in this family. This 

proposes that this in-frame insertion of three amino acids within the coding 

region of the domain II/III linker, acts the same way physiologically as the 

polyglutamine expansion found in the 3’ region of the gene. To elucidate
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further the exact mechanism by which this occurs, electrophysiological 

expression studies are required and channel kinetics measured. Studies of the 

polyglutamine expansion in SCA6  have been performed in BHK cells 

[Matsuyama et al. 1999]. They used poly glutamine expansions of 24, 30 and 

40 and discovered that calcium channels with <24 polyglutamines showed 

normal properties, whereas calcium channels o f 30 or 40 polyglutamines 

exhibited an 8 mV hyperpolarising shift in the voltage-dependence o f 

inactivation, which considerably reduces the number of available channels at 

resting membrane potential. This suggests that the polyglutamine expansion 

in SCA6  leads to neuronal cell death and cerebellar atrophy through reduction 

in Ca^^ influx into purkinje cells and other neurons. As the phenotype in 

family L is so similar to the SCA6  phenotype, it would be easy to say that the 

three amino acid insertion is also affecting the channel properties in a similar 

way. However, as the other known function of poly glutamine expansions on a 

larger scale (e.g. Huntington’s disease) is to form toxic aggregates, this 

hypothesis must also be investigated. Ishikawa and colleagues found 

abundant expression and cytoplasmic aggregates o f aiA calcium channel 

protein in the brains of SCA6  patients [Ishikawa et al. 1999]. It is these 

aggregates that are given as the reason for neuronal cell death, possibly due to 

interference with normal trafficking or metabolism of the channel protein, 

resulting in reduced expression of the protein at the membrane. If this is true, 

it is probable that normal physiological function governed by the calcium 

channel is altered, which would lead to neuronal degeneration. The mutation 

in family L is a three amino acid insertion o f Proline (P), Serine (S) and 

A sparag ine (N), w hich is a duplication o f the previous three
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amino acids. It may be possible that this repeat of PSNPSN, in addition to the 

surrounding amino acid sequence (which contains a high number o f Proline 

(P) and Asparagine (N)), may well able to form an ‘aggregation’ of its own 

on a very small scale. The restrictive structure of Proline which binds back 

onto helix backbone, may cause a kink in the otherwise stable linker, which 

may affect the positioning in the membrane of the remaining two domains of 

the protein. Asparagine is an uncharged residue with a polar side chain, which 

may form extra hydrogen bonds to hold it in its ‘abnormal’ position. This 

may be enough to affect the insertion of the calcium channel protein into the 

membrane. In this aspect, it could act in a similar way to the mechanism 

postulated by Ishikawa and colleagues.

7.2 Families without coding region mutations

7.2.1 Comment on polymorphisms found in CACNAIA

The reasons for not identifying a mutation in every patient studied in this 

project can be explained. For example, mutations may be located in promotor 

or regulatory regions not sequenced, deep within an intron or in other gene as 

yet unidentified. The gene is large and most of the polymorphisms identified 

have been described before and seen in healthy controls. Others are silent (do 

not change an amino acid) and one would assume that they are non- 

pathogenic polymorphisms. However, recent work by Chao and colleagues 

reveals how a silent polymorphism in the phenylalanine hydroxylase gene 

(PAH) causes phenylketonuria [Chao et al. 2000]. A heterozygous A to T
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substitution was identified in the coding region of the PAH  gene. The wild 

type codon (GTA) encodes a Valine residue and the mutant codon (GTT) also 

codes for a Valine residue. RT-PCR o f illegitimate transcripts from 

lymphoblast cultures of phenylketonuria patients revealed a complete deletion 

of exon 11. They constructed a mini-gene containing exons 10-12 of the PAH  

gene, with and without the mutation A to T at nucleotide 1197 (the third from 

last nucleotide of exon 10). These were transfected into HuH-7 cells and they 

found that cells containing the mutation produced a mutant protein size that 

corresponded to skipping of exon 11. In addition, they found that mutant RT- 

PCR products were also present, ruling out degradation o f mRNA by 

nonsense-mediated mRNA decay pathways. However, exon 11 contains the 

tetramerisation domain. Protein lacking this domain is unstable and so may be 

degraded after translation. This evidence dem onstrates that silent 

polymorphisms can alter the protein product and this should be investigated 

further in CACNAIA.

7.2.2 Analysis of SSCP as a mutation screening method

SSCP was initially used to screen the calcium channel gene in all EA2 

patients as it is quicker and cheaper than fluorescent DNA sequencing. 

However, DNA sequencing is the ‘gold standard’ for mutation detection and 

thought to be 100% accurate. SSCP on the other hand, has been quoted to be 

between 60 and 80% accurate [Orti et al. 1997]. Success rates of SSCP vary 

greatly between studies, and several authors have concluded that the 

efficiency of SSCP is highly sequence dependent and may vary significantly
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among fragments, depending on size and running conditions [Hayashi 1992; 

Hayashi and Yandell 1993; Glavac and Dean 1993]. In this project, the 

sensitivity was found to be 61%. This is at the lower end of the scale of pick

up rates. However, by coincidence, the only base changes that were missed by 

SSCP were polymorphisms, and all the mutations found in families G to L 

were detected by SSCP. Two of these were deletions/insertions of four base 

pairs and nine base pairs respectively. These produced very obvious aberrant 

conformers, as the sequence variation between mutant and wild type was 

great. The remaining aberrant conformers were single base changes and the 

band shifts seen on the SSCP gel were much more subtle. It is only with such 

a retrospective study as this that the success rate of SSCP can be estimated 

with accuracy for CACNAIA. Since I did not find more mutations by SSCP, I 

decided to re-sequence all my samples. I calculated the sensitivity o f SSCP by 

this method to be 61%. It is difficult to say how useful this technique is 

overall, as there are many different factors to consider. For example, 

fluorescent sequencing involves one PCR, clean up of products, a second 

PCR, precipitation of products, electrophoresis, then computerised analysis. 

SSCP involves one PCR, electrophoresis, and visualisation under UV, so the 

time taken is greatly reduced when using SSCP. Cost is another important 

factor to consider. Analysis of one exon from one patient by SSCP costs £1, 

and by fluorescent sequencing, £5, so sequencing is considerably more 

expensive and more time-consuming. These issues have to be weighed up in 

each circumstance before selecting the mutation detection method. For every 

mutation identified in CACNAIA in this project, we have three more patients 

in which no mutation was identified. This could be explained by mutations in
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other subunits not yet identified. Offering this test as a diagnostic service 

could be quite costly and a great deal of work: the Œia subunit is the biggest 

and functionally most important gene in the complex, but if  no mutations are 

identified in it, but the patient has the correct phenotype, where do we go 

from here? Undertaking analysis of every gene in the complex sounds 

ambitious at the present moment, but with the development of high 

throughput and DNA chip technology, this may become easier, quicker and 

cheaper and the best method for including or excluding the involvement o f 

the calcium channel in the patient. More accurate diagnosis o f these 

conditions, and their effects on the calcium channel may in turn lead to better, 

more efficient therapies and less unpleasant side effects. Patients with drug- 

resistant mutations may also be catered for.
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7.3 Biophysical effects on channels and relation to phenotype

7.3.1 Expression studies reveal loss of channel function

Only the R1820X mutation in family G was studied using the oocyte 

expression system, as engineering the mutation into the wild-type aiA cDNA 

of 8.5 kilobases was a complicated procedure that took longer than 

channel constructs. However, the findings from this study are extremely 

interesting. The proband in family G has a complex phenotype o f absence 

epilepsy, episodic ataxia and a progressive, fixed cerebellar syndrome, aswell 

as mild mental retardation. This phenotype has never been described in 

association with a mutation in the aiA subunit of the human P/Q type calcium 

channel. It has, however, been described in mouse mutants [Fletcher et al. 

1996; Doyle et al. 1997].

The initial expression of mutant aiA (and the relevant accessory subunits) 

revealed current amplitudes equal to that of uninjected oocytes. This result 

alone would imply that the truncation mutation results in a non-functional 

protein. As all previous EA2 mutations are proximal to codon 1820, every 

mutation will result in the loss of at least 1000 amino acids at the C-terminus. 

This region is thought to be critical for insertion and anchoring into the 

membrane, so loss of this part may prevent the channel from entering the 

membrane. This describes loss-of-function as the most obvious mechanism 

by which the disease is caused. It may be possible that the size of the residual 

protein affects the insertion of the channel into the membrane. In all other 

EA2 mutations, the residual protein is smaller and may not enter the
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membrane at all. All channel kinetics and therefore clinical phenotypes result 

from the loss of channel function and only 50% of normally functioning 

channels. In family G, the residual protein is larger and may be able to insert 

into the membrane. Once in the membrane it may exert a different effect and 

this may be reflected by the dominant negative effect seen in vitro and the 

severe phenotype seen in the proband of family G.

7.3.2 Co-expression of mutant and wild type calcium channels reveal 

dominant negative effects

Following co-expression of mutant and wild type aiA cDNA, a dominant 

negative effect was revealed. This was unexpected as, unlike the potassium 

channel, K yi. 1, in which the pore is formed by four separate subunits, the P/Q 

type calcium channel is formed by a single subunit. So how is the dominant 

negative effect caused? A possible suggestion for this is an interaction or 

dimérisation between wild type and mutant aiA proteins. Although aiA 

proteins are not thought to polymerise, a peptide corresponding to half o f an 

ttiA subunit has been isolated from immunoprecipitated native P/Q type 

calcium channels [Scott et al. 1998]. This raises the possibility that a complex 

containing wild type and mutant subunits may be one o f many assembly 

possibilities containing full length and shortened versions of the ociA subunits. 

A possible mechanism for linking mutant and wild type subunits is the P4 

subunit, which interacts with aiA at two sites [Walker et al. 1998]. However, 

the findings show that the dominant negative effect persists when p3 (with
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only one interacting site) is substituted for P4 . Even in the absence o f p 

subunits completely, the dominant negative effect is still present. This 

requires a further explanation, but may be the result o f subunit interaction at 

an earlier stage of biogenesis, which may be harder to demonstrate.

As with the potassium channel electrophysiology studies, we can try to mirror 

in vivo systems as much as possible, but realistically it is an artificial system 

that doesn’t take into account the whole picture. For example, mammalian 

cells possess the ability to detect and degrade transcripts containing 

premature termination signals [Frisehmeyer and Dietz 1999]. However, the 

dominant negative effect seen when eo-expressing R1820X mutant and wild 

type aiA would conflict with this theory.

Another function of mammalian cells not taken into account by the in vitro 

expression system is the ability to up-regulate related gene expression to 

compensate for lack of a similar gene. For example, in tottering mouse, a 

mutant of aiA, a slight increase in L-type calcium channel levels was detected 

in purkinje cells [Campbell and Hess 1999]. This was caused by an up- 

regulation of expression of the a ic  gene. Interestingly, when L-type channel 

blockers were administered (dihydropyridines, DHP), the induction o f the 

paroxysmal diskinesis movement disorder was prevented. This suggests that 

aiA defects indirectly influence other voltage-gated calcium charmels (e.g. 

a ic ) and it may be that L-type channel blockers such as DHPs could be used 

as a neuroproteetive agent in EA2 patients.
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Chapter 8 Conclusions

8.1 General Conclusions

In summary, this thesis contains the study of two ion channel genes, the 

voltage-gated potassium channel gene (KCNAl) and the P/Q type voltage- 

gated calcium channel gene {CACNAIA). DNA from candidate

phenotypes was analysed. Novel mutations were identified and new 

phenotypic associations described. Some of these mutations were expressed 

and studied electrophysiologically in a Xenopus Oocyte expression system, to 

elucidate the mechanism of channel dysfunction.

8.1.1 Genetic Analysis of KCNAl in candidate patients

Analysis o f the voltage-gated potassium channel gene, K C N A l  was 

performed on affected and unaffected members o f six families with varying 

phenotypes. Five mutations were identified, four of which were novel. All 

mutations identified were pathogenic, segregated with the disease in each 

family and were not found in over 240 control chromosomes. The phenotypes 

ranged from myokymia alone, across the spectrum of severity to typical 

episodic ataxia type 1, epilepsy alone, EAl with epilepsy and finally a severe, 

generalised muscle stiffness resulting in the patient being wheelchair bound. 

These findings increase the phenotypic variability associated with KCNAL  In 

a diagnostic setting, there is now a greater range of symptoms that may be
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attributed to mutations in the potassium channel, and this must be addressed 

accordingly. In addition, there are fourteen remaining patients at The National 

Hospital in whom mutations in KCNAl were not identified. This would 

suggest that mutations in other related genes might cause a very similar, if  not 

identical phenotype.

8.1.2 Electrophysiological Study o i KCNAl mutations found in candidate 

patients

The five m utations iden tified  in KCNAl w ere all s tud ied  

electrophysiologically. Constructs of mutant channels were created by PCR 

based site-directed mutagenesis, cRNA was injected into Xenopus Oocytes 

and currents were analysed.

All of the five mutations altered channel function but in different ways. It is 

possible that the nature of the mutation, and therefore potassium channel 

dysfunction, may correlate closely with the observed phenotypic variation.

8.1.3 Genetic Analysis of CACNAIA in candidate patients

Analysis o f the voltage-gated calcium channel gene, CACNAIA  was 

performed on a total of six families and fifteen individuals. Five novel 

mutations were identified and linkage to the CACNAIA locus was compatible 

in one family, but no mutation was identified in the coding region and 

flanking introns.
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The phenotypic spectrum relating to this gene has been increased following 

this study. Phenotypic variability ranges from typical episodic ataxia type 2, 

responding well to treatment, through to progressive cerebellar ataxia and 

severe episodic ataxia with epilepsy and mental retardation with a poor 

response to treatment. One family has been linked to the CACNAIA region 

and further study is required to identify a mutation. It seems likely this will be 

in a non-coding region.

8.1.4 Electrophysiological Study of a CACNAIA mutation found in a 

candidate patient

One mutation, R1820X, was studied electrophysiologically in the Xenopus 

Oocyte expression system. A mutant construct was made by subcloning and 

PCR-based site-directed mutagenesis. cDNA was introduced by intranuclear 

injection and currents were recorded and analysed.

The mutation, when injected alone, produced a non-functional channel. 

However, when co-expressed with wild-type cDNA, a dominant negative 

effect was observed. This was unexpected, as aiA subunits were not thought 

to co-assemble. Following co-expression with p4, p3, and no p subunits, the 

dominant negative effect was still observed, ruling out a possible dimer 

effect, from p4 binding two aiA subunits [Walker et al. 1998]. This may be 

explained by an interaction between mutant and wild type subunits during 

biogenesis. Although the Xenopus oocyte expression system is invaluable for 

identifying the exact parameter changes that cause channel dysfunction, it is 

not an accurate reflection of subunit interactions in vivo and does not
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allow for compensatory upregulation of similar genes [Campbell and Hess 

1999], or endocytic removal of mutant or illegal transcripts [Frisehmeyer and 

Dietz 1999]. Mammalian or neuronal cell lines may give a more realistic data 

set.

8.1.5 Retrospective analysis of SSCP as a mutation detection method

Initially, SSCP was considered the best method for screening a large gene of 

47 exons (50 PCR reactions) in twenty patients. The method was quick, easy 

and relatively cheap, at £1 per sample. This method identified 11 base 

changes and six false positives. As mutations were not detected in three- 

quarters of the patients by this method, the remaining patients were re

amplified and sequenced. This did identify a further seven polymorphisms, 

but no more pathogenic mutations. By coincidence, all o f the pathogenic 

mutations were picked up using SSCP. In hindsight, I would probably analyse 

all the samples by sequencing from the beginning, to reduce the risk o f 

missing a mutation. The excess cost and time required is probably justified. 

However, the SSCP method was very accurate in picking up insertion or 

deletion mutations. As the method relies on differences in sequence and 

structural conformational changes between wild type and mutant, you would 

predict that larger mutations such as insertions or deletions would be detected 

more easily. A good application for this method would be for quick screening 

of known insertion/deletion mutations, but when accuracy is important and 

cost is not, fluorescent DNA sequencing is still the best method.
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8.2 Genetic heterogeneity in EA2

The voltage-gated calcium channel gene, CACNAIA, was also analysed in 

fifteen EA2 patients in table 38. No mutations were identified. This may be 

explained in at least two ways. The patients may have CACNAIA mutations 

in other regions of the gene (e.g. introns) or the disorder may be genetically 

heterogeneous. As discussed previously (see section 7.1.2) other candidate 

genes for this study are subunits that form the calcium channel complex, such 

as p, a 2Ô, or y, or the cause may be a new calcium channel gene, as yet 

unidentified. Linkage studies or screening of candidate genes in each family 

will be required to identify the cause of disease.

8.3 Epilepsy as a ^channelopathv*

There is increasing evidence that some forms o f epilepsy maybe a 

channelopathy. To date, six ion channel genes have been implicated in 

various forms of epilepsy. This study implicates two more ion channel genes. 

Mutations in the voltage-gated potassium channel gene, KCNAl, encoding for 

K y l . l ,  have been identified in two separate families with epilepsy. The 

affected members of Family A presented with epilepsy in combination with 

myokymia, but no EA l. The affected members of family D presented with 

EAl and myokymia, and in addition, two members also had epilepsy. The 

mutations identified (A242P and T226R respectively) were found to result in 

a severely reduced current amplitude of Kyl . l .  When co-expressed with wild- 

type, T226R revealed altered kinetics in a dominant negative manner and
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A242P showed slightly reduced current amplitudes compared to double the 

amount of wild-type, suggesting haploinsufficiency as the cause. This 

evidence argues that epilepsy may be caused by a profound disturbance o f 

potassium channel function.

The P/Q type voltage-gated calcium channel gene, CACNAIA, is also now 

implicated in human epilepsy. The proband in family G presented with 

generalised tonic clonic seizures from the age of three, and went on to 

develop EA2 and suffer with learning difficulties. R1820X was identified as 

the pathogenic mutation in CACNAIA. As discussed previously, it is perhaps 

not surprising that CACNAIA is now implicated in human epilepsy. The aiA 

subunit of the voltage-gated calcium channel has already been implicated in 

epilepsy in mice [Fletcher et al. 1996]. The main difference in the nature o f 

the mutation between the tottering mouse and our patient from family G is 

that the mice mutants are homozygous for the mutated form of the protein. In 

contrast, the human condition is heterozygous, resulting in only 50% of 

mutant protein. This may explain why epilepsy presents as the main feature in 

these mutant mice. Until now, no human has been identified to have epilepsy 

as a result of a mutation in the CACNAIA gene. It may be that this particular 

mutation was severe enough to trigger epileptic seizures from time to time. 

Other CACNAIA mutations described may be severe enough to cause EA2 

but were just under the threshold of activation of abnormal spike and wave 

discharges, therefore not triggering a seizure. The 50% wild-type protein 

present in the heterozygous state seen in humans may be enough in most 

cases to maintain a normal number of functional channels. When all channels 

are non-functional, as in tottering mouse, absence epilepsy occurs frequently.
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8.4 Future directions for study

With the completion of the Human Genome Project, and the many groups 

around the world currently working on ion channels, the next few years o f ion 

channel research should be exciting. Large families have been identified at 

The National Hospital and linkage analysis or screening of candidate genes 

will be undertaken in an effort to identify new genes responsible for the many 

types of paroxysmal disorders currently seen.

The technology now available has also advanced the field of molecular 

genetics and diagnostics greatly. High throughput kits and equipment such as 

ABI 3700 DNA Sequence Analyser, with 96 capillary electrophoresis, now 

mean that sequencing of candidate or very large genes can be done quickly 

and relatively cheaper.

Directly following from this study, the analysis of a possible gene duplication 

in family F will be continued. As discussed previously, two sets o f 

fluorescent PCR primers; one specific for the K C N A l gene and the other 

specific for a control gene {CACNAIA exon 37) are multiplexed together. The 

products are run on an ABI 377 with genescan software and the peak heights 

of both gene products within the same sample can be compared directly. 

Dosage quotients can be calculated by the following equation [Rowland et al. 

2001]:

KCNAX peakheight{testsample) / CA CNA\Aex31 peakheight{testsample) 
KCNAl peakheight{control) / CACNA\Aex31 peakheight{control)

In control samples, the dosage quotient should be one, or near to one. If there

is a duplication, the dosage quotient should be at least two. To ensure

213



accuracy, each sample (including controls) should be repeated three times. 

Aside from this, potassium channel analysis is currently quite satisfactory 

already and may soon be offered as a diagnostic service. The small gene size 

makes it fairly quick and cheap to analyse by sequencing, the gold standard of 

mutation detection. There are however, patients that appear to have E A l, but 

that do not have mutations in KCNAl. This would be very interesting to 

investigate and it may be possible to identify a mutation in an accessory 

subunit of the voltage-gated potassium channel, for example, Kyi p.

With regard to calcium channel gene analysis, there is much more scope for 

further study in this area. The fifteen patients in whom no mutation has been 

identified, plus the affected members of family J in which linkage to 

CACNAIA was confirmed, need to be analysed further. The control regions 

and intronic sequences would be obvious regions to sequence initially. 

Alternatively, cDNA synthesised from RNA by RT-PCR could be analysed 

across the whole gene. This may identify changes at RNA level not detected 

by exon sequencing at DNA level. In addition. Northern blots of RNA probed 

with CACNAIA sequence could be performed to identify truncations at RNA 

level. Also, by comparing intensity of bands with healthy samples, it may be 

possible to quantify the amount of RNA to determine whether the mutant 

RNA is unstable and degraded, as suggested by the RT-PCR results (see fig 

23, page 175).

If this proves fruitless, then there are several accessory subunit genes that can 

also be analysed, for example, p, aiô , and y.

Linkage studies and candidate gene approaches will undoubtedly identify new
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calcium channel genes and high throughput sequencing will quickly identify 

mutations.

Functional studies will be used to elucidate the exact mechanism by which 

episodic ataxia or epilepsy is caused. Ultimately this should lead to structure- 

based design of highly effective drugs to treat the patient.

For those mutations in which haploinsufficiency is shown to be the 

mechanism, gene therapy may be a future possibility.
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Appendix

Appendix I Buffers and Solutions

lOx mini gel TBE, pH 8.3 (IL); 121.Ig Tris

61.8g boric acid (anhydrous) 

7.4g EDTA

lOxTE, pH 8 (lOmM Tris/lm M  EDTA) (IL): 1.21gTris 

0.37g EDTA

1 xTE ( 1 mM Tris/lm M  EDTA) ( 1 OOmL): lOmL 10 TE 

90mL d.HiO

Reagent A (IL): 109.4g sucrose 

1.02g M gCb.ôH jO  

lOmL IM  Tris 

lOmLTriton XlOO

IM Tris, pH 8 (IL): 121.1gTris 

d.H20 to 900mL

GTP + m7G (5’) PPP (5’) G-cap for in vitro transcription: 

G-cap

Lyophilised m7G (5 ’) PPP (5’)

Add 45|il DEPC water 

And 5|il o f GTP solution

RNA gel loading buffer: lOmL 5X formaldehyde 

running buffer
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Total: 50mL -stored at -20°C in 200|xL aliquots

8.5mL 37% formaldehyde 

(formulin)

25mL formamide 

2.5mL glycerol 

20^iL 250mM EDTA (pH 8) 

1.25mL 1% bromophenol blue 

2.75 mL DEPC HjO

10% SDS: 100g SDS

900mL np H2O

Heat to 68°C to dissolve. Adjust pH to 7.2 with HCl. M ake upto IL  with np H2O.

CVS buffer: (lOOmL) 4mL 4M NaCl 

10m L 0.25M ED TA  

86mL np H2O

Proteinase K solution;

Adjust to pH 8.5 with HCl.

40mg Proteinase K

12mL 20m M  T ris-C l, 2m M

EDTA

3M N aA c: 408.1g NaAc»3H20

800mL np H2O

Adjust pH to 5.2 with glacial acetic acid. Make upto IL  with np H2O.

Sucrose/Bromophenol blue loading dye: 4g sucrose

0.025g bromophenol blue 

M ake upto lOmL with np H 2O
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lOX TBE buffer for Sequencing/Genescan (IL): 108g Tris

55g Boric Acid (anhydrous) 

8.3g EDTA

1X TBE Running buffer (1,5L): 150mL lOX TBE Sequencing 

buffer

1350mL np H2O

373 sequencing gel mix: 40g Urea

12m L  4 0 %  a c r y la m id e

solution

30mL np H2O

]g Amberlite resin

Dissolve with magnetic stirrer, filter 8mL lOX TBE through W hatman 0 .45 |im  filter, then 

filter gel mix.

377 Sequencing/Genescan mix: 18g Urea

5.3mL 40%  acrylamide

solution

27.5mL np H 2O

0.5 g Amberlite resin

Dissolve with magnetic stirrer, filter 5mL lOX TBE through W hatman 0.45 |im  filter, then 

filter gel mix.

Blue dextran loading buffer: 

(25mM EDTA, pH 8; 

blue dextran 50mg/mL)

100ml 25 mM EDTA 

5g Blue dextran

SSCP loading blue: 255|iL  deionised form am ide

242



30|iL  bromophenol 

blue/xylene blue 

15|xL glycerol

DNA Sequencing loading blue: 200p.L deionised formamide 

40|uiL blue dextran loading 

buffer

ROX 400 loading blue: 62.5|liL deionised formamide 

15|iL blue dextran loading 

buffer

15^L ROX 400HD

LB Broth: 1 Og Bacto-tryptone 

5 g Bacto-yeast extract 

lOg NaCl 

950mL np H2O

Adjust to pH 7.0 with 5M NaOH, make upto IL, autoclave.

LB Agar: lOg Bacto-tryptone

5g Bacto-yeast extract 

lO gN aC l

A djust to pH 7.0 with 5M NaOH, m ake upto IL  and ju s t before autoclaving, add 15g 

agarose.

Ampicillin Solution (50mg/mL):

Dissolve and store at -20°C.

500mg Ampicillin 

lOmL np H2O

OIAGEN midiprep kit:
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Buffer PI (Resuspension buffer) 50mM Tris-Cl, pH 8, lOmM 

EDTA

100|ig/m L RNAse A

Buffer P2 (Lysis buffer) 200m M N aO H , 1% SDS

Buffer P3 (Neutralisation buffer) 

pH 5.5

3.0M potassium acetate,

Buffer QBT (Equilibration buffer) 

pH 7

Buffer QC (Wash buffer) 

pH 7

750mM  NaCl; 50mM  M OPS,

15% isopropanol 

0.15% Triton® X-100

l.OM N aC l; 50m M  M O PS,

15% isopropanol

Buffer QF (Elution buffer) 1.25M NaCl

50mM Tris, Tris-Cl, pH 8.5 

15% isopropanol

Ix T E lOmM Tris-Cl, pH 8 

Im M  EDTA

Barths Medium
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NaCl 88mM 

KCl Im M  

NaHCO] 2.4mM  

M gC b 0.82mM 

CaCI] 0.77mM



TrisCl 15mM 

Penicillin 100 U/mL 

Streptomycin 100 pg/mL 

pH = 7.4

ND96 medium NaCl 96mM

KCl 2mM

MgClz Im M  

CaCb 1.8mM 

HEPES 5mM 

lOkU/mL Penicillin 

10 mg/mL Streptomycin 

pH = 7.4 (sterilised by 

filtration)
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Appendix II Suppliers

PBS

Phenol (lOmM  Tris, pH 8, ImM  EDTA) 

Chloroform/isoamyl alcohol (24:1 v/v)

100% Ethanol

Diethylpyrocarbonate (DEPC)

TRIZOL

RNA/DNA Calculator 

Isopropanol

AmpllTaq Gold polymerase, buffer, M gCb 

Taq Polymerase and buffer 

HotstarTaq and Q solution 

dNTPs

Oligo primers

First strand cDNA synthesis kit 

Qiagen PCR Purification kit 

GeneClean 11 kit 

Mulitscreen PCR plates 

Ikb and lOObp DNA ladder 

Formulin (37% formaldehyde)

MOPS

Thermoflow system and Powerpack

Precast 10% TBE gels

UV Transilluminator

Sony Video Graphic camera and printer

DNA Sequencer, Models 373 and 377

Urea

Anachem

Sigma

Applied Biosystems

Anachem

Sigma

Gibco

Genequant, Pharmacia Biotech 

Anachem

Applied Biosystems 

Promega 

Qiagen 

Promega

A pplied  B iosystem s and  G enosys 

(Sigma)

Gibco

Qiagen

B i d  01, Anachem

Millipore

Gibco

Sigma

Sigma

NOVEX through Invitrogen 

NOVEX through Invitrogen 

UVP Inc 

UVP Inc

Applied Biosystems 

Sigma
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40%  Acrylamide solution 

Amberlite resin (deionising)

Ammonium Persulphate 

TEM ED

0.4 mm Duckbilled flat tips 

DyePrimer Cycle Sequencing kits 

BigDye Terminator Cycle Sequencing kits 

Restriction enzymes 

Parafilm

X Ll Blue competent cells 

T4 Ligase and Buffer 

TOPO TA Cloning kit

TOP 10 competent cells (containing SOC medium)

QiaPrep Spin Miniprep kit

QiaPrep Midiprep kit

Pfu proofreading polymerase

A TP(lO m M )

C TP(lO m M )

UTP (lOmM)

GTP + m7G (5’) ppp (5’) G-cap 

1 OX transcription buffer 

RNAse inhibitor 

T7 RNA polymerase 

DNAse I

Collagenase type lA

BioRad

Sigma

Sigma

Sigma

Anachem

Applied Biosystems

Applied Biosystems

Promega and New England Biolabs

Sigma

Stratagene

NewEngland Biolabs

Invitrogen

Invitrogen

Qiagen

Qiagen

Stratagene and Promega

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Boehringer

Sigma
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Appendix III Tables of Primers used

Table 26 Primers used for Sequencing of KCNAl (Accession no L02750) 

(PCR Conditions used were; Annealing temp: 60°C, 40 cycles)

Section Primer name/nucleotide position Primer sequence

1 1 Forward (nucleotides -1 4 9 —129) 

1 Reverse (nucleotides 550-531) 

2Forward (nucleotides 481-500) 

2Reverse (nucleotides 983-974)

3Forward (nucleotides 931-950)

3Reverse (nucleotides 1551-1571)

5'-GACCTGCTCGTGTTGAAGCA -3'

5'-AGATGACGATGGAGATGAGG-3'

5'-GAGAGCTCGGGGCCCGCCAG-3'

5'-AAAGATGAGCAGCCCTAGCT-3'

5'-GGCCTCCAGATCCTGGGCCA-3'

5'-AGCGTGACATGAGTCACTAG -3'

Table 27 Primers used for Sequencing o f KCNA2 (Accession no 

NM_004974)

(PCR Conditions used were; 60°C for section 1 and 2, 55°C for section 3, 35 

cycles)

Section Primer name/nucleotide position Primer sequence

1 KCNA2 IF (nucleotides 1-21) 

KCNA2 IR  (nucleotides 540-560) 

KCNA2 2F (nucleotides 500-520) 

KCNA2 2R (nucleotides 1030-1050) 

KCNA2 3F (nucleotides 981-1001) 

KCNA2 3R (nucleotides 1480-1500)

5 ' - ATG AC AGTGGCC ACCGG AG AC - 3 ’ 

5 ’-ATGGGCAATGTTTCCAGACAG - 3 ’ 

5 ’-TGTGTCTGTCATGGTGATCC - 3 ’

5 ' -CTCTGC A A A ATAC AC AGC AC - 3 ’ 

5 ’-ATTGGGCCTCCTGATATTCTT - 3 ’

5 ' -TC AG AC ATC AGTT A AC ATTTT - 3 ’
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Table 28 Primers used for SSCP and Sequencing of CACNAIA (Accession no 

Z80114-Z80155 and A PI44098)

EX ON Primer Sequence
1 Exl/1 F: GTTCGCCGCAGCGTAACCGG 

Ex 1/1 R: GCGCCATTGACTGCTTGTAC 
Ex 1/2 F:GCAGGGCGGGCAGCCCGGGG 
Ex 1/2 R: GGAGGCGCAGCTGCTGCTGG

2 Ex2 F: TGCACCTCCAACACCCTTCTTTT 
Ex2 R: GCCAAGGAGAAGACCCTGAGA

3 Ex3 F: GCCCAAGACGCTGACCTTGC 
Ex3 R: CCAAAGCGTATAGCACGCGC

4 Ex4 F: CCCCCAAAACCCACCCTCTGTTC 
Ex4 R: TTGTCAGGGTCGGAAACTCACGC

5 Ex 5 F: GGGGGTACTTGCTCATGGGC
Ex 5 R: CTGAAGGAGAAAACTGGAAAGATGC

6 Ex6 F: TTTTCCCTTCCCTTTTGTAG 
Ex6 R: CACACACTGTCCCAGCATCAC

7 Ex 7 F: GTCAACTCTCACCTGCTTTCCC 
Ex 7 R: GAGTGGGATGGGGTGGGGAG

8 Ex 8 F: CATTTTCAAAACAGCCATACTCTGG 
Ex 8 R: GTACCCATTGAGCTCACGTTCAA

9 Ex 9 F: TGTCACCATCAGTCAGCAGAGAA 
Ex 9 R: GGGACCCACCCCTGAGGTGG

10 Ex 10 F: GTCTGTGTTCGAAAAAGGGTAACG 
Ex 10 R: GGGCGATAGGTGATGAACAACTG

I I Ex 11 F: CTGAAGGAACAGCCTGAGCCTG 
Ex 11 R: GGATCAGGGAGTTGGCAGGG

12 Ex 12 F: CCTGGAACCCCTACCCTCAGC 
Ex 12 R: GGCAAGAGCTGGAGAAATGAACT

13 Ex 13 F: ATTTGGAGGGAGGAGTTTGG 
Ex 13 RiTCACTTTCCCAACTTTCTGG

14 Ex 14 F: GCCTCGTGTTTCGAGGG 
Ex 14 R: TTGAATTCCTGTGAAGGAC

15 Ex 15 F; GTGGGGCCAACGTGAAATGTCT 
Ex 15 R: AGCCCCTTGGATGTGGAGCAG

/Ô //7 Exl6/17 F: CTGTGTGTTTCTTCCTCCCC 
Ex 16/17 R; AGAGAAACATTCTCCCACCG

IS Ex 18 F: AAGGCCTAGTTCATGTTTTGTG 
Ex 18 R: GCCAGGGTAGCATCCCAG

19 Ex 19a F: CTGGGTCATCCATCCAAGC 
Ex 19a R: TGTTTCCTGAGGAAGTCCTC 
Ex 19b F:CGCAGGAGAACCGCAACAA 
Ex 19b R:GCGATGACGTCGATGCTC 
Ex 19cF:CCACCGGAGGCACGTGCA 
Ex 19cR:CAAATACACAGCACGTGCTAC

20 Ex 20A F: TTGTTGGTTCTTTTTCATTCACTTG 
Ex 20A R: GGTGGCCATGGCAGGGATGG 
Ex 20B F: CGACCCCGGCCCCATGCTGG 
Ex 20B R: AGGTCCCCTGCCCAGTGATG

21 Ex 21 F: TGGGAAATTGTGGAGGGAGC 
Ex 21 R: TGACTTCCGCCACCCTGGTG

22 Ex22 F; GGGTTTGTGAGCCTGTGGTC 
Ex22 R: GACCCCAACATCCCACCCTA

23 Ex 23 F : GCTCTCTTGCTTTTATCCC 
Ex 23 R: GTGTTCTCACTTATAATCTG
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24 Ex24 F: CTGAGCACCCTCTCTTCTCC 
Ex24 R: GAGGAAACCCTTGCGAAGAG

25 Ex 25 F; GCACCCCACCATCTCCCAATCT 
Ex 25 R: GGCTGCCCCCTACCCAACCT

26 Ex 26 F : CCCAGCCCCTCATGCTCTCTG 
Ex 26 R; GGCCAATGCCTCTAGCCACTTC

27 Ex 27 F: GGCCCTTTATCCTCCTGCTC 
Ex 27 R: TTCCCTCCCCCTGTCTCTGATAAC

28 Ex 28 F; CTTCCCTCTCCCTGCCCCATTC 
Ex 28 R: GTGTGTGTCCCCAGTTTTTAAAGG

29 Ex 29 F : CTCCTGCCTCTGCCGCTCTCA 
Ex 29 R; GTGCTGGGGGCTGGTGTGGG

30 Ex 30 F: TCGCTGACCCCTGCTACTCCT 
Ex 30 R: GCCCATAGCTGTAGCCCCAAGG

31 Ex 31 F; TCTGTTGGCATCTCTGTCTTGTGG 
Ex 31 R: CCTGCCGCCTGCCTCGTC

32 Ex 32 F: CCTTTGGGGTGGGTGGATGGTC 
Ex 32 R: CTCAGCCCCTGGGCCAGCAG

33 Ex 33/34 F: ACTGGGACAAGGGAGGAAGACTGC 
Ex 33 R: CTCAACCTCCATGGCTGCTTC

34 Ex 34 F : GTCGAGGAGCCTGGTTCACA 
Ex 33/34 R: CACCCCACCCCACGGAAACA

35 Ex 35 F: CAGGGCTGGGTGTCCGAGTC 
Ex 35 R: AGCCCAGACGGCCCTCACAG

36 Ex36 F: CTCTCTTGGTCCCGGGTCCC 
Ex36 R: GCTGGAGGATTCGGGGTGAC

37 Ex 37 F: CCTGCACTAACCCCCTTTCTTCT 
Ex 37 R: TTCCATGGATGCTAGCAGGTTTTA

37 B Ex 37B F:GTTCTCTGTTCCCATTCCCG 
Ex 37B RiAACCCAGTGCCTGGACGTC

38 Ex 38 F: AATGACTGCGCTTGCCTTGGG 
Ex 38 R: GTCACGCCTGTCTGTGCCCG

39 Ex 39/40 F: ACACCCAGGCAGGCAGTCAGG 
Ex 39 RiATACCAGCCCAGCCAACACTC

40 Ex 40 F;GAAAGGGGAGGCCTGGGGAG 
Ex 39/40 R: CAGCCCAGATGTCCCCAGAGC
Ex 41/42 F: CCCCACCCTTGTCCACACACTG 
Ex 41/42 R: CTGGGAGCCATTGGGGAGTTG

43 Ex 43 F : GTCAGGCCCCAGAGCTCATCTG 
Ex 43 R; CAGTGCAGAGTGAGGGGTCCAG

44 Ex 44 F : GTTTTTTCTGTGTGCACCATCCATG 
Ex 44 R: GGAGGAAGAGGGGGCCGGAG

45 Ex 45 F : GCTGACCCCAGCCCACCG 
Ex 45 R: CTGTTCTGCTTGTCCCTGAGCAC

46 Ex 46 F : CTGTGTGCTGTCTGACCCTC 
Ex 46 R: GAGCCCAGCCTGGGGTCACT

47 Ex 47 F : CCAATCCCGTGTCTCCTTTGATT 
Ex 47 R:TGGACCCGCCTCTCCATCCTG
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Table 29 Conditions of CACNAIA primers

P rim e r  p a ir A nnealing 
tem p (°C)

Type of T aq No. o f cycles E x tra
additions/N otes

E xl/1  F  and R 50 HotstarTaq 35 cycles Q solution
Ex 1/2 F  and R 60 Amplitaq Gold 40 cycles
Ex 2 F  and  R 50 Amplitaq Gold 30 cycles
Ex 3 F  and  R 55 Amplitaq Gold 35 cycles
Ex 4 F2 and R2 65 Promega Taq 30 cycles
Ex 5 F  and R 57 Promega Taq 40 cycles Cut 250bp band out
Ex 6 F  and R 53 Amplitaq Gold 35 cycles
Ex 7 F  and R 60 Amplitaq Gold 35 cycles
Ex 8 F  and R 50 Amplitaq Gold 35 cycles
Ex 9 F  and R 50 HotstarTaq 40 cycles Q solution
Ex 10 F  and R 50 Amplitaq Gold 35 cycles
Ex 11 F  and R 58 Amplitaq Gold 35 cycles
Ex 12 F  and R 55 Amplitaq Gold 35 cycles
Ex 13 F  and R 50 Amplitaq Gold 35 cycles
Ex 14 F  and R 50 HotstarTaq 40 cycles
Ex 15 F  and R 57 Amplitaq Gold 35 cycles
Ex 16/17 F  and R 67 Amplitaq Gold 40 cycles 1 |iL  extra M gC b
Ex 18 F  and R 53 Amplitaq Gold 35 cycles
Ex 19a F  and R 50 Amplitaq Gold 40 cycles
Ex 19b F  and R 50 Amplitaq Gold 35 cycles
Ex 19c F  and R 50 HotstarTaq 40 cycles Q solution
Ex 20a F  and R 50 HotstarTaq 40 cycles Q solution
Ex 20b F  and R 62 Amplitaq Gold 40 cycles
Ex 21 F  and R 55 HotstarTaq 30 cycles
Ex 22 F  and R 62 Amplitaq Gold 40 cycles
Ex 23 F  and R 50 Amplitaq Gold 40 cycles
Ex 24 F  and R 50 Amplitaq Gold 40 cycles
Ex 25 F  and R 55 Amplitaq Gold 35 cycles
Ex 26 F  and R 53 Amplitaq Gold 35 cycles
Ex 27 F  and R 57 Amplitaq Gold 35 cycles
Ex 28 F  and R 58 Amplitaq Gold 35 cycles
Ex 29 F  and R 67 Amplitaq Gold 35 cycles
Ex 30 F  and R 55 Amplitaq Gold 35 cycles
Ex 31 F  and R 55 Amplitaq Gold 35 cycles
Ex 32 F  and R 67 Amplitaq Gold 35 cycles
Ex 33 /34  F  an d 55 Promega Taq 38 cycles
33R
Ex 34F and 33/34R 55 Amplitaq Gold 35 cycles
Ex 35 F  and R 57 Amplitaq Gold 35 cycles
Ex 36 F  and R 66 Amplitaq Gold 40 cycles
Ex 37 F  a n d R 50 Amplitaq Gold 35 cycles
Ex 37B F  a n d R 60 Amplitaq Gold 35 cycles
Ex 38 F  and R 60 Amplitaq Gold 35 cycles
Ex 39/40 F  and 39 
R
Ex 40 F  and  39/40  
R
Ex 41/42 F  and R

55 HotstarTaq 35 cycles Q solution

55 HotstarTaq 35 cycles Q solution

55 Amplitaq Gold 35 cycles
Ex 43 F  and R 60 Amplitaq Gold 35 cycles
Ex 44 F  and R 55 Promega Taq 35 cycles

Ex 45 F  and R 67 Amplitaq Gold 40 cycles
Ex 46 F  and R 53 HotstarTaq 40 cycles Q solution
Ex 47 F  and R 50 HotstarTaq 40 cycles Q solution
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Table 30 Primers used for quantifying KCNAl gene dosage

M a rk e r

nam e

PC R  conditions C olour 

o f label

Size o f 

p ro d u c t

P rim e r  sequence

D12S1594 55°C, 23 cycles FAM 178-190 F: GTGGGACTCAACCATTGTTT

bp R: GAAGGCTGTTTTCCTAGAGC

D12S314 55°C, 23 cycles FAM 246-260 F: TTTGGGAACTGTCACTCAGAAAAG

bp R: AGCAGACCCTGTCTCTCATAATTG

K C N A l 55°C, 23 cycles FAM 140 bp F: ACCCCTTCTTCATCGTG

dosage R: AAATAAGGAATGATGGCC

55°C, 23 cycles FAM 164 bp F: CCTGCACTAACCCCCTTTCTTCT

ex 37 R: TTCCATGGATGCTAGCAGGTTTTA
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Table 31 Mismatch primers and conditions used for detecting mutations in KCNAl

M utation Position  in 
K C N A l coding 
sequence

P rim e r  Sequence R estric tion  endonuclease 
(recognition  site)

C u t allele(sequence), 
R esu lting  fragm ents

C677G D d e I{C rm K G ) C677G (^^CT/AAG^^^)
Forward 647-676 5 ’-TCTTCACAG ACCCCTTCTTCATCGTGÇÎAA-3 ’ 131 bp and 28 bp
Reverse 787-806 5’-AGGGTGATGAAATAAGGAAT-3 ’

Câfc5/(GCN/NGC) Wt (^'TTCGCC/TGCC^^°)
Forward 636-655 5 ’-CAATTCCAACATCTTCAC AG-3 ’ 91 bp and 35 bp
Reverse 732-762 5 ’-CATGATGTTTTTGAAGAAGTCCGTCTTCCTG-3 ’
C731A 550/7 (C/CNNGG) Wt (’^®GCC/CCAGGAA^^^)
Forward 636-655 5 ’-CAATTCCAACATCTTCACAG-3 ’ 95 bp and 31 bp
Reverse 732-762 5 ’-CATG ATGTTTTTGAAGAAGTCCGTCTTÇCTG-3 ’
C1249T 5ca/(A G T /A C T) C1249T (1243t a g t /ACTGAG^^^T
Forward 1219-1248 5 ’ -ATTGTGTCC AATTTC AACT ATTTCTAGTAC-3 ’ 125 bp and 27 bp
Reverse 1351-1371 5 ’-GATCTCCATGTACTCATACTT-3 ’
G1210A R sa I{G llA C ) W t ( ‘̂ °®CCGT/ACCT‘^‘ )̂
Forward 1185-1206 5 ’ -CTGGTGTGCTAAC A ATTGCCCT-3 ’ 148, 104 and 28 bp
Reverse 1442-1464 5 ’ -CTTATTAACGC AGTTTTGGTTAG-3 ’

Mismatch nucleotides are shown underlined. The same set of primers could be used to detect G724C and C731A
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Table 32 Primers used for paternity testing 

Annealing temperature used: 55°C, 35 cycles

M a rk e r  nam e P rim e r  Sequence

D12S1328 F: GAAGTGCATCATTCAATGG 
R: ACAGCATGTTTGGTGAAAG

D12S1332 F: GCCAGGTACAGTGGCTC 
R: CTGGGACCACAGGTGTAG

D12S1333 F: TTCAGGTGGTACAGCCGT 
R: CATCAGAAGGCTTCATAGGAAT
F: TTCCTCATGTATAAATTGGGTGTGGCCA 
R: TGGTCCCGGCCCAATCCCAATGCTT

D17S122 F: CAGAACCACAAAATGTCTTGCATTC 
R: GGCCAGACAGACCAGGCTCTGC

D 17S800 F: GGTCTCATCCATCAGGTTTT 
R: ATAGACTGTGTACTGGGCATTGA

D17S921 F: CTTGGACTCCTACAAATCCTGGCA 
R: GGCCACCATAATCATGTCAGACAAT

D19S1150 F: GGAGAAGCATAGAAAAGCCA 
R: CCTGTTGAAAACTCCTGACC

D1S2141 F: AGACTTACAGCACTGGCTGC 
R: TGCTCCTAGGAAAGGAAACA

D2S358 F: TCGTGGTCTCAAGCATC 
R: GGAAGGACTTGGCAGG

D5S411 F: GTCGTGGAGGCTAAAATACAAC 
RiAATCAAAGGAATCTTGTCCCAG

D4S423 F: TTGAGTAGTTCCTGAAGCAGC 
R: CAAAAGTCCTCCATCTTGAGTTG

D6S411 F: TGGTTGATTGACCCACTTAT 
R: TCACAGTGCCTGGTCC

D8S549 F; AAATGAATCTCTGATTAGCCAAC 
R: TGAGAGCCAACCTATTTCTACC

NacPrep F: ATTCTTCTCACCTCTGGTATTC 
R: TTAAAGGTGAATAACACTTTGGC
F: CCAGTGACTACTTTGATTCG 
R: TGGCCTTTCACATGGATGTGAA

Synping F:ACAAAATCCAATGGCGTGGTG 
R: TCTTTAGTGGGAGTCATGCTTAGGG
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Table 33 Mismatch primers used for detecting mutations in CACNAIA

Fam ily Location M utation P rim ers Enzym e

G Exon 36 C5562T (R1820X) Ex 36F and Ex 36R D de\

H Intron 41 6056 + 4 del AGTG Ex 41/42F and Ex 41/42R Detected on 

SSCP gel

I Donor 

splice site, 

intron 21

3698 G>A Ex 21F and Ex 21R NlaWl

K Exon 37 5562 C>G (Y1854) Forward mismatch 5 ’-

TCAGCGGTCGGATTCATTA

T A A G G A T A T C T -3’

With ex 37R

Xba\

L Exon 20 3404 ins 

ATCCAATCC

Ex 20BF and Ex 20BR Detected on 

SSCP gel

Table 34 Primers used in Site-directed mutagenesis of KCNAl

M utation  P rim e r  sequences R estric tion  enzym e used to 
check m utagenesis w as 
successful

T226R Forward 5 ’ CATCGTGGAAAGGCTATGCATCTGG 

Reverse 5 ’ CCAGATGCATAGCÇTTTCCACGATG

Nsil cuts AGTCA/T

Forward 5 ’ GCGCTTCTTCÇCCTGTCCCAGCAAGACG 

Reverse 5 ’ CGTCTTGCTGGGACAGGGGAAGAAGCGC

Bsm Fl cuts G G G A C N 'W

P244H Forward 5 ’ GCTTCTTCGCATGCCACAGCAAGACG 

Reverse 5 ’ CGTCTTGCTGTGGCATGCGAAGAAGC

Sphl cuts GCATG/C

V4041 Forward 5 ’ TTGCCCTGCCCATACCGGTCATTGTGT 

Reverse 5’ ACACAATGACCGGTATGGGCAGGGCAA

A gel cuts A/CCGGT 

(and Xba\ to linearise)

Forward 5 ’ TTTCTACCACTGATCAACTGAGGGGG 

Reverse 5’ CCCCCTCAGTTGATCAGTGGTAGAAA

Bell cuts T/GATCA

Key: Mutation marked bold underlined

M ismatch for confirmation of mutagenesis by restriction digest 

marked in bold
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Table 35 Primers used for exclusion study of 19pl3

M a rk e r  nam e P C R  conditions C olour o f label Size o f p ro d u c t

D 19S22] 55°C, 32 cycles FAM 191-211 bp

D19S1150 52°C, 35 cycles FAM 146-162 bp

D19S415 55°C, 32 cycles FAM 254-256 bp

D19S179 55°C, 32 cycles FAM 111-137 bp

D19S432 55°C, 32 cycles FAM 183-203 bp

D19S460 55°C, 32 cycles FAM 117-139 bp
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Appendix IV Linkage data for Family J

These data show actual relative mobility units for each marker. In the pedigree 

picture (fig 26) each allele size was assigned a discrete number and this was 

displayed below each family member.

Table 36 Allele sizes of members of family J using chromosome 19 markers

M a rk e r

nam e

IV:3 111:6 IV:5 111:2 111:8 1:2 11:6 11:2 IV: 1

D19S221 205, 207 205, 207 201,207 207, 209 203, 207 199, 207 199, 207 203, 207 205,209

D19S415 253, 255 255,255 255,255 255,255 255,255 253,255 253,255 253 ,255 253,255

D 19SI79 120, 120 120, 134 120, 124 120, 120 120,120 120, 120 120,120 120, 120 120, 120

198, 198 182,198 198, 198 198, 198 198, 198 198, 198 194, 198 194, 198 198,198

D19S460 127, 129 125,129 127, 129 129, 129 125, 129 129, 129 123,129 123, 129 127, 129

D J981150 148, 156 148, 156 148, 148 148, 154 148, 148 148, 158 148, 148 148, 156 154, 156
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Appendix V Clinical phenotypes of candidate patients without KCNAl

mutations

The remaining patients all had typical episodic ataxia type 1, characterised by 

attacks o f cerebellar ataxia lasting seconds to minutes, and precipitated by startle, 

sudden movement or emotion. In addition, most had myokymia. Additional 

features are described in the table below.

Table 37 Summary of remaining EAl patients disease features

P atien t code Sex Age of onset A dditional fea tu res

LG F 10 yrs Periodic m uscle w eakness, slow ly p rogressive 

neuromuscular disorder

JS M 5 yrs Adducted thumbs

CR F 17 yrs Focal seizures affecting left arm and side o f  face, 

tonic-clonic seizures

SO F N/A N/A

RS M N/A Fatigue

10 M N/A N/A

CF M N/A N/A

M M M 3 yrs None

BG M 5 yrs None

VR F N/A N/A

CD F 40 yrs None

F N/A N/A

FS F Infancy Tremor, Gam storp-W ohlfart Syndrome?

SA F N/A N/A

N/A = Data not available
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Appendix VI Clinical phenotypes of candidate patients without CACNAIA

mutations

The remaining patients all had typical episodic ataxia type 2, characterised by 

attacks o f cerebellar ataxia lasting several hours or even days, migraine, 

nystagmus, dysarthria, vertigo and nausea. Additional features are described in the 

table below.

Table 38 Summary of remaining EA2 patients disease features

P atien t

code

Sex Age of onset A ny o th e r features

SV M 34 years N/A

TD M N/A N/A

TB M 30 years N/A

TC F 5 years N/A

TJ F 14 years EEC shows epileptiform activity

DB M Childhood N/A

TB M M other shows persistent ataxia

PS M Childhood Hemiplegic migraine, epileptic seizures, 

mental retardation.

JD F N/A N/A

K K F 7 years Familial hemiplegic migraine

M H M 4 years M ental retardation, myokymia, epilepsy

PO M N/A N/A

M S M 18 months Profound unconsciousness associated with 

high voltage slow waves on EEC

PP F N/A Hemiplegic migraine

CL F 8 weeks epilepsy
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Summary
Episodic ataxia type 1 (EAl) is a rare autosomal 
dominant disorder characterized by brief episodes of 
ataxia associated with continuous interattack myokymia. 
Point mutations in the human voltage-gated potassium 
channel (Kvl.l) gene on chromosome 12pl3 have 
recently been shown to associate with EAl. A Scottish 
family with EAl harbouring a novel mutation in this 
gene is reported. Of the five affected individuals over 
three generations, two had partial epilepsy in addition 
to EAl. The detailed clinical, electrophysiological and 
molecular genetic findings are presented. The 
heterozygous point mutation is located at nucleotide 
position 677 and results in a radical amino acid 
substitution at a highly conserved position in the second

transmembrane domain of the potassium channel. 
Functional studies indicated that mutant subunits 
exhibited a dominant negative effect on potassium 
channel function and would be predicted to impair 
neuronal repolarization. Potassium channels determine 
the excitability of neurons and blocking drugs are 
proconvulsant. A critical review of previously reported 
EAl families shows an over-representation of epilepsy 
in family members with EAl compared with unaffected 
members. These observations indicate that this mutation 
is pathogenic and suggest that the epilepsy in EAl may 
be caused by the dysfunctional potassium channel. It 
is possible that such dysfunction may be relevant to 
other epilepsies in man.

Keywords: episodic ataxia type 1; potassium channel; epilepsy

Abbreviations: bp =  base pair; EAl = episodic ataxia type 1; EA2 = episodic ataxia type 2; PCR =  polymerase chain reaction

Introduction
Episodic ataxia type 1 (E A l, M IM 160120) is a rare autosomal 
dominant disorder in which patients develop sudden episodes 
of ataxia precipitated by movement, startle or em otion and 
which last for a tim e ranging from seconds to minutes (Van 
Dyke et al., 1975). In addition, there is continuous myokymia 
which may be clinically evident or only detectable by EMG. 
In episodic ataxia type 2 (EA2, M IM  108500) affected 
individuals experience prolonged attacks o f ataxia lasting 
hours, often accompanied by nausea, vomiting and headache 
but not associated with myokymia. EA2 subjects frequently 
develop a progressive cerebellar ataxia accompanied by

© Oxford University Press 1999

cerebellar atrophy (Gancher et al., 1986). Point mutations 
in the voltage-gated potassium  channel gene (K v l .l)  on 
chromosome 12pl3 have been shown to be associated with 
E A l while mutations in the P/Q-type voltage-gated calcium 
channel gene (CACLNA4) on chromosome 19pl3 underlie 
EA2 (Browne et al., 1994; L itt et al., 1994; O phoff et a l ,  
1996). There is increasing evidence from  animal studies that 
dysfunctional ion channels are responsible for the commonest 
episodic neurological disorder, epilepsy (Noebels, 1996). We 
describe a Scottish family with E A 1 in whom a point mutation 
has been identified in the voltage-gated potassium channel

mailto:mhanna@ion.ucl.ac.uk
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111:2 \111:1

1 2 3 4 5 6 7
Fig. 1 Upper panel. Pertinent part of the pedigree of the 
E A l/epilepsy family. Filled symbols indicate individuals with 
E A l. The two individuals with epilepsy are indicated by ‘Ep’.
The lower panel shows an agarose gel containing the DNA 
fragments following digestion with the restriction endonuclease 
Ddel. Normal individuals have the upper band only (159 bp 
undigested mismatch PCR product as described under Subjects 
and methods) as shown for cases III and 113 (cases 12 and 115 did 
not harbour the mutation; data not shown). The presence of the 
C677G mutation introduces a restriction site in the affected 
individuals (cases II, 112, 114, IIIl, III2), and two bands are 
visible in these cases. These are the upper band, which is the 
undigested 159-bp product, and the lower band, which is the 
larger 131-bp product of digestion. The smaller 28-bp product of 
digestion is not shown. Lane 1, case IIIl; lane 2, case III; lane 3, 
case 112; lane 4, case III2; lane 5, case 113; lane 6 , case II; lane 7, 
case 114. The proband (case III2) is indicated by an arrow.

gene K v l.l. In addition to EA l, two members had partial 
epilepsy and we discuss the possibility that dysfunction of 
this channel is associated with epilepsy in humans.

Subjects and methods 
Clinical study
The family is of Scottish descent except for the mother of 
case II, who was of German descent. The pertinent part of 
the pedigree is illustrated in Fig. 1. The disease was 
documented over three generations. The diagnosis of EAl 
was based on the appropriate clinical history and the presence 
of myokymia on clinical and/or EMG examination. The 
diagnosis of epilepsy was based on the clinical history and 
witness account, and was supported by ictal EEG recordings 
in case III2. The spouse (12) of the oldest affected family 
member (case II) was healthy and did not have epilepsy. 
Members of his family were interviewed and the general 
practice records of his four siblings were reviewed to confirm 
there was no family history of epilepsy, particularly during 
early childhood.

EMG was performed on four patients (Synergy EMG/EP;

Medelec, UK). EEG was carried out on four individuals 
(Nicolet Voyageur 1.4; Nicolet Biomedical, Madison, Wis., 
USA). Three individuals had a CT brain scan and one had a 
1.5 T MRI brain scan. Video recordings were made of all 
individuals who were examined. Ataxic episodes were 
induced and recorded on videotape in two cases.
Video EEG (Oxford Medilog System 9200, Oxford, UK with 
Video Interface Processor; Oxford Medical Systems, Oxford, 
UK) was performed on two patients, capturing epileptic 
seizures in one and an ataxic episode in another.

Genetic study
Informed consent was obtained for DNA analysis from all 
nine individuals shown in the pedigree in Fig. 1. DNA was 
extracted from blood using standard methods. Three sets of 
oligonucleotide primers were designed to amplify all 144o 
base pairs (bp) of the single-exon K v l.l gene located on 
chromosome 12pl3 (Table I). The primers employed were 
tagged with M l3 tails to facilitate subsequent DNA 
sequencing. The sequences of the primers used are shown in 
Table 1 without the M13 tails. Conditions for the initial 
polymerase chain reaction (PCR) were as follows: an initial 
denaturing step at 94°C for 3 min followed by 30 cycles of 
the following: 92°C for 30 s, 65°C for 30 s and I T C  for 
30 s. A final extension step of 72°C for 10 min was used. 
The products were cleaned using Centricon filters and both 
strands were sequenced using a Dye Primer Taq cycle 
sequencing kit (Applied Biosystems, Foster City, Calif., USA; 
ABI). The sequencing products were separated on 10% 
polyacrylamimide-urea gels in a 373A automated DNA 
sequencer (ABI). The sequence data were analysed using 
Seq Ed software (ABI).

In order to screen control chromosomes and other family 
members for the C ^ G  point mutation at position 677, a 
mismatch PCR technique was employed since this mutation 
neither created nor abolished a natural restriction site. This 
PCR reaction creates a restriction site for Dde\ only in the 
presence of a G nucleotide at position 677. The two primers 
used were the forward (mismatch) primer (nucleotide 
positions 647-676): 5 '-TCTTCACAGACCCCTTCTTCA- 
TCGTGCTAA3' (mismatch nucleotides shown bold 
underlined), and the reverse primer (nucleotide positions 
806-787): 5 '-AGGGTGATGAAATAAGGAAT3.

The wild-type sequence between positions 672 and 677 is 
GGAAAC. Following amplification with the mismatch 
primer, the following sequence is generated in the wild type. 
GCTAAC. In the presence of the C677G mutation the 
sequence GCTAAG is generated, which contains the 
recognition site for Ddel (C/TNAG). The conditions for the 
mismatch PCR were identical to those for the PCR described 
above. After digestion with Ddel according to the 
manufacturer’s recommendations, the fragments were 
separated on a 3.2% agarose gel stained with ethidium 
bromide and visualized on an ultraviolet light-box.

The 159 bp product is digested into two fragments of 131
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Table 1 Three oglionucleotide prim er pairs used to amplify the K v l.l  gene

819

(1) Forward (nucleotides 1-20) 5 '-ATGACGGTGATGTCTGGGG A-3 '
Reverse (nucleotides 550-531) 5 '-AGATGACGATGGAGATGAGG-3 '

(2) Forward (nucleotides 481-500) 5 ' -GAGAGCTCGGGGCCCGCC AG-3 '
Reverse (nucleotides 983-974) 5 ' - AAAG ATGAGC AGCCCTAGCT-3 '

(3) Forward (nucleotides 931-950) 5 '-GGCCTCCAGATCCTGGGCCA-3 '
Reverse (nucleotides 1469-1488) 5 '-TTAAACATCGGTCAGTAGCT-3 '

and 28 bp in m utant but not wild-type DNA. The lower 
panel in Fig. 1 shows the products o f digestion for individuals 
in the pedigree. The upper band is the undigested 159-bp 
product and the lower band is the digested 131-bp product. 
The 28-bp band has m igrated off the gel. Unaffected 
individuals have a single 159-bp band while affected 
individuals are heterozygous for the mutant and have two 
bands (159 and 131 bp).

Functional study
Human K v l . l  w ild-type and mutant genes were amplified 
using PCR on genomic D N A  extracted from a blood 
sample of one of the affected family members. PCR products 
were subcloned into the vector pSGEM  (courtesy o f 
Dr M. Hollmann, Gottingen, Germany), which provides 
5 '-  and 3 '-untranslated regions from  the Xenopus P-globin 
gene, flanking a polylinker with multiple restriction sites. 
W ild-type and m utant clones were completely sequenced on 
both stands and then transcribed in vitro using T7-RNA 
polymerase (Boehringer M annheim, Germany). Xenopus 
oocytes were defolliculated manually after collagenase 
treatment and injected with 0 .2-1 .4  ng mRNA using a 
Nanoject automatic injector (Drummond). Injected oocytes 
were kept in Barth’s medium  for 3-5  days at 18°C prior to 
recording in a solution containing (in mM); NaCl, 115; 
KCl, 2.5; CaCl2, 1.8; HEPES, 10; pH  =  7.4. Two-electrode 
voltage-clamp recording was perform ed at 22°C using a 
GeneClamp 500 amplifier, and data were acquired and 
analysed using pClamp6 (Axon Instruments, Foster City, 
Calif., USA). Leak and capacitative currents were subtracted 
applying a -P/4 protocol.

Results 
Case reports 
Case III2
The proband is a 3-year-old boy who presented aged 7 weeks 
with recurrent apnoeic episodes associated with cyanosis. 
Pregnancy and delivery had been unremarkable and the only 
abnormality noted prior to these episodes was a tendency to 
keep his fists clenched. Neurological examination was normal. 
Interictal EEG was normal. A  24-h video EEG study was 
performed during which several episodes were captured. 
These were shown to be com plex partial seizures. Recordings 
showed the child staring forward or with his head turning to 
the left w ith his eyes deviating to the left, the eyelids

flickering, lip-smacking and the development of cyanosis. 
The episodes lasted up to 2 min and terminated with the 
infant fixing on his mother and the onset o f regular respiration. 
EEG changes during the episode consisted of rhythmical 
slow-wave activity over the right hemisphere (possible right 
temporal lobe onset), becoming spike and slow-wave 
complexes (Fig. 2). This activity then spread to the left 
hemisphere, and asynchronous flattening of rhythms occurred 
periodically over both hemispheres. A CT scan with angled 
cuts through the temporal lobes was normal. Plasma 
electrolytes, calcium and magnesium were normal. The 
patient was treated with carbamazepine and had no further 
epileptic seizures. Subsequent developmental progress was 
normal and antiepileptic medication was stopped at the age 
o f 2 years. A diagnosis o f benign partial epilepsy of infancy 
was made.

A t 20 months the patient developed irritability and swelling 
of his hands and feet. He had clenched fists and flexion of 
the toes. The dorsum o f his hands and feet appeared swollen 
and oedematous and he refused to walk. Investigations for 
renal and joint disorders were negative and the problems 
resolved within a few days.

A t the age of 2 years episodes o f unsteadiness when 
walking developed. His legs would appear to buckle under 
him. There were several m onths between attacks and interictal 
general and neurological examination were normal. From  the 
age of 3 years he has had episodes of ataxia at least once a 
week lasting seconds to minutes, precipitated by startle, 
exercise and sudden movement. Consciousness is preserved 
in the attacks. Exam ination shows periorbital and finger 
myokymia. EM G shows continuous motor unit activity 
(Fig. 3). EEG at 3 years o f age is normal.

Case II
The 50-year-old m aternal grandmother o f the proband has 
had symptoms of intermittent ataxia since early childhood. 
They are precipitated by sudden movements, exercise, anxiety 
or loud noises, or occur spontaneously and last seconds to a 
few minutes. During the episodes she becomes ataxic, has 
dysarthria but retains full consciousness. Phenonobarbitone 
therapy as a child was not helpful. She attended a school for 
children with mild to moderate learning difficulties. Clinical 
examination is normal apart from periorbital and finger 
myokymia. Acetazolamide was unhelpful.
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Fig. 2 EEG of case III2 during complex partial epileptic seizure. Right temporal sharp and slow waves generalize to involve the right 
hemisphere.
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Fig. 3 Surface EMG, case III2. Upper panel: continuous motor 
unit activity, rhythmically occurring singlets and duplets with 
variation in spike frequency. Lower panel: spike and shadow 
potentials.

flexed, the thumbs were adducted across his palms and his 
feet were held in equinovarus. There was no spasticity on 
examination. He was treated with splints. During this acute 
illness he developed transient oedema of his extremities. He 
was noted to have twitching of his eyelids but an EEG was 
normal. At 5 months he had surgery for a strangulated 
inguinal hernia. He walked at 14 months and his foot 
deformity had resolved, but he had a continued tendency to 
adduct his thumbs across his palms.

Episodes of ataxia began at the age of 4 years. They occur 
spontaneously, after a sudden movement or are precipitated 
by exercise. Attacks last seconds to minutes. Clinical 
examination showed myokymia, which was most prominent 
in the fingers and periorbital area. A typical ataxic episode, 
which lasted ~2 min, was recorded on video after he had 
walked briskly up a flight of stairs. He was markedly ataxic 
with dysarthria but eye movements were normal. EMG 
showed continuous motor unit activity consistent with 
myokymia. An interictal EEG was normal apart from showing 
prominent muscle activity with EMG at a frequency of 
-10/s, which was more prominent with hyperventilation 
(Fig. 4). A 1.5 T MRI and cerebral perfusion SPECT scan 
were normal. Acetazolamide produced resolution of attacks 
for 3 months but they returned at a reduced frequency. 
Attacks tend to cluster.

C a se  112
This 31-year-old male was noted to have postural 
abnormalities of his upper and lower limbs at the age of 
3 months when admitted with bronchiolitis. His wrists were

C a se  114
This 30-year-old woman has EAl and epilepsy. She presented 
in early infancy with more prominent postural deformities of
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Fig. 4 Normal EEG in case 112 shows rhythmic EMG (10/s) over 
the temporal region.

her limbs than in her brother. Her wrists were flexed to 50°, 
her thumbs were held in partial adduction, her knees were 
flexed to 20° and her feet were in an equinovarus posture. 
Serum creatine phosphokinase was normal. An EEG in 
infancy was normal. A diagnosis of atypical familial 
arthrogryposis was made. She also required surgery for an 
inguinal hernia. She walked late at 2 years of age and by 
3 years the postural abnormalities had almost completely 
resolved. At the age of 9 years she was diagnosed as having 
stage IV Hodgkin’s disease. She responded to chemotherapy 
and localized radiotherapy and since then she has been 
disease-free.

At the ages of 9 and 10 years she began to have epileptic 
seizures and episodic ataxia, respectively. The clinical features 
of the seizures suggest that they are complex partial followed 
by secondary generalization. There is no warning and the 
onset involves turning the head to the right accompanied by 
impaired awareness lasting up to 30 s followed by a 
generalized tonic clonic seizure. EEG and CT brain were 
normal at the age of 9 years. The ataxic episodes are clearly 
distinguished from the seizures and are similar to those 
described in her mother and brother. Consciousness is fully 
preserved. Neither the seizures nor the ataxic episodes have 
responded to phenytoin or sodium valproate. On examination 
she has periorbital and finger myokymia. EEG in 1997 was 
normal apart from prominent muscle activity artefact.

Case nil
This 10-year-old boy was also bom with postural 
abnormalities as described in other family members. At 
8 months his fingers were held flexed and this would interfere 
with attempts to grasp and transfer objects. His knees were 
held slightly flexed and his feet were plantar-flexed (Fig. 5). 
At 10 months, during an intercurrent illness, he developed 
peripheral pitting oedema of his hands and feet, which 
resolved. By 14 months these postural deformities had 
resolved and he was able to cruise around furniture. At the 
age of 4 years he began to have typical ataxic episodes 
lasting from seconds to a few minutes. EEG shows regular

Fig. 5 Case IIIl, aged 8 months. Fists are clenched, knees are 
flexed and feet held in plantar flexion as a result of the 
continuous muscle fibre activity.

muscle activity more prominent after hyperventilation but no 
other abnormality. EMG shows myokymia. Carbamazepine 
produced an initial decrease in ataxic episodes but this was 
not sustained.

Genetic results
Direct DNA sequence analysis of all 1488 bp of the K vl.J  
gene revealed three heterozygous changes. These were 
C677G, C684T and C804G. In addition, our data indicate 
that the consensus nucleotide at position 1355 is C and not 
A (Browne et a i,  1994). The C684G and C804G changes 
were silent and were observed in 5% of control chromosomes 
analysed. However, the C—>G transition at position 677 was 
not detected in 200 control chromosomes and segregated 
with the disease in the family, suggesting that it is likely 
to be pathogenic (Figs 1 and 6). Furthermore, this mutation 
results in a radical amino acid substitution (threonine-^ 
arginine) at position 226, a highly conserved position in 
the second transmembrane segment of the channel, and is 
therefore likely to have functional consequences (Figs 7 
and 8).
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Fig. 6 Electropherogram of K vl.]  gene DNA sequence. {Upper 
panel) Wild-type DNA sequence. {Lower panel) Sequence from 
the proband (case III2). The silent polymorphism at position 684 
(indicated by X) is present in both the control and the proband. 
The C ^ G  mutation at position 677 indicated by the double 
arrowhead is present only in the proband.

T 2 2 6 R

Extracelluar

Cytoplasmic

NH,

Fig. 7 Schematic representation of one subunit of K v l.l.  The site 
of the T226R amino acid substitution resulting from the C677G 
point mutation in the second transmembrane domain is indicated.

Functional studies
In order to investigate the possible consequences of the 
T226R mutation on ion channel function we heterologously 
expressed wild-type and mutant K v l.l  subunits in Xenopus 
laevis oocytes. Whole-cell current amplitudes were assessed 
after 3-5 days. Oocytes injected with mutant mRNA showed 
a significant decrease in voltage-activated current to ~3% of 
that of wild type (Fig. 9, solid bars). Since heterozygous 
patients express both alleles, we simulated this situation 
by co-injecting constant amounts of wild-type mRNA and 
increasing amounts of mutant mRNA to yield ratios as 
indicated in Fig. 9 (hatched bars). We found that increasing 
the ratio of mutant to wild-type mRNA reduced the current 
amplitude, consistent with a dominant negative effect of the 
mutant allele. Wild-type mRNA was also injected at higher 
concentrations on its own to exclude the possibility that 
reduced whole-cell currents were due to saturation of the 
translation machinery (data not shown).

Discussion
Clinical features and investigations
We have reported a family with the rare autosomal dominant 
disorder EAl in which two individuals have epilepsy. As in 
other paroxysmal conditions due to ion channel dysfunction, 
there was a long delay in making the correct diagnosis. 
This was appreciated only when the family history became 
apparent. A factitious disorder had been considered in case 
112. The initial presentation with postural abnormalities in 
infancy in all cases except case II has been described in one 
family previously (Hanson et al., 1977). This is presumed to 
be a manifestation of the continuous muscle fibre activity at 
this age. Inguinal hernias were present in two siblings in 
generation II, and these may also be secondary to myokymia 
of the abdominal wall musculature. Case 114 had the most 
severe postural deformities and a diagnosis of arthrogryposis 
was considered. It is notable that the postural deformities 
gradually resolve and are not a significant long-term problem. 
It is therefore important to avoid surgical intervention. The 
postural abnormalities were more pronounced during acute 
illnesses in three of our cases. This may be due to acid-base 
or electrolyte imbalance exacerbating ion channel 
dysfunction. The age at onset of the ataxic episodes was 
between 2 and 4 years except in case 114, whose attacks 
started at the age of 9 years. The ataxia was precipitated by 
similar stimuli of sudden movement, startle or exercise in 
each case. The episodes never lasted for more than a few 
minutes. In contrast to EA2, eye movements remain normal 
during the attacks and there is no evidence of progressive 
interictal cerebellar dysfunction. Myokymia was present 
in all individuals. Clinically this was evident as small 
semirhythmic irregular lateral finger movements and rippling 
of muscles below the eyelids.

The most helpful clinical investigation was EMG, which 
showed typical rhythmic continuous motor unit activity in 
all individuals (Fig. 3). The observation of a continuous 
rhythmic muscle discharge artefact on EEG recordings was 
also a clue to the correct diagnosis (Fig. 4). The muscle 
activity on the EEG became more prominent with 
hyperventilation, which may reflect the effect of pH or CO2 
changes on ion channel function. Acetazolamide, a carbonic 
anhydrase inhibitor, which may be effective in reducing 
ataxic episodes in some individuals, has been partly effective 
in only one of our patients (Lubbers et al., 1995). The precise 
therapeutic mechanism of acetazolamide is not known. It 
may act by increasing the CO2 concentration in the vicinity 
of the ion channel, causing hyperpolarization of the cell 
membrane and thereby reducing neuronal excitability (Brunt 
et a i,  1990). Some of the cases reported here had a partial 
response to carbamazepine. Other reported cases have 
responded to antiepileptic medication such as carbamazepine, 
phenytoin and phenobarbitone. These observations indicate 
that the treatment response in EAl varies, and it is possible 
that it may be mutation-specific.
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Fig. 8 Table illustrating that threonine at position 226 (arrow) is highly conserved through evolution.

predicted to have a reduced potassium efflux during action 
potentials. A similar degree of current amplitude reduction 
was observed in co-expression studies (ratio 1 : 1) of another 
pathogenic K v l.l  point mutation at amino acid position 408 
(Adelman et a i,  1995). Such studies have shown a greater 
degree of current amplitude reduction in association with 
other pathogenic K v l.l  mutations (Adelman et a i,  1995). 
However, the relationship between the degree of current 
amplitude reduction in such co-expression studies and 
functional impairment of neuronal repolarization is unknown. 
It is possible that even a relatively small reduction in 
potassium current amplitude could disturb the complex 
equilibrium between a number of conductances in the 
membrane of affected neurons and account for a delay in 
repolarization, thereby facilitating the generation and spread 
of action potentials. This delayed repolarization is likely to 
be the basis of the neuromyotonia and episodes of ataxia. 
In addition, it is possible that such a defect in neuronal 
repolarization could lower the seizure threshold. To date, 
nine point mutations in K v l.l  have been reported in 
association with the EAl phenotype. Expression studies have 
identified two broad mechanisms by which such mutations 
induce channel dysfunction and would be predicted to impair 
neuronal repolarization. The first group of mutations form 
homomeric channels with altered gating properties. The 
second group of mutations do not produce functional 
homomeric channels but co-expression studies with wild- 
type channels indicate that these mutations may induce a 
dominant negative effect (Adelman et a i,  1995; Zerr et al., 
1998a, 6).

0 .4 0

■cfn.
0.20

T226R Uninj. W t;T226R  W t:T226R W t:T226R 
1:1 1:2 1:6

Fig. 9 Amplitude histogram of whole-cell currents in Xenopus 
laevis oocytes. Currents of cells injected with wild type (Wt) 
were compared with cells injected with mutant (T226R) and with 
uninjected cells. Cells were voltage-clamped at -100 mV and 
current amplitudes were measured at the end of a 350-ms pulse to 
+40 mV. Error bars indicate standard deviation (n is between 
5 and 9). The concentration of mRNA was determined by 
ethidium bromide staining and spectrophotometry to adjust the 
ratio of mutant to wild-type subunits. Oocytes injected with 
mutant mRNA show a marked reduction in voltage-activated 
currents. Increasing amounts of mutant mRNA were injected in 
the presence of a constant amount of wild-type mRNA. A 
progressive decline in voltage-activated current was obtained as 
the amount of mutant mRNA increased.

Molecular genetic and functional studies
In view of the reported association between EAl and 
mutations in the human voltage-gated potassium channel 
gene K v l.l,  we sequenced the entire gene from genomic DNA 
in the proband. The heterozygous C ^ G  change identified at 
position 677 had characteristics that suggested it was likely 
to be of pathogenic relevance. Further evidence in favour of 
pathogenicity was obtained from expression studies. These 
indicated that the mutant allele is correctly translated and 
processed to the cell membrane, but that it yields currents 
with a largely reduced amplitude compared with wild-type 
channels. In co-expression studies the mutant allele seemed 
to dominate over the wild type with respect to current 
amplitude. Thus, heterotetrameric channels, as might be 
expressed in neurons of heterozygous patients, would be

Possible relationship between EA l and epilepsy
This is the eleventh family with EA 1 to be reported. Within 
this group, 90 individuals have been identified with the 
phenotype of episodic ataxia and myokymia (Van Dyke et a l,  
1975; Hanson et al., 1977; Gancher and Nutt 1986; Brunt 
and Van Weerden 1990; Vaamonde et al., 1991; Browne 
et a l,  1994; Browne et al., 1995; Lubbers et al., 1995; Comu 
et al., 1996). Of these, eight individuals from three families, 
including our own, are reported to have epilepsy. In addition 
we have recently identified a further family with a previously 
undescribed K v l.l  mutation in which members affected with 
EAl also have epilepsy (R. Liguori and M. G. Hanna, 
unpublished observations). In all these families none of the 
unaffected family members are reported to have epilepsy.
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Table 2 Epilepsy and E A l

Author Sex Age at onset Seizure description EEG features Response to medication Mutation

Van Dyke et a l (1975) F 21 years Generalized 
motor seizures

Paroxysmal 6/s 
slowing

Phenytoin
(partial)

Phel84Cyst

F - - - - Phel84Cyst
F - - - - Phel84Cyst

Brunt and van Weerden F ‘Abnormal’ Phenobarbitone Vall74Phe
(1990) F - - ‘Abnormal’ Phenobarbitone Vall74Phe

F - - ‘Abnormal’ Phenobarbitone Vall74Phe

This report F 9 years Partial with 
generalization

Normal Phenytoin, no response 
to valproate

Thr226Arg

M 7 weeks Complex partial Normal interictal 
Ictal focal spike 
slow wave

Carbamazepine Thr226Arg

-  = data not reported.

Table 2 summarizes the published information. These data 
suggest that patients w ith E A l are ten times more likely to 
develop epilepsy than normal individuals. Assuming a general 
population risk o f epilepsy of 1 : 200, the relative risk of 
epilepsy in E A l is 17.8 (95% confidence interval 2.3-140.4). 
In all reported cases the epileptic seizures were easily 
distinguished from the ataxic episodes. The seizure type was 
described only in one previous report, and was a ‘generalized 
motor seizure’ (Van Dyke et a l ,  1975). The first case (III2) 
with E A l and epilepsy that we describe is difficult to classify 
using standard criteria (Commission on Classification and 
Terminology o f the International League Against Epilepsy, 
1989). His epilepsy is best described as a benign partial 
seizure disorder of infancy. He had onset o f complex partial 
seizures in the neonatal period, normal interictal EEG, no 
identifiable lesion on imaging, an excellent response to 
antiepileptic medication and normal subsequent development 
(Okum ura et a l ,  1996). In contrast, case 114 had clinical 
features which were compatible with a partial epilepsy with 
secondary generalization. It is possible that that the mutation 
we have identified causes the different epilepsy phenotypes 
in our family and that other mutations in K v l . l  may be 
associated w ith epilepsy. In support o f this suggestion, a 
mouse knockout for K v l . l  has been described to have a 
lethal epilepsy phenotype (Smart et a l ,  1999). It is also 
recognized that drugs which block K v l . l  are proconvulsant 
in humans (Newsom-Davis, 1993; Morales-Villagran et a l ,  
1996). The expression of K v l . l  has not been studied in man, 
but in rats it is widely expressed throughout the nervous 
system, including the hippocampus (Beckh et a l ,  1990). It 
remains to be explained why only two of the five members 
of our family developed epilepsy. It is possible that other 
factors, which may be genetic or environmental, could be 
important in influencing the phenotype. In other ion channel 
disorders it is recognized that the same point mutation can 
be associated with phenotypic heterogeneity (Bulman, 1997).

Recently two new potassium genes have been cloned, and 
direct evidence has been provided that mutations in these

genes are associated with epilepsy (Biervert et a l ,  1998; 
Charlier et a l ,  1998; Singh et a l ,  1998). It is of interest that 
in both cases these seizures were similar to those observed 
in case III2. They were benign seizures in the neonatal 
period which resolved and were classified as benign neonatal 
familial seizures.

In conclusion, we described a novel mutation in  K v l.l  in 
a family with episodic ataxia type I. Functional studies have 
shown that this m utation reduces potassium channel current 
amplitude in a donunant negative fashion. This is likely to 
be the basis o f thé neuromyotonia and episodic ataxia. We 
provide some evidence that dysfunction of this channel may 
be associated with epilepsy in man.
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Clinical, Genetic, and Expression Studies of 
Mutations in the Potassium Channel Gene 
KCNAl Reveal Ne\v Phenotypic Variability

L. H . Eunson, BSc,* R. Rea, BSc,* S. M . Zuberi, M R C P ,t S. Youroukos, M D ,t  C. P. Panayiotopoulos, PhD ,$ 
R. Liguori, M D ,§  P. Avoni, M D ,§  R. C. M cW illiam , F R C P ,t J- B. P. Stephenson, F R C P ,f 

M. G. Fîanna, M D,* D . M . K ullm ann, DPhil,* and A. Spauschus, MD*||

Episodic ataxia type 1 (EAl) is an autosomal dominant central nervous system potassium channelopathy characterized by 
brief attacks of cerebellar ataxia and continuous interictal myokymia. Point mutations in the voltage-gated potassium 
channel gene KCNAl on chromosome 12p associate with EAl. We have studied 4 families and identified three new and 
one previously reported heterozygous point mutations in this gene. Affected members in Family A (KCNAl G724C) 
exhibit partial epilepsy and myokymia but no ataxic episodes, supporting the suggestion that there is an association 
between mutations o f KCNAl and epilepsy. Affected members in Family B (KCNAl C731A) exhibit myokymia alone, 
suggesting a new phenotype o f isolated myokymia. Family C harbors the first truncation to be reported in KCNAl 
(C1249T) and exhibits remarkably drug-resistant EAl. Affected members in Family D  (KCNAl G1210A) exhibit attacks 
typical o f EAl. This mutation has recently been reported in an apparently unrelated family, although no functional 
studies were attempted. Heterologous expression o f the proteins encoded by the mutant KCNAl genes suggest that the 
four point mutations impair delayed-rectifier type potassium currents by different mechanisms. Increased neuronal ex
citability is likely to be the common pathophysiological basis for the disease in these families. The degree and nature of 
the potassium channel dysfunction may be relevant to the new phenotypic observations reported in this study.

Eunson LH, Rea R, Zuberi SM, Youroukos S, Panayiotopoulos CP, Liguori R, Avoni P, McWilliam RC, 
Stephenson JBP, Hanna MG, Kullmann DM, Spauschus A. Ann Neurol 2000;48:647-656

There is increasing evidence that a num ber o f paroxys
mal neurological disorders are caused by dysfunction o f 
ion channels. These disorders have become know n as 
the neurological channelopathies.’” '̂  Voltage-gated 
delayed-rectifier type potassium channels are im portant 
in m any neurons for rapid repolarization after an ac
tion potential. T hey are m ultim eric proteins containing 
four pore-form ing subunits. K v l. l  contributes as a 
subunit to the form ation o f these channels in m otor 
nerve terminals and in m any central nervous system 
(CNS) neurons.^ P oint m utations in K C N A l, the gene 
encoding hum an K v l.l  on chrom osom e 12p l3 , can 
cause the paroxysmal CN S disorder episodic ataxia 
type 1 (EAl).*^” ^̂  EA l is characterized by episodes o f 
sudden-onset p rofound cerebellar ataxia, w hich may 
last up to a few m inutes. E A l patients also exhibit per
sistent interictal m y o k y m i a . T o  date, the pheno
typic profile o f patients w ith know n poin t m utations in

K C N A l is relatively uniform . H ere, we describe 3 pre
viously unreported  families and 1 reported family w ith 
m utations in K C N A l tha t dem onstrate remarkable 
phenotypic variability. W e have studied the m utan t 
K v l.l  subunits in  a heterologous expression system 
and provide direct evidence that the four m utations af
fect potassium channel function in different ways. W e 
suggest that these differences may contribute to the ob
served phenotypic variability.

Patients and Methods
Patients

F A M IL Y  A  The proband in this family (II in pedigree A in 
Fig 1) is a 40-year-old woman who was born after a normal 
full-term pregnancy and had normal motor development. 
She complained of long-standing widespread muscle twitch
ing and tonic-clonic seizures from the age of 9 years. Since 
the age of 19 years, she also had simple partial seizures char-
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Fig 1. Upper panel contains the pedigrees for Families A, B, and C, each o f which harbors a novel mutation in KC N A l. Lower 
panel shows an agarose gel containing the products o f  digestion as described in the Patients and Methods section.

acterized by an “anguish-like” sensation associated with par
esthesia in the left upper limb. She has not experienced any 
episodes o f ataxia. Antiepileptic treatm ent controlled the sei
zures and attenuated muscle twitching. Interictal electroen
cephalography performed during anti-epileptic drug admin
istration showed slow wave activity in the temporal regions, 
which was more evident on the left side, where there was 
evidence of sporadic sharp waves. A magnetic resonance im
aging brain scan was normal.

The proband’s second child (112 in pedigree A, see Fig 1), 
a 3 -year-old boy, presented with muscle twitching, persistent 
flexion o f the fingers and toes, and nonfebrile tonic-clonic 
seizures. Interictal electroencephalography was normal.

Electromyographic (EMG) studies disclosed widespread 
continuous m otor unit discharges consistent with neuromyo
tonia in both patients. Clinical and electrophysiological in
vestigations o f the proband’s mother, brother, and first child 
showed normal findings. The proband’s deceased father was 
reported to have suffered from epileptic seizures and muscle 
twitching.

F A M IL Y  B CASE III. The proband, a 3-year-old boy, had 
normal cognitive and m otor development apart from inter
m ittent toe walking and running. He presented with a 12- 
hour history o f inability to walk associated with a 24-hour 
febrile vomiting illness. There was no significant family his
tory. He was fully alert, answering questions appropriately. 
The results o f cranial nerve exam ination were normal. 
There was increased tone in the upper limbs, and his fists 
were held partially clenched with thum bs adducted. Small 
sem irhythm ic, myokymie, lateral movements o f his fingers 
were visible. Upper limb tendon reflexes were present but 
dim inished in amplitude. His knees were held in extension, 
and his ankles were plantar flexed. Rippling movements of 
his calf and hamstring muscles were palpable, and these mus
cles were visibly hypertrophied. Tone was increased in his 
lower limbs. Tendon reflexes were diminished at the knees 
and not demonstrable at the ankles. There was no percussion 
myotonia. He did not seem to be weak. He could stand with 
minimal assistance but only on the tips o f his toes. Plasma 
alanine aminotransferase (80 lU/L; normal range, 1 0 -4 0

lU/L), aspartate aminotransferase (30 lU/L; normal range, 
15-45  lU /L), and creatine kinase (1,008 lU/L; normal 
range, 15-90 lU/L). There was no myoglobinuria. The re
sults o f muscle ultrasound examination were normal. M otor 
nerve conduction velocities were normal. Surface EMG over 
the right lateral gastrocnemius and right extensor digitorum 
showed continuous m otor unit activity (myokymia) even at 
rest, with a regular periodicity o f about 6  bursts per second.

W ith his vomiting settled and 24 hours after his admis
sion, he was walking and running but with a toe-to-toe gait. 
The legs felt less stiff, tendon reflexes were more easily dem 
onstrated, and plantar responses were downgoing. His crea
tine kinase and other muscle enzyme levels normalized. 
A year after this acute admission, he was reviewed. He had 
remained well, but generalized upper and lower limb muscle 
hypertrophy was more prominent. There were no fixed de
formities, and the muscles were not stiff. A toe-to-toe gait 
was evident on running. EM G o f the gastrocnemius, exten
sor digitorum, and frontalis muscles showed continuous gen
eralized myokymie activity.

Case II. The 39-year-old father o f the proband had no 
history of episodic ataxia, stiffness, or other muscle symp
toms. There are no older living relatives to ask whether he 
toe-walked as a child, and review o f general practice case 
notes revealed no history of muscle or postural problems. 
The only abnormalities on clinical examination were calf 
muscle hypertrophy and subtle myokymia of his dorsal in- 
terossei. Surface EMG revealed myokymia with continuous 
m otor unit activity within the right lateral gastrocnemius and 
right extensor digitorum.

Cases 12 and 112. The 35-year-old m other o f the proband 
had a normal neurological examination and surface EM G 
study. The 19-month-old male sibling o f the proband had a 
normal neurological examination and surface EMG study.

F A M IL Y  C  The index case, a 20-year-old woman, was born 
after a normal full-term pregnancy and had normal motor 
milestones. Attacks o f cerebellar ataxia lasting seconds to 
minutes began at the age of 10 years. A major attack is char-
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acterized by gait and limb ataxia as well as by cerebellar dys
arthria. In addition, there may be minor attacks, which con
sist of dysarthria or upper limb dysmetria in isolation. On 
some occasions, there may be progression from a minor to 
major attack over 1 to 2 minutes. Initially, attacks were pre
cipitated by high temperature such as occurs after a hot bath 
or when using a hairdryer. As she got older, attacks were 
mainly precipitated by strenuous exercise, emotional stress, 
sudden limb movement, or startle. The frequency of attacks 
had progressively increased, and the threshold for developing 
attacks had decreased. By the age of 19 years, attacks were 
occurring on most days. Neurological examination between 
attacks revealed no cerebellar signs, but there was periocular 
myokymia. In addition, she had a fine postural tremor of her 
outstretched upper limbs. A number of medications have 
been tried. There was a definite initial response to carbam- 
azepine, which was not sustained despite increasing the dose 
to 1,600 mg. Acetazolamide similarly had only a temporary 
benefit. Lamotrigine produced an increase in attack fre
quency. Other anticonvulsants, including vigabatrin and 
clonazepam, were ineffective.

FAMILY D This large British family comprising 16 affected 
members over four generations has been reported else
where.^^ Affected members had typical attacks of EAl that 
responded well to carbamazepine, and they did not exhibit 
any atypical clinical features.

Methods

MOLECULAR GENETICS Informed consent was obtained 
for DNA analysis. DNA was extracted from blood using 
standard methods. Three sets of oligonucleotide primers were 
designed to amplify all 1,448 base pairs (bp) of the single
exon KCNAl gene located on chromosome 12pl3 as de
scribed previously.^ The primers employed were tagged with 
M13 tails to facilitate subsequent DNA sequencing. The 
conditions of the initial polymerase chain reaction (PGR) 
were as follows: an initial denaturing step at 94°C for 3 min
utes, followed by 30 cycles of 94°C for 30 seconds, 65°C for 
30 seconds, and 72°C for 30 seconds. A final extension step 
of 72°C for 10 minutes was used. The products were cleaned

using Centricon filters (Amicon Bioseparations, Millipore, 
Bedford, MA), and both strands were sequenced using a Dye 
Primer Taq cycle sequencing kit (Applied Biosystems [ABI], 
Foster City, CA). The sequencing products were separated 
on 6% polyacrylamide-urea gels in a 373A automated DNA 
sequencer (ABI). DNA sequences were analyzed using Se
quencing Analysis and AutoAssembler software (ABI). To 
screen control chromosomes and other family members for 
the four mutations identified (G724C, C731A, C1249T, 
and G1210A) PCR-based techniques were employed. The 
PCR conditions were identical to those listed previously, 
except for an annealing temperature of 55°C. Digested 
DNA fragments were always separated on a 4% agarose gel 
stained with ethidium bromide and visualized on an ultra
violet light box.

Because of the proximity of G724C and C731A, the same 
pair of oligonucleotide primers was employed for the detec
tion of both mutations (Table 1). The wild-type (Wt) se
quence between positions 721 and 730 is TTCGCCTGCC. 
After amplification with these primers, the Wt sequence re
mains the same and can be cleaved using Cac8I. In the pres
ence of the G724C mutation, however, the sequence be
comes TTCGCCTGCC and cannot be cleaved.

The second mutation, C731A, was detected after an initial 
PCR employing the same oligonucleotide primer pair as used 
to detect the G724C mutation. The W t sequence between 
positions 728 and 737 is GCCCCAGCAA. After amplifica
tion of the W t allele, the sequence GCCCCAGGAA is gen
erated and can be cut with BsaJI. In the presence of the 
C731A mutation, the sequence GCCACAGGAA is gener
ated, which is not recognized by BsaJI.

The third mutation, C1249T, was amplified using a sec
ond set of primers (see Table 1). The W t sequence between 
positions 1243 and 1253 is TACCACCGAG. Amplification 
with the mismatch primer yields the sequence TAG7AC- 
CGAG in the W t allele. In the presence of the C1249T mu
tation, the sequence becomes TAG7ACTGAG and can be 
cleaved with Seal.

The G1210A mutation was detected using the restriction 
endonuclease Rsal as previously described.® Paternity testing 
was performed in Family C. Genotyping was performed us

Table 1. Primers Used fo r  Determination o f  Affected Family Members

Mutation

Position in 
KCNAl 
Coding 
Sequence Primer Sequence

Restriction Endonuclease 
(recognition sequence)

Cut Allele (sequence), 
Resulting Fragments

G724C Cac8I (GCN/NGC) Wild-type
Forward 636-655 5'-CAATTCCAACATCTTCACAG-3' (72it t c GCC/TGCC^^°)
Reverse 732-762 5'-CATGATGTTTTTGAAGAAGTCCGTCTTCCTG-3' 91 and 35 bp

C731A BsaJI (C/CNNGG) Wild-type
Forward 636-655 5 '-CAATTCCAACATCTTCACAG-3' (^«GCC/CCAGGAA^^l
Reverse 732-762 5'-CATGATGTTTTTGAAGAAGTCCGTCTTCCTG-3' 95 and 31 bp

C1249T . (AGT/ACT) C1249T
Forward 1219-1248 5'-ATTGTGTCCAATTTCAACTATTTCTAGTAC-3' (1243-p^QI/ACTGAG’ ̂ ” )
Reverse 1351-1371 5 '-GATCTCCATGTACTCATACTT-3 ' 125 and 27 bp

G1210A R sal (GT/AC) Wild-type
Forward 1185-1206 5'-CTGGTGTGCTAACAATTGCCCT-3' (1208c c g T/ACCT'^'^)
Reverse 1442-1464 5'-CTTATTAACGCAGTTTTGGTTAG-3' 148, 104, and 28 bp

Mismatch nucleotides are shown underlined. The same set of primers could be used to detect G724C and C731A.

Eunson et al: Phenotypic Variation in Potassium Channelopathies 649



ing 14 highly polymorphic fluorescent microsatellite markers 
on 10 different autosomes (sequences o f oligonucleotide 
primers and PCR conditions employed are available from the 
authors).

HETEROLOGOUS EXPRESSION Complementary DNA en
coding W t hum an K v l.l was obtained as described.’® In 
brief, KCN Al was PCR amplified directly from genomic 
DNA, and resulting amplimers were subcloned in the oocyte 
expression plasmid pSGEM. The plasmid contains a 
polylinker flanked by 5 '-  and 3 '-untranslated regions from 
the Xenopus laevis P-globin gene, which have been shown to 
enhance protein levels in this expression system.’  ̂ M utations 
were introduced in the W t K v l.l plasmid after a PCR-based 
strategy with proofreading Pfii DNA polymerase (Stratagene, 
Lajolla, CA). T he W t and m utant clones were completely 
sequenced on both strands, linearized, and transcribed in 
vitro using T7-RNA polymerase (Boehringer, M annheim 
UK, East Sussex, UK). The integrity and concentration of 
the transcripts were determined by denaturing gel electro
phoresis and ethidium  bromide staining as well as by spec
trophotometry.

Xenopus oocytes were prepared from frogs that had been 
killed by tricaine overdose, decapitation, and pithing. O o
cytes were treated with collagenase type lA  (Sigma, Aldrich 
Co, Dorset, UK) to remove the follicular cell layer and kept 
at 18°C in Barth’s medium containing 88 mM  of NaCl, 1 
mM o f KCl, 2.4 mM o fN aH co ^ , 0.82 mM ofM gC l^, 0.77 
mM  o f CaCl2, 15 mM of TrisCl, 100 U/m l of penicillin, 
and 100 p.g/ml o f streptomycin, pH  7.4. Complementary 
RNA (cRNA) (range, 0 .1 -0 .6  ng) was injected using a 
Nanoject automatic injector (D rum m ond Scientific Co, 
Broomall, PA). After 3 days, oocytes were transferred to a 
solution containing 115 mM  o f NaCl, 2.5 mM of KCl, 1.8 
mM of CaClz, and 10 m M  of HEPES, pH  7.4. Two- 
electrode voltage-damp recordings were then performed at 
22°C using a GeneClamp 500 amplifier (Axon Instruments, 
Foster City, CA) interfaced to a personal computer. Data 
were acquired and analyzed with pClam p7 (Axon Instru
ments) and Origin (Microcal Software, N ortham pton, MA). 
Leak and capacitative currents were subtracted by applying a 
- P / 4  protocol. Statistical significance was determined by un
paired Student’s t  test. Each experiment was repeated at least 
twice to account for any variability in expression levels be
tween different batches o f oocytes. Current amplitudes were 
normalized to the mean value o f W t current amplitudes 
within the same batch of oocytes studied on the same day.

Results

Genetic Studies
DNA sequence analysis of the entire 1,488 bp of the 
KCNAl gene revealed three previously undescribed 
mutations and one mutation that has been reported in 
an unrelated family (Fig 2). All four mutations segre
gate with the disease in each family, occur at highly 
conserved sites, and were absent in 120 control indi
viduals (240 control chromosomes). In Family A, the 
G724C point mutation resulted in a radical amino acid 
substitution, alanine to proline, at amino acid position

V404I

A 242P

P244H

R 4 1 7 s to p

Fig 2. Schematic representation o f  K vl. 1 indicating the posi
tions o f the four mutations described in Families A to D.

242, a highly conserved position in the second trans
membrane segment of the channel. The lower panel in 
Figure lA  shows the products of digestion for individ
uals in the pedigree. The upper band is the undigested 
126-bp product, and the lower band is the 91-bp di
gestion product (the 35-bp digestion product having 
migrated off the gel). Affected individuals, who are het
erozygous, have two bands (126 and 91 bp). Normal 
individuals have the lower 91-bp band only.

In Family B, a point mutation of C731A resulted in 
a radical amino acid substitution of proline to histidine 
at position 244 in the intracellular loop between trans
membrane segments 2 and 3. The lower panel in Fig
ure IB shows the products of digestion for individuals 
in the pedigree. The upper band is the undigested 
126-bp product still present in the affected cases, and 
the lower band is the digested 95-bp product. The 
31-bp product has migrated off the gel. Unaffected in
dividuals have a single 95-bp band, although affected 
individuals are heterozygous for the m utant and have 
two bands (126 and 95 bp).

In Family C, a point mutation of C1249T resulted 
in the substitution of an arginine at amino acid posi
tion 417 by a premature stop codon. This is predicted 
to result in the loss of nearly 80 amino acids at the 
intracellular C terminus. The lower panel in Figure 1C 
shows the products of digestion for individuals in the 
pedigree. The upper band is the undigested 152-bp 
product, and the lower band is the digested 125-bp 
product. The 27-bp band has migrated off the gel. U n
affected individuals have a single 152-bp band, al
though affected individuals are heterozygous for the 
m utant and have two bands (152 and 125 bp). Pater
nity testing in Family C revealed that 12 of the 14 
markers were informative, and all 12 were shared by 
the father and proband in Family C. Based on allele 
frequencies, the probability that such sharing would 
occur in the presence of nonpaternity is less than 1 in
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10^. This is consistent with the mutation in Family C 
being a de novo event.

In Family D, the G1210A point mutation results in 
a valine-to-isoleucine substitution at a highly conserved 
position (404) in the sixth transmembrane segment of 
the channel.

Expression Studies
To determine the functional consequences of the four 
EAl mutations, equal amounts of W t or mutant cRNA 
were at first injected separately in individual oocytes. 
Whole-cell currents were assessed after 3 to 5 days by 
means of voltage-step protocols to various depolarizing 
test potentials from a holding potential of —100 mV. 
At + 40  mV, oocytes expressing A242P and R4l7stop 
showed mean peak current amplitudes that were signif
icantly reduced to 10 and 2% of W t, respectively (Fig 
3A; p  <  0.05 in each case). The currents elicited by 
injection of R4l7stop did not differ significantly from 
currents in uninjected oocytes {p =  0.2). In contrast, 
P244H and V4041 yielded current amplitudes that 
were not different from W t amplitudes.

In a second set of experiments, we attempted to ap
proximate the situation in heterozygous patients, who 
should express both alleles at the same level. Delayed- 
rectifier type potassium channels exist as multimeric 
proteins formed by four subunits. We therefore studied 
the effects of EAl subunits on W t K vl.l by injecting 
mutant cRNA in addition to the same am ount of W t 
cRNA as in the first experiments so as to provide a 1:1 
molar ratio (see Fig 3B). The current amplitudes in 
oocytes injected with W t plus A242P, W t plus P244H, 
and W t plus V4041 were larger than in oocytes in
jected with W t cRNA alone (161%, 200%, and 227%, 
respectively). For W t plus A242P, they were, however, 
significantly smaller {p <  0.05) than those in oocytes 
injected with the same total amount of cRNA (W t +  
Wt: 236%). This result argues against saturation of the 
translation and translocation mechanisms and is con
sistent with loss of function underlying EAl in the 
family carrying the A242P mutation. In the case of 
R4l7stop, coinjection with W t cRNA actually signifi
cantly reduced potassium currents below the level seen 
when the mutant was not injected (current amplitude, 
67% of Wt; p  <  0.05). This reduction in current is 
consistent with a dominant negative effect of the 
R4l7stop m utant allele.

P244H and V4041 exhibited neither loss of function 
nor a dominant negative effect. We therefore examined 
the voltage dependence of activation, time courses of 
activation and deactivation, and extent of C-type inac
tivation of whole-cell currents to determine whether 
these parameters differed from W t parameters. Figure 
4A shows sample traces (normalized to a constant peak 
amplitude) obtained during voltage steps from —100

A W //
B

-  1 . 0 - -

Fig 3. Comparison o f whole-cell current amplitudes. (A) His
togram o f peak currents in response to + 4 0 -m V  voltage steps 

from a holding potential o f  —100 mV. Oocytes were injected 
with the same amount o f  complementary RNA (cRNA) in all 
cases. (B) Peak current histogram. Here, oocytes were injected 
with a constant amount o f  wild-type (Wt) cRNA in each case 
plus the same amount o f  mutant cRNA or Wt. Error bars 
indicate SEM. **p <  0.05 (tested against Wt). n =  number 
o f oocytes injected with cRNA as indicated. A ll data were nor
malized as described in the Patients and Methods section and 
were pooled for statistical evaluation.

mV to either 0 or + 40  mV. The four mutants showed 
different patterns of alterations.

A242P expressed on its own activated more slowly 
than W t (see Fig 4B), but this difference disappeared 
when coexpressed with Wt, implying that the W t allele 
dominated over the mutant. The voltage dependence 
of activation was shifted to more hyperpolarized poten
tials, but this effect was attenuated in the presence of 
the W t allele (see Fig 4C). P244H had small but sig-
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Fig 4. Characterization o f  current activation. (A) Examples o f whole-cell current responses elicited by 350-msec steps from a holding 
potential o f  —100 m V to test potentials at 0 and -\-40 mV, respectively, and stepping back to —50 mV. Wild-type (Wt) (thick 
lines), mutant as indicated coinjected with Wt in a 1:1 molar ratio (thin solid lines), and mutant only (thin dotted lines). A ll 
currents shown were normalized to the Wt peak at 0 and + 4 0  mV, respectively, and only the beginning and end o f  traces are 
shown. (B) Time course o f  activation as determined by plotting the 10 to 90%  rise time o f currents against the test potential 
Data were fitted  with a single exponential according to r(V) =  Tq +  Tq.5 * exp — ([V  — Vq̂ ]  g^, where the constant,
Vq ̂ , denotes the potential o f  half-maximal channel activation as in (C), and  g is a slope factor. Note that ordinate scales differ.
(C) Threshold o f  activation determined a t the end o f each test pulse. Initial current amplitudes were measured after stepping back 
to ~ 5 0 m V , normalized to their maximum value, and plotted versus the test potential before the step back to ~ 5 0  mV. The func
tion =  1 (1 +  exp — ([V  — Vq̂ J  4- ky) was fitted  to the data, where k is a slope factor. Wt only (■), mutant and Wt
in a 1:1 ratio (O), mutant only (A).

nificant effects on the activation time course, particu
larly at higher potentials, although the activation curve 
was displaced to more hyperpolarized potentials. These 
changes were fully reversed by coexpression of W t. 
V404I showed slowed activation, but in contrast to 
A242P, coexpression with W t did not normalize this 
parameter, especially at intermediate potentials. The 
activation threshold was shifted in a positive direction 
and remained there even when W t was coexpressed. 
For R4l7stop, kinetic parameters could not be ob
tained for homomeric m utant channels, because no 
current was recorded, but when coexpressed with Wt, 
the activation was slowed and the threshold potential 
was shifted to more positive voltages. This observation 
argues that m utant subunits do coassemble with W t

subunits and that the resulting heteromeric channels 
reach the membrane of the oocyte.

W e further examined the time course of deactivation 
on membrane repolarization (Fig 5). All four muta
tions affected this parameter albeit in different ways. 
Deactivation was slowed in A242P, P244H, and 
V404I, although in the case of P244H, this effect dis
appeared on coexpression with Wt. R4l7stop was the 
only mutation that increased the rate of deactivation 
when coexpressed with Wt. Table 2 summarizes the 
parameters of potassium current activation and deacti
vation for W t, mutants, and coinjected subunits.

Finally, we examined the slow C-type inactivation 
seen with prolonged depolarization (Fig 6). This pa
rameter was only affected significantly in coexpression
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Fig 5. Characterization o f  current deactivation. (A) Examples o f  tail currents elicited by stepping back from + 4 0  m V to —80 and  
—4 0 m V , respectively. Wild-type (Wt) (thick lines), mutant as indicated coinjected with Wt in a 1:1 molar ratio (thin solid 
lines), and mutant only (thin dotted lines). Traces were normalized to the Wt peak at + 4 0  mV. (B) Characteristic time constants 
o f  current deactivation plotted against the tail test potential. The ascending part o f  the data was fitted  with a single exponential 
according to t (V )  =  Tq +  7^5  * exp -  ((V  -  V o f  gy), where the constant, stands for the potential o f  ha lf maximal 
channel activation as determined in Figure 4C, and  g is a slope factor. Note that ordinate scales dijfer. Wt only (■), 1:1 mutant 
and Wt (□ ), mutant only (A).

Table 2. Characteristic Parameters o f  Current Activation and Deactivation

Injected
Complementary RNA

Activation Deactivation

V0.5 (mV) k (mV) T (0 mV) (msec) T  ( - 4 0  mV) (msec)

W ild-type (wt) 
W t +  A242P 
W t +  P244H 
W t +  V404I 
W t +  R 4l7stop

-2 7 .1  ±  0 .4 (19) 
- 3 1 .9  ± 0 .4  (24)' 
- 2 7 .8  ±  0.5 (24) 
- 1 5 .8  ±  0.4 (9)' 
- 1 8 .6  ± 0 .9  (6 ) '

7.6 ±  0.3 
7.2 ±  0.3 
7.9 ±  0.4 
9.5 ±  0.3= 

12.8 ±  0 .8 '

12.4 ±  1.1 (23)
12.4 ±  0.9 (26)
12.3 ±  1.1 (21)
19.4 ±  3.4 (8 ) ' 
28.9 ±  9.8 (19)'

12.8 ±  0.9 (28)
17.0 ±  0.9 (38)' 
13.5 ±  0.7 (39)
20.0  ± 1.1 (8 ) ' 

9.6 ±  0.7 (14)'

Vq 5, k, T  (0 mV), and t  ( - 4 0  mV) are defined in the legends to Figures 4 and 5. All data are given as mean ±  SEM (num ber 
o f cells).

p̂ <  0.05 (tested against wild type).

experiments in the case of R4l7stop. This observation 
further supports the hypothesis that heteromeric chan
nels containing both R4l7stop and W t subunits reach 
the membrane.

In summary, R4l7stop produced the most severe re
duction in current and also profoundly affected ac

tivation, deactivation, and inactivation in a manner 
consistent with loss of function. Interestingly, this m u
tation was associated with a drug-resistant phenotype. 
At the other end of the scale, P244H had the smallest 
effect on currents in coexpression experiments, and 
the associated phenotype was restricted to neuromyo-
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Fig 6. Comparison o f the degree o f  
C-type inactivation. (A) Examples 
o f currents elicited by a 5-second 
voltage step to 0 m Vfrom  a hold
ing potential o f  —100 mV. Top 
traces: Wt =  mutant or mutant 
plus wild-type (Wt) complementary 
RNA (cRNA) injected in a 1:1 
molar ratio as indicated. A ll traces 
were normalized to the Wt peak at 
0 mV. (B) Histogram o f current 
amplitudes at the end o f  the voltage 
step to 0 m V  relative to the peak 
current amplitude at the beginning 
o f the step. Oocytes were injected 
with Wt cRNA (black column), Wt 
and mutant cRNAs as indicated in 
a 1:1 ratio (gray columns), or mu
tant cRNA alone (white columns). 
Error bars indicate SEM. <  
0.05 (tested against Wt).

tonia without episodic ataxia. The relations between 
the in vitro phenotype and clinical manifestations as 
well as the possible molecular mechanisms underlying 
the different types of interaction between mutant and 
W t alleles are considered in the Discussion section.

Discussion
The new families reported in this study exhibit varia
tions in the clinical phenotype associated with point 
mutations in the voltage-gated potassium channel gene 
K CN A l. This variability was, in part, mirrored by dif
ferences in the properties o f K"*" currents when mutant 
K v l.l was expressed in vitro.

Isolated neuromyotonia related to potassium channel 
dysfunction has previously been reported in the context 
of autoimmune disease, in which voltage-gated potas
sium channel antibodies may be detected.^® This is the 
first report of isolated neuromyotonia caused by a ge
netic defect (P244H) in this potassium channel, how
ever. From a clinical point of view, this indicates that 
potassium channel gene analysis should be considered 
in the setting of isolated generalized neuromyotonia in

which antibodies are not detected. The electrophysiolog
ical characteristics of this genetically determined neuro
myotonia seem to be indistinguishable from those of 
autoimmune neuromyotonia. It is notable that the fa
ther of the index case in Family B had not experienced 
episodic ataxia by the age of 40 years and indeed re
garded himself as asymptomatic.

The optimum therapeutic intervention for patients 
with EAl is unclear. Some patients respond to carbam
azepine, although others gain benefit from acetazol- 
amide.^’̂ ' The index case in Family C  exhibited a 
marked degree of drug resistance, which has not been 
reported previously. It is notable that there was a de
terioration when lamotrigine was tried. Interestingly, 
the R4l7stop mutation found in this drug-resistant pa
tient led to the most severe reduction in current ampli
tude when homomeric mutant channels were expressed 
in Xenopus oocytes. Furthermore, when coexpressed with 
W t K vl.l, it suppressed the current amplitude below 
control level and led to the most marked changes in 
channel kinetics of all heteromultimers. It is possible 
that the response to medication in EAl is determined by
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the genotype and therefore the mode of ion channel dys
function. Indeed, this may be a common theme in chan
nelopathies and requires further study.

We have previously suggested that there is an asso
ciation between epilepsy and potassium channel dys
function.^ The observations in Family A provide fur
ther evidence in favor of this possibility. Other voltage- 
gated potassium channels have recently been implicated 
in epilepsy in humans b e i n g s , a n d  mice lacking 
the gene encoding murine K vl.l have recently been 
shown to exhibit spontaneous seizures.^  ̂ An increased 
seizure susceptibility is also seen in heterozygous ani- 
mals.^  ̂ The present observations in Family A are the 
first demonstration that a genetic defect in this potas
sium channel may associate with epilepsy as the only 
CNS manifestation.

The expression studies indicate that all four muta
tions affect channel function. Although one of these 
mutations (V404l) has been reported previously,^ its 
effect on channel function was not studied before the 
present investigation. The results of experiments where 
mutant cRNA was expressed alone indicate that the 
A242P, P244H, and V404I mutations result in cor
rectly translated and functional potassium channels. Al
though the R4l7stop mutants failed to form functional 
homomeric channels, coexpression with Wt cRNA 
showed that channels were formed with altered kinetic 
properties, implying that mutant subunits could con
tribute to heteromeric channels. Thus, all four mutants 
are able to form channels either on their own or to
gether with Wt subunits.

The R4l7stop mutation predicts the loss of a 
C-terminal motif that has been shown to be important 
for clustering and/or membrane anchoring of the 
Shaker subfamily of potassium channels, including 
Kvl.l.^^ This could explain the small current ampli
tudes when it is expressed on its own. The lack of a 
C-terminal motif, however, does not seem to prevent 
heteromultimerization.^* The coexpression experiments 
revealed not only a dominant negative effect of the 
R4l7stop mutant on current amplitude but also a pro
found alteration in kinetic parameters. This observa
tion implies that the C-terminus also plays a role in 
channel gating. The extensive alterations in current 
amplitude and kinetic properties seen in this mutation 
may be relevant to the relatively severe drug-resistant 
phenotype in Family C.

Our expression studies showed that the A242P mu
tation also profoundly reduces the current amplitude, 
although there was no evidence for a dominant nega
tive effect in this case. Recent findings, however, sug
gest that a dominant negative effect of mutant subunits 
within a heterotetrameric potassium channel does not 
always underlie a dominant mode of inheritance of the 
disease. Indeed, a loss of just 25% of KCNQ2/ 
KCNQ3 potassium channel function might suffice to

cause neuronal hyperexcitability in the case of benign 
familial neonatal convulsions, an autosomal dominant 
epilepsy of infancy.^^

Interestingly, the alterations in the time course and 
voltage sensitivity of activation seen when A242P was 
expressed alone were greatly attenuated when Wt 
cRNA was coinjected. This observation could be ex
plained by postulating that channels containing several 
mutant subunits contribute relatively little to the mea
sured currents: channels containing three or four Wt 
subunits might carry most of the current in the coex
pression experiments. To resolve this question, we are 
currently examining the properties of channels with a 
known stoichiometry of mutant and Wt subunits. The 
A242P mutation was associated with epilepsy, again 
prompting the suggestion that there is a correlation be
tween the severity of the clinical phenotype and the 
extent of disturbance of channel function. We have 
previously reported on a family with FAI and epilepsy, 
who harbored the T226R mutation.^ Functional ex
pression studies of this mutation revealed a severe re
duction in K**" current and altered kinetics in a domi
nant negative manner, further arguing that epilepsy 
might be related to a more severe disturbance of K"*” 
channel function. Nevertheless, the absence of epilepsy 
in Family C, which harbored the mutation with the 
most severe effect on K'*’ current of the present series 
(R4l7stop), implies that other factors also determine 
the phenotype.

The P244Ff and V404I mutations had no effect on 
current amplitude. Other FAI mutations have previ
ously been shown to yield normal or near-normal cur
rent amplitudes but still to have dominant effects on 
other functional parameters of voltage-gated potassium 
channels.^^"^  ̂ In the present experiments, however, 
coexpression of Wt with P244H or V404I partially or 
completely corrected the alterations in activation, deac
tivation, and inactivation parameters. These mutations 
were associated with either pure neuromyotonia (Fam
ily B: P244H) or relatively typical EAl that responded 
well to treatment (Family D: V404I). These relatively 
milder phenotypes correlate with the subtle disturbance 
of channel function. In the case of P244H, none o f the 
parameters was significantly altered when coexpressed 
with the Wt (see Table 2). Because K vl.l subunits 
coassemble with other pore-forming and accessory sub
u n its ,h ow ever, the present coexpression studies do 
not explore all the possible manifestations of altered 
channel function.

In conclusion, this study has described new pheno
typic variability associated with point mutations in the 
human voltage-gated potassium channel gene KCNAl. 
In particular, we have demonstrated that dysfunction 
of this channel in human beings does not always asso
ciate with episodes of ataxia and that epilepsy may be 
the only CNS manifestation. Further studies are
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needed to assess the role of KCNAl in epilepsy. Our 
observations indicate that potassium channel mutations 
may associate with isolated neuromyotonia; therefore, 
analysis o f this gene should be considered in the clin
ical setting. We provide evidence that the degree and 
nature of potassium channel dysfunction may correlate 
with the observed phenotypic variation. It is important 
to determine whether such a correlation exists widely 
among other CNS channelopathies.
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