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Abstract

Ion channels mediate the electrical properties of neurons and other excitable
cells. Mutations in ion channel genes have been linked to several neurological
disorders. For example, a rare familial form of epilepsy, generalized epilepsy with
febrile seizures plus (GEFS+), is associated with mutations in voltage gated sodium
channels. We examined how two such mutations (C121W, DI188V) alter the
functional properties of the channel through voltage-clamp studies in Xenopus oocytes

and HEK cells respectively. D188V is located in the o subunit and C121W in the

auxiliary B1 subunit of the sodium channel.

The C121W mutation causes a 100 fold reduction in efficacy of current
modulation as well as a reduction of current amplitude. This may cause increased
sodium currents via a negative shift of the steady-state inactivation curve. a-D188V
channels recover faster from the inactivated state which causes a resistance to
frequency-dependent cumulative inactivation of current amplitude. This may

contribute to cellular hyperexcitability resulting in ictal events in the epileptic patient.

il



Les canaux ioniques contribuent a la modulation des propriétés électriques des
neurones ainsi que de toutes autres cellules susceptibles d’excitation. Des mutations
de canaux ioniques ont été liées a plusieurs troubles neurologiques. Ces conditions
pathophysiologiques incluent une certaine forme d’épilepsie, generalized epilepsy
With febrile seizures plus (GEFS+), associée avec des mutations des canaux sodiques
voltage-sensible. Une mutation a ét¢ identifiée dans la sous-unité oo (D188V) et une
autre dans la sous-unité B1 (C121W) de ce canal sodique. Nous avons examiné la
modulation des propriétés physiologiques de ce canal sodique par B-CI121W et a-
D188V, par des études de voltage-clamp des oocytes de Xenopus et des cellules HEK,

respectivement.

Les canaux o-D188V récuperent plus vite de 1’état inactivé, produisant une
plus grande résistance a la diminution de Pamplitude du courant suite aux
dépolarizations & hautes fréquences. Cette propriété pourrait contribuer a
Phyperactivité cellulaire causant le déclenchement de crises épileptiques. D’autre
part, le canal sodique possédant la mutation C121W est 100 fois moins efficace a
moduler le courant et amplitude de ce courant est réduite. Cette mutation pourtrait
causer Dhyperactivité cellulaire par un déplacement négatif de la relation

d’inactivation homéostatique.
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Introduction

Ion channels mediate the electrical properties of neurons and other excitable
cells. Naturally occurring mutations in ion channel genes have been linked to various
diseases of excitable tissues, including epilepsy. These disorders are known as
channelopathies. Generalized Epilepsy with Febrile Seizures Plus (GEFS+), an
autosomal dominant, inherited epilepsy, has been linked to different point mutations
in voltage-gated sodium channels, one of the most important excitatory channels in
the neuron. Considering their pivotal role in the flow of neuronal information, if is not
surprising that malfunctioning sodium channels would underlie neurological
disorders; nevertheless, much is still not known about how sodium channel mutations
alter channel function to cause the observed phenotype. My project addresses this
issue by comparing the functional properties of wild type sodium channels to sodium

channels with mutations responsible for inherited forms of generalized epilepsy.



Background

The voltage-gated sodium channel

Voltage-gated sodium channels are responsible for the main excitatory current
in neurons. They allow the passage of sodium ions through the cellular membrane in
response to depolarization of membrane potential. Sodium channels are inveolved in
the initiation and propagation of the action potential, as well as shaping cell firing

patterns.

The brain sodium channel is a membrane spanning protein composed of a
main, pore-forming o subunit and two auxiliary B subunits (Hartshorne & Catterrall
1981; Hartshorne et al. 1982) (figure 1). The o subunit is a 260 kDa protein composed
of four homologous domains, each with six transmembrane segments (S1-S6)
{Catterall 2000) (figure 2). The channel pore is lined by the pore-loop and S6 segment
of each domain (Doyle et al. 1998; Lipkind and Fozzard 2000) with specific amino
acid residues in each of the four pore-loops conferring sodium ion specificity (Terlau
et al. 1991; Heinemann ef al. 1992). Each pore loop contributes a single residue
(aspartate in domain I, glutamate in domain II, lysine in domain III and alanine in
‘domain IV), which are thought to form an electrostatic ring that is critical for sodium
selectivity (reviewed in Yellen 1998). Mutation of this DEKA motif to DEEE confers
calcium selectivity to the sodium channel pore (Heinamann et al., 1992), highlighting

the importance of these residues in determining ion selectivity.

Sodium Channel Gating
At hyperpolarized membrane potentials, sodium channels are in non-

conducting, closed states (Hille, 1992). Sodium channels open from closed staies

2



following sufficient membrane depolarization, allowing sodium ion flow, down its
concentration gradient. This sodium influx into the cell causes rapid membrane
depolarization. The channels then quickly enter a non-conducting, inactivated state.
Channels do not open from the inactivated state. To reopen, channels must first return
to the closed state, a process which requires several milliseconds at a repolarized
membrane potential. This absolute refractory period sets an upper limit on the rate of

action potential firing.

Activation of the sodium channel is achieved through two distinct, but tightly
coupled mechanisms: a voltage sensing component which translates membrane
depolarization into conformational changes in channel structure and an activation gate
which responds by opening the channel pore. The S4 transmembrane segment of each
domain contains 2 to 8 positively charged residues that act as the voltage-sensors.
According to the most widely held model for activation, the voltage-sensing S4
segments are thought to move outward in response to membrane depolarization,
through a “gating pore” formed by the other transmembrane segments. (Catterall
1986; Guy & Seetharamulu 1986; Yang & Horn 1995; Yang et al. 1996). However,
more recent crystallographic data suggests that the S4 segments may contribute to a
voltage-sensing “paddle” that flips from a cytoplasmic to an extracellular position
when the membrane is depolarized (Jiang et al. 2003). The precise mechanisms by
which membrane potential determines the conformation of voltage-gated ion channels

is one of the major unresolved challenges in the ion channel structure-function field.

The molecular basis of channel opening has been explored by cysteine

availability mutagenesis (Yellen 2002) and by crystallographic analysis (Jiang ef al.



2002). Together, these data suggest that the S6 segments, which line the inner pore
merge together at the intracellular portion of the channel to block the pore, when the
channel is in the closed conformation. Following the movement of the voltage
sensors, the S6 segments are thought to undergo a spiral-like movement resulting in
the opening of the pore (Liu ef al. 1997; Perozo ef al. 1999). The channels quickly go
from the open state to a fast inactivated state, which terminates ion flux through the
pore. This is caused by a ball-and-chain mechanism whereby a tethered intracellular
blocking particle binds to the opening of the pore, thus occluding the flow of ions. In
the sodium channel, the inactivation ball is formed by the intracellular linker between

domains III and IV (West et al. 1992; Patton et al. 1992).

In addition to the conventional fast inactivated state, sodium channels can also
enter distinct slow inactivated states, during prolonged membrane depolarizations. In
contrast to fast inactivation, which has fast kinetics of onset and recovery, channels
enter slow inactivated states slowly during membrane depolarizations, and recovery
from slow inactivation is on the order of hundreds of milliseconds to tens of seconds
(Ruff et al., 1988; Hille 1992; Ruff, 1996; Wang and Wang, 1997). Fast and slow
inactivation are mediated by different parts of the pore; indeed, treatments that
remove fast inactivation (enzymes, toxins, and mutations) do not affect slow

tnactivation

Voltage-gated potassium channels also show fast and slow inactivation known
as N-type and C-type inactivation, respectively. The mechanisms involved are thought
to be similar to those of sodium channels. N-type (fast) inactivation is caused by

occlusion of the inner-pore by the C-terminus whereas C-type (slow) inactivation is



thought to take place on the outer segment of the pore, in the region of the selectivity
filter. During slow inactivation, the outermost end of the narrow selectivity filter
rearranges, perhaps narrowing, but not collapsing (reviewed by Yellen 1998). Slow
inactivation is thought to involve conformational changes in the S4 segment of
domain IV (Mitrovic et al., 2000) and the P region (Tomaselli et al., 1995; Balser et

al., 1996) (Kiss and Kom, 1998).

Slow inactivation influences membrane excitability, firing properties and
spike frequency adaptation (Ruff et al., 1988; Sawczuk et al., 1995; Fleidervish et al.,
1996). It has also been proposed to be a mechanism by which the cell may retain
traces of previous activity (Toib et al., 1998). Mutations causing a suppression of
sodium channel slow inactivation have been shown to cause skeletal muscle
channelopathies such as hyperkalemic periodic paralysis type 2 and paramyotonia
~ congenita (Jurkat-Rott et al., 2000; Hayward et al., 1997). In this thesis, I present data
suggesting that changes in slow inactivation are responsible for the pathophysiology

of the D188V mutant sodium channel linked to GEFS+.

Sodium Channel Molecular Diversity

Molecular cloning has uncovered a surprising diversity in sodium channel
subtypes (Table 1). To date, at least ten different o subunits, which are highly
conserved across different mammalian species have been identified. The functional
properties differ slightly between different channel types. These properties are also
influenced by glycosylation, phosphorylation and subunit binding. Further functional
diversity is achieved by mRNA splicing. Each subtype exhibits a distinct pattern of

regional and subcellular localization (Westenbroek et al. 1989).



Auxiliary p subunits

Three distinct sodium channel auxiliary subunits have been identified to date:
B1, B2 and B3. The B subunits do not contribute to the ion conducting pore; instead
they modulate the o subunit function, expression and localization. The B subunits are
not highly homologous, but share a similar topology consisting of a single
transmembrane segment with a large extracellular N-terminal domain and a small
intracellular C-terminal domain (Isom et al. 1995a) (figure 2). In Xenopus oocytes, B1
and B3 increase the rate of channel inactivation and also increase the rate of recovery
from inactivation as compared to o subunits expressed alone (Isom ef al 1992;
1995a; 1995b; Patton ef al. 1994). This suggests that they play an important role in
regulating channel behavior. B subunits also increase sodiufn channel cell surface
expression (Isom ef al. 1992; 1994; 1995a,b), suggesting that they increase channel

trafficking to the cell surface and/or stabilize channels in the plasma membrane.

In addition to modulating channel kinetics and expression, the {3 subunits also
act as cell adhesion molecules. All B subunits have a well conserved extracellular
immunoglobin (Ig) domain which is structurally homologous to the V-set of the Ig
superfamily that includes cell adhesion molecules (CAMs). Indeed, the extracellular
portion of B2 is highly homologous to the nCAM contactin (Isom and Catterall 1996).
These cell adhesion properties may be important for interactions with extracellular
matrix proteins that influence channel localization or cell migration (Isom et al. 1999,

Srinivasa et al. 1998).



Epilepsy

Epilepsy is defined as any of various neurological disorders characterized by
sudden recurring attacks of motor, sensory, or psychic malfunction with or without
loss of consciousness or convulsive seizures. Seizure disorders are common, affecting
approximately 1% of the population. Seizures are the result of an imbalance between
excitatory and inhibitory mechanisms in the central nervous system resulting in
anomalous synchronous network activity. To date over 40 clinical epilepsy syndromes
have been identified, affecting over 50 million people world-wide (reviewed in Jacobs
et al. 2001). Epileptic ictal events are induced by abnormal focal or generalized
synchronized electrical discharges within the central nervous system. Epilepsy
syndromes are categorized into three groups: symptomatic, cryptogenic and
idiopathic. Symptomatic epilepsies are those for which there is a known cause, such
as trauma, tumor, cerebral malformations or metabolic disorders. In cryptogenic
epilepsies, the underlying lesion is suspected but unproven. Idiopathic epilepsies are
those for which a cause is not known; however, a genetic cause is suspected.
Idiopathic generalized epilepsy (IGE) is a common disorder affecting 0.4% of the
population. Common idiopathic epilepsy syndromes exhibit complex patterns of
inheritance; however, certain rare forms of epilepsy are due to mutations in single
genes, facilitating their study. These monogenetic familial epilepsy syndromes may
give insights into the underlying causal mechanisms of the more common polygenic

idiopathic disorder.



Channelopathies

In recent years, a number of mutations in ion channel genes have been linked
to human neurological disorders; these disorders are termed channelopathies.
Channelopathies were first recognized in 1989 (Riordan er al 1989), with the
discovery of cystic fibrosis transmembrane conductance regulator. This family of
diseases is most illustrated by diseases of excitable tissue; nevertheless, ion-channel
disorders now cover the gamut of medical disciplines, causing significant pathology
in virtually every organ system. These are therefore valuable targets for

pharmacological intervention.

The prominent role of ion channels in neurological diseases comes as no
surprise considering their importance in the normal functioning of the central and
peripheral nervous systems. The broad range of ailments associated with ion channel
mutations include migraine headaches, deafness, periodic paralysis, malignant
hyperthermia, generalized myotonia and epilepsy (reviewed in Ptacek 1998) (Table
2). Channelopathies are responsible for most inherited forms of epilepsy so far
identified. These channelopathic epilepsies have been found to be caused by
mutations in nicotinic acetylcholine receptors, voltage gated potassium channels,
GABA, receptors and voltage gated sodium channels (reviewed in Ptacek 1998;

Gardiner 1999).

Mutations in sodium channel genes have been linked to a form of inherited
epilepsy termed Generalized Epilepsy with Febrile Seizures plus (GEFS+) (Escayg

2000). The GEFS+ syndrome is subdivided into GEFS+ type I or type II depending



on whether the mutation site is located in the sodium channel auxiliary 81 subunit or
the pore-forming o subunit, respectively. GEFS+ is a familial syndrome, which
displays an autosomal dominant pattern of inheritance (Wallace er al. 1998, Wallace
et al. 2001). It is characterized by general febrile epilepsies (such as absences,
myoclonic seizures, atonic seizures and myoclonic-astatic epilepsy), which display a
childhood onset (median 1 year of age). The attacks persist beyond age 6, usually
ceasing by mid childhood (median age 11). Heterogeneity of the syndrome results in

difficult diagnosis.

GEFS+ was first linked to a point mutation in the voltage-gated sodium
channel B1 auxiliary subunit (Wallace et al., 1998). This mutation, consisting of a
cysteine to tryptophan switch at position 121, disrupts a critical disulfide bond in the
functionally important extracellular immunoglobin loop (figure 2). One aim of my
Master’s project is to investigate how this mutation alters sodium channel function to
cause epilepsy. More recently, several mutations in o subunits have recently been
linked to GEFS+ (Wallace et al. 1998, Wallace et al. 2001). For example, through
gene mapping studies, Guy Rouleau’s lab at McGill University has found a novel
mutation site in the type 1 voltage gated sodium channel (Nayl1.1). It is an aspartate-
valine switch at position 188, located in the intracellular loop between segments S2
and S3 of the first domain (figure 2). This amino acid is conserved in almost all
sodium channels thus far identified in all species, suggesting it is functionally critical
(figure 3). However, the role of this region of the a subunit in sodium channel
function has not been elucidated. A second major focus of my Master’s work has

been to examine how the D188V mutation alters channel function to cause epilepsy.



Rationale

Voltage gated sodium channels play a central role in the flow of neuronal
information. Mutations in these channels have been linked to certain forms of
idiopathic epilepsy; however, precisely how these mutations produce epilepsy has not
been fully worked out. This project investigates two mutations associated with

GEFS+, to determine how these mutations alter channel function to cause seizures .

GEFS+I C121W}-1 Subunit Functional Assay

The C121W mutation in the B1 subunit was the first sodium channel mutation
linked to epilepsy. This substitution is thought to disrupt an extracellular disulfide
bond critical for B1 function. Although identifying the genetic link to the disease, the
initial study into this mutation did not involve an extensive analysis of how the
mutation alters sodium channel function to cause epilepsy. The work described in the
first section of my thesis contributed to a thorough study investigating how the
C121WpB1 mutation effects sodium channel expression, function and localization

(Meadows et al., 2002).

GEFS+2 D188V a Subunit Functional Assay

A number of o subunit mutations linked to GEFS+2 have been identified.
However, the putative functional changes caused by these mutations have not been.
determined. The D188 residue, in the intracellular loop between transmembrane
segments S2 and S3 in domain I, is conserved in different sodium channels from both

vertebrate and invertebrate species suggesting that this residue is functionally critical
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(figure 3). Mutation of this residue to valine in the Nayl.1 sodium channel causes
GEFS+ (Wallace et al. 2001). Our aim was to discover what is functionally different
between the wild type and mutant proteins that could result in neuronal
hyperexcitability and seizures. Qur hypothesis was that the mutation modified some
functional aspect of the channel resulting in neuronal hyperexcitability. The results of
our analysis formed the bulk of a recently published paper (Cossette et al., 2003) in

which I was the co-1st author.

Summary

The link between sodium channel mutations and epilepsy has been
established. It is now essential to further investigate their effects on ion channels in
order to gain insight into epileptogenesis by understanding how the ion channel
mutations alter the physiological functioning of the protein. This is what we have set

out to do in this thesis .
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GEFS+1 C121Wp1 Subunit Functional Assay

Mutagenesis

The C121W mutation was introduced into rat 31 cDNA (pCR2.1 vector) using
standard PCR mutagenesis (Barek, 1993) with PWO (Roche Diagnostics, Laval, QC)
DNA polymerase. The mutant PCR products were subcloned into the full length rat
Bl construct and sequenced to confirm the presence of the mutation and to rule out
the introduction of spurious mutations during PCR amplification. CI121W

mutagenesis was performed by Lori Isom’s lab at the university of Michigan.

RNA Synthesis and Qocyte Injection

Rat Nayl1.2a subunit DNA (pSP64T vector), was linearized with Xhzol, and
phenol extracted under RNAase-free conditions. RNA was synthesized using
mMessage mMachine RNA synthesis kit (Ambion Inc.) with a T7 promoter. The SP6
promoter RNA synthesis kit was used for RNA synthesis of Rat B1 subunit DNA
(pSP64T vector) linearized with EcoRI. RNA concentrations were estimated from the
intensities of bands from RNAase-free agarose gels relative to the intensities of bands

of known concentration.

Oocytes were surgically removed from Xenopus Laevis frogs, washed twice
with OR2 solution (NaCl 82.4mM; KCI 2mM; MgCl.smo ImM; Hepes{mwt 238)
5mM), underwent 2 subsequent 1hr collagenase incubations to brake down remaining
tissue and transferred to Barth’s solution (NaCl 88mM; KCL 1mM; MgSOsrmo

12



0.82mM; Ca{NO3)2.4m20 0.33mM; CaClyopao 0.41mM; NaHCO; 2.4mM; HEPES(mwt
238) 10mM). Oocytes were injected with 46nl each, of varying o:B RNA molar

ratios with glass electrodes. Recordings were performed 2-5 days post-injection.

Electrophysiology

Standard whole-cell 2-electrode voltage clamp recording was performed using
TURBO TEC-10C amplifier (ALA Scientific Instruments) with [200Digidata
interface (Axon Instruments) hardware and pCLAMP (Axon Instruments) software. A
3M KCI solution was used as intracellular recording solution and Ringer’s solution
(NaCl 1.2mM; KC1 0.03mM; CaClyomo 0.02mM; HEPES (mwt 238) 0.1mM) as

extracellular recording solution. All recordings were performed at room temperature.

Whole-cell currents were elicited with a OmV depolarization from a —90mV
holding potential. Inactivation was measured using a two exponential fit (y = A
+Be 2+ C) applied to the decaying phase of the current. Proportion of fast current

decay was measured by A/(A+B) where A represents the proportion of fast current

and B, the slow portion.

Current-voltage relationships were obtained by applying a 15ms
depolarization from —60 to 55mV (5mV intervals) from a holding potential of -90mV.
Conductance curves were determined from these IV curves by dividing the current
amplitude by the test potential minus the reversal potential, then normalized to one.

Plots were fitted with a Boltzmann equation (f=1/(1+exp((x-vh)/s))).
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Steady-state inactivation curves were obtained by a stimulus protocol which
consisted of an initial -90mV holding potential, a 100ms pulse to —100mV
(subsequently increasing by 5mV up to ~15mV) followed by a 7ms test pulse to OmV

and a final repolarization to ~90mV. Plots were also fitted with a Bolztmann equation.

GEFS+2 D188Va Subunit Functional Assay

Choice of a subunit subtype

D188V was found in NaV1.l. The human clone for this channel was not
available, so we proceeded to study D188V in rNaV1.1 which shows a very high
degree of homology. We found that this channel could only be heterologously
expressed at low levels and only in the Xenopus oocyte expression system. Expression
was even poorer for mutant channels rendering its functional analysis impossible.
Thus, we decided to study the mutation in rNa,1.2a expressed in HEK cells (human
embryonic kidney cells). Our rationale for using rNav1.2a are as follows. tNaV1.2a
expresses very well in mammalian cells (such as HEK cells) which are more
physiologically valid than the oocyte model for studying sodium channel function.
rNaV1.2a shows more than 95% identity to NaV1.1 overall, with 100% identity in the
vicinity of the mutation (Goldin et al., 2001) (figure 16). Bbth Navl.l and Navl.2a
are expressed in neurons. tNaV1.2a exhibits electrophysiological properties similar to
NaV1.1 when expressed in Xenopus oocytes (Smith and Goldin, 1998). A mutation in
NaV1.2a can also cause epilepsy in humans (Sugawara, 2001b), with a phenotype that

is similar to GEFS+.
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Mutagenesis

The D188V mutation was introduced into ¢cDNA encoding the rat Navl.2a
subtype of the sodium channel o subunit, in vector pEUK-CI (Clonetech, Mississauga
Ontario) using standard PCR-based mutagenesis. Briefly, a truncated Navl.2a-pEUK
construct was created by digesting Nav1.2a-pEUK with Smal and then circularizing a
6.9 kb fragment consisting of the entire vector and 5° and 3’ segments of Navl.2a.
The mutation was introduced into this construct by PCR performed by Patrick
Cossette from Guy Rouleau’s lab at McGill University. The mutant construct was
then cut with Smal and religated with the remainder of the Navl.2a c¢DNA, to
regenerate the full-length Navl.2a cDNA, containing the D188V mutation. The entire
coding regions of both the wild type and mutant constructs were subsequently
resequenced, to confirm the presence of the mutation in only the D188V construct,
and to rule out the introduction of spurious mutations in either construct during PCR

or other molecular manipulations.

Sodium channel expression and electrophysiological recording

Sodium channel function was studied by transient expression in human
embryonic kidney (HEK) cells expressing the o subunit alone or co-expressing o and
B1 subunits. Cells were grown to 80% confluence in 60 mm tissue culture dishes in
DMEM medium (GIBCO, Burlington, Ontario) and then transfected with 1.5 pg wild
type or mutant Navl.2A-pEUK DNA, along with 2 ug of sodium channel 31 cDNA
in vector pcDNA3.1-Zeo (Invitrogen, Burlington, Ontario) and 0.5 ug GFP in vector
pEGFP-C1 (Clonetech), using Polyfect transfection reagent (Qiagen, Mississauga
Ontario) and the transfection protocol supplied by the manufacturer. Twenty four

hours later, the cells were split into 35 mm dishes at densities appropriate for
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electrophysiclogical recording.  Recordings were performed 2-4 days after
transfection, using the whole cell configuration of the patch clamp recording
technique (Hamill et al,, 1981). Recordings were at room temperature. Recording
pipettes had resistances of 2-4 MQ, and were filled with an intracellular solution
consisting of (in mM): 105 Cs-Aspartate, 10 CsCl, 10 NaCl, 10 EGTA and 10 mM
HEPES, pH 7.4 with CsOH. The extracellular bath solution contained (in mM): 130
NaCl, 4 KCl, 1.5 CaCl,, 1 MgCl,, 5 glucose and 10 HEPES, pH 7.4 with NaOH.
Recordings were obtained using an Axopatch 200 amplifier and pCLAMP software
(Axon Instruments, Foster City CA). Data was filtered at 5 kHz and sampled at 50
kHz. Cancellation of capacitive currents and series resistance compensation
(typically > 70%) were performed using the internal clamp circuitry. Remaining
transient and leak currents were subtracted using the P/4 procedure. Other details of

whole cell recording were as described elsewhere (Cossette et al., 2003).

The voltage-dependence of channel activation was determined by applying
depolarizing test pulses to a range of test potentials, from a holding potential of —90
mV. Peak current amplitude (I,e.) was measured at each test potential, and converted
to conductance (g) according 10 g = Lea/(Viev-Viest), it which Vi is the test potential
and V., is the current reversal potential, determined by linear extrapolation of the
straight line portion of the falling phase of the current-voltage relationship. The
conductance values were normalized with respect to the maximal conductance,
plotted as a function of Vi, and fit with the Boltzmann equation: 1/{1+exp({Vies-
Vi)/k), in which V), is the midpoint of the curve and £ is a slope factor. Steady state
inactivation was ‘examined by applying 100 ms long prepulses to a range of prepulse

potentials, followed by a test pulse to 0 mV. The peak amplitude of currents evoked
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by the test pulses were normalized with respect to the largest currents, plotted as a
function of prepulse potential and fit with the Boltzmann equation. Recovery from
fast inactivation was assessed by applying an 5 msec conditioning pulse to 0 mV,
followed by a recovery interval of varying duration to —80 mV, and a test pulse to 0
mV to determine the fraction of channels available to open. The amplitudes of
currents elicited by the test pulse, normalized with respect to currents evoked by the
conditioning pulse, were plotted as a function of recovery interval and fit with a single
exponential to determine the time course of recovery from inactivation. Recovery
from slow inactivation was assessed the same way but with a 1 second conditioning

pulse.

Frequency dependent current (cumulative inactivation) was assessed with 100
S-msec pulses from —80 to +10mV at frequencies of 1, 10, 20, 40, 80 or 100 Hz.

Currents were normalized with respect to the initial current elicited.

Data analysis, curve fitting and plotting was performed using pCLAMP and
SigmaPlot 5.0 (SPSS, Chicago Illinois). Statistically significant differences between
wild type and mutant channels were determined by Student’s t-test. Groups were

considered significantly different when P < 0.05 .

esults

The following sections describe the results of two projects that constitute my
Masters thesis. The first project examined the effects of the C121W mutation in the

sodium channel B1 subunit on B1-mediated modulation of the functional properties of
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sodium channels expressed in Xenopus oocytes. The second project investigated the
functional effects of the D188V mutation in the sodium channel o subunit. The goal
of these projects was to gain insight into how naturally occurring mutations can

change sodium channel function to cause epilepsy.

Project 1 : C121W disrupts functional modulation of sodium

channels by B1 in eocytes.

To examine the effects of C121W on sodium channel function we coexpressed
wild type or mutant 31 subunits in Xenopus oocytes along with the rat Navl.2a o
subunit, and examined the functional properties of the expressed channels using two-
electrode voltage clamp recording. Figure 4 shows the effects of rat wild type Bl or
C121Wp1 subunits on the time course of whole cell sodium currents in oocytes.
Consistent with previous findings (Isom et al. 1992), coinjection of RNA encoding
wild type B1 and Nay1.2a, at equimolar concentrations, resulted in whole cell sodium
currents that inactivated ~ 5-times faster than sodium currents in oocytes expressing
Nay1.2a alone (Figure 4A, left-hand traces). In contrast, injection of the same
concentration of C121W(1 RNA did not result in detectable modulation of current
time course (Figure 4A, right-hand traces). Although these data corroborated
previous findings (Wallace et al. 1998), my results were novel in two respects. First,
I found that the C121W mutation did not completely abolish B1 function. Indeed, the
mutant B1 subunit fully modulated sodium current time course, but only with
injection of ~ 100-fold more RNA than was necessary for functional modulation with

Bl (Figure 4A,B). These data indicate that the mutation does not destroy the

18



determinants required for modulation of sodium channels expressed in cocytes, but
instead lowers the efficacy of B1-mediated functional modulation. I also found that
mutant C121W-B1 retained its ability to negatively shift the steady-state inactivation

curve when expressed at high levels only (figure 5) further supporting the hypothesis
that efficacy of modulation is affected by the mutation and thus that it does not

completely knock out function.

The other striking and novel effect that I observed for C121Wp1 was to
decrease sodium current amplitude, when expressed at high levels, an effect not
observed with wild type B1 expressed at similar concentrations (figure 6). These data
suggest that sodium channels associated with the mutant Bl subumit are not as
efficiently trafficked to the cell surface and/or are not as stable in the cell membrane
as channels associated with wild type 1. Thus, these results raise the intriguing

possibility that C121Wp1 may affect sodium channel expression in vivo.

Summary of Project 1

In summary, these data suggest two main effects of the C121Wp1 mutation.
The first is to greatly reduce but not completely abolish the efficacy of B1-mediated
functional modulation of sodium channels. The second, is to disrupt efficient
expression of sodium channels on the cell surface. The implications of these findings

for epilepsy are adressed in detail in the discussion section of this thesis.
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Project 2: Functional analysis of the D188V mutation

The DI88V mutation does not alter the time course of sodium channel
inactivation.

To determine the effects of the D188V mutation on sodium channel function,
we introduced the mutation into ¢cDNA encoding the rat ortholog of the Navl.2a
subtype of the sodium channel o subunit, transfected human embryonic kidney
(HEK) cells with wild type or mutant cDNA, and examined the properties of the
expressed sodium channels by whole cell patch clamp recording. The Na,1.2a
channel was chosen for this analysis instead of Navl.l, the channel in which the
mutation is found in humans, because Navl.2a expresses extremely well in HEK
cells, whereas the cloned rat Na,1.1 subtype did not produce detectable currents when
transfected into HEKs or other mammalian cell lines in preliminary experiments.
Nay1.2a is expressed in brain neurons, is > 95% similar to Navl.l (Goldin et al.,
2000), is identical to Nay1.1 in the region of the mutation (figure 3), and exhibits
‘properties similar to Nayl.1 when expressed in Xenopus oocytes (Smith and Goldin,
1998). In all experiments, we coexpressed wild type or mutant o subunits with the
auxiliary B1 subunit, which noncovalently associates with sodium channels in brain
neurons and modulates channel function in heterologous expression studies (Isom et

al, 1995).

Sodium channel mutations associated with cardiac long QT syndrome
(Bennett et al., 1995; Dumaine et al., 1996; Wang et al., 1996), inherited diseases of
skeletal muscle (Cannon et al., 1991; Lehmann-Horn, 1991; Cannon and Strittmatter,

1993; Chahine et al., 1994; Mitrovic et al., 1994; Yang et al., 1994; Lerch et al.,, 1997)
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and recently described GEFS+ mutations (Lossin et al, 2002) cause slow or
incomplete channel inactivation, suggesting that this is a common mechanism for
disorders associated with sodium channelopathies. Decreased inactivation is a
plausible physiological mechanism leading to neuronal hyperexcitability, because it
would lead to increased or sustained sodium current; therefore, we examined whether
the D188V mutation also affected the time course or extent of sodium current
inactivation in whole cell recordings from HEK cells. Figure 7A shows that decay of
whole cell sodium currents in HEKs expressing either wild type or mutant sodium
channels was rapid and nearly complete by the end of test depolarizations to a range
of potentials. Current decay was well fit by single exponentials, with time constants
that were voltage dependent at negative test potentials and approached an asymptotic
value of ~ 0.5 msec with strong depolarizations (Figure 7B). Inactivation time
constants for HEK cells expressing wild type or mutant channels were
indistinguishable over this entire voltage range. To ensure that our analysis did not
miss subtle effects on current time course, we compared the superimposed means of
normalized currents elicited by depolarization to 0 mV for cells expressing wild type
or mutant channels (figure 7B). Figure 7C shows that the inactivation time courses of
these averaged traces are virtually identical. Together, these data indicate that the
epileptogenic effects of the D188V are not caused by a change in the time course of
sodium channel inactivation.  The levels of persistent current at the end of test
depolarizations were also indistinguishable between wild type and D188V (Fig. 7D),
suggesting that the mutation does not increase neuronal excitability by increasing the
level of persistent current, as has been observed for other GEFS+ type 2 mutations

{Lossin et al., 2002).
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D188V does not affect the voltage-dependence of sodium channel gating.

The range over which sodium channels open and inactivate strongly influences
neuronal excitability. For example, a negative shift in the voltage-dependence of
activation lowers the action potential threshold, resulting in increased cell excitability.
To investigate whether the D188V mutation altered the voltage-dependence of
activation, we measured peak currents evoked by test pulses to a range of test
potentials and converted the resulting current voltage-relationships (Figure 8A) to
activation curves (Figure 8B). Mean activation curves for wild type and mutant
channels were virtually identical (Figure 8B), with midpoints of -14 mV. Thus,
D188V does not increase cell excitability by altering the voltage range over which

sodium channels open.

The fraction of sodium channels available to open at rest also influences cell
excitability by determining the maximal sodium current amplitude. Sodium channel
availability is large at hyperpolarized membrane potentials, where most sodium
channels are in closed resting states, and their availab'ility diminishes progressively at
increasingly depolarized potentials, as these channels convert to inactivated states.
We determined the voltage-dependence of sodium channel availability from the
amplitudes of sodium currents elicited by depolarizations to 0 mV, following 100
msec conditioning pulses to a range of prepulse potentials. Figure 8C shows that the
mean normalized availability curves for sodium currents in HEK cells expressing wild
type or D188V channels were nearly identical, with midpoints of -45 mV. These data
indicate that the D188V mutation does not increase neuronal excitability by altering

sodium channel availability.
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D188V does not affect sodium current amplitude

Whole cell current amplitudes in HEKs expressing mutant sodium channels
were statistically indistinguishable from current amplitudes in cells expressing wild
type channels (mean amplitudes at 0 mV: wild type: 1.9 £ 0.3 nA; D188V: 2.1+ 04
nA) (Figure 9), suggesting that the mutation does not affect neuronal excitability by

altering the level of functional channels expressed on the cell surface.

D188V alters frequency-dependent cumulative inactivation of sodium
channels.

Whole cell sodium currents decrease in amplitude progressively over the
course of high frequency trains of chanmel activity. This frequency-dependent
cumulative inactivation is thought to play a significant role in shaping normal
neuronal electrophysiology (Jung et al., 1997; Costa et al., 1997), and may also be
involved in dampening pathophysiological hyperexcitability associated with seizures.
We examined frequency-dependent cumulative inactivation of wild type and D188V
sodium currents by applying trains of 5 msec-long test pulses to 0 mV, from a holding
voltage of —80 mV, at frequencies ranging from 1 to 100 Hz. Interestingly, at
frequencies > 10 Hz, currents in cells expressing mutant sodium channels declined m

amplitude significantly less than currents in cells expressing wild type channels

(figure 10).

Frequency-dependent cumulative inactivation occurs because channels do not
completely recover from inactivation from one pulse to the next. To assess whether

the differences between wild type and D188V in cumulative inactivation were caused
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by differences in their rates of recovery from fast inactivation, we inactivated
channels with a 5 msec depolarizing conditioning pulse, then examined the time
course of recovery from inactivation at a hyperpolarized recovery potential. We
observed no difference in recovery from fast inactivation between wild type and
mutant channels (Figure 11), using this protocol. However, a similar protocol with a
longer depolarizing pulse (mimicking a prolonged, high frequency train of brief
depolarizing pulses) showed that there was a significant difference between wild type
and mutant in the fraction of channels entering the slow inactivated state (figure 12).
These data suggest that the mutation causes a decreased entry into slow inactivation.
During high frequency.trains, this difference in inactivation between wild type and
mutant gradually accumulates, resulting in the emergence of a large difference in

frequency-dependent rundown of sodium current amplitude.

Summary of Project 2

These data suggest that the D188V mutation causes a specific, selective
decrease in frequency-dependent cumulative inactivation of sodium currents. This
effect may increase neuronal excitability, thus contributing to the epileptic phenotype
in individuals carrying this mutation. These findings complement previous results
showing that other sodium channel mutations linked to GEFS+ alter the frequency
responses of sodium channels (Spampanato et al,, 2001). In demonstrating these
effects using a brain sodium channel along with the auxiliary B1 subunit, expressed in
a mammalian cell line, the present study represents a significant incremental advance
in our understanding of how sodium channel mutations can cause epilepsy. The data

presented here suggest one way in which subtle, yet specific, changes in sodium
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channel function, caused by genetic variability in amino acid sequence of an ion

channel protein, can contribute to the genesis of epileptic seizures.
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Epilepsy is associated with hyperexcitability of brain neurons. Sodium
channels are the principle mediators of intrinsic neuronal excitability, and recent
evidence indicates that mutations in sodium channel genes are responsible for some
inherited epilepsies. In this thesis, I have examined the effect of two such point
mutations on the functional properties of the channel in order to gain insight on how
these mutations lead to epilepsy. I discuss the implications of these findings in the

following sections.

The C121W mutation in B1 alters sodium channel function and
current amplitude.

The C121W (1 mutation was the first sodium channel mutation related to
GEFS+ type 1 (Wallace 1998). Although the initial analysis by Wallace et al
suggested that the C121W mutation resulted in loss of 31 function, precisely how this
causes epilepsy was not clear from the original functional analysis. Therefore, our
lab, in collaboration with the lab of Dr. Lori Isom at the University of Michigan,
undertook at detailed functional and biochemical analysis of C121Wp1 (Meadows et
al., 2002). My contribution to this project was to investigate functional modulation by
wild type and mutant B1 subunits of brain sodium channels expressed in Xenopus
oocytes. My data led to two novel observations. The first was that the CI121W
mutation did not completely abolish B1 function, but instead caused an approximately

100-fold reduction in the efficacy of Bl-mediated modulation of sodium channel
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function in Xenopus oocytes. These data, along With subsequent functional and
biochemical results (Meadows et al., 2002) suggest that the mutation causes a
“reduction in the affinity of B1 for sodium channels. In mammalian cell expression
systems, cooexpression of B1 shifts sodium channel steady state inactivation to more
negative potentials, and slows the rate of chamnel recovery from fast inactivation.
Thus, in terms of epilepsy, the loss of 1 function may increase susceptibility to
seizures by increasing sodium channel availability at hyperpolarizeci membrane
potentials and by reduced sodium channel current rundown during high-frequency
channel activity. These effects on channel function may destabilize the homeosﬁasis of

the neuronal network leading to uncontrolled firing and seizures.

In addition to altering sodium current time course, C121Wf1 also reduced the
amplitude of whole cell currents, suggesting that it reduced the number of functional
sodium channels expressed on the cell surface. This may be because sodium channels
associated with the mutant Bl subunit were not efficiently trafficked to the cell
surface. Thus, the normal 8 subunit chaperone activity, whereby the protein helps the
sodium channel assume its proper conformation within the cell, may be disrupted by
the mutation, resulting in a smaller fraction of sodium channel proteins expressed on

the cell surface.

C121W in relation to epilepsy

Epilepsy is caused by a destabilization of excitatory and inhibitory activity in
neurons that result in unattenuated cellular excitation known as the ictal event

Therefore, we would expect that mutations causing epilepsy would likely cause a
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hyperexcitable cell. Reduced functional efficacy of the mutant B1 causes a prolonged
sodium current and a rightward shift of the steady-state inactivation curve, these
effects are consistent with our predictions. Reduced current amplitude was also
observed, this may conceivably contribute to network hyperexcitability if this effect is
predominant in inhibitory neurons. Several non-functional Navl.1 mutants have been
linked to a similar disorder, severe myoclonic epilepsy (Claes ez al. 2000). This is
consistent with the hypothesis that a reduced sodium current may result in

hyperexcitability. Further studies are required to elucidate the precise mechanism.

The B1-subunit is expressed not only in brain but also in muscle cells. Yet,
C121W patients do not suffer from myotonia or periodic paralysis (other sodum
channelopathies associated with prolonged currents), even though the skeletal muscle
NaV1.4 sodium channel also associates with B1. This may be because the brain is
more sensitive to slight physiological alterations in channel properties as compared to

muscle cells.

D188V mutation in the o subunit reduces frequency dependent
cumulative inactivation

We also examined the functional effects of the o subunit D188V mutation,
which is linked to GEFS+ type 2. The main finding of this study was that the
mutation causes resistance to current amplitude cumulative inactivation during high
frequency trains of depolarizations. In contrast, the mutation did not affect other

aspects of channel function. Data from experiments examining recovery from
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mactivation suggest that the effects of the mutation on frequency dependent run down

are caused by a reduced entry of channels into slow inactivated states.

Although the fraction of channels that become slow inactivated during a single
5 msec long pulse is quite small, over the course of a long pulse train there is a
gradual build-up of channels in the slow-inactivated state: those channels which have
entered this state during each depolarization do not recover between pulses (since its
recovery requires a longer repolarized state) and in each subsequent pulse, more
channels are recruited into this state. The result is a gradual build-up of slow-
inactivated channels. Mutant channels are less prone to enter the slow inactivated
state thereby causing a resistance to frequency dependent current cumulative
inactivation. Figure 13 shows a model of the different channel functional states,

illustrating this hypothesis.

These findings suggests a possible pattern of functional behavior for GEFS+
mutant channels. Indeed, the R1460H GEFS+ mutation, located in the IV/S4, exhibits
a similar run-down of current amplitude during stimulus trains (Spampanato et al.
2001) as well as a threefold increase in the rate of recovery from inactivation (Alekov
et al. 2000, 2001). Furthermore, functional analysis of the C121Wf1 mutation in
mammalian cells has demonstrated that this mutation also leads to a channel which is
more resistant to high frequency current cumulative inactivation (Meadows et al
2002). Complete electrophysiological characterization of the other mutants is required

to establish how common this mechanism is in the pathophysiology of epilepsy.
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D188V and epilepsy

How does the D188V mutation cause epilepsy? During seizures, individual
neurons undergo prolonged membrane depolarizations, during which they
continuously fire action potentials at high frequency (McNamara, 1994). Cumulative
inactivation of sodium currents during this pathological activity would be expected to
reduce neuronal excitability and thus dampen neuronal firing. In contrast, neurons
expressing sodium channels with the D188V mutation are expected to be more
resistant to sustained high frequency firing, and thus more able to sustain and
propagate seizure activity in the brain. Although the general idea that decreased
sodium current cumulative inactivation will increase neuronal excitability is
intuitively obvious, the exact mechanism by which this change in channel function
causes seizures in the brain of epileptic patients is less clear. Sodium channels are
involved not only in the initiation and propagation of action potentials, but also in
synaptic integration (Stuart and Hausser, 2001), boosting of synaptic potentials (Stuart
and Sakmann, 1995) and subthreshold electroresponsiveness (Alonso and Llinas,
1989). Sodium channels in different subcellular regions show differing functional
properties (Colbert et al., 1997; Jung et al., 1997), and each of the various neuronal
sodium channel subtypes exhibits a distinct pattern of regional and subcellular
localization (Westenbroek et al., 1989). The protein product of the SCNI4 gene is
localized to the somata of at least some brain neurons (Westenbroek et 2l., 1989), and
thus may play a specialized role in determining neuronal firing patterns.  The
findings presented here give a starting point for in vivo studies to understand the

mechanism by which mutations in SCNI4 lead to epilepsy in humans.
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Effects of temperature

GEFS+ patients display febrile seizures, that is seizures induced by elevated
body temperatures. The effect of temperature on the physiological properties of the
mutant channels is an important factor remaining to be examined. It is possible that
sodium channel mutations associated with GEFS+ are temperature sensitive and thus
a bigger difference between WT and mutant may be observed at fever-temperatures
than at normal resting body temperature. An alternative possibility is that the effects
of fever are not specifically on mutant sodium channels, but instead increase the
overall excitability of the entire neuronal circuit, which, together with altered sodium
channel function cause a destabilizitation of neuronal homeostasis, resulting in
seizures. It has been reported that many kinetic properties of sodium channels, such as
activation and inactivation time constants, differ at various temperatures (Rosen

2001). This is an important issue, which remains to be examined.

Implications for Therapy

Many of the drugs currently prescribed for the treatment of epilepsy, such as
phenytoin, have been discovered through empirical drug testing (reviewed in
Ragsdale & Avoli 1998). Upon subsequent analysis, it was found that such drugs may
help control seizures by reducing sodium current amplitude during high frequency
stimulation. Therefore, it is conceivable that such drugs would be effective in the
treatment of GEFS, in which we found a resistance to high frequency run-down of
sodium current amplitude. Understanding the structure-function relationship of ion
channels involved in diseases will thus help develop new drug therapies based upon

their molecular activity on the channel. Therefore such studies are essential in order to
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develop new drugs which may offer better seizure control while also targeting specific

channel subtypes thus without affecting normal brain function.

Psychopharmacogenetics is a growing field which deals with hereditary
effects on variability in drug response. It has been found that different enzymatic and
ion channel polymorphisms respond differently to specific therapies (reviewed in
Bondy et al. 2001). Therefore it is essential to examine the possibility that these
specific epilepsy mutations respond best to which drugs in the hopes of offering better
seizure control while minimizing the side-effects. It is possible that certain
polymorphisms are better molecular targets for drug treatment, an important

hypothesis which should be examined.
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Conclusion

The first mutation identified related to GEFS+ was a C121W in B1. Oocytes
expressing Nay1.2 along with mutant 31 exhibited a decreased rate of inactivation of
sodium currents, compared to cells expressing wild-type channels. We have shown
that C121Wp1 protein retains its modulatory effects with much reduced efficacy.
More slowly inactivating sodium currents and a negative shift of the steady-state
inactivation curve would both contribute to increased cellular excitablity. This is
consistent with neuronal hyperexcitability causing epilectic events. As well, we have
shown that the mutation causes a reduction in sodium current amplitude when
expressed at high levels in Xenopus oocytes. If this effect were predominant in

inhibitory neurons, it could lead to network hyperexcitability.

We have also shown that the D188V mutation causes a functional channel
which exhibits reduced entry into the slow inactivated state. This results in sustained
activity during high frequency stimulation, characteristic of epileptic seizures. This
functional change has been observed in at least two other GEFS+ mutations, C121W
when expressed in mammalian cells (Meadows et al. 2002) and R1460H (Spampanato
et al. 2001), suggesting that it may be an important causal factor leading to GEFS+.
Investigation of the functional effects of the other GEFS+ mutants is required as well

as in vivo studies to ascertain this hypothesis.

Precise understanding of how altered sodium channel function causes seizures
requires sophisticated modeling incorporating the detailed pattern of Navl1.1 regional

and subcellular localization as well as a fundamental understanding of the complex
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neuronal and network electrophysiclogical properties. As well, the effects of these

mutations on channel function must be addressed in vifro.

This study is an important step in the understanding of the molecular and
physiological basis of GEFS+ epileptogenesis which will lead to a greater
understanding of more common epileptic syndromes and eventually to the

development of better treatments for the disorder.
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FIGURE 1- SODIUM CHANNELS CONSIST OF A CENTRAL  SUBUNIT AND AUXILIARY f3
SUBUNITS.

The voltage-gated sodium channel is formed by a central, pore-forming o
subunit which is sufficient on its own to conduct current. This subunit coﬁtains the
voltage-sensor, the pore as well as segments involved in inactivation. In the brain, two
auxiliary 3 subunits associate with the o subunit. They are involved in protein

folding, cellular localization and modulation of current kinetics.
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FIGURE 2- TOPOLOGY OF SODIUM CHANNEL SUBUNITS AND GEFS+ MUTATION SITES.

The o subunit consists of four homologous domains (I - IV) with six
transmembrane segments each (S1-S6). The S4 transmembrane segment contains the
voltage-sensor. The region between S5 and S6 is involved in the bafl-and-chain
inactivation mechanism. The 3 subunits consist of one transmembrane segment and
an extracellular Ig loop. The first point mutation (Q ) associated with GEFS+ was
identified in the extracellular portion of the 31 subunit. Subsequently, others have
been identified in various parts of the o subunit. This thesis pertains to the C121W

and D188V mutations.
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FIGURE 3- ASPARTIC ACID AT POSITION 188 1S CONSERVED IN ALMOST ALL SODIUM
CHANNELS.

The only exception in mammals is the original rat Nayl.2a clone, where the
aspartic acid is replaced by an asparagine at position 188. It is likely that this
represents an error during replication of cDNA, since other investigators have cloned

the same gene in the rat and found that the aspartic acid is conserved at this position.
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FIGURE 4- THE C121W MUTANT 51 SUBUNIT RETAINS THE ABILITY TO MODULATE SODIUM
CHANNEL FUNCTION IN XENOPUS OOCYTES.

(A) Typical Na+ currents elicited from oocytes injected with varying o3
RNA ratios. The time bar represents 5 msec. The mutant protein has the ability to
modulate the current to the same extent as the wild type protein; however, a much
higher proportion of subunit protein is required. (B) WT (0) and C121W (e) 31 Na+
current modulation efficacy. The wild type protein is approximately one hundred fold

more efficacious at modulating the sodium current.
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FIGURE 8- THE C121W MUTANT 1 SUBUNIT RETAINS THE ABILITY TO MODULATE SODIUM
CHANNEL STEADY STATE INACTIVATION IN XENOPUS OOCYTES.

The X-axis represent the steady-state depolarization in mV, and the Y-axis,
the proportional current amplitude resulting from a OmV depolarization following a
conditioning depolarization. Much higher concentrations of C121W 81 RNA (B) are
required to achieve complete steady-state inactivation modulation of Na+ currents

compared to WT B1 RNA (A) steady-state inactivation.
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FIGURE 6-C/21W CAUSES A DOSE-DEPENDENT DECREASE IN SODIUM CURRENT
AMPLITUDE, AN EFFECT NOT OBSERVED WITH WILD TYPE 1.

Injection of varying « :3 RNA ratios from separate RNA preps, into Xenopus
oocytes from different batches, results in a dose-dependent decrease in sodium

current amplitude for mutant channels only. A qualitative difference is consistently

seen in each different sample group.
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FIGURE 7-D188V DOES NOT AFFECT NA CURRENT TIME COURSE,

(A) Sample traces in HEK cells expressing Nayl.2A or Nay1.2A-D188V. In
this and subsequent figures, wt and mutant o subunits were coexpressed with B1 sub-
units. Currents were evoked by —60, -30, -20 and ~10 mV depolarizations. (B)
Averaged normalized Nayl.2A and Nayl.2A-D188V current traces induced by a
OmV depolarization. (C) Time constants (1) for decay of whole cell current as a
function of test potential in cells expressing Nay1.2A or Nayl.2A-D188V. t values
were determined by fitting current decay with a single exponential. (D) D188V does
not affect persistent sodium currents. (E) Mean levels of persistent current for wild
type (rn = 16) and D188V (n = 13) over a range of test potentials. In each cell,
persistent current was measured at the end of depolarizing test pulses, and then

normalized with respect to the peak current elicited at 0 mV.
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FIGURE 8- DI88V DOES NOT AFFECT THE VOLTAGE-DEPENDENCE OF CHANNEL
ACTIVATION OR FAST INACTIVATION.

(A) Mean current-voltage relationships. No difference is observed between the
wild type and mutant channels. (B) Conductance curves of wild type and mutant
proteins are nearly identical. (C) Steady-state inactivation curves determined using
100 msec conditioning pulses of the wild type and mutant channels exhibit no

differences.
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FIGURE 9- EXPRESSION LEVELS OF WT AND MUTANT CHANNELS WERE
INDESTINGUISHABLE.

(A) Average maximum current evoked by a OmV test potential from a holding
potential of ~90mV, show no difference between wild type and mutant channels. (B)
Channel density measured by maximum current amplitude evoked by a OmV test
potential from a holding potential of ~90m V / whole cell capacitance. No difference

is observed between wild type and mutant channels.
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FIGURE 18- D188V PREVENTS CURRENT CUMULATIVE INACTIVATION DURING RAPID PULSE
TRAINS.

(A) Typical currents for Nayl.2A and Nayl.2A-D188V elicited by 5 msec
depolarization from —80 to +10 mV, at a frequency of 80Hz. For clarity the 1%, 2nd,
10™ and 100™ traces of a 100 pulse train are shown. (B-D) Mean current amplitude
normalized to the amplitude of the 1* trace for Nay1.2A and Nay1.2A-D188V during
100 5 msec-long depolarizing pulses from —80 to +10 mV applied at a frequency of
10 (B), 80 (C) or 100 (D) Hz. E: Summary of frequency modulation of current
amplitude induced by 100 depolarizing pulses. * corresponds to p < 0.05 and **

corresponds to p < 0.01, according to Student’s t-test.
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FIGURE 11- RATE OF RECOVERY FOR NApl.2 AND DI188V-NAyl.2 ARE NEARLY
INDISTINGUISHABLE.

(A) Proportion of current amplitude recovered from inactivation in relation to
recovery time at -90mV for a 5 msec conditioning pulse of OmV, induced by a test
pulse to 0 mV. (B) Recovery rates were fitted with a single exponential.. The plot

shows recovery time constants determined at different recpvery potentials.
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FIGURE 12- DI88V CHANNELS RECOVER FROM INACTIVATION FASTER THAN W1 CHANNELS
FOLLOWING A LONG CONDITIONING PULSE.

Normalized current amplitudes of Nay1.2A or Nay1.2A-D188V elicited by a 0
mV test pulse following a lsec depolarization to 0 mV and a varying length of
recovery time at —80 mV. Mutant channels recover more quickly from prolonged

depolarizations compared to wild type channels.
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FIGURE 13- MODEL OF SODIUM CHANNEL KINETIC STATES.

Channels open {O) from a closed state (C) in response to membrane
depolarization. They may then either close or enter either of two inactivated states:
fast inactivation (Ir) or slow inactivation (Is). These states are modulated by distinct
molecular mechanisms and are characterized by different recovery time constants.
Fast inactivation lasts on the order of milliseconds whereas slow inaction may last up
to tens of seconds. D188V-Nayl.2 are less prone to enter the slow inactivated state

(dashed arrow).
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Fig 13

Model of Sodium Channel Kinetic States
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Table 1- Expression profiles of sodium channel o subtypes and corresponding

chromosomes.

NaVl.l, NaV1.2, NaV1.3 and NaV1.6 are the predominant alpha sodium
channel subtypes expressed in the central nervous system. NaV1.4 is expressed in
skeletal muscle, NaV1.5, in the heart and NaV1.7-NaV1.9, in the peripheral nervous

system.
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Table 1

Sodium channel subtype distribution profile

Sodium channel subtype

NaV1.1 SCN1A

NaV1.2 SCN2A L e
NaV1.3 SCN3A

NaV'1.4 SCN4A

Nav1.5 SCN5A

NaV1.6 SCNB8A

NaV1.7 SCNOA |

Nav1.8 SCN10A . e
NaVv1.9 SCN11A
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Table 2 - Naturally occurring mutations of ion channels cause neurological diseases.

Neurological disorders caused by ion channel mutations are called
channelopathies. Affected channels include voltage-gated sodium, potassium and
calcium channels which may cause an entire spectrum of disorders including chronic
migraines to certain forms of epilepsy. Considering the important role played by ion

channels, it is likely that many other channelopathic mutations will be identified.
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Table 2

Naturally occurring mutations of ion

channels cause neurological diseases

isorder

Channel Gene

Episodic ataxia with myokymia (EA-1) KCNALI

Episodic ataxia (EA-2) CACNIL1A4
Hemiplegic migraine CACNIL1A4
Spinocerebellar ataxis (SCA6) CACNL1A4
Benign neonatal familial convulsions KCNQ2Z, KCNQ3

Generalized epilepsy with febrile seizures plus

SCNIB, SCN1A

A.D. nocturnal frontal lobe epilepsy CHRNA4
Startle disease (hyperekplexia) GLRA1
Jervell and Lange-Nielson syndrome KCNQL

65



References

Alekov A, Rahman MM, Mitrovic N, Lehmann-Hom F, Lerche H (2000). A sodium
channel mutation causing epilepsy in man exhibits subtle defects in fast
inactivation and activation in vitro. J Physiol. 529, 53353-53359.

Alekov A, Rahman MM, Mitrovic N, Lehmann-Horn F, Lerche H (2001). Enhanced
inaction and acceleration of activation of the sodium channel associated with
epilepsy in man. Eur. J Neuroscience. 13,2171-2176.

Alonso A and Llinas RR (1989). Subthreshold Na+-dependent theta-like rhythmicity
in stellate cells of entorhinal cortex layer IL. Nature Nov 9;342(6246):175-7

Armstrong, C.M. (1981) Sodium channels and gating currents. Pysiol. Rev., 61, 644-
682.

Armstrong CM and Bezanilla F (1977). Inactivation of the sodium channel. II. Gating
current experiments. J. Gen. Physiol. 70:567-590.

Auld VI, Goldin AL, Krafte DS, Marshall J, Dunn JM, Catterall WA, Lester HA,
Davidson N and Dunn RJ (1988). A rat brain Na* channel o subunit with novel
gating properties. Neuron 1:449-461.

Bennett PB, Yazawa K, Makita N and George AL Jr (1995). Molecular mechanism
for an inherited cardiac arrhythmia. Nature Aug 24;376(6542):683-5.

Biervert, C., Schroeder, B.C., Kubisch, C., Berkovic, S.F., Propping, P., Jentsch, T.J.
and Steinlein, O.K. (1998) A potassium channel mutation in neonatal human
epilepsy. Science, 279, 403-406.

Bondy B and Zill P (2001). Psychopharmacogenetics—a challenge for
pharmacotherapy in psychiatry. World J Biol Psychiatry. Oct;2(4):178-83.

Cannon SC, Brown RH Jr and Corey DP (1991). A sodium channel defect in
hyperkalemic periodic paralysis: potassium-induced failure of inactivation.

Neuron. Apr;6(4):619-26.

Cannon SC and Strittmatter SM (1993). Functional expression of sodium channel
mutations identified in families with periodic paralysis. Neuron Feb;10(2):317-26.

Catterall, W.A. (1986) Voltage-dependent gating of sodium channels: correlating
structure and function. Trends Neurosci., 9, 7-16.

Catterall WA (1993). Structure and function of voltage-dependent conformational
changes in the Shaker K+ channel with fluorescence. Neuron 19:1127-1140.

66



Chahine M, George AL Jr, Zhou M, Ji S, Sun W, Barchi RL and Hom R (1994).
Sodium channel mutations in paramyotonia congenita uncouple inactivation from
activation. Neuron Feb;12(2):281-94.

Chandler WK and Meves H. (1970), Slow changes in membrane permeability and
long-lasting action potentials in axons perfused with sodium fluoride. J. Physiol.
(LOND.) 211:707-728.

Chartier, C., Singh, N.A., Ryan, S.G., Lewis, T.B., Reus, B.E., Leach, R.J. and
Leppert, M (1998) A pore mutation in a novel KGT-like potassium channel gene
in an idiopathic epilepsy family. Nature Genet., 18, 53-55.

Claes L, Ceulemans B, Audenaert D, Smets K, Lofgren A, Del-Favero J, Ala-Mello S,
Basel-Vanagaite L, Plecko B, Raskin S, Thiry P, Wolf NI, Van Broeckhoven C
and De Jonghe P (2003). De novo SCN1A mutations are a major cause of severe
myoclonic epilepsy of infancy. Human Mutation 21:615-621.

Colbert CM, Magee JC, Hoffman DA, Johnston D (1997). Slow recovery from
inactivation of Na+ channels underlies the activity-dependent attenuation of
dendritic action potentials in hippocampal CAl pyramidal neurons. J Neurosci
Sep 1;,17(17):6512-21

Cossette P, Loukas A, Lafreniere RG, Rochefort DD, Harvey-Girard E, Ragsdale DS,
Dunn RJ, Rouleau GA (2003). Functional characterization of the D188V mutation
in neuronal voltage-gated sodium channel causing generalized epilepsy with
febrile seizures plus (GEFS). Epilepsy Res Feb;53(1-2):107-17.

Cossette, P., Liu, L., Brisebois, K., Dong, H., Lortie, A., Vanasse, M, Saint-Hilaire,
JM., Carmant, L., Verner, A., Lu, W.Y., Wang, Y.T. and Rouleau, G.A. (2002)
Mutation of GABRAI1 in an autosomal dominant form of Juvenile Myoclonic
Epilepsy. Nature Genet. In press.

DeFusco, M., Becchetti, A., Patrignani, A., Annesi, G., Gambardella, A., Quattrone,
A, Ballabio, A., Wanke, E. and Casari, G. (2000) The nicotinic receptor 2 subunit
is mutant in nocturnal frontal lobe epilepsy Nature Genet., 26, 275-276.

Dumaine R, Wang Q, Keating MT, Hartmann HA, Schwartz PJ, Brown AM and
Kirsch GE (1996). Multiple mechanisms of Na+ channel--linked long-QT
syndrome. Circ Res May;78(5):916-24.

Escayg, A., MacDonald, B.T. Meisler, M .H., Baulac, S., Huberfeld, G., An-
Gourfinkel, 1., Brice, A., LeGuern, E., Moulard, B., Chaigne, D., Buresi, C and
Malafosse, A. {2000) Mutations of SCN1A, encoding a neuronal sodium channel,
in two families with GEFS+2. Nature Genet., 24, 343-5.

Featherstone DE, Richmond JE and Ruben PC (1996). Interaction between fast and
slow inactivation in Skm1 sodium channels. Biopays. J. 71:3098-3109.

67



Fleidervish 1A, Feidman A and Gutnick MJ (1996). Slow inactivation of Na+ current
and slow cumulative spike adaptation in mouse and guinea pig neocortical
neurones in slices. J. Physiol. (Lond. ) 493:83-97.

Gardiner, R.M. (1999) Genetic basis of the human epilepsies. Epilepsy Res., 36, 91-
95.

Goldin, A.L., Barchi, R.L., Caldwell, J.H., Hofmann, F., Howe, J.R., Hunter, J.C,,
Kallen, R.G., Mandel, G., Meisler, M.H., Netter, Y.B., Noda, M., Tamkun, M.M.,
Waxman, S.G. Wood I.N. and Catterall, W.A. (2000) Nomenclature of voltage-
gated sodium channels. Neuron, 28, 365-368.

Guy, HR., and Seetharamalu, P. (1986) Molecular model of the action potential
sodium channel. Proc. Natl. Acad. Sci. US4, 508, 508-512.

Hamill OP, Marty A, Neher E, Sakmann B and Sigworth FJ (1981). Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free
membrane patches. Pflugers Arch. Aug391(2):85-100.

Hartmann HA, Tiedman AA, Chen SF, Brown AM and Kirsch GE (1994). Effects of
M-IV linker mutations on human heart NA" channel inactivation gating, Circ,
Res. 75:114-122.

Hartshorne, R.P., and Catterrall, W.A. (1981) Purification of the saxitoxin receptor of
the sodium channel from rat brain. Proc. Natl. Acad. Sci. USA, 78, 4620-4624.

Hartshorne, R.P., Messner, D.J., Coppersmith, J.C., and Catterrall, W.A. (1982). The
saxitoxin receptor of the sodium channel from rat brain; evidence for two non-
identical beat subunits. J. Biol. Chem., 257, 13888-13891.

Hayward LJ, Brown RH Jr and Cannon SC (1997). Slow inactivation differs among
mutant Na channels associated with myotonia and periodic paralysis. Biophys J.
Mar;72(3):1204-19.

Heinemann, S.H., Terlau H., Stilhmer, W., Imoto, K., and Numa, S (1992) Calcium
channel characteristics conferred on the sodium channel by single mutations.
Nature, 356, 441-443.

Hille, B. (1984) Ionic Channels of Excitable Membranes, First Edition. Sunderland,
MA: Sinauer Associates, Inc.

Isom, L.L., De Jongh, K.S., Patton, D.E., Reber, B.F., Offord, J., Charbonneau, H.,
Walsh, K., Goldina, A.L. and Catterall, W.A. (1992) Primary structure and
functional expression of the beta 1 subunit £ the rat brain sodium channel. Science,
256(5058), 839-842.

Isom, L.L., Ragsdale, D.S., De Jongh, K.S., Westenbroek, R.E., Reber, B.F., Scheuer,
T., and Catterall, W.A. (1995a) Structure and function of the beta 2 subunit of

brain sodium channels, a transmembrane glycoprotein with a CAM motif. Cell, 83
(3), 433-442.

68



Isom, L.L., Scheuer, T., Brownstein, A.B., Ragsdale, D.S., Murphy, B.J., and
Catterall, W.A. (1995b) Functional co-expression of the Bl and type IIA «

subunits of sodium channels in a mammalian cell line. J. Biol. Chem., 270, 3306-
3312.

Isom, L.L., and Catterall, W.A. (1996) Na+ channel subunits and Ig domains. Nature,
383, 307-308.

Isom L.L. (2001) Sodium channel beta subunits: anything but auxiliary.
Neuroscientist, 7 (1), 42-54.

Jacobs, M.P., Fischbach, G.D., Davis, M.R.,, Dichter, M.A., Dingledine, R.,
Lowenstein, D.H., Morrell, M.J., Noebels, J.L., Rogawski, M.A., Spencer, S.S,,
and Theodore, W.H. (2001) Future directions for epilepsy research. Neurology,
57,1536-1542.

Jiang Y, Lee A, Chen J, Cadene M, Chait BT and MacKinnon R (2002). Crystal
structure and mechanism of a calcium-gated potassium channel. Nature May 30;
417,515-522

Jiang,Y, Ruta V, Chen I, Lee A and MacKinnon R. (2003) The principle of gating
charge movement in a voltage-dependent K+ channel. Nature 423, 42 - 48 (01
May 2003)

Jung HY, Mickus T and Spruston N (1997). Prolonged sodium channel inactivation
contributes to dendritic action potential attenuation in hippocampal pyramidal
neurons. J Neurosci Sep 1;17(17):6639-46

Jurkat-Rott K, Lerche H and Lehmann-Hom F (2002). Skeletal muscle
channelopathies.J Neurol Nov;249(11):1493-502.

Lerche, H., Mitrovic, N, Dubowitz, V. and Lehmann-Hom, F. (1997)
Pathophysiology of paramyototonia congenital: the R1448P sodium channel
mutation is adult human skeletal muscle. Ann. Newrol., 39, 599-608.

Kazen-Gillespie KA, Ragsdale DS, D’Andrea MR, Mattei LN, Rogers KE and Isom
LL. (2001). Cloning, localization, and functional expression of sodium channel
betal A subunits. J Biol Chem. 2000 Jan 14;275(2):1079-88.

Kaplan, M.R., Meyer-Franke, A., Lambert, S., Bennett, V., Duncan, L.D., Levinson,
S.R., and Barres, B.A. (1997) Induction of sodium channel clustering by
oligodendrocytes. Nature, 386 (6626), 724-728.

Lehmann-Hom F, Iaizzo PA, Hatt H and Franke C (1991). Altered gating and
conductance of Na+ channels in hyperkalemic periodic paralysis. Pflugers Arch.

Apr;418(3):297-9.

Liu Y., Holmgren, M., Juramn, M.E., and Yellen, G. (1997) Gated access to the pore
of a voltage-dependent K+ channel. Neuron, 19, 175-184.

69



McNamara (1994). Cellular and molecular basis of epllepsy J Neurosci
Jun;14(6):3413-25

Meadows LS, Malhotra J, Loukas A, Thyagarajan V, Kazen-Gillespie KA, Koopman MC,
Kriegler S, Isom LL, Ragsdale DS (2003). Functional and Biochemical Analysis of a

Sodium Channel B1 Subunit Mutation Respounsible for Generalized Epilepsy with
Febrile Seizures Plus Type 1. J Neuroscience. Dec 15;22(24):10699-709.

Mitrovic N, George AL Jr, Heine R, Wagner S, Pika U, Hartlaub U, Zhou M, Lerche
H, Fahlke C and Lehmann-Homm F (1994). K(+)-aggravated myotonia:
destabilization of the inactivated state of the human muscle Na+ channel by the
V1589M mutation. J Physiol Aug 1;478 Pt 3:395-402.

Noda M, Ikeda T, Suzuki H, Takeshima H, Takahashi T, Kuno M and Numa S
(1986b). Expression of functional sodium channels from cloned cDNA. Nature
322:826-282.

Noda, M., Shimizu, S., Tanabe, T, Takai, T., Kayano, T., Ikeda, T., Takahashi, H.,
Nakayama, H., Kanaoka, Y., Minamino, N., ef al. (1984) Primary structure of
Electrophorus electricus sodium channel deduced from cDNA sequence. Nature,
312, 121-127.

Meadows LS, Chen YH, Powell AJ, Clare JJ, Ragsdale DS. (2002) Functional
modulation of human brain Navl.3 sodium channels, expressed in mammalian
cells, by auxiliary b1, b2 and b3 subunits. Neuroscience, in press.

Patton, D.E., Isom, L.L., Catterall, W.A., and Goldin, A.L. (1994) The adult rat brain
beta 1 subunit modifies activation and inactivation gating of multiple sodium
channel alpha subunits. J. Biol. Chem., 269 (26), 17649-17655.

Patton DE, West JW, Catterall WA and Goldin AL (1992). Amino acids residues
required for fast sodium channel injactivation: charge neutralization and deletions
in the -1V linker. Proc. Nail. Acad. Sci. USA 89:10905-10909.

Perozo, E., Cortes, D.M., and Guello, L.G. (1999) Strucutral arrangements underlying
K+-channel activation gating. Science, 285(5424), 73-78.

Ptadek, L.J. (1998). The place of migraine as a channelopathy. Curr. Op. Neurol,, 11,
217-226.

Ragsdale D.S. and Avoli M. (1998) Sodium channels as molecular targets for
antiepileptic drugs. Brain Res Rev. n26:16-28.

Ragsdale, D.S., McPhee, J.C., Scheuer, T., and Catterall, W.A. (1994) Molecular

determinants of state-dependent block of Na+ channels by local anesthetics.
Science. 265, 1724-1728.

70



Riordan JR, Rommens JM, Kerem B, Alon N, Rozmahel R, Grzelczak Z, Zielenski J,
Lok S, Plavsic N, Chou JL, Drumm ML, lannuzzi MC, Collins FS, Tsui LC
(1989) Identification of the cystic fibrosis gene: cloning and characterization of
complementary DNA. Science 245:1066-1073.

Rosen AD (2001). Nonlinear temperature modulation of sodium channel kinetics in
GH(3) cells. Biochim Biophys Acta. Apr 2; 1511(2):391-6.

Rudy B (1978). Slow inactivation of the sodium conductance in squid giant axons:
pronase resistance. J. Physiol. (Lond.) 271:C971-C981.

Ruff RL, Simoncini L and Stuhmer W (1988) Slow sodium channel inactivation in
mammalian muscle: a possible role in regulating excitability. Muscle Nerve.
11(5):502-10.

Ruff RL (1996) Single-channel basis of slow inactivation of Na+ channels in rat
skeletal muscle. Am. J. Physiol. 271:C971-C981.

Salgado VL, Yen JZ and Narahashi T (1985). Voltage-dependent removal of sodium
inactivation by N-bromoacetamide and pronase. Biophys. J. 47:567-571.

Sawczuk A, Powers RK and Binder MD (1995). Spike frequency adaptation studied
in hypoglossal motoreurons of the rat. J. Neurophys. 73:1799-1810.

Singh, N.A., Charlier, C., Stauffer, D., DuPont, B.R., Leach, R.J., Melis, R., Ronen,
G.M., Bjerre, 1., Quattlebaum, T., Murphy, J.V., McHarg, M.L., Gagnon, D.,
Rosales, T.O., Peiffer, A., Andersen, V.E. and Leppert, M. (1998) A novel
potassium channel gene, KCNQ?2, is mutated in an inherited epilepsy of newborns.
Nature Genet., 18, 25-29.

Smith RD and Goldin AL (1998). Potentiation of rat brain sodium channel currents by
PKA in Xenopus oocytes involves the I-II linker. Am J Physiol Cell Physiol
Apr;278(4):C638-45.

Spampanato J, Escayg A, Meisler MH and Goldin AL. (2001) Functional effects of
two voltage-gated sodium channel mutations that cause generalized epilepsy with
febrile seizures plus type 2. J. Neurosci., Oct 1;21(19):7481-90.

Starkus JG and Shrager P (1978). Modification of slow sodium inactivation in nerve
after internal perfusion with trypsin. Am. J. Physiol. 4:C238-C244.

Steinlein, O.K., Mulley, J.C., Propping, P., Wallace, R.H., Phillips, H.A., Sutherland,
G.R., Scheffer, I.E. and Berkovic, S.F. (1995) A missense mutation in the
neuronal nicotinic acetylcholine receptor alpha 4 subunit is associated with
autosomal dominant nocturnal frontal lobe epilepsy. Nature Genet., 11, 201-203.

Stuart G and Hausser M (2001). Dendritic coincidence detection of EPSPs and action
potentials. Nat Neurosci Jan;4(1):63-71

71



Stuart G and Sakmann B (1995). Amplification of EPSPs by axosomatic sodium
channels in neocortical pyramidal neurons. Neuron Nov;15(5):1065-76

Terlau, H., Heinemann, S.H., Stiihmer, W., Pusch, M., Conti, F., Imoto, K., and
Numa, S. (1991) Mapping the site of block by tetrodotoxin and saxitoxin of
sodium channel Il. FEBS Lett., 293, 93-96.

Toib A, Lyakhov V and Marom S (1998). Interaction between duration of activity and
time course of recovery from slow inactivation in mammalian brain Na” channels.
J. Neurosci. 18:1893-1903.

Valenzuela C and Bennett PB (1994). Gating of cardiac Na+ channels in excised
membrane patches after modification by a-chymotrypsin. Biophys. J. 67:161-
171.

Vedantham V and Cannon SC (1998). Slow inactivation does not affect movement of
the fast inactivation gate in voltage-gated Na’ channels. J. Gen. Physiol. 111:83-
93.

Vilin YY, Fujimoto E and Ruben PC. (2001) A single residue differentiates between
human cardiac and skeletal muscle Na+ channel slow inactivation. Biophys J.
May, 80: 2221-2230.

Wallace RH, Wang DW, Singh R, Scheffer IE, George AL Jr, Phillips HA, Saar K,
Reis A, Johnson EW, Sutherland GR, Berkovic SF and Mulley JC (1998). Febrile

seizures and generalized epilepsy associated with a mutation in the Na+-channel
betal subunit gene SCN1B. Nat Genet. Aug 19(4):366-370.

Wallace, R.H., Scheffer, LE., amett, S., Richards, M.m Dibbens, L., Desai, RR,,
Lerman-Sagie, T., Lev, D., azarib, A., Brand, N., Ben-Zeev B., Goikhman I,
Singh, R., Kremmidiotis, G., Gardner, A., Sutherland, GR., George, A.L. Jr,,
Mulley, J.C. and Berkovic, S.F. (2001) Neuronal sodium-channel alphal-subunit
mutations in generalized epilepsy with febrile seizures plus. dm. J. of Hum.
Genet., 68, 859-65.

Wang SY and Wang GK (1997). A mutation in segment [-S6 alters slow inactivation
of sodium channels. Biophys. J. 72:1633-1640.

Wang DW, Yazawa K, George AL Jr and Bemnett PB (1996). Characterization of
human cardiac Na+ channel mutations in the congenital long QT syndrome. Proc
Natl Acad Sci U § A. Nov 12;93(23):13200-5.

West JW, Patton DE, Scheuer T, Wang Y, Goldin AL and Catterall WA (1992). A
cluster of hydrophobic amino acid residues required for fast Na+ channel
inactivation. Proc. Nail. Acad. Sci. USA 89:10910-10914.

Westenbroek, R.E., Merrick, D.K. and Catterall, W.A. (1989) Differential subcellular

localization of the RI and RII Na+ channel subtypes in central neurons. Neuron, 3,
695-704.

72



Westenbroek, R.E., Noebels, J.L., and Catterall, W.A. (1992) Elevated expression of
type IIA Na+ channels in hypomyelinated axons of shiverer mouse bramn. J
Neurosci., 12 (6), 2259-2267.

Yang, N., Ji, S., Zhou, M, Ptacek, L.J., Barchi, R.L., Horn, R. and George, A.L. Jr.
(1994) Sodium channel mutations in paramyotonia congenita exhibit similar

biophysical phenotypes in vitro. Proc. Natl. Acad. Sci U.S.A., 91, 12785-12789.

Yang, N.B., and Hom, R. (1995) Evidence for voltage-dependent S4 movement in
sodium channel. Neuron, 15, 213-218.

Yang, N.B., George, AL. Jr., and Horn, R. (1996) Molecular basis of charge
movement in voltage-gated sodium channels. Neuron, 16, 113-122.

Yellen G (1998). The moving parts of voltage-gated ion channels. O Rev Biophys.
Aug31(3):239-95.

Yellen G (2002). The voltage-gated potassium channels and their relatives. Nature
2002 Sep 5;419(6902):35-42

73



