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m Abstract The development of molecular markers and genomic resources has fa-
cilitated the isolation of genes responsible for rare monogenic epilepsies in human
and mouse. Many of the identified genes encode ion channels or other components of
neuronal signaling. The electrophysiological properties of mutant alleles indicate that
neuronal hyperexcitability is one cellular mechanism underlying seizures. Genetic het-
erogeneity and allelic variability are hallmarks of human epilepsy. For example, muta-
tions in three different sodium channel genes can produce the same syndrome; GEFS
while individuals with the same allele can experience different types of seizures. Hap-
loinsufficiency for the sodium channel SCN1A has been demonstrated by the severe
infantile epilepsy and cognitive deficits in heterozygotes for de novo null mutations.
Large-scale patient screening is in progress to determine whether less severe alleles
of the genes responsible for monogenic epilepsy may contribute to the common types
of epilepsy in the human population. The development of pharmaceuticals directed
towards specific epilepsy genotypes can be anticipated, and the introduction of pa-
tient mutations into the mouse genome will provide models for testing these targeted

therapies.
CONTENTS

INTRODUCTION ..o e e e 568

METHODS FOR ISOLATION OF MONOGENIC EPILEPSY GENES......... 569

IDENTIFICATION OF MUTATIONS IN ION CHANNEL GENES ............. 569
Voltage-Gated Sodium Channels. .............. ... ..., 572
Voltage-Gated Potassium Channels . ........... ... . ... ... ... ... .. 575
Voltage-Gated Calcium Channels. . ............ ... . ... ... ... oL, 576
Ligand-Gated GABA RECEPIOrS. . ...ttt 577
Ligand-Gated Acetylcholine Receptors. .. ......... ..., 577

*This chapter is dedicated to Roslyn Klaif in appreciation of her courage and inspiration.

0066-4197/01/1215-0567%$14.00 567



Annu. Rev. Genet. 2001.35:567-588. Downloaded from arjournals.annualreviews.org
by University of Michigan on 02/08/06. For personal use only

568

MEISLER ET AL.

ION CHANNEL MUTATIONS AND NEURONAL

HYPEREXCITABILITY oo e e 578
SEIZURES IN MICE WITH TARGETED INACTIVATION OF
ENDOGENOUS GENES. . . ... e 578
RNA Editing of Glutamate Receptor Subunits . .......................... 579
The Sodium/Hydrogen Transporter SLCOA . . ... ... i, 579
IDENTIFYING GENES RESPONSIBLE FOR HUMAN EPILEPSIES
LACKING CLEAR MODES OF INHERITANCE ..............ccooviia... 579
Linkage Analysis Using Collections of Small Families . ................... 580
Association Studies Using Candidate Genes. ....................ooo.... 580
FUTURE PROSPECTS . . .ottt 582
Additional Monogenic Epilepsy GenesinHuman........................ 582
New Monogenic Epilepsies from Large-Scale Chemical Mutagenesis
INThe MOUSE . .. o 582
Large-Scale Mutation Detection in Patients with Common
FOorms of EpIlEpSY . . ..o oot 583
Development of Individualized Pharmacogenetic Therapies. . ............. 583
INTRODUCTION

Epilepsy is one of the most common neurological disorders, affecting approxi-
mately 3% of individuals at some time in their lives, and is a significant medical
burden to patients and to society (36). A strong genetic influence, long suspected,
has been confirmed during the past few years by the mapping and isolation of more
than 40 genes responsible for monogenic epilepsy in human families and mouse
models.

Human epilepsy is a heterogeneous disorder defined by recurrent unprovoked
seizures, the clinical manifestation of abnormal synchronized neuronal discharges
in the brain. The primary seizure types are generalized seizures, which in-
volve the entire brain from the outset, and partial (focal) seizures, which begin
in a localized brain region (19). Classification of epilepsy syndromes combines
information on seizure type, age at onset, etiology, clinical course, and electroen-
cephalographic (EEG) findings (20). Idiopathic epilepsy lacks antecedent dis-
ease or injury to the central nervous system and is of presumed genetic origin.
The current classifications are not well correlated with genetic causes, since the
same mutations can produce different syndromes in different individuals, and a
single syndrome can be generated by mutations in more than one gene.

All of the genes thus far identified as causing idiopathic epilepsy are molecular
components of neuronal signaling. The functional effects of the mutant alleles
provide direct evidence for neuronal hyperexcitability as one cellular mechanism
underlying seizures. A major challenge for the future is to determine whether
these monogenic epilepsy genes also contribute to the common epilepsies that
do not have clear patterns of inheritance, and if so, to determine the identity and
frequency of the responsible alleles. Identification of the genetic basis for inherited
epilepsies provides new therapeutic targets for this frequently debilitating disorder.
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In this chapter, we describe the recent progress in identification of idiopathic
epilepsy genes in human and mouse, the functional effects of mutated alleles, and
the preliminary efforts to evaluate the role of these genesin common epilepsies. Ad-
ditional information can be found in several excellent reviews (3, 10, 13, 30, 33, 41,
45,60, 64,67, 70).

METHODS FOR ISOLATION OF MONOGENIC
EPILEPSY GENES

Progress in molecular neurobiology during the past two decades identified many
functional candidate genes for epilepsy based on their role in generation and trans-
mission of electrical signals in neurons. Chromosomal map positions provided the
key connection between candidate genes and human disorders. During the 1980s
and 1990s, cDNA clones were isolated and mapped to specific human chromosome
positions using somatic cell genetics, fluorescent in situ hybridization (FISH), and
PCR analysis of radiation hybrid panels. During the same period, the development
of polymorphic molecular markers for human linkage analysis made it possible
to map the loci for clinical epilepsy syndromes found in large family pedigrees.
The coincidence of chromosomal positions of candidate genes and disease loci led
to the identification of several monogenic human epilepsy genes. The identified
human epilepsy genes are listed in Table 1.

Mouse epilepsy genes have been isolated using experimental crosses with
thousands of informative meioses that define small nonrecombinant regions of
0.5 to 1 Mbh. Isolation of large-insert clones spanning the nonrecombinant re-
gion and identification of genes in the nonrecombinant region have been stream-
lined by new genomic resources. The availability of ordered BAC clone contigs
spanning the mouse genome has eliminated the need to screen clone libraries,
and the gene content of most regions can now be obtained electronically from
the assembled sequence of the corresponding human chromosome region. With
these methods, the time required to map and clone an epilepsy mutation has been
greatly reduced, and several spontaneous mouse mutations associated with well-
characterized seizures have been cloned (Table 2). A publicly funded initiative
to generate additional seizure models in the mouse by chemical mutagenesis will
provide increased opportunities for applying these methods to identification of
epilepsy genes.

IDENTIFICATION OF MUTATIONS
IN ION CHANNEL GENES

The propagation of the electrical impulse in neurons is initiated by the transient
opening of voltage-gated sodium channels and influx of sodium ions along a
concentration gradient. The impulse is terminated by the transient opening of
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TABLE 1 Identified genes responsible for human monogenic idiopathic epilepsy
Types of Clinical

Year  Gene Chromosome  MIM Mode  mutantalleles  syndrome

2001 GABRG2 5031 604233 AD Missense GERS
GABAp
receptor

2001 SCN2A 2024 604233 AD Missense GERS
sodium channel
alpha subunit

2000 SCNI1A 2024 604233 AD Missense GERZ
sodium channel AD null, missense SMEI
alpha subunit

2000 CHRNB2 1p21 605375 AD Missense ADNFLE3
acetylcholine
recepter beta
subunit

1998 SCN1B 19913 604233 AD Missense GEFS
sodium channel
beta 1 subunit

1998 KCNQ2 2013 602235 AD Missense, null BFNC1 (EBN1)
potassium
channel

1998 KCNQ3 8g24 121201 AD Missense BFNC2 (EBN2)
potassium
channel

1995 CHRNA4 20913 600513 AD Missense ADNFLE1

acetylcholine
receptor alpha

AD, autosomal dominant; GEHS Generalized epilepsy with febrile seizures plus; SMEI, severe myoclonic epi-
lepsy of infancy; ADNFLE, autosomal dominant nocturnal frontal lobe epilepsy; BFNC, benign familial neonatal
convulsions.

voltage-gated potassium channels that permit the efflux of potassium and restora-
tion of the resting potential of the cell. Voltage-gated calcium channels in the axon
terminal convert the electrical signal to a chemical signal via influx of calcium
ions, leading to release of synaptic vesicles containing neurotransmitters. This re-
lease activates ligand-gated receptors in the postsynaptic membrane and initiates
an electrical impulse in the downstream neuron. The shared domain structure of the
voltage-gated potassium, sodium, and calcium channels demonstrates their evolu-
tionary origin from a common ancestral protein (38). Predictions that mutations
in these channels and receptors could produce disregulated neuronal firing have
been confirmed by the identification of disease-causing mutations in human and

mouse.
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Voltage-Gated Sodium Channels

The voltage-gated sodium channels contain a large pore-forming transmembrane
a subunit of 260 kDa that is capable of generating a sodium current in response
to membrane depolarization (15). Tlaubunit can associate with three auxiliary

B subunits of 35 kDa that influence the rate of channel inactivation and intracellular
localization (15). Four of the teta subunit genes in the mammalian genome are
expressed at high levels in the central nervous sysBN1A SCN2A SCN3A
andSCNB8A(47).

GENERALIZED EPILEPSY WITH FEBRILE SEIZURES PLUS ~ The first evidence of sodium
channel mutations in epilepsy was obtained in 1998 by analysis of a large Aus-
tralian family with 378 members, including 42 with a history of epilepsy (76). The
phenotype in affected family members was highly variable and included febrile
(fever-induced) seizures persisting beyond the usual termination age of six years,
generalized epilepsy involving absence seizures, myoclonic, atonic or tonic-clonic
seizures, and partial epilepsy. This syndrome was designated Generalized Epilepsy
with Febrile Seizures Plus (GEFSP; MIM 604233) (63). The Id8&$St+1 was
mapped to chromosome 1913, where the sodium chgdrmibunit gen€ECN1B
had been previously mapped. Exon sequencing identified a missense mutation,
C121W, that cosegregated with the disease and was not observed in 96 controls
(76). In functional assays, the mutant protein failed to accelerate the recovery from
inactivation of the associatedsubunit (76) (Table 3). Coexpression of mutant and
wild-type 8 subunits with thex subunit produced an intermediate rate of inacti-
vation (48), indicating that the inactive mutant subunit can compete for binding to
thea subunit in heterozygotes and accounting for the dominant inheritance of the
disorder. In heterozygotes, the association of inagigibunits withe subunits
is predicted to produce a population of channels that would inactivate slowly and
generate “persistent current.” A neuron with persistent sodium current will require
a smaller depolarization to initiate firing, and thus may be considered to be in a
hyperexcitable state.

A second locusGEFStH2, was mapped in 1999 to a 20-cM interval of chro-
mosome 2924 that contained thesubunit geneSCN1A SCN2A and SCN3A
by analysis of two large families (6, 50). Screening affected individuals from both
families using conformation sensitive gel electrophoresis of amplified exons iden-
tified two missense mutations in t8&N1Agene R1648HandT875M(27). Both
mutations changed evolutionarily invariant residues located in the voltage-sensing
S4 segments of the protein. Introduction of these mutations into the SCN1A chan-
nel and examination of the kinetic propertieXienopu®ocytes demonstrated that
theR1648Hmutation accelerated the recovery from inactivation and decreased the
use dependence of channel activity (66). This accelerated recovery could lead to
rapid firing patterns and neuronal hyperexcitability. Similar effects were observed
when the corresponding mutation was introduced B@N4A(2). The second
mutation,T875M increased the likelihood of inactivation by the slow inactivation
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mode, which would reduce the proportion of channel protein available for opening.
The effect of this “functional hypomorph” may be similar to the null mutations
described below. Four additional missense mutatiorf@dh1Ahave been identi-
fied in families with GEFS-, but their functional effects have not been described
(26, 75).

SCN1As physically locatedia 1 Mbcluster withSCN22AandSCN3A26). The
three genes share 85% amino acid sequence identity and are coexpressed in neu-
rons, but they differ in subcellular distribution and levels of expression in different
types of neurons. A mutation BICN2Awas recently identified in a Japanese family
with GEFSt (72). The mutationR187Wresulted in delayed channel inactivation,
which could increase sodium influx and neuronal excitability. The mutation was
not observed in 224 alleles from unaffected individuals. Overlapping clinical syn-
dromes thus result from certain mutations in three sodium channel gEOB4.A
SCN2AandSCN1B

SEVERE MYOCLONIC EPILEPSY OF INFANCY Children with Severe Myoclonic Epi-

lepsy of Infancy (SMEI) experience febrile seizures that progress to frequent se-
vere afebrile seizures, delayed psychomotor development, ataxia, and myoclonic
episodes. The elevated incidence of epilepsy in relatives of children with SMEI
suggested a genetic predisposition in some cases (9, 64a). Because of the associ-
ation of SCN1A with febrile seizures in GERS Claes and colleagues screened
Belgian children with SMEI for mutations iSCN1A(18). Seven de novo muta-
tions were identified in affected children that were not present in either parent. Six
of these mutations are frameshift or nonsense mutations resulting in null alleles
with complete loss of function. These observations demonstrate for the first time
that quantitative deficiency in a sodium channel can cause disease. The haploinsuf-
ficiency of humarSCN1Acontrasts with the recessive inheritance of null alleles

of other sodium channels in the mouse (47). This work demonstrates that de novo
mutations may be responsible for sporadic cases of epilepsy. In the future, it will
be worthwhile including transcriptional regulatory regions of the sodium channel
genes in mutational screening; this will require that the transcription start sites of
these genes be identified.

TEMPORAL LOBE EPILEPSY IN THE Q54 MOUSE Specific disease mechanisms can

be tested in mouse models by introducing a gain-of-function mutation by mi-
croinjection of a transgene construct. The mutaAL879-881QQ0n sodium
channel SCN2A is located in the S4-S5 linker of transmembrane domain 2 and
results in delayed inactivation and increased persistent currgetiopuwocytes.
Transgenic mice carrying this mutation exhibit a progressive seizure disorder that
begins between 1 and 2 months of age and has several features of human temporal
lobe epilepsy (42). Continuous EEG and video monitoring detected focal seizure
activity originating in the hippocampus. During seizures the mice exhibit behav-
ioral arrest and stereotyped repetitive behaviors. There is progressive cell loss
and gliosis in the CA1-CA3 and hilus, reminiscent of the hippocampal sclerosis
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seen in patients with temporal lobe epilepsy (40). Recordings of hippocampal
CA1 neurons from presymptomatic mice detected a 50% increase in the amount
of persistent sodium current between action potentials, which may increase the
resting membrane potential of the cells and lead to hyperexcitability. The lifespan
of these mice is greatly reduced. The Q54 mice can be genotyped presymptomat-
ically, making them a valuable model for early interventions, and for determining
whether cell loss and gliosis precede seizure activity. The Q54 mouse provides
another example of seizures resulting from delayed inactivation of a voltage-gated
sodium channel.

The sodium channel mutations demonstrate three types of genetic heterogene-
ity in epilepsy: @) mutation in a single gene can generate different syndromes
(SCN1An GEFSt and SMEI); p) a single mutation can generate different types of
seizures within a family (affected individuals in GEF$amilies); €) mutationsin
different genes can produce the same syndrdd@N1A SCN2A andSCN1Bin
GEFSt).

The electrophysiological effects of six sodium channel mutations have been
measured in in vitro assays (Table 3). The abnormal properties of the isolated chan-
nels predict at least three different mechanisms of abnormal firing at the cellular
level. The most common observation was delayed channel inactivation resulting
in persistent sodium current. At the cellular level, persistent current may lead to
seizures by reducing the threshold for firing of successive action potentials. This
is also the most common defect associated with disease mutations of the skeletal
and cardiac muscle sodium channels (3). An unusual mechanism was observed for
the R1648H form of SCN1A, which recovers from inactivation more rapidly than
wild-type channels and may increase the frequency of firing of action potentials.
Surprisingly, alleles 08CN1Aassociated with decreased activity, T875M and the
null mutations in SMEI, also predispose to seizures (Table 3). This effect of low ac-
tivity may be unique t&CN1Adue to aspects of intracellular localization, regional
expression pattern, or a unique role in inhibitory neurons. It would be interesting to
determine whether mice with reduced levels of the channels SCN2A and SCN8A
are susceptible to seizuréCN3AandSCN8Awhich are expressed at high levels
throughout the human brain, have not yet been screened for mutations in epilepsy
families.

Voltage-Gated Potassium Channels

Two classes of voltage-gated potassium channels have been associated with seizu-
res, the Kv channels and the KCNQ channels. The Kv channel KCN1A is involved

in the recovery phase of the action potential. Like the delayed inactivation mutants
of SCN1AandSCN2A loss of function of this channel would result in prolonged
sodium currents. Targeted inactivation of KCN1A in the mouse resulted in de-
velopment of spontaneous tonic-clonic seizures that occur with high frequency
beginning at 3 weeks of age and continue throughout adult life (65). Mutations
of humanKCN1A which have as their primary effect an episodic ataxia (EA1),
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also predispose to seizures (78). Targeted inactivation of the Kv3.2 channel in the
mouse resulted in increased seizure susceptibility in homozygotes (43).

The KCNQ2 and KCNQ3 proteins interact to generate the M-type current, a
slowly activating and deactivating potassium conductance that contributes to sub-
threshold electroexcitability of neurons and their responsiveness to synaptic inputs.
The effect of the M current is to reduce neuronal excitability. Loss-of-function mu-
tations for the potassium channels KCNQ2 and KCNQ3 have been identified in
families with inherited benign neonatal convulsions, EBN1 (MIM#121200) and
EBN2 (MIM#121201) (Table 1).

Voltage-Gated Calcium Channels

The voltage-gated calcium channel is composed of a laggbunit and three ac-
cessory subunitg, y, anda25. Combinations of the products of multiple genes

for each subunit generate a large number of molecular isoforms of the channel.
Complete deficiency of the alpha subunit results in severe ataxia and late onset
neurodegeneration (29a). Seven spontaneous mouse mutations in calcium chan-
nel subunits produce spike-wave epilepsy and ataxia, suggesting that human or-
thologs may be involved in absence epilepsy. Three mutations ian théunit
geneCacnalawere identified by positional cloning. Thettering allele substi-

tutes leucine for a highly conserved proline in the S5-S6 linker of domain Il (29).
TheNagoyamutation is an arginine-to-glycine substitution in the voltage-sensing
S4 segment of domain Il (49). Leaner mice have a splice site mutation in the
coding region for the C-terminal domain of Cacnala, which results in truncation
of the open reading frame and expression of aberrant C-terminal sequences (29). A
significant reduction in calcium current density was recorded from Purkinje cells
of tottering mice (28). A splice site mutation in th&4 subunit gen€acnb4that
produces a truncated, nonfunctional protein was identified in the mouse mutant
lethargic (12). lethargic mice exhibit absence seizures, lethargy, and ataxia, and
go through a crisis during the third week of life. Bdéthargicandtotteringmice
exhibit decreased glutamatergic synaptic transmission in thalamic neurons, sug-
gesting that the andg4 subunits are required for neurotransmitter release specific
to glutaminergic synapses (14). A survey of human epilepsies identified two po-
tential disease mutations in the orthol6§CNB4(25). Spontaneous mutations of
thew 282 subunit arose in the mouse mutadieky(4a) andorpid, which exhibit
abnormal gait and seizures as well as dysgenesis of hindbrain and spinal cord
(4,5). Positional cloning of the mouse mutatdrgazeridentified a new protein

with 25% amino acid sequence identity to the muscle-spegifiubunit of the
voltage-gated calcium channel (44). Coexpression of the mutant subunit with the
wild-type o subunit resulted in minor alterations in channel properties (16, 41a,
44). Recent work indicates that another function of the stargazin protein is synaptic
localization of AMPA receptors, which are missing from cerebellar granule cells
of stargazemice (16).
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Ligand-Gated GABA, Receptors

GABA receptors are ligand-gated chloride channels composed of a pentameric
assembly of homologous subunits (46). Since GABAceptors mediate synap-
tic inhibition, mutations with reduced activity could produce neuronal hyperex-
citability. The most abundant receptor isoform in brain is #ig2y 2 receptor.
No mutations were detected in these subunit genes by direct mutation screening
(53) or association analysis (61) in families with idiopathic generalized epilepsy.
However, in 2001 the third locus for Generalized Epilepsy with Febrile Seizures
GEFS+3, was mapped to chromosome 5034 in two large pedigrees from France
and Australia (7, 74). Thel andy 2 genes are both located in this chromosome
region, and exon sequencing identifig2lmutations in both families. Inthe French
family, the mutatiorK289Min the extracellular domain was present in all 13 af-
fected members, 2 obligate carriers, and 1 asymptomatic individual (7). Affected
individuals in the Australian family carry the mutati®%3Q located in a high-
affinity benzodiazepine-binding domain (74).

The functional effects of the 2 mutations were tested by electrophysiological
analysis inXenopusocytes. Channels formed by coinjectionodf, 82, y2, and
y2 subunit MRNAs generate large inward currents over a range of GABA con-
centrations. The effect of the K289M mutation was to reduce maximum current
amplitude by 90% at all GABA concentrations (7). This is consistent with the pre-
diction that loss of GABA receptor activity would lead to hyperexcitability and
seizure susceptibility. The R43Q subunit exhibited normal activity but failed to
be activated by diazepam (74). Oocytes injected with equal amounts of wild-type
and mutany 2 together withx1 andg2 subunits displayed intermediate diazepam
potentiation. The pathological effect of this mutation suggested to the authors that
the GABA, receptor may be regulated in vivo by an unidentified endogenous
diazepam-like molecule. The discovery of th2 mutations is likely to stimulate
renewed attention to the other GARAeceptor subunits as candidates for epileptic
disorders.

Ligand-Gated Acetylcholine Receptors

Like the GABA, receptor, the neuronal nicotinic acetylcholine receptor is a pent-
americ assembly of homologous subunits that mediates rapid synaptic transmis-
sion. This receptor has a nonselective cation pore. The major isoform in the brain
is composed o4 andB?2 subunits encoded by ttlgHRNA4andCHRNB2genes.
Mutations in both of these subunits have been associated with the disorder auto-
somal dominant nocturnal frontal lobe epilepsy (ADNFLE, MIM 600513), char-
acterized by brief seizures during light sleep that originate in the frontal lobe. The
locus ENFL1 was mapped to chromosome 20913 in an Australian pedigree (55).
The a4 subunit mutatior5248Fwas identified in this family and was the first
known human epilepsy mutation (69). A secarimutation was later found in a
Norwegian family (68).
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The ADNFLE locusENFL3 was mapped to chromosome 1p21 in a three-
generation pedigree from southern Italy (32). The acetylchg@iheubunit gene
had previously been mapped to this location, and molecular analysis identified the
amino acid substitution V287L (23). The mutation was present in eight affected
individuals and four unaffected family members, demonstrating incomplete pene-
trance. The mutated residue is located in the second transmembrane domain that
forms the channel pore. The electrophysiological effects of V287L were examined
by patch clamp analysis of transfected HEK cells (23). Application of nicotine to
wild-type «482 channels results in rapid activation of an inward current that is
followed by desensitization. The rate of desensitization was reduced in the V287L
channel, and an intermediate rate of desensitization was observed when equal
amounts of wild-type and mutapg® were injected. Slowed desensitization could
lead to prolonged currents and increased neuronal excitability in response to cholin-
ergic stimulation. Another mutation at the same amino acid residue, V287M, was
identified in a Scottish family (54). V287M increased channel sensitivity to acetyl-
choline by approximately tenfold, with no change in the desensitization properties
of the channel measuredXenopusocytes (54). This property is also consistent
with increased neuronal excitability.

ION CHANNEL MUTATIONS AND NEURONAL
HYPEREXCITABILITY

Many of the functional defects in the mutated voltage-gated and ligand-gated chan-
nels described above are predicted to increase the intrinsic excitability of neurons.

Increased excitability could lead to increased neuronal firing and to episodes of

synchronized firing by large numbers of neurons that constitute a seizure. The char-
acteristics of these mutant channels strongly support this hypothesis regarding the
origin of seizures. Examples of mutations predicted to predispose to neuronal

hyperexcitability are shown in Figure 1.

SEIZURES IN MICE WITH TARGETED INACTIVATION
OF ENDOGENOUS GENES

Homologous recombination in embryonic stem cells has been used for targeted
inactivation (knock-out) of several thousand mouse genes during the past decade.
Approximately two dozen of these lines, or 1% of the total, have been described as
exhibiting spontaneous seizures (57) (for update, see Table 4 in the Supplemental
Material link in the online version of this chapter or at http://www.annualreviews.
org/). These genes may be considered candidate genes for human disorders map-
ped to the corresponding chromosome regions. If the inactivated genes are rep-
resentative of the genome, several hundred genes might be targets for epilepsy
mutations.
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RNA Editing of Glutamate Receptor Subunits

The contribution of RNA editing of ligand-gated glutamate receptors to seizure
susceptibility has been revealed by targeted mutations iGthR2 GluRG and
Adar2genes of the mouse (583luR2andGluR6are related subunits of the neu-
ronal AMPA and kainate glutamate receptors, respectively@h&2andGIluR6
transcripts are edited at the Q/R site, resulting in substitution of an arginine residue
for glutamine that reduces calcium permeability and changes current /voltage rela-
tionships of the channel. Mice with a noneditable allele of@heR2gene exhibit
severe epilepsy and early lethality (11), and mice with a noneditable site in the
GluR6gene demonstrated increased sensitivity to kainate-induced seizures (73).
Severe epilepsy was also observed in mice lacking the enzyme that edits the Q/R
site, ADAR2 (37). The seizures and lethality of hdéar2null mice could be res-

cued by a pre-edited allele of tli&duR2gene, indicating that this transcript is the
physiologically most important substrate for ADAR2 (37). Although glutamate
receptor mutations have not been identified in human or mouse epilepsy, these
experiments demonstrate that their coding sequences and intronic elements, as
well as the editing enzymes, are potential targets for epileptogenic mutations. The
voltage-gated sodium and calcium channels of Drosophila undergo RNA editing
at multiple sites (58), but efforts to detect editing of the corresponding sites of the
mammalian channels have been unsuccessful.

The Sodium/Hydrogen Transporter SLCO9A

Targeted inactivation of the sodium/hydrogen transporter, a ubiquitously expressed
transmembrane protein that functions in regulation of intracellular pH by export of
H*ionsin exchange for extracellular sodiumions, confirmed the earlier studies of a
spontaneous mouse mutant, slow wave epilepsg(22) (Table 3). Homozygous
swemice exhibit spontaneous generalized tonic-clonic seizures as well as 3/sec
spike-wave discharges accompanied by behavioral arrest that resemble human
absence seizures. Survival and seizure intensgywehomozygotes are influenced

by genetic background. The targeted allelestfOAresults in a similarly severe
phenotype (8), demonstrating the sensitivity of neurons to intracellular pH.

IDENTIFYING GENES RESPONSIBLE FOR HUMAN
EPILEPSIES LACKING CLEAR MODES OF INHERITANCE

The genes identified so far in human epilepsies have been found in families with
clear Mendelian forms of inheritance and sufficient numbers of meioses to support
positional cloning. However, Mendelian syndromes in large families comprise only
a small proportion of all epilepsy. In most forms of epilepsy the genetic influences
are complex and may involve the combined effects of multiple genes and envi-
ronmental factors, each with a small effect on susceptibility. Identification of the
genes involved in epilepsies with complex inheritance presents major challenges.
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Linkage Analysis Using Collections of Small Families

Phenotype definition for linkage analysis is one of the most difficult problems in
study design when multiple families are combined for analysis. Observed coseg-
regation of a spectrum of clinical features in a Mendelian inheritance pattern can
provide the basis for defining a syndrome, as was done for GE®8), auto-
somal dominant partial epilepsy with auditory features (52), and familial partial
epilepsy with variable foci (77). Alternatively, families can be selected for anal-
ysis based on the correspondence of the symptoms of affected family members
with the defined clinical epilepsy syndromes (20). This approach raises difficult
guestions about how to define the phenotype. For example, in studies of the fami-
lies of probands with juvenile myoclonic epilepsy, affected family members also
have a range of idiopathic generalized epilepsy syndromes such as pyknolepsy,
juvenile absence, and awakening grand mal. In the absence of clear information
about which syndromes should be assumed to result from the susceptibility gene,
many studies have used several alternative phenotype definitions (e.g., juvenile
myoclonic epilepsy only, all idiopathic generalized epilepsies, or idiopathic gen-
eralized epilepsies plus EEG abnormalities without clinical seizures). Similarly,
in the absence of a clear genetic model, LOD scores are sometimes estimated un-
der multiple different models of penetrance and mode of inheritance. The use of
multiple phenotype definitions and mode-of-inheritance assumptions inflates the
type 1 error rates, and hence adjustment must be made to correct for this (39).
Despite these problems, consistent evidence has been obtained for linkage of a
susceptibility gene to the HLA region of chromosome 6p in families ascertained
through subjects with juvenile myoclonic epilepsy.

In a linkage study of 130 families with idiopathic generalized epilepsy, Sander
et al. provided evidence for a novel susceptibility locus on 3926 (62). Suggestive
LOD scores were also obtained for regions of chromosomes 2 and 14. Evidence
for a susceptibility gene on chromosome 18 was obtained from a genome scan
of 91 families with idiopathic generalized epilepsy (24). This study concluded
that genetic classification cuts across syndrome classifications and that several
interacting genes influence risk for idiopathic epilepsies (24). These complexities
may explain why the gene on chromosome 6p has yet to be identified.

Association Studies Using Candidate Genes

Mild mutations in genes already identified as causing autosomal dominant forms of
epilepsy, when inherited together with other predisposing mutations, may produce
a state of neuronal excitability sufficient to generate seizures. To test the role
of identified monogenic epilepsy genes, several studies have screened patients
and controls for coding variants. These studies can potentially detect common
variants that are present at higher frequencies in patients than in controls, as well
as rare variants found only in patients, either of which could underlie the common
epilepsies (56).
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Based on the identification FCN1Amutations in GEF$2, we screened 226
additional patients for mutations BCN1A(26). The sample included probands
from 165 families containing multiple affected individuals (83 childhood or juve-
nile absence epilepsy, 72 juvenile myoclonic epilepsy, 4 generalized tonic clonic
seizures, and 6 febrile seizures) and 61 sporadic patients with generalized epilepsy.
One substitution affecting an evolutionary conserved residue (W1204R) was iden-
tified in a GEFS- family with febrile seizures, JME, and other generalized seizures.
Seven other coding variants were detected, but three were discordant with disease,
three were observed in sporadic cases and could not be followed up, and one
was a common polymorphism, T1067A, with the same allele frequencies of 0.66
and 0.33 in patients and in controls. In a similar study, Wallace and colleagues
tested 53 probands with phenotypes consistent with GER&luding 36 famil-
ial and 17 isolated cases (75). Six mutations (threg@iN1Aand three irSCN1B
were identified in the familial samples. No mutations were found in the spo-
radic samples. They estimate ti B EN1AandSCN1Baccount for 17% of familial
GEFSt.

Based on the calcium chanmgy subunit gene mutation in the lethargic mouse,
we screened 90 human families with dominantly inherited idiopathic generalized
epilepsy for mutations iIRACNB4 including 19 with childhood absence epilepsy,

22 with juvenile absence epilepsy, and 49 with juvenile myoclonic epilepsy. The
premature terminating mutatioR482Xthat eliminates 38 amino acids at the
C-terminal end was identified in one patient with juvenile myoclonic epilepsy.
The amino acid substitutioB104Fwas identified in one family with generalized
epilepsy and praxis-induced seizures, and also in another family with episodic
ataxia (25). Neither mutation was observed in 510 control chromosomes. Elec-
trophysiological analysis iXenopusoocytes revealed that the R482X mutation
increased the rate of inactivation of the coexpressed subunit. This is pre-
dicted to reduce the net inward flow of calcium into neurons during the rapid
alteration in membrane potential associated with an action potentialCT04F
mutation did not significantly alter channel kinetics. It is difficult to prove disease
causality for rare variants identified in small families that do not alter evolutionar-
ily conserved residues or have dramatic effects on protein function. We consider
R482Xand C104Fto be “potential disease mutations,” and have proceeded to
test them in a mouse model by generating transgenic mice expressiRg 32X

and C104F cDNAs in neurons. If these mutations are responsible for the dom-
inant disorders in the original families, we would predict the development of
seizures or seizure-susceptibility in the transgenic mice. These studies are still in
progress.

KCNQ2andKCNQ3are mutated in BNFC types 1 and 2. However, screening
of a large collection of patients with common forms of idiopathic generalized
epilepsy failed to identify additional mutations (35, 71). Analysis of noncoding
polymorphismsinthe voltage-gated calcium cha@®CNA1Arovided evidence
for possible association with generalized idiopathic epilepsy (17).
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Another approach was taken to test the acetylcholine receptor subunits as can-
didate genes in a group of small families with benign epilepsy of childhood with
centrotemporal spikes (51). A partial genome scan was carried out using markers
in the chromosome regions containing the receptor subunit genes. Analysis using
an “affecteds only” model gave evidence for linkage to chromosome 1514 in
an estimated 70% of families. It will be interesting to see whether this finding is
confirmed in other studies.

FUTURE PROSPECTS

Additional Monogenic Epilepsy Genes in Human

At least 15 additional loci have been mapped in human (see Table 5 in the Sup-
plemental Material link in the online version of this chapter or at http://www.
annualreviews.org), and responsible genes will likely be identified in the near fu-
ture. The assembled, annotated human genome sequence provides a nearly com-
plete list of candidate genes for the nonrecombinant intervals identified by linkage
analysis in large families, and testing these genes for mutations can be carried out
on alarge scale by manual methods such as CSGE or SSCP gels or with automated
methods such as dHPLC. In view of the severe clinical phenotypes of SMEI pa-
tients with reduced expression of SCN1A, it would be worthwhile to screen for
variation in transcriptional regulatory regions. This will require experimental iden-
tification of the transcription start sites for the candidate genes, information not yet
available for most of the epilepsy genes in Tables 1 and 2. Indirect evidence for hy-
pomorphic alleles can be obtained by determining the ratio of allelic transcripts in
RNA from individuals who are heterozygotes for SNPs in transcribed sequences.
Underrepresentation of one allele could be caused by a mutation in regulatory
sequences or reduced mRNA stability due to a transcribed variant. The mouse cal-
cium channel mutationiethargic (12) andspike wave epilepsi22) both reduce
mMRNA stability in addition to changing the protein sequence.

New Monogenic Epilepsies from Large-Scale
Chemical Mutagenesis in the Mouse

A large-scale effort is in progress to generate novel mouse mutants with neurolog-
ical disorders by in vivo chemical mutagenesis with ethylnitroso urea (ENU). The
NIH-sponsored mutagenesis center at the Jackson Laboratory is screening for mu-
tations that decrease the threshold for seizures after electroconvulsive shock (31).
Already several seizure-prone models have emerged (e.g., http://www.jax.org/
resources/documents/nmf/), and all mutants will be available to interested investi-
gators. Genetic mapping of large numbers of mutations and isolation of the affected
genes has promise for identification of additional molecular pathways involved in
epileptogenesis. Improvements in imaging and automated behavioral monitoring
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in rodents will increase the utility of these models for understanding the patho-
genesis of seizures.

Large-Scale Mutation Detection in Patients
with Common Forms of Epilepsy

Application of efficient large-scale genomic screening methods to large popu-
lations of patients with common types of epilepsy will permit identification of
underlying genetic variation correlated with the disease. “Resequencing chips”
can detect any variant in a target sequence such as a panel of candidate genes,
using genomic DNA as substrate (34). Evaluating the functional significance of
rare variants is a major challenge (59), as gene frequencies may not differ between
patients and controls for common susceptibility alleles and functional assays are
not available for many proteins. Testing candidates by generating mouse models
carrying the human mutations is feasible, but the high cost and effort involved will
limit the application of this approach.

Development of Individualized Pharmacogenetic Therapies

A major motivation for research on epilepsy genetics is development of better
pharmacological treatment for this debilitating disorder. An example of the future
possibilities of allele-specific therapy for ion channel mutations is provided by re-
cent work on an allele of the cardiac sodium channel ggON5AIN the Brugada
syndrome (1). In vitro analysis of tH21790Gmutation in SCN5A predicted that

the mutant channel would be resistant to the commonly used drug lidocaine, but
would be responsive to another inhibitor, flecainide. Administration of flecainide
to patients carrying the mutation confirmed the prediction, enabling these patients
to receive an effective therapeutic agent that might not have been tried without
knowledge of their specific mutation. This is an encouraging example of the prac-
tical applications that may be expected as the mutations responsible for epilepsy
in individual patients are identified.

The past five years have seen many breakthroughs, with the identification of
epilepsy genes providing new insight into molecular mechanisms of the disease.
Emerging technologies for high-throughput mutation screening will greatly expand
the ability to detect patient mutations. Continuing progress into the genetic basis of
epilepsy will provide the basis for development of urgently needed new therapies.
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