
Neuroscience Letters 382 (2005) 33–38

No association between common variations in the human alpha 2 subunit
gene (ATP1A2) of the sodium–potassium-transporting ATPase

and idiopathic generalized epilepsy

Falk W. Lohoffa,b,∗, Thomas N. Ferraroa, Thomas Sanderb, Hongyu Zhaoc,
John P. Dahla, Wade H. Berrettinia, Russell J. Buonoa,d

a Department of Psychiatry, University of Pennsylvania School of Medicine, Center for Neurobiology and Behavior,
3535 Market Street, 2nd Floor, R2070, Philadelphia, PA 19104, USA

b Department of Neurology, Charit´e University Medicine Berlin, Germany
c Department of Epidemiology and Public Health, Yale University School of Medicine, New Haven, CT, USA

d Department of Neurology, University of Cincinnati, OH, USA

Received 23 November 2004; received in revised form 21 January 2005; accepted 24 February 2005

Abstract

re
s ystematic
m on markers.
G controls for
a tween the
I monstrated
t y factors for
c
©

K

H
o
3
t
t
[

i
t
i
s
[
g

d fo-
e
olo-
and

can-
sium
s the
used

n to

ilial

imal

0
d

Quantitative trait loci studies in inbred mice have identified a locus on chromosome 1 (Szs1) of fundamental importance to seizu
usceptibility. High-ranking candidate genes in this susceptibility region include KCNJ9, KCNJ10 and ATP1A2. We performed a s
utation scan of the coding region of the human ATP1A2 gene and performed a case–control association study with seven comm
enotypes were assessed in 152 idiopathic generalized epilepsy (IGE) patients of German ancestry and 111 healthy German
ll seven polymorphisms. No significant differences were found in genotype or allele frequencies for any of the variations be

GE patients and controls. No haplotypes were associated with IGE when compared to controls. Linkage disequilibrium was de
hroughout the gene. Results suggest that the polymorphisms we studied in the ATP1A2 gene do not represent major susceptibilit
ommon forms of IGE.
2005 Elsevier Ireland Ltd. All rights reserved.
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ereditary factors play a predominant role in the etiology
f idiopathic generalized epilepsy (IGE), which accounts for
0% of all epilepsies[9,15,34]. However, genetic causes of

he common IGE syndromes are difficult to identify due to
he complex mode of inheritance and genetic heterogeneity
22,28,38].

In our laboratory we use a polygenic mouse model to
dentify genes which influence seizure susceptibility. Quan-
itative trait loci (QTL) mapping and congenic animal stud-
es with inbred mice, which display focal and generalized
eizures depending on the used seizure induction method
10,12,13], have led to the identification of a critical re-
ion on distal mouse chromosome 1 (Szs1) which harbors
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a gene or genes that contribute to both generalized an
cal seizure susceptibility[10–13]. High priority candidat
genes in this seizure susceptibility region and the hom
gous human region (1q21–23) include KCNJ9, KCNJ10
ATP1A2 [4,11].

Several lines of evidence make ATP1A2 a plausible
didate for an IGE susceptibility gene. The sodium–potas
pump is involved in regulation of ion homeostasis acros
cell membrane and several rare forms of epilepsy are ca
by mutations in genes controlling ion homeostasis[38].
Recently, mutations in the ATP1A2 gene were show
cause familial hemiplegic migraine (FHM)[1,7,21,36,39].
Interestingly, members of two families had benign fam
infantile convulsions[40] or generalized seizures[36] in
addition to hemiplegic migraine episodes[19]. Further
studies in patients with epilepsy and experimental an
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models suggest a relationship between Na–K-pump activity
and seizures[18,20,23,24,27,30,33]. Mutations in the
ATP1A2 gene may cause seizures given the fundamental
role of the ATPase enzyme in regulating neuronal membrane
potential and hence neuronal firing[17,25,26,35].

In this study we performed a systematic mutation scan
of the ATP1A2 coding region and tested the hypothesis that
common variations in the ATP1A2 gene confer susceptibility
to IGE.

IGE patients were collected at the Department of Neurol-
ogy, Charit́e University Medicine Berlin, Germany. The study
protocol was approved by the Institutional Ethics Committee.
Written informed consent was obtained from all participants
who were unrelated individuals of German descent. The study
sample included 152 IGE patients, comprising 37 probands
with childhood absence epilepsy (CAE), 32 probands with ju-
venile absence epilepsy (JAE), and 83 probands with juvenile
myoclonic epilepsy (JME). The diagnostic classification of
IGE syndromes was performed according to the revised ver-
sion of the ‘Classification of Epilepsies and Epileptic Syn-
dromes’ of the International League Against Epilepsy[6].
Diagnostic criteria for JME were: (a) characteristic repetitive
bilateral myoclonic jerks in shoulders and arms without loss
of consciousness, occurring after awakening; (b) age-of-onset
of typical myoclonic seizures between 8 and 25 years. Diag-
nostic criteria for idiopathic absence epilepsy (CAE or JAE)
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The ATP1A2 gene consists of 23 exons and spans about
26 kb (NCBI Access # J05096). Review of the public
database, the Celera database and the literature revealed one
synonymous single nucleotide polymorphism (SNP) in the
coding region of the ATP1A2 gene and at least 91 non-coding
SNPs. Several missense mutations have been reported in pa-
tients with FHM[1,7,21,36,39].

All 23 exons and intron–exon boundaries were sys-
tematically screened for mutations in 30 individuals with
epilepsy and 30 controls using single strand conformation
polymorphism (SSCP) analysis as described[2]. Details of
intron–exon structure and primer sequences are available
upon request. PCR conditions, genotyping and primer pairs
for the intron 1 ins-6704/TTCC variation were described pre-
viously [3]. All SNPs were confirmed by subcloning and se-
quencing PCR amplicons from at least three separate PCR
reactions from different individuals.

The intron 1 ins-6704/TTCC and intron 22 variations were
genotyped using SSCP analysis. The exon 9 SNP introduced a
DdeI restriction site allowing genotyping by standard agarose
gel electrophoresis and ethidium bromide staining of the re-
striction fragment length polymorphism (RFLP).

Additional SNPs for genotyping were chosen based on
availability ofApplied Biosystemsassays-on-demand, loca-
tion in the gene and allele frequencies. Genotyping of four
additional intronic SNPs across the ATP1A2 gene (Fig. 1)
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ere: (a) begin with typical absence seizures (brief spe
eneralized onset with loss of consciousness); (b) age at
f typical absence seizures between 3 and 20 years. Com

nclusion criteria were: (a) EEG with normal background
ivity and paroxysmal GSW–EEG discharges; (b) norma
ellectual and neurological status beside seizures. Ge
xclusion criteria included: (a) evidence for structural
ions, metabolic or degenerative diseases of the brain
tonic/astatic or tonic seizures; (c) complex partial seizu
d) epilepsy with myoclonic absences; (e) exclusively s
lus induced seizures.

The population controls included 111 healthy Germa
ividuals with no history of seizures or chronic neurolog
isease.

Peripheral blood samples were obtained and gen
NA was extracted from peripheral leukocytes by stan
rocedures.

Fig. 1. Variatio
t
as performed using theApplied Biosystems“Assays-on
emand” SNP genotyping assay as per manufacturers

ocol (C 747974910/rs1016732, C184321810/rs1407130
184322010/rs6686067, C1586771810/rs2070702).
Genotypes and allele frequencies were compared be

roups using chi-square contingency analysis. A two-ta
ype I error rate of 5% was chosen for the analysis. No
ection for multiple testing was made based on the rat
hat this is an explorative approach to a genetically com
isorder in which a phenotype–genotype relationship ha
een established[32]. Our sample size had reasonable po

o detect a disease association at aP-value less than or equal
.05, assuming a genetic effect of 2.0 (Table 1). Power anal
sis was performed using theQuantoprogram[16]. Linkage
isequilibrium (LD) was calculated using the2ld program

41]. Haplotype frequencies were estimated using theEH
rogram[29] andCocaphaseprogram[8].

e ATP1A2 gene.
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Table 1
Power analysis for case–control study with two-tailed significance level of
0.05

Sample
size

Minor allele
frequency

RG Recessive Dominant Log
additive

140 0.10 2.0 0.10 0.70 0.79
140 0.17 2.0 0.21 0.80 0.92
140 0.21 2.0 0.28 0.81 0.95

Mutation analysis of the coding region and intron–exon
boundaries revealed novel SNPs in exon 22 (C22918T)
and intron 22 (C23005T) as well as the previously
identified intron 1 insertion (ins-6704/TTCC). We also
confirmed the known synonymous SNP in exon 9
(G13681A/Ser373 = rs1063125 or rs4017977). The exon 22
SNP was excluded from further analysis due to low allele
frequency (<1%). None of the known missense mutations in
FHM were found in our sample.

Genotype counts did not deviate significantly from those
expected from Hardy–Weinberg equilibrium. Allele frequen-

cies of the tested variations were consistent with those avail-
able and reported for Caucasians in the public and the Celera
database. Genotype and allele frequencies of seven variations
did not differ significantly between IGE patients and controls
(Table 2). All variations were in strong LD (Table 3). No hap-
lotypes were associated with illness (Table 4).

There is strong evidence that common subtypes of
epilepsy are genetically determined; however, the specific un-
derlying genetic causes have yet not been identified due to the
complex mode of inheritance and heterogeneity. In our lab-
oratory we use a multigenic mouse model to identify seizure
susceptibility genes[10–13]. In a translational genomics ap-
proach, we then further investigate candidate genes derived
from the mouse model in humans using a case–control asso-
ciation study design.

This approach has recently lead to a positive associa-
tion between a variation in the KCNJ10 gene and common
forms of epilepsy[4]; however, the finding has not been con-
firmed so far in any other population and does not exclude
the ATP1A2 gene as candidate gene.

Table 2
Genotype and allele frequencies of variations in the ATP1A2 gene

SNP Sample n Genotype frequencies Pa Allele frequencies Pa

rs1016732 G/G G/A A/A f(G)
IGE 127 0.756 977
Controls 107 0.766

ins-6704/TTCC −/−
IGE 152 0.730 978
Controls 94 0.702

rs1407130 C/C
IGE 130 0.546 662
Controls 111 0.532

rs1063125 (Ser373) G/G
IGE 143 0.664 629

r
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Controls 69 0.681

s6686067 C/C
IGE 131 0.832
Controls 109 0.853

23005T C/C
IGE 141 0.723
Controls 95 0.789

s2070702 G/G
IGE 122 0.615
Controls 106 0.623

a Type-I error rates for comparison of genotype and allele frequenci
able 3
inkage disequilibrium measures (D′) across the ATP1A2 gene

rs1016732 ins-6704/TTCC rs1407130

s1016732 1.00 0.97
ns-6704/TTCC 0.67
s1407130
s1063125
s6686067
23005T
0.228 0.016 0.757 0.870 0.
0.206 0.028 0.869

−/TTCC TTCC/TTCC f(−)
0.243 0.026 0.203 0.852 0.
0.298 0.000 0.851

C/T T/T f(C)
0.385 0.069 0.835 0.738 0.
0.378 0.090 0.721

G/A A/A f(G)
0.315 0.021 0.480 0.822 0.
0.319 0.000 0.841

C/T T/T f(C)
0.153 0.015 0.860 0.908 0.
0.138 0.009 0.922

C/T T/T f(C)
0.255 0.021 0.360 0.851 0.
0.179 0.032 0.879

G/C C/C f(G)
0.344 0.041 0.957 0.787 0.
0.330 0.047 0.788

een IGE patients and controls.
rs1063125 rs6686067 C23005T rs2070702

0.18 0.88 1.00 1.00
0.73 0.96 0.62 0.43
0.36 0.87 1.00 0.18

0.52 0.71 0.31
1.00 1.00

1.00
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Table 4
Analysis of common haplotypes in the ATP1A2 gene

Haplotype Case Frequency Control Frequency OR Chi-square P

G-(−)-C-G-C-C-G 85.78 0.373 56.85 0.400 1.0 0.360 0.548
G-(−)-C-G-C-C-C 15.60 0.067 15.72 0.110 0.657 1.881 0.170
G-(−)-C-G-C-T-G 40.87 0.177 23.17 0.163 1.169 0.104 0.746
G-(−)-C-A- C-C-G 8.93 0.038 5.88 0.041 1.005 0.010 0.917
G-(−)-T-G-C-C-C 17.33 0.075 10.74 0.075 1.07 0.014 0.996
G-TTCC-C-G-C-C-C 2.18 0.009 3.10 0.021 0.466 0.713 0.398
G-TTCC-C-A-C-C-C 26.63 0.115 13.61 0.095 1.297 0.256 0.612
A-(−)-T-G-T-C-G 32.68 0.142 12.94 0.091 1.674 2.111 0.146

Association studies are a powerful method to detect genes
that are involved in the etiology of complex traits like epilepsy
[22]. In particular, association studies are most powerful
when a pathophysiological plausible candidate gene is ex-
amined and a functional polymorphism is studied that itself
might mediate the predisposing effect. In this study we sys-
tematically screened the coding region for mutations and se-
lected common polymorphism across the ATP1A2 gene for
a case–control association study.

The 4-bp insertion in intron 1 is located in the poly-
pyrimidine tract preceding immediately exon 2. Disruption of
this critical sequence, which is important for proper mRNA
splicing, by the ins-6704/TTCC polymorphism could there-
fore directly lead to an altered mRNA and potential protein
dysfunction and expression. However, this polymorphism
was previously investigated in a small case–control associa-
tion study using temporal lobe epilepsy patients and controls
and was not associated with illness[3]. It is unlikely that the
intronic polymorphisms or the silent polymorphisms in exon
9 themselves are involved in the etiology of IGE, unless they
are in regulatory or splice junction sites, but they could be in
LD with another variation which influences seizure threshold.
LD is the central concept of association studies. LD between
SNPs is unlikely to extend beyond an average distance of ap-
proximately 10 kb[31] and our marker spacing was sufficient
to detect LD (Fig. 1andTable 3); however, the extent of LD
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to detect moderate genetic effects (Table 1). Larger sample
sizes in the thousands are required for future studies of genes
with small effects. Population stratification is unlikely to play
a relevant confounding role in this population since all cases
and controls were of German descent; however, case–control
association studies of subjects with self-reported ancestries
are not immune to population stratification[14]. A more ac-
curate control would be the use of a family-based association
design that matches the genotype of an affected offspring
with those parental alleles not inherited by the offspring
[37].

In summary, we showed that common variations in the
ATP1A2 gene are not associated with epilepsy in this group
of IGE patients and controls.
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