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ABSTRACT  Evidence is now emerging that certain
epilepsies may be a family of channelopathies with
defects involving mutations in the Na+, K+, or Ca2+ chan-
nels whose activities are related to their voltage depen-
dent conditions, or defects in the membrane- bound
enzymes Na+ K+ ATPase and Ca2+ ATPase that regulate
the transport of ions across the cell membrane. In this
study we have tried to determine the role of the mem-
brane bound enzymes, sodium-potassium and calcium
ATPase in the aetiopathogenesis of idiopathic gener-
alized epilepsies (IGE). We studied 143 cases for so-
dium -potassium ATPase and 109 cases for calcium
ATPase enzymes in comparison to 80 matched con-
trols. Citrated blood samples were collected from these
cases and red cells separated from the plasma. Erythro-
cyte membranes were prepared and tested for activity
of both the enzymes. We found significantly lowered
activities of both the enzymes in IGE cases as com-
pared to control samples. The familial cases (cases with
positive family history) had significantly lower activi-
ties of the enzymes than non-familial cases, as did fe-
males as compared to males. Our data indicates that
genetic defects in the active transport mechanisms like
Na+ K+ ATPase and Ca2+ ATPase enzymes are associ-
ated with human idiopathic epilepsy. These findings add
to the growing list of channelopathies in humans and
suggest that drugs that directly or indirectly modulate
K+, Na+ and Ca2+ ion channels will be helpful in the treat-
ment of seizure disorders.

INTRODUCTION

Epilepsy is a heterogeneous disorder
characterized by recurrent seizures that affect
3.0% of the world’s population (Schewer and
Pedley 1990). Seizures may develop as a
consequence of structural brain damage or
altered metabolic states. When recurrent
unprovoked seizures  arise without any dete-
ctable structural brain lesion, and without any

evident neurological abnormality between
seizures, the condition is said to be  idiopathic
epilepsy. This  can be subdivided into idiopathic
generalized epilepsy (IGE) and idiopathic partial
epilepsy. IGE comprises of several specific
syndromes, including generalized tonic - clonic
seizures (GTCS), childhood absence epilepsy
(CAE) and juvenile myoclonic epilepsy (JME)
(Zara et al. 1995).

Most progress in locating epilepsy genes has
been made in IGE. They are a heterogenous
group suitable for genetic studies because they
are common (accounting for about 40% of
epilepsy up to age 40 years) and have a high
concordance rate in monozygotic twins (95%),
suggesting an almost complete genetic aetiology
. The EPMI gene for Unverricht - Lundborg
disease maps to 21 q (Jain et al. 1997), the gene
for northern epilepsy syndrome maps to 8p
(Tahavanainen et al. 1994) and the gene for
autosomal dominant nocturnal frontal lobe
epilepsy (ADNFLE) maps to 20q 13.2 (Phillips et
al. 1995). A claim for linkage of the EJM 1 gene
for the common generalized syndrome of juvenile
myoclonic epilepsy (JME) to 6p is in dispute
(Greenberg et al. 1988; Whitehouse et al. 1993).
The two genes for benign familial neonatal
convulsions (BFNC) with an autosomal
dominant mode of inheritance, EBN1 and
EBN2,map to chromosomes 20q 13 and 8q 24
(Lepport et al. 1989; Lewis et al. 1993).

Until recently the molecular basis of the
common idiopathic epilepsies has been obscure.
It is now emerging that idiopathic epilepsy may
be a family of channelopathies. The first genetic
defect to be identified in idiopathic epilepsy was
in the α 4 subunit (CHRNA 4) of the neuronal
nicotinic acetylcholine receptor, a ligand gated
ion channel. Recently, two voltage - gated pota-
ssium channel genes (KCNQ2 and KCNQ3) have
been implicated in benign familial neonatal
convulsions (Charlier et al. 1998; Singh et al.
1998; Steinlein 2002).
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In tottering and lethargic mice, mutations
have been identified in the pore forming α and
the regulatory β subunits of voltage gated
calcium channels (Burgess et al. 1997). Another
study (Wallace et al. 1998) shows mutations of
the voltage -gated Na+ channels as candidates
for typical febrile seizures, generalized epilepsy
with febrile seizures (GEFS+) and related
idiopathic generalized epilepsies.

Epilepsy is one of the common diseases
found in India. Except for small epidemiological
assessments no comparable data exists concern-
ing patients with epilepsy in our country (Jain et
al. 1998). In view of the high rate of morbidity,
we undertook our study to evaluate the contri-
butions of some genetic, epidemiological and
biochemical factors to the aetiopatho-genesis
of IGEs. Current evidence indicates that idio-
pathic epilepsies may be a family with defects
involving the K+, Na+ or Ca2+ channels or defects
in the enzymes Na+ K+ ATPase or Ca2+ ATPase
(EC - 3.6.1.3), which are responsible for
maintaining the ionic balance in and outside the
cell. In this present study we report on the
activities of two membrane bound enzymes, Na+

K+ ATPase and Ca 2+ ATPase in the red-cell
membranes of IGE cases. We have not studied
the role of any of the ion channels.

PATIENTS AND METHODS

The subjects were cases with confirmed
diagnosis of IGE obtained from the Nizam’s
Institute of Medical Sciences (NIMS)
Hyderabad. Cases presenting with different
forms of IGE were studied and epilepsy was
defined as a lifetime history of (≥2) recurrent
seizures. Subjects with epilepsy which was
precipitated by  head injury, brain lesion, high
fever or structural or metabolic disturbances to
the CNS were not included.

All the cases were diagnosed and classified
according to classification given by Interna-
tional League Against Epilepsy (1989). Diagnosis
was based on a detailed clinical history and
electroencephalogram (EEG). Information on the
clinical, genetic and epidemiological factors was
personally collected with the help of a standard
questionnaire devised by us. The nature of the
work to be carried out was explained to the
patients and the required information collected
with their consent in agreement with the Helsinki
Declaration.

The control group consisted of healthy
voluntary donors matched for age and sex with
the patient group, who did not have epilepsy or
a positive family history for the condition. We
studied 143 IGE cases for Na+ K+ ATPase and
109 cases for Ca 2+ ATPase activity in compari-
son to 80 control cases.

2ml of venous blood was drawn from all the
patients and control group and collected in 3.1%
trisodium citrate. Blood samples, which were
haemolysed, were discarded.

The red cells obtained after separation of
plasma were washed three times in chilled saline.
Erythrocyte membranes were prepared by lysing
the red cells in chilled autoclaved distilled water
to obtain erythrocyte hemoglobin-poor ghosts
in a manner similar to that described by Nakao
et al. (1976) for the isolation of red-cell
membranes. The haemolysate obtained was
centrifuged at 14,000rpm for 10 min. at 4 degrees
centigrade. The membranes were washed with
chilled double distilled water till a clear
suspension of the membranes was obtained and
an aliquot from each red-cell membrane or
enzyme preparation was tested for activity of
both the enzymes.

Na+ K+ ATPase activity was estimated by the
method of Nakao et al. (1976) in which 0.2ml of
the erythrocyte membrane or enzyme preparation
was incubated with l.0ml of the reaction mixture
containing NaC1:140 mM, KC1:14 mM, MgCl

2
 :

3 mM, Tris-HCl buffer (pH 7.4) Na
2
 ATP:30 mM

(Sigma).Two controls were kept of which one
was a blank specimen which contained the heat-
inactivated enzyme/membrane preparation
(boiled for 30 min. in water bath).The  second
had the inhibitor of Na+ K+ ATPase, Ouabain at
a concentration of 10µM. The samples were
incubated for 2hrs in a 37°C water bath and
reaction was terminated by adding 2m1 of 10%
(w/v) trichloroacetic acid.

Ca 2+ ATPase activity in red cells was
determined by the method of Shami and Radde
(1974). The procedure followed was essentially
the same except that the enzyme preparation was
incubated in 1.0 ml of reaction mix containing
CaCl

2
:5 mM, Tris-HC1:20 mM (pH 8.2), NaCl:l0

mM and Na
2
 ATP: 5 mM. Ethacrynic acid, the

inhibitor of Ca2+ ATPase was added at a
concentration of 5 mM (Sigma).

The rate of ATP hydrolysis was determined
by measuring the amount of Pi released from the
samples per unit time. Inorganic phosphate
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Table 1:  Activity of red-cell Na+ K+ ATPase and Ca2+ ATPase enzyme in patients with IGE

Na+ K+ ATPase Ca2+ ATPase

N Mean Standard Error (SE) N Mean Standard Error (SE)

Control Sample 80   0.233 0.04 80 0.072 0.01
IGE

Males 91 0.125 0.02 63 0.062 0.01
Females 52 0.082+ 0.01 46 0.046 0.01

Total 143 0.114** 0.01 109 0.055 0.004

Familial IGE
Males 44 0.126 0.02 34 0.046 0.01
Females 22 0.059* 0.003 18 0.048 0.01

Total 66 0.082 0.01 52 0.047
+

0.01

Non-familial IGE
Males 47 0.119 0.02 29 0.081 0.01
Females 30 0.106 0.02 28 0.044 0.01

Total 77 0.113 0.02 57 0.063 0.01

** p < 0.01;     * p < 0.05;       +  p < 0.1

content was measured by the method of Fiske
and Subba Row (1965) and total protein by the
method of Lowry et al. (1951). The enzyme
activity was calculated from a standard curve of
potassium dihydrogen phosphate using the
formula,

Concentration of Pi standard               OD of test sample
    OD  value of standard          

×
     concentration of protein

Difference in the activity of enzyme in the
absence and presence of their respective
inhibitors was taken as the enzyme activity and
results expressed as moles of Pi liberated per
hour per mg of protein.

Mean enzyme activity was calculated for the
different groups and tested for it’s significance
using ‘t-test’

RESULTS

IGE cases in general had significantly lower
activity of Na+ K+ ATPase (0.114 ± 0.01; Mean ±
SE) than control samples (0.233 ± 0.04; P<0.01;
Table 1). Females showed lowered activity of
the enzyme (0.082 ± 0.01) than males (0.125 ±
0.02), which was significant at 10% level. Familial
cases showed slightly decreased levels of the
enzyme when compared to the non-familial
cases, which however was not statistically
significant, but it may be noted that reduced
activity of the enzyme in the familial females was
significant (0.059 ± 0.003) as compared to males
(0.126 ± 0.02; P< 0.05).

 In general reduced activity of Ca2+ATPase

was seen in IGE cases (0.055 ± 0.004) as compared
to controls (0.072 ± 0.01).

Familial cases showed a decrease in the
activity of the enzyme (0.047 ± 0.01) than non-
familial cases (0.063 ± 0.01;Table). Females
showed lowered activity (0.046 ± 0.01) than males
(0.062 ± 0.01).

The results obtained show a trend of lowered
activities of both the enzymes in epilepsy,
particularly in the familial cases and in females
of both familial and non-familial cases. However,
the differences observed were significant only
in some of the groups suggesting the need to
study larger number of cases, thereby increasing
the sample size, which would confirm the
differences yielding statistically significant
results.

DISCUSSION

Sodium potassium ATPase and Calcium
ATPase are membrane bound enzymes and play
a pivotal role in the homeostasis of Na+ K+ and
Ca2+ in cells. Apart from these active transport
mechanisms, ionic balance is also affected by
the activities of sodium and potassium channels
whose activity (open or closed condition) is
voltage dependent.

Among the idiopathic generalized epilepsies
BFNC is the first human IGE in which mutations
in the voltage gated β1 subunit gene of the K+

and Na+ channels has been implicated (Keating
and Sanguinetti 1996). Therefore an alteration in
a gene that directly regulates neuronal excitability
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could produce an epileptic disorder of the kind
of BFNC. Voltage - gated potassium channels
repolarize neuronal membranes that have been
depolarized by Na+ and Ca2+ voltage gated ion
channels. K+ channels are also thought to
repolarize neuronal membranes after activation
of excitatory neurotransmitter ion channels,
including glutamate and acetylcholine. In the
presence of voltage-gated potassium channel
gene (KCNQ2) channels with reduced function
excitatory ligand and voltage gated channels that
are activated would remain open longer (Keating
and Sanguinetti 1996). Such unchecked activity
of excitatory systems could lead to an epileptic
phenotype. Additional studies using brain slices
and whole animal models have implicated altered
K+ regulation as having a causal role in epilepsy.

The decrease in the activity of the enzymes
Na+ K+ ATPase and Ca2+ ATPase observed in
this study is similar to the results seen in the
case of animal models also. Rapport et al. (1981)
have found reduced activity of Na+ K+ ATPase
in human and monkey epileptic brain. Trams and
Lauter (1978) found a deficiency of ecto - Ca2+

ATPase in seizure prone mice. Defects in
transport of Na+ and K+ have been implicated in
epilepsy and this may be due to reduced
clearance of extracellular K+ released from
depolarized neurons. The defect could be in the
passive mechanisms or active transport
mechanisms like Na+ K+ ATPase enzyme itself
which could modify the excitability levels of cells
by affecting Ca2+ transport and thereby the Ca2+

ATPase activity. Lowered enzyme activity of
Na+K+ ATPase and Ca2+ ATPase in epilepsy
might be due to the above-mentioned defects
apart from a possible defect in the cell membrane.
In the present study we have correlated the
reduced activity of red cell Na+ K+ ATPase and
Ca2+ ATPase to IGE. Such a correlation explains
the pathological condition but not the genetic
defects. The phenotypic appearance of any
enzymatic activity may be due to underlying
genetic defects or related to it’s enhancers and
inhibitors. Recent studies are focussing on the
genetic aspects of these defects. From a study
by Buono et al. (2000) on murine and human
epilepsy emerged a prominent candidate gene,
the ATP1A2 which encodes an alpha subunit of
the Na+ K+pump that documents a key role for
genes coding for proteins involved in ion
homeostasis.

The familial cases (cases with a positive family
history) having a greater genetic component may
be inheriting these defects along with epilepsy
and hence may be showing reduced activity of
the enzymes as compared to the non-familial
cases. Reasons for differences observed in the
activity of males and females are not clear. Our
study of IGE cases has revealed a significantly
high frequency of affected males as compared
to females (Arundhati et al. 1994). One of the
reasons for this difference could be due to the
segregation of some sex-linked lethal or semi-
lethal in females along with the disease condition
because of which the number of affected females
is low, but once the females are affected the
condition may turn more severe, and hence the
lowered activity of the enzymes in them as
compared to males. Possibility of genomic
imprinting cannot be ruled out in epilepsy as
suggested earlier (Arundhati et al. 1994).

In conclusion, it may be said that genetic
defects in the active transport mechanisms like
Na+ K+ ATPase and Ca2+ ATPase enzymes
themselves are associated with human idiopathic
epilepsy. These findings add to the growing list
of channelopathies in humans (Ptacek, 1997) and
suggest that drugs that directly or indirectly
modulate the activities of the ATPases will be
helpful in the treatment of seizure disorders.

ACKNOWLEDGMENT

This work was supported by the University
Grants Commission (UGC) India.

REFERENCES

Arundhati K, Vishnupriya S, Mohandas S, Padma T
1994. A study on association of sex and familial
incidence in primary generalized epilepsies. Med
Sci Res, 22: 227-228

Buono RJ, Ferraro TN, O’ Conner MJ,  Sperling MR,
Abbey M, Finanger E  et al. 2000. Lack of
association between temporal lobe epilepsy and a
novel polymorphism in the alpha2 subunit gene
(ATP1A2) of the sodium potassium transporting
ATPase. Am J Med Gen, 96 (1): 79-83

Burgess DL, Jones JM, Meisler MH, Noebels JL 1997.
Mutation of the Ca2+ channel β subunit gene Cchb4
is associated with ataxia and seizures in the
lethargic (lh) mouse. Cell, 88: 385-392.

Charlier C, Singh NA, Ryan SG, Lewis TB, Reus BE,
Leach RJ, Leppert M 1998. A pore mutation in a
novel KQT-like potassium channel gene in an
idiopathic epilepsy family. Nat Genet, 18 (1): 53-
55.



REDUCED ACTIVITY OF RED CELL NA+ K+ ATPASE 63

Commission on classification and Terminology of the
International League Against Epilepsy 1989.
Proposal for revised classification of epilepsies
and epileptic syndromes.  Epilepsia, 66: 389-99.

Fiske CH, Subba Row Y, 1965. Estimation of inorganic
phosphorous. Anal Chem, 28: 1756.

Greenberg DA, Delgado-Esueta AV, Widelitz H, Sparkes
RS, Treiman L, Maldonado HM et al. 1988 Juvenile
myoclonic epilepsy may be linked to the Bf and
HLA loci on human chromosome 6. Am J Med
Genet, 31: 185-192.

Jain S, Padma MV, Puri A, Maheswari MC, 1997.
Occurrence of epilepsies in family members of
Indian probands with different epileptic
syndromes. Epilepsia, 38 (2): 237-244.

Keating MT, Sanguinetti MC 1996. Pathophysiology
of ion - channel mutations. Curr Opin Genet Dev,
6: 326 - 333.

Lehesjoki AE, Koskiniemi M, Sistonen P, Miao J,
Hastbacka J, Norio R et al. 1991. Localization of
a gene for progressive myoclonus epilepsy to
chromosome 21q 22. 1991. Proc Natn  Acad  Sci
USA, 88: 3696-3699.

Leppert M, Anderson VE, Quattlebaum T, Stauffer D,
O’ Connell P, Nakamura Y et al. 1989. Benign
familial neonatal convulsions linked to genetic
markers on chromosome 20. Nature, 337: 647 -
648.

Lewis TB, Leach RJ, Ward K, O’ Connell P, Ryan SG
1993. Genetic heterogeneity in benign familial
neonatal convulsions: Identification of a new locus
on chromosome 8q. Am J Hum Genet, 53: 670-
676.

Lowry OH, Rosebrough NJ, Farr A L, Randall RJ 1951.
Protein measurement with the folin-phenol
reagent.  J Biol Chem, l93: 265.

Nakao K, Kurashina S, Nakao M 1976. Adenosine
triphosphatase activity of erythrocyte membrane
in hereditary spherocytes. Life Sciences, 6: 595-
600.

Phillips HA, Scheffer IE, Berkovic SF, Hollway GE,
Sutherland GR, Mulley JC 1995. Localization of a
gene for autosomal dominant nocturnal frontal
lobe epilepsy to chromosome 20q 13.2. Nat Genet,
10: 117-118.

Ptacek LJ 1997. Channelopathies: Ion channel disorders
of muscles as a paradigm for paroxysmal disorders
of the nervous system. Neuromuscul Disord, 7:
250-255.

Rapport RL II, Harris AB, Lockhard JS, Clark AF 1981.
Na+ K+ ATPase in serially excised segments of
epileptic monkey cortex.  Epilepsia, 22: 123-
127.

Scheuer ML, Pedley TA 1990. The evaluation and
treatment of seizures. N Engl J Med, 323 (21):
1468-1474

Shami Y, Radde IC 1974. Calcium stimulated ATPase
of guinea pig placenta. Biochim Biophys Acta,
249: 245-352.

Singh NA, Charlier C, Stauffer D, DuPont BR, Leach R
J, Melis R et al. 1998. A novel potassium channel
gene, KCNQ2, is mutated in an inherited epilepsy
of newborns. Nat Genet 18 (1): 25-29.

Steinlein OK 2002. Channelopathies can cause epilepsy
in man. Eup J Pain, 6 Suppl: A-27-34.

Tahvanainen E, Ranta S, Hirvasniemi A, Karila E, Leisti
J, Sistonen P et al. 1994. The gene for a novel
recessively inherited human childhood epilepsy
with progressive mental retardation maps to the
distal short arm of chromosome 8. 1994. Proc
Natn Acad Sci USA, 91: 7267-7270.

Trams EG, Lauter CJ 1978. Ecto - ATPase deficiency
in glia of seizure prone mice. Nature, 271: 270-
271.

Wallace RH, Wang DW, Singh R, Scheffer IE, George
AL Jr, Phillips HA, et al.1998. Febrile seizures
and generalized epilepsy associated with a mutation
in the Na+ - channel B1 subunit gene SCN1B. Nat
Genet, 19 (4): 366-370.

Whitehouse WP, Rees M, Curtis D, Sundquist A, Parker
K, Chung E et al. 1993.Linkage analysis of
idiopathic generalized epilepsy (IGE) and marker
loci on chromosome 6p in families of patients
with juvenile myoclonic epilepsy: No evidence of
an epilepsy locus in the HLA region.  Am J Hum
Genet, 53: 652-662.

Zara F, Bianchi A, Avanzini G, Di Donato S, Castellotti
B, Patel P, Pandolfo M 1995. Mapping of genes
predisposing to idiopathic generalized epilepsy.
Hum  Mol Genet, 4(7): 1201-1207.




