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1  |  INTRODUC TION

Na+- K+- ATPase, discovered by Skou,1 is one of the most crucial 
Adenosine-5′-Triphosphate(ATP)-poweredP-typeiontransporters.
It is essential for normal structure and function of all cell membranes. 
Itsprimaryfunctionsincludemaintenanceiongradientacrossmem-
branes2– 4anduptakeandreleaseofneurotransmitters.5– 7 Therefore, 
Na+- K+-ATPaseplaysacrucialroleinionhomeostasisandcellular
excitability. Dysfunction of Na+- K+-ATPasemayleadtomanytypes
ofcentralnervoussystem(CNS)disorders,includingepilepsy.8– 11

Epilepsyisacommonneurologicaldisordercharacterizedbyre-
currentspontaneousseizures,12causedbythehighlysynchronized
firingofneuronswithhyperexcitability.13 It affects about 70 million 
population around the world.14 Unfortunately, about one- third of 
epilepticpatientsremaindrug-resistant,15leadingtoasituationthat

needsamoreeffectivedrugtarget.Anincreasingnumberofstudies
unveiledasignificant roleofNa+- K+-ATPase inepilepsy.Notably,
mutation of genes encodingNa+- K+-ATPase leads to epilepsy as
partofitsphenotype.Inrodentmodelsofepilepsy,theactivityof
Na+- K+-ATPasewasreportedtochangeaswell.Pharmacologicalin-
hibition of Na+- K+-ATPasewillcauseepilepticseizureinrodentsas
well. Na+- K+-ATPaseactivatingantibody,bycontrast,wasreported
tohaveaprotectiveeffectonepilepsy.However,discordantresults
arenotuncommon,probablyduetodifferencesinetiologies,test-
ing timing, featuresofvariousepilepsymodels,etc.Hence, in this
review,webrieflysummarizestructureandphysiologicalfunctionof
Na+- K+-ATPaseintheCNS.Thenweaimtosummarizeandevaluate
currentunderstandingsofNa+- K+-ATPaseandepilepsy,hopingto
provideacomprehensiveandnovelviewontheroleofATPaseinthe
epilepticbrainandalso therapeutic strategiesassociatedwith the
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Abstract
Na+- K+-ATPase,aP-typeATP-powered ion transporteroncellmembrane,playsa
vitalroleincellularexcitability.Cellularhyperexcitability,accompaniedbyhypersyn-
chronousfiring,isanimportantbasisforseizures/epilepsy.Anincreasingnumberof
studiespoint toa significant contributionofNa+- K+-ATPase toepilepsy, although
discordantresultsexist.Inthisreview,wecomprehensivelysummarizethestructure
and physiological function of Na+- K+- ATPase in the central nervous system and 
critically evaluate the role of Na+- K+-ATPaseintheepilepticbrain.Importantly,we
furtherprovideperspectivesonsomepossibleresearchdirectionsanddiscussitspo-
tentialasatherapeutictargetforthetreatmentofepilepsy.
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Na+- K+-ATPase.Wealsoprovideperspectivesonsomepossiblere-
search directions to address the role of Na+- K+-ATPaseinepilepsy.

2  |  STRUC TURE AND FUNC TION OF Na+- 
K+- ATPase IN THE CNS

Na+- K+-ATPaseiscomposedofthreesubunits,includingα, β, and 
FXYD phenylalanine- X-tyrosine-aspartate amino acid sequence.
One molecule of Na+- K+- ATPase contains three molecules of α 
subunits and two molecules of β subunits.16,17 The α subunit con-
sists of four kinds of different subtypes (α1– α4), with the first
threebeingexpressedintheCNS.Theα1subtypeisexpressedin
neurons,andglialcells,α2 mainly in astrocytes,18 and α3 in neu-
rons.19,20 The βsubunitsareexpressedinneurons,astrocytes,and
oligodendrocytes.Thedistributionofeachsubunit issummarized
in Table 1.

The αsubunitisthecatalyticsubunit,containingthreeenvelope
domains and ten transmembrane helices. Exporting or importing
ionsisaccomplishedbychangingtwoconformationalstates,E1and
E2.E1facesthecytoplasm,whichhasahighaffinityforsodiumions.
E2facesextracellularspace,withalowaffinityforsodiumionsbut
ahighaffinityforpotassiumions.2 The function of Na+- K+- ATPase 
isprimarilyrelatedtotheα subunit, which alternates between E1/
E2andphosphorylatedE1(E1-p)/phosphorylatedE2(E2-p).Bycon-
formationalchangesofphosphorylationanddephosphorylation,the
affinitytosodiumandpotassiumionsalsochanges.21Whentheα 
subunitboundssodiumionsthroughtheE1state,whichhasahigh
affinitytosodiumions,ATPisgoingtobehydrolyzed.Onceonemol-
eculeofATPishydrolyzed,threesodiumionswillbetransportedto
extracellularcompartmentwhiletwopotassiumionstotheintracel-
lularcompartment,20,22whichfurtherraisestherestingmembrane
potential.

The βsubunitmainlyassiststhenewlysynthesizedα subunit with 
folding, targeting, and correct insertion into the cellmembrane,23 
therebystabilizingthestructureandregulatingtheactivityoftheα 
subunit.24 The βsubunitincludesthreeisoforms(β1– β3)25,26 and is 
vital in the αsubunittotheplasmamembraneandfunctionsasan
intercellularadhesionprotein.27 Three of the seven members of the 
FXYDfamilywerefoundtomodulatetheaffinityoftheα subunit for 

sodiumandpotassiumions.28Despitemanystudiesinvestigatingthe
α subunit, the functions of βandFXYDsubunitsremainambiguous.

3  |  Na+-  K+- ATPase AND SEIZURES/
EPILEPSY: E VIDENCE FROM BENCH AND 
BEDSIDE

3.1  |  Na+- K+- ATPase gene mutation leads to 
epilepsy

CurrentevidencebasedonpatientswithNa+- K+-ATPasegenemu-
tationfoundepilepsytobeafrequentoccurrenceasphenotypes.In
particular,allreportedcaseswithATPasegeneticmutationfallinto
the sequences encoding theα subunit, with ATP1A1, ATP1A2 and 
ATP1A3correspondingtothefoursubtypesofαsubunit(Table 2).

3.1.1  |  ATP1A1

Schlingmannetal.29reportedthatheterozygousdenovomutations
in ATP1A1werefoundinchildrendiagnosedwithhypomagnesemia
and epilepsy. These children developed symptoms of convulsions
andhypomagnesemiaintheinfantperiodfrom6 daysto6months
old.Allchildrenweretreatedwithantiepilepticdrugsand intrave-
nousmagnesium.However,seizuresremainedafterafollow-upof
aboutfiveyears,withsomeevenhavingstatusepilepticus(SE),in-
dicatingtherefractorinessoftheirepilepsy.Apartfromthat,some
of them also have severe intellectual disabilities. Lin et al.30reported
aclinicalcaseofaboyaged2 yearsand10monthswithadenovo
ATP1A1variant.Hehadseveredevelopmentaldelay,developedepi-
lepticseizuresfivemonthsafterbirth,andlaterswitchedintogener-
alizedtonic–clonicseizures(GTCS).

3.1.2  |  ATP1A2

Mutations in the ATP1A2genegenerallyoccur infamilialhemiple-
gicmigraine(FHM,familialhemiplegicmigraine).About6%ofFHM
patients have epilepsy and epileptic symptoms typically occur in

TA B L E  1 SubunitsofNa+- K+-ATPaseintheCNS

Subunit Function Subtype Distribution

α Catalyticsubunit:Iontransportation α1 Neuronsandglialcells

α2 Astrocytesandoligodendrocytes

α3 Neurons

β Assiststhenewlysynthesizedαsubunitinfolding,targeting,
andinsertingcellmembranecorrectly

β1 Neurons

β2 Astrocytes

β3 Oligodendrocytes

FXYD Modulates the affinity of αsubunitforsodiumandpotassium FXYD1 Neurons and astrocytes

FXYD7 Neurons and astrocytes
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adolescence.31,32ThecasesofpatientwithmutationinATP1A2 were 
reported to be associatedwith FHM and benign familial infantile
convulsions.33,34Moreover,FHM2isaMendelianmodeldiseasefor
spreadingdepolarization,andClemensReiffurthetal.showedonly
α2 heterozygous mice displayed higher spreading depolarization
susceptibility,35indicatingtheα2 subunit is crucial in this disease. In 
addition,homozygoustruncatingvariantsofATP1A2 would cause a 
novellethalrecognizablepolymicrogyriasyndrome.Polymicrogyria
isresponsibleforawiderangeofneurologicalsymptoms,including
epilepsy.36–38Themechanismunderepileptogenicityofpolymicro-
gyria remainsunknown.However,unilateralmultilobarpolymicro-
gyriaisoftenrelevanttoanage-relatedsyndromeofepilepsy.39

3.1.3  |  ATP1A3

Mutations in ATP1A3aregenerallybelievedtobe relatedtoalter-
nating hemiplegia in childhood. Those patients were reported to
have concomitant epilepsy (pediatric case of catastrophic early
life epilepsy),40 especially in thosewithmutations inp.Glu815Lys,
p.Gly358Val, andp.Ile363AsnofATP1A3. In addition, these muta-
tions manifested as a decrease in the activity of the α3 subunit in 
vitro, which is the basis for these diseases.41Further,Clapcoteetal42 
alsopresentedamousemodel forepilepsycausedbymutationof
the Na+- K+- ATPase α3-isoform,whichshowimpairmentsintheso-
diumpumpandhyperexcitabilityintheCNS.

Together, inclinicalresearch,mutations inNa+- K+- ATPase are 
closelyrelatedtoepilepsy.ATP1A1 codes for the α1 subunit of Na+- 
K+-ATPase,whichisresponsibleformaintainingthemembranepo-
tential of neurons.29Aprimarydisease that is relevant toATP1A1 

mutation is hypomagnesemia and epilepsy. ATP1A2 gene corre-
spondswiththeα2 subunit of Na+- K+- ATPase, which is crucial for 
restoringmembranepotential inastrocytes.43 ATP1A2 mutation is 
generallyassociatedwith familialhemiplegicmigraineandpolymi-
crogyriainthebrain.Theα3 subunit of Na+- K+- ATPase is encoded 
by ATP1A3,whichisvitalformaintainingionichomeostasisinneu-
rons44andresponsibleforseveralbraindiseasessuchasalternating
hemiplegiainchildhood.Theyallhaveepilepticsymptoms.Previous
studies have mainly focused on the clinical spectrum of patients
withvariants in theATPasegene.However,effective treatment is
stilllacking.Targetedinterventionsusinggeneticmanipulationsare
promisingstrategiesfortreatingsuchdiseases,whichmeritfurther
investigations.

3.2  |  Na+- K+- ATPase in an animal model

3.2.1  |  ChangeofNa+- K+- ATPase activity after 
epileptiformactivity

A large number of studies indicated that Na+- K+- ATPase activity 
decreases in epilepsy.11,45,46 In epileptic seizures, abnormal activ-
ity of Na+- K+- ATPase can be found on the cell membrane of the 
cerebral cortex of animals and humans.47 The decrease of Na+- K+- 
ATPaseactivitywasfirstreportedbyHuntWAetal.inanimalmodels
ofcobalt-inducedepilepsy,wherea significant reduction inenzyme
activity was observed.48Inthehumanepilepticbrain,theactivityof
Na+- K+-ATPaseissignificantlylessintheepileptichumancortexthan
thatinthenonepilepticcortex.49 The decrease of Na+- K+- ATPase ac-
tivitywasfurthercorroboratedinthemodelofaudiogenicepilepsy,50 

Mutant gene Mutational point Epilepsy related syndrome References

ATP1A1 p.Leu302Arg RepeatedSE 29

p.Gly303Arg Monthlyseizures 29

p.Met859Arg Frequentseizures,repeatedSE 29

p.Gly864Arg Epilepticseizures 30

ATP1A2 p.Thr378Asn FebrileandafebrileGTCS 31

p.Gly900Arg Epilepticseizure 31

p.Met813Lys Clonicmovementsortonicflexion 40

Arg1008Trp Right-sidedhemiclonicseizures 82

p.Pro364Leu Febrileseizures 83

p.Asp301Asn Partial,generalizedseizures 84

p.Asn775Ser Febrileseizures 85

p.His927Arg Generalizedseizures 85

p.Ala378Gly Generalizedseizures 86

p.Tyr1009X Generalizedtonic-clonicseizures 33

ATP1A3 p.Glu815Lys Neonatal-onsetseizures 87

p.Gly358Valand
p.Ile363Asn

Catastrophicearlylifeepilepsy 40

p.Phe913del Focalepilepticseizures 88

p.Cys346Arg Multifocalepilepsy 88

TA B L E  2 Mutationofgenesencoding
Na+- K+-ATPaseleadstoepilepsy
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pentylenetetrazole(PTZ)-inducedseizuresinrats,7,43 kainate- lesioned 
rats51andinthepilocarpinemodeloftemporal lobeepilepsy(espe-
ciallyonehourafterSE).52Inthefreezelesioncatmodel,adecreased
activity of Na+- K+-ATPasewasobservedthreeweeks(chronicfreeze
lesioncatmodel)aftertheproductionofcoldlesions.53However,one
reportfoundthatnosignificantdifferenceswereobservedbetween
epilepticmiceandnormalmiceforNa+- K+- ATPase activities in vari-
ousbrainregions,includingthehippocampus,brainstem,orcerebel-
lum,suggestingseizuresusceptibilityinepilepsymiceisnotassociated
with differences in the activities of these Na+- K+- ATPase activities.54

Notably, 60 s after the production of cold lesions in the same
model(acutefreezelesioncatmodel),Na+- K+- ATPase activity of the 
wholebrain increases. Inaddition, in thepilocarpinemodelofepi-
lepsy,duringachronicperiod,120 daysafterpilocarpine-inducedSE,
the activity also increases.55InTLEpatienttissue,Na+- K+- ATPase in 
survivingneuronsisupregulated.56Itisspeculatedthereisacompen-
satorychangeresultingfromtheincreasedtotalbrainNa+.

As mentioned before, the activity of Na+- K+- ATPase decreases 
inmostsituations.However,insomeanimalmodels,theactivityin-
creases. Moreover, Reime Kinjo57 and Fernandes52reporteddiscor-
dantresults,whichmaybeduetotheP16ratusedbyReimeKinjo
E. From these conflicting data, it could be postulated that under
differentsituations(differentstagesofepilepsyordifferenttypeof
epilepsymodels), the activity ofNa+- K+- ATPase would vary. The 
variouschangesofNa+- K+- ATPase activity in different animal mod-
elsofseizure/epilepsyaresummarizedinTable 3.

3.2.2  |  EpilepticdischargeafterNa+- K+- 
ATPase inhibition

Inhibition of Na+- K+-ATPasewillleadtoepilepticseizure.Previous
studiesconsistentlyemployedouabainor[3H]Ouabainasaninhibi-
tor of Na+- K+- ATPase.58–61Exvivostudiesshowedthat64.5%of
ganglionneuronswilldepolarizeafterapplyingouabain,alongwitha

decreaseininputresistance.62 Injection of ouabain into the cerebral 
cortexinvivocanalsocauseepilepticsymptoms,andthesymptoms
will last for several hours.61 It ispostulated that theNa+-Ca2+ ex-
changeisstrengthenedafterNa+- K+- ATPase inhibition. This causes 
theintracellularCa2+ to increase and leads to an increase in cellular 
excitability.However,thereiscurrentlyalackofspecificinhibitors
for the different subunit of Na+- K+- ATPase, which lead to some un-
specificoutcomeinstudiesusingouabain.

Usingheterozygous knock-outmice,we could know thatdefi-
ciency of the α2 isoform of Na+- K+-ATPaseincreasesspreadingde-
polarizationsusceptibilityinacutebrainsliceswhenexposedtohigh
K+.35Moreover, spreading depolarizationhas beenproposed as a
riskfactorforthedevelopmentofepilepsy.63

3.2.3  |  Protectiveeffectsinepilepsyafterapplying
Na+- K+-ATPaseactivatingantibody

Some researchers use Na+- K+-ATPaseactivatingantibodyDRRSAb
to activate the ion pump. FreitasML et al. incubated brain slices
with DRRSAb and reported a subsequent glutamate release ex
vivo.64 Furthermore, activation of Na+- K+-ATPase usingDRRSAb
invivodecreasedseizuresusceptibilityinthepilocarpinemodelof
epilepsy.64 Funck et al.5alsofoundthatDRRSAbwill increasehip-
pocampal Na+- K+-ATPase activity in mice and attenuate seizure
susceptibility inpost-SEanimalmodels.Theseresultsshowedthat
the intervention of Na+- K+-ATPasewouldimpactepilepsy.

4  |  Na+ -  K+- ATPase MODUL ATES CELL 
E XCITABILIT Y IN THE EPILEPTIC BR AIN

In the resting state, the cell membrane is much more permeable
to potassium than sodium. The equilibrium potential of potas-
sium ions dominates the resting membrane potential. Therefore,

TA B L E  3 TheactivityofNa+- K+-ATPaseinanimalepilepsymodel

Model
Na+- K+- ATPase functional 
changes Specific stage References

Chroniccobalt-inducedmodel ↑
↓(afterward)

5–10 day
10–40 day

89

Cobalt-inducedmodel ↓ 2–23 day 48

Acutefreezelesions ↑ 3–5 h 53

Chronicfreezelesions ↓ 21 day

Kainite model ↓ 7–21 day 51

PilocarpineinducedSEmodel ↓(Acuteandsilentperiod)
↑(Chronicperiod)

Acuteperiod:1/24 h
Silentperiod:7 day
Chronicperiod:120 day

52

PilocarpineinducedSEmodel(P16) ↑ 7 and 30 day 57

PilocarpineinducedSEmodel ↓ 60 day 90

Audiogenicseizuresinmice ↓ 21 day 50

Pentylenetetrazolmodel ↓ 15 min 7
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Na+- K+-ATPase,whichdeterminesthepotassiumgradientsacross
cell membranes, is an essential factor in the maintenance of the rest-
ingmembranepotentialandtheregulationofionhomeostasis.23We
could understand themechanisms underlyingATPase and cellular
excitabilityfromtheperspectiveofsodiumandpotassiumionsho-
meostasis,respectively(Figure 1).

4.1  |  Sodium- ion homeostasis related excitability

4.1.1  |  DecreasedGABAtransportation

GABA is themain inhibitory neurotransmitter in theCNS. In par-
ticular,GAT3 (GABA transporters 3) is one of the transporters of
GABA,whichisspecificallyexpressedinastrocytes.Theactivityof
GAT3dependson the sodium iongradient.65 Therefore, Na+- K+- 
ATPasedysfunctionwillleadtoabnormalitiesinGABAtransporta-
tion,therebyincreasingCNSexcitability.

4.1.2  |  Dualinfluenceonglycineandits
transporterGlyt1b

The dysfunction of Na+- K+- ATPase will cause an increase in intra- 
astrocytic Na+ level. The rise of Na+ concentration has a dual 

influenceon theNMDAreceptor co-agonist glycineand its trans-
porterGlyt1b.66 Itmay increaseNMDAreceptor-mediatedexcita-
tionata lowconcentration.However, atahigherconcentration it
mayalsoexertaninhibitoryeffectonglycine-mediatedactivation.

4.1.3  |  Calciumioninflux

Na+- K+- ATPase dysfunction will cause the accumulation of intra-
cellular sodium ions, which will induce the activation of voltage-
gated calciumpumpsand the reversionof intercellularNa+-Ca2+ 
exchanger, leading to the rapid accumulation of intercellular free
calcium ions.43,67 The rapid influx of calcium depolarizes the cell
membraneduetoitsdivalentpositivecharge,anditcanalsomediate
actionpotentialfiringandpotentialmembraneoscillations.

4.2  |  Potassium ion homeostasis related 
excitability

4.2.1  |  Dysfunctionofglutamateclearing

Glutamate is the main excitatory neurotransmitter whose trans-
porterinthesynapsedependsonexcitatoryaminoacidtransport-
ers (EAATs).Whenonemoleculeof glutamate is transported,one

F I G U R E  1 PotentialmechanismsofNa+- K+-ATPasedysfunctioncontributedtoepilepsy.TheinhibitionofNa+- K+- ATPase could cause 
theaccumulationofintracellularsodiumions,whichwillfurtherleadto(1)inhibitionofinwardtransportationofGABA;(2)increasedNMDA
receptor-mediatedexcitation;(3)accumulationofintercellularfreecalciumionsthroughthereversionofintercellularNa+-Ca2+exchanger.
Furthermore, Na+- K+-ATPasedysfunctionisalsoassociatedwithadecreaseinintracellularpotassiumionhomeostasis,resultingin(1)
impairedglutamateclearance;(2)anincreaseinrestingmembranepotential.Withthesemechanisms,Na+- K+- ATPase is a major contributor 
tobrainexcitabilityinepilepticbrains.NKA,Na+- K+-ATPase;GAT3,GABAtransporters3;NXC,Na+-Ca2+exchanger;EAATs,Excitatory
aminoacidtransporters
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potassiumionisexported,andthreesodiumionsandonemolecule
of hydrogen ion are imported.WithNa+- K+- ATPase dysfunction, 
glutamatewillhaveclearance impairment, thereby increasingCNS
excitability.68

4.2.2  |  Increasedrestingpotential

WhentheactivityofNa+- K+- ATPase is inhibited, the active trans-
port between sodium and potassium ions cannot be completed,
leadingtotheaccumulationofpotassiumextracellularly.Thiswillbe
followedbyanincreaseofrestingmembranepotential,finallylead-
ingtoanincreaseofcellularexcitability.

4.3  |  Increased extracellular ATP concentrations

ATP was first proposed as a neurotransmitter by Geoffrey
Burnstocket al.69 In theCNS,ATPoperates as a fast excitatory
neurotransmitter.70 Some studies reported an increase in extra-
cellular ATP concentration during seizures.71,72 With Na+- K+- 
ATPase dysfunction, the concentration of ATP will increase. The 
elevatedconcentrationofATPwillfurtheractivatepurinergicP2
receptors,73 leadingtoanexacerbationofseizures.74Amongthe
subtypesofP2receptors,hippocampalP2X7receptorswerere-
ported to have a selective increase in the intra-amygdala kainic
acid mice,75 which further promotes the glutamate release.76 
However, the specific mechanism underlying P2 receptors and
seizuresremainsunclear.

Although Na+- K+-ATPase dysfunction can lead to hyper-
excitability in many ways, the mechanism of Na+- K+- ATPase in-
volvedintheepilepticbrainisstillnotfullyunderstood.Furthermore,
how Na+- K+-ATPaseindifferenttypesofcells,likeneuronsorglia,
contributes to overall excitability is unclear.

4.4  |  Dysfunction of injury- related autophagy

Braininjuryisoneofmostfrequentcausesofepilepsy.Braininjury
is related to autophagy through Na+- K+- ATPase. The interaction 
between Na+- K+-ATPaseandautophagyproteinBeclin1increases
whenbrainhaveaninjury,includingischemia.77 Moreover, Na+- K+- 
ATPasedependent autophagy canproduce a protective effect on
brain injury.78 Interestingly, recent studies demonstrated that au-
tophagy alsohas a close relationshipwith epilepsy.The abnormal
activation of the mTOR pathway, which would impair autophagy,
couldcausevariousepilepsysyndromes.79Specifically,conditional
deletion of Atg7,anessentialregulatorofautophagy,inmousefore-
brainneuronsissufficienttopromotedevelopmentofspontaneous
seizures,80 the mechanism of which is due to disinhibition of mTOR 
pathway.Inaddition,ballooncellsinthebrainsoffocalcorticaldys-
plasia(FCD)typeIIbpatients,acommontypeofepilepsy,exhibitan
increaseofautophagy-relatedproteins,whichindicatesautophagy

is impaired in FCD. Inhibiting mTOR could reverse this phenom-
enon.81 Therefore, aprospectivemechanismmayexist in the role
of Na+- K+-ATPaseinepilepsythroughtheregulationofautophagy,
whichisworthexploringinthefuture.

5  |  CONCLUSION AND PROSPEC T

Na+- K+-ATPaseisanATP-driveniontransporterpivotalforphysi-
ologicalstructureandfunctionofcellactivity.Itiscloselyrelatedto
cellular excitability, which indicates the vital role of Na+- K+- ATPase 
inepilepsy.Thepresenceofepilepticsymptomsinnumerousneuro-
logicaldiseasescausedbythemutationofNa+- K+- ATPase subunits 
highly suggested the cause-and-effect relationshipbetweenNa+- 
K+-ATPaseandepilepsy.Furthermore,asubstantialchange in the
activity of Na+- K+-ATPasewasobservedindifferentepilepsy/sei-
zureanimalmodels,althoughdiscordantresultsamongstudiesexits.
Pharmacological inhibitionofNa+- K+- ATPase in rodents will lead 
to cellularhyperexcitability and seizures.We furtherhighlight the
potentialmechanismsunderlying the roleofNa+- K+- ATPase dys-
functionandcellularhyperexcitability,whichismainlymediatedby
thechangeinsodiumandpotassiumionhomeostasis.

However,severalquestionsremainunknown,whichmainlyre-
volvearoundtheimpactofNa+- K+-ATPaseonepilepsyanditsclin-
icaltranslationalsignificance.

1. The detailed change of Na+- K+-ATPase in epilepsy, includ-
ing the protein level and subunit alterations, remains elusive.
Through investigating the protein level, the direct reason why
the activity of Na+- K+-ATPasehaschangedmightbeexplained.
Furthermore, the role of each subunit of Na+- K+- ATPase in 
epilepsy must be further clarified. Each subunit of Na+- K+- 
ATPase exists in different cell types. Understanding changes
in specific subunits will better address the cell-specific role of
Na+- K+-ATPase in epilepsy. This can assist us in finding new
drug targets and explore a series of recent drug structures.

2. In different types and phases of epileptogenesis, the role of
Na+- K+-ATPasemayvary.Inclinical,geneticdiseaseswithmu-
tations in the gene encodingNa+- K+- ATPase can have differ-
ent types of epilepsy manifestations. The pathophysiological
contribution of Na+- K+-ATPase in those patients remains to
be further investigated. Moreover, in other types of epilepsy,
includingTLEwithhippocampal sclerosis andFCD, the roleof
Na+- K+-ATPaseremainsuninvestigatedaswell.WhetherNa+- 
K+-ATPasecontributestoepilepticseizureinacommonwayor
viavariousmechanismindifferenttypesofepilepsyneedstobe
investigated.Further, investigationof the functionofNa+- K+- 
ATPase in different phases of epileptogenesis, including acute
epileptogenic phase, latency period and chronic spontaneous
seizureperiod,willbeofgreatvalueinunderstandingitsrolein
thedevelopmentofepilepsy.

3. Currently,noonedrugthatspecificallyinterveneNa+- K+- ATPase 
exists.Withspecificdrugs,thefunctionofNa+- K+- ATPase could 
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be evident. Moreover, it would have clinical transformational 
prospectsifsuchspecificdrugscouldbediscovered.

4. Thecell-specificroleofNa+- K+-ATPaseremainslargelyuninves-
tigated.ThefactthateachsubunitofNa+- K+-ATPasepredomi-
nates indifferentcell typesmight indicatedistinct functionsof
subunits. Previous research failed to identify the cell-specific
role of Na+- K+-ATPaseinpathologicalstates,includingepilepsy.
Combined with gene intervention with Cre-Loxp strategy or
subunit-specific drugwith structural virtual screening, the cell-
specific functions of Na+- K+-ATPase would have paramount
therapeutic implicationsnotonly for the treatmentofepilepsy,
butalsootherneurologicaldiseases.
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