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Biochemical Characterization of the Hippocampal
and Striatal Na,K-ATPase Reveales Striking
Differences in Kinetic Properties
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Abstract The activities and basic enzymatic properties of Na k-ATPase were ex
anun¢d 1n synaptosomal plasma membianes (SPM) prepared fiom 1at lippocampus
and stilatum A kinetic analysis showed profound differences i apparent affinities
for ATP (I ) between hippocampal (1 21 mmol/1) and striatal (0 76 mmol/1)
euzyme preparations as well asin the cortesponding 1, .« values However phys
1logical efficiencies were almost the same The complea pattern of dose 1¢sponse
curves to onabamn mdicated the presence of two high affimty forms of Na v ATPasc
i the stitatum ( very lugh A, =3 73x10 ®mol/land high A, =421x107"
mol/l) and one high affinity form m the hippocampus (A = 66 x 107" mol/l)
In addition both SPM piepaiations containcd one low affimity form with simla
L The very lugh afhmity  form had positive cooperativity for onabain mlibition
of Na Ik ATPase activity m contiast to lugh  and low afhmty forms which
exhibited negative cooperatinity The respective contributions of ouabain sensitive
forms to the total activity weie estimated as 22% 46% 19% for the striatum and
36% 45% for the hippocampus These data cleaily demonstiate stiihing differences
i hinetic properties of the hippocampal and striatal Na k ATPase that may be
due to the 1soenzy me diversity and adaptation to speaific physiological demands of
the examined rat bramn 1egions

Key words' Na L ATPase — Synaptic plasma membianes Hippocampus
Striatum Rat

Cortespondence to Dr Jove V' Mattinovic [ aboiratory for Molecular Biology and
Fndocmology  Vinca Institute for Nuclear Scicnces PO B 522 11001 Belgrade Yu
goslavia Phonc and fax 38 1 11 155 561 E mail emartino @ubbg etf bg ac vu



228 Pelovic et al

Introduction

Sodium, potassium-adenosine tiiphosphatase (Na,h-ATPase, EC 3 6 1 37) 15 o fam-
ly of ATP-dependent enzymes that mediate active transport of Nat and k™ acioss
the plasma membiane of almost all amumal cells In the nervous tissue, this protein
plays a key 1ole in mamtaining the electiical potential undetlying excitability of
nerve cells (Stahl 1986 Albers et al 1994) It 1s known to be composed of at least
two subunits catalytic (a) and glvcoprotemn () There may also be an associated
subunit 4 (Collins and Leszyk 1987) Recently, 1t has been found that a and ;3 sub-
units of Na K-ATPase exist i several 1soforms i nervous tissue In the 1at bian
at fTeast thiee 1soforms of the o subumit (a; a,, a3) (Sweadner 1985, Herleia et
al 1987 Jewell et al 1992) each being the product of a separate gene (Shull et
al 1986), and thiec 3 subunit soforms (4, 4 33) (Schmalzing and Gloor 1994
Malik et al 1996) have been predicted from ¢cDNA cloning expernments Each of
the subumit 1soforms of the ensyime has a distinetive and matkedly vartable tissue
(Young and Lingrel 1987 Gick et al 1993) and cellular distuibution (Watts et al
1991 Cameron et al 1994 Lecuona et al 1996), forming poteuntially up to six
stiucturally distinet Na,Jx-ATPase 1soensyvimes that express different kinetic prop-
erties (Blanco et al 1995a b) However, the same sets of subunit 1soforms have
distinct enzymatic propetties i different tissues (Sun and Ball 1992) implying the
mmpottance of the mulieu w the regulation of pump activity The aim of this work
was to dlanfy regional enzymatic speciheities of Na k-ATPases 1 synaptic plasma
membiane preparations from the hippocampus the striatum and for comparative
purpose the whole female 1at brain The preseuce of multiple enzyme 1soforms of
Na k-ATPase m the examimed brain 1egions was deternuued on the basis of affin-
ity for the specific mhibitor ouabam smee 1t 15 known that ngh-affimty ouabam
binding sites are associated with ay and as while low-afimty ouabamn binding
5 assoclated with ap subunit oform (Sweaduner 1989) To iwdentify the presence
of mdividual o subumt 1vofornr two disciimnatory crteria were uscd  appatent
affimities to ouabamm and differences m cooperativity of ouabam binding,

Materials and Methods

Expaiments were performed on 2-month-old female Wistar 1ats weighing 200
250 ¢ The annnals were undar permanent macioscopic swiveillance, and those
with beliaviotal signs of possible bram damage were excluded fiom experinents
After decapitation with a guillotine (Harvard Appaiatus), the brams from 13 ani-
mals {01 each expetiment were 1apidly 1emoved Fiesh whole bramns (WB)  stiiata
(St1) and hippocampr (Hippo) weie pooled (3 and 10/pool 1espectively) for m
mediate prepatation of synaptosomal plasma membianes (SPA) The SPAs were
prepated according to the method of Cohen et al (1977) as modihed by Towle
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and Sze (1983) As descuibed previously (Hoivat et al 1995) SPM picparations
were obtained after centifugation m a discoutmuous sucrose gradient (0 8 mol/l,
10 mol/l and 1 2 mol/1) at 90,000 x g for 105 mmn The band containing SPM was
removed from the 1 0 1 2 mol/] sucrose wmteiface, diluted with 5 mmol/l Tiis-HCI
pH 7 4 and pelleted by centuifugation at 15,000 x ¢ for 20 min Resulting pellets
were 1esuspended 1 5 mmol/l Tiis-HCI pH 74 and kept at —70°C until use The
puntv of SPM was assessed with the use of 5 mmol/l NaN; oligomvem (2 pg/ml)
1 mmol/l NaF and 1 mmol/l theophilline The results obtained indicated no signif-
1cant cross-contamination (less than 7%) Protein content was determined by the
method of Lowiy et al (1951) as modified by Mathwell et al (1978)

Na K ATPase assay

Na,h ATPase activity was determined by measuning the inorganic phosphate (P1)
Iiberated from the hydiolyvsis of ATP Tvpical mcubation mixtuie for the Na kv
ATPasc activity measurement ¢ontamed 50 mmol/l Tis-HC1 pH 74 1 mmol/l
EDTA 100 mmol/l NaCl 20 mmol/l KCl 5 mmol/l MgCl, 10 20 pg of SPM
protems and 2 mmol/l ATP (Sigina) mn the final volume of 200 pl The actinity
obtamcd i the absence of Na®™ and W was attuthuted to Mg-ATPase and 1t was
subtracted fiom the total Na k-ATPase activity The mixturc was prancibated for
4 mn at 37 C and the reaction was startcd by the addition of ATP Atfter 5 nun of
mcubation the rcaction was mtertupted by the addition of 3 mol/l parchloracetic
aad  and mmmecdiatels cooled m 1ce water The hiberatcd Pr was determuned ac
cording to the method of Pcnmal (1966) with shght modifications using KWH,PO
as a rcforence standard

Ouaban tnhibition

Onabain (Calbiocham) was used as a specific mhibitor of Na l-ATPase mm ordar to
andly ze enzy e heterogeneity m W B St and Hippo in teims of ouabain sensitivity

This was studied by mcanbating SPM prepatations in the assay medium containmg
ouabain m a final concentiation varying from 10 1Y to 107} mol/l In all expen

ments with ouabain SPM preparations were premcubated for 15 min at 37°C before
substrate addition smice 1t has becn demonstrated that mlubition levels mduced by
a sigle dose of ouabam remained stable during at least 30 mun {Beriebi-Bertiand ¢t
al 1990} Inhibition percentages were calculated by comparing the activities mn the
proscuce aud absence of ouabain after subtiacting ouabain-inscnsitive Mg ATPase
winaty measured m the presence of 0 1 mmol/1 ouabain

Statistical ¢ valuation

The results were analvzed using the Student s #-test and the values of p < 003
were accepted as significant
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Results

Na,Ix-ATPase activity was measured mn SPM prepared fiom Hippo, St1 and WB 1n
order to establish regional spectficity for maximum enzyme activity Table 1 shows
that Na,k-ATPase moiety i the total ATPase activity 1s the highest 1 Hippo
and the lowest mn Str (p < 0005) Similaily, the dependence of enzyme activity
on the duration of incubation displayed a 1emarkable distinction between Hippo
and St1 Although the hydrolysis of P1 linearly mcreased during the first 10 min
in all imvestigated biain regions, the maximum activity, attained after 10 min of
incubation, was twice as high in Hippo than in Str and WB (results not shown)

Table 1. Speaific activities of Na,lx-ATPase and Mg ATPase 1n rat brain SPM and their
percent contribution to the total ATPase activity

SPM ATPase activity (umol P1/mg protemn/min)

preparation Total ATPase Na,K-ATPase Mg-ATPase

Whole Brain 170002 095+003 075+001
(n=28) (562+19)% (438+19N%
Hippocampus 166 +003 1084+003* 0583d002*
(n = 8) (649 +18)% (351 +18)%
Striatum 135+007* 072+002% 064+002*
(n =10) (534+14)% (466 £ 14)%

ATPase activities were monitored i standard mmcubation mixture (see Materials and
Methods) containing 2 mmol/l ATP and optimal amount of SPM protemns Values rep
resent means + SE M from n determinations * p < 0005 (vs whole brain ATPase
activity)

To determine 1f Na,Is-ATPase activity differs between brain regions because
of different quantities of the enzyme required for the maximum activity, we mea-
sured the enzyme activity as a function of total SPM proteins (ranging from 5-40
ug) Fig 1A shows that Na,K-ATPases from all 3 sources of SPM exhibit simi-
lar patteins of activation by increasing amounts of protein In Str and WB the
enzyme 1eached almost equal maximum specific activity (0 832 and 0 865 pmol
P1/mg protein/mun, 1espectively), but the amount of SPM protein needed to ob-
tain these activities was about 2 5-fold higher m WB (17-20 pg) than m Str (8
ug) (Fig 1B) Considerably higher specific enzyme activity was detected 1 Hippo
(1060 pgmol P1/mg proten/min), at optimal SPM concentiation found to be 12
u1g These protein concentrations weie used 1n further experiments as optimal
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Figure 1. Effect of varying membrane protem concentrations on the Na h-AlPasc activ-
1ty expressed as pnol Pr/nun (4) and pmol Pi/mg protemn/min () knsvie activities
weare measured at 37°C as a function of different amounts of the wholc bram (M) hip
poc unpal () and striatal (A) SPM protems (from 5 40 yg) mn the prescncc of 2 mmol/1
ATP The ensymatic assays ware carned out as deseribed i Matcrials and Methods
Svimmbols represent the micans = S F M of two expciunents on three separate SPM pirepa
rations

The 1esults coucerming the substiate dependence of Na Is-ATPase activity
are presented m Fig 2 Smular patteins of activation by mcreasing ATP con-
centrations ware observed moall bram regions but matkedly lower activity at
plateau was detected in St1 The kinetic parameters A, and 13, were calculated
fiom the Eadie Hofstee semi-teciprocal plot of Ve V/[S] using software pachage
ENZEDUC 1 0 for computation of hyperbolic enzyme hinetics (Marino and Fedriani
1996) Vias Dy and Vigax /A, denived fiom these plots are shown i Table 2 It can
be noticed that regional vanations are matked for A ,, values The Na h-ATPase in
Str exhubits almost 2 fold highet apparent athnity for ATP than in Hippo and WB
Oun the other hand Hippo and WB Na Ik-ATPases have a significantly higher 1,44
values (52% p < 0005) than St1 enzvme Table 2 also displays V0 /A, 181108
which tepresent ensymatic physiologic efficiency (phys eff ) (Grissar et al 1979
1980) o1 kmnetic power’ of an enzyme 1eaction that 1s related to the evolution
of catalytic efficiency conformational flexibilitv and ensyme orgamzation (Ivelett
1988) This 1atio also mimimivzes the standaid eiror of the estimated kinetic con
stants (Dugglebv and Clathe 1991) The analyses of data indicate that, despite the
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Figure 2. Substiate concentiation dependence of the whole biam () hippocampal (O)
and stnatal (&)Y N1l ATPase activity The ¢nzyvme substiate affinity was determined at
different AIP concentiations (05 50 mmol/l) as described in Materials and Methods
Symbols 1epresent means & 5 T M of four determinations (run i duplicate} on four sepa-
rate SPM 1colations  The hines repiesent the best its obtained by fitting data according to
the Michaelis Menten hy perbolic enzyme kinctics in Microcal Ongin 3 5 scientific graphic
software pachage

differences mm Iy, and V., , the physiological efficiency of Na,IK-ATPase 15 almost
equal m WB, Hippo and St1 (p > 0 05)

The presence of multiple enzyme 1soforms of Na,k-ATPase was detexmined on
the basis of affinity for the mlibitor ouabain The fiaction of total Na,Js ATPase
activity (1e 1esidual Na,Js-ATPase activity) 1emaining at each ouabain concen-
tration after subtracting ouabain-nsensitive Mg ATPase activity measuired 1n the
presence of 0 1 mmol/l ouabain 15 shown i Fig 3 As can be seen, 1 all SPM prepa
rations analy zed, up to 70'4 of the activity was inhibited with 10 pmol/l ouabam
while complete mlibition was obtamed with 1 mmol/l drug The obtamned cuives
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Table 2 kinetic parameters as determmined from the data presented in Fig 2

SPM I V max Phvs eff
pieparation (mmol/1) (yumol Pi g protemn™! mm™?) (Vinax/Bom)
Whole Brain 1294002 1284+002 0994001
Hippocampus 121+018 128004 106 +£003
Striatum 076 +£006* 084 + 0 05* 110+003

Kimetic parameters were estimated using Fadie Hofstee plot Values represent means
+ SENMN fiom at least four determmations (tun in duplicate) on four separate SPM
1solations * p < 0005 (vs kinctic parameters obtained for whole brain Na k ATPase)

100

03]
(o]

B~
Q

Residual Na,K-ATPase activity (%)
~N N
O o

-10 -8 -6 -4 -10 -8 -6 -4 -10 -8 -6 -4
log [oubain] {mol/l)

Figure 3 Dose 1esponse curves to ouabam of the whole bram (4) hippocampal (B)
ind striatal (€ ) NaIs ATPse to ouibain Na k-ATPase was measured 1n the presence of
various concentrations of ouaban (10"10 10 2 mol/l) Activities were expressed as per-
centages of the respective activity detected 1n the absence of onabam after subtraction of
ouab un rcsistant (Mg ATPase) activity obtained in the presence of 0 1 mmol/l drug SPM
preparations were premncubated with ouabain for 15 min at 37°C before ATP addition
Svmbols represent the results of four expernments on two different SPM preparations

wete fitted for one two and thiee independent mhibitory states for ouabain The
best fits were achieved for the presence of one inhibitory state of high affinity m
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Hippo (Fig 38) and two mhibitory states of lugh affimty in WB (Fig 3A4) and
Sty (Fig 3C") In addition all SPM prepatations exhibited one immhibitory state of
fow affimty for ouabain The thice states were denoted as  very high-"  ‘hagh’
and low-affimity  enzyme forms as adopted fiom Betiebi-Bertiand et al (1990)

The apparcnt athnities for ouaban (A,) and the 1cspective contithutions of each
mlubitory formn to the total ensvme activitv as calculated fiom these curves, ate
presented 1 Table 3 As can be scen the apparent I, for the ‘very high-" and
high-affinity  forms markedly differed (p < 005) while IV, for the low affimity’
form wete almost the same (p 3> 0 03) 1 all SPM preparations Table 3 also shows
Hill coefficients (n) as calculated according to Hull equation for whibitors that
display sigmordal dosc-response carves (Segel 1968) Since the very high-athnity
forms of WB and St1 have nyy > 1 they appear to exhubit positive cooperativity

the same holds for the high afhmty form m Hippo with ngy > 1 classafving 1t
the category of ~very high affinity  form (Sweadner 1985 Uravama and Swead
uner 1988) On the othar haud the high  and low athnity  foims have ng <1
mdicating ncgative cooperativity

Discussion

The xastence of multiple toims of Na Iv ATPasc has been known for many yvears
(Sweaduer 1989) However the presence of multiple forms of each subunit greath
complicates the analyvsrs of the cusvme spatial distuibution aud regulation Each
cell type probably has its nmque combmation of 1cgulatory contiols including
regulation of 1soform sclection levels of gene cxpression sensitivities to varous
modulators  and spatial distiibution (Fambrough 1988) In the past few yeais a
great progiess has been done m mapping, the cellular distuibution of each 1soform
of the sodium pump m the rat hram uang 1 situ by hudization histoche mistiy
{(Schnader et al 1988 Brmes et al 1991) and immunocs tochemistiy (Cameton et
al 1994) Additionally the ensvmatic propetties of mdividual a and 3 1soforms
have bheeu determned (Jewell et al 1992 Blanco et al 1995a b)) Despite mtense
stidies the correlation of cnzvmatic properties of the mdividual soforms to then
plivsiologie al 16lc 1 diftercutial newal cell type and different hram 1egions 1s still
not fully undaistood The ann of the present studs was to distinguish some of
the diffcrences m basic cnzvimatic properties that exast botwoen Na h-ATPases
distinct bramn wcgrons of adult female 1ats

A compainson of spaaafic activities of Na kv ATPases from the lappocampal
stitatal and whole 1at bram SPN 1cvealed that hoth the lughest activity and per
cent contribution to the total ATPasc activity (65%) arc assocated with hippocam
pal SPANI preparations This s moagiccment with findings from autoradiographic
(Spyiopoulos and Rambow 1984 Caspers et al 1987) and iy buidization (Schuewder
et al 19585 Brmnes et al 1991) studics that the number of fnctional sodinm pump
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Table 3. Apparent affinities for ouabain (A,) Hill coefhicients (ny) and respective contributions (%) of very high- , ‘ high-
and low -affimity enzvme forms (derived from Fig 3)

Enzvme form

SPM Very high-’ ‘High-~ Low-
preparation
K, ny P ki, ny % K, ny %
(nmol/1) (pmol/l) {(mmol/1)
W hole bramn 243+£02 101£002 T 127+£08 083002 50 021001 T 001 21

1 072+
Hippocampus 660 + 12* 111 +£007 36 031009 072002 45
Striatum 3734112 097003 22 121+£16*% 081003 46 027007 074001 19

Means + SE M from four determinations on two different SPM pieparations * p < 0005 (vs whole brain A, values)

sose J 1V -V BN UrvI¢] jeY JO UONPZIIa)deIR] ) JT}oUTy]

ggqT
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molecules 15 the lughest 1 the hippocampus the olfactory bulbs the cortex and
the cercbellum

The most stithing difference between Na k-ATPases of investigated bramn re-
glons was m thcn apparent affinities for ATP which was almost twice as lagh i the
stitatum than m the hippocampus Tlus difference however was compensated tor
by siguitficantly higher 1,0, of ippocampal Na ki-ATPase resulting in equal phys
10logical efhiciencies of the enzyvmes This suggests that both Na k-ATPases have
the potential of possessing distinct capabilities to accommodate to spectfic cellila
conditions that are a reflection of fundamental differences mm the nulien Thus dif
ferent prmapal nanotiansmttors (Akagawa and Tsukada 1979 Segal et al 1980
Bertorcllo et al 1990 Honuchi et al 1992) endogenous modulator molecules (Ro-
drigues de Tores Artnarz 1993 Lananc of al 1994) and smce the present work
was doue on female rats specitic mfluence of ovanran sterords (Teyler et al 1980
Bettinn et al 1992) may potentiate the differences between the Inppocampal and
striatal Na k- ATPase

The presence of multiple cnzyme soforms of Na l-ATTPasc 1 the mvestigatod
bramm regions was determined on the basis of athnity for the mhubitor ouabam It 1.
Lkuown that high athmity onabamm binding sites are associated with a, and a; sub
units while the low-athnity ouabam bhinding site 15 associated with the o subunit
The low-atfimty form has A, value repeatedly 1cported to be m the range of 107!
mol/l wiich makes 1t casy to wdentify Stmilaily, m om studs the appatent Iy, val-
ues for  low-afhmity  form were i the same 1ange In contrast Iy, values reported
for lngh-athty onabain hinding for rat bram Na k-ATPase varwed from 0 02 to 10
jmol/l (Travama and Sweadner 1988 Heu and Gudottr 1989 Benebi-Bertrand
ot al 1990) Thus 1t was difficult to determne which form (e 01 a) correspouds
to the veary lngh o1 the  lugh athmty  component of oudabain-scnsitive ATPas
activity desaitbed ene Howover Hill cocfficient of wy 2.1 mdicating positive
cooperatinity and wcflecting the amplification of sensitivity to onabain was 1e
ported for a; 1sosvme (Sweadner 1985 Urayama and Sweadner 1988 Shyjan et
al 1990) On the other hand ny < 1 mmpliing negative cooperativity and low
athmity for onabain 1~ typrcal fo1 1at kidney Na I-ATPase whick 1 considered as
a model of a; contammng tissue The 1esults presented here (Table 3) showed that
nrespective of the hram rcgion the  very gh-afhmity  form has positive coopei-
atnvity suggesting that 1t s predonunantly a3 hke whereas negative cooperatinaty
of the  low-athmty  {orm mdicates 1ts ay ongm Interestingly, the  ligh-athmts
form also demonstiates negative cooperatinaty This type of reactivity has so far
been desciibed only by Bertebi-Bertrand et al (1990) If not the mherent prop-
e1ty of a, the negatine cooperativity mught be a consegquence of alterations of the
fransmembirane Na Iv ATPase segment due to the membrane 1solation procedie
{Betrebi-Bertrand ot al 1990} o1 modifications m the phospholipid composttion
(Har1is 1983 Yoda and Yoda 1987)
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The analysis of the appaient affimity for ouabain showed that hippocampal
and sti1atal Na Ik-ATPase had dissimilar sensitivities to ouabain Thus when com-
pated to the striatal the hippocampal “very migh-affimty” form 1s approximately
18 times less sensitive to ouabain Additionally, the sum contribution of the high
affinity form to ouabain 1s maikedly smaller 1 the hippocampus, 1epresenting 36%
of the total enzyme activity 1n comparison to 68% 1n the striatum In contiast,
the “low affimity”™ form 18 more abundant in the hippocampus (45%) than in the
stitatum (19%) Considenng these results, we proposed that hippocampal Na, k-
ATPase might be less sensitive to an endogenous ouabain-like factor, and therefore
mote sensitive to stimulatory effect of noradrenahine and serotonin (Rodriguez de
Lores Arnaiz 1993) Such stimulated Na k-ATPase activity, followed by hy perpolar
1zation of neuronal membiane, could be 1esponsible for the depiession of neuronal
spontaneous firing (Segal 1981 Phillis 1992) Conversely, the higher affinitv of stria
tal Na,Ix-ATPase to ouabain makes 1t more sensitive to the action of endogenous
ouabain, leading to a 1eduction of 1ts activity Consequently cells coutaimng such
enzvine activity will be vulnerable to neurotoxice effects of glutamate i the milieu
Since 1t 15 known that a; and as 1soforms are specifically mmvolved i the homeo-
static tesponse to exctatory amimno acwds (EAAs) stimulation (Biines and Robbins
1992) greater contents of both high-affinity forms i the stiiatum may have a 1ole
1 the protection of stiiatal neurons fiom EAA towiaity

Taken together our 1esults suggest that the hippocampal and stiiatal Na k-
ATPases may have cnzymatic properties selected m 1esponse to the milien required
for the specific physiological 10les of the hian 1egions mvestigated Therefore ex
ammnation of the effects of different endogenous neuromodulators neurotiansmit-
ters and hotmones that will give a better msight to then role i the regulation of
the hippocampal and the stilatal Na k-ATPase will be the subject of om fuither
mterest
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