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We have studied Na + transport in inside-out basolateral membrane vesicles isolated from rabbit kidney 
cortex. The addition of ATP in the presence of Mg 2+ to the outside of K + -loaded vesicles induced a rapid 
influx of Na + against its chemical gradient. Whereas intravesicular K + was required, extravesicular K + was 
inhibitory. ATP-dependent Na + uptake was inhibited by intravesicular, but not extravesicular ouabain, while 
extravesicular vanadate was inhibitory. Evaluation of changes in membrane potential using the iipophilic 
cation triphenylmethyiphosphonium (TPMP +) demonstrated hyperpolarization of the membrane voltage 
after MgATP addition. Changing membrane potential from zero to - 4 0  mV had no effect on ATP-depen- 
dent Na + transport. The potential produced by MgATP was inhibited by valinomycin and by protonophores, 
but not by vanadate or ouabain. By contrast, the hyperpolarization that occurred in mitochondria after 
MgATP addition was inhibited by 75% by vanadate. We conclude that the properties of the renal basolateral 
sodium pump are qualitatively similar to those found in red cell and nerve and that these membranes probably 
also contain an electrogenic proton pump. 

Introduction 

It is generally agreed that transport of Na + out 
and K + into animal cells is coupled to ATP hy- 
drolysis catalyzed by the membrane-bound (Na ÷ 
+ K ÷ )-ATPase which is the enzymatic equivalent 
of the sodium pump. With regard to the kidney, 
which is one of the richest sources of (Na ÷ ÷ K ÷ )- 
ATPase, much work has been done to relate 
changes in this enzyme activity to tubular Na ÷ 
reabsorption. In recent experiments, a good corre- 
lation was found between these two events in 
various nephron segments [1,2]. In contrast to the 
wealth of information on (Na ÷ + K ÷ )-ATPase lo- 

Abbreviations: TPMP ~ , triphenylmethylphosphonium; Hepes, 
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; FCCP, 
carbonyl cyanide p-trifluoromethoxyphenylhydrazone. 

calization along the nephron little is known about 
the mechanism by which Na ÷ is translocated across 
the renal basolateral membrane in which (Na ÷ + 
K ÷)-ATPase is located predominantly, if not ex- 
clusively [3,4[. With respect to proximal tubules, 
practically all our understanding on Na ÷ trans- 
port mediated by the (Na ÷ + K ÷ )-ATPase derives 
from studies using intact cell systems. In such 
complex systems, however, unequivocal interpreta- 
tion of the data is not possible since Na ÷ trans- 
port may be mediated via other carriers located at 
the luminal membrane. These include Na ÷ - 
cotransport with sugars, amino acids, organic and 
inorganic acids and an Na ÷ -H ÷ antiport system 
(for reviews, see Refs. 3, 5-8). Moreover, in con- 
trast to studies using simple cell systems, such as 
erythrocytes or resealed erythrocyte ghosts, it is 
not feasible to adjust the composition of the in- 
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tracellular fluid of renal cells to desired values and 
thus to assess with certainty the effects and the 
sidedness of interaction of various ligands on the 
sodium pump. 

We thought, therefore, that a more direct ap- 
proach is warranted to characterize further Na ÷ 
transport mediated by the ( N a + +  K+)-ATPase. 
To that end we have isolated from the rabbit 
kidney cortex a purified preparation of basolateral 
membranes. This preparation consisted of sealed, 
inside-out vesicles, an orientation which allows 
direct ATP access to the catalytic site and thus 
overcome the problem of impermeability of the 
renal basolateral membrane to this substrate [1,2]. 

Materials and Methods 

Preparation of basolateral membranes and 
mitochondria 

Basolateral membranes from rabbit kidney 
cortex were isolated by differential and sucrose 
density centrifugations according to the method 
described by Marx et al. [9] for rat kidney with 
some modifications. White male rabbits, 2-4  kg in 
weight, were anesthetized with sodium pentobar- 
bital. The kidneys were placed on frozen buffer 1 
(STE) (0.3 M sucrose, 0.001 M Na2EDTA and 
0.01 M Tris-Hepes, pH 7.4) and the cortex was 
minced. All subsequent steps were performed at 
0-14°C. The tissue was homogenized using five 
strokes in a Dounce homogenizer (A pestle) and 
three strokes at 750 rev. /min in a glass-teflon 
homogenizer. The homogenate was then filtered 
through a double layer of cheese cloth. The homo- 
genate was adjusted to 50 ml with buffer 1. This 
homogenate was centrifuged at 800 × g for 10 rain 
in the 59 100 swing out rotor of a MSE-25 centri- 
fuge with the brake off to remove cell debris and 
nuclei. The 800 × g supernatant was then centri- 
fuged at 6000 × g  for 10 rain (brake off). The 
supernatant was saved. The resulting pellet con- 
sisted of three distinct colored layers. The top, 
loosely packed layer, which is almost white, was 
collected by slowly swirling the tube with about 
three ml of 0.3 M sucrose + l0 mM Tris-Hepes, 
pH 7.4 (buffer 2 (ST buffer)). The 6000 × g super- 
natant was centrifuged at 16000 × g  for 10 rnin 
with the brake off. The supernatant fluid was 
discarded and the top, loosely packed layer was 

recovered in buffer 2 by repeating the procedure 
used above. These two partially purified mem- 
brane fractions were combined and the volume 
was adjusted to 10 ml with buffer 2. After homo- 
genization in a Dounce homogenizer (A pestle) 
with 5 strokes this suspension was layered onto 
32-45% linear sucrose gradient (w/w) in 10 mM 
Tris-Hepes, pH 7.40. The gradients were linear as 
indicated by the measure of the refractive index 
using a Bausch and Lomb refractometer. After 
centrifugation for 200 min at 286000 x g in the 
SW 41 rotor of a Beckman L5-65 ultracentrifuge 
the material banding at 36% sucrose (basolateral 
membranes) was collected. 

In some experiments, mitochondria were also 
recovered during the isolation of the basolateral 
membranes. All steps were carried out at 0-4°C. 
After the first centrifugation at 6000 × g and after 
the top loosely packed layer has been recovered as 
noted above, the yellow-brown middle layer of the 
pellet (mitochondria) was separated from the dark 
bottom layer (lysosomes) by gentle swirling of the 
tube with 3 ml of buffer 2. The resuspended 
mitochondrial layer was homogenized using five 
strokes in a Dounce homogenizer (A pestle) and 
the volume was adjusted to 50 ml with ST buffer. 
The suspension was centrifuged at 10000 x g for 
10 min (brake off). The supernatant fluid was 
discarded. The tube was gently shaked with 5 ml 
of buffer 2 to remove the top loosely packed layer 
and only the middle yellow brown layer was col- 
lected by repeating the procedure used after the 
centrifugation at 6000 × g. 

Unless otherwise stated, the basolateral mem- 
branes and the mitochondria were diluted 1 : 30 in 
a medium containing 100 mM KC1, 50 mM sucrose 
and 10 mM Tris-Hepes, pH 7.4. Membranes and 
mitochondria were sedimented by centrifugation 
for 10 rain at 22000 × g and resuspended in this 
same medium at a protein concentration of 10 to 
20 mg/ml.  

Approximately 10 mg of basolateral mem- 
branes were obtained from the kidneys of one 
rabbit which corresponded to 12-15% recovery of 
the total (Na + + K+)-ATPase of the starting ho- 
mogenate. 

Transport studies 
Uptake of 22Na or D-[14C]glucose into the 



basolateral vesicles was measured by a Millipore 
filtration technique using HAMK 0.45 ~tm filters, 
as reported [10]. All incubations were performed 
at 37°C and membranes were preincubated at this 
temperature for 20 min in a shaking water bath. 
Unless otherwise specified, incubations were 
started by adding 5 ttl of a suspension of mem- 
branes (40-100/~g of protein) to 100/tl of incuba- 
tion medium preequilibrated to 37°C, followed by 
immediate mixing and incubation in a shaking 
water bath. Uptake was terminated by addition of 
0.8 ml of an ice-cold solution containing 150 mM 
NaC1 and 10 mM Tris-Hepes buffer, pH 7.4 (wash 
buffer). The membranes were immediately col- 
lected on a prewetted filter and washed with 5 ml 
of cold wash buffer. Uptake of [3H]TPMP + into 
the membrane vesicles or mitochondria was as- 
sayed using the above mentioned procedure, ex- 
cept that Millipore Cellotate filters (EHWP, 0.5 
/~m) were used, as nonspecific retention of radio- 
activity was reduced about 50-fold, and that filters 
were washed with 10 instead of 5 ml of cold wash 
buffer. The concentration of [3H]TPMP ÷ was 20 
/x M. In most experiments using [ 3 H]TPMP + , 22 Na 
was included in the incubation medium. Similar 
results were obtained for 22Na uptake with the two 
procedures. For each experiment the composition 
of solutions used to incubate the membranes is 
given in the figure legends. All incubatin solutions 
contained 200 mM sucrose, 4 mM NaC1, 2 mM 
MgCI z and 10 mM Tris-Hepes buffer, pH 7.4, 
unless stated otherwise. When present, ATP was at 
a final concentration of 4 mM. All incubation 
solutions were filtered through 0 .45/ tm Millipore 
filters (SLHA 025 05) prior to use. The radioactivi- 
ties of 3H, 22Na, or 14C remaining on the filters 
were measured in 10 ml of Aquasol using a SL 
4000 Intertechnique Liquid Scintillation Counter. 
Background retention of radioactivity was sub- 
stracted from experimental values [10]. All incuba- 
tions were performed at least in triplicate with 
three different membrane preparations. Although 
absolute uptake of solutes varied from one pre- 
paration to another, comparable results were ob- 
tained with the different preparations, and, there- 
fore, only results of single experiment are pre- 
sented. 

The quality of the isolated basolateral mem- 
branes was evaluated by marker enzyme analysis. 
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Alkaline phosphatase and ( N a + +  K+)-ATPase 
activities were assayed as recently described [10]. 
Succinate dehydrogenase activity was assayed by 
the method of Pennington [11] as modified by 
Porteous and Clark [12]. Protein was determined 
by the method of Lowry et al. [13]. 

Chemicals 
The [3H]TPMP + , 3.59 Ci /mmol ,  was from New 

England Nuclear ,  unlabeled T P M P  ÷ was 
purchased from K and K laboratories (Plainview, 
NY, U.S.A.). 22Sodium, 55 mCi /mg was obtained 
from Commissar ia t  /L l 'Energie Atomique  
SACLAY, France. Vanadium-free Tris-ATP and 
Tris-ADP, ouabain, oligomycin, and atractyloside 
were obtained from Sigma Chemical Co. (St. Louis, 
MO, U.S.A.). Valinomycin was from Calbiochem. 
(San Diego, CA, U.S.A.). Ammonium vanadate 
(NHaVO3) was from Fluka, A.G. (Buchs, 
Switzerland). All other chemicals were of the 
highest purity available. As oligomycin and 
valinomycin were added in 95% ethanol, control 
suspensions received equivalent volumes of 
ethanol. The concentration of ethanol in the in- 
cubation medium did not exceed 1.2%. 

Statistical analyses were performed by group 
t-tests. Results are expressed as means _+ standard 
deviation (S.D.). 

Results 

Purity of the membrane preparations 
The purity of the basolateral membranes was 

assessed by measuring the activities of 'marker '  
enzymes. It can be seen in Table I that (Na + + 
K + )-ATPase, the basolateral marker, was enriched 
12.3 + 3.12-fold in the final membrane prepara- 
tion as compared with the starting homogenate. In 
contrast, the specific activities of succinate dehy- 
drogenase (a mitochondrial marker) and of al- 
kaline phosphatase (a brush border marker) were 
enriched only 0.93 _+ 0.16 and 1.20 _+ 0.18-fold, re- 
spectively, compared with the original homogenate 
indicating little contamination by these subcellular 
components. 

For mitochondria, the enrichment in succinate 
dehydrogenase specific activity (mitochondria/ho- 
mogenate) averaged 5.67 + 1.26-fold, while for 
(Na + + K + )-ATPase and alkaline phosphatase the 
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TABLE I 

ENZYMATIC ACTIVITIES IN BASOLATERAL MEMBRANES 

Specific activities are expressed as #tool/rain per mg protein. Numbers of preparations are shown in parentheses. 

Enzyme Specific activity 

Homogenate Basolateral 
membrane 

(Na + + K + )-ATPase (12) 0.108 ___ 0.029 1.32 _+0.43 
Alkaline phosphatase (4) 0.185 + 0,06 0.23 _+ 0.07 
Succinate dehydrogenase (10) 0.037 5:0.007 0.035 + 0.011 

rat ios  were less than  unity;  0.64 + 0.43 and 0.36 + 
0.11, respect ively (five prepara t ions) .  

Distinction between transport and binding 
As i l lus t ra ted in Fig. 1, up take  of  N a  ÷ was 

found  to be inversely re la ted to med ium osmolar -  
i ty,  ind ica t ing  that  N a  ÷ entered an in ter ior  space. 
Ex t rapo la t ion  of the l ine to infini te  osmolar i ty  
revealed,  however,  a small  b ind ing  componen t  (0.2 
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Fig. 1. Effect of medium osmolarity on Na ÷ uptake. Renal 
basolateral membranes were washed twice in a medium con- 
taining 300 mM sucrose and 10 mM Tris-Hepes, pH 7.4. They 
were then incubated for 40 rain in a medium containing 4 mM 
22Na, 10 mM Tris-Hepes, pH 7.4, and sufficient sucrose to give 
final concentrations indicated. Means + S.D., n ~ 4. 

Fig. 2. Time course of effects of ATP and inhibitors on 4 mM 
Na ÷ uptake. A 5 #1 aliquot of suspension of membranes was 
added to 200/~1 of 200 mM buffered sucrose containing either 
ATP (O), ATP+I mM vanadate (A), ATP+2mM ouabain 
(I:Zl), or no ATP (O). Means+ S.D., n = 4. 

n m o l / m g  protein) ,  which would account  for only  
10% of  the total  up take  measured  under  condi t ions  
to evaluate  t ranspor t  (i.e. with 200 to 250 mosmol) .  
A dd i t i ona l  evidence,  albei t  indirect ,  that  N a  + up- 
take represented  t ranspor t  was ob ta ined  f rom ex- 
per iments  compar ing  on the same m e m b r a n e  pre- 
pa ra t ion  the equi l ibr ium volume of  d i s t r ibu t ion  of  
4 m M  2ZNa to that  of 4 m M  D[14C]glucose that  is 
known  to have, in basola tera l  vesicles, a negligible, 
if  any,  b inding  c o m p o n e n t  [ 14,15]. We found  that  
in the presence of  200 m M  sucrose the equi l ibr ium 
volume of d i s t r ibu t ion  of  22Na (0.60 _+ 0.16 # l / m g  
prote in)  was ident ical  to that  of  o-[ lnC]glucose 
(0.58 + 0.29) (n = 6). 

Effects of A TP, vanadate and ouabain on the uptake 
of Na ÷ 

As i l lus t ra ted in Fig. 2, add i t ion  of A T P  in the 
presence  of  Mg z+ to the outs ide  of  K + - l o a d e d  
m e m b r a n e  vesicles s t imula ted  N a  + up take  about  
2- to 5-fold, ind ica t ing  that  the membrane  of  the 
baso la te ra l  vesicle is everted relat ive to its or ienta-  
t ion in vivo. Fu r the r  evidence for the ins ide-out  
or ien ta t ion  of  the vesicles was ob ta ined  with two 
inhib i tors  cons idered  to have oppos i te  s idedness  of 
action.  Previous studies with red cell ghosts and 
g iant  squid axons have ind ica ted  that  ouaba in  acts 
only  on the external  surface of  the m e m b r a n e  [16, 
17] whereas vanada te  inhibi ts  the red cell N a  ÷ 
p u m p  from the cy top lasmic  side [18]. As il- 
lus t ra ted  in Fig. 2, the A T P - d e p e n d e n t  up take  of  
N a  + was progressively abol i shed  by  external  
vanadate ,  while ouaba in  had  no effect. When,  
however,  ouaba in  was in ternal ly  t r apped  dur ing  
fo rma t ion  of  the vesicles, this agent  inhibi ted  com- 
ple te ly  the A T P - d e p e n d e n t  N a  ÷ up take  (Table  
III) .  
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Fig. 3. Effects of K ÷ on Na ÷ uptake. Upper panel: [K ÷ ]i = 
[K + ]o. Vesicles were preincubated f6r 30 min at 37°C in 10 
mM Tris-Hepes, pH 7.4, in absence or presence of various 
amounts of KCI plus the necessary sucrose to maintain a total 
of 260 mosmol. Each vesicle sample was then incubated for 
30 s into an identical medium containing in addition 4 m M 
Z2NaCl, 2 raM M~CI2, with (O)  or without (e) ATP. Lower 
panel: [K + ]i > [K+]o • Vesicles were preincubated as noted 
above. They were then incubated in 260 mM sucrose, 10 mM 
Tris-Hepes, 4 mM Z2NaCl, 2 mM MgCI 2 with (O)  or without 
(e) 4 mM ATP. Incubation was for 30 s. Means 5: S.D., n = 4. 

The data in Fig. 2 also show that the final level 
of uptake of Na + in the absence of ATP is identi- 
cal to that attained in the presence of ATP plus 
vanadate, suggesting that equilibrium is estab- 
lished. Since the external concentration of Na ÷ is 
4 mM, the apparent equilibrium volume of distri- 
bution for Na + averaged 0.64 + 0.11/xl /mg mem- 
brane protein. During the first 30 rain of incuba- 
tion, the uptake of Na + in the presence of ATP 
was about 2-fold greater than the equilibrium 
value, suggesting that Na + transport occurred 
against its concentration gradient. 

Effects and sidedness of effects of K + on Na + 
uptake 

Two approaches were used to determine the K + 
requirement for Na + transport. In the first series 
of experiments the basolateral membrane vesicles 
were loaded with various concentrations of K + 
and they were diluted 21-fold with K+-free in- 
cubation medium. As shown in Fig. 3 (bottom), 
intravesicular K ÷ , i.e. K ÷ at the plasma or exter- 
nal membrane surface, stimulated progressively 
ATP-dependent Na ÷ uptake in the range of 10 to 
100 mM KCI. In the second series of experiments 

2.5 

+ A T P  

~ 0.5 a 
0 

0 10 2o 30 4 0  50 100 

EXTERNAL K+ (mM) 
Fig, 4, Ef fect  o f  external K + on 4 m M  N a  + uptake. The 

membranes were preincubated for 30 rain at 37QC in a medium 
containing 100 mM KCI, 50 mM s u c r o s e  and 10 mM Tris- 
Hepes, pH 7.4. They were then incubated for 30 s in presence 
of the indicated concentrations of KCI in presence (©)  or 
absence (O) of ATP. Means± S.D., n = 4. 
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(Fig. 3, top), the vesicles were equilibrated with 
various concentrations of K ÷ and incubated into 
an identical medium such that [K ÷ ]i = [ K÷ ]o. Un- 
der these conditions, K~- did not stimulate ATP- 
dependent uptake of Na ÷ . 

The differential effects of K ~- under non gradi- 
ent and gradient conditions may be explained, at 
least partly, by the inhibitory action of Ko + , i.e. 
K ÷ cytoplasmic on the activity of the sodium 
pump. That it is the case is illustrated in Fig. 4. 
The ATP-dependent Na ÷ uptake by K+-loaded 
vesicles is progressively inhibited when Ko + is in- 
creased from 5 to 20 mM. These results are con- 
sistent with previous work by Knight and Welt 
[19] who have shown that intracellular K + acts as 
an inhibitor of the sodium pump in human 
erythrocytes particularly, when the internal Na ÷ 
concentration is low. 

Effects of ionophores on membrane potential and 
Na + transport 

In the experiments carried out to evaluate the 
relationships between Na + movements and mem- 
brane potential, [3H]TPMP ÷ was included in the 

incubation media. Recent studies have shown that 
accumulation of this lipophilic cation can reliably 
be used to estimate relative changes of membrane 
potential in biological systems not amenable to 
microelectrode recordings (for review, see Ref. 20). 
Valinomycin in the presence of outwardly directed 
K + diffusion gradient was used to modify the 
membrane potential. As illustrated in Fig. 5, how- 
ever, only in the absence of ATP was the expected 
modification of the membrane potential achieved 
as indicated by the 2-fold stimulation of TPMP ÷ 
uptake in the presence of the K*-ionophore.  The 
effect of valinomycin, however, is lower than the 
recently observed in brush border membrane 
vesicles [21]. The unexpected and important find- 
ing of these studies was that addition of MgATP 
to the outside of vesicles promoted a strong hyper- 
polarization which was evidenced by the 5-fold 
increase in TPMP ~ uptake. This ATP effect was 
inhibited almost completely by valinomycin. 

In contrast, valinomycin had no effect on Na ÷ 
uptake measured in the absence or presence of 
external ATP. Thus, under these conditions, ATP- 
dependent Na + transport is independent of the 
membrane potential. The change in membrane 

._c potential induced by ATP can be estimated using 
I .c the Nernst equation, as reported [22]. At equi- 

~. loo / ~  ~ 4 librium, i.e. after a 4 min incubation period, 18 
pmol of TPMP ÷ were accumulated per mg protein 
in the absence of ATP. Since the external con- 

c 

"  ,oo _ 

°g i i ° o i i 
.,NUTES .,.UTE+S e -2 

After isolation, basolateral membranes  were washed twice in a +L 
medium containing 50 mM K2SO 4, 50 mM  sucrose, and 10 .~ 
m M  Tris-Hepes, pH 7.4, by centrifugation at 22000 × g for 10 O i i ¢~ i i 

o 0 2 4 2 4 rain at 2 C. The membranes  were preincubated in same medium 
MINUTES MINUTES for 20 min at 37°C. They were then incubated in 200 mM  

sucrose, 4 mM 22NaC1, 2 mM  MgCI 2, 20 p.M 13H]TPMP +, 10 Fig. 6. Effects of dinitrophenol on uptakes of TPMP + and 
m M  Tris-Hepes, pH 7.4 with (O,  e)  or without (1~, II) ATP, Na ÷. Potassium chloride-loaded membrane vesicles were in- 
Closed symbols (e, II) indicate inclusion of valinomycin (24 cubated as described in the legend to Fig. 5 except that 100 #M 
/~g/mg protein) in the medium. Means_+ S.D., n ~ 4. dinitrophenol (e, III) replaced valinomycin. 



centration of TPMP ÷ was 20 ~M, 1 mg protein 
represented an intravesicular space of 0.9 ~tl. Tak- 
ing this internal volume, it can be calculated that 
ATP induced a - 4 5  mV (inside negative) poten- 
tial across these membranes. Fig. 6 demonstrates 
that the hyperpolarization that occurred upon ATP 
addition was completely inhibited within 2 min by 
the protonophore dinitrophenol, which is known 
to have no effect on the (Na ÷ + K ÷)-ATPase ac- 
tivity [23]. Identical results (not shown) were ob- 
tained with the protonophore carbonyl cyanide 
p - t r i f l uo romethoxypheny lhydrazone  (FCCP).  
Again, the lack of effect of membrane potential on 
Na + uptake was confirmed. 

Characteristics of the A TP-induced intravesicular 
negativity 

The 3-rain uptake of TPMP ÷ measured in the 
presence of ATP was found to be inversely related 
to medium osmolarity and, thus, directly related to 
the intravesicular space (not shown). Extrapola- 
tion of the regression line to infinite osmolarity 
revealed, however, a binding component of 34 
pmol /mg  protein which would account for only 
16% of the total uptake measured under conditions 
to evaluate transport (i.e. with 250 mosmol). 
Moreover, addition of 100/tM dinitrophenol 3 min 
after ATP addition resulted after a 1-min incuba- 
tion in 80% loss of the accumulated TPMP ÷ (not 
shown). Thus, it seems likely that the described 
effects of ATP, ionophores and various inhibitors 

TABLE II 

N U C L E O T I D E  SPECIFICITY FOR HYPERPOLARIZA-  
TION OF BASOLATERAL VESICLES A N D  FOR Na ÷ UP- 
T A K E  

Potassium-loaded vesicles were incubated for 30 s in 200 mM  
sucrose, 2 mM MgC12, 10 mM  Tris-Hepes (pH 7.4), 4 m M  
22Na and 20 # M  [3H]TPMP. The nucleotides ( 4 m M )  were 
added as indicated. Means+- S.D., n = 4. 

Nucleotide TPMP ÷ uptake Sodium uptake 
( p m o l / m g  protein) ( n m o l / m g  protein) 

None 14.16 + 1.71 0.72 + 0.09 
ATP 42.01 +-2.94 2.14+-0.13 
A D P  16.20+ 3.92 0.80+-0.08 
AMP 12.50 +- 2.66 0.83 _ 0.07 
GTP  16.20 +- 2.87 0.86 +_ 0.08 
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TABLE III 

EFFECTS OF 1NTRAVESICULAR OUABAIN ON THE 
U P T A K E  OF TPMP ÷ A N D  Na ÷ 

After isolation, basolateral membranes were diluted 50-fold in 
a medium containing 100 mM KC1, 50 mM sucrose, 10 m M  
Tris-Hepes (pH 7~4), with or without 2 mM ouabain. Control 
and ouabain-treated vesicles were centrifuged at 22000 x g for 
10 rain at 2°C and resuspended into their corresponding 
medium at a concentration of about 10 mg/ml .  Control and 
ouabain-loaded vesicles were then incubated for 30 s in 200 
m M  sucrose, 2 mM MgC12, 10 mM Tris-Hepes (pH 7.4), 4 mM 
22Na, 20/~M [3H]TPMP ÷ in the presence or absence of ATP. 

Incubation TPMP ÷ uptake Sodium uptake 
conditions ( p m o l / m g  protein) ( n m o l / m g  protein) 

Control vesicles 
0 ATP 16.0+_2.16 0.81 +_0.08 
4 mM ATP 62.5+_7.01 2.31 +_0.61 

Ouabain-loaded vesicles 
0 ATP 16.5 +_4.79 0.97+_0.31 
4 m M  ATP 62.7+_11.32 0.93+_0.13 

on TPMP ÷ uptake mainly reflect changes of trans- 
port of TPMP ÷ across the basolateral membrane 
rather than alterations in binding. As illustrated in 
Table II hyperpolarization showed nucleotide 
specificity in that only ATP is effective to increase 
the uptake of the potential indicator. The results in 
Table II also show a similar nucleotide specificity 
for Na ÷ uptake. 

To determine whether the effect of ATP on 
transmembrane potential was distinct from (Na ÷ 
+ K ÷)-ATPase activity we compared the effects 
of the nucleotide on the uptake of TPMP ÷ and 
Na ÷ by basolateral vesicles either control or in 
which the specific ( N a + +  K+)-ATPase inhibitor 
ouabain was internally trapped. As shown in Ta- 
ble III, the ATP-dependent uptake of Na ÷ was 
completely abolished in ouabain-loaded mem- 
brane vesicles, while uptake of TPMP ÷ was unaf- 
fected by ouabain. 

To determine whether the hyperpolarization 
caused by ATP resulted from mitochondrial con- 
tamination of the basolateral preparation we com- 
pared the effects of ATP and ATP plus various 
inhibitors on the uptake of the potential indicator 
in either basolateral membranes or mitochondria 
isolated from the same homogenate. The relevant 
data are summarized in Table IV. This table shows 
that addition of ATP stimulated to the same ex- 
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TABLE IV 

COMPARISON OF EFFECTS OF ATP A N D  VARIOUS INHIBITORS ON TPMP ÷ UPTAKE BY BASOLATERAL MEM- 
BRANES AND MITOCHONDRIA 

Basolateral membrane vesicles and mitochondria suspended in 100 mM KCI, 50 mM sucrose, 10 mM Tris-Hepes (pH 7.4), were 

incubated for 2 rain in 200 mM sucrose, 2 mM MgC12, 4 mM NaC1, 10 mM Tris-Hepes (pH 7.4) and 20 #M [3H]TPMP + . The test 

substances were added as indicated. 

Expt. Additions 
No. 

TPMP + uptake, p m o l / m g  protein 

Basolaterals Mitochondria 

Succinate dehydrogenase 
( # m o l / m i n  per mg protein) 

Basolaterals Mitochondria 

1 None 4 26.3_+ 5.4 a 19.7,+ 6.5 a 0,065 0.283 

ATP 4 104.0+_ 0.5 91.0+_ 16.9 

ATP+0.1 mM Atractyloside 4 33.6_+ 2.8 ~ 24.6-+ 2.0 ~ 

2 None 4 16.0,+ 2.1 ~ 10.7_+ 1.7 ~ 0.047 0.197 

ATP 4 62.5-+ 7.0 44.0-+ 7.3 

ATP+0.5  mM NH4VO 3 4 76.7_+ 16.3 28.7_+ 5.1 a 

3 None 4 19.5,+ 2.6 a 15.1,+ 2.1 a 0.054 0.257 

ATP 8 94.5+ 9.5 126.2_+ 13.6 

A T P + 1 0 / . t g / m l o l i g o m y c i n  4 29.5___ 4.0 a 21.1_+ 5.0 a 

A T P +  1 mM NH4VO 3 4 116.3,+11.6 101.0,+ 6.5 a 

A T P +  1.5 mM NH4VO 3 4 125.2+_16.5 a 74.8-+ 2.8 a 
4 b None 4 15.4+ 2.8 a 13.2+ 7.3 a 0.029 0.29 

ATP 8 76.9-+ 8.0 113.8,+ 17.0 

A T P + 2 m M  NH4VO 3 4 83.8-+ 7.7 39.4-+ 6.0 a 

A T P + 2 m M N a N  3 4 23.7-+ 5.3 a 13.4,+ 6.7 a 

a p < 0.01 vs. respective values at 4 mM external ATP. 
b In these experiments NaCI was omitted. 

tent the uptake of TPMP + in both preparations 
incubated under  identical conditions.  For  
mitochondria, these results confirm observations 
by others [24,25] that the matrix of energized 
mitochondria concentrated TPMP ÷ to a large ex- 
tent, due to the potential difference, inside nega- 
tive, across the mitochondrial membrane. The 
magnitude of the ATP-dependent uptake of 
TPMP ÷ into the mitochondria present as a con- 
taminant in the basolateral preparation was esti- 
mated by calculating the ATP-dependent uptake 
of the potential indicator/succinate dehydro- 
genase ratio for the two preparations. For each 
paired experiment this ratio was 3.2- to 6.1-fold 
higher (P  < 0.01) with the basolateral membrane 
vesicles than with the mitochondrial fraction : mean 
ratio from the four experiments were 1423 + 492 
and 300 +_ 114 with the basolateral vesicles and the 
mitochondria, respectively. These results suggest 
that the hyperpolarizing effect of ATP observed 
with the basolateral preparations could not be 
entirely attributed to mitochondrial contamina- 

tion. In line with this observation is the finding 
that vanadate at concentrations ranging from 0.5 
to 2 mM inhibits the effect of ATP on membrane 
potential only in mitochondria: with 2 mM vana- 
date the ATP-dependent uptake of TPMP ÷ is 
inhibited by 74.6 + 6.8%, P < 0.001. In contrast, 
vanadate stimulated the ATP-dependent uptake of 
TPMP ÷ in the basolateral membrane vesicles by 
11 to 40%, although the changes were not signifi- 
cant in all experiments. From the data in Table 
IV, it seems that stimulation of TPMP ÷ uptake 
into basolateral vesicles by vanadate requires 
medium Na ÷ but this possibility was not investi- 
gated. On the other hand, atractyloside, azide, and 
oligomycin caused almost complete inhibition of 
the ATP-dependent uptake of TPMP ÷ in both 
preparations. 

Discussion 

The primary purpose of this study was to char- 
acterize Na  ÷ transport linked to (Na ÷ + K+)- 



ATPase by using basolateral membrane vesicles, 
isolated from rabbit renal cortex, which were ori- 
ented inside-out. We have not assessed the propor- 
tion of inside-out vesicles present in our prepara- 
tion but Kinne and Schwartz [7] have estimated 
that in approx. 40% of the rat renal basolateral 
vesicles the membrane is oriented inside-out. Re- 
cently, however, Del Castillo and Robinson [26] 
have presented evidence that all the basolateral 
membrane vesicles isolated from guinea-pig in- 
testine are oriented inside-out. 

The present experiments (Figs. 3 and 4) indi- 
cated clearly that the ATP-dependent uptake of 
Na ÷ by inside-out vesicles required absolutely the 
presence of intravesicular K ÷, i.e. K + at the 
plasma or external membrane surface, while K ÷ in 
the bathing medium, i.e. K ÷ at the cytoplasmic 
surface, inhibits Na ÷ uptake. These results con- 
firm qualitatively, in the basolateral membranes, 
the side-specific effects of K ÷ previously reported 
by others in red cells [19,27]. The influence of 
intravesicular K ÷ on the ATP-dependent trans- 
port of Na + into inside-out basolateral vesicles 
(Fig. 3) was also consistent with the conclusion of 
others that there was an absolute requirement for 
K ÷ at the peritubular membrane of the proximal 
tubule for fluid absorption [28,29], and that active 
Na ÷ transport in the kidney is mediated predomi- 
nantly, if not exclusively, by (Na ÷ + K ÷ )-ATPase 
[1,21. 

The lack of effect of transmembrane potential 
on the activity of the Na + pump in basolateral 
membrane vesicles (Figs. 5 and 6) is in qualitative 
agreement with the observations of Hodgkin and 
Keynes [30] and Brinley and Mullins [31,32] on 
squid axon, of Thomas [33] on snail neuron, and 
of Marmor [34] on mollusc neuron. These data 
suggest that the basolateral sodium pump func- 
tions as a constant current source at least over 
change in membrane potential from 0 to about 

- 30 or - 40 mV. 
About the marked hyperpolarization of the 

transmembrane potential specifically induced by 
external ATP (Figs. 5 and 6 and Table II) the 
present experiments demonstrated that the ATP 
effect was resistant to internal ouabain (Table III) 
or external vanadate (Table IV), while these agents 
inhibited ATP-dependent Na + transport. Con- 
versely, the results in Fig. 6 show that di- 
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nitrophenol had no effect on ATP-dependent Na ÷ 
uptake, whereas this protonophore completely 
blocked the ATP-induced hyperpolarization. Thus, 
it seems reasonable to conclude that the capacity 
of ATP to hyperpolarize the basolateral membrane 
is not linked to (Na + + K + )-ATPase activity. 

Two lines of argument suggest that the effect of 
ATP on membrane potential was not due to 
mitochondrial contamination of the basolateral 
preparation. First, the capacity of ATP to generate 
an interior negative in basolateral membrane 
vesicles and in mitochondria is unrelated to the 
respective content of these preparations in the 
mitochondrial enzyme marker succinate dehydro- 
genase. Second, 2 mM vanadate suppressed by 
75% the effect of ATP in mitochondria, while this 
agent had not inhibitory effect in the basolateral 
preparation (Table IV). The observations that 
vanadate, usually considered as a plasma mem- 
brane inhibitor, suppressed the effect of ATP on 
membrane potential in mitochondria but not in 
baso la te ra l  vesicles and that  a typica l  
mitochondrial inhibitor, such as oligomycin, in- 
hibited the hyperpolarization in both preparations 
are apparently distrubing. It has been shown, how- 
ever, that vanadate exerts an uncoupling effect [35] 
and an inhibitory effect on respiration and phos- 
phorylation [36] in mitochondria. Conversely, it is 
well established that several non-mitochondrial 
ATPases are also sensitive to oligomycin [37,38]. 

The effect of ATP on membrane potential was 
probably not due to lysosomal contamination. In- 
deed, the lysosomal proton pump [39] differs from 
the purported basolateral proton pump in that it is 
directed inwardly and operates electroneutrally. In 
addition, the lysosomal pump is not inhibited by 
valinomycin. 

Recently, Murer et al. [40] and Kinne-Saffran et 
al. [41] have reported the existence in rat renal 
brush border membrane vesicles of an ATP-driven, 
probably electrogenic proton pump. It is unlikely, 
however, that our results may be explained by the 
activity of this brush border proton pump. Indeed, 
there is a major difference in the experimental 
technique. Brush border membrane vesicles are 
predominantly right side out and proton extrusion 
was observed only with ATP-loaded vesicles 
whereas the basolateral vesicles hyperpolarized im- 
mediately after external addition of ATP. Also, the 
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brush border proton pump functions in the pres- 
ence of oligomycin [41] while this inhibitor pre- 
vented the ATP-induced hyperpolarization in the 
basolateral membrane vesicles. 

We suggest, therefore that the hyperpolarization 
caused by ATP reflects predominantly, if not ex- 
clusively, an event that occurred across the baso- 
lateral membrane, but which is distinct from (Na ÷ 
+K+) -ATPase  activity. The observations that 
protonophores such as dinitrophenol (Fig. 6) or 
FCCP (not shown) inhibit the ATP effect suggest 
that the hyperpolarization induced by ATP reflects 
the activity of an electrogenic proton pump. This 
view is strengthened by the finding (Fig. 5) that 
a l terat ion of m e m b r a n e  conduc tance  by 
valinomycin abolishes almost completely the 
potential induced by the purported ATP-driven 
proton pump. The present data, however, do not 
provide any evidence that the development of an 
inside-negative membrane potential after ATP ad- 
dition is associated with alkalinization of the ves- 
icle interior. 

In conclusion, with inside-out basolateral 
vesicles it has been possible to confirm, at least 
qualitatively, observations by others, mainly ob- 
tained in red cells (for reviews, see Refs. 42-44) 
for the effects and the sidedness of interaction of 
K ÷ , ouabain and vanadate on the sodium pump. 
We were also able to show, in agreement with 
previous work by other in nerve, that the activity 
of the sodium pump is largely independent of 
membrane potential. These findings suggest that 
inside-out renal basolateral vesicles should be use- 
ful to characterize further ATP-driven transport 
processes. In particular, the unexpected finding 
that ATP specifically hyperpolarizes the baso- 
lateral membrane by a process sensitive to proto- 
nophores suggest the presence of a basolateral 
electrogenic proton pump which deserve further 
studies. 
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