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The aim of this work was to develop a method for renal H
+
,K

+
-ATPase measurement

based on the previously used Na
+
,K

+
-ATPase assay (Be³towski et al.: J Physiol

Pharmacol.; 1998, 49: 625–37). ATPase activity was assessed by measuring the

amount of inorganic phosphate liberated from ATP by isolated microsomal fraction.

Both ouabain-sensitive and ouabain-resistant K
+
-stimulated and Na

+
-independent

ATPase activity was detected in the renal cortex and medulla. These activities were

blocked by 0.2 mM imidazolpyridine derivative, Sch 28080. The method for ouabain-

sensitive H
+
,K

+
-ATPase assay is characterized by good reproducibility, linearity and

recovery. In contrast, the assay for ouabain-resistant H
+
,K

+
-ATPase was unsatisfac-

tory, probably due to low activity of this enzyme. Ouabain-sensitive H
+
,K

+
-ATPase

was stimulated by K
+

with Km of 0.26 ± 0.04 mM and 0.69 ± 0.11 mM in cortex and me-

dulla, respectively, and was inhibited by ouabain (Ki of 2.9 ± 0.3 �M in the renal cortex

and 1.9 ± 0.4 �M in the renal medulla) and by Sch 28080 (Ki of 1.8 ± 0.5 �M and 2.5 ±

0.9 �M in cortex and medulla, respectively). We found that ouabain-sensitive

H
+
,K

+
-ATPase accounted for about 12% of total ouabain-sensitive activity in the

Na
+
,K

+
-ATPase assay. Therefore, we suggest to use Sch 28080 during Na

+
,K

+
-ATPase

measurement to block H
+
,K

+
-ATPase and improve the assay specificity. Leptin ad-

ministered intraperitoneally (1 mg/kg) decreased renal medullary Na
+
,K

+
-ATPase ac-

tivity by 32.1% at 1 h after injection but had no effect on H
+
,K

+
-ATPase activity sug-

gesting that the two renal ouabain-sensitive ATPases are separately regulated.

Apart from their important role in sodium

homeostasis, the kidneys have also to main-

tain potassium balance by adjusting its uri-

nary excretion to variable alimentary intake.

The mechanisms regulating K+ homeostasis

are not completely understood (Rabinowitz,

1996). Renal potassium handling consists of

glomerular filtration, tubular reabsorption
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and tubular secretion (Giebisch & Wang,

1996; Giebisch, 1998; Muto, 2001). Tradi-

tionally, it has been believed that only K+ se-

cretion in the collecting duct is involved in

the regulation of potassium excretion. Potas-

sium reabsorption, occurring predominantly

in more proximal nephron segments, was

long considered as a passive process driven

by sodium and water transport and not inde-

pendently regulated. This point of view has

been revised after the identification in renal

tubules of H+,K+-ATPase which suggested

the existence of specific K+ reabsorbing

mechanisms (Doucet & Marsy, 1987; Garg &

Narang, 1988). H+,K+-ATPase, located in the

apical membranes of tubular cells, actively

transports K+ from the tubular lumen to the

cell and protons in the opposite direction,

and thus is involved in potassium reabsorp-

tion and urine acidification (Wingo &

Smolka, 1995; Silver & Soleimani, 1999). Re-

nal H+,K+-ATPase exists in at least three dif-

ferent isoforms: type I localized in interca-

lated cells of the collecting duct, type II ex-

pressed in proximal tubules and thick as-

cending limbs of Henle’s loop, and type III,

which is not expressed under physiological

conditions but appears in principal cells of

the collecting ducts in potassium-depleted

animals. All these isoforms are inhibited by

2-methyl-8-(phenylmethoxy)imidazol(1,2-�)

pyridine-3-acetonitrile (Sch 28080) (Younes-

Ibrahim et al., 1995; Buffin-Meyer et al.,

1997; Doucet, 1997; Laroche-Joubert et al.,

2000).

For over 40 years ouabain was considered to

be a specific inhibitor of Na+,K+-ATPase. How-

ever, recent studies indicate that ouabain can

also inhibit the activity of type II and type III

H+,K+-ATPases (Younes-Ibrahim et al., 1995;

Buffin-Meyer et al., 1997). These findings

raised the question of specificity of the cur-

rently used methods of Na+,K+-ATPase deter-

mination. Most, if not all, of these methods,

including that used by us in our previous stud-

ies (Be³towski et al., 1998a, 1998b), define

Na+,K+-ATPase as ouabain-inhibitable activ-

ity. Ouabain sensitivity of some H+,K+-

ATPases suggests that “Na+,K+-ATPase” mea-

sured in this manner may in fact contain,

apart from true Na+,K+-ATPase, also ouabain-

sensitive H+,K+-ATPase activity.

The aim of the present study was to develop

a method for H+,K+-ATPase determination

based on the protocol previously used by us to

determine renal Na+,K+-ATPase activity. We

have also studied what part of ouabain-sen-

sitive “Na+,K+-ATPase” measured by this

method is in fact accounted for by ouabain-

sensitive H+,K+-ATPase. Finally, to evaluate

whether Na+,K+-ATPase and H+,K+-ATPase

are independently regulated, we investigated

the effect of leptin, previously shown to in-

hibit Na+,K+-ATPase (Be³towski et al., 1999;

Sweeney et al., 2000), on both renal ouabain-

sensitive “X+,K+-ATPases”.

MATERIALS AND METHODS

Animals and tissue preparation. All stud-

ies were performed on adult male Wistar rats

weighing 200–250 g. The animals were kept at

20 ± 2�C and had free access to food and tap

water before the experiment. To maintain

normokalemia, the chow contained 150

mmol/kg potassium. The study protocol was

reviewed and approved by the Animal Care

and Use Committee of the Medical University

in Lublin.

The rats were anaesthetized with pento-

barbital (50 mg/kg i.p.). Then, the abdominal

cavity was opened and the aorta was can-

nulated distally to the renal arteries. The

blood for the assay of electrolytes was col-

lected into EDTA-containing tubes and centri-

fuged for 5 min at 3000 r.p.m. at 4�C. Plasma

was separated, frozen and stored at –25�C.

Immediately after blood withdrawal, the ab-

dominal aorta was ligated proximally to the

renal arteries and 5 ml of physiological saline

was infused slowly through a cannula to re-

move erythrocytes from the kidney. After this

procedure the kidneys became pale and con-
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tained virtually no erythrocytes, as confirmed

by light microscopy.

For the ATPase activity assay the

microsomal fraction of the renal cortex and

medulla was isolated by the method of

Jörgensen (1974) with slight modification.

The kidneys were removed and stored in

ice-cold solution containing 0.25 M sucrose

and 0.03 M histidine (pH 7.2). The medulla

and cortex were separated by dissection and

homogenized in sucrose-histidine solution (10

ml/g tissue) using a glass homogenizer. The

homogenate was centrifuged at 8000 � g for

20 min at 4�C. The sediment was resuspended

in 6 ml of sucrose-histidine solution and cen-

trifuged again. The combined supernatants

were centrifuged at 50000 � g for 30 min at

4�C. The pellet (microsomal fraction) was re-

suspended in 4 ml of sucrose-histidine solu-

tion and stored at –25�C. The enzyme assay

was completed within 24 h.

H
+
,K

+
-ATPase assay. The sample was

thawed and then diluted to yield 500 �g pro-

tein/ml solution. ATPase activity was assayed

by measuring the amount of inorganic phos-

phate (Pi) liberated from ATP during incuba-

tion of the microsomal fraction in the pres-

ence of appropriate activators. H+,K+-ATPase

was measured as K+-stimulated ATP hydroly-

sis. The assay medium (1 ml) contained 5 mM

KCl, 10 mM MgCl2, 1 mM EGTA, 5 mM

Tris/ATP and 25 mM Tris/HCl (pH 7.4), as

described by Buffin-Meyer et al. (1997). This

solution differs from that used by us previ-

ously for Na+,K+-ATPase assay in that: 1) it

does not contain NaCl and contains Tris salt

of ATP instead of sodium salt to exclude

Na+,K+-ATPase activity; 2) it contains EGTA

to block Ca2+-ATPases which could generate

high background activity. For the assay of

basal, K+-independent Mg2+-ATPase, KCl was

omitted and Sch 28080 (0.2 mM) was added to

block any residual H+,K+-ATPase activity. At

this concentration Sch 28080 completely in-

hibits H+,K+-ATPases while it has no effect on

Na+,K+-ATPase (Younes-Ibrahim et al., 1995).

The third sample was assayed in the presence

of 5 mM KCl and 1 mM ouabain to block

ouabain-sensitive H+,K+-ATPase. The latter

was defined as the difference in activity be-

tween the samples assayed in the absence and

the presence of ouabain, both containing

5 mM KCl. Ouabain-resistant H+,K+-ATPase

was calculated as the difference between total

and ouabain-sensitive H+,K+-ATPase activity.

For enzyme assay, 50 �g (0.1 ml) of micro-

somal protein was added to the incubation me-

dium together with appropriate inhibitors and

the sample was incubated for 10 min at 37oC.

Then 5 mM Tris/ATP was added. Since we ex-

pected lower activity of H+,K+-ATPase than of

Na+,K+-ATPase, in preliminary experiments

we prolonged the time of incubation with sub-

strate from 15 to 30 min. The reaction was ter-

minated by adding 0.35 ml of ice-cold 1 M

HClO4, and inorganic phosphate was mea-

sured by the spectrophotometric method of

Hurst (1964). According to this method, 0.2

ml of the incubation medium was diluted with

water to 3 ml and 0.6 ml of sodium molybdate

reagent (0.31 M Na2MoO4 in 1.5 M H2SO4)

was added to form a phosphomolybdate com-

plex which was subsequently reduced to mo-

lybdenum blue by adding 0.6 ml of stannous

chloride-hydrazine sulphate reagent contain-

ing SnCl2 (1.3 �M), hydrazine sulphate (23

�M) and H2SO4 (0.5 �M). Absorbance was

read after 20 min at 700 nm. To correct for

any spontaneous ATP hydrolysis, the

absorbance of a blank sample, prepared as de-

scribed above but without microsomal pro-

tein, was subtracted from the absorbance of

the test sample. ATPase activity was ex-

pressed in �mol of inorganic phosphate liber-

ated by 1 mg of microsomal protein during 1 h

(�mol/h per mg protein). Each sample was as-

sayed in triplicate and the mean was used for

further calculations. The amount of phos-

phate was read from the standard curve pre-

pared using known concentrations of

KH2PO4.

Na
+
,K

+
-ATPase assay. Na+,K+-ATPase ac-

tivity was measured as described above, in the

incubation solution containing: 100 mM NaCl,
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20 mM KCl, 4 mM MgCl2, 1 mM EGTA, 40

mM Tris/HCl (pH 7.4) and 3 mM Na2ATP.

The incubation time with substrate was 15

min. Four samples from each homogenate

were assayed simultaneously: 1) without in-

hibitors, 2) with 2 mM ouabain, 3) with 0.2

mM Sch 28080 and, 4) with both ouabain and

Sch 28080. The difference between samples 1

and 2 was used as a measure of Na+,K+-

ATPase in our previous studies; samples 3

and 4 were assayed to eliminate the possible

contribution of ouabain-sensitive H+,K+-

ATPase; thus the difference between sample 3

and 4 corresponds to the true Na+,K+-ATPase

activity.

Leptin administration. The effect of leptin

on renal Na+,K+-ATPase and H+,K+-ATPase

activity was studied in additional 2 groups of

rats. One group received leptin (1 mg/kg i.p.)

and the control group the same volume (0.5

ml) of vehicle (phosphate buffered saline, pH

7.0). After 1 h the animals were anaesthetized

and the kidneys were removed for ATPases as-

say. At that time leptin had the maximal inhib-

itory effect on renal medullary Na+,K+-

ATPase (Be³towski et al., 1999). In these stud-

ies we assayed only ouabain-sensitive

H+,K+-ATPase and Na+,K+-ATPase, the latter

both in the presence and in the absence of Sch

28080.

Other assays. Protein concentration in the

microsomal fraction was assayed by the

method of Lowry et al. (1951) using bovine se-

rum albumin as a standard. Plasma potas-

sium concentration was measured by flame

photometry. In addition to renal tissue,

Na+,K+-ATPase and ouabain-sensitive H+,K+-

ATPase activity was assayed in brain and

heart obtained from 5 control animals.

Reagents. ATP, ouabain, L-histidine, Tris,

and EGTA were obtained from Sigma-Aldrich.

Sch 28080 was kindly provided by

Schering-Plough Research Institute (Kenil-

worth, NJ, U.S.A.). Sch 28080 was dissolved

in methanol to form a 100 mM stock solution;

2 �l of this solution was added to 1 ml of the

incubation mixture to yield a concentration of

200 �M. Ouabain was dissolved in ethanol and

then diluted with water. The final concentra-

tions of methanol and ethanol in the incuba-

tion mixture were 0.2% and 1%, respectively.

At these concentrations the solvents alone

had no effect on renal ATPases, as observed in

preliminary experiments. Recombinant hu-

man leptin was obtained from R&D Systems

Ltd. (U.K.). As recommended by the manufac-

turer, leptin was first dissolved in 1 ml of

deionized water and then diluted with phos-

phate buffered saline (pH 7.2) to a final con-

centration of 0.4 mg/ml, then frozen and

stored at –25�C. Other reagents were of the

highest research grade available.

Kinetic calculations. The relationship be-

tween potassium concentration and

H+,K+-ATPase activity was fitted to the follow-

ing equation:

V = Vmax [K+]/(Km + [K+]) (1)

where V is the H+,K+-ATPase activity mea-

sured at a given potassium concentration

[K+], Vmax is the maximal activity and Km is

the apparent Michaelis constant. The inhibi-

tion of H+,K+-ATPase by ouabain and Sch

28080 was analyzed according to the follow-

ing formula:

V = Vmax/(1 + [I]/Ki) (2)

where V is the H+,K+-ATPase activity mea-

sured at a given concentration of inhibitor [I],

Vmax is the maximal activity and Ki is the inhi-

bition constant. The kinetic parameters were

calculated by nonlinear least squares regres-

sion separately for each animal.

To study the reproducibility of the H+,K+-

ATPase assay, samples from 5 different ani-

mals were studied in 5 replicates simulta-

neously to calculate the intra-assay coefficient

of variation (CV), as well as on 5 different

days to calculate the inter-assay CV. The re-

covery of inorganic phosphate was studied by

adding known amounts (64, 320 or 640 nmol,
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each in triplicate) of KH2PO4 to the incuba-

tion mixture during the enzyme assay. The

sensitivity of the assay was determined as 2

standard deviations of 10 independently per-

formed blank samples.

Statistics. Data are presented as mean ±

S.E.M. from 8 experiments in each group. Sta-

tistical significance was evaluated by single-

measures or repeated-measures analysis of

variance (ANOVA) followed by Duncan’s mul-

tiple range test for comparisons of different

means; P < 0.05 was considered significant.

RESULTS

K
+
-stimulated ATPase in renal tissue and its

sensitivity to inhibitors

Plasma K+ concentration in the experimen-

tal animals was 4.36 ± 0.21 mM, confirming

their normokalemic state. Figure 1 demon-

strates ATPase activity measured in different

incubation media. K+ markedly stimulated

the ATP hydrolyzing activity both in the renal

cortex and medulla. The difference between

K+-stimulated and basal ATPase activity can

be accounted for by H+,K+-ATPase. The

K+-stimulated activity was partially inhibited

by 1 mM ouabain. However, the activity as-

sayed in the presence of ouabain was still

higher than in the sample without K+. These

data suggest that K+-stimulated ATPase activ-

ity consists of two fractions, one of them being

ouabain-sensitive and the other ouabain-resis-

tant. In further studies the difference between

K+-stimulated ATPase assayed in the absence

and in the presence of ouabain was used as a

measure of ouabain-sensitive H+,K+-ATPase,

whereas the difference between activity as-

sayed in the sample containing K+ and

ouabain and the activity assayed without K+

but with Sch 28080 — as a measure of ouabain-

resistant H+,K+-ATPase (Fig. 1).

The activity measured in the presence of Sch

28080 and K+ was not significantly different

from basal K+-independent activity measured

with Sch 28080 (not shown). Thus, K+ was not

able to activate ATPase in the presence of Sch

28080, which confirms that the latter com-

pound completely inhibited H+,K+-ATPase. In

addition, ouabain had no effect on ATPase as-

sayed in the presence of K+ and Sch 28080

(not shown) indicating that no ouabain-sensi-

tive but Sch 28080-resistant ATPases were

present in the preparation. Moreover, K+

failed to stimulate ATPase activity in the pres-

ence of 10–5 M vanadate, which is an inhibitor

of all P-type ATPases (Feraille & Doucet,

2001); this confirms that K+-stimulated

ATPase belongs to this superfamily. Further-

more, neither ouabain nor Sch 28080 had any

significant effect on ATPase activity assayed

in the absence of K+, indicating that no

ouabain-sensitive or Sch 28080-sensitive but

K+-independent ATPases are present. This is

an important finding, confirming the specific-

ity of Sch 28080 toward H+,K+-ATPase in this

assay.
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Figure 1. ATPase hydrolyzing activity in isolated

microsomal fraction isolated from renal cortex

and medulla measured in the presence of activa-

tor (5 mM K
+
) and/or inhibitors (1 mM ouabain or

0.2 mM Sch 28080).

Enzyme activity is expressed in �mol of inorganic

phosphate liberated by 1 mg of microsomal protein

during 1 h (�mol Pi/h per mg protein); n = 8 rats in

each group. *P < 0.05, ***P < 0.001, compared to con-

trol (basal activity measured in the absence of K
+
but in

the presence of Sch 28080) by repeated-measures

ANOVA.
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To test the specificity of H+,K+-ATPase acti-

vation by K+, we performed additional experi-

ments in which KCl in the incubation solution

was replaced by 5 mM NaCl. Although Na+

tended to stimulate ATPase activity (in the ab-

sence of K+), this effect was not significant.

However, this slight stimulation of ATPase by

Na+ is noteworthy because it was observed

reproducibly both in cortex and medulla, and

appeared also in samples to which either

ouabain or Sch 28080 was added (not shown).

Due to insensitivity to the respective inhibi-

tors, ATPase activity assayed in the presence

of Na+ could not be accounted for by either

Na+,K+-ATPase or H+,K+-ATPase. We suggest

that this Na+-stimulated ATPase activity

could result from ouabain-insensitive Na+-sti-

mulated ATPase found in proximal tubules

(Caruso-Neves et al., 2000). Further studies

with higher Na+ concentration are needed to

clarify this issue.

Figure 2 presents the calculated ouabain-

sensitive and ouabain-resistant H+,K+-ATPase

activities. Ouabain-sensitive H+,K+-ATPase

activity was by 13.3% higher in the renal me-

dulla than in the renal cortex. In contrast,

ouabain-resistant fraction was by 104.7%

higher in cortex than in medulla. Ouabain-re-

sistant H+,K+-ATPase activity was markedly

lower than that of the ouabain-sensitive frac-

tion both in cortex (–39.9%) and in medulla

(–74.1%). In contrast to renal tissue, no

K+-stimulated ATPase activity was detected in

brain or heart homogenates, although oubain-

sensitive Na+,K+-ATPase activity was ob-

served in these organs (not shown).

Characteristics of H
+
,K

+
-ATPase assay

To verify the method for H+,K+-ATPase as-

say, we determined the relationship between

incubation time and the respective activities.

We assayed enzyme activity after 10, 20, 30,

40 and 50-min of incubation. Within this

range the linearity of the relationship between

ouabain-sensitive H+,K+-ATPase and incuba-

tion time was excellent (cortex: r2 = 0.98,

P < 0.001; medulla: r2 = 0.99, P < 0.001). In

contrast, ouabain-resistant H+,K+-ATPase

demonstrated poor linearity (cortex: r2 = 0.52,

P = 0.167; medulla: r2 = 0.55, P = 0.154). To

investigate the effect of the amount of micro-

somal protein, we added 10, 30, 50, 70 or 90

�g protein to the incubation mixture and incu-

bated it for 30-min. Again, the linearity was

excellent for ouabain-sensitive H+,K+- ATPase

(cortex: r2 = 0.98, P < 0.001; medulla: r2 =

0.97, P < 0.001) and poor for the ouabain- re-

sistant enzyme (cortex: r2 = 0.728, P = 0.142;

medulla: r2 = 0.74, P = 0.183). Thus, the condi-

tions used by us in preliminary studies (50 �g

of protein and 30-min incubation time) are

well within the linearity range only for

ouabain-sensitive H+,K+-ATPase.

The reproducibility of H+,K+-ATPase assay

was good for the ouabain-sensitive enzyme

and poor for the ouabain-resistant fraction

(Table 1). The recovery of inorganic phos-

phate was good for two lower doses (Table 1)

and distinctly lower only for its highest dose.

It should be noted, however, that the latter

dose exceeded about tenfold the amount of Pi

generated by ouabain-sensitive K+-ATPase

during the assay. Thus, the recovery was satis-

factory within the range of phosphate liber-

ated by ouabain-sensitive H+,K+-ATPase. The
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Fig. 1 (see Methods). Statistical significance was evalu-

ated by repeated-measures ANOVA.



detection limit of the assay was 0.51 �mol/h

per mg protein, i.e. it was about sevenfold

lower than the mean ouabain-sensitive H+,K+-

ATPase activity in control rats.

Taken together, these data indicate that the

described method for ouabain-sensitive

H+,K+-ATPase assay is reliable, as evidenced

by good linearity, reproducibility, recovery and

activity/sensitivity ratio. In contrast, the

method is unsatisfactory for ouabain-resistant

H+,K+-ATPase assay. The attempts to improve

its parameters by changing incubation time

and/or the amount of protein were unsuccess-

ful. Therefore, further studies were performed

only on ouabain-sensitive H+,K+- ATPase.

Kinetic analysis of ouabain-sensitive

H
+
,K

+
-ATPase

As demonstrated on Fig. 3, potassium acti-

vated ouabain-sensitive H+,K+-ATPase in a

concentration-dependent manner with Km of

0.26 ± 0.04 mM and 0.69 ± 0.11 mM in cortex

and medulla, respectively. The enzyme was in-

hibited by ouabain with Ki of 2.9 ± 0.3 �M in

the renal cortex and 1.9 ± 0.4 �M in the renal

medulla (Fig. 4). The estimated Ki for Sch

28080 was 1.8 ± 0.5 �M and 2.5 ± 0.9 �M for

cortex and medulla, respectively (Fig. 5).
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Table 1. Reproducibility of H
+
,K

+
-ATPase assay (coefficients of variation, CV) and recovery of inor-

ganic phosphate.

For details, see Methods.

ouabain-sensitive H
+
,K

+
-ATPase

cortex medulla

intra-assay CV 1.99% 2.97%

inter-assay CV 3.12% 5.14%

ouabain-resistant H
+
,K

+
-ATPase

intra-assay CV 11.5% 12.8%

inter-assay CV 29.4% 25.9%

amount of Pi added recovery

64 nmol 112.5 ± 3.4% 107.0 ± 2.8%

320 nmol 88.3 ± 1.2% 94.2 ± 1.4%

640 nmol 77.9 ± 0.9% 81.4 ± 1.1%
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Figure 3. The effect of potassium concentration

on ouabain-sensitive H
+
,K

+
-ATPase activity in the

renal cortex (black squares and continuous line)

and medulla (white squares and broken line).

On the vertical axis is indicated the difference between

the activity assayed in the absence and in the presence

of 1 mM ouabain. Potassium was added to both samples

at the indicated concentrations. Points represent mean

± S.E.M. from 8 experiments and curves are the best

fits of means to Eqn. 1 (see Methods).



Ouabain-sensitive H
+
,K

+
-ATPase interferes

with Na
+
,K

+
-ATPase assay

The existence of ouabain-sensitive H+,K+-

ATPase suggests that this enzyme is active

during Na+,K+-ATPase assay and falsely ele-

vates the measured activity. We wanted to es-

tablish what part of “Na+,K+-ATPase” mea-

sured as ouabain-sensitive activity was in fact

accounted for by ouabain-sensitive H+,K+-

ATPase. For this purpose we assayed Na+,K+-

ATPase in the absence as well as in the pres-

ence of 0.2 mM Sch 28080. At this concentra-

tion Sch 28080 has no effect on renal Na+,K+-

ATPase activity (Codina et al., 2000). The en-

zyme activity assayed in the presence of Sch

28080 was by 12.6% (P < 0.01) and 12.0% (P <

0.01) lower in the renal cortex and medulla,

respectively, than measured without this in-

hibitor (Fig. 6). Thus, ouabain-sensitive

H+,K+-ATPase is responsible for about 12% of

ouabain-sensitive “Na+,K+-ATPase” activity

measured by our traditional method. This con-

clusion is based on the assumption that Sch

28080 at this concentration completely inhib-

its H+,K+-ATPase. Since Sch 28080 competes
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with K+ binding site of H+,K+-ATPase (Beil et

al., 1987), it could be suspected that this com-

pound does not completely block the enzyme

under our conditions of Na+,K+-ATPase assay,

in which K+ concentration (20 mM) is 4-fold

higher than during H+,K+-ATPase assay. Poor

solubility of Sch 28080 did not allow us to

check the effect of its higher concentrations

and to test the completeness of H+,K+-ATPase

inhibition. Moreover, higher concentrations

of Sch 28080 could inhibit other ATPases in-

cluding H+-ATPase (Sabolic et al., 1994) or

even Na+,K+-ATPase itself (Beil et al., 1987).

Assuming that Vmax, Km for potassium and Ki

for ouabain of H+,K+-ATPase determined by

us previously are valid also under conditions

of the present Na+,K+-ATPase assay, we calcu-

lated that in the presence of 20 mM K+, 0.2

mM Sch 28080 inhibited H+,K+-ATPase by

over 99% in both parts of the kidney. The abso-

lute amount by which Sch 28080 decreased

ouabain-sensitive “Na+,K+-ATPase” was com-

parable to previously measured ouabain-sensi-

tive H+,K+-ATPase activity, indicating that

Sch 28080-sensitive moiety of “Na+,K+-

ATPase” was in fact ouabain-sensitive H+,K+-

ATPase.

To verify this conclusion, we performed an

additional experiment. We determined the ki-

netics of Na+,K+-ATPase inhibition by oua-

bain in the absence and in the presence of Sch

28080. We have hypothesized that if ouabain-

sensitive H+,K+-ATPase operates during the

Na+,K+-ATPase assay, it should be possible to

distinguish these two enzymes on the basis of

their different kinetic profiles. We took ad-

vantage of the fact that rat Na+,K+- ATPase �1

subunit, which dominates in the kidney, is at

least by one order of magnitude less sensitive

to ouabain than � subunits of other X+,K+-

ATPases. Figure 7 (left) shows medullary

Na+,K+-ATPase activity at different ouabain

concentrations and two curves: one fitted ac-

cording to standard one-site model, assuming

a homogeneous population of enzyme mole-

cules (see Eqn. 2 in Materials and Methods)

and another fitted by two-site model (Shyjan

et al., 1990). The latter model assumes that

both Na+,K+-ATPase and H+,K+-ATPase oper-

ate simultaneously, each having its distinct
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Vmax and Ki values. The parameters for

Na+,K+-ATPase were allowed to vary whereas

those for H+,K+-ATPase were taken from pre-

vious calculations (Fig. 4). In the absence of

Sch 28080 the data were better fitted by the

two-site (r2 = 0.975) than by the one-site (r2 =

0.941) model, whereas in the presence of Sch

28080 (right part of Fig. 7), one site model was

more adequate (r2 = 0.987) than the two-site

one (r2 = 0.95). In addition, Vmax and Ki for

Na+,K+-ATPase in one-site model in the pres-

ence Sch 28080 (16.6 �mol/h per mg protein

and 137 �M, respectively) were comparable to

values obtained from two-site model in the ab-

sence of Sch 28080 (15.56 �mol/h per mg pro-

tein and 138 �M). The data are consistent

with the hypothesis that both ATPases oper-

ate in the absence of Sch 28080, whereas only

Na+,K+-ATPase remains active in the pres-

ence of this inhibitor. This supports the use-

fulness of the presented protocol for discrimi-

nating these two enzymes.

The effect of leptin on renal Na
+
,K

+
-ATPase

and ouabain-sensitive H
+
K

+
-ATPase

Previously we have reported that leptin, an

adipose tissue hormone, decreases

Na+,K+-ATPase activity in the renal medulla

(Be³towski et al., 1999). In that study Sch

28080 was not added, thus, in view of the data

presented here, the assay was not strictly spe-

cific for Na+,K+-ATPase. Therefore, we exam-

ined the effect of leptin on Na+,K+-ATPase

measured in the presence of Sch 28080, as

well as on ouabain-sensitive H+,K+-ATPase.

Leptin (1 mg/kg i.p.) decreased Na+,K+-

ATPase activity in the renal medulla at 1 h af-

ter hormone administration from 19.9 ± 0.7 to

13.1 ± 1.0 �mol/h per mg protein (P < 0.001)

in the absence of Sch 28080, and from 17.6 ±

0.7 to 11.9 ± 0.9 �mol/h per mg protein (P <

0.001) in its presence. In contrast, leptin had

no effect on Na+,K+-ATPase in the renal cor-

tex. Ouabain-sensitive H+,K+-ATPase activity

was unchanged following leptin administra-

tion either in the cortex or in the medulla.

Thus, the adipose tissue hormone decreased

renal medullary Na+,K+-ATPase activity but

had no effect on ouabain-sensitive

H+,K+-ATPase.

DISCUSSION

In this study we describe a reliable method

for the determination of ouabain-sensitive

H+,K+-ATPase hydrolytic activity in the iso-

lated microsomal fraction of renal cortex and

medulla. The enzyme assayed in our study

corresponds most likely to “type II”

H+,K+-ATPase first described by Doucet’s

group (Younes-Ibrahim et al., 1995; Buffin-

Meyer et al., 1997) in proximal tubule and

thick ascending limb of normokalemic rats,

because: 1) it is activated by K+ in the absence

of Na+, 2) is sensitive to both ouabain and Sch

28080, 3) is not active when K+ is replaced by

Na+. In contrast, “type I” K+-ATPase is insen-

sitive to ouabain whereas “type III” is oua-

bain-sensitive but appears only in hypo-

kalemic rats and, unlike type II, can be acti-

vated by either K+ or Na+ (Doucet, 1997). Our

results indicate that ouabain-sensitive H+,K+-

ATPase activity is higher in the renal medulla

than in cortex, but in either part of the kidney

it is much lower than that of Na+, K+-ATPase.

We failed to develop an effective method for

the ouabain-resistant (type I) H+,K+-ATPase

assay. We suggest that the activity of this en-

zyme, expressed normally only in the interca-

lated cells of the collecting duct (Laroche-

Joubert et al., 2000), is too low to be detected

in whole-kidney homogenates. Further stud-

ies on K+-depleted rats are required to clarify

whether it would be possible to determine

“type III” H+,K+-ATPase by a method similar

to the presented here.

One could suggest that ouabain-sensitive

H+,K+-ATPase assayed in this study is in fact

Na+,K+-ATPase activated by tracer amounts

of sodium present in the incubation mixture,

originating from homogenized tissue or re-

agent contamination. Several lines of evi-
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dence indicate that this is not the case. First,

it could be calculated from Na+ activation

curves established by us for cortical and

medullary Na+,K+-ATPase (unpublished ob-

servation) that the activation of sodium pump

to the level observed in this study would re-

quire Na+ concentration of about 15 mM,

which was absolutely unlikely to occur in our

experiment. Second, H+,K+-ATPase was com-

pletely inhibited by Sch 28080 which has no

effect on Na+,K+-ATPase (Codina et al., 2000).

Third, if sodium contamination activated

Na+,K+-ATPase in K+-containing medium, the

same should be observed when K+ was re-

placed by Na+ due to possible potassium con-

tamination. The latter is in fact even more

likely, because Km of Na+,K+-ATPase for K+ is

much lower than for Na+ (Shyjan et al., 1990),

so lower amounts of contaminating potassium

would be needed to cause comparable

Na+,K+-ATPase stimulation. However, no

ouabain-sensitive activity was observed in

samples to which Na+ but not K+ was added.

Fourth, leptin decreased medullary

Na+,K+-ATPase activity but had no effect on

ouabain-sensitive H+,K+-ATPase. Finally, no

ouabain-sensitive H+,K+-ATPase was detected

in brain or heart, in which Na+,K+-ATPase is

abundantly expressed. These data strongly

confirm the specificity of the described

H+,K+-ATPase assay.

Most studies concerning renal ATPases are

now performed on isolated tubular segments

or intact cultured tubular cells. These meth-

ods have, however, some limitations and the-

refore methods measuring enzyme activity in

broken cell preparations, like the method de-

scribed in the present study, are also popular

(Chiou & Vesely, 1995; Khundimiri &

Lederer, 2002). First, isolation of tubules is

time-consuming, consequently, if one wants to

investigate the effect of mediators (which is

usually short lasting), it is not possible to ad-

minister them in vivo, before tubule isolation.

In such studies, the examined mediators are

rather applied in vitro, during or just before

the ATPase assay, after the tubules have been

isolated from their natural environment, such

as osmolality and oxygen tension changing

along the nephron. Such conditions can affect

signal transduction mechanisms involved in

the regulation of ATPases (Kiroytcheva et al.,

1999). The method described here allows to

study the effect of hormones administered in

vivo before the isolation of microsomal frac-

tion (Be³towski et al., 1998a; 1998b). Second,

H+,K+-ATPase activity in intact cells is often

measured indirectly, as rubidium/potassium

reabsorption, luminal acidification or bicar-

bonate transport. Therefore, other transport-

ing mechanisms such as H+/K+ antiport can

distort the results (Attmane-Elakeb et al.,

1997). Third, proteases often used during tu-

bule isolation can degrade H+,K+-ATPase,

falsely decreasing its expression in ex vivo

studies (Fejes-Tóth & Fejes-Tóth, 2001). Most

importantly, however, apart from its specific

effect on H+,K+-ATPase, Sch 28080 can

nonspecifically inhibit Na+,K+-ATPase in

whole cells by decreasing intracellular ATP

concentration, in contrast, Sch 28080 has no

effect on Na+,K+-ATPase in broken cell prepa-

rations (Codina et al., 2000).

Certainly, there are also potential disadvan-

tages of the method described here. First,

both renal cortex and medulla are heteroge-

neous, therefore it is not possible to conclude

in which nephron segment the observed effect

really occur. It seems that this is a lesser prob-

lem for ouabain-sensitive H+,K+-ATPase than

for Na+,K+-ATPase, since the former is dis-

tributed in a more restricted manner. The sit-

uation will become more complex in pathologi-

cal conditions, such as potassium depletion

(Buffin-Meyer et al., 1997) or sodium deple-

tion (Sangan et al., 1997; Silver et al., 1998),

when type III H+,K+-ATPase appears in the

collecting duct. This isoform is also ouabain-

sensitive, however, it is likely that it will be

possible to distinguish it from type II by its so-

dium sensitivity.

This study also demonstrates that about 12%

of “Na+,K+-ATPase” assayed as ouabain-sensi-

tive ATP hydrolyzing activity in the presence
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of Na+ and K+ is in fact accounted for by

ouabain-sensitive H+,K+-ATPase. Although

this will not affect conclusions based on

30–40% changes in Na+,K+-ATPase activity,

like those observed in our previous studies

(Be³towski et al., 1998a; 1998b), more moder-

ate effects could in fact result from changes in

H+,K+-ATPase rather than Na+,K+-ATPase ac-

tivity. Therefore, we recommend using Sch

28080 in future studies concerning Na+,K+-

ATPase to improve the specificity of the as-

say.

The regulation of renal Na+,K+-ATPase has

been extensively studied (Feraille & Doucet,

2001). In contrast, the mechanisms regulat-

ing H+,K+-ATPase are largely unknown. Its ac-

tivity is affected by hypokalemia (Buffin-

Meyer et al., 1997), acid-base status (Wesson,

1998), sodium depletion (Sangan et al., 1997;

Silver et al., 1998) and ischemia-reperfusion

injury (Wang et al., 1997), but neither the me-

diators nor the intracellular signal trans-

duction pathway involved have been recog-

nized. The method described here opens the

possibility to study H+,K+-ATPase regulation

both in physiological and pathological condi-

tions.
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