
The Na,K-ATPase is the active transport system responsible

for maintenance of the Na+ and K+ gradient across the cell

membrane. In vertebrates, four different genes coding for

Na,K-ATPase a subunits have been identified. Each of

them has been shown to support sodium- and potassium-

stimulated ATPase activity and is expected to carry out the

exchange of intracellular Na+ for extracellular K+ using

the energy provided by the hydrolysis of ATP. Although

their complex tissue specific distribution, in particular

in the nervous system (Sweadner, 1992; Zahler et al.
1992; Cameron et al. 1994; Blanco & Mercer, 1998; Wetzel

& Sweadner, 2001) suggests different roles, the specific

functional properties of each isoform, such as cation

transport stoichiometry, cation apparent affinity and

voltage dependence, are not yet completely characterized.

Most of the available data concern the apparent affinity for

Na+, K+ and ATP.

Apparent Na+ and K+ affinities were first studied in

preparations from native tissues known to express

different isoform contents. In these studies, it has been

reported consistently that tissues expressing only the a1

isoform have a lower apparent Na+ affinity than tissues

expressing a2 and a3 in addition to a1 (Sweadner, 1989;

Shyjian et al. 1990). In contrast, in studies in which the

various isoforms were expressed artificially in mammalian

cells (HeLa cells) or in insect cells (SF9), the a3 isoform

showed a lower apparent affinity for Na+ than did the a1

and a2 isoforms (Jewell & Lingrel, 1991; Munzer et al.
1994; Therien et al. 1996; Zahler et al. 1997; Blanco & Mercer,

1998). Attempts to resolve this apparent contradiction by

comparing naturally and artificially expressed isoforms in

well controlled experimental conditions failed to provide a

simple explanation (Munzer et al. 1994; Therien et al.
1996). The observed differences could not be explained

solely by the isoforms of the a subunit present in the

various preparations.

The results were also somewhat divergent concerning the

activation by K+. While experiments with HeLa cells

showed a higher apparent K+ affinity with the a3 than with

the a1 or a2 isoforms (Jewell & Lingrel, 1991; Munzer et al.
1994; Therien et al. 1996), a2 and a3 isoforms expressed in

SF9 cells had a lower apparent affinity for K+ than the a1

isoform (Blanco & Mercer, 1998).

Recently, Crambert et al. (2000) reported the physiological

properties of nine isozymes of the human Na,K-ATPase.
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This study showed the importance of the interaction

between a and b subunits, especially concerning the

affinity for external K+. The most striking differences were

observed between the a2 b2 isozyme, which had the lowest

apparent affinity for external K+, and all the other

isozymes, and between the a3 b1 isozyme and the a1 b1

and a2 b1 isozymes, the former having an approximately

three-fold decrease in the apparent intracellular Na+

affinity when compared with the latter two. The studies

also disclosed a difference in the current–voltage (I–V)

relationship of the Na+/K+-pump activity between thea1b1, a2 b1 and a3 b1 isozymes.

Because the Na+/K+-pump is electrogenic, its overall

activity is expected to be voltage dependent. Furthermore,

several steps in the transport cycle are thought to be

voltage dependent. The best defined cases are the release of

extracellular Na+, which has the highest estimated voltage

dependence (with a voltage coefficient (g) of about 0.7 for

the first Na+ ion and 0.2 for the two other Na+ ions) and the

binding of extracellular K+ (g of about 0.2: Rakowski et al.
1997; Apell & Karlish, 2001).

The apparent affinity of one of the substrates of a

multisubstrate enzyme such as the Na,K-ATPase depends

in a complex manner not only upon the intrinsic affinity of

the binding site itself, but also upon the equilibrium

between its different conformations (Jaisser et al. 1994;

Wang et al. 1996). To attempt to gain a better

understanding of the differences in the transport cycle that

may be responsible for the differences in apparent affinity

for Na+ and K+ observed for the three major a isoforms of

the Na,K-ATPase, we have studied the voltage dependence

of the rat Na+/K+-pump, and its activation by external K+

and internal Na+ in a system that allows the control of

membrane potential, ion concentrations and minimal

contamination by endogenous components.

METHODS
Expression of the rat Na,K-ATPase isoforms in Xenopus
oocytes
Stage V/VI Xenopus laevis oocytes were obtained from the ovarian
tissue of frogs under MS222 (2 g l_1; Sandoz, Basel, Switzerland)
anaesthesia; frogs were humanely killed after the final collection.
These procedures were approved by the ‘Service Vétérinaire
Cantonal’ of the State of Vaud (authorization no. 904.2).

The three isoforms of the Na,K-ATPase were expressed as
described earlier (Jaisser et al. 1994) by co-injection in the oocytes
of 7 ng cRNA of the various a subunit isoforms of the rat Na,K-
ATPase with 1 ng cRNA of the rat b1 subunit. In order to
eliminate the endogenous Xenopus Na,K-ATPase activity we used
the ouabain-resistant forms of the rat a isoforms. The a1 isoform
was the wild-type rat a1 isoform, which is naturally ouabain-
resistant. The a2 and a3 were the ouabain-resistant mutants of
these isoforms, designated as a2* and a3*, which contain a
mutation in the first extracellular loop that makes them resistant
to ouabain (Jewell & Lingrel, 1991). All three clones were a

generous gift from J. B. Lingrel. In all experiments, the oocytes
were incubated for 2–3 days to allow for a high level of exogenous
Na+/K+-pump expression, and were then incubated overnight
before the measurements were made in a potassium-free solution
containing 200 n ouabain.

To evaluate the electrogenic signals attributable to transport
systems other than the expressed rat Na,K-ATPase, potassium-
induced currents were also measured in non-injected oocytes, or
in oocytes injected with the b subunit of the rat Na,K-ATPase
alone. Part of these oocytes were exposed to the same sodium-
loading solution as the oocytes expressing the rat a and b subunits
with 200 n ouabain. Another group was sodium-loaded in the
absence of ouabain to estimate the amplitude of the endogenous
Na+/K+-pump current.

Measurements of the electrogenic activity of the Na+/K+-
pump
In order to measure the Na+/K+-pump activity under conditions
of Vmax with regard to [Na+]i, the oocytes were loaded with Na+ by
overnight incubation in a potassium-free solution (Jaisser et al.
1994). The composition of this solution was (m) Na+ 87.4,
K+ 0.0, Ca2+ 0.4, Mg2+ 0.8, N-methyl--glucamine (NMDG) 5,
Cl_ 86.0, HCO3

_ 2.4, Hepes 10.0. Whole-oocyte currents were
measured by the classical two-electrode voltage-clamp method at
a holding potential of _50 mV. The I–V relationship was studied
by recording currents during a series of nine 250 ms voltage steps
ranging from _130 to +30 mV. The composition of the standard
experimental solution was (m) Na+ 100, K+ 0, Cl_ 22.4,
gluconate 100, NMDG 10, Hepes 10, Mg2+ 1.0, Ca2+ 0.4, Ba2+ 5.0,
TEA 10.0, pH 7.4 (adjusted with NMDG base or Hepes acid). The
sodium-free solution was similar except that 100 m sodium
gluconate was replaced by 100 m NMDG gluconate. For [Na+]i,
measurements were made in a 10 m Na+ solution (90 m
NMDG gluconate and 10 m sodium gluconate). Various K+

concentrations were obtained by addition of appropriate amounts
of potassium gluconate. Barium and TEA were used to block K+

channels present in the oocyte membrane and thus to minimize
the K+ currents due to these channels when [K+]o was changed. A
low-chloride solution (gluconate replacement) was used to
reduce the baseline oocyte membrane conductance.

Measurements of the apparent affinity for extracellular K+

The apparent affinity for extracellular K+ was calculated from
the measurements of the currents induced by four different
concentrations of K+ (0.02, 0.1, 0.5, and 5 m in the absence of
extracellular Na+, or 0.3, 1.0, 3.0 and 10.0 m in the presence of
100 m Na+). A different set of K+ concentrations was chosen in
the sodium-containing and sodium-free solutions because the
apparent affinity for K+ is known to be about 3–5 times higher in
the absence of extracellular Na+. As described earlier (Jaisser et al.
1994), the potassium half-activation constant (KÎ) was determined
by fitting the Hill equation parameters to the [K+]o–I curve using a
Hill coefficient of 1.6 for the measurements performed in the
presence of extracellular Na+ and 1.0 for those performed in the
absence of extracellular Na+.

Effect of extracellular Na+ on the potassium-induced
Na+/K+-pump current
To estimate the affinity of the extracellular Na+ binding site, we
measured the outward current induced by a non-saturating
concentration of K+ (1 m), in a nominally sodium-free solution,
and then in solutions containing 30 and then 100 m Na+. The
different Na+ concentrations were obtained by replacement of
NMDG gluconate by sodium gluconate.
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Ouabain-blocked currents in sodium- and potassium-free
solutions at pH 6.0
To measure the amplitude of the current carried by protons in
the nominal absence of extracellular Na+ and K+ (Wang &
Horisberger, 1995), we measured first the current activated by
5 m K+ in a sodium-free solution and then exposed the oocyte to
the same sodium-free and potassium-free solution titrated to
pH 6.0, and measured the current inhibited by 2 m ouabain.

[Na+]i and affinity measurements
To evaluate the apparent affinity of the intracellular Na+ site, we
used the co-expression of the amiloride-sensitive epithelial Na+

channel (ENaC), as described recently (Hasler et al. 1998). The
principle of this approach is to use the co-expressed ENaC first to
measure the intracellular Na+ activity from the reversal of the
amiloride-sensitive current, and second to allow the progressive
and controlled sodium-loading of the oocyte by the Na+ inflow
through ENaC. In addition to the Na,K-ATPase a and b subunit
cRNA, oocytes were also injected with 0.3 ng of cRNA of each of
the three subunits of the rat epithelial Na+ channel (Canessa et al.
1993, 1994). The oocytes were then kept for 2 days in a modified
incubation solution containing 10 m Na+ (NMDG replacement).
On the day before the measurement, to reduce [Na+]i to low
values, the oocytes were incubated in a sodium-free solution
containing 40 m K+.

The electrophysiological measurements were commenced in a
solution containing 10 m Na+, no K+ and 10 µ amiloride and
the potential was held at _50 mV. After a stable current was
recorded, two I–V curves were obtained, one during a brief
removal of amiloride and the second one immediately after re-
addition of amiloride. The reversal potential of the amiloride-
sensitive current was determined from the intersection of these
two I–V curves. Within 20 s after the recording of the second I–V
curve (in the presence of amiloride), 10 m K+ was added to
record the Na+/K+-pump potassium-activated current. We have
shown earlier that the current activated by 10 m K+ at _50 mV is
a reliable measure of the Na+/K+-pump activity (Jaunin et al. 1992;
Jaisser et al. 1994). This sequence of measurements of amiloride
current and K+-activated current was repeated 5–8 times after
various levels of Na+ loading. Na+ loading was allowed to occur by
removing amiloride for 1–3 min periods, first in the 10 m Na+

solution, then in a 100 m Na+ solution, and finally, by clamping
the membrane potential to _100 or _120 mV to obtain large
entering Na+ currents, before the last measurements (this
procedure is illustrated by the example current trace shown in
Fig. 7). Kinetic parameters (KÎ, and maximal current, Imax) were
calculated using the non-linear fit routine of the Kaleidagraph
program (Synergy Software, Reading, PA, USA) and the Hill
equation, with a Hill coefficient of 2.5 for intracellular Na+.
Knowing [Na+]o (10 m), [Na+]i was calculated from the reversal
potential of the amiloride-sensitive current (Vrev,amil) as

F
[Na+]i = [Na+]eexp≤_ ——Vrev,amil≥,RT

where F, R and T have their usual meaning. We considered only
oocytes for which at least five pairs of [Na+]i and Na+/K+-pump
current measurements had been obtained and for which [Na+]i

had risen to at least 25 m.

Presentation of the results
The results are presented as mean ± ... (n = number of
observations). Differences between means were considered
statistically significant when a P value of ≤ 0.05 was obtained with

the Student’s t test for unpaired values (or for paired values if
appropriate, as indicated in the text). Since the largest source of
variability in the results was the level of expression of the protein,
all current results are normalized for each oocyte to the amplitude
of the current induced in this oocyte by the maximal
concentration of K+ used (10 m in the presence of extracellular
Na+ and 5 m in the absence of Na+), at 0 mV; the mean of the
normalization values for each group is indicated in the figure
legends.

RESULTS
The effectiveness of inhibition of the endogenous Xenopus
Na+/K+-pump was tested in non-injected oocytes or in

oocytes injected with the cRNA of the b1 subunit alone of

the rat Na,K-ATPase. All oocytes were Na+ loaded by

overnight exposure to a potassium-free solution. As no

difference could be detected between non-injected oocytes

and oocytes injected with the b subunit alone, the results

of these two groups are pooled. Figure 1 shows example

current recordings and the mean I–V curve of the current

activated by 10 m K+ in oocytes that had not been

exposed to ouabain and in oocytes that had been exposed

to 200 n ouabain overnight. No ouabain was present

in the solutions used for the electrophysiological

measurements. A potassium-activated outward current

with a mean amplitude of about 60 nA at low membrane

potential was recorded in oocytes that had not been

exposed to ouabain. This potassium-activated current is due

to the endogenous Na,K-ATPase of the oocyte (Horisberger

et al. 1991; Canessa et al. 1992). Overnight exposure to

0.2 m ouabain resulted in a nearly complete inhibition of

the potassium-activated current. Measurements of the

potassium-activated current were repeated at 5 min

intervals to demonstrate the slow recovery from ouabain

inhibition. Even though the potassium-activated outward

current tended to increase with time, it reached only a few

nanoamps after a 10–12 min interval in continuously

flowing solutions containing no ouabain. These values are

to be compared with the 150–250 nA current generated

by the exogenously expressed ouabain-resistant Na,K-

ATPase, as described in the following paragraphs. Thus,

because of the high affinity of ouabain for the Xenopus
Na,K-ATPase and the slow dissociation rate constant (koff)

of ouabain from its binding site (Canessa et al. 1992) pre-

exposure to a low ouabain concentration in the absence of

extracellular K+ was sufficient to obtain a long-duration

inhibition of the endogenous Na+/K+-pump. These results

also show that after Na+/K+-pump inhibition, the addition

of extracellular K+ does not induce other currents such as

the inward current that might be due to K+ conductances,

demonstrating the effective inhibition of the oocyte K+

channels under our experimental conditions.

Experiments aimed at testing the K+ activation and

ouabain inhibition of the electrogenic activity of the

Na+/K+-pump were performed as described in the examples
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shown in Fig. 2 (current traces; data recorded in sodium-

free solutions). Starting from a potassium-free solution,

[K+]o was increased in a stepwise manner and then a high

concentration of ouabain (2 m) was added to the highest

[K+]o. I–V curves were recorded under each condition. The

current traces shown in Fig. 2 show that 2 m ouabain

inhibited practically all of the potassium-induced current

for the a1 isoform (Fig. 2A), while the inhibition was only

partial for the a2* isoform (Fig. 2B). Figure 2D shows

examples of the current–[K+]o relationship and the best

fitting curves which in this examples yielded KÎ values of

0.078, 0.086, 0.110, 0.143 and 0.208 m for the _130, _90,

_50, _10 and +30 mV membrane potentials, respectively.

Mean values of the potassium-induced and ouabain-

sensitive currents are shown in Fig. 3.

With oocytes expressing the a and b subunits of the Na,K-

ATPase, the mean values of the current induced by 10 m

K+ at _50 mV, in the presence of extracellular Na+ (raw

data not shown), were 254 ± 36 nA (n = 17), 198 ± 32 nA

(n = 15), and 148 ± 18 nA (n = 15), for the a1, a2* anda3* isoforms, respectively. In the same groups of oocytes,

the mean ouabain-sensitive currents obtained in the

presence of 10 m K+ were 238 ± 34, 136 ± 25 and

114 ± 14 nA, respectively (raw data not shown). The

smaller amplitude of the ouabain-sensitive current when

compared to the potassium-induced current can be

understood as resulting from the rather low sensitivity to

ouabain of the used forms of the enzyme, indicating that

2 m ouabain inhibited approximately 92 %, 69 % and

73 % of the potassium-induced current in the a1, a2* anda3* isoforms, respectively.

Voltage dependence of the Na+/K+-pump currents
The voltage dependence of the Na+/K+-pump activity was

studied either as the ouabain-sensitive current or as the

current activated by addition of external K+. Examples

traces are shown in Fig. 2, and the results are summarized

in Fig. 3.

In the presence of a physiological [Na+]o (Fig. 3A and B),

the Na+/K+-pump current showed a voltage dependence

that was qualitatively similar to that described earlier for

several other Na,K-ATPase isoforms or preparations

(Rakowski & Paxson, 1988; Schweigert et al. 1988; Gadsby

& Nakao, 1989; Jaisser et al. 1994; Sagar & Rakowski, 1994;

Argüello et al. 1996; Wang et al. 1998): a shallow voltage

dependence at depolarized membrane potentials that

becomes steeper at high negative membrane potentials.

More precise examination of the I–V curves indicates that

the voltage-dependence of the Na+/K+-pump activity was

quantitatively different between the a1, a2*, and a3*

isoforms. For the ouabain-sensitive current (Fig. 3A) as

well as for the potassium-activated current (Fig. 3B), the

voltage dependence was less pronounced for the a3*

subunit and more pronounced for the a2* subunit, when

compared to the a1 subunit. The reasons for this difference

in voltage sensitivity will be examined further below.

In contrast, when studied in the absence of extracellular

Na+, the ouabain-sensitive current (Fig. 3C) presented a

very similar voltage dependence along the whole potential

range for the three isoforms. The amplitude of the current

decreased by 20–25 % for a 100 mV change. The amplitude

of the ouabain-sensitive current (in comparison with the

potassium-induced current at 0 mV) was lower by about

40 % in the a2* and a3* isoforms, when compared to thea1 isoform, indicating, as mentioned above, a lower

sensibility to ouabain of these mutant isoforms. In contrast
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Figure 1. Potassium-induced current due to the
endogenous Na,K-ATPase and after its inhibition by pre-
exposure to 200 n ouabain in the incubation solution
Original current recordings in oocytes injected with the bsubunit
of the rat Na,K-ATPase alone after overnight exposure to a
potassium-free solution without ouabain (A) or from a different
oocyte incubated in a solution containing 200 n ouabain (B). I–V
curves recorded before and after the addition of 10 m potassium
gluconate (10K) to a previously potassium-free solution. No
ouabain was present at the time of measurement. C, mean I–V
curves of the potassium-induced current (I–V in the presence of
10 m K+; the mean of the I–V curve in the potassium-free
solution before and after) in 10 oocytes without ouabain pre-
exposure (Co, open symbols) showing the electrogenic activity of
the endogenous Na+/K+-pump, and in 17 (8 non-injected and 9
injected with the b subunit alone) oocytes pre-exposed to 200 n
ouabain (black symbols). Measurements were performed the first
time 1–2 min after the oocytes had been removed from the 0.2 m
ouabain-containing incubation solution and placed in the control
experimental solution, which contained no ouabain: (1 min) and
repeated 5–6 min (6 min) and 10–12 min (11 min) later to
demonstrate the very slow dissociation rate constant (koff) of
ouabain from the Xenopus oocyte endogenous Na,K-ATPase.



to the observation made with extracellular Na+, in the

absence of extracellular Na+ the potassium-activated

currents (Fig. 3D) were clearly different from the ouabain-

sensitive currents (Fig. 3C). The potassium-induced I–V
curve had a negative slope over the whole negative

potential range, and at high negative membrane potentials,

the current induced by K+ was much larger than that

inhibited by ouabain. This effect was present for the three

isoforms, even though the potassium-induced current was

slightly larger for the a1 isoform than for the a2* and a3*

isoforms.

We have already shown that in the absence of extracellular

Na+ and K+, the Na+/K+-pump carries a ouabain-sensitive

inward current that is dependent upon the extracellular

proton concentration and most probably reflects an

inward proton current (Wang & Horisberger, 1995). We

therefore also measured the ouabain-sensitive current at

pH 6.0, in sodium-free and potassium-free solution. As

shown in Fig. 4, all three isoforms presented large ouabain-

sensitive inward currents with a qualitatively similar I–V
curve.

Apparent affinity for external K+

The KÎ for external K+ was measured in the presence and

in the absence of extracellular Na+ by recording currents

induced by the application of increasing concentrations of

K+, as shown in the examples in Fig. 2. In the absence of
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Figure 2. Potassium-activated and ouabain-sensitive currents
A and B, original current recordings obtained during exposure to increasing concentrations of K+ (0, 0.02, 0.1
0.5 and 5.0 m) and to 2 m ouabain with 5.0 m K+ in a sodium-free experimental solution (0K). The
traces in A and B were obtained with oocytes expressing the a1 b1 and the a2* b1 isoforms of the rat Na,K-
ATPase, respectively. The holding potential was _50 mV and I–V curves were recorded under each condition at
the time indicated by the arrows. C, I–V relationship for the current induced by four different concentrations
of K+ recorded in the example given in B (a2* b1 isoform). D, relationship between the potassium-induced
current to the K+ concentration for five membrane potentials in the same set of data (trace in B).



external Na+ (Fig. 5A), the KÎ showed the usual voltage

dependence that has already been described (Rakowski et
al. 1991; Jaisser et al. 1994). The apparent affinity for external

K+ was high at negative membrane potentials, with a KÎ
around 60 m for the a1 and a3* isoforms and slightly

lower for the a2* isoform (KÎ around 80 m). These KÎ
values are significantly lower than those measured in

amphibian Na+/K+-pumps under the same experimental

conditions (Jaisser et al. 1994), but are close to that

reported for mammalian Na+/K+-pumps under similar

conditions (Peluffo & Berlin, 1997; Peluffo et al. 2000).

In the presence of 100 m extracellular Na+ (Fig. 5B), a

biphasic voltage dependence, with higher KÎ at positive and

high negative membrane potentials, was observed with the

three isoforms, similar to what has been described in

Na+/K+-pumps from other species (Jaisser et al. 1994; Sagar

& Rakowski, 1994; Peluffo et al. 2000). There was, however, a

significant difference between the threse isoforms. The

minimal values of the KÎ were 0.62 ± 0.03 m (n = 12)

recorded at _30 mV for the a1 isoform and significantly

smaller 0.44 ± 0.04 m (n = 10) at _50 mV for the a3*

isoform (P ≤ 0.01). The affinity for the a2* isoform was

much lower over the whole potential range, and the

minimal KÎ value, 0.95 ± 0.05 m (n = 11), recorded

close to 0 mV, was significantly larger than those of the a1

and a3* isoforms (P ≤ 0.001 in both cases).
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Figure 3. Voltage dependence of the ouabain-sensitive currents (A and C) and potassium-
activated currents (B and D) measured in sodium-rich solutions (A and B) and in sodium-free
solutions (C and D) in oocytes expressing the a1, a2* and a3* isoform together with the b1
subunit of the rat Na,K-ATPase
In all cases the current values are normalized to the amplitude of the current induced by the highest K+

concentration at a membrane potential of 0 mV. For the experiments shown in the sodium-rich solution (A
and B), the mean currents induced by 10 m K+ were 201 ± 41 nA (a1, n = 11), 282 ± 41 nA (a2*, n = 10)
and 234 ± 32 nA (a3*, n = 10). For the experiments in the sodium-free solution (C and D), the mean
currents induced by 5 m K+ were 299 ± 4 nA (a1, n = 17), 261 ± 41 nA (a2*, n = 15) and 174 ± 20 nA
(a3*, n = 15).



Effect of extracellular Na+ on the Na+/K+-pump
activity
Because the Na+/K+-pump activity was rather similar

between the three isoforms in the absence of extracellular

Na+, but showed significant differences in voltage

dependence or apparent affinity for K+ when extracellular

Na+ was present, we suspected that the major difference

might be due to the kinetics of extracellular Na+ binding or

release. According to the standard model of the Na+/K+-

pump transport cycle, Na+ must be released into the

extracellular medium by the E2-P conformation of the

enzyme to allow K+ ions to bind and promote

dephosphorylation and completion of the transport cycle.

As the release of Na+ is a reversible step, extracellular Na+

competes with K+ for binding to the E2-P conformation of

the enzyme (whether or not the binding sites are the same;

Sagar & Rakowski, 1994). We can thus use the competition

between extracellular Na+ and K+ to evaluate the affinity of

Na+ for its extracellular binding site (Vasilets et al. 1993).

The 1 m potassium-induced currents measured in the

presence of 0, 30, and 100 m [Na+]o for the three

isoforms are shown in Fig. 6. While the three isoforms had

rather similar potassium-induced I–V curves in the

absence of Na+ (small black symbols with solid line), a

significant difference appeared between the a2* isoform

and the a1 and a3* isoforms at 30 m (open symbols),

which was even more obvious with 100 m extracellular

Na+ (large black symbols with dashed line). In the presence

of 100 m Na+, the potassium-induced current was
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Figure 4. Ouabain-sensitive inward current in a sodium-
free, low-pH solution
A, the current trace recorded at _50 mV in sodium-free solutions
with an oocyte expressing the a1 b1 isoform of the rat Na,K-
ATPase. The activation of the Na+/K+-pump current by 5 m K+

was first recorded in a solution at pH 7.4. Change to a pH 6.0,
potassium-free solution induced an inward current that could be
largely inhibited by 2 m ouabain. B, the mean values of the
ouabain-sensitive current (i.e. the difference between the I–V
curves recorded without and with ouabain (arrows 1 and 2 in A,
respectively). All of the values are expressed relative to the current
induced by 5 m K+ at pH 7.4. The mean normalization values
were 201 ± 41 nA (n = 11), 282 ± 41 nA (n = 10) and 234 ± 32 nA
(n = 10) for the a1, a2* and a3* groups, respectively.

Figure 5. Voltage dependence of the activation of the
current by external K+

A, sodium-free solution. B, 100 m Na+ solution. KÎ values were
obtained by fitting the Hill equation to the set of five current
amplitudes measured at five values of [K+]o for each oocyte and at
each membrane potential. The mean KÎ values as a function of
membrane potential are shown in A (sodium-free solution) and B
(100 m Na+ solution). One example of the relationship between
[K+]o and the induced current at five different membrane
potentials is given in D of Fig. 2.



voltage-dependent for all three isoforms, but the mid-

point potential (i.e. the potential at which the potassium-

induced current was reduced by half compared to its

maximal value at a positive membrane potential) was

strongly shifted to the right by about 50–60 mV for the a2*

isoform. Thus, the voltage-dependent inhibition of the

potassium-induced current occurred at a lower potential,

or at a lower [Na+]o, for the a2* isoform. In fact, the I–V
curve at 30 m Na+ for the a2* isoform was similar to that

obtained at 100 m Na+ for the a1 and a3* isoforms.

These results could be explained by an approximately

three-fold increase in affinity for extracellular Na+ by thea2* isoform. A smaller difference separates the a1 from

the a2* isoform: extracellular Na+ inhibition curves with a

shift of about 15 mV to the right for the a3* I–V curve.

Since only three concentrations of Na+ were used, and

because these concentrations are not sufficient to obtain a

close to maximal effect, it was not possible to determine a

precise value for the apparent Na+ affinity.

Apparent affinity for intracellular Na+

The Na+/K+-pump currents induced by a saturating [K+]o

(10 m) in a 10 m Na+ solution were recorded during

progressive Na+ loading of the oocytes at a holding

membrane potential of _50 mV, as illustrated in the

example of Fig. 7A. Figure 7B shows a typical example of

individual concentration–response curves for each of the

three isoforms, and Fig. 7C shows the mean values of KÎ
obtained from the measurements with a1 (n = 12), a2*

(n = 7), and a3* (n = 16) isoforms. The apparent affinity

for intracellular Na+ was slightly higher for the a2* isoform

when compared to the a1 isoform (P ≤ 0.05); the other

comparisons, a1 vs. a3* and a2* vs. a3*, did not show

statistically significant differences.

DISCUSSION
The three isoforms of the rat a subunit of the Na,K-

ATPase were well expressed in Xenopus oocytes when

associated with the rat b1 subunit, with activity levels

much larger than that of the remaining endogenous

Na+/K+-pump, thus allowing us to study their physiological

properties in this model. In all cases, large outward

ouabain-sensitive currents could be stimulated by

extracellular K+. This observation indicates that the three

isoforms are indeed electrogenic Na+/K+ exchange pumps.

The Na+/K+-pump is known to exchange three Na+ for two

K+ for each hydrolyzed ATP (De Weer, 1985) under a large

range of experimental conditions, however most of the

measurements of this stoichiometry have been obtained

with preparations from tissue naturally expressing either

mostly the a1 isoform or an ill-defined mixture of isoforms.

Even though our results are not direct stoichiometry

measurements, the largely similar voltage dependence

of the Na+/K+-pump activity observed under most

circumstances (except for the measurements in the

presence of Na+ and at a low K+ concentration, see

discussion of this point below) makes it very unlikely that

one isoform has a cation stoichiometry different from the

others. Obviously, a 2:2 K+:Na+ ratio or a 3:3 K+:Na+ ratio

can be excluded by the presence of the electrogenic signal.

A 3:1 Na+:K+ ratio, with two charges translocated during

each cycle, would be expected to modify considerably the
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Figure 6. Effect of [Na+]o on the potassium-activated
current
A, original current recordings showing the current induced by a
[K+]o of 1 m in the presence of extracellular solutions containing
0, 30 and 100 m [Na+]o (effected by N-methyl--glucamine
replacement). This recording was obtained with an oocyte
expressing the a3* b1 isoform of the rat Na,K-ATPase. B, mean
potassium-induced current expressed as relative to the current
induced by 1 m K+ measured at 0 mV in the sodium-free
solution. The mean normalization value was 160 ± 25 nA (n = 12),
165 ± 25 nA (n = 12) and 154 ± 24 nA (n = 12) for the a1, a2*,
and a3* groups, respectively. While the a1 and a3* isoforms
present a rather similar voltage-dependent inhibition by external
Na+, this inhibition was clearly more pronounced for the a2*
isoform.



voltage dependency of the Na+/K+-pump activity. Thus,

the most parsimonious explanation for our results is that

the three isoforms of the Na,K-ATPase function with a

similar cation stoichiometry. However, the stoichiometry

of the Na+/K+-pump and of the H+/K+-pump has been

shown to be altered under specific experimental

conditions such as low [Na+]i or [H+]i (Blostein, 1985;

Polvani & Blostein, 1988, 1989; Blostein & Harvey, 1989),

and our results do not allow us to predict the behaviour of

each isoform under such conditions.

The ouabain-sensitive current presented a similar shallow

voltage dependence along the whole membrane potential

range, in the absence of extracellular Na+. This observation

differs from results obtained under similar conditions

either with myocardial cells or with sheep Na,K-ATPase
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Figure 7. Apparent affinity for intracellular Na+

A, original current trace obtained with an sodium-deprived oocyte expressing the a3* b1 isoform of the rat
Na,K-ATPase. The trace shows the successive recordings of I–V curves without and with 10 m amiloride
(pairs of arrows), and of the current induced by 10 m K+ immediately thereafter, in a 10 m Na+

experimental solution. Between these recordings, the oocyte was then exposed to a 100 m Na+ solution in
the absence of amiloride to allow for an increase in [Na+]i. As indicated by the top line, the voltage was
maintained at _50 mV, except for the recording of the I–V curves and during the three last sodium-loading
periods, during which it was set to _100 mV to increase the rate of Na+ entry. Because of the large amplitude
of the current flowing through the epithelial Na+ channel in the absence of amiloride and the relatively small
size of the potassium-induced current, it was not possible to read accurately the potassium-induced current
values from the paper chart. The amiloride I–V curves were recorded and analysed using the PClamp data
acquisition system to define the amiloride-sensitive current reversal potential, and the potassium-induced
current was recording by hand directly from the digital reading of the voltage-clamp apparatus. In this
example, the potassium-induced currents were 10, 42, 112, 206, 248 and 295 nA (the last value is not visible
on the trace). B, example of the potassium-activated current versus [Na+]i relationship for each isoform, and
the corresponding best-fitting model based on the Hill equation with a Hill coefficient of 2.5. C, mean KÎ
parameter in the ‘box and whiskers’ representation (thick line: mean, thin line: median, bottom and top of
the box: 25th and 75th percentile, vertical bars: range, circle: outlier). The maximal current obtained from
the fit was 255 ± 36 nA (n = 12), 238 ± 68 nA (n = 7), and 186 ± 17 nA (n = 16) for the a1, a2* and a3*
groups, respectively. The difference in the mean KÎ parameter between the a1 and a2* was statistically
significant (t (degrees of freedom = 17): 2.1098, P ≤ 0.05). The other differences were not significant.



expressed in HeLa cells, for which an essentially flat

ouabain-sensitive I–V curve was observed (Nakao &

Gadsby, 1989; Peluffo et al. 2000). The reason for this

discrepancy is not clear, but a number of experimental

differences (temperature, use of extra- or intracellular

TEA, species, expression system) could explain it. On the

other hand, this small voltage dependence is in good

agreement with observations supporting the existence of a

weakly voltage dependent conformational transition in

the Na+/K+-pump cycle (Wuddel & Apell, 1995; Rakowski

et al. 1997; Apell & Karlish, 2001). Our data suggest that

this property is similar between the three rat Na,K-ATPase

isoforms.

In the absence of extracellular Na+, potassium-induced

currents were significantly larger than ouabain-sensitive

currents at membrane potentials more negative than

_50 mV, and the potassium-activated current I–V curve

had a negative slope in the high negative potential range. A

similar negative slope has been observed with the Xenopus,
Bufo or Torpedo Na+/K+-pumps (Rakowski et al. 1991;

Jaisser et al. 1994; Vasilets et al. 1991) expressed in Xenopus
oocytes, however the relative amplitude of the current at

negative membrane potential was much larger for the

three rat isoforms used in this study.

These results are in contrast with observations made in

other preparations, in which there was practically no

difference between the potassium-induced currents and

the ouabain-sensitive currents (Peluffo & Berlin, 1997;

Peluffo et al. 2000). The reasons for this difference are not

clear. As the negative slope has been observed only in

Na+/K+-pumps expressed in Xenopus oocytes, it appears

possible that this phenomenon is specific to that

expression system. However, the experiments with heart

cells or HeLa cells have not explored the large negative

potential range in which the differences between the

ouabain-sensitive current and potassium-induced current

are most apparent.

Extracellular cation binding
When studied in the absence of extracellular Na+, a

condition that eliminates the competitive effect of

extracellular Na+ ions, and may therefore reflect more

directly the intrinsic affinity of the external K+ binding site,

the activation by extracellular K+ is roughly similar for the

three isoforms, with a slightly lower apparent affinity for

the a2* isoform. The known voltage dependence of the

apparent K+ affinity (Rakowski et al. 1991; Jaisser et al.
1994; Peluffo et al. 2000) is observed with the three

isoforms, and our data do not show any significant

difference between isoforms for this parameter.

In the presence of extracellular Na+, the voltage

dependence of the apparent affinity for K+ was

qualitatively similar, with a maximal affinity at low

membrane potentials (_10 to _50 mV) and lower affinity

both at high negative and high positive membrane

potentials. This shape of the voltage–apparent affinity

curve is attributed to the double voltage dependence of the

competing Na+ and K+ ions (Sagar & Rakowski, 1994;

Rakowski et al. 1997). The apparent affinity for K+ was

higher for the a3* subunit and lower for the a2* subunit

when compared to the a1 subunit. The measurements of

the influence of [Na+]o on the current induced by 1 m

[K+]o indicated that the three isoforms differed mainly in

their sensitivity to the voltage-dependent effect of

extracellular Na+. Measurements of currents activated by a

low concentration of K+ confirm that the lower apparent

affinity for K+ of the a2* isoform results mostly from

extracellular Na+ competing with a higher affinity for

this isoform. In fact, the lower apparent affinity for

extracellular K+ in the a2* isoform can be explained mostly

by a stronger voltage-dependent inhibition by extracellular

Na+, with a small additional contribution from a slightly

lower intrinsic affinity for K+. Similarly, the higher

apparent affinity of the a3* isoform seems to result from a

lower sensitivity to inhibition by extracellular Na+.

Inward pump-mediated currents in the absence of
Na+ and K+

Large inward ouabain-sensitive currents can be recorded

in the absence of extracellular Na+ and K+ at low pH

(Efthymiadis et al. 1993) and these currents have been

attributed to an inward proton current (Wang &

Horisberger, 1995). These currents were present in the

three isoforms. The amplitude of these currents was

significantly smaller for the a3* isoform than for the a1

and a2* isoforms. It is not possible, however, to draw safe

conclusions about these amplitudes because the effect of

ouabain was only partial on the a2* and a3* isoforms and

the affinity of ouabain under these conditions may be

different from that observed in the presence of

extracellular Na+. As described for the Xenopus Na+/K+-

pump, the shape of the I–V curve indicated inward

rectification and there was no significant difference

between the isoforms in this regard.

Activation by intracellular Na+

Our measurements of the apparent affinity for activation

by intracellular Na+ only show a modest difference

between the a2* isoform and the a1 and a3* isoforms.

This result is in opposition to several earlier reports in

which different methods were used: ATPase activity in

membrane preparations (Jewell & Lingrel, 1991; Therien

et al. 1996; Blanco & Mercer, 1998), rubidium uptake in

whole cells (Munzer et al. 1994), rate of intracellular Na+

decrease (Zahler et al. 1997) and expression systems such

as HeLa cells (Jewell & Lingrel, 1991; Munzer et al. 1994;

Therien et al. 1996; Zahler et al. 1997; Segall et al. 2001) or

SF9 cells (Blanco & Mercer, 1998). In all these reports a

lower apparent affinity for intracellular Na+ was observed

with the a3 isoform, when compared to the a1 or a2
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isoform. Differences in the same direction were also

observed using the same technique as the present work

applied to expression of the human a1, a2 and a3 isoforms

(Crambert et al. 2000). The reasons for this discrepancy are

not clear. Except for the case of the human isoforms, all

other experiments have been performed with the same

clones (wild-type rat a1 and ouabain-resistant mutant of

the a2* and a3* rat isoforms) originating from the same

laboratory. Some important experimental differences are

evident, however: (1) ATPase activity measurements in

membrane preparations convey a different type of

information as both sides of the membrane are exposed to

the same solution and the membrane potential is not

controlled and (2) rubidium uptake measurements do

not allow the membrane potential to be controlled.

Considering the important effect of membrane potential

and [Na+]o, different experimental conditions could explain

some of the differences observed. Precise measurements of

intracellular ion concentrations are not easy, and ion-

sensitive electrodes or ion-sensitive fluorescent dye

techniques yield a bulk solution concentration. The

existence of unstirred layers leading to significant local

concentration differences related to high transport rates of

osmolytes (Duquette et al. 2001) or Na+ (Abriel &

Horisberger, 1999) have been well demonstrated. Our

technique has the advantage of estimating precisely (due to

the extremely high Na+ selectivity of the epithelial Na+

channel) the sub-membrane Na+ concentration. Thus,

although we cannot exclude that we have missed a slightly

larger affinity value in the a3* isoform, our results indicate

that there is no major difference in intracellular Na+

activation kinetics due exclusively to sequence differences

between the three a subunits of the rat Na,K-ATPase

under our experimental conditions (i.e. polarized

membrane at _50 mV and activation by a high (10 m)

[K+]o). The discrepancy between measurements obtained

with the human isoforms using the same technique

(Crambert et al. 2000) could be explained by species

differences or by the fact that the endogenous Xenopus
component could not be inhibited (because the human

isoforms are highly ouabain-sensitive) and the function of

the expressed human Na+/K+-pumps was obtained by

subtracting the endogenous component evaluated by

measurement in native oocytes, a process that may have

introduced some errors.

The most striking difference that we observed was the

sensitivity to extracellular Na+, which was about three-fold

higher for the a2* isoform, and made this form of the

enzyme more sensitive to the membrane potential than a1

and a3* over the physiological range of membrane

potential. A recent report by Segall et al. (2001) indicates

that the strong shift towards the E1 form of the a2*

isoform is the main distinguishing property of the a2*

isoform in comparison to a1. This shift is due, at least in

part, to a faster E2(K) to E1 transition (Munzer et al. 1994).

The higher voltage-dependent affinity for extracellular

Na+ that we have demonstrated in the present work must

also contribute to a shift from E2-P to E1 through the

sodium-transporting limb of the pump cycle.

This property could have physiological relevance in cells that

express the a2 isoform and may undergo physiological

depolarization such as the heart or skeletal muscle cells,

neurones or glial cells, which may be depolarized by the

electrogenic neurotransmitter re-uptake transport systems.

As can be seen in Fig. 6B, the activity of the a2 isoform

would increase by about three-fold between a resting

membrane potential of about _90 mV and a depolarized

potential, while the change would be much smaller for thea1 or the a3 isoform.
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