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Summary. We report in this paper the effect of metabolic deple-
tion on several modes of furosemide-sensitive (FS) Na and K
transport in human red blood cells. The reduction of ATP con-
tent below 100 wmol/liter cells produced a marked decrease in
the maximal activation (V.a,) of the outward, FS transport of Na
and K into choline medium in the presence of ouabain (0.1 mm)
and 1 mM MgCl,. The K, for internal Na to activate the FS Na
efflux was not altered by metabolic depletion. However, meta-
bolic depletion markedly decreased the K, for external K (K,) to
inhibit the FS Na efflux into choline medium (from 25 to 11 mM).
Repletion of ATP content by incubation of cells in a substrate-
rich medium recovered control levels of V., of the FS Na and K
fluxes and of K, for external K to inhibit FS Na efflux. The V.,
of FS Na and K influxes was also markedly decreased when the
ATP content dropped below 100 wmol/liter cells. This was
mainly due to a decrease in the inward-coupled transport of K
and Na (Na,-stimulated K influx and the K,-stimulated Na in-
flux). The FS K/K, exchange pathway of the Na-K cotransport,
estimated from the FS K influx from choline-20 mm K, medium
into cells containing 22 mmol Na/liter cells, was also reduced by
starvation. Starvation did not inhibit the FS Na,/Na, exchange
pathway, estimated as FS Na influx from a medium containing
130 mm NaCl into cells containing 22 mmol Na/liter cells. The
unidirectional FS ??Na efflux and influx were also measured in
control and starved cells containing 22 mmol Na/liter cells, incu-
bated in a Na medium (130 mm) at varying external K (0 to 20
mM). In substrate-fed cells, incubated in the absence of external
K, FS Na efflux was larger than Na influx. This FS net Na
extrusion (400 to 500 wmol/liter cells - hr) decreased when exter-
nal K was increased, approaching zero around 15 mm K,. In
starved cells the net Na extrusion was markedly decreased and it
approached zero at lower K, than in substrate-fed cells. Our
results indicate that the FS Na and K fluxes, and their major
component, the gradient driven Na-K-Cl cotransport system, are
dependent on the metabolic integrity of the cells.
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Introduction

Several studies in human red cells have character-
ized a Na-K-Cl cotransport system which can be
inhibited by furosemide or bumetanide. Wiley and

Cooper [44] reported that cis-stimulated Na and K
influx were inhibited by furosemide. In subsequent
studies [24] the kinetic parameters of furosemide-
sensitive (FS) Na and K effluxes as well as their
chloride dependence [16, 20] were estimated.

In recent years we have studied the equilibrium
properties and the modes of operation of the FS Na
and K fluxes in human red blood cells [7-9, 12-14].
We found that when cells with Na and K content
similar to that of fresh cells were incubated in the
presence of external Na (Na, = 130 mm), there was
anet FS Na and K extrusion, which increased with
intracellular Na (Na;). Increasing external K (K,)
stimulated FS Na influx and decreased the net FS
Na extrusion. In conditions similar to those occur-
ring in vivo (Na; = 10 mM, K; = 130 mm, Na, = 130
mM, K, = 4 mm, CL,/Cl, = 0.7) net extrusion of Na
occurred through the FS pathway [9, 14]. The con-
centration of K, at which FS Na and K efflux and
influx become equal (zero net flux condition or equi-
librium point) increased when Na; was increased.
Both net FS Na and K fluxes approached zero at
similar internal and external Na and K concentra-
tions. At the equilibrium position of the FS fluxes,
the stoichiometry of the unidirectional fluxes was 2
Na:3 K [9, 14]. These results confirmed early find-
ings by Hoffman and Kregenow [28] suggesting the
presence of a ouabain-resistant second Na pump in
human red cells.

We have also studied the modes of operation of
the FS Na and K fluxes [7, 13]. Six different modes
of Na and K transport were found to be inhibited by
furosemide in the presence of ouabain: inward- and
outward-coupled transport of Na and K, K:/K, and
Na;/Na, exchange, and uncoupled Na and K efflux.
The stoichiometric ratio of FS outward cotransport
of Na and K into Na-free (choline substitution) me-
dium varied according to the ratio of Na to K cell
content, and with the presence of external K. We
proposed a minimal model for a reaction scheme of
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FS Na and K transport, to account for several types
of coupling interactions between Na and K such as
cis-stimulation, trans-inhibition or trans-stimula-
tion and for variable stoichiometry of the FS fluxes.

The present paper deals with the metabolic de-
pendence of several modes of the FS Na and K
fluxes. Previous observations in human red cells [3,
25, 28, 43] have suggested that ouabain-resistant
fluxes can be decreased by metabolic depletion. The
present experiments were designed to evaluate the
metabolic dependence of the net FS Na extrusion
and of the different modes of Na and K transport
inhibitable by furosemide in human red cells. We
show in this paper that when the cell ATP content is
decreased below 100 wmol/liter cells, there is a
marked reduction of the FS net Na extrusion, of the
outward- and inward-coupled transport of Na and
K, and of the K;/K, exchange mediated by the Na-
K-CI cotransport system.

A preliminary report of this work has been pub-
lished elsewhere [17].

Materials and Methods

All the experiments described in this paper were performed on
the red cells of at least three normotensive males.

Blood was drawn into heparinized tubes and centrifuged at
1750 x g for 10 min to separate plasma and buffy coat. Red cells
were washed four times with 10 volumes of cold (4°C) choline
washing solution containing (mm): 150 choline chloride, 1 MgCl,,
10 MOPS-Tris (pH 7.4 at 4°C). An aliquot of cells was then
suspended in an equal volume of choline washing solution and
from this cell suspension determinations of hematocrit, cell Na
(1/50 dilution in 0.02% Acationox®, American Scientific Prod-
ucts, McGaw Park, I11.), cell K (1/500 dilution) and hemoglobin
(optical density at 540 nm) were carried out.

PROCEDURES TO ACHIEVE METABOLIC DEPLETION
AND REPLETION

To reduce ATP levels, red cells were incubated at 10% hemato-
crit in a solution containing (mm): 150 NaCl, 4 KCl, 1 MgCl,, 1
EGTA, 20 MOPS-Tris (pH 7.4 at 37°C) and penicillin G, 100 1U/
ml (metabolic starvation). The cells were incubated at 37°C in a
shaking bath and the incubation medium was renewed after 6 hr.
Aliquots of the cell suspension were then removed at different
time intervals (7 to 15 hr) and washed twice with an ice-cold
choline washing solution. Subsequently, the cells were either
processed for metabolic repletion or loaded with Na by the nys-
tatin procedure. EGTA was added to minimize the Ca-dependent
membrane breakdown taking place in metabolic-starved cells as
described by Lutz et al. [31], Motais et al. [33] and Palek et al.
[35] and to prevent volume changes caused by activation of the
Ca-dependent K channel [30].

Metabolic repletion was achieved by incubating depleted
cells for 3 hr at 37°C (10% hematocrit) in a medium containing
(mMm): 140 NaCl, 4 KCl, 1 MgCl,, 1 EGTA, § adenine, 2 inosine,
10 glucose, 10 MOPS-Tris (pH 7.4 at 37°C), 2.5 Na phosphate

buffer [43]. The cells were then washed twice with ice-cold cho-
line washing solution.

CATION LOADING OF RED CELLS

Cation content was varied by using the ionophore nystatin [11].

Two ml of washed packed cells were added to 10 ml of cold
nystatin loading solution (NLS) and incubated at 4°C for 20 min.
The NLS contained (mm): 140 of (NaCl + KCl), 52 sucrose, 10
MOPS-Tris (pH 7.4 at 4°C), and nystatin (40 pg/ml). To vary the
cellular Na content, the Na concentration in the NLS was calcu-
lated from: Cell Na content = Na, concentration {(mM) X 0.65.

The cold suspension was centrifuged for S min at 5000 x g,
and the cell pellet was suspended at 10% hematocrit for 5 min at
37°C in the nystatin washing solution (NWS). The NWS had the
same composition as the NLS solution, with the pH adjusted to
7.4 at 37°C and 0.1% albumin. No substrate was added to the
depleted cells. Glucose (10 mm) and K-phosphate buffer (1 mm,
pH 7.4) were added to the NWS used for control and ATP-
repleted cells. The cell suspension was then washed three times
with NWS at 37°C.

To perform radioactive cation loading, the red cells incu-
bated in the NLLS were centrifuged to remove the supernatant.
The cells were then suspended at 60 to 70% hematocrit in the
same cold loading solution, without nystatin, containing 10 uCi
ZNa or 60 xCi *Rb. After a 20-min incubation at 4°C with ade-
quate shaking, the suspension was warmed up to 37°C for 5 min
and the red cells were then washed four times with warm NWS.

External cations were removed with five washes in ice-cold
choline washing solution. After the final wash, the cells were
suspended in equal volumes of washing solution for the determi-
nation of hematocrit, hemoglobin and cell electrolytes and spe-
cific activity. )

The cell volume was estimated by measuring the hemoglo-
bin/liter of fresh and loaded cells. The volume of nystatin-loaded
cells was 99% = 2 of the initial cell volume. The ATP content
was not modified by the loading procedure in control, depleted or
repleted cells. The rate constant of Na and K efflux in the pres-
ence of ouabain and furosemide was similar in control and nys-
tatin-treated cells.

PrROTOCOL FOR MEASUREMENT
oF Na AND K FLUXES

a) Unidirectional Tracer Efflux

One ml of cell suspension (30% Hct) was added to 10 ml of efflux
medium. The media contained (mMm): 150 to 130 choline chloride
and 0 to 20 KCl, or 130 NaCl, 20 to 0 choline chloride and 0 to 20
KCl. All of the media contained (mm): 10 MOPS-Tris (pH 7.4 at
37°C), 1 EGTA, and 0.1 ouabain. Glucose (10 mm) was added to
the media containing the control or metabolically repleted cells.
5.5 ml of the cold flux suspension were distributed into 5 tubes; 5
wl of furosemide in 1 M Tris-base was added to the remaining
media which was distributed in five tubes. The flux suspension
was incubated at 37°C and duplicates were removed at 5 min and
triplicates at 65 min. These incubation times were chosen be-
cause control experiments indicated that the effluxes were linear
up to 75 min at this hematocrit. The reaction was stopped by
cooling at 4°C and after centrifugation, 0.8 ml of the supernatant
were removed for counting in a gamma counter (Packard Instru-
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ments). An aliquot of the initial cell suspension (diluted 1/50) was
counted for the determination of the specific activity of the iso-
tope-loaded cells.

b) Unidirectional Tracer Influx

Ten pCi of *Na or 60 puCi of *Rb (Amersham. Arlington
Heights, Ill.) were added to 10 m! of medium and the initial
specific activity was determined. Packed red cells (0.6 to 0.8 mi)
were then added to the cold media and the cell suspension pro-
cessed as described for the efflux measurement. Samples were
taken at 5 and 25 min for *Rb influx, and 5 and 65 min for Na
influx. Control experiments indicated that the influxes were lin-
ear under these experimental conditions. The supernatant was
discarded and the cells were washed three times with 4 ml of cold
Na washing solution containing (mm): 150 NaCl, | MgCl,, 10
MOPS-Tris (pH 7.4 at 4°C). The cell pellet was lysed with 1 ml of
0.02% Acationox® and centrifuged for 10 min at 5000 x g to
precipitate membrane fragments. 0.8 ml of lysate were counted
in a gamma counter. A 1:50 dilution in double-distilled water of
the lysate was used for spectrophotometrical determination of
hemoglobin and cation content.

¢) Na, K and Li Effluxes

To measure the ouabain-sensitive component of the Na efflux
from Na-loaded cells, the red cells were incubated at 1% Hct in
an efflux medium containing 140 mm choline chloride and 10 mm
KCI, with and without 0.1 mm ouabain. The efflux times were 5
and 25 min.

To measure the furosemide-sensitive component of Na and
K effluxes from Na-loaded cells, red cells were incubated at 2%
Hct in efflux media containing 150 mm choline chloride, 0.1 mm
ouabain, with and without 1 mM furosemide. The efflux times
were 5 and 65 min. All the media contained (mm): 1 MgCls, 10
MOPS-Tris (pH 7.4 at 37°C) and 1 EGTA.

The Na-stimulated Li efflux was determined in cells loaded
with Li (7 to 9 mmol/liter cells) using nystatin. The NLS con-
tained (mm): 10 LiCl, 130 KCi, 10 MOPS-Tris (pH 7.4 at 4°C) +
52 sucrose. Li efflux was measured in Mg-sucrose and Na media.
The Mg-sucrose media contained (mMm): 75 MgCl,, 85 sucrose, 10
MOPS-Tris (pH 7.4 at 37°C) and 0.1 ouabain. The Na media
contained (mm): 150 NaCl, 10 MOPS-Tris, 1 MgCl, and 0.1 oua-
bain. The hematocrit of the flux suspension was 3% and the
incubation times 5 and 65 min. The Na-stimulated Li efflux was
calculated as the difference between Li efflux into Na and Mg-
sucrose media [10].

The Na, K and Li concentrations of the supernatant were
determined in a Perkin-Elmer atomic absorption spectrophotom-
eter (Model 5000) using standards with the same composition as
the flux media.

DETERMINATION OF CELLULAR ATP
AND GLUTATHIONE CONTENT

ATP content was determined using the luciferin-luciferase
method [6]. The chemiluminescence was measured either in a
beta counter or in a cell tester (Lumac Systems A.G.). Glu-
tathione levels were determined as described by Beutler et al.
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Fig. 1. Effect of metabolic depletion on the furosemide-sensitive
Na and K effluxes, the ouabain-sensitive Na efflux and the Na-
stimulated Li efflux. Starvation was achieved by incubating the
cells in a substrate-free media containing (mm): 150 NaCl, 4 KCl,
1 MgCl,, 20 MOPS-Tris (pH 7.4 at 37°C) and penicillin G, 100 U/
ml. Aliquots were taken at different time intervals and the cells
were loaded using the ionophore nystatin to contain 22 mmol Na
and 70 mmol K/liter cells. The fluxes in Fig. la and b were
measured in choline medium containing (mm): 150 choline chlo-
ride, 1 MgCl,, 1 EGTA, 10 MOPS-Tris, 0.1 ouabain and 1 furo-
semide. Quabain-sensitive Na efflux was measured into 140 mm
choline chloride, 10 mM KCl medium. Li efflux was measured
into 75 mM MgCl,-85 mum sucrose and 140 mm NaCl, [ mm MgCl,
media. Subject: G.D. This is one of three experiments in differ-
ent subjects. (CLJ) control cells; (W) starved cells and starvation
time. The bars represent the standard error of the fluxes

Results

EFFECT OF METABOLIC STARVATION
ON OUTWARD FUROSEMIDE-SENSITIVE
Na aND K FLUXES

In our previous work [7, 13} we found that the FS
component of Na and K effluxes into Na-free me-
dium (choline substitution) represents outward co-
transport of Na and K, because it is also chloride-
dependent and cis-stimulated by internal Na or K.
Figure 1 shows the time-course of metabolic starva-
tion and its effect on the ouabain-sensitive Na efflux
and on the furosemide-sensitive (FS) Na and K ef-
fluxes from cells containing 22 mmol Na/liter cells
and 70 mmol K/liter cells. It can be seen that the
FS Na and K effluxes were markedly decreased af-
ter 11 to 13 hr when ATP levels fell below 100 umol/
liter cells. The incubation time required for 80%
inhibition of the Na-K cotransport varied in the
three subjects between 13 and 17 hr. It can also be
seen that the ouabain-sensitive Na efflux fell signifi-
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Fig. 2. Effect of metabolic depletion and repletion on the furo-
semide-sensitive Na efflux and the ouabain-sensitive Na efflux.
Starvation was achieved by incubating the cells for different time
intervals in a substrate-free media. Repletion was achieved by
incubating starved cells in a substrate-rich media containing
(mm): 150 NaCl, 4 KCI, 10 MOPS-Tris, 1 MgClh, 1 EGTA, 2
inosine, 5 adenine, 10 glucose, and 2.5 phosphate buffer. After 12
and 13 hr starvation, ATP content was 75 and 2.5 pmol/liter
cells, respectively. Subject: G.D. This in one of three experi-
ments in different subjects. ({J) control cells; (W) starved cells;
(@) repleted cells. The bars represent the standard error of the
fluxes
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cantly during the first 7 hr of incubation when the
cell ATP levels dropped from 1600 to 580 wmol/liter
cells. Note in Fig. 1d that the Na-stimulated Li ef-
flux (Na/Li exchange) was not affected by metabolic
starvation, as previously reported by Pandey et al.
[38].

RECOVERY OF FUROSEMIDE-SENSITIVE
Na AND K FLUXES IN STARVED CELLS

The effect of metabolic starvation on the FS Na
efflux could be reversed by reincubating the cells in
a substrate-rich medium. The ATP content was in-
creased to 1000 wmol/liter cells by incubation in a
medium containing adenine, inosine, glucose and
phosphate [43]. Figure 2 shows the time-course ef-
fects of depletion and repletion on the ouabain-sen-
sitive and FS Na efflux into choline medium. Con-
trol experiments were carried out by incubating
fresh cells for similar periods in substrate-supple-
mented medium containing EGTA. The FS Na ef-
flux could be restored to levels not significantly dif-
ferent from control, upon repletion of ATP-depleted
cells. After 15 to 17 hr of depletion, we observed an
inconsistent recovery of the FS Na efflux although
cell ATP levels were completely recovered. The
time of starvation which precluded return to normal
values of the FS Na efflux upon repletion also var-
ied slightly in these individuals. Glutathione levels
fell by 50% during metabolic depletion (from 1.3 =
0.2 t0 0.6 + 0.2 mmol/iter celis) and the addition of
dithiothreitol (I mm) did not improve the recovery of
Na-K cotransport. We found no relationship be-
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Fig. 3. The furosemide-sensitive Na (Fig. 3a) and K (Fig. 35) efflux into choline media as a function of internal cation concentration.
Starvation was achieved by incubating cells in a substrate-free media for 14 hr as described in Fig. 1. Cation content was then modified
by using the ionophore nystatin. Cell ATP content of starved cells was 7 pmol/liter cells. Subject: A.K. Similar results were obtained in

another two subjects
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tween glutathione cell content and recovery of the
FS Na and K effluxes.

EFFECT OF STARVATION ON

IHE KINETIC PROPERTIES AND STOICHIOMETRY
OoF OUTWARD FUROSEMIDE-SENSITIVE TRANSPORT
OoF Na aNnD K

Figure 3 shows the activation of S Na and K ef-
fluxes as a function of internal Na and K concentra-
tions in control and starved cells. It can be seen that
the maximal velocity of the FS Na and K efflux
markedly decreased in starved cells. However,
metabolic starvation did not alter the K, s for inter-
nal Na to stimulate FS Na efflux [7.5 = 1.5 in starved
and 8.7 += 1.1 in control cells, subject: G.D.; K5
calculated with the Hill plot according to Garay et
al. [26]], when there was a 50% inhibition of the
Vmax (data not shown). However, when the inhibi-
tion of the maximal rate of FS Na and K effluxes
was higher than 70%, it became difficult to deter-
mine changes in K, 5 for internal Na, given the low
values of FS fluxes (Fig. 3).

It can also be seen in Fig. 3, that the stoichiom-
etry of outward FS Na and K fluxes is changed by
starvation. In substrate-fed cells the ratio of FS Na/
K efflux depends on the ratio of cell Na/K contents;
the ratio of FS Na/K fluxes is 1 when cell Na/K ratio
is close to one. This stoichiometric ratio is higher
than 1 when cell Na/K is higher than 1, and is less
than 1 when cell Na/K is less than 1 [7]. In starved
cells, the ratio of FS Na to K efflux was 1:1 and

constant over a wide range on internal Na/K ratios
(Figs. 3a and b).

It has been shown that external K inhibits FS
Na efflux into Na-free media with a K; of 20 to 25
mM |7, 25, 40]. Figure 4 shows the effect of exter-
nal K on the FS Na efflux from metabolically de-
pleted cells, with different ATP contents. The K, for
external K to inhibit furosemide-sensitive Na ef-
flux, calculated from the Dixon plot, decreased
from 25.6 = 0.7 mM in control to 1l = 1.2 mM in
starved cells. This change in K; for K occurred
when the outward FS Na efflux was 70 to 80% in-
hibited by starvation. Since this finding may indi-
cate that metabolic depletion may have elicited
membrane degradative processes, we investigated
the reversibility of this effect. When starved cells
were metabolically repleted by incubation for 3 hr in
glucose-adenosine medium, the K; for K -inhibition
of FS Na efflux was restored to control levels. In
this experiment, the K, for K inhibition was 25 + 2
mM in control cells, 5 = | in starved cells and 24 +
1.6 in starved and ATP-repleted cells.

The furosemide-resistant Na and K effluxes
into choline media were compared in starved and
control cells containing 22 mmol Na/liter cells and
70 mmol K/liter cells. The furosemide-resistant Na
efflux (mmol/liter cells - hr + sp: n = 5) was 0.57 =
0.045 in control and 0.51 = 0.09 in starved cells.
The furosemide-resistant K efflux was 1.275 + 0.15
in glucose-fed cells and 1.42 + 0.14 in starved cells.
Neither of these changes were significant. The same
was true when furosemide-resistant Na and K ef-
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Fig. 4. (u) Effect of external K on the furosemide-sensitive Na efflux into choline media at different ATP contents. The red cell cation
content was 22 mmol Na and 70 mmol K/liter cells. Starvation was achieved by incubating the cells in a substrate-free media for 13, 14,
15 and 16 hr. (b) Dixon plot of the inhibition of the furosemide-sensitive Na effiux by external K of Fig. 4a4. The K, values in mM = sp
were 1l = 1.2, 16.2 £ 0.5, 25 = 2,223 = 2.2, and 25.6 = 0.7 for cells containing 37, 46, 59, 100 and 1,300 umol ATP/iter cells,
respectively. Subject: G.D. Similar results were obtained in two other subjects
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Table 1. Effect of metabolic depletion on the furosemide-sensitive K /K, and Na;/Na, exchange®

A. Ki/K, Exchange

Subject Control Starved

Ouabain Ouabain and FS Ouabain Ouabain and FS Starvation ATP

furosemide furosemide time (pmol/liter
(hr) cells)
K influx (umol/liter cells - hr)

G.D. 190 40 150 210 40 170 15 46
A K. 600 170 430 320 70 250 17 7
C.B. 600 200 400 520 210 310 13 80
C.B. 600 200 400 420 200 220 15 60
C.B. 600 200 400 315 255 60 17 13
B. Na;/Na, Exchange
Subject Control Starved

Ouabain Ouabain and ES Ouabain Ouabain and FS Starvation ATP

furosemide furosemide time (umol/liter
(hr) cells)
Na influx (pmol/liter cells - hr)

G.D. 1070 890 180 820 650 170 15 46
C.B. 970 840 130 1330 1200 130 13 80
C.B. 900 750 150 1070 925 145 13 60
C.B. 900 750 150 955 895 60 17 13
AK. 1000 850 150 875 705 170 17 7

2 The Na and K fluxes were measured in cells containing 22 mmol/liter cells of Na. In the experiments presented in section A, the
medium contained 130 mm choline chloride and 20 mM KCl and *Rb as tracer. In section B the medium contained 130 mm NaCl and
2Na as tracer. All the media contained (mM) 10 MOPS-Tris, pH 7.4 at 37°C and 0.1 ouabain, with and without 1 mm furosemide.

fluxes were measured from cells having different Na
and K contents (cell Na varied from 0 to 60 mmol/
liter cells and K varied reciprocally from 95 to 35
mmol/liter cells) (data not shown).

EFFECT OF STARVATION
oN THE KK, EXCHANGE PATHWAY
OF THE Na-K COTRANSPORT

We have previously shown that the Na-K-CI co-
transport system has a FS K/K, exchange pathway
{7, 13]. The evidence for that was provided by the
stimulation by internal Na and K of FS K influx
from Na-free medium, and by the stimulation of FS
K influx (K;s = 20 mMm) and efflux in Na-free me-
dium by external K. The dependence of this FS K
influx on chloride, and on both internal Na and K
contents, provided evidence for a K;/K, exchange
pathway of the Na-K-Cl cotransport system. We
have estimated the magnitude of the K,/K; ex-
change in metabolically depleted cells measuring
the FS K influx at 20 mMm K, from a sodium-free
medium (choline substitution). Table 1 shows that
metabolic depletion markedly reduced the FS K in-

flux from choline medium in two of the three sub-
jects studied.

EFFECT OF STARVATION ON THE
FUROSEMIDE-SENSITIVE Na/Na, EXCHANGE

We have previously shown that internal Na stimu-
lates a FS Na influx from Na medium, in the ab-
sence of external K [9, 14]. This influx measure-
ment is a good estimation of the Na,/Na; exchange
pathway. Table | shows that FS Na influx from a
K-free medium into metabolically depleted cells
loaded with 22 mmol of Na/liter cells was not signifi-
cantly decreased in starved cells of two subjects,
but it was reduced in one subject (C.B.) after 17 hr
of starvation.

EFFECT OF STARVATION
ON THE FUROSEMIDE-SENSITIVE
INwARD TRANSPORT OF Na AND K

FS Na and K influxes from Na-containing media
comprise different modes of transport: inward-cou-
pled transport of Na and K (that can be estimated,
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Fig. 5. Furosemide-sensitive Na and K influxes (+ standard er-
ror of the fluxes) as a function of external K concentration. The
red cells contained 22 mmol Na and 70 mmol K/liter cells. The
flux media contained (mm): 130 NaCl, 20 to 0 choline chloride
and 0 to 20 KCl, 1 MgCl,, 10 MOPS-Tris, pH 7.4 at 37°C, 0.1
ouabain, with and without | mm furosemide. Subject: C.B. Simi-
lar results were obtained in two other experiments. The ATP
content was 1,900 and 60 umol/liter cells in control and starved
cells, respectively

without using furosemide, from the cis-stimulation
by Na, of the ouabain-resistant K influx and from
the cis-stimulation by K, of the ouabain-resistant
Na influx), a small Na,/Na, [9] and a larger K/K,
exchange [7].

Figure 5 shows the effect of metabolic depletion
on the FS Na and K influxes from Na medium as a
function of external K concentration. It can be seen
that starvation produced a marked decrease in the
maximal rate of the FS Na and K influxes. This
reduction was due to the inhibition of inward co-
transport of Na and K, because the cis-stimulated
influxes (ouabain-resistant K,-stimulated Na influx
and Na,-stimulated K influx, estimation of the cou-
pled inward transport of Na and K), were markedly
decreased by starvation (Fig. 6). The K, for K, to
stimulate FS Na influx (5 mMm) and FS K influx (4
mM) was not changed by starvation.

The stoichiometric ratio of FS Na/K influx in
glucose-fed cells varies with the external K concen-
tration, because the contribution of the two differ-
ent pathways for inward FS K movement varies
when external K is increased [13]. The affinity for
K, of the K;/K, exchange pathway (K, s = 20 mM) is
significantly lower than the one of the inward co-
transport of Na and K (K35 = 4 to S mm) [7, 9, 13,
14]. At 20 mm K, there is equilibrium between
inward and outward cotransport and the stoi-
chiometry of the FS fluxes is 2 Na:3 K [9, 14].
It can be seen in Fig. 5 that the stoichiometric
ratio of FS Na and K influxes in starved cells is
1 Na:1 K.
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Fig. 6. Effect of metabolic starvation on the cis-stimulated Na
and K influxes (+ standard error of the fluxes). The cis-stimula-
tion by external K of the ouabain-resistant Na influx was calcu-
lated by subtracting from the Na influx measured in the presence
of NaCl (130 mm) and KCIl (0 to 20 mm), the value of the Na
influx measured from 130 mM NaCl medium in the absence of
external K. The cis-stimulation by external Na of the ouabain-
resistant K influx was calculated as the difference between K
influx from a medium containing 130 mMm NaCl and a medium
containing 130 mM choline chloride, with external K varied from
zero to 20 mM. Experimental conditions as in Fig. 5. Subject:
C.B. The ATP content was 1,900 and 60 wmol/liter cells in con-
trol and starved cells, respectively. Similar results were obtained
in the red cells of two other subjects

EFFECT ON METABOLIC DEPLETION

ON THE NET Na EXTRUSION

AND ON THE EQUILIBRIUM POSITION

OF THE FUROSEMIDE-SENSITIVE Na FLUXES

We have previously shown that in the absence of
external K, the FS Na efflux into 140 mm NaCl
medium is larger than the influx [9, 14] and there-
fore there is net Na extrusion against an electro-
chemical gradient. It can be seen in Fig. 7, that in
control cells there is maximal net FS Na extrusion
of Na in the absence of external K; when external K
is increased, the FS net Na extrusion is reduced and
the Na fluxes approach equilibrium around 12 to 15
mMm K,.

In starved cells the FS net Na extrusion at K, =
0 was markedly reduced (from 400-500 to 100-200
wmol/liter cells - hr) and it was abolished at lower
K, values than control (Fig. 7). In the starved cells,
the FS Na efflux was 70% reduced and was not
stimulated by K,. In contrast, the FS Na influx was
reduced by metabolic depletion, but it was still
slightly stimulated by K,.

We have also previously reported that the equi-
librium position for FS Na influx and efflux (efflux
= influx) depends on internal Na and external K
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function of external K concentration in control and starved cells.
The red cells contained 22 mmol/liter cells of Na. The flux media
contained (mm): 130 NaCl, 0 to 20 KCl and 20 to 0 choline
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0.1 ouabain, with and without 1 mMm furosemide. Subject: C.B.
Similar results were obtained in two other experiments. Starva-
tion time = 17 hr. ATP content of the starved cells was 58 umol/
liter cells

concentrations [9, 14]. At physiological Na content
(10 mmol/liter cells), 10 mM external K are required
to bring FS Na influx equal to FS Na efflux. When
cell Na is increased, more external K is needed to
bring the FS Na influx equal to the FS Na efflux. At
22 mmol/liter cells of Na content, 14 to 18 mm exter-
nal K are required to equilibrate outward and in-
ward transport of Na and K.

It can be seen in Fig. 7 that metabolic depletion
shifted the equilibrium position of the FS Na fluxes.
Depleted cells required less external K than glu-
cose-fed cells to achieve zero net FS Na movement
(5 to 6 mM instead of 12 to 15 mm). These observa-
tions indicate that metabolism is in some way in-
volved in the determination of the equilibrium point
of this gradient-driven system.

Discussion

FUROSEMIDE-SENSITIVE QOUTWARD-
AND INWARD-COUPLED TRANSPORT OF Na AND K
ARE DEPENDENT ON CELLULAR METABOLISM

The FS Na and K effluxes are significantly reduced
after 12 to 17 hr of starvation in a substrate-free

medium (red cell ATP below 100 umol/liter cells),
while the Na-stimulated Li efflux (Na/Li coun-
tertransport), as previously reported by Pandey et
al. [38] is not (Fig. 1). As reported by Hoffman and
Kregenow {28] and Dunham [19], the Na-K pump is
more sensitive to a decrease in ATP, being mark-
edly reduced after 6 hr of starvation. Metabolic
starvation reduces the maximal activation of the
outward Na-K cotransport without altering the Kj 5
for internal Na to activate FS Na and K effluxes.
The inhibition by starvation of the FS Na efflux
could be reversed upon repletion of ATP to normal
levels (Fig. 2), suggesting that the effect of meta-
bolic depletion is due to a decrease in the turn-
over rate of the transporters rather than to a reduc-
tion in the number of transporters. It should be
noted, however, that the recovery of the Na-K
cotransport was inconsistent after 15 to 17 hr of
starvation, suggesting that after this period there
may be irreversible reduction in the number of
transport sites. The furosemide-resistant Na and
K fluxes were not affected by metabolic deple-
fion, in contrast to the increase observed when
metabolic inhibitors are used to deplete the red
cells [1].

In our experimental design, the use of the nys-
tatin-loading procedure to change cell Na and K
content after metabolic depletion, avoided the
shifts in water, cation and chloride content due to
the changes in the concentration of the glycolytic
intermediates [39].

In glucose-fed cell, external K inhibits FS Na
efflux into Na-free medium with a K; of 20 to 25 mm
[7, 13, 40]. In the present experiments, we have
found that metabolic depletion increased the affinity
for external K to inhibit Na efflux (Fig. 4). The fall
in cellular ATP seems to promote a shift from a low-
affinity to a high-affinity site for external K to trap
the loaded carrier in the external site. This result
could suggest the presence in the Na-K-CI cotrans-
port system of an ATP-dependent, low-affinity,
binding site for K,.

The effect of metabolic starvation on the inward
cotransport of Na and K was assessed by studying
the FS Na and K influxes and the cis-stimulation of
the ouabain-resistant influxes (of Na influx by K,
and of K influx by Na). Metabolic starvation inhib-
ited both the V..« of cis-stimulated Na and K in-
fluxes (Fig. 6) as well as the furosemide-sensitive
Na and K influx (Fig. 5), but did not change the K,,
for K, to stimulate Na and K influx. Notably, at 15
to 20 mMm K, the stoichiometric ratio of FS K: Na
influx was 1:1 in starved cells, compared to 3:2 in
control cells (Fig. 5).
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Table 2. Metabolic dependence of ouabain-resistant (OR) and furosemide-sensitive (FS) Na and K fluxes

Procedure of
metabolic starvation

Authors Cell type

Observation

Hoffman and Human red celis 22-hr starvation

Kregenow [28]

Beauge and Human red cells lodoacetamide poisoning
Adragna [3]

Beauge [2] Human red cells Iodoacetamide poisoning

Dunn [21] Human red cells 22-hr starvation

Sachs [43] Human red cells 24-hr starvation

Lauf et al. [29] Human red cells Deoxyglucose for 2 hr

Russell [42] Squid axons Dialysis

Rindler et al. [41] MDCK cell line lodoacetamide plus

oligomycin
Palfrey [36] Turkey erythrocytes Starvation

Decrease in ethacrinic acid-sensitive Na efflux and OR influx
Decrease in the OR Rb influx

Decrease in OR Na fluxes

Decrease in the FS Na efflux

Decrease of K, effect on ouabain-insensitive Na effltux and
influx

No change in the FS Rb influx

Decrease in FS K and Cl influx

Decrease in FS Na and K influx

Decrease in cAMP or hypertonic stimulation of Rb influx

NET FUROSEMIDE-SENSITIVE Na EXTRUSION
1S INHIBITED BY ATP DEPLETION

There is net FS Na efflux from cells containing 20
mmol Na/liter cells into 130 mM Na medium {9, 14].
The FS net Na extrusion is chloride dependent and
inhibited by increasing amounts of external K [9].
While in substrate-fed cells there is still substantial
net Na extrusion at 4 to 6 mMm K,, in metabolically
depleted cells FS Na efflux and influx were mark-
edly reduced and the net FS Na efflux became zero
around 6 mM K, (Fig. 7). Thus, starvation markedly
reduced the concentration of external K required to
bring inward and outward FS Na fluxes to equilib-
rium. These results provide experimental evidence
that the second Na pump initially proposed by
Hoffman and Kregenow [28], is the gradient-driven
Na-K-CI cotransport system, in the sense that this
pathway is metabolically dependent. Further stud-
ies by Sachs [43], Beauge [2] and Flatman and Lew
[22] confirmed that there is net uphill Na extrusion
in the presence of ouabain. Several authors have
also investigated the effect of metabolic depletion
on ouabain-resistant Na and K movements. As
summarized in Table 2, several authors have ob-
served a decrease in ouabain-resistant fluxes when
ATP depletion was achieved by using either meta-
bolic inhibitors or starvation. In many of these stud-
ies the time-course of starvation and recovery, the
different components of the furosemide-sensitive
Na and K fluxes, and the effect on the furosemide-
resistant fluxes were not studied. Sachs [43] re-
ported that in starved cells the stimulation of the
ouabain-resistant Na influx by external K was
greatly reduced. However, he also reported an in-
crease of ouabain-resistant and furosemide-sensi-

tive Na efflux from depleted cells. Lauf et al. [29]
reported that the FS K influx did not decrease when
the ATP level was not reduced below 100 umol/liter
cells (incubation in deoxyglucose).

METABOLIC DEPLETION INHIBITS
THE FUROSEMIDE-SENSITIVE K/K,,
BUT NOT THE Na;/Na, EXCHANGE

We have previously shown [7], that the FS K influx
from Na-free media (choline substitution) takes
place through a K,/K, exchange pathway of the Na-
K cotransport and not through a net K-CI cotrans-
port system, because it requires the presence of
both internal Na and K, and chloride. This pathway
also seems to be metabolically dependent, because
starvation reduced the FS K influx from choline
media when ATP fell below 100 umol/liter cells (Ta-
ble 1). This metabolic dependence of the FS K in-
flux differs from that of the NEM-stimulated KCI
cotransport system of human red cells, which is in-
hibited at ATP levels higher than 100 pmol/liter
cells [29]. We have previously observed [7, 13] that
in cells with normal ATP content, the FS Na efflux
was inhibited and the FS K influx stimulated when
external K was increased in a Na-free medium. This
effect is due to the inhibition by external K of the
outward cotransport of Na and K and the stimula-
tion promoted by external K of the K;/K, exchange
pathway. The K, s for external K to inhibit FS Na
efflux and stimulate FS K influx in choline media
were also similar (20 to 25 mmM). Metabolic starva-
tion decreased the K; for external K to inhibit FS
Na efflux (from 25 to 11 mmM), and inhibited the
inward transport of K through K,/K, exchange
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pathway. One could speculate that ATP might be
involved in the conversion from a high-affinity to a
low-affinity state of the binding site for K.
Another FS pathway of Na transport is the
Na;/Na, exchange, that can be estimated from the
stimulation by internal Na of a FS Na influx in
the absence of external K. This pathway is
bumetanide-insensitive, DIDS-sensitive and stimu-
lated by substitution of chloride by nitrate [9]. This
FS Na/Na, exchange can be operationally sepa-
rated from the phloretin-sensitive pathway, which
is not stimulated by replacement of chloride by ni-
trate [11]. We have suggested that this FS Na move-
ment takes place through the anion exchange path-
way, rather than through the Na-K cotransport
system. As shown in Table 1, metabolic depletion
did not significantly reduce the FS Na/Na, ex-
change pathway, providing therefore further evi-
dence that this FS inward transport of Na is not a
mode of operation of the Na-K-Cl cotransport.

RoOLE OoF METABOLISM IN THE GRADIENT-DRIVEN
Na-K-Cl COTRANSPORT SYSTEM

The present study shows that the movement of Na
and K through the furosemide-sensitive Na-K-Cl
cotransport system depends not only on the chemi-
cal gradients for Na, K and Cl, but also requires the
presence of ATP and/or of the cell metabolic integ-
rity. Thus, ATP seems to be necessary for the sys-
tem to perform net Na transport against an electro-
chemical gradient or downhill movement of both Na
and K. Since starvation did not change the diffu-
sional leak pathways for Na and K, the impairment
in the operation of the cotransport system is not
caused by increased dissipation of the Na and
K gradients. Another ‘‘gradient-driven’’ transport
system, the Na/Ca exchange of heart sarcolemma
and squid axons, is also modulated by ATP [15, 18].
It seems, therefore, that the Na-K-Cl cotransport is
not the only gradient-driven transport system that is
dependent on cellular metabolism. While transport
systems able to generate concentration gradients
across the cell membrane (such as the Na-K pump
and the Ca pump) are coupled to ATPase reactions
with low affinity for ATP, the Na-K-Cl cotransport
appears to be dependent on high-affinity binding
sites for ATP. It was necessary to reduce ATP lev-
els below 100 pmol/liter cells to reduce the FS Na
and K movement through the Na-K-Cl cotransport
system. These findings are in agreement with the
lack of effect of furosemide on the ATP content and
lactic acid production in Antymicin-treated Ehrlich
ascites tumor cells observed by Geck et al. [27]. Itis
possible that this property of the Na-K-Cl cotrans-

port system may allow its operation under condi-
tions of relative metabolic depletion, such as in an-
oxia, in which the rate of active cation pumping can
be markedly inhibited by low ATP levels.

Our findings raise the question of how meta-
bolic substrates might be involved in the coupling
of Na, K and Cl gradients through the Na-K-Cl co-
transport system. Certainly, the effect of starvation
does not provide direct evidence that ATP is the
only substrate involved in the turnover rate of this
transport system. A distinct possibility exists that
ATP is an allosteric modulator of the Na-K-Cl co-
transport system.

It has been shown in avian red cells that the Na-
K-Cl cotransport can be activated by agonists of its
beta-adrenergic receptor and by cyclic AMP [32,
37]. The simulation of this transport system by cy-
clic AMP could not be elicited in starved cells [36].
In other cells, however, such as vascular endothe-
lial cells [5], the Na-K cotransport is activated by
bradykinin and is inhibited by cyclic AMP. An inhi-
bition of the Na-K cotransport by cyclic AMP has
been observed in human red cells [23], in smooth
muscle cells [34] and in the MDCK cell line [41].
Although more work is needed to clarify the role of
cell metabolism, it can be suggested that ATP, di-
rectly or indirectly, is involved in the transport of
Na and K through the Na-K-Cl cotransport system.
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work was supported by a grant from the National Institutes of
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