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Summary. Potassium fluxes in a suspension of rabbit proximal 
tubules were monitored using a potassium-sensitive extracellular 
electrode. Ouabain (10 -4 M) and barium (5 mM) were used to 
selectively quantitate the potassium efflux pathway (105 -+ 5 
nmol K + -mg  protein -~ �9 rain -~) and the sodium pump-related 
potassium influx (108 -+ 7), respectively. These equal and oppo- 
site fluxes suggest that potassium accumulation in the cell occurs 
mainly through the sodium pump and that potassium efflux oc- 
curs mainly through barium-sensitive potassium channels. Thus 
the activity of the sodium pump (Na,K-ATPase) in the basola- 
teral membrane of the proximal tubule is balanced by the efflux 
of potassium, presumably across the basolateral membrane, 
which has a high potassium permeability. In addition, the effect 
of valinornycin and other ionophores was examined on potas- 
sium fluxes and several metabolic parameters [oxygen consump- 
tion (QO2), ATP content]. The addition of valinomycin to the 
tubules produced a net efflux of potassium which was quantita- 
tively equivalent to the efflux produced by the addition of oua- 
bain. The valinomycin-induced efflux was mainly due to the ac- 
tivity of valinomycin as a mitochondrial uncoupler, which 
indirectly inhibited the sodium pump by allowing a rapid reduc- 
tion of the intracellular ATP. Amphotericin, nystatin, and 
monensin all produced large net releases of intracellular potas- 
sium. The action of the ionophores could be localized to the 
plasma or mitochondrial membrane and classified into three 
groups, as follows: (a) those which demonstrated full mitochon- 
drial uncoupler activity (FCCP, valinomycin), (b) those which 
had no uncoupler activity (amphotericin B, nystatin); and (c) 
those which displayed partial uncoupler activity (monensin, ni- 
gericin). 

Key Words proximal tubule , potassium flux �9 ionophore �9 
ouabain �9 barium �9 ATP �9 QO2 

Introduction 

The basolateral membrane of the rabbit proximal 
tubule contains the Na,K-ATPase (sodium pump), 
which maintains the intracellular potassium concen- 
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tration above electrochemical equilibrium. This 
membrane is also characterized by a high permea- 
bility to potassium, whereas the luminal membrane 
appears to be largely potassium impermeable in this 
tissue (Biagi et al., 1981). Under steady-state condi- 
tions the intracellular potassium concentration re- 
mains at a constant level because the uptake of po- 
tassium by the sodium pump is equivalent to the 
efflux of potassium through the passive leak path- 
way(s) (pump = leak) (Tosteson & Hoffman, 1960). 
In a previous study (Soltoff & Mandel, 1984a) we 
reported that the ouabain-sensitive uptake of 42K by 
a suspension of rabbit proximal tubules demon- 
strated single exponential kinetics at 37 and 25~ 
and thus, extracellular potassium appeared to com- 
municate with a single intracellular compartment. 
In the present communication we report on further 
studies of potassium fluxes in the rabbit proximal 
tubule, and include separate measurements of the 
leak pathway as well as sodium pump-mediated 
transport. Net fluxes were monitored using a potas- 
sium-sensitive electrode by measuring the appear- 
ance or disappearance of potassium from the extra- 
cellular medium (see Materials and Methods). 
Ouabain, an inhibitor of the sodium pump, and bar- 
ium, which has been demonstrated to decrease the 
basolateral membrane potassium conductance in 
various epithelia (Nagel, 1979; Biagi et al., 1981; 
Moffett & Koch, 1985), were used to selectively 
quantitate the leak and pump fluxes, respectively. 
In addition, we examined the effects of valinomy- 
cin, a potassium-selective ionophore, on potassium 
fluxes in this tissue, and also report on the effects of 
other ionophores on several transport and meta- 
bolic parameters of the proximal tubule. 

Valinomycin is a cyclic peptide that has been 
used to investigate the involvement of potassium 
gradients, membrane potentials, and the K permea- 
bility across the membranes of cells and organelles 
(see Pressman, 1976). Its effects on biological mere- 
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Fig. 1. Typical effect of 10 4 M ouabain (trace A) or 5 mM barium 
(trace B) on the net potassium flux of rabbit proximal tubules in 
suspension. Numbers in parentheses (nmol K + . mg protein -~ �9 
min -E) refer to the rate of potassium release or uptake from the 
extracellular medium 

branes were originally studied using isolated 
mitochondria, in which it was found to promote 
potassium uptake and to uncouple oxidative 
phosphorylation from respiration (McMurray & 
Begg, 1959). Thus, one focus of our studies was to 
attempt to separate the ionophoric properties of va- 
linomycin at the plasma membrane from its poten- 
tial action as a mictochondrial uncoupler. The other 
ionophores that were examined in this study have 
varying cation selectivities (see Reed, 1979). In to- 
tal, three different classes of antibiotic ionophores 
were examined: polyene antibiotics (nystatin, am- 
photericin B), carboxylic ionophores (monensin, ni- 
gericin), and neutral ionophores (valinomycin). By 
measuring the effect of the ionophores on the rate of 
oxygen consumption, ATP content, and potassium 
flux of the proximal tubule, we were able to distin- 
guish whether the actions of the ionophores could 
be localized to the plasma membrane, the mitochon- 
drial membrane, or a combination of both. 

Materials and Methods 

TUBULE PREPARATION 

The protocol for obtaining proximal tubules has been presented 
elsewhere (Soltoff & Mandel, 1984a). In brief, tubules with open 
lumens were obtained from New Zealand White rabbits by per- 
fusing the kidneys in situ with a slightly hypertonic solution con- 
taining collagenase (Worthington Biochemical). Cellular debris 
and nonpatent tubules were separated by centrifugation on a 
layer of Ficoll (40,000 mol wt) (Pharmacia). After several 
washes, the final preparation of tubules was suspended at a con- 
centration of 4 to 6 mg protein/ml in a solution containing the 
following composition (raM): 115 NaC1, 5 KCI, 1 MgSO4, 2 
NaH2PO4, 25 NaHCO3, 1 CaCI2, 5 glucose, 4 Na lactate, 1 
alanine, 1 butyrate, and 0.6% dextran (T40, Pharmacia), pH 7.4. 

POTASSIUM FLUXES AND OXYGEN CONSUMPTION 

MEASUREMENTS 

All experiments were performed at 37~ The tubules were incu- 
bated at this temperature and equilibrated with a 95% 02/5% CO2 
gas mixture for 15 to 20 min prior to all measurements. The net 
release and uptake of potassium by the tubules was monitored 
using a potassium-sensitive extracellular electrode (Orion, Cam- 
bridge, MA). An increase or decrease in extracellular potassium 
was interpreted as net cellular K efflux or influx, respectively. 
The oxygen consumption (QO2) of the tubule suspension was 
monitored polarographically by the disappearance of oxygen 
from a closed chamber using a Clark-type oxygen electrode. Af- 
ter the addition of ionophores to the tubule suspension, the initial 
linear stimulation of oxygen consumption observed during the 
first minute of exposure was used to calculate the rate of oxygen 
consumption. The initial potassium efflux rates were calculated 
for a period of about 0.3 rain commencing after about a 0.l-min 
delay due to transient noise created by the addition of the 
ionophore. Aside from FCCP, the ionophores did not alter the 
response of the potassium electrode except to cause an initial 
minor positive offset voltage, after which (in the absence of tu- 
bules) a constant voltage (potassium concentration) was mea- 
sured. However, in the absence of tubules, the addition of FCCP 
produced a large steadily decreasing voltage, which artifactually 
represented a decrease in the potassium concentration of the 
sokltion. In the presence of tubules, FCCP produced an apparent 
loss in the tubule potassium content, but since the change was of 
a similar magnitude but opposite direction to that measured in 
the absence of tubules, reliable quantitation could not be per- 
formed. 

ATP CONTENT 

In one series of experiments the effects of several ionophores on 
the ATP content of the tubules and the rate of oxygen consump- 
tion were determined simultaneously. In these experiments, tu- 
bules incubated as one batch were apportioned into two 1.6-ml 
thermostated chambers which each contained an oxygen elec- 
trode. Ouabain was added 1 min prior to ionophore addition. The 
ionophore was added to one chamber, and the dissolving vehicle 
(dimethylsulfoxide or ethanol) was added to the other. A 0.5-ml 
sample from each chamber was subsequently taken 2 min after 
the ionophore addition. The samples were added to equal vol- 
umes of ice-cold 6% perchloric acid/1 mM EDTA. The ATP 
content of the neutralized deproteinated extract was determined 
using a hexokinase-linked fluorometric assay (Lowry & Passo- 
neau, 1972). In a separate series of experiments, the time course 
of the effect of several ionophores on the ATP content was moni- 
tored. In these studies, a special thermostated chamber which 
permitted rapid sampling was used (Balaban et at., 1980). These 
samples were treated as described above. 

STATISTICS 

All measurements were normalized to protein content. Protein 
was determined by the biuret procedure (Gornall et at., 1949) 
using bovine serum albumin as the standard. 

All data are presented as the mean +- standard error (n, 
number of samples). 
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Nigericin (Calbiochem), FCCP (Sigma), valinomycin (Sigma), 
and monensin (Calbiochem) were dissolved in ethanol. Nystatin 
(Calbiochem) and amphotericin B (Sigma) were dissolved in di- 
methylsulfoxide (Fisher). Ouabain (Sigma) was dissolved in dis- 
tilled water. All other chemicals were of reagent grade. 

Results 

POTASSIUM FLUX THROUGH THE PUMP 

AND LEAK PATHWAYS 

The potassium flux through the leak pathway was 
measured by adding ouabain (10 .4 M) to the proxi- 
mal tubule suspension and measuring the initial rate 
of potassium efflux from the tubules (Fig. 1, curve 
A). This allowed the rate of potassium efflux to be 
measured without the contribution of the equal but 
opposite potassium influx mediated by the sodium 
pump. The potassium efflux rate measured in this 
manner was 105 -+ 5 (n = 11) nmol K/rag protein �9 
min. To monitor the sodium pump-mediated potas- 
sium uptake, barium was employed. Barium has 
been shown to block the potassium leak pathway in 
a variety of" epithelial tissue, including frog skin 
(Nagel, 1979), insect midgut (Moffett & Koch, 
1985), turtle (Kirk & Dawson, 1983) and rabbit 
(Wills, Zeiske & Van Driessche, 1982) colon, and 
the rabbit proximal tubule (Biagi et al., 1981). The 
addition of 5 mM BaC12 to the tubule suspension 
promoted the net influx of potassium (Fig. 1, curve 
B). The initial rate of potassium uptake, calculated 
from the decrease in extracellular potassium during 
the first 30 sec of barium exposure, was 98 -+ 2 (n = 
6) nmol K/mg protein �9 min, not significantly differ- 
ent from the measured potassium efflux. Thus, the 
equal and opposite contributions of the sodium 
pump and the potassium leak pathway of the proxi- 
mal tubule maintain potassium homeostasis within 
the cell. All these measurements of initial flux rate 
were made rapidly (within 30 sec), to minimize 
changes in basolatera! membrane potential that oc- 
cur in a time scale of minutes when ouabain is ap- 
plied (Biagi et al., 1981; Planelles et al., 1981). 

VALINOMYCIN 

The effects of valinomycin on tubular potassium 
fluxes and QO2 are shown in Fig. 2. Prior to the 
addition of valinomycin, the tubules respired at 
their normal rate (about 30 nmol O2/mg protein �9 
rain) and the extracellular potassium concentration 
was stable since the efflux and influx of potassium 
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Fig. 2. Effect of valinomycin (7.2 ~M) and amphotericin B (51.1 
/xM) on the rate of oxygen consumption (QOz) and net potassium 
flux in a suspension of rabbit proximal tubules. The QO2 (nmol 
O2 �9 protein -I - rain -~) and the potassium flux (nmol K + �9 
protein ~ �9 min ~ were measured simultaneously 

across the plasma membrane were equal to each 
other. The intracellular potassium concentration in 
these tubules is about 125 mM (Soltoff & Mandel, 
1984a), and thus there is normally a substantial 
chemical potassium gradient across the plasma 
membrane. Upon the addition of 6/XM valinomycin, 
the QO2 increased about 150% above the normal 
rate, and a net potassium efflux (increase in extra- 
cellular potassium concentration) of 98 nmol K/rag 
protein �9 min was observed. The stimulation of QO2 
by valinomycin was not significantly different be- 
tween about 0.3 and 7/~M (not shown). 

The net potassium efflux induced by valinomy- 
cin could be caused by an increase in the plasma 
membrane permeability to potassium. However, if 
this were the case, the increase was not maximal. 
As shown in Fig. 2, the addition of amphotericin B 
to the tubules promoted about a 10-fold larger in- 
crease in the potassium release rate than did the 
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Fig. 3. Effect of valinomycin (6.1 /xM) and 
FCCP (3.3 /xM) on the ATP content of the 
rabbit proximal tubule in suspension. The 
different symbols refer to individual trials 
performed using batches of tubules taken 
from the same preparation 

Table 1. Effect of valinomycin (6 ~M) and ouabain (10 -4 M), 
added singly or simultaneously, on the net potassium flux of 
rabbit proximal tubule. Both agents promoted a net efflux (re- 
lease) 

K + release rate 
(nmol K + �9 mg protein -j �9 min -I) 

A. Valinomycin 108 • 7 (11) 
Ouabain 105 • 5 (1 l) 

B. Valinomycin 115 • 9 (7) 
Ouabain 111 • 6 (6) 
Ouabain + valinomycin 123 -+ 7 (6) 

prior addition of valinomycin, and the QO2 w a s  not 
further increased. On the other hand, the valinomy- 
cin-induced net potassium efflux could be caused by 
metabolic inhibition of the sodium pump since va- 
linomycin, which is known to be a mitochondrial 
uncoupler, might diminish the production of ATP. 
This would reduce the rate of potassium uptake 
through the sodium pump and thereby allow the 
efflux of potassium through the leak pathway to be 
expressed. In addition, patch-clamp studies have 
demonstrated that some cells have a potassium 
channel that is blocked by intracellular ATP (Cook 
& Hales, 1984). In order to distinguish among these 
possibilities, a series of experiments was performed 
to compare the potassium efflux induced by valino- 
mycin to that observed when the sodium pump was 
inhibited by ouabain. 

The results of these experiments are listed in 
Table 1. In the first series, the net potassium efflux 
rates produced by valinomycin and ouabain were 
compared. The initial efflux rates promoted by va- 

linomycin (108 -+ 7 nmol K/mg protein �9 min) and 
ouabain (105 _+ 5) were indistinguishable. Further- 
more, the next set of experiments showed that their 
effects were not additive. The combined exposure 
of valinomycin and ouabain promoted a net potas- 
sium release of 123 -+ 7 nmol K/mg protein �9 rain, 
while valinomycin and ouabain added separately to 
the tubule suspension produced efflux rates of 115 
-+ 9 and 111 -+ 6, respectively. A test for signifi- 
cance indicated that only the pair of ouabain vs.  
ouabain + valinomycin was significantly different 
(P < 0.02). These results strongly suggest that the 
major effect of valinomycin on potassium efflux oc- 
curs via the release of intracellular potassium by 
inhibiting the sodium pump. The additional efflux 
induced by valinomycin in the presence of ouabain 
could reflect the ionophoric effect of valinomycin 
on the plasma membrane, as discussed later. 

In order to evaluate the metabolic effects of va- 
linomycin, its effect on the ATP content of the tu- 
bules was compared to that of FCCP, a potent 
uncoupler of mitochondrial oxidative phoslbhory- 
lation. The results are shown in Fig. 3. FCCP and 
valinomycin both promoted the rapid depletion of 
the ATP content to about 10% of the initial level. 
The effect of valinomycin (4/2 = 0.17 rain, n = 3) 
was faster than that of FCCP (tj/z = 0.32 min). 
These results suggest that ATP synthesis by the mi- 
tochondria is rapidly inhibited by these agents, and 
that the sodium pump activity is rapidly reduced as 
the remaining ATP is consumed by the sodium 
pump and other exergonic cellular processes. Un- 
fortunately, it was not possible to directly compare 
the effects of FCCP and valinomycin on the rate of 
potassium efflux. FCCP, as well as 1799, another 
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mitochondrial uncoupler, produced large artifacts 
in the response of the potassium-sensitive electrode 
(not shown). 

Although the action of valinomycin on potas- 
sium efflux appeared to be due to its effectiveness 
as a mitochondrial uncoupler, additional experi- 
ments were performed in an attempt to detect a 
valinomycin-induced increase in the potassium per- 
meability of the plasma membrane. These experi- 
ments utilized the contrasting effects of barium and 
ouabain on the potassium fluxes of the proximal 
tubule, which were described above (Fig. 1). The 
simultaneous addition of ouabain (10 4 M) and bar- 
ium (5 mM) blocked both the pump-related potas- 
sium influx as well as the leak-related potassium 
efflux, and the extracellular potassium concentra- 
tion remained stable, indicating the absence of any 
net fluxes (Fig. 4). Under these conditions, the addi- 
tion of valinomycin produced a much smaller efflux 
(40 + 5 nmol K/mg protein �9 rain, n = 13) compared 
to valinomycin (11! + 10, n = 10) in the absence of 
other agents. Presumably, this value represents the 
ionophoric action of valinomycin, that is, the net 
potassium efflux due to an increase in the potassium 
permeability of the plasma membrane, but could 
also be due to a different mechanism, such as the 
activation of a voltage-dependent potassium chan- 
nel, or an ATP-sensitive potassium channel. 

O T H E R  I O N O P H O R E S  

Several other types of ionophores were compared 
to valinomycin and FCCP in terms of their effect on 
the QO2 and ATP content of the tubules. 

Qo2 

As shown in Table 2, all the ionophores tested in- 
creased the QOz. However, their respective mecha- 
nisms of action varied and were distinguished by 
their localization to the mitochondrial membrane 
and/or the plasma membrane. At one extreme is the 

Table 2. Effect of  several  ionophores  on QO2 in the presence 
and absence  of  ouabain (10 4 M? 

QO2 (% control) 

lonophore  Ouabain lonophore  + 
ouabain 

FCCP 275 _+ 8 (6) 260 +- 6 (6) 
(3.3 /~M) 
Valinomycin 205 -+ 5 (8) 177 -+ 6 (6) 
(6 p,M) 
Monensin  225 -+ 6 (8) 180 _+ 4 (8) 
(0.6 /d,M) 
Nigericin 241 _+ 6 (10) 127 + 7 (6) 
(41 p~M) 
Amphoter ic in  B 178 (2) 42 (2) 
(43 haM) 
Nysta t in  185 -+ 9 (4) 39 _+ I (8) 
(0.43 /~M) 
Control 100 40 _+ 1 (11) 

270 -+ 7 (6) 

204 -+ 9 (4) 

184 _+ 9 (8) 

133 -+ 7 (7) 

The ionophores  were added alone (ionophore), I min after oua- 
bain (ouabain), or  s imultaneously with ouabain (ionophore + 
ouabain).  The QO_~ response  was calculated in terms of  the QO2 
(27.7 _+ 0 . 2 n m o 1 0 2 .  m g p r o t e i n  -~ �9 min E n = II0) that was 
measured  prior to any addition. 

mitochondrial uncoupling action exemplified by 
FCCP, which produces a large increase in QO2 that 
is unaffected by ouabain. At the other extreme is 
the alteration of the ionic permeability of the plasma 
membrane, and is exemplified by nystatin, which 
increases the QO2 by stimulating the Na,K-ATPase 
activity through increased entry of sodium into the 
tubules (Harris et al., 1981). The stimulation of QO2 
elicited by nystatin is completely abolished by oua- 
bain, demonstrating that this ionophore exerts no 
uncoupling effect on the mitochondria. Amphoteri- 
cin B appears to be identical to nystatin in its 
action, which is to be expected from the preference 
of polyene antibiotics for cholesterol-containing 
membranes (Cass et al., 1970) such as the plasma 
membrane. The other three ionophores displayed a 
combination of the mitochondrial uncoupling and 
the plasma membrane ionophoric effects, since QO2 
was increased in the presence of ouabain but not as 
much as in the absence of ouabain. 

It was possible that the QO2 responses to sev- 
eral of the ionophores in the presence of ouabain 
were affected by alterations in the intracellular ionic 
milieu that were produced by inhibition of the so- 
dium pump. In the results shown in the second 
column of Table 2, the ionophores were added 1 
rain after ouabain. This interval is a sufficient time 
to considerably alter the sodium and potassium con- 
tents of the tubules (Soltoff & Mandel, 1984b). 
Therefore, the effects on QO2 were also examined 
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Table 3, Effect of  several  ionophores  on the ATP content  and 
QO2 of  rabbit proximal  tubules  in the presence of 10 -4 M ouabain" 

ATP (% control) QOz (% control) 

FCCP  13 -+ 1 (7) 261 + 13 (7) 
Val inomycin 13 -+ 2 (7) 201 + 15 (7) 
Monens in  93 -+ 4 (7) 171 _+ 2 (7) 
Nigericin 71 -+ 2 (7) 139 _+ 6 (7) 
Nysta t in  87 -+ 4 (8) 45 _+ 2 (6) 

a The data  are normal ized to paired samples  to which the dissolv- 
ing vehicle (DMSO or ethanol) was added. The ionophore con- 
centrat ions are identical to those  found in Table 2. The control 
(no ionophore) values  were 7.8 -+ 0.1 nmol  ATP � 9  protein 1 (n 
= 36) and 27.9 -+ 0.3 nmol  Oz �9 mg protein -1 �9 min -1 (n = 20). 

and ATP samples were collected 2 min after the 
ionopbores were added. The rates of oxygen con- 
sumption of the tubule suspensions from which the 
ATP samples were taken were also measured. The 
results are listed in Table 3. Valinomycin and FCCP 
produced the largest decreases in ATP, causing a 
90% reduction in the ATP content. There results 
were similar to those at comparable times shown in 
Fig. 3. Nystatin and monensin produced the small- 
est changes, reducing the ATP content by only 15 
and 18%, respectively. Nigericin produced a 28% 
reduction. 

Potassium Fluxes 

under sodium pump-inhibited conditions in which 
the intracellular ionic conditions were not greatly 
altered. To accomplish this, the ionophores were 
added to the tubule preparation simultaneously with 
ouabain (Table 2, column 3). With the exception of 
valinomycin, the effects on QO2 were the same as 
when ouabain was added 1 min prior to the 
ionophores. For valinomycin, the stimulation 
(104%) produced by this procedure was identical to 
that produced in the absence of ouabain (105%). 
However, valinomycin increased Q O 2  significantly 
less (77%) when the ionophore was added in the 
presence of ouabain after a l-rain delay. It is most 
likely that the lower response obtained when oua- 
bain was added first was due to the diminished ex- 
tramitochondrial (cytosolic) potassium concentra- 
tion. Since valinomycin promotes a coupled 
potassium uptake--H + efflux in isolated mitochon- 
dria (Pressman, 1965)--lowering the extramito- 
chondrial/intramitochondrial potassium gradient 
would diminish the uncoupler activity. In agree- 
ment with this, it was observed that the valinomy- 
cin-stimulated QO2 (62.4 -+ 27 nmol O2/mg protein. 
min, n = 3) obtained when tubules were suspended 
in about 5 mM extracellular potassium was more 
than twice the QO2 (26.8 nmol O2/mg protein �9 min, 
n = 2) obtained when valinomycin was added to 
tubules suspended in a potassium-free solution. The 
latter condition probably reduces the cytosolic po- 
tassium concentration to a greater degree than the 
mitochondrial potassium (Soltoff & Mandel, 
1984b). 

A T P  

The effect of these ionophores on the ATP content 
of the proximal tubules was examined to more fully 
identify the potential uncoupler activity. Ouabain 
(10 -4 M) was added 1 min prior to the ionophores, 

In addition to the net potassium efflux promoted by 
valinomycin, the addition of amphotericin, nys- 
tatin, and monensin also produced large net re- 
leases of potassium from the proximal tubule sus- 
pension. The release rates were concentration- 
dependent, and at the concentrations used in this 
study (about I0, 100, and 100 /xg/mg protein, re- 
spectively) the rates of net potassium efflux were 
about 10 to 15 times larger than the rates produced 
by valinomycin. 

Discussion 

In this paper, we describe the effects of several 
commonly used ionophores on the rabbit proximal 
tubule. Ionophores have been successfully em- 
ployed by numerous investigators to probe ion 
transport functions of membranes as diverse as lipid 
bilayers (Cass et al., 1970), rnitochondrial mem- 
branes (Pressman, 1976), and plasma membranes 
(Mendoza et aI., 1980). We and others have previ- 
ously utilized nystatin (Harris et al., 1981; Soltoff & 
Mandel, 1984a,b) and amphotericin B (Spring & 
Giebisch, 1977), polyene antibiotics which bind se- 
lectively to sterol-containing membranes, to in- 
crease the permeability of the plasma membrane to 
sodium and to thereby stimulate sodium pump ac- 
tivity in the kidney. Other ionophores such as 
monensin (Mendoza et al., 1980), valinomycin 
(Smith & Robinson, 1981), and nigericin (Nakhoul 
& Boron, 1985) have also been used to increase the 
plasma membrane permeability to cations. How- 
ever, these ionophores may have multiple effects on 
intact cells due to their concomitant action on mem- 
branes other than the plasma membrane, most nota- 
bly the mitochondria and other organelles. With this 
in mind, we studied the effects of valinomycin and 
various ionophores on several metabolic and ion 
transport parameters of the rabbit proximal tubule. 
The data support the close functional relationship 
between the mitochondria and the sodium pump 
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(Na,K-ATPase), and evaluate the interaction be- 
tween the pump flux and the leak flux in this renal 
preparation. Several classes of ionophores were ex- 
amined, and the relative degree to which they un- 
couple the mitochondria was evaluated. 

K FLUXES 

Under steady-state conditions the rate of potassium 
influx is equivalent to the rate of potassium efflux. 
The flux measurements obtained in this study by the 
single addition of barium or ouabain (Fig. 1) were 98 
_+ 2 nmol K/mg protein �9 min for the pump flux and 
105 -+ 5 for the leak flux. These rates can be com- 
pared to others previously obtained using this prep- 
aration. The ouabain-sensitive rate of 42K uptake 
was 89 -+ 4 nmol K/mg protein �9 min under steady- 
state conditions at 37~ (Soltoff & Mandel, 1984a), 
a value close to that measured by the potassium- 
sensitive electrode method reported here. 

The addition of valinomycin to the proximal tu- 
bule suspension produced a net potassium efflux of 
about 110 nmol K/mg protein �9 min (Table 1). Be- 
cause this rate was nearly identical to that produced 
by ouabain, and since the effects of valinomycin 
and ouabain were not additive, the fluxes produced 
by valinomycin and ouabain appeared to be pro- 
duced by the same mechanism--inhibition of the 
sodium pump activity. The addition of valinomycin 
to the suspension of tubules resulted in a rapid and 
severe decrease in the ATP content (Fig. 3). Thus, 
due to its metabolic effect as an uncoupler of mito- 
chondrial oxidative phosphorylation, valinomycin 
appeared to inhibit the sodium pump to the same 
extent as ouabain (but see below). Valinomycin has 
also been observed to produce reductions in the 
ATP content of other tissues, including hepatocytes 
(Kristensen, 1980), lymphocytes (Arslan et al., 
1981), Ehrlich ascites cells (Levinson, 1967), and 
fibroblasts (Yamanishi, 1984). 

The inhibition of the sodium pump activity by 
valinomycin that we observed is in contrast to the 
results of Capasso et al. (1985), who found that this 
ionophore stimulated Jv (volume flow) in the proxi- 
mal tubule of thyroidectomized rats, presumably by 
stimulating the activity of the sodium pump. The 
concentration used in the rat studies (0.9/XM) was 
about 15% of the concentration used in the present 
study, but was within the range in which we ob- 
served a maximal stimulation of the QO2 by valino- 
mycin (see Results). Differences between the two 
studies may be due to the sensitivity of different 
animal species to valinomycin. 

It must be acknowledged, however, that the ef- 
fect of valinomycin may not be as straightforward 
as the results in Table 1 would appear to indicate. 
The potassium fluxes measured by the extracellular 

potassium-sensitive electrode represent net fluxes. 
In the analysis of the results it was assumed that 
only two compartments (intracellular and extracel- 
lular) existed. However, as mentioned above, va- 
linomycin promoted the uptake of potassium (and 
release of H +) in isolated mitochondria (Pressman, 
1965). Thus, the net effect of valinomycin may rep- 
resent a balance between potassium influx across 
the mitochondrial membranes and efflux across the 
plasma membrane. A second consideration that 
must be evaluated pertains to the kinetics of ATP 
depletion promoted by valinomycin. During the 
time that the measurement of the initial rate of po- 
tassium efflux was made, between 0.1 to 0.4 min 
after the addition of valinomycin, the ATP content 
dropped from about 60 to 20% of the normal value. 
This should produce a concomitant relative reduc- 
tion in the activity of the sodium pump (Soltoff & 
Mandel, 1984c), but not reduce it completely. Thus, 
the valinomycin-induced potassium efflux may ac- 
tually represent the net flux of the potassium leak 
pathway, the (reduced) sodium pump, and the 
ionophoric activity on the plasma membrane. It is 
possible that the last two of these compensate each 
other to result in a net potassium efflux rate equal to 
that obtained in the presence of ouabain. Also, as 
mentioned above, it is possible that valinomycin al- 
ters voltage-dependent potassium channels. The 
small flux induced by valinomycin after barium and 
ouabain (Fig. 4), indicates that an additional potas- 
sium pathway may be stimulated. Nevertheless, it 
appears that the main effect of valinomycin in the 
proximal tubule is to uncouple the mitochondria. Its 
effectiveness as a plasma membrane ionophore ap- 
pears to be much less than that of the polyene anti- 
biotics. In a recent report valinomycin was found to 
inhibit the Ca-ATPase activity of skeletal muscle 
sarcoplasmic reticulum, an effect that was attrib- 
uted to a direct interaction with membrane protein 
(Davidson & Berman, 1985). In this study we did 
not examine whether valinomycin directly inhibits 
the Na,K-ATPase activity, but the actions de- 
scribed above appear to account for all of its effects. 

The effects of barium on the proximal tubules 
deserve further discussion. In two separate studies 
which employed intracellular potassium-sensitive 
microelectrodes, barium was reported to increase 
(Biagi et al., 1981) and to decrease (Planelles et al., 
1981) the intracellular potassium activity in the 
proximal tubule. Both studies observed that barium 
decreased the potassium conductance across the 
membrane and caused depolarization. The decrease 
in potassium activity was attributed to the barium- 
promoted increase in the potassium driving force 
(the difference between VB, the potential difference 
across the basolateral membrane, and EK, the po- 
tassium equilibrium potential across the basolateral 
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membrane) being larger than the barium-promoted 
decrease in the potassium conductance of the baso- 
lateral membrane (Planelles et al., 1981). In the 
studies presented here, the addition of 5 mM barium 
to the tubule suspension promoted the net uptake of 
potassium, presumably due to the block of the po- 
tassium leak pathway. However, after several min- 
utes the net uptake diminished, and the extracellu- 
lar potassium concentration became steady (not 
shown). The intracellular potassium content was in- 
creased by an average of 115 -+ 1 nmol K/mg pro- 
tein (n = 6), an increase of about 30% above nor- 
mal. Volume measurements were not made, so it is 
not known how this affected the intracellular potas- 
sium concentration. Biagi et al. (1981) reported that 
0.5 mM barium, a concentration one-tenth of that 
used in the present studies, produced about a 10% 
increase in the activity of intracellular potassium in 
the rabbit proximal straight tubule. Therefore, it ap- 
pears that the addition of barium to the tubule sus- 
pension promoted a new steady state with a higher 
potassium gradient and a lower potassium leak rate. 
At the concentration (5 raM) used, barium may not 
completely block the potassium leak pathways 
when the potassium gradient across the membrane 
becomes greater than normal, at which point potas- 
sium efflux may again equal potassium influx. After 
the intracellular potassium content was increased to 
a new steady state by barium, the addition of valino- 
mycin produced a net potassium efflux of 79 -+ 5 
nmol K/rag protein �9 min (n = 8). This rate is larger 
than that produced by valinomycin in the combined 
presence of ouabain and barium, and may represent 
the ionophoric action of valinomycin in the pres- 
ence of a larger potassium gradient across the 
plasma membrane. 

DEGREE OF RESPIRATORY UNCOUPLING 

With the exception of the polyene antibiotics nys- 
tatin and amphotericin, all of the ionophores exam- 
ined in this study were observed to have mitochon- 
drial uncoupling activity. Their relative degree of 
uncoupling can be categorized on the basis of their 
effects on QO2 (Table 2). FCCP can be categorized 
as having 100% uncoupling activity. Relative to the 
other ionophores, the addition of FCCP produced 
the maximum stimulation of oxygen consumption. 
Since this stimulation was identical in the presence 
and absence of ouabain, the entire QO2 was a mea- 
surement of uncoupled respiration. At the other ex- 
treme, nystatin and amphotericin can be classified 
as producing 0% uncoupler activity. The stimula- 
tion of QO2 that was observed upon the addition of 
these antibiotics was due solely to the increase in 
the cation permeability of the plasma membrane 

and the subsequent activation of the sodium pump. 
The increase in QO2 was attributed to fully coupled 
respiration, since no stimulation was observed 
when the sodium pump activity was blocked by 
ouabain. Monensin and nigericin demonstrated in- 
termediate uncoupler activities. In the presence of 
ouabain, they stimulated the QO2 less than in its 
absence, demonstrating that part of the stimulation 
was mediated by ionic activation of the sodium 
pump. Also, the uncoupled stimulation of QO2 (oua- 
bain present) by monensin and nigericin was less 
than the maximum produced by FCCP. The stimu- 
lation of QO2 by valinomycin appeared to be due 
entirely to its action as a mitochondrial uncoupler, 
since there was no difference whether ouabain was 
present or absent. In addition, the rapid ATP deple- 
tion observed in the presence of valinomycin at- 
tested to its uncoupling action. The results also sug- 
gest that the selectivity of valinomycin for 
potassium compared to sodium is much larger than 
that of nigericin, which displayed partial activity as 
a sodium ionophore by virtue of its partial stimula- 
tion of the sodium pump. Amphotericin and nys- 
tatin are known to have little selectivity between 
sodium and potassium, thus accounting for the si- 
multaneous increase in intracellular sodium (not 
shown) and efflux of intracellular potassium (Fig. 2) 
produced by these ionophores. 

ATP EFFECTS 

The decrease in the ATP contents obtained after 
FCCP or valinomycin addition (Fig. 3) is typical of 
those expected from mitochondrial uncouplers. 
However, the results obtained with the other 
ionophores are a little surprising because there is no 
apparent correlation between the degree of uncou- 
pling and the alteration of the ATP content. For 
instance, monensin produces almost as much ap- 
parent uncoupling activity (as judged by the QO2 in 
the presence of ouabain) as valinomycin; however, 
its effect on ATP resembles that of nystatin rather 
than valinomycin (Table 3). Also, nystatin did not 
display any apparent uncoupling activity as judged 
by the QO2 response, but a slight reduction in the 
ATP content was observed. 

In the cases of monensin and nigericin, these 
results may reflect the highly nonlinear relationship 
between the electrical potential across the mito- 
chondrial inner membrane and the mitochondrial 
QO2 (Nicholls, 1979). This potential reflects the 
ability of the mitochondria to produce ATP. Vary- 
ing degrees of uncoupling may produce similar 
QO2's while affecting the mitochondrial potential 
and oxidative phosphorylation differentially. In 
contrast, the slight decrease in ATP observed with 
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nystatin may be due to other indirect effects, such 
as cellular and possibly mitochondrial swelling that 
occur by accumulation of NaCI (Soltoff & Mandel, 
1984b). 

In summary, we have tested the effects of some 
commonly used ionophores on the proximal renal 
tubule and found a variety of responses. Of the 
ionophores tested, only nystatin and amphotericin 
B appeared to be specific for the plasma membrane. 
All the other ionophores also produced varying de- 
grees of mitochondrial uncoupling. Of these, valino- 
mycin was especially interesting since its main 
action on the tubules could be attributed to mito- 
chondrial uncoupling. These studies emphasize the 
importance of understanding metabolic as well as 
transport effects of compounds with possible multi- 
ple sites of action, such as the ionophores. These 
studies also provide separate quantitation of the 
transport of potassium through the pump and leak 
pathways in the rabbit proximal tubule. 

References 

Arslan, P., Montecucco, C., Celi, D., Pozzan, T. 1981. Effect of 
monovalent cation ionophores on lymphocyte cellular metab- 
olism. Biochim. Biophys. Acta 643:177-181 

Balaban, R.S., Soltoff, S.P., Storey, J.M., Mandel, L.J. 1980. 
Improved renal cortical tubule suspension: Spectrophotomet- 
ric study of Oz delivery. Am. J. Physiol. 238:F50-F59 

Biagi, B., Sohtell, M., Giebisch, G. 1981. lntracellular potassium 
activity in the rabbit proximal tubule. Am. J. Physiol. 
241:F677-F686 

Capasso, G., Lin, J.T., De Santo, N.G., Kinne, R. 1985. Short 
term effect of low doses of tri-idothyronine on proximal tubu- 
lar membrane Na-K-ATPase and potassium permeability in 
thyroidectomized rats. Pfluegers Arch. 403:90-96 

Cass, A., Finklestein, A., Krespi, V. 1970. The ion permeability 
induced in thin lipid membranes by the polyene antibiotics 
nystatin and amphotericin B. J. Gen. Physiol. 56:100-124 

Cook, D.L., Hales, N. 1984. Intracellular ATP directly blocks 
K + channels in pancreatic B-cells. Nature (London) 311:271- 
273 

Davidson, G.A., Berman, M.C. 1985. Interactions of valinomy- 
cin and monovalent cations with the (Ca 2+, Mg2+)-ATPase of 
skeletal muscle sarcoplasmic reticulum. J. Biol. Chem. 
260:7325-7329 

Gornall, A.G., Bardawill, C.J., David, M.M. 1949. Determina- 
tion of serum protein by means of the biuret reaction. J. Biol. 
Chem. 177:751-766 

Harris, S.I., Balaban, R.S., Barrett, L., Mandel, L.J. 1981. 
Mitochondrial respiratory capacity and Na +- and K+-depen - 
dent adenosine triphosphatase-mediated ion transport in the 
intact renal cell. J. Biol. Chem. 256:10319-10328 

Kirk, K.L., Dawson, D.C. 1983. Basolateral potassium channel 
in turtle colon. Evidence for a single-file ion flow. J. Gen. 
Physiol. 82:297-313 

Kristensen, L.O. 1980. Energization of alanine transport in iso- 

lated rat hepatocytes. Electrogenic Na+-alanine co-transport 
leading to increased K + permeability. J. Biol. Chem. 
255:5236-5243 

Levinson, C. 1967. Effect of valinomycin on net sodium and 
potassium transport in Ehrlich ascites tumour cells. Nature 
(London) 216:74-75 

Lowry, O.H., Passonneau, J.V. 1972. A Flexible System of En- 
zymatic Analysis. Academic, New York 

McMurray, W., Begg, R.W. 1959. Effect of valinomycin on ox- 
idative phosphorylation. Arch. Biochem. Biophys. 84:546 

Mendoza, S.A., Wigglesworth, N.M., Pohjanpelto, P., Ro- 
zengurt, E. 1980. Na entry and Na-K pump activity in mu- 
rine, hamster, and human c e l l s - - - E f f e c t  of monensin, se- 
rum, platelet extract, and viral transformation. J. Cell. 
Physiol. 103:17-27 

Moffett, D.F., Koch, A.R. 1985. Barium modifies the concentra- 
tion dependence of active potassium transport by insect mid- 
gut. J. Membrane Biol. 86:89-97 

Nagel, W. 1979. Inhibition of potassium conductance by barium 
in frog skin epithelium. Biochim. Biophy. Acta 552:346-357 

Nakhoul, N.L., Boron, W.F. 1985. Intracellular-pH regulation in 
rabbit proximal straight tubules: Dependence on external so- 
dium. Fed. Proc. 44:1898 

Nicholls, D.G. 1979. Brown adipose tissue mitochondria. Bio- 
chim. Biophys. Acta 549:1-29 

Planelles, G., Teulon, J., Anagnostopoulos, T. 1981. The effect 
of barium on the electrical properties of the basolateral mem- 
brane in proximal tubule. Naunyn-Schmiedeberg's Arch. 
Pharmacol. 318:135-141 

Pressman, B.C. 1965. Induced active transport of ions in mito- 
chondria. Biochemistry 53:1076-1083 

Pressman, B.C. 1976. Biological applications of ionophores. 
Annu. Rev. Biochem. 45:501-530 

Reed, P.W. 1979. Ionophores, In: Methods of Enzymology. Vol. 
55, pp. 435-454. Academic, New York 

Smith, T.C., Robinson, S.C. 1981. The membrane potential of 
Ehrlich ascites tumor cells: An evaluation of the null point 
method. J. Cell. Physiol. 106:399-406 

Soltoff, S.P., Mandel, L.J. 1984a. Active ion transport in the 
renal proximal tubule. I. Transport and metabolic studies. J. 
Gen. Physiol. 84:601-622 

Soltoff, S.P., Mandel, L.J. 1984b. Active ion transport in the 
renal proximal tubule. II. Ionic dependence of the Na pump. 
J. Gen. Physiol. 84:623-642 

Soltoff, S.P., Mandel, L.J. 1984c. Active ion transport in the 
renal proximal tubule. III. The ATP dependence of the Na 
pump. J. Gen. Physiol. 84:643-662 

Spring, K.R., Giebisch, G. 1977. Kinetics of Na + transport in 
Necturus proximal tubule. J. Gen. Physiol. 70:307-328 

Tosteson, D.C., Hoffman, L.F. 1960. Regulation of all volume 
by active cation transport in high and low potassium sheep 
red cells. J. Gen. Physiol. 44:169-194 

Wills, N.K. ,  Zeiske, W., Driessche, W. van 1982. Noise analysis 
reveals K + channel conductance fluctuations in the apical 
membrane of rabbit colon. J. Membrane Biol. 69:187-197 

Yamanishi, K. 1984. Effects of valinomycin on hexose transport 
and cellular ATP pools in mouse fibroblasts. J. Cell. Physiol. 
119:163-171 

Received 9 December 1985 


