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up-regulates two K+ permeability pathways
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ABSTRACT To avoid large changes in cell K+ content and
volume during variations in Na',K+-ATPase activity, Na'-
transporting epithelia must adjust the rate of K+ exit through
passive permeability pathways. Recent studies have shown that
a variety of passive K+ transport mechanisms may coexist
within a cell and may be functionally linked to the activity of
the Na',K+-ATPase. In this study, we have identified three
distinct pathways for passive K+ transport that act in concert
with the Na',K+-ATPase to maintain intracellular K+ homeo-
stasis in the proximal tubule. Under control conditions, the
total K+ leak of the tubules consisted of discrete Ba2+-sensitive
(==65%), quinine-sensitive (""20%), and furosemide-sensitive
(-"10%) pathways. Following inhibition of the principal K+
leak pathway with Ba2+, the tubules adaptively restored cell
K+ content to normal levels. This recovery of cell K+ content
was inhibited, in an additive manner, by quinine and furose-
mide. Following adaptation to Ba2 , the tubules exhibited a
30% reduction in Na+-K+ pump rate coupled with an increase
in K+ leak by means of the quinine-sensitive ("70%) and
furosemide-sensitive (-=280%) pathways. Thus, the proximal
tubule maintains intracellular K+ homeostasis by the coordi-
nated modulation of multiple K+ transport pathways. Further-
more, these results suggest that, like Ba2+, other inhibitors of
K+ conductance will cause compensatory changes in both the
Na+-K+ pump and alternative pathways for passive K+ trans-
port.

As the major intracellular cation, K+ plays a central role in
a variety of important cellular processes (1). To preserve
normal cell function, intracellular K+ activity must be main-
tained within narrow limits through the concerted actions of
pathways for K+ entry and exit. In most cells, active K+
uptake is mediated exclusively by the Na+,K+-ATPase and
is balanced by the passive leak of K+ from the cell by means
of K+ channels or electroneutral cotransport pathways (i.e.,
KCI or NaK2Cl cotransport). This "pump-leak" relationship
(2) is thought to be especially complex in Na+-transporting
epithelia, such as the renal proximal tubule, because main-
tenance of intracellular K+ homeostasis during large varia-
tions in active Na+ reabsorption requires coordinated mod-
ulation of Na+,K+-ATPase activity and K+ leak pathways
(3). In support of this model, electrophysiological studies in
several epithelia have shown cell K+ activities to be relatively
invariant despite significant fluctuations in the rate of trans-
epithelial Na+ transport and have suggested that mainte-
nance of intracellular K+ homeostasis involves parallel
changes in Na+,K+-ATPase activity and K+ conductance
(4-8). Despite this inferential evidence, no direct measure-
ments of ion flux have yet been reported to substantiate this

hypothesis. Moreover, the identification of several distinct
types of K+ channels and electroneutral cotransport path-
ways within individual cells suggests that K+ transport may
be mediated by different pathways under various physiolog-
ical conditions.

Previous studies of the proximal tubule indicated the
presence of multiple K+ transport pathways under different
experimental conditions. Soltoff and Mandel (9) suggested
that steady-state, passive K+ transport in the rabbit proximal
tubule was mediated almost exclusively by barium (Ba2+)-
sensitive pathways. Indeed, patch clamp studies of this
nephron segment have directly demonstrated Ba2+-inhibit-
able K+ channels in the plasma membrane (10-12). In addi-
tion, Na+-independent, electroneutral KCI cotransport was
demonstrated in the basolateral membrane of rabbit proximal
straight tubule (13) and in basolateral membrane vesicles
prepared from renal cortex (14). More recently, a glucose-
activated pathway for net K+ efflux, sensitive to furosemide,
a known inhibitor of Cl--dependent K+ cotransport, but not
sensitive to Ba2+, was reported (15). Finally, the K+ channel
inhibitors quinine (16) and Ba2+ (17) inhibited, but failed to
prevent, the K+-dependent volume regulatory decrease fol-
lowing hypoosmotic swelling. The relative roles of these or
other K+ transport pathways in regulating intracellular K+,
however, remain unknown.
The present study was designed to identify the major K+

transport pathways of the proximal tubule and to study their
respective contributions to the regulation of cellular K+
balance. In addition, the adaptation of the proximal tubule to
inhibition of its principal K+ leak pathway with Ba2+ was
examined. Collectively, our results indicate that the proximal
tubule possesses at least three distinct pathways for passive
K+ transport that act in concert with the Na+,K+-ATPase to
preserve intracellular K+ homeostasis. Portions of this work
were presented at the annual symposium of the Society of
General Physiologistst and at the annual meeting of the
American Society of Nephrology.t

MATERIALS AND METHODS
Preparation of Proximal Tubules. Suspensions enriched in

proximal tubules were prepared from female New Zealand
White rabbits by in situ collagenase perfusion as previously
described (18). This preparation yielded a nearly homoge-
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neous population of tubule fragments with open lumina,
which share morphologic, metabolic, and ion transport prop-
erties of proximal tubules in situ. The final pellet of tubules
was suspended at a density of 6-12 mg of tubular protein per
ml in a bicarbonate Ringer's solution (115 mM NaCl/25 mM
NaHCO3/5 mM KCI/1 mM MgCl2/0.4 mM NaH2PO4/1.6
mM Na2HPO4/1.2 mM CaCl2/4 mM sodium lactate/5 mM
D-glucose/i mM L-alanine). Aliquots (2.4 ml) of the tubule
suspension were incubated under an atmosphere of 95%
02/5% CO2 at 37°C for 30 min before each experiment to
restore normal cellular contents of Na+, K+, and ATP (19,
20).

Net K+ and Na+ Fluxes. Net fluxes of K+ and Na+ were
measured as described (18, 21) by using a thermoregulated,
2-ml glass chamber and computer-linked extracellular elec-
trode system. The K+ electrode (POT-1, W-P Instruments,
New Haven, CT) had a slope of 54-56 mV per decade of K+
concentration, whereas the Na+ electrode (MI-420, Micro-
electrodes, Londonderry, NH) exhibited a slope of55-57 mV
per decade of Na+ concentration. An ultrawick glass elec-
trode (MERE-1, W-P Instruments) filled with 1 M N-
methyl-D-glucamine chloride served as the reference. The
voltage output was amplified (10 times for the K+ electrode
and 60 times for the Na+ electrode), filtered, and converted
to a digital signal for computer analysis of initial transport
rates. The Na+ electrode could resolve changes of 0.4-0.6
mM Na+ in the 146 mM Na+ Ringer's solution (21). The
typical peak-to-peak noise of the amplified K+ electrode
signal was =400 ,tV, which, given the amplified electrode
slope (560mV per decade ofK+), corresponded to 8.0 tkM K+
in the 5 mM K+ buffer. Therefore, with signal averaging,
changes of 16-24 ,uM K+ could be reliably resolved. Initial
rates were determined over the initial linear portion (10-15
sec) of the digital tracing following experimental additions.
Increases or decreases in the extracellular ion concentrations
were taken to represent the net release or net uptake,
respectively, of ions from the tubules. Given the high reso-
lution of the extracellular electrodes and the low cytocrits
(-4%) used, errors in the measurement of net ion flux caused
by cell volume changes were estimated to be <4% (22).
Cytosolic K+ content was estimated from the increase in
medium K+ concentration resulting from digitonin (20 ,ug/mg
of tubule protein) permeabilization of the tubule plasma
membrane.

Chemicals. Analytical grade chemicals obtained from stan-
dard commercial sources were used. Experimental reagents,
prepared as concentrated stock solutions, were added in
microliter volumes such that the volume of the suspension
was increased by not more than 0.2%. Aside from minor
electrode offsets, neither the reagents nor the solvents altered
electrode performance or cell function. The final concentra-
tions of ouabain (21), Ba2+, quinine, and furosemide used in
these studies represent maximal inhibitory concentrations, as
determined by dose-response experiments.
Data Analysis. Ion fluxes and contents were normalized to

tubular protein as determined by the method of Lowry et al.
(23) with bovine serum albumin as the standard. Data are
presented as the mean ± SEM of n observations and were
analyzed for significance by the paired or unpaired t test as
appropriate. A statistically significant difference between
group means was concluded when P < 0.05.

RESULTS

To investigate the mechanisms by which the proximal tubule
maintains intracellular K+ homeostasis, we examined the
time course of net K+ transport following inhibition of the
major K+ leak pathway with 5 mM Ba2+. By blocking passive
K+ permeability pathways, Ba2+ promoted an initial net K+
influx (Fig. 1), mediated by the Na+,K+-ATPase, that grad-
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FIG. 1. Time-dependent effects of Ba2+ on proximal tubule K+
transport. Digital output of the extracellular K+ electrode from a
representative experiment (n = 6) in which Ba2+ (5 mM, final
concentration) was added to the tubule suspension. Note that,
despite the continued presence of Ba2+, extracellular K+ concen-
tration (and, by inference, intracellular K+ content) returned to the
original, pretreatment value. Points A, B, and C denote the control,
transition, and Ba2+-adapted states of the tubules. The K+ release
that occurred between points B and C was termed the recovery
phase.

ually slowed until a transient steady state (point B, Fig. 1) was
achieved. Thereafter, the tubules spontaneously released the
accumulated K+ into the medium until the cytosolic K+
content had been restored to a final steady-state value (point
C, Fig. 1) not significantly different (2 ± 4%, n = 6) from the
original, pretreatment value (point A, Fig. 1). Additional
Ba2+, given during the final adapted state (point C, Fig. 1),
caused no further net K+ flux, indicating that all Ba2+-
sensitive pathways were completely inhibited. The fact that
cytosolic K+ content was restored to its original value despite
the continued inhibition of the principal K+ leak pathway
suggested that a new pump-leak relationship had been es-
tablished.
The restoration of cytosolic K+ content to the control level

following treatment with Ba2+ required the cells to increase
K+ leak through Ba2+-insensitive pathways and/or reduce
the Na+-K+ pump rate. To determine whether Na+ and K+
transport rates were diminished or restored to control levels
in the Ba2+-treated cells, we measured the initial rates of net
Na+ influx and net K+ efflux promoted by 0.1 mM ouabain
in control tubules and in tubules treated for 12 min with 5 mM
Ba2+ (Ba2+-adapted). Ouabain, by inhibiting the active trans-
location ofNa+ and K+ by the Na',K+-ATPase, allowed the
unopposed leaks of Na' and K+ through passive permeabil-
ity pathways to be measured. Since, at steady state, the leaks
of Na+ and K+ are exactly matched by the cation exchanges
of the Na+-K+ pump (i.e., leak = pump), these initial rates
of ouabain-induced Na+ and K+ leak also provided a mea-
surement of the apparent transport rate and ionic stoichiom-
etry of the Na+-K+ pump. In control tubules (Table 1),
ouabain promoted a net Na+ influx (229 ± 7 nmol Na+/min

Table 1. Effect of Ba2+ on ouabain-induced cation fluxes of the
proximal tubule

Control Ba2+-adapted
Net Na+ influx 229 ± 7 161 ± 12*
Net K+ efflux 154 ± 5 115 ± 3*
Na+:K+ flux ratio 1.49 1.40

Initial rates of net Na+ influx and net K+ efflux were measured
following the addition of 0.1 mM ouabain to untreated tubules
(control) and to tubules exposed to 5 mM Ba2+ for 12 min (Ba2+-
adapted). Flux rates are expressed in nmol/min per mg of protein and
represent the mean + SEM (n = 5).
*P < 0.005 versus control.
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per mg of protein) and a net K+ efflux (154 ± 5 nmol K+/min
per mg) in a ratio of approximately 3 Na+ to 2 K+. The
Ba2+-adapted tubules exhibited significantly lower rates of
net Na+ influx (161 ± 12 nmol/min per mg) and net K+ efflux
(115 ± 3 nmol/min per mg) in response to ouabain, but the
initial Na+:K+ flux ratio was virtually unchanged. Thus, in
the new pump-leak equilibrium of the Ba2+-adapted tubules,
K+ flux through both passive transport pathways and (by
inference) the Na+-K+ pump was reduced by -30%. Nota-
bly, however, since Ba2+ failed to abolish the net K+ efflux
induced by ouabain, Ba2+-insensitive pathways for K+ leak
were clearly operative in the adapted tubules.
Next, we designed a protocol to identify the distinct,

inhibitor-sensitive pathways for K+ leak in both control and
Ba+-adapted tubules. As shown in Fig. 2, selected inhibitors
of K+ channels or cotransport pathways were added (at
maximal inhibitory concentrations) simultaneously with oua-
bain, and the resultant net efflux ofK+ was measured. In this
manner, a specific inhibitor-sensitive pathway for K+ trans-
port could be distinguished by the reduction in the rate of
ouabain-induced net K+ efflux. In control tubules, Ba2+ (5
mM) reduced the ouabain-induced K+ leak of control tubules
by -65% from 154 ± 5 nmol of K+ per min per mg of protein
(Table 1) to 56 ± 3 nmol of K+ per min per mg of protein
(Table 2), indicating that the Ba2+-sensitive pathways medi-
ated -65% of the total K+ leak. The inability of Ba2+ to
prevent the ouabain-induced K+ efflux clearly indicates the
presence of Ba2+-insensitive K+ leak pathways. In an addi-
tive manner (Fig. 2 and Table 2), quinine (1 mM) and
furosemide (1 mM) further inhibited (by -20% and -10%,
respectively) all but a small "residual" component of the
Ba2+-insensitive K+ leak. Taken together, these data suggest
the constitutive operation of at least three distinct K+ per-
meability pathways in the control tubules. In comparison, the
Ba2+-adapted tubules exhibited 2-fold greater rates of K+
leak through Ba2+-insensitive pathways than controls (115 ±
3 nmol/min per mg vs. 56 ± 3 nmol/min per mg; Table 2 and
Fig. 3). Furthermore, the quinine-sensitive, the furosemide-
sensitive, and the residual components of the K+ efflux were
greater by =='70%, -280%, and -65%, respectively, in the
Ba2+-adapted tubules (Table 2 and Fig. 3). Thus, the en-
hanced, Ba2+-insensitive K+ efflux of the Ba2+-adapted cells
was primarily the result of specific increases in K+ leak by
means of the quinine-sensitive, the furosemide-sensitive, and
the residual pathways.

Like Ba2+, quinine (1 mM) alone promoted an initial net K+
uptake followed by a recovery of cytosolic K+ content to
pretreatment values. The maximum K+ accumulated by
quinine-treated tubules (113 ± 6 nmol of K+ per mg of
protein, n = 5) was approximately half that accumulated by

Table 2. Inhibitor sensitivity of ouabain-induced K+ leak

K+ efflux, nmol/min
per mg of protein

Inhibitor(s) Control Ba2+-adapted
Ouabain + Ba2+ 56 ± 3 115 ± 4*
Ouabain + Ba2+ + quinine 26 ± 4 66 ± 6**
Ouabain + Ba2+ + quinine
+ furosemide 14 ± 4 23 ± 3**
Initial rates of net K+ efflux were measured at steady state

following exposure ofcontrol tubules to ouabain simultaneously with
Ba2+, quinine, and/or furosemide. In the Ba2+-adapted tubules (5
mM Ba2+ for 12 min), ouabain was added (in the continued presence
of Ba2+) either alone or in combination with quinine and/or furose-
mide. Each value is representative of five observations. Final
concentrations of inhibitors were ouabain, 0.1 mM; Ba2+, 5 mM;
quinine, 1 mM; furosemide, 1 mM.
*P < 0.001 versus control.
**P < 0.05 versus control.
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FIG. 2. Inhibitor sensitivity of the total K+ leak induced by
ouabain. Composite of representative K+ electrode tracings from
experiments in which ouabain (trace A) was added alone or simul-
taneously with maximal inhibitory concentrations of Ba2+ (trace B),
Ba2+ and quinine (trace C), or Ba2+, quinine, and furosemide (trace
D) to control tubule suspensions. Final concentrations were ouabain,
0.1 mM; Ba2+, 5 mM; furosemide, 1 mM; and quinine, 1 mM.

Ba2+-treated tubules (206 ± 9 nmol of K+ per mg of protein,
n = 5). In the presence of both quinine and Ba2+, the tubules
accumulated a maximum of 260 ± 9 nmol of K+ per mg of
protein (n = 5), indicating additive inhibition of K+ leak by
these two agents. In contrast, furosemide (1 mM) caused no
net K+ flux when added alone, but it promoted a transient net
K+ influx (24 ± 4 nmol/min per mg, n = 5) when given after
Ba2+ and quinine.
To determine whether the increased K+ transport by

means of the quinine-sensitive and the furosemide-sensitive
pathways participated in the recovery phase of net K+ release
in the Ba2+-treated tubules, the rate of net K+ efflux during
this recovery phase was measured in the presence of quinine
and/or furosemide. In these experiments, quinine and/or
furosemide were added -3 min after Ba2+, during the tran-
sition period (point B, Fig. 1) preceding the recovery phase
of net K+ release. As seen in Table 3, both quinine and
furosemide partially inhibited the rate of K+ recovery; how-
ever, neither inhibitor prevented the eventual restoration of
cytosolic K+ content. In contrast, the combined addition of
quinine and furosemide (Table 3) prevented the recovery of
cytosolic K+ content during the observation period (30 min).
These data suggest that either the quinine-sensitive or the
furosemide-sensitive pathway was sufficient to restore cyto-
solic K+ content in the presence of Ba2+ but that both
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FIG. 3. Induction of Ba2+-insensitive K+ leak pathways. The
inhibitor-sensitive components of the Ba2+-insensitive K+ leak (cal-
culated from the data displayed in Table 2) are presented for both
control tubules and Ba2+-adapted tubules. Each bar represents the
mean ± SEM of five experiments. *, P < 0.001; **, P < 0.05 versus
control. Sens., sensitive; furos., furosemide.
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Table 3. Inhibition of Ba2+-insensitive recovery of cytosolic K+
content by quinine and furosemide

Rate of recovery,
nmol of K+ per min

Addition(s) per mg of protein

Ba2+ (control) 34 ± 4
Ba2+ + quinine 17 ± 3*
Ba2+ + furosemide 9 ± 3t
Ba2+ + quinine + furosemide 0t

Net K+ transport was continuously monitored following treatment
of tubule suspensions with 5 mM Ba2+. After the initial net influx of
K+, the maximal rate of K+ release (recovery phase) was measured
over '30 sec in the absence (control) or presence of quinine (1 mM)
and/or furosemide (1 mM). Quinine and/or furosemide were added
during the transition phase (point B, Fig. 1) that preceded the net K+
release. For each addition, n = 5.
*P < 0.01 versus control.
tp < 0.002 versus control.
tP < 0.001 versus control.

pathways were required for the optimal recovery rate of
cytosolic K+ content.

DISCUSSION
This study provides direct evidence for the coordinated
regulation of intracellular K+ content by the Na+,K+-
ATPase and three distinct pathways for passive K+ transport
in the proximal tubule. By monitoring the ouabain-induced
net K+ efflux, we determined the relative importance of each
K+ leak pathway in mediating passive K+ transport. Fur-
thermore, we demonstrated the ability of the proximal tubule
to restore its cellular K+ content, by down-regulating the
Na+,K+-ATPase and up-regulating K+ leak by means of
Ba2+-insensitive permeability pathways, following Ba2+
blockade of its principal K+ leak pathway. Thus, the orches-
trated regulation of four separate K+ transport pathways-
the Na+,K+-ATPase, and the Ba2+-sensitive, the quinine-
sensitive, and the furosemide-sensitive leak pathways-
serves to maintain intracellular K+ homeostasis in this
epithelium.

In keeping with previous investigations (9, 13-15), we
observed the presence of both Ba2+-sensitive and Ba2+-
insensitive pathways for K+ leak in the proximal tubule. The
Ba2+-sensitive pathway was the dominant mechanism for K+
leak in the control tubules, comprising -65% of the total K+
leak flux; it presumably reflects the Ba2+-sensitive K+ con-
ductance observed by others (24, 25). The Ba2+-insensitive
K+ leak was inhibited in an additive manner by quinine and
furosemide, suggesting that it was composed of at least two
different pathways. Thus, passive K+ transport in the prox-
imal tubule appears to be mediated by at least three distinct
pathways.

Quinine and its stereoisomer quinidine are known to inhibit
the K+ conductance of the proximal tubule (25) and to block
K+ channels in other tissues (26, 27). Thus, the effect of
quinine to inhibit K+ leak, observed in the present study,
probably reflects its ability to inhibit K+ channels in the
proximal tubule. Although quinine-sensitive K+ channels
have generally been regarded to be Ba2+-sensitive, the ad-
ditive inhibition of K+ leak by Ba2+ and quinine suggests the
presence of separate, pharmacologically distinct populations
of K+ channels in the proximal tubule. Preliminary evidence
for a class of K+ channels sensitive to quinine, but not to
Ba2+, has recently been demonstrated in patch clamp studies
of the human macrophage (28).
Given the recent demonstration of Na+-independent, elec-

troneutral KCI cotransport in the basolateral membrane of
the rabbit proximal tubule (13) and the known sensitivity of
KCI cotransport to the loop diuretics (14, 29), the furosemide-

sensitive pathway for K+ efflux reported here probably
represents KCI cotransport. Alternatively, furosemide could
inhibit other Cl--dependent K+ transport mechanisms, such
as parallel K+ and Cl- channels. However, since the furo-
semide-sensitive K+ loss was evident even in the presence of
both Ba2+ and quinine and since the Cl- conductance of the
proximal tubule is extremely low (30), such an indirect
coupling of K+ and Cl- conductances seems unlikely. The
fact that furosemide produced, comparatively, the greatest
inhibition of both the rate of recovery of cell K+ content
following Ba2+ treatment (Table 3) and of the steady-state K+
leak of the Ba2+-adapted tubules (Fig. 3) suggests a special
role for this pathway in the regulation of intracellular K+
content. Interestingly, in studies of the frog skin, Cox and
Helman (31) observed furosemide-sensitive KCl cotransport
in the presence, but not the absence, of ouabain and con-
cluded that ouabain induced KCl cotransport in this epithe-
lium. Similarly, recent studies of the proximal tubule have
suggested the operation of a furosemide-sensitive K+ exit
pathway activated by intracellular glucose accumulation (15)
or cell swelling (32). As proposed for other tissues, then,
furosemide-inhibitable KCl contransport in the proximal
tubule might be activated by altered cellular K+ activity or
volume.
To restore cytosolic K+ content following inhibition of the

Ba2+-sensitive K+ leak, the proximal tubule adaptively re-
duced its apparent Na'-K' pump rate (equivalent to the
steady-state leaks of Na' and K+ induced by ouabain) by
=30% (Table 2). Despite this down-regulation of active
transport, the ionic stoichiometry of the Na'-K' pump
remained invariant. The apparent Na+:K' coupling ratio of
the Na',K+-ATPase observed in both control and Ba2+-
adapted tubules was approximately 3:2, in good agreement
with previous determinations in this epithelium (21, 22). A
number offactors, including intracellular Ca2' activity, ATP,
membrane potential, and the Na',K+-ATPase itself (see ref.
33 for review), have been proposed as signals that link pump
and leak. Although, in the present study, the apparent
Na'-K' pump rate decreased in parallel with the Ba2+-
sensitive K+ leak, it varied reciprocally with the Ba2+-
insensitive K+ leak. These observations contradict the notion
of a direct functional link between the pump and the total K+
leak [i.e., "pump-leak units" (3)] and suggest some other
mechanism(s) by which the Na+-K+ pump and the specific,
Ba2+-insensitive pathways for K+ leak are matched to main-
tain constancy of intracellular K+.

In addition to down-regulating Na+,K+-ATPase activity,
the Ba2+-adapted tubules increased K+ efflux by means of
Ba2+-insensitive pathways. The Ba2+-insensitive K+ leak of
the adapted tubules was nearly twice that observed in the
control tubules, the result of an apparent up-regulation of the
quinine-sensitive, the furosemide-sensitive, and the "re-
sidual" leak pathways (Fig. 3). The mechanism(s) by which
K+ leak is augmented through these pathways remains un-
known, but it must involve either an increase in the perme-
ability of the pathways to K+ or an increase in the electro-
chemical driving force for K+ exit. Given the comparable
chemical gradients for K+ efflux (i.e., equivalent cytosolic
K+ contents) in the control and Ba2+-adapted tubules, the
increased K+ leak mediated by the quinine-sensitive and the
furosemide-sensitive pathways in the adapted tubules would
require either an increase in the K+ permeability of these
pathways or a depolarization of the membrane potential. This
adaptation could represent an increase in K+ flux through
existing pathways or the activation or recruitment of quies-
cent pathways. Further studies will be needed to elucidate
the specific mechanisms that signal and effect the increase in
transport by the various K+ leak pathways.
Given the limitations of tubule suspensions, the precise

locations of the various K+ leak pathways within the plasma
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membrane remain to be determined. Patch clamp studies
have indicated the presence of both apical and basolateral K+
channels in the proximal tubule (10-12). However, since the
basolateral membrane of the proximal tubule possesses the
much greater K+ conductance (24) as well as KCl cotransport
(13, 14), it seems likely that the K+ leak pathways we

observed would reside primarily in the basolateral mem-

brane.
In summary, cytosolic K+ content of the proximal tubule

appears to be regulated predominantly by balanced changes
in K+ transport mediated by the Na+-K+ pump and three
passive K+ permeability pathways, sensitive to Ba2+, to
quinine, and to furosemide. In addition to down-modulation
of the Na+-K+ pump, K+ leak by means of quinine-sensitive
and furosemide-sensitive pathways can be adaptively in-
creased in the presence of Ba2+ to restore normal cytosolic
K+ content. The existence of multiple, regulated K+ leak
pathways offers the possibility that distinct pathways may

perform specialized functions or may be triggered by specific
intrinsic (e.g., osmolality, K+ activity, Ca2+ activity, pH,
ATP, or membrane potential) or extrinsic (hormone) signals.
From these observations, one would predict that other
agents, that, like Ba2+, reduce K+ conductance might cause

compensatory changes in both the Na+-K+ pump and alter-
native pathways for passive K+ transport. Furthermore, this
model suggests a mechanism by which the proximal tubule
may maintain intracellular K+ homeostasis during hormon-
ally-induced reductions in Na+ or K+ transport.
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