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Abstract

The mechanisms responsible for the loss of cell potassium
during renal ischemia are poorly understood. The present
studies examined the hypothesis that potassium channels
are activated as an early response to hypoxia and contribute
to potassium loss independent from an inhibition of active
K+ uptake. Potassium flux in suspensions of freshly isolated
rat proximal tubules was measured using an ion-selective
electrode. Exposure of the tubules to hypoxia for only 2.5
min resulted in a rise in the passive leak rate of K+ but no

decrease in active K+ uptake. The passive leak of K+ was

associated with a 40% decrease in cell ATP content. The
passive K+ efflux was inhibited by 5 mMBa2+ (95%) and
by 15 mMtetraethylammonium (85%) suggesting that K+
channels were the primary route of K+ movement. The ef-
fects of K+ channel blockade on the development of hypoxic
injury were also examined. Tetraethylammonium and glibe-
nclamide, an inhibitor of ATP-sensitive K+ channels, re-

duced hypoxic injury as assessed by the release of lactate
dehydrogenase or measurement of DNAdamage. These re-

sults suggest that activation of K+ channels is an early re-

sponse to hypoxia and contributes to hypoxic renal injury.
(J. Clin. Invest. 1994. 94:2289-2294.) Key words: kidney.
K+ channels - hypoxia glibenclamide * DNAdamage

Introduction

Two of the earliest events documented after the onset of renal
ischemia are a loss of intracellular potassium and a reduction
in cellular ATP levels. In the study of Takano et al. ( 1), for
example, rabbit proximal tubules lost 60% of their cellular

potassium within the first 10 min of in vitro hypoxia. Similarly,
measurements of cellular ATP levels during either in vivo or

in vitro renal ischemia have documented a rapid fall in ATP
during the first few minutes of ischemia (2-4). The loss of
cellular K+ observed by Takano et al. (1) and others (4, 5)
reflects an imbalance between the rate of active K+ uptake via
the Na,K-ATPase pump and the rate of passive K+ efflux. While
the cellular K+ loss has been attributed to a decrease in Na,K-
ATPase activity (6), the relative contributions of alterations in
the K+ pump and leak rates to the loss of cell K+ during renal
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ischemia have not been examined. In particular, the role of
potassium channels in the loss of cellular K+ during ischemia
has never been studied.

ATP-sensitive K+ channels are present in the basolateral
membrane of the proximal tubule (7, 8) where they account
for the majority of the cation conductance of that membrane
and are responsible for recycling K+ which enters the cell via
the Na,K-ATPase. The activity of these channels is regulated
by cellular ATPconcentrations such that a fall in ATP increases
the activity of the channels. Accordingly, it seems reasonable
to propose that ATP-sensitive K+ channels in the proximal
tubule may be activated during renal ischemia and may play an
important role in the loss of cellular K+ in that setting.

The pathophysiologic consequences of potassium channel
activation during renal ischemia have never been examined.
Recent work by Ueda and Shah has shown that DNAdamage
is an early consequence of renal ischemia.' Potassium channel
blockers have been shown to prevent the DNAdamage caused
by temperature shifts in P815 tumor cells (9). The role of
potassium channels, and ATP-sensitive K+ channels in particu-
lar, in the pathogenesis of DNAdamage in the kidney has never
been addressed.

The present studies examined the effects of hypoxia on the
rate of K+ efflux from isolated rat renal proximal tubules. The
results indicate that the K+ loss which occurs during early hyp-
oxia results from increased rates of passive K+ leak rather than
decreased rates of active K+ uptake. Moreover, the increased
rates of K+ efflux occurred coincident with a 40% fall in cellular
ATP levels. The role of ATP-sensitive K+ channels in the patho-
genesis of ischemic injury was also examined. Blockade of K+
efflux with either tetraethylammonium (TEA)2 or glibenclam-
ide, an inhibitor of ATP-sensitive K+ channels, reduced hyp-
oxia-induced lactate dehydrogenase (LDH) release and DNA
damage.

Methods

Preparation of tubule suspensions. Rat proximal tubules were isolated
by collagenase digestion and Percoll gradient centrifugation as described
by Doctor and Mandel (10). The isolated proximal tubules were resus-
pended at a concentration of - 0.5-1 mg protein/ml and equilibrated
for 30 min at 37°C in a solution containing (mM): 103 NaCl, 5 KCI,
2 NaH2PO4, 1 MgSO4, 1 CaCl2, 5 glucose, 5 malate, 5 glutamate, 4
lactate, 1 alanine, 1 valerate, 0.2 dextran-40, 20 Hepes, and 20 NaHCO3
under a 95% 02/5%CO2 atmosphere before experiments.

Effect of hypoxia on LDH release and DNAdamage. After the 30-
rmin equilibration period, the tubules were pelleted by centrifugation
and resuspended in the same solution at a protein concentration of 0.5-

1. Ueda, N., and S. V. Shah, manuscript submitted for publication.
2. Abbreviations used in this paper: CFTR, cystic fibrosis transmem-
brane conductance regulator; LDH, lactate dehydrogenase; TEA, tet-
raethlyammonium.
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1.0 mg/ml. Aliquots of tubules (6-10 ml) were dispensed into small
Erlenmeyer flasks and incubated in a rotary shaking water bath at 370C.
Throughout the incubation, the flasks were gassed continuously with
either 95% 02/5% CO2(normoxia) or 95% N2/5% CO2 (hypoxia). At
the end of 30 min of incubation under either normoxic or hypoxic
conditions, aliquots of tubules were removed for measurement of LDH
release (1.5 ml) or double-stranded DNA content (4.5 ml). Unless
indicated otherwise, test agents were added at the beginning of the
incubation.

The LDH activities in the supernatant and in a tubule lysate were
determined spectrophotometrically from the oxidation of NADH(11).
LDH release into the supernatant was expressed as a percentage of the
total LDH.

DNAdamage was determined using the alkaline unwinding assay
(12, 13). In this assay, the rate of DNAunwinding under mild alkaline
conditions is increased by the presence of either single or double strand
DNAbreaks. The amount of residual double-stranded DNAremaining
at the end of the alkaline treatment is determined from the fluorescence
of ethidium bromide (tube P). The fluorescence from non-DNA compo-
nents in the sample was determined from a second tube (tube B) which
was sonicated before the alkaline incubation to introduce a large number
of strand breaks so that there was complete unwinding of the DNA.
The total fluorescence (tube T) was determined from DNAnot exposed
to alkaline conditions (pH < 11) so that unwinding was minimized.
The amount of residual double-stranded DNAin tube P was expressed
as a fraction of the total DNAin the sample using the equation: percent-
age of residual DS-DNA = (P-B)/(T-B) x 100 (12).

Effects of short-term hypoxia on net K+ flux and ATP content.
Tubules were prepared as above and resuspended in a solution con-
taining (mM): 130 NaCl, 4 KCI, 1 CaCl2, 1 MgCl2, 10 Hepes, 5 glucose
(pH 7.4). 1-ml aliquots of tubules were transferred to a water-jacketed,
magnetically stirred chamber with ports for an ion-selective electrode
and a reference electrode and were bubbled with 100% 02 for 2.5
min. After the 2.5-min equilibration, the tubules were incubated for an
additional 2.5 min while being bubbled with either 100% 02 (normoxia)
or 100% N2 (hypoxia). In technical control experiments it was deter-
mined that the percentage of 02 saturation at the end of the normoxic
and hypoxic incubation was 96.8±1 (n = 5) and 0.9±0.1% (n = 3),
respectively.

Net K+ fluxes were measured with a solid-state extracellular K+-
selective electrode (Kwikpot; World Precision Instruments, Inc., Sara-
sota, FL) as described (14-16). The electrode output, referenced
against an Ag-AgCl electrode connected to the chamber by a 1 MNaCl
bridge, was filtered at 2 Hz through an 8-pole low pass Bessel filter
(902LPF; Frequency Devices, Inc., Haverhill, MA) and recorded on a
chart recorder. The slope of the K+-selective electrode was 56.9±1.8
mVper decade change in K+ concentration (n = 5). At the end of the
2.5-min incubation, K+ uptake via the Na,K-ATPase was inhibited by
the addition of 5 mMouabain (17, 18). The rate of rise in extracellular
K + in the 30 s after the addition of ouabain was determined as a measure
of the total leak rate of K+ from the tubules. The reported flux rates
are the means of three to four determinations under each condition on
tubules from a given preparation. The rates of potassium flux were
normalized to tubule protein content.

The effects of short-term hypoxia on the ATP content of the tubules
were determined from aliquots of tubule suspension removed at the
beginning and the end of the 2.5-min incubation. 400-M1l samples were
centrifuged through a layer of phthalate into a cushion of 10% perchloric
acid. The perchloric acid extract was neutralized with KOHand then
diluted 500- 1,000-fold with a 10 mMTris (pH 7.5) buffer. The ATP
content of the diluted sample was determined by mixing 20 M1 of sample
with 100 tl of a 10 mg/ml solution of luciferin-luciferase (Sigma Chem-
ical Co., St. Louis, MO) while measuring the luminescence in a lumino-
meter (model TD-20e; Turner Designs, Sunnyvale, CA).

Materials. Diazoxide was obtained as a 65 mMsolution in 0.1 N
sodium hydroxide (Schering-Plough Corp., Kenilworth, NJ), all other
chemicals were obtained from Sigma Chemical Co. Glibenclamide was
added to solutions from a 100 mMstock solution in DMSO. Ouabain
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was added to solutions as a 500 mMstock solution in DMSO. TEA,
when present, replaced an equimolar concentration of sodium.

Results

The effect of short-term (2.5-min) hypoxia on the passive leak
rate of potassium from rat proximal tubules in suspension was
determined using an extracellular K+-sensitive electrode. To
isolate the passive component of K+ transport, 5 mMouabain
was added to inhibit active K+ uptake via the Na,K-ATPase.
This concentration of ouabain results in over 95% inhibition of
Na,K-ATPase activity in the rat kidney (17, 18). Fig. 1 shows
the effects of 2.5 min of hypoxia on the rate of passive K+
efflux from proximal tubules. In each of three experiments on
separate preparations of tubules, the potassium leak rate was
increased during hypoxia. In these experiments basal net K+
flux rates were measured over the 30 s before the addition of
ouabain, leak rates were measured over the 30 s after the addi-
tion of ouabain, and Na,K-ATPase rates were calculated as the
difference between the basal and ouabain-stimulated leak rates.
Hypoxia caused a slight, but not statistically significant increase
in the basal rate of net K+ flux (6.7+2.2 vs. 19.2±5 nmol/mg
of protein per minute). In contrast, the passive leak rate for
potassium (Fig. 1) was significantly enhanced by hypoxia.
Moreover, the rate of Na,K-ATPase-mediated K+ uptake by
hypoxic tubules ( 1 19.8±22.8 nmol/mg of protein per minute)
was actually increased over the rate in normoxic tubules
(94.3± 19.9 nmol/mg of protein per minute, P < 0.05, n = 3).

The pathways responsible for the potassium leak were ex-
amined by adding either barium or TEA to the tubule suspension
after the addition of ouabain. 5 mMbarium reduced the rate of
passive K+ leak by 95.3+2.2% (n = 9) while 15 mMTEA
reduced the passive leak rate by 85.0±2.5% (n = 8). The extent
of inhibition of passive K+ leak by these agents in hypoxic
tubules was identical to that in normoxic tubules. The inhibition
of K + leak by these two K+ channel blockers indicates that the
majority of the passive K+ leak proceeds via K+ channels. The
effect of glibenclamide, a blocker of ATP-sensitive K+ channels
(7), on K+ fluxes could not be determined due to interference
with the K+-selective electrode. However, measurement of the
ATPcontent of tubules during short-term hypoxia indicated that
ATP levels fell to a sufficient extent to cause activation of ATP-
sensitive K+ channels. Fig. 2 shows the ATP content of tubules
subjected to the same hypoxia protocol used in the K+ flux
studies. ATP content was measured at the beginning and end
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of the 2.5-min period of either normoxia or hypoxia. Tubules
maintained under normoxic conditions had good preservation
of ATP content (108+6% of baseline, n = 7). In contrast, after
only 2.5 min of hypoxia, ATP content of the tubules fell by

- 40% (63±4% of baseline, n = 8, P < 0.0001 vs. normoxia).
In this regard, a similar reduction in ATP levels was associated
with the activation of ATP-sensitive K+ channels in rabbit prox-
imal tubules (7, 19). Taken together, the preceding results are
consistent with the view that the leak rate of potassium from
proximal tubules is increased very early in hypoxia and even
precedes the inhibition of the Na,K-ATPase pump. Moreover,
the loss of cellular potassium occurs through potassium chan-
nels, likely ATP-sensitive K+ channels. The present results do
not allow us to exclude, unequivocally, the possibility that a
component of K+ efflux might proceed via other pathways, e.g.,
KCI cotransport; however, based on the high degree of inhibi-
tion by both barium and TEA, this component must be quite
small.

Additional experiments examined the effects of blockers of
ATP-sensitive K+ channels on ischemic injury in vitro. Freshly
prepared proximal tubule suspensions were incubated under
hypoxic conditions in the presence or absence of glibenclamide,
a blocker of ATP-sensitive K+ channels. The concentration of
glibenclamide (500 1iM) was chosen based on data from rabbit
proximal tubules (7) which indicated a K, of - 250 ,M in these
cells. LDH release into the extracellular fluid was measured as
a marker of lethal cell injury. Tubules maintained in oxygenated
solutions released only 5.4+0.9% of their total LDH into the
extracellular fluid (Fig. 3 A). Incubation of tubules in hypoxic
solutions for 30 min resulted in an increase in LDH release to
36.7+5%. Finally, incubation of tubules in hypoxic solutions
for 30 min in the presence of glibenclamide resulted in an LDH
release of only 23.1±1.9% (n = 5, P = 0.036 vs. hypoxia).

The effect of glibenclamide on the extent of hypoxia-in-
duced DNAdamage in proximal tubule suspensions was also
examined (Fig. 3 B). Tubules incubated in oxygenated solutions
had virtually no DNA damage (94.3±1.6% residual double
strand DNA) while tubules incubated in hypoxic solutions for
30 min sustained marked DNA damage (48.5±+5% double
strand DNA). Glibenclamide (500 MM) conferred a significant
degree of protection against DNA damage during hypoxia
(84.1±5.1%, n = 5, P < 0.0001 vs. hypoxia).

Glibenclamide has been shown recently to inhibit the cystic
fibrosis transmembrane conductance regulator (CFTR) Cl-
channel (20). A CFTR-like channel has been identified in the

A

hypoxia hypoxia +
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Figure 3. Effects of gli-
benclamide on hypoxic
injury to proximal tu-
bules. Proximal tubules
were incubated under ei-
ther normoxic or hypoxic
conditions for 30 min.
The presence of 500 ,uM
glibenclamide through-
out the incubation sig-
nificantly reduced both
the hypoxia-induced re-
lease of LDH into the ex-
tracellular solution (A)
and the extent of DNA
damage as determined
from the residual double-
strand (DS) DNA(B).
Mean±SEM; *P
= 0.036 vs. hypoxia; + P
< 0.0001 vs. hypoxia, n
= 5.

basolateral membrane of the proximal tubule (21). To deter-
mine if the protection afforded by glibenclamide was due to
effects on K+ channels, rather than CFTR-like Cl- channels,
we tested the effects of diazoxide, an opener of ATP-sensitive
K+ channels (8) but a blocker of CFTR channels (20), and
TEA, an unrelated blocker of K+ channels, including ATP-
sensitive K+ channels in heart and respiratory tract (22, 23),
on hypoxic DNAdamage. The results (Fig. 4) show clearly that
glibenclamide and TEA resulted in similar degrees of protection
against DNAdamage (71±8.7 and 65.4±4.5% residual double
strand DNA, respectively, vs. 44.9±5% in hypoxia alone, n = 5,
P < 0.03 for each). In contrast, diazoxide was not protective

100

0~~~~~~

z 50

control hypoxia glib. TEA diazoxide

hypoxia

Figure 4. Effects of K+ channel modifiers on hypoxia-induced DNA
damage. Proximal tubules were exposed to hypoxia for 30 min in the
presence of either 500 1iM glibenclamide (glib.) 15 mMTEA, or 100
1iM diazoxide. *P < 0.035 vs. hypoxia, n = 5.
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(35.8+1.3% residual double strand DNA, n = 5, P = 0.11 vs.
hypoxia). Thus, the finding that two chemically unrelated K+
channel blockers (glibenclamide and TEA) afforded protection,
while diazoxide, a blocker of CFTRCl - channels but an opener
of ATP-sensitive K+ channels, afforded no protection against
hypoxia-induced DNAdamage, is consistent with the view that
the glibenclamide effects are mediated through inhibition of
potassium channels rather than through interactions with CFTR.

The concentration dependence of protection against hyp-
oxia-induced DNAdamage is illustrated in Fig. 5. The affinity
for glibenclamide determined from its effects on DNAdamage
(Fig. 5 B) is almost identical to its affinity for blocking ATP-
dependent K+ channels in the proximal tubule (7). The time
course for protection against hypoxia-induced DNAdamage is
shown in Fig. 6. Delaying the addition of glibenclamide for
either 5 or 10 min after the initiation of hypoxia resulted in
significantly less protection against DNAdamage. These results
are consistent with the prior demonstration that hypoxia-induced
DNAdamage begins within the first few minutes of hypoxia.'

Discussion

Taken together, the results of these studies provide strong sup-
port for the view that ATP-sensitive K+ channels are activated
during renal ischemia and that this activation contributes to
hypoxic injury in renal epithelial cells. Measurement of passive
K+ leak from hypoxic proximal tubules revealed an increased
rate of leak at a time when Na,K-ATPase activity was still
normal. Thus, the cellular K+ loss which characterizes renal
ischemia ( 1, 4, 5) is not attributable solely to diminished rates of
active K + uptake. During normoxia, ATP-sensitive K+ channels
provide for coupling of the rates of active K+ uptake and passive
K+ leak in the proximal tubule. Thus, when rates of active K+
uptake via the Na,K-ATPase pump are high, such as during the
reabsorption of sodium from the tubular lumen, the increased
consumption of ATP lowers the cytosolic ATP levels, thereby
activating ATP-sensitive K+ channels (7, 19, 24). However,
during ischemia the parallelism between pump and leak rates
is disrupted. Namely, as ATP levels fall due to decreased pro-
duction, the rate of active K+ uptake will decrease while the
rate of passive K+ efflux, via ATP-sensitive K+ channels, will
increase leading to profound cellular K+ depletion. Consistent
with this view are the observations in isolated perfused hearts
that cellular potassium loss begins after only 20 s of ischemia
(25) and can be inhibited by glibenclamide (25, 26). In the
early stages of hypoxia, we also noted a small increase in the
rate of K+ uptake via the Na,K-ATPase. The present studies
do not address the mechanisms behind this increase in Na,K-
ATPase activity. However, increases in intracellular Na+ con-
centration or changes in the phosphorylation state of the enzyme
might be involved. Additionally, during ischemia in vivo, the
accumulation of K+ in the extracellular space may tend to in-
crease Na,K-ATPase activity (18). Regardless of the mecha-
nism, any stimulation of Na,K-ATPase activity in the face of
impaired ATP production could further deplete cells of ATP
and exacerbate subsequent injury.

Wealso demonstrated, using an in vitro model of ischemic
injury, that blockade of ATP-sensitive K+ channels is protective
against cellular injury. Namely, glibenclamide significantly re-
duced the release of LDH and the extent of DNAdamage in
tubules subjected to hypoxia. The concentrations of glibenclam-
ide which resulted in protection against DNAdamage (Fig. 5)
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Figure 5. Dose response of effect of glibenclamide to prevent hypoxia-
induced DNAdamage. (A) Residual double strand (DS) DNAat the
end of a 30-min exposure to hypoxia in the presence of varying concen-
trations of glibenclamide (mean+SEM, n = 5). (B) Mean data ex-
pressed as the percent protection: %= (normoxia-glibenclamide)/(nor-
moxia-control) X 100. The line and Kd value were determined from a
fit of the data to the Michaelis-Menton relation: percent protection
= [glibenclamide]/(Kd + [glibenclamide]) x 100.

are identical to those required to block ATP-sensitive K+ chan-
nels in the proximal tubule (7). Moreover, the early activation
(2.5 min) of a barium-sensitive K+ efflux pathway during hyp-
oxia parallels the early requirement for glibenclamide for maxi-
mumprotection against DNAdamage (Fig. 6). Thus, the open-
ing of ATP-sensitive K+ channels appears to be a proximate
event to DNAdamage during hypoxia. These results constitute
the first demonstration of a role for ATP-sensitive K + channels
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Figure 6. Time course of protection against hypoxia-induced DNAdam-
age. Proximal tubules were exposed to 30 min of hypoxia with 500 1M
glibenclamide added either at the start of the hypoxia (t = 0) or 5 or
10 min after the initiation of hypoxia. The solid bar denotes tubules
exposed to hypoxia in the absence of glibenclamide. *P < 0.05 vs.
hypoxia alone; +P < 0.05 vs. t = 0, n = 3.

in DNAdamage in any model of tissue injury. The mechanism
of DNAdamage in renal ischemic injury is not fully defined,
but may involve the activation of a calcium-dependent endonu-
clease.' Further studies will be required to determine the mecha-
nism whereby inhibition of ATP-sensitive K+ channels prevents
this DNAdamage.

The protective effects of blockade of ATP-sensitive K+
channels in renal ischemia stand in sharp contrast to its harmful
effect in cardiac ischemia. In cardiac ischemia, it is postulated
that activation of ATP-sensitive K+ channels shortens the dura-
tion of the action potential, thereby reducing the net inward
movement of Na+ and Ca2" and the contraction duration, and
thus tends to reduce the metabolic requirements of the ischemic
cells (27). Accordingly, opening of ATP-sensitive K+ channels
may be protective to the ischemic myocardium while blockade
of these channels may exacerbate damage (25, 28). Clearly,
the role of ATP-sensitive K+ channels in an excitable tissue,
where the channels regulate contractility and, hence, energy
utilization, may be much different than in an epithelial cell.

Finally, the parallel effects of TEA and barium on passive
K+ leak and of TEA and glibenclamide on DNAdamage sug-
gest that TEA is an effective blocker of ATP-sensitive K + chan-
nels in the proximal tubule. In contrast, TEA is ineffective as
a blocker of ATP-sensitive K+ channels found in the collecting
duct (29). In this regard, ATP-sensitive K+ channels from dif-
ferent tissues form a heterogeneous family of channels with
different biophysical, regulatory, and pharmacologic properties
(22). The basis for these differences is not yet known, but may
derive from the expression of tissue-specific isoforms of these
channels or their regulatory subunits. Thus, the ATP-sensitive
K+ channel in the proximal tubule may represent an isoform
distinct from the TEA-insensitive K+ channel in the distal tu-
bule. Indeed, a TEA-insensitive ATP-sensitive K+ channel has
been cloned from the rat kidney (30). In situ hybridization
studies have localized this channel to the thick ascending limb
and cortical collecting duct but not to the proximal tubule ( 31 ).

In summary, the results presented here demonstrate that
increased rates of potassium leak precede the inhibition of
Na,K-ATPase activity consequent to hypoxia in renal proximal

tubules and are coincident with a 40% decline in cellular ATP
concentration. In addition, inhibitors of potassium channels pre-
vented the hypoxia-induced damage to DNAand reduced irre-
versible cell injury. Thus, the activation of potassium channels,
and ATP-sensitive K+ channels in particular, is an early re-
sponse to hypoxia and may play an important role in the produc-
tion of cellular injury in that setting. Likewise, it seems reason-
able to speculate that activation of ATP-sensitive K+ channels
may also have an important pathogenic role in other forms of
injury associated with ATP depletion (32-34).
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