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Effects of Na-K-2Cl cotransport inhibition on
myocardial Na and Ca during ischemia and reperfusion

S. E. ANDERSON, C. Z. DICKINSON, H. LIU, AND P. M. CALA
Department of Human Physiology, University of California, Davis, California 95616-8644

Anderson, S. E., C. Z. Dickinson, H. Liu, and P. M.
Cala. Effects of Na-K-2Cl cotransport inhibition on myocar-
dial Na and Ca during ischemia and reperfusion. Am. J.
Physiol. 270 (Cell Physiol. 39): C608-C618, 1996.—In the
context of the “pump-leak” hypothesis (37), changes in myocar-
dial intracellular Na (Na;) during ischemia and reperfusion
have historically been interpreted to be the result of changes
in Na efflux via the Na-K pump. We investigated the alterna-
tive hypothesis that changes in Na; during ischemia are the
result of changes in the Na “leak” rather than changes in the
pump. More specifically, we hypothesize that the increase in
Na; during ischemia is in part the result of increased Na
uptake mediated by Na/H exchange. Furthermore, we pre-
sent data consistent with the interpretation that the Na-K-
2Cl cotransporter is active (or, alternatively, displaced from
equilibrium) during ischemia and may contribute an addi-
tional Na efflux pathway during reperfusion. Thus inhibition
of Na efflux via Na-K-2Cl cotransport during ischemia and
reperfusion could result in increased Na; and therefore de-
creased force driving Ca efflux via Na/Ca exchange and
ultimately increased intracellular Ca concentration ([Cal;).
Na; (in meg/kg dry wt) and [Cal; (in nM) were measured in
isolated Langendorff-perfused rabbit hearts using nuclear
magnetic resonance spectroscopy. Except during the 65 min of
ischemia, hearts were perfused with N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid-buffered Krebs-Henseleit solu-
tion equilibrated with 100% O, at 23°C and pH 7.4 = 0.05.
During ischemia, Na; rose from 16.6 = 0.3 to 62.9 = 5.1
(ANa; = 46) meq/kg dry wt and decreased during subsequent
reperfusion (mean = SE, n = 3 hearts). To measure Na
uptake (“leak”) in the absence of efflux via the Na-K pump, in
all of the protocols described below, the perfusate was nomi-
nally K-free solution containing 1 mM ouabain for 10 min
before ischemia and during the 30-min reperfusion. After
K-free perfusion, Na; rose from 20.2 = 0.5 to 79.1 = 5.3
(ANa; = 59) meqg/kg dry wt (n = 3) during ischemia and
decreased during K-free reperfusion. When amiloride (1 mM)
was added to the K-free perfusate to inhibit Na/H exchange,
Na; rose from 16.3 = 0.9 to 44.7 + 5.1 (ANa; = 28) meq/kg dry
wt (n = 3) during ischemia; i.e., amiloride decreased Na
uptake. When bumetanide (20 pM) was added to the nomi-
nally K-free perfusate to inhibit Na-K-2Cl cotransport, Na;
rose from 22.5 = 3.9 t0 83.8 + 13.9 (ANa; = 61) meq/kg dry wt
(n = 3) during ischemia and did not decrease during reperfu-
sion; i.e., bumetanide inhibited Na recovery during reperfu-
sion (P < 0.05 compared with bumetanide free). For the same
protocol, the presence of bumetanide resulted in increased
[Ca]; during ischemia and reperfusion (P < 0.05); these
increases in [Cal; are interpreted to be the result of increased
Na,. Thus the results are consistent with the hypotheses.

myocardial ischemia; sodium/hydrogen exchange; sodium-
potassium-chloride cotransport; bumetanide

INCREASES IN INTRACELLULAR Na (Na;) during ischemia
have been ascribed to a decrease in Na efflux via the
Na-K-ATPase (pump) secondary to a decrease in ATP.
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Conversely, decreases in Na; observed during reperfu-
sion have been thought to be the result of increased Na
efflux via the Na-K pump as ATP availability increases.
In other words, in the context of the “pump-leak”
hypothesis (37), changes in Na; have been interpreted
as the result of changes in Na fluxes through the
“pump.” Here, we test the alternate hypothesis that, in
the heart, increases in Na; during ischemia are the
result of an increase in Na influx or leak (as opposed to
a decrease in pump efflux) and that, during reperfu-
sion, both Na-K-ATPase and the Na-K-2Cl cotrans-
porter act to extrude the Na gained during ischemia. In
addition, the hypothesis implies that ischemia-induced
changes in Na “leak” precede and precipitate increased
Na-K pump activity.

We have previously presented evidence that the
chain of events leading to myocardial hypoxic injury is
1) increased anaerobic metabolism, 2) decreased intra-
cellular pH, 3) increased intracellular H concentration-
stimulates pH-regulatory Na/H exchange, 4) increased
Na uptake increases Na; concentration ([Nal;), 5) de-
creased or reversed Na/Ca exchange, 6) increased
intracellular Ca concentration ([Cal;), and 7) stimula-
tion of a host of Ca-dependent mechanisms that contrib-
ute to cell injury (2, 4, 5). Others have presented
evidence consistent with this hypothesis for myocardial
ischemia (21, 23, 32, 35, 38).

In contrast to our hypothesis that ascribes increases
in Na; during hypoxia and/or ischemia to increased Na
uptake, the historically accepted point of view has been
that increases in Na; are the result of decreased Na
extrusion due to substrate (ATP) limitations of the
pump (26, 34). The Na-K pump has long been consid-
ered to be the major, if not the only, pathway for Na
efflux from myocardial cells. However, evidence for the
presence of an Na-K-2Cl cotransporter in heart cells
has been presented (8, 15), and, although most studies
suggest that net flux via this pathway is directed into
the cell under normal conditions (7, 12, 28), recent
studies demonstrating that the Na-K-2Cl cotransport
inhibitor furosemide diminishes increases in extracellu-
lar K early during ischemia suggest that net flux via
the cotransporter may be directed out of the cell under
these conditions (20). Thus the cotransporter may act
as an auxiliary net Na efflux pathway during ischemia
and reperfusion (6).

Here, we present evidence that, contrary to the view
that Na; accumulation during ischemia is a result of
decreased pump-mediated efflux, increases in Na; are
the result of increased influx. Additionally, our data
suggest that, early during myocardial ischemia, Na
efflux via Na-K-ATPase, rather than being decreased,
is actually increased and increases in Na; are the result
of an imbalance in influx (by dissipative Na flux
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pathways) and efflux (by conservative Na flux path-
ways that include but are not limited to the pump),
which are both increased. (The terms “dissipative” and
“conservative” are used in reference to energy stored in
the Na gradient: dissipative pathways cause a decrease
in this energy; conservative pathways cause an in-
crease.) Furthermore, as previously shown (38), the
increase in Na; during ischemia is amiloride sensitive,
suggesting that a major portion of the increase is
mediated by Na/H exchange. Also, as previously shown
(28), the increase in Na; during ischemia is bumetanide
sensitive, suggesting that another portion of the in-
crease is mediated by Na-K-2Cl cotransport. Finally,
our studies demonstrate that, when Na-K-ATPase is
inhibited (by K-free perfusate containing 1 mM oua-
bain) during reperfusion, a bumetanide-sensitive path-
way mediates net, conservative, Na efflux consistent
with the interpretation that Na-K-2Cl contributes to
net Na efflux during reperfusion after ischemia. It
should be noted, however, that net Na flux via this
pathway must be in the same direction as the force that
drives the flux. Therefore, a change in the direction of
the driving force for Na-K-2Cl cotransport (arising from
protocol-dependent changes in the cotransporter sub-
strate gradients) will change the direction of net Na
flux via the pathway.

METHODS

General. The methods used have been modified slightly
from those previously reported (2). New Zealand White
rabbits were anesthetized with pentobarbital sodium (65
mg/kg) and heparinized (1,000 United States Pharmacopeia
U/kg). Hearts were removed and perfused at a constant rate
of 27-29 ml/min at 22-24°C. Control perfusate contained (in
mmol/1) 133 NaCl, 4.75 KCl, 1.25 MgCl,, 1.82 CaCl,, 20
N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), 8 NaOH, and 11.1 dextrose. Perfusates were ti-
trated to pH 7.35-7.45 and equilibrated with 100% O,. To
measure Na;, 15 mM dysprosium triethylenetetramine-
hexaacetic acid was substituted for osmotic equivalents of
NaClin the perfusate and Ca was added to reach a concentra-
tion of 1.8—2 mM as measured by Ca electrode (1). To measure
[Cal;, hearts were loaded during the control interval (30—-40
min) with perfusate containing the acetoxymethyl ester of
5-fluoro-1,2-bis(2-aminophenoxy)ethane-N,N,N' ,N'-tetra-
acetic acid (FBAPTA) at 5 uM (2, 19, 32). FBAPTA was then
washed out of the extracellular space with control solution for
15 min before measurement of [Cal;. Global ischemia was
achieved by clamping the perfusion line for 65 min, and
reperfusion was achieved by reinstating normal flow with the
preischemic solution for 20-25 min. Please note that, to
discriminate between changes in Na uptake and Na efflux,
unless otherwise stated, Na efflux via Na-K-ATPase was
inhibited by removal of KCl from the perfusate (osmotic
substitution with sucrose) and addition of 1 mM ouabain (2,
31) for 10 min before ischemia and throughout reperfusion.
According to protocol, amiloride or bumetanide was added to
the perfusate 10 min before ischemia and during reperfusion.
Bumetanide was first solubilized in ethanol at a concentra-
tion of 100 mM and then added to the perfusate to a final
concentration of 20 nM. After perfusions were complete,
hearts were weighed wet and dried for at least 48 h at 65°C to
determine dry weight.
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Unless otherwise noted, all hearts were perfused with the
same solution before and after ischemia. One set of experi-
ments, however, was conducted to test the subhypothesis that
the Na-K-2Cl cotransporter acts as a pathway for net Na
efflux during reperfusion with normal K (4.75 mM) solution.
This set of experiments required different solutions before
and after ischemia: K-free plus ouabain perfusion before
ischemia to achieve maximal Na loading and normal K plus
ouabain solution during reperfusion to assess the role of the
cotransporter under normal K conditions. All protocols used
in this study are ischemic protocols. For ease of reference,
throughout the remainder of this report, the protocols are
referred to by the solution used before ischemia; e.g., hearts
perfused with K-free plus ouabain solution before and after
ischemia comprise the K-free plus ouabain protocol. It must
be remembered, however, that, since the intra- and extracel-
lular contents cannot be controlled during ischemia, the
names of the protocols do not necessarily reflect the status of
any compartment in the heart. For example, the extracellular
space is not expected to be K free during ischemia in the
K-free plus ouabain protocol. (It is only nominally K free
during perfusion, for that matter.) Thus the protocols are
named for the perfusates used and (especially during isch-
emia) are not meant to describe the ionic distribution in the
heart.

Unless otherwise stated, results are reported as means *
SE. Analysis of variance for repeated measures was used to
test for differences among treatments. If differences among
treatments were found, the Tukey’s test for multiple compari-
sons was used to determine the times at which differences
between treatments occurred. It should be noted that compari-
sons using the Tukey’s test were not made across time, only
across treatments for a particular time. Differences were
considered significant when P < 0.05.

23Na and 9F nuclear magnetic resonance spectroscopy. **Na
experiments were conducted using a Nicolet NT 200 spectrom-
eter, and 19F experiments were conducted using a GE Omega
300 horizontal bore system. ?Na and °F spectra were
generated from the summed free induction decays of 1,000
and 1,500 excitation pulses (90° and 45°) with =4,000- and
+5,000-Hz sweep widths, respectively, using 2K word data
files. For both nuclei, data files were collected over 5-min
intervals. To improve the signal-to-noise ratio for 1°F measure-
ment of [Cal;, the free induction decays from two 5-min 1°F
files were added together. Because the nuclear magnetic
resonance (NMR) signal intensity reflects the time average
for the interval over which data are collected, data are
represented in time as corresponding to the midpoint of the
appropriate 5- or 10-min acquisition interval.

Na; content in milliequivalents per kilogram dry weight
was calculated from the calibrated area under the unshifted
peak of the 28Na spectrum after subtracting out the extracel-
lular peak (1). [Cal; in nanomoles per liter of cell water was
calculated as the product of the ratio of the areas of the
Ca-bound and Ca-free peaks in the FBAPTA spectrum and
the 500 nM Ca-FBAPTA dissociation constant (2, 19, 32).

RESULTS

Na uptake and Na efflux increase during ischemia.
The data in Fig. 1 depict Na content of the heart during
65 min of ischemia followed by 25 min of reperfusion.
When the pump was allowed to function during the
ischemic interval (by virtue of perfusion with normal K
concentration medium before ischemia), Na; rose from
16.6 = 0.3 to 62.9 * 5.1 meqg/kg dry wt. In contrast,
when Na-K-ATPase was inhibited by 10 min of perfu-
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Fig. 1. Ischemia stimulates Na uptake more than Na extrusion.
Intracellular Na (Na;, in meg/kg dry wt) is plotted vs. minutes. Data
are represented in time as corresponding to midpoint of interval in
which they were acquired. All hearts are perfused with K-free plus 1
mM ouabain solution for 10 min before ischemia and during reperfu-
sion except those in normal K protocol (O, n = 3). When Na-K-ATPase
was inhibited by K-free plus ouabain preperfusion (M, n = 3),
addition of 1 mM amiloride (&, n = 3) decreased changes in Na;
otherwise observed during ischemia and improved recovery during
reperfusion. Data are consistent with hypothesis that ischemia
increases both Na uptake and Na-K-ATPase-mediated Na extrusion
and that a portion of Na uptake is via Na/H exchange. *P < 0.05
compared with K-free plus ouabain.

sion with K-free solution containing 1 mM ouabain (2,
31) before ischemia, Na; rose from 20.2 + 0.5 to 79.1
5.3 meq/kg dry wt during ischemia. To reemphasize the
point initially raised under METHODS, to the extent that
the cells lose K during ischemia, extracellular K concen-
tration ([K],) is increased above zero and the Na-K
pump may be permitted to function (albeit at a reduced
rate in the presence of ouabain). Consequently, Na;
accumulation during the K-free plus ouabain protocol
will underestimate the Na uptake to the extent that the
pump is functional and Na entering the cells via
dissipative routes is extruded by the pump. Further-
more, after K-free plus ouabain perfusion, the force
driving Na-K-2Cl cotransport is directed out of the cell,
and the cotransporter may also contribute to net Na
efflux during ischemia (see below and DISCUSSION),
leading to a further underestimate of Na uptake.
Within this context, during ischemia, the difference
between the normal K curve and K-free plus ouabain
curve represents a lower limit for the amount of Na
extruded by the Na-K-ATPase. To assess the rate of Na
efflux via Na-K-ATPase, we compared the rate of
increase in Na; early during ischemia (while the rate of
increase in Na; is greatest and most linear) in the
presence and absence of functional Na-K-ATPase. When
the pump is inhibited after perfusion with K-free,
ouabain-containing medium, ischemia results in an
increase in Na; of 2.0 meq-kg dry wt~1-min~! over the
first 12.5 min of ischemia. In contrast, the rate of
increase in Na; during ischemia after perfusion with
normal K concentration medium and no ouabain (pump
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functional) is 0.91 meq-kg dry wt~1-min~1. Thus, dur-
ing ischemia after normal K perfusion, Na efflux via the
Na-K pump must be at least 1.09 meq-kg dry
wt~l-min~!l. Using a similar experimental model, we
have previously shown that, during 65 min of K-free,
normoxic perfusion (Na-K-ATPase inhibited), Na; rose
almost linearly from 11 to 39 meg/kg dry wt (2).
Because Na; does not change over this interval during
normoxic perfusion with normal K media (normal Na-K
pump function), net Na efflux via Na-K-ATPase is at
least 0.43 meq-kg dry wt ! -min~1; a value that is
<50% of that calculated for Na efflux via the Na-K
pump during ischemia. Clearly then, these data demon-
strate that, early during ischemia, the Na-K pump rate
is increased, presumably in response to increased [Na];
(25). Furthermore, when the value of 0.43 meq-kg dry
wt~l-min~! measured for Na; uptake (and therefore
efflux under steady-state normoxic conditions) is com-
pared with the uptake rate of 2.0 meq-kg dry wt~1-min-!
during ischemia, it is apparent that, early during
ischemia, both dissipative Na uptake and efflux are
increased.

Figure 1 also demonstrates the effect of adding the
Na/H exchange inhibitor amiloride (11, 24) to the
K-free perfusate for 10 min before ischemia and during
reperfusion. When both the Na/H exchanger and the
pump are inhibited by preperfusion with K-free perfus-
ate containing ouabain and amiloride (1 mM), Na;
increases from 16.3 = 0.9 to 44.7 * 5.1 meqg/kg dry wt
during 65 min of ischemia, a reduction of more than 30
meqg/kg dry wt from that in the absence of amiloride
(>50% less uptake in the presence of amiloride). Thus,
as shown previously in rat hearts, ischemia-induced Na
uptake is inhibited by amiloride (23, 35), suggesting
that a portion of the increase in Na uptake is via Na/H
exchange. The fact that Na, increases during ischemia
in the presence of amiloride suggests that a portion of
Na uptake occurs via a pathway or pathways other
than Na/H exchange under these conditions (30, 38).
This possibility is considered further in the DISCUSSION.

Na efflux via Na-K-2Cl cotransport during K-free
reperfusion. Although all treatments presented in Fig.
1 were associated with increases in Na; during isch-
emia, they were also associated with decreases in Na;
during reperfusion. This latter observation was surpris-
ing, since net Na extrusion is generally attributed to
the activity of Na-K-ATPase that should have been
inhibited in the hearts reperfused with K-free media
containing 1 mM ouabain. Thus it appears that, under
these conditions, a Na-K-ATPase-independent path-
way is able to mediate net, conservative, Na efflux
during postischemic reperfusion. On the basis of the
above observation, reports by others on the presence of
Na-K-2Cl cotransport in myocytes (15, 20, 28), and a
consideration of thermodynamic constraints (presented
in the DISCUSSION), we postulated that after ischemia
Na-K-2Cl1 cotransport provides an additional route for
net Na efflux. This hypothesis was tested by measuring
changes in heart cell Na; during ischemia and reperfu-
sion while the Na-K pump was inhibited by ouabain
with or without K in the presence and absence of the
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cotransport inhibitor bumetanide (20 nM) (9, 22). Fig-
ure 2 shows the results of these experiments; for each
protocol, the heart was perfused with the identified
solution for 10 min before ischemia and during reperfu-
sion. These data clearly illustrate that, when the Na-K
pump is inhibited by K-free plus ouabain perfusion,
bumetanide (20 uM) significantly inhibits Na efflux
during reperfusion (P < 0.05). (Results shown in Fig. 1
for the K-free plus ouabain protocol without bu-
metanide are included in Fig. 2 for comparison.) Thus
the data demonstrate that, when the Na-K pump has
been inhibited by K-free plus ouabain perfusion, signifi-
cant Na efflux occurs via a bumetanide-inhibitable
pathway (presumably the Na-K-2Cl cotransporter) dur-
ing postischemic reperfusion. Furthermore, the fact
that no measurable Na recovery occurs when Na-K-2Cl
cotransport is inhibited suggests that all of the de-
crease in Na; observed during reperfusion with K-free
plus ouabain solution is mediated by Na-K-2Cl cotrans-
port.

Na; during ischemia and reperfusion with normal K
solutions. Figure 2 also summarizes the effects of
bumetanide on Na; during ischemia and reperfusion

100

80

60
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(megq/kg dry wt)

20 1

Intracellular Na (mean:SEM)

ischemia
0 T T T T v 1
-10 10 30 50 70 90
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Fig. 2. When Na-K-ATPase is inhibited (K-free plus 1 mM ouabain),
bumetanide (20 M) inhibition of Na-K-2Cl cotransport prevents Na;
efflux during reperfusion. Na; (in meg/kg dry wt) is plotted vs.
minutes. Within each of 4 treatments, hearts are perfused with
identical solutions for 10 min before ischemia and during reperfu-
sion. When K-free plus ouabain treatments are compared, Na; is
greater during reperfusion after addition of bumetanide (®, n = 3)
than without bumetanide (M, n = 3). When treatments with bu-
metanide plus ouabain are compared, during ischemia and reperfu-
sion, Na; is greater for K-free treatment (®, n = 3) than for normal K
treatment (O, n = 3). When normal K without ouabain treatments
are compared, Na; is greater during ischemia and reperfusion after
addition of bumetanide (a4, n = 3) than without bumetanide (Fig. 1,
0). Data are consistent with the hypothesis that Na-K-2Cl cotrans-
port is active in myocardium during ischemia and reperfusion and
that, when the driving force for the cotransporter is directed out of
cell, it acts as a pathway for net Na efflux. P < 0.05: *vs. K-free plus
ouabain; tvs. normal K (Fig. 1, O); §vs. K-free plus ouabain plus
bumetanide. [Data shown for K-free plus ouabain protocol (without
bumetanide) were previously shown in Fig. 1; see text for further
explanation.]
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under normal K (4.75 mM) conditions. Although the
K-free plus ouabain experiments were aimed at quanti-
fying changes in Na uptake during ischemia (most
easily assessed in the absence of efflux via the Na-K
pump), nominally K-free perfusion would cause the
force driving the Na-K-2Cl cotransporter to be directed
outward and may additionally cause changes in the
kinetics of transport via the cotransporter. For this
reason, experiments were conducted using normal K
perfusion to assess Na accumulation under more physi-
ological conditions. Under the more physiological condi-
tions, Na accumulation does not reflect uptake to the
extent that efflux via the pump is able to match uptake.
Therefore, the contributions of the various pathways to
Na transport are more difficult to determine from
changes in Na;. Nevertheless, the following results may
provide useful insight into the relative contributions of
the Na-K pump and the Na-K-2Cl cotransporter to
changes in Na; during ischemia and reperfusion as well
as demonstrate the limits of the experimental model.

The effect of bumetanide on Na; accumulation during
ischemia under normal K conditions can be assessed by
comparing the open squares in Fig. 1 with the open
triangles in Fig. 2. The data show that, when the Na-K
pump is allowed to run (normal K without ouabain), the
presence of 20 pM bumetanide results in lower values
for Na; after 30 min of ischemia and throughout reper-
fusion (P < 0.05). These data support the interpreta-
tion that, when [K], is normal (or greater during
ischemia) and [Na]; is comparatively low (thus the force
driving Na-K-2Cl cotransport remains directed into the
cell), bumetanide inhibits net Na influx via the cotrans-
porter. It is important to remember, however, that
under normal K conditions Na efflux via the Na-K-
ATPase may depend on Na uptake. Therefore, differ-
ences in Na; between the normal K plus bumetanide
protocol and the normal K protocol may represent
differences in Na transport both via the cotransporter
and via Na-K-ATPase. To assess the contribution of the
Na-K pump to Na transport under these conditions,
ouabain (1 mM) was added to the normal K plus
bumetanide perfusate (Fig. 2, open circles). The results
demonstrate that Na; is less (P < 0.05) during the last
35 min of ischemia and the first reperfusion interval for
the normal K plus ouabain plus bumetanide protocol
than for the K-free plus ouabain plus bumetanide
protocol. This suggests that addition of ouabain alone
to the perfusate is not sufficient to completely inhibit
the Na-K pump during ischemia and the first reperfu-
sion interval. Here again, the effects of bumetanide on
Na; during ischemia cannot be used to quantitatively
assess cotransport-mediated flux for the normal K plus
ouabain protocol due to an indeterminate contribution
from the Na-K pump (see the piscussioN for further
explanation of these results).

Finally, one set of experiments was conducted to test
the subhypothesis that, after maximal Na loading
during ischemia, the Na-K-2Cl cotransporter mediates
net Na efflux during reperfusion with normal K solu-
tion. The data summarized in Fig. 3 demonstrate that,
when ischemia follows perfusion with K-free plus oua-
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Fig. 3. When Na-K-ATPase is inhibited by K-free solution containing
1 mM ouabain before ischemia, bumetanide (20 pM) inhibition of
Na-K-2Cl cotransport causes an increase in Na; during reperfusion
with normal K plus ouabain solution. Na; (in meg/kg dry wt) is plotted
vs. minutes. All hearts were perfused with K-free solution containing
ouabain for 10 min before ischemia and reperfused with normal K
solution containing ouabain with (®, n = 3) or without (B, n = 3)
addition of bumetanide. Data support the hypothesis that Na-K-2Cl
cotransport mediates net Na efflux during reperfusion. *P < 0.05
compared with normal K without bumetanide.

bain solution, Na; is greater after 20 min of reperfusion
with normal K perfusate containing bumetanide than
normal K perfusate without bumetanide. The simplest
interpretation of these data is that during reperfusion
with normal K solution a bumetanide-sensitive path-
way mediates net Na efflux. That is, when Na; is
maximized during ischemia (by 10 min of K-free plus
ouabain perfusion before ischemia), bumetanide inhib-
its net Na efflux during reperfusion with normal K
solution. This is consistent with the hypothesis that,
under these conditions, Na-K-2Cl cotransport is mediat-
ing net Na efflux during reperfusion.

[Ca]; during ischemia with or without Na-K-2Cl
cotransport. We and others have demonstrated that the
increase in Na; during hypoxia and ischemia is accom-
panied by an increase in [Cal;, apparently the result of
a decrease in the transmembrane Na gradient and thus
decreased or reversed net Ca flux through the Na/Ca
exchanger (2, 32). If our hypothesis is correct and
Na-K-2Cl cotransport provides a significant Na efflux
pathway, then bumetanide inhibition of the cotrans-
porter should result in a further increase in [Nal;
during ischemia and thus exacerbate the increase in
[Cal; mediated by Na/Ca exchange. Figure 4 shows the
results of studies designed to test this hypothesis.
During ischemia after 10 min of perfusion with K-free
plus 1 mM ouabain solution, mean [Cal; increased 663
nM (from 438 = 48 to 1,101 * 148 nM), but, after
bumetanide inhibition of Na-K-2Cl cotransport, mean
[Cal; increased 1,590 nM (from 1,410 = 510 to 3,000 =
1,129 nM). If our hypothesis is correct, then during

BUMETANIDE INHIBITS Na EFFLUX IN REPERFUSED MYOCARDIUM

ischemia the difference between [Cal; in hearts preper-
fused with or without bumetanide is the result of, and
should be reflected by, qualitatively similar differences
in Na;. That is, as Na; increases so too does [Cal,.
Although the Na data from hearts preperfused with
K-free plus ouabain solution with and without bu-
metanide (Fig. 2) are not significantly different during
ischemia, the trend in the data suggests that Na; could
be greater after cotransport inhibition. Thus the trend
in the data is consistent with the hypothesis that
bumetanide inhibition of Na efflux via Na-K-2Cl co-
transport increases Na; during ischemia and thereby
decreases the driving force for Ca efflux via Na/Ca
exchange, which results in Ca; accumulation. More
importantly, compared with reperfusion without bu-
metanide, bumetanide inhibition of Na efflux during
reperfusion is associated with a relative increase in
[Cal; from 878 = 172 to 3,286 = 630 nM after 20 min of

reperfusion.
DISCUSSION

Ischemia increases both Na influx and Na efflux. The
RESULTS demonstrate that both Na uptake and Na
efflux are increased in rabbit myocardium early during
ischemia (Fig. 1), whereas ATP remains >50% of
control (2, 23). Because a significant fraction of Na
uptake is inhibited by amiloride under these circum-
stances, the data provide additional support for the
hypothesis (4, 23, 35) that the Na/H exchanger is a
major route for net Na uptake during ischemia. Previ-
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Fig. 4. When Na-K pump is inhibited by presence of ouabain and
absence of K in perfusate, bumetanide inhibition of Na-K-2Cl cotrans-
port increases intracellular Ca concentration ([Cal;) during ischemia
and reperfusion. Intracellular Ca (in nM) is plotted vs. minutes. All
hearts are perfused with K-free plus 1 mM ouabain solution for 10
min before ischemia and during reperfusion. [Cal; is greater during
ischemia and reperfusion after addition of 20 pM bumetanide (®,n =
3) than without bumetanide (B, n = 3). *P < 0.05. Data support the
hypothesis that, when force driving Na-K-2Cl cotransport is directed
out of cell, cotransporter mediates net Na efflux so that cotransport
inhibition causes a relative increase in Na; (Fig. 2) and thereby
decreases Ca efflux and/or increases Ca uptake via Na/Ca exchange
during both ischemia and reperfusion.
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ous studies by ourselves and others showed that Na;
increases during ischemia. Because, in the present
case, experiments have been performed with both
functional and inhibited Na-K-ATPase (K-free plus
ouabain perfusion) (2, 31), we have been able to demon-
strate that the rate of Na efflux via Na-K-ATPase
actually increases early during ischemia. This demon-
strated increase in Na-K-ATPase activity illustrates
that ATP is not initially limiting Na efflux. These
results are consistent with recent reports from experi-
ments using chick myocytes in which the Na-K pump
was inhibited by ouabain and K-free superfusion to
assess the role of the pump in volume regulation. These
studies led Smith et al. (31) to conclude that the
historically accepted pump-leak hypothesis may not
explain cell swelling and Na uptake during ischemia
and that “swelling during ischemic injury may not
result from Na*/K* pump failure alone.” Consistent
with this view, our analysis demonstrates that in-
creased Na; is due to increased Na entry, which, as a
result of increasing [Nal;, actually stimulates Na-K-
ATPase activity (25, 36). Increased Na-K-ATPase activ-
ity will in turn increase ATP consumption, which,
under ischemic conditions, will lead to a vicious cycle of
proton production stimulating Na/H exchange-medi-
ated increases in [Nal]; (2) and, therefore, Na-K-ATPase
activity, ATP consumption, and proton production.

Amiloride inhibits Na uptake during ischemia. The
fact that amiloride inhibits a major portion of ischemia-
induced Na uptake is consistent with the hypothesis
that the Na uptake is in part via Na/H exchange.
Support for this scenario is provided by previous stud-
ies that showed that amiloride and its analogues
(which inhibit Na uptake via Na/H exchange and
thereby interupt the cycle) decrease high-energy phos-
phate depletion during hypoxia and preserve myocar-
dial function after ischemia (2, 10, 18, 35). Our data
further demonstrate that, even after perfusing the
hearts with K-free media containing 1 mM ouabain
plus 1 mM amiloride for 10 min before ischemia, Na
uptake (although inhibited) is nevertheless measur-
able. This result suggests that Na/H exchange inhibi-
tion by 1 mM amiloride is incomplete and/or that Na
uptake during ischemia also occurs via pathways other
than Na/H exchange. For instance, a Na-dependent
HCOj; transport pathway (13, 16, 38) could mediate Na
uptake under the conditions present during our experi-
ments if extracellular CO, were sufficient during isch-
emia to allow extracellular HCO; concentration to rise
to the levels required to support the observed Na
uptake. This possibility is further supported by the
results of Vandenberg et al. (38) who concluded that,
under HCOjs-buffered conditions, 35% of total H efflux
during reperfusion is via Na-dependent pathways and
showed that, even when the perfusate is nominally
HCO, free (HEPES buffer), ~10% of total proton efflux
remains after Na/H exchange and lactate efflux is
inhibited. It has also been reported that Na uptake via
conductive Na pathways contributes to increases in Na;
during hypoxia, and it has been suggested that this
could occur during ischemia (30).
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Finally, although amiloride is neither the most active
nor the most specific of the Na/H exchange inhibitors,
its effects in this study may be reasonably ascribed to
its inhibition of Na/H exchange. That is, although
amiloride has been reported to inhibit Na/Ca exchange
and L-type Ca channels, its effect on Na; in the experi-
ments reported here will be mostly due to its effect on
Na/H exchange. More specifically, given the conditions
of these experiments and assuming that the Na/Ca
exchanger obligatorily exchanges three Na for one Ca
and that the K-free plus ouabain protocol used in the
amiloride experiment effectively “clamps” membrane
potential (E,) at —40 mV (14), we calculate that, if
[Nal; rises above 15 mM (after 2.5 min of ischemia), the
force driving the Na/Ca exchanger is directed so that it
would mediate net Na efflux. Thus the Na uptake we
observe is not via Na/Ca exchange and therefore not
directly limited by possible inhibition of Na/Ca ex-
change by amiloride.

Effect of temperature on Na transport during isch-
emia. Although our studies were conducted at room
temperature, they are comparable to those conducted
at 37°C. For instance, Steenbergen et al. (33) used
NMR to measure that in rat hearts [Na]; rises to 26.7 *
3.8 mM after 30 min of ischemia at 37°C. Assuming
2.5 g HyO/g dry wt, this Na concentration corresponds
t0 66.8 = 9.5 meqg/kg dry wt, similar to the value of 59 *
1 meg/kg dry wt measured by Tani and Neely (35) with
the use of standard chemical analysis in a similar
preparation. We find Na; rises to 46.8 * 4.6 meq/kg dry
wt at 23°C in 30 min and to 62.9 * 5.2 after 65 min.
Thus the levels of Na; attained are similar, but the rate
of accumulation is decreased at lower temperature.
This difference in rate of Na accumulation could be the
result of the various Na transport pathways having
different increases in rate produced by raising tempera-
ture 10°C (Q;0); the simplest conclusion being that the
Qi for the influx pathways are greater than for the
efflux pathway(s). On the other hand, this response to
decreased temperature is as one would predict from the
hypothesis that Na uptake is, to a large extent, via
Na/H exchange (or other Na-dependent pH regulatory
pathways), which responds to increased intracellular
proton concentration. That is, during ischemia, the rate
of Na; accumulation and its temperature dependence
may be functions of the rate of anaerobic ATP consump-
tion and its temperature dependence rather than func-
tions of the Na transport proteins themselves per se.

Na-K-2Cl cotransport inhibition prevents Na efflux
during reperfusion with K-free solution. These studies
also demonstrate that the Na-K-2Cl cotransport inhibi-
tor bumetanide inhibits Na efflux during reperfusion
with K-free perfusate. Previous studies have demon-
strated the presence of the Na-K-2Cl cotransporter in
myocardium (8, 15). However, inhibition of the cotrans-
porter results in cell shrinkage (7), which suggests
that, under control conditions (with normal Na, K, and
Cl gradients), the cotransporter is directed into the cell;
i.e., under control conditions, the cotransporter medi-
ates ion and osmotically obliged water uptake. Conse-
quently, when ion and thus water uptake is inhibited
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(while the normal efflux routes remain functional), a
new steady state characterized by reduced cell volume
and ion content is achieved. On the other hand, recent
studies have demonstrated that the Na-K-2Cl cotrans-
port inhibitor furosemide decreases net K efflux in rat
hearts during ischemia (20). This finding is consistent
with the interpretation that Na-K-2Cl cotransport is
directed out of the cell at some time during ischemia.
That the cotransporter is able to mediate net solute
uptake under control conditions yet efflux after isch-
emia is explicable in terms of alterations in the force
driving cotransport, which are predictable conse-
quences of changes in cell ion concentrations that occur
during ischemia. That is, under control conditions in
which [Na]; and intracellular Cl concentration ([Cl];)
are relatively low, the force driving the cotransporter
may be directed into the cell, yet large increases in
[Na];, and presumably [Cl];, during ischemia (23, 27,
35) would be expected to cause the direction of the force
driving Na-K-2Cl cotransport to reverse, consistent
with our observations (see below for a more complete
discussion). The direction of net flux through the co-
transporter can be calculated from the chemical poten-
tial difference Apnakoc = RT(n[Na]/[Nal; + In[K],/
[K]; + 2In[Cl],/[Cl];), where R is the ideal gas constant,
T is the absolute temperature, and the subscripts o and
i refer to the extra- and intracellular spaces, respec-
tively. Because, during K-free perfusion, the K gradient
is infinite and directed out of the cell, the cotransporter
will necessarily be directed out of the cell and will serve
as an Na efflux pathway. Under these conditions,
bumetanide inhibition of Na-K-2Cl cotransport will
decrease Na efflux. Thus bumetanide inhibition of net
Na efflux during reperfusion with K-free solution con-
taining ouabain (Fig. 2) is the expected result. One
would also predict that, if the cotransporter is active,
during ischemia after K-free perfusion it would medi-
ate Na-K-2Cl flux out of the cell at the beginning of
ischemia before significant increases in [K], (20). If that
were true, bumetanide inhibition of Na-K-2Cl cotrans-
port would similarly decrease Na efflux during isch-
emia and thereby contribute to an increase in Na;.
Although the differences between the K-free plus oua-
bain protocols with or without bumetanide are not
significant during ischemia (P = 0.087), for each of the
data points acquired during ischemia, Na; in hearts
perfused with bumetanide is nominally greater than in
hearts perfused with bumetanide-free medium. It
should also be noted that the potency of bumetanide in
the K-free protocols may be diminished, since bu-
metanide will not bind to, and thus inhibit, the cotrans-
porter when [K], is very low [half-maximal binding of
[BH]bumetanide to dog kidney membranes requires [K],
of 1 mM (9)]. If, however, as suggested by our previous
studies, ischemia-induced K loss from the cells is on the
order of the Na uptake (2), then K concentrations in the
vicinity of the transporter are not zero and apparently
sufficient to permit bumetanide binding and therefore
Na-K-2Cl cotransport inhibition during reperfusion.
Indeed, the effects of bumetanide during K-free reperfu-
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sion are likely the result of bumetanide binding during
ischemia when [K], is greater than during reperfusion.
One of the limitations of this study is that we have
only tested one concentration of bumetanide and the
effects of bumetanide on the heart, and Ca metabolism
in particular, have not been well characterized. Al-
though we have not determined whether bumetanide
inhibition of the cotransporter is complete, it is suffi-
cient (at least during reperfusion) to produce a measur-
able effect on Na transport in support of the hypothesis.
The concentration of bumetanide we have used (20 pM)
is within the range (0.6—100 uM) reported by others to
inhibit Na-K-2Cl cotransport in heart myocytes (8, 12,
15). However, one study using isolated rat hearts
showed that addition of 0.1 pM bumetanide resulted in
decreased Na; accumulation after 4 h of ischemia at
4°C, whereas other concentrations of bumetanide (both
greater and lesser) had no significant effect (28). Ques-
tions of the specificity of bumetanide may also arise.
Although bumetanide has been considered the “inhibi-
tor of choice” for in vitro studies of the cotransporter (9),
it has been shown to partially inhibit CVHCO; ex-
change and K-Cl cotransport in red blood cells. The
required dose for this partial inhibition, however, is five
times higher than those used in this study. Further-
more, the simplest hypothesis that explains how inhibi-
tion of CVHCO; exchange and/or K-Cl cotransport
could result in a relative increase in Na; requires that
net Na flux is mediated by the Na-K-2Cl cotransporter
consistent with the conclusions of this study (e.g.,
inhibition of Cl loss via CYHCOj3; exchange and/or K-Cl
cotransport could diminish a decrease in [Cl]; and
thereby relatively decrease the rate of Na-K-2Cl cotrans-
port as described below). Bumetanide has also been
reported to inhibit L-type Ca channels in rabbit ven-
tricular myocytes (29). The effects of Ca channel inhibi-
tion could be numerous, but one would not expect it to
cause the increase in [Ca]; we observe. Nonspecific toxic
effects of 500 nM furosemide on isolated mouse hepato-
cytes have also been reported (28). The bumetanide-
dependent increases in [Cal; we observe (Fig. 4) could
be due to such effects, but the fact that Na remains low
and recovers during reperfusion in the normal K plus
bumetanide protocol (Fig. 2) argues that 20 pM bu-
metanide itself is not sufficiently toxic to prevent the
cells from regulating Na; during reperfusion. Finally,
there are only two possible explanations for the effect of
bumetanide on Na; during reperfusion after ischemia
following K-free plus ouabain perfusion. Bumetanide
either decreases net Na efflux or increases net Na
influx. To our knowledge, no study has presented
evidence that bumetanide increases Na flux via any
transport pathway nor that it decreases Na flux via any
pathway other than the Na-K-2Cl cotransporter.
Na-K-2Cl cotransport and [Na]; under normal K
conditions. The results of protocols conducted using
normal K perfusion are more difficult to interpret with
respect to the effects of bumetanide on Na uptake
because, when the Na-K pump is allowed to act as an
Na efflux pathway, changes in Na; cannot be inter-
preted to be the result of changes in Na uptake alone.
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Specifically with reference to the protocols used in this
study, 1 mM ouabain perfusion with normal K solution
before ischemia is not sufficient to completely inhibit
the Na pump (see RESULTS and compare open and closed
circles in Fig. 2). Nevertheless, the significant differ-
ences among the various protocols can provide insight
into the relationships among the various Na transport
pathways. Most interesting, perhaps, is the fact that,
under K-free plus ouabain conditions, bumetanide in-
hibits Na efflux and thereby causes an increase in Na;
during reperfusion (Fig. 2), whereas, under normal K
conditions, bumetanide appears to inhibit Na uptake
and thereby causes a relative decrease in Na;. That is,
when hearts are perfused with normal K solution
before and after ischemia, during the last 35 min of
ischemia and throughout reperfusion Na; is less in the
hearts perfused with solution containing bumetanide
than those without (open triangles in Fig. 2 vs. open
squares in Fig. 1). This suggests that, under these
conditions (relatively low Na;), the driving force for the
cotransporter (see below) is directed into the cell;
therefore, cotransport inhibition by bumetanide de-
creases net Na uptake and thereby decreases Na;
accumulation during ischemia. Decreasing Na; accumu-
lation during ischemia would allow the driving force for
the cotransporter to remain directed into the cell so
that, during reperfusion, bumetanide would continue
to inhibit the cotransporter from acting as a net influx
pathway. Inhibiting net influx via the cotransporter
would thus allow Na; to remain lower during reperfu-
sion with media containing bumetanide (as demon-
strated by the data).

Finally, one set of experiments was conducted to test
the subhypothesis that, after maximal Na loading
during ischemia, the Na-K-2Cl cotransporter acts as a
pathway for net Na efflux during reperfusion with
normal K solution. The data demonstrate that, after
maximal Na loading (K-free plus ouabain solution
before ischemia), addition of bumetanide to the normal
K plus ouabain solution increases net Na uptake dur-
ing reperfusion (Fig. 3). Again, bumetanide is either
inhibiting an Na efflux pathway or stimulating an Na
influx pathway. Given that bumetanide is a fairly
specific inhibitor of Na-K-2Cl cotransport at this concen-
tration (and not known to stimulate any Na transport
pathway) and the force driving Na-K-2Cl cotransport is
calculated to be directed out of the cells under these
conditions (see below), the data are consistent with the
hypothesis that the cotransporter is acting as a net Na
efflux pathway during reperfusion with normal K solu-
tion. Comparison of normal K and K-free reperfusion
with the same solutions containing bumetanide raises
another interesting question. In both cases, Na; is
greater after addition of bumetanide. This is consistent
with the hypothesis that bumetanide is inhibiting
Na-K-2Cl cotransport while it is functioning as a net
Na efflux pathway (the latter being as predicted using
the thermodynamic arguments described below). How-
ever, whereas bumetanide prevents a decrease in Na;
during K-free reperfusion, during normal K reperfu-
sion, addition of bumetanide results in an increase in
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Na;. There are at least two ways to interpret these
results. Either K-free reperfusion is increasing the rate
of Na efflux via the cotransporter or decreasing the rate
of Na uptake via some other pathway. At this point, we
cannot say whether one or both of these effects is
occurring; however, at least two scenarios are consis-
tent with the postulate that the rate of efflux via the
cotransporter is increased. First, the force driving the
cotransporter is greater in magnitude during K-free
perfusion. If the rate of flux through the cotransporter
increases with the magnitude of the force, then Na
efflux should be faster during K-free perfusion. Second,
if K-free perfusion increases the rate of net efflux via
the cotransporter, positive feedback could arise as a
result of increased Cl loss and thereby decreased [Cl];,
which has been shown, in the squid giant axon, to
stimulate the cotransporter (3).

Force driving the Na-K-2Cl cotransporter. One can
calculate the direction of the net force acting on, and
therefore the direction of net transport by, the Na-K-
2Cl cotransporter under more physiological conditions,
such as during ischemia and reperfusion with normal K
solution without ouabain. (A detailed explanation of the
following calculations is given in the APPENDIX.) As a
first approximation, we use the Na; measurements
made during the normal K protocol (Fig. 1), and, based
on previously published values (2), we assume that
within 2 min after control perfusion intracellular vol-
ume (V) is 2.37 /kg dry wt and extracellular volume
(V,)is 2.25 l/kg dry wt. We further assume that 1) at the
beginning of ischemia, extracellular ion concentrations
equal perfusate values and [Cl]; is equal to 40 mM and
[K]; is equal to 130 mM (17); 2) at the end of ischemia,
[Kl, is equal to 14 mM (20); 3) cells act as perfect
osmometers; and 4) all intra- and extracellular con-
tents remain within the spectrometer’s active volume.
The latter assumption is made to allow changes in
extracellular content to be calculated from changes in
intracellular content; i.e., changes in cell solute or
water content are equal and opposite to changes in the
extracellular content for the same substance. Prelimi-
nary experiments have been conducted using *F NMR
to measure V,/V; and the chloride equilibrium potential
(Ec1) (27). V/V, is measured as the ratio of extra- to
intracellular trifluoroacetamide content (TFM,/TFM;)
assuming the extra- and intracellular concentrations
are equal. E(; is calculated from the ratio of intra- to
extracellular trifluoroacetate content (TFA,/TFA;) us-
ing V,/V; to calculate the ratio of the respective concen-
trations and assuming the TFA equilibrium potential
(E1ra) is equal to Eq;. (Note: this does not assume that
Eq = E,.) Thus Eq = RT/zFIn[(TFA, X TFM)/(TFA; X
TFM,)] in which the ratios of TFA content and TFM
content are equal to the ratios of the corresponding 1°F
NMR spectral peak areas. We find E¢; approaches zero
([C1]; = [Cl], = 90 mM) and V,/V; of 0.83 at the end of
ischemia. Using these values and the NMR measured
value of [Nal; of 24.8 mM at the end of ischemia, we
calculate that [Na], falls from 141 to 130 mM and [K];
falls from 130 to 114 mM during 65 min of ischemia.
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The energy for Na-K-2Cl cotransport (Apna..kec =
~1,093 J/mol) is thus directed out of the cell and
remains directed out during reperfusion. In fact, even
though [Na], and [Cl], increase during reperfusion, the
magnitude of the force directed out of the cell increases
(Apnakec = —1,267 J/mol) when [K], falls from 14 to
4.75 mM (as K lost from the cells during ischemia is
washed out of the extracellular space). The calculated
values are consistent with our results and suggest that,
even after normal K perfusion without ouabain, the
cotransporter acts as an Na efflux pathway late during
ischemia and during reperfusion.

Na-K-2ClI cotransport inhibition increases [Ca]; dur-
ing ischemia and reperfusion. During ischemia as well
as during reperfusion, bumetanide inhibition of Na-K-
2Cl cotransport resulted in a significant increase in
[Ca]; when the Na-K pump is inhibited by K-free plus
ouabain perfusion (Fig. 4). These observations are
consistent with our hypothesis that, during postisch-
emic reperfusion, the cotransporter can be a significant
pathway for Na efflux. That is, any event that leads to
increased [Na]; and therefore decreases the transmem-
brane Na gradient will cause an increase in [Cal; due to
decreased extrusion or, in the extreme, increased Ca
entry via the Na/Ca exchanger. Thus, if the bumetanide-
dependent increase in [Cal; is the result of an increase
in Na;, bumetanide must either stimulate Na uptake or
inhibit Na efflux. Because the established action of
bumetanide is to inhibit Na-K-2Cl cotransport, the
data are consistent with the interpretation that bu-
metanide is inhibiting Na-K-2Cl cotransport-mediated
Na efflux during ischemia and reperfusion in the K-free
plus ouabain protocol. Although the effect of bu-
metanide on Na; during ischemia after K-free plus
ouabain perfusion is not statistically significant, the
significant increase in [Ca]; (which is measured by
NMR with much higher resolution than Na;), together
with predictions based on thermodynamic consider-
ations, provides inferential support for the postulate
that the nominal increase in Na; is the result of
inhibition of net Na efflux via the Na-K-2Cl cotrans-
porter. This notion gains further support from the
results of the K-free plus ouabain protocol in which
both Na; and [Cal; increase as a result of the presence of
bumetanide during reperfusion when, as a result of the
exceedingly large intracellular-to-extracellular K gradi-
ent, the Na-K-2Cl cotransporter must function as an
Na efflux pathway.

These results also support the comprehensive hypoth-
esis that asserts that increases in Na; cause increases
in [Ca]; as a result of decreased Ca efflux via Na/Ca
exchange. Using the assumptions described above to
calculate V/V; for the K-free plus ouabain plus bu-
metanide protocol in which [Cal; was measured, we
calculate that, at the end of ischemia, [Na], is equal to
133.56 mM and [Nal; is equal to 31.2 mM. With the
assumptions that [Ca], is equal to 1.8 mM, E, is equal
to —40 mV (14), and the Na/Ca exchanger exchanges
three Na for one Ca, the exchanger would be “at
equilibrium”if [Ca]; were 4.7 nM. The [Ca]; we measure
reaches a maximum of4.01 = 0.49 pM during ischemia.
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Thus, for most of the ischemic interval, the forces on the
Na/Ca exchanger would be driving net Ca flux into the
cell as predicted by the hypothesis.

In light of the thermodynamic calculations for the
normal K conditions discussed above, these results are
particularly interesting with respect to the practice of
prescribing furosemide for patients who have high
blood pressure or congestive heart failure and who may
also be at risk for episodes of myocardial ischemia.
Under these conditions, furosemide may be beneficial
in that, when the force driving Na-K-2Cl cotransport is
directed into the cell, furosemide may act to inhibit Na
(and Cl) uptake (Fig. 2) (28). On the other hand, if, for
instance, the ischemic interval is lengthy, the Na, K,
and Cl gradients may be altered enough to change the
direction of the force driving the cotransporter so that it
mediates net Na efflux (Figs. 2 and 3). In the latter
case, furosemide could inhibit net Na efflux during
reperfusion after extended ischemia (Fig. 2), thus exac-
erbating increases in [Na]; and thereby [Cal; (Fig. 4)
and increasing the risk of myocardial injury and infarc-
tion.

Conclusions. Together with previous work (2), these
data demonstrate that both Na uptake and Na efflux
are increased during ischemia and that, as previously
demonstrated (23, 35), Na uptake increases more than
Na efflux. In the rabbit heart, as in rat and ferret
hearts, the ischemia-induced increase in Na; can be
greatly inhibited by amiloride, which supports the
hypothesis that a significant portion of the Na uptake is
via Na/H exchange (23, 38). The increase in Na; ob-
served during ischemia is accompanied by an increase
in [Cal];, which is predicted by our comprehensive
hypothesis, since the energy available for Na extrusion
via Na/Ca exchange is reduced or, in the worst case
(>2-fold increase in [Nal;), reversed. Furthermore,
when the Na-K pump is inhibited by K-free plus
ouabain perfusion before ischemia, the Na-K-2Cl co-
transport inhibitor bumetanide inhibits Na efflux dur-
ing reperfusion after ischemia (under both K-free and
normal K conditions). In addition, after K-free plus
ouabain perfusion, [Cal; is increased by Na-K-2Cl co-
transport inhibition during ischemia and reperfusion.
This too is consistent with the hypothesis that, under
these conditions, the cotransporter acts as an Na efflux
pathway such that its inhibition results in a relative
increase in [Na]; and an Na-dependent increase in [Ca];
(presumably by Na/Ca exchange).

APPENDIX

The following provides a more detailed explanation of the
way in which the net driving force for Na-K-2Cl cotransport
was calculated from data acquired using 2Na and °F NMR
spectroscopy. Values corresponding to the beginning of isch-
emia are indicated by subscript 1 and after 65 min of ischemia
by subscript 2. Intra- and extracellular compartments are
indicated by subscripts i and o, respectively. We assume that
the cells act as perfect osmometers (i.e., water follows solute
in an isotonic fashion) and that there is no change in total
solute or fluid volume within the active volume of the NMR
probe. Thus the total amount of any substance (indicated by
subscript t) is constant and equal to the sum of the intra- and
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extracellular amounts. Intra- and extracellular Na contents
(Na; and Na,) in milliequivalents per kilogram dry weight are
measured as previously described (2). At the beginning of
ischemia, we further assume the following: V,; = 2.25 ml/g X
dry wt, V;; = 2.37 ml/g X dry wt (2), [Na],; = 141 mM, [Nal;; =
Na;1/2.37 ml/g = 7mM, [K];; = 130 mM (17), [K],; = 4.75 mM,
[Cl];; = 40 mM (17), and [Cl],; = 143 mM. At the end of
ischemia, we assume [K], = 14 mM (20).

We used 1°F NMR to measure E¢, and Vi/V, after 65 min of
ischemia using the method described by Ramasamy et al. (27)
who presented evidence consistent with the assumptions we
make: TFA is distributed identically to Cl, TFM is distributed
so that its intra- and extracellular concentrations are identi-
cal, and each of these fluorinated compounds is 100% NMR
visible in both the intra- and extracellular spaces. Thus the
ratio of the 1°F NMR spectral areas TFM;/TFM, is equal to
V./V,, since the ratio of the spectral areas is equal to the ratio
of the respective contents {([TFM]; X V)A[TFM], X V,)| is
equal to Vi/V,, assuming [TFM], is equal to [TFM],. Similarly,
the ratio of spectral areas TFA,/TFA; is equal to the ratio of
the respective contents {([TFAl, X V /([TFA]; X V;)|, which
allows us to calculate that Erpa = (RT/zF)In([TFA],/[TFA];) =
(RT/zF)In[(TFA,/V)(TFA/V;)] = (RT/zF)In[(TFA, X V,;)/
(TFA; X Vo)l = (RT/zF)In[(TFA, X TFM;/(TFA; X TFM,)] =
Ec, assuming E¢ is equal to Erpa.

From E¢ and Vi/V, we can calculate [Cl];, [Cl],, V;, and V,
relative to the initial values, assuming conservation of all
components within the active volume. Thus, at the end of
ischemia, Cly;, = ([Cllya X Vg2) + ([Clliz X Vo) = [Cl];p X
({(IC1,o/[C1];2) X Vyof + Vi) and, by rearrangement, [Cll;; =
Clo/(J([Cl]o/[Cllie) X Ve + Viz). However, Cly, is equal to Clyy,
which is equal to a constant and [Cl]/[Cll;; = 10exp(Ecio/
—58.5) at room temperature, so [Cl];; = [(Vo; X [Clly;) + (Vi1 X
[CI; )V [10exp(E o/ —58.5)] X Vyo + Vip) and [Clly, = [Clliy/
[10exp(E12/58.5)]. To calculate V3 and Vi,, we assume V,; +
Vi1 = Vs + V. Multiplying both sides by the known value
V,o/Vie = TFM/TFM;; and rearranging V,, = (V,1+V;p) X
(TFMoleFMIZ)/[]. + (TFMOQ/TFMiz)] and ViZ = Vol + Vil - V02~
Having calculated V,; and Vs, [Nal;z = Najs X dry wt/Vis (Naje
is measured), and [Na],, can be calculated as the difference
between the initial amount of extracellular Na and the
change in the amount of Na; divided by the extracellular
volume at the end of ischemia: [Nal,, = [([Nal,; X 2.25 ml/g) —
(Naj, — Najp)| X dry wt/Ve. [Kl;, is likewise calculated as the
difference between the total amount of K and the amount of
extracellular K at the end of ischemia divided by the intracel-
lular volume at that time: [Kl;, = [([Kl;; X Vi1) + ([Klp; X
Vo1) — ([Klpa X Vg)l/Vie. The chemical potential energy
available to drive Na-K-2Cl cotransport at the end of isch-
emia after normal K perfusion was then calculated Auy,.x.oc1 =
RT(In[Na],/[Na]; + In[K]/[K]; + 2In[Cl]/[Cl];) = —1,093
J/mol.
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