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ABSTRACT

To study the regulation of [Na+]
i
 and [Ca2+]

i
 during myocardial ischemia/reperfusion, [Na+]

i
 and [Ca2+]

i

were measured simultaneously using guinea pig ventricular myocytes which were dual-loaded with SBFI/
AM and fluo-3/AM. It was suggested that: (1) [Na+]

i
 increased during metabolic inhibition (MI: 3.3 mM

amytal and 5 µM CCCP) by both the activated Na+ influx via Na+/H+ exchange and the suppressed Na+

extrusion via the Na+/K+ pump; (2) Na+/Ca2+ exchange was inhibited during MI, causing the dissociation
between [Na+]

i
 and [Ca2+]

I
; (3) Na+/Ca2+ exchange could be reactivated by energy repletion, resulting in a

significant increase in [Ca2+]
i
, Furthermore, a Ca2+ influx via the reverse-mode of Na+/Ca2+ exchange may

play a key role in the mechanism of Ca2+ overload on reoxygenation; and (4) cell contracture during MI
was related to rigor due to energy depletion, while cell contracture after energy repletion was likely to be
related to Ca2+ overload.
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INTRODUCTION

An abnormal handling of intracellular Ca2+ is supposed to be a final pathway of cell injury
during myocardial ischemia/reperfusion. However, the mechanisms of Ca2+ overload and the re-
lationship between such overload and cell injury in ischemia/reperfusion remain poorly defined.1)

Recent studies have indicated that intracellular Na+ concentration ([Na+]i) increases during hy-
poxia/ischemia.2)-4) The elevated [Na+]

i
 leads, via Na+/Ca2+ exchange, to the subsequent increase

in intracellular Ca2+ concentration ([Ca2+]i), resulting in an inotropic or toxic effect.5) However,
it has been demonstrated in cardiac myocytes that the activity of Na+/Ca2+ exchange is depen-
dent on both the cellular ATP6) and pH levels.7) Therefore, it remains controversial whether the
level of [Ca2+]i is linked to that of [Na+]i during ischemia/reperfusion and whether the increase
in [Ca2+]i is a cause of cell injury. If the interaction of [Na+]i and [Ca2+]i could be monitored in
an isolated myocyte, it becomes possible to assess the regulating factors for Na+/Ca2+ exchange
activity at the cell level and their contribution to cell injury.

We have developed a new method for the simultaneous measurement of [Na+]i and [Ca2+]i in
isolated guinea pig myocytes using sodium-binding benzofuran isophthalate (SBFI) and fluo-3
coupled with digital imaging fluorescence microscopy.8)-10) This technique can provide a great
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advantage to investigate the relationship between these ion concentrations. In this study, we
monitored the relationships among [Na+]i, [Ca2+]i and cell shape during metabolic inhibition
(MI) and energy repletion (ER). For MI,11),12) the perfusate contained 3.3 mM amytal and 5 µM
carbonyl cyanide m-chlorophenylhydrazone (CCCP) in the absence of glucose.12) For energy
repletion (ER), 10 mM glucose was applied for 30 min in the presence of metabolic inhibitors
after 20 min of MI.11)

REGULATION OF [Na+]
i
, [Ca2+]

i
 AND CELL SHAPE DURING

METABOLIC INHIBITION

During the early phase of MI, 3 possible Na+ transport pathways have been implicated to
account for the increase in [Na+]i: (1) increased Na+ influx via Na+/H+ exchange activated by
glycolysis-induced intracellular acidosis,2) (2) Na+ influx via the fast Na+ channel,3) and (3) de-
creased Na+ extrusion via the Na+/K+ pump.4)

The time courses of the changes in [Na+]i during 30 min perfusion of metabolic inhibitors in
the absence of glucose, or during 30 min of MI in the presence of 1 µM hexamethylene
amiloride (HMA), a specific inhibitor of Na+/H+ exchange,13) or 10 µM tetrodotoxin (TTX), an
inhibitor of the fast Na+ channel were examined. Cells were preincubated with these agents for
at least 10 min before MI. During MI, the application of HMA suppressed the increase in
[Na+]i significantly, whereas TTX had no effect. The rise of [Na+]i by the perfusion of meta-
bolic inhibitors was also suppressed by the addition of glucose. The values of [Na+]i at 30 min
were 25.0±2.4 mM in MI only, 12.3±1.3 mM in the presence of HMA, and 28.1±6.3 mM in
the presence of TTX, respectively.11)

The involvement of Na+/H+ exchange was supported by our observation that HMA prevented
the increase in [Na+]

i
 during the early phase of MI. The involvement of the Na+ channel is

unlikely in our study, because we used resting, unstimulated myocytes. In fact, 10 µM TTX
could not suppress the increase in [Na+]i during MI.14)

When myocytes were exposed to a K+-free solution, which would inhibit the Na+/K+ pump,
[Na+]i increased from 6.7±0.2 mM to 25.9±1.4 mM (p<0.01) during normoxic perfusion, and
from 6.7±0.5 mM to 33.3±2.7 mM (p<0.01) during MI.15) The readmission of 5 mM K+, which
reactivates the Na+/K+ pump, could partly reverse [Na+]

i
 during normoxic perfusion, but could

not reverse [Na+]i during MI. It was suggested that the Na+/K+ pump was significantly inhibited
after 10 min of MI. It is likely that ATPi depletion during MI could cause the time-dependent
inhibition of the Na+/K+ pump, resulting in a gradual increase in [Na+]

i
.

Next, we investigated the relationships among [Na+]i, [Ca2+]i and cell shape during MI, and
compared with those during strophanthidin (digitalis) perfusion as illustrated in Fig. 1. During
the perfusion of 500 µM strophanthidin, both [Na+]

i
 and [Ca2+]

i
 increased significantly in

precontracted (rod-shaped) cells. The increases in [Na+]i and [Ca2+]i became greater as the cell
shape changed to contracted and hypercontracted forms.9)

On the other hand, there was no increase in [Ca2+]
i
 in precontracted cells and contracted

cells during MI, though [Na+]i increased significantly (Fig. 1). When cells hypercontracted,
[Ca2+]i increased significantly. The [Ca2+]i levels during MI were much lower than those during
strophanthidin perfusion (p<0.01).11) These data suggested that although [Na+]

i
 and [Ca2+]

i
 in-

creased significantly during MI, the distinct increase in [Ca2+]i occurred after myocytes had
hypercontracted, and that there was a dissociation in the relationship between [Na+]

i
 and [Ca2+]

i
.

In this study, we estimated the activity of Na+/Ca2+ exchange from the relationship between
[Na+]i and [Ca2+]i in intact myocytes, and suggested that the activity was suppressed during MI.
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Miura and Kimura16) revealed that the increase in [Na+]
i
 would shift the reversal potential of

Na+/Ca2+ exchange toward more negative membrane potentials. Though this shift would thereby
promote Ca2+ influx via the reverse-mode of Na+/Ca2+ exchange, there was no significant in-
crease in [Ca2+]i during MI in our study. The ATP-dependence of Na+/Ca2+ exchange has been
reported in cardiac vesicles,17) giant excised cardiac sarcolemmal patches6) and cardiac
myocytes.18) Doering and Lederer7) also showed that protons inhibit Na+/Ca2+ exchange. It is,
therefore, likely that the dissociation between [Na+]i and [Ca2+]i during MI was related to the
inhibition of Ca2+ entry via Na+/Ca2+ exchange by both ATP depletion and intracellular acidosis.

Fig. 2 summarizes the effects of various agents on the changes in the % of rod-shaped cells,
[Na+]i and [Ca2+]i during 50 min of MI. The perfusion of 1 µM HMA completely abolished the
increase in [Na+]i but did not affect the increase in [Ca2+]i nor the % of rod-shaped cells. This
finding implies that the increase in [Ca2+]

i
 was independent of the increase in [Na+]

i
. In other

words, Ca2+ influx via Na+/Ca2+ exchange (or reduced Ca2+ extrusion via the exchange) was not
responsible for the increase in [Ca2+]i. Therefore, the increase in [Ca2+]i could be related to the
depression of other regulatory mechanisms of [Ca2+]

i
, such as sarcolemmal Ca2+-ATPase and/or

SR Ca2+ uptake. When Ca2+-free solution (with 1 mM EGTA) was perfused (0Ca), [Ca2+]i was
significantly lower than that in MI, but the decrease in the % of rod-shaped cells was not at-
tenuated. These data suggested that the increase in [Na+]

i
 or [Ca2+]

i
 was not a prerequisite for

cell contracture during MI. When 10 mM glucose was perfused with metabolic inhibitors, cells
could remain viable using glycolytic energy.19) After 50 min perfusion of metabolic inhibitors in
the presence of 10 mM glucose (10G MI), only 2 of 28 myocytes developed contracture. The

Fig. 1. Relationships among cell shape, [Na+]
i
 and [Ca2+]

i
. The relationships among cell shape, [Na+]

i
 and [Ca2+]

i

were compared between during metabolic inhibition (�; n=31) and during 500 µM strophanthidin perfu-
sion (�; n=20). Control: rod-shaped cells before perfusion. Pre-cont.: rod-shaped cells 1–5 min before
contracture. Contract: contracted cells. Hyper-cont.: hypercontracted cells. Values are means±SE.
* p<0.01 vs control in [Na+]

i
, and † p<0.01 vs control in [Ca2+]

i
 by one-way ANOVA.11)
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increases in [Na+]i and [Ca2+]i were much less than those during MI.
We showed that cell contracture during MI was not related to Ca2+ overload but was related

to rigor due to energy depletion. In fact, contracture developed before a significant increase in
[Ca2+]i occurred and was not protected by the perfusion of Ca2+-free solution.20) In contrast, the
presence of 10 mM glucose was effective for the preservation of rod-shaped cells.19) It was
concluded that energy depletion could be a main cause of both cell contracture and the changes
in ionic concentrations during MI.

EFFECTS OF ENERGY REPLETION ON [Na+]
i
, [Ca2+]

i
 AND CELL SHAPE

Fig. 1 showed a dissociation in the relationship between [Na+]i and [Ca2+]i during MI com-
pared with that during strophanthidin perfusion. If the energy depletion was a cause of this dis-
sociation, energy repletion could cancel it. After 20 min of MI, 10 mM glucose was applied
for 30 min in the presence of metabolic inhibitors (energy repletion: ER). After 20 min of MI,
[Na+]i increased from 6.4±0.3 mM to 16.0±1.2 mM, whereas [Ca2+]i was kept at a low level.
After ER, [Na+]

i
 continued to increase, reaching 42.6±4.8 mM at 50 min (Fig. 3; the left col-

umn). [Ca2+]i showed a marked progressive increase to 442±72% of the control at 50 min
(p<0.01 v.s. in MI). Furthermore, these changes were accompanied by the morphological
changes from rod-shaped form to contracted and hypercontracted forms. The % of rod-shaped
cells decreased significantly at 50 min (the far left column of Fig. 3). It was suggested that ER
could, at least in part, eliminate the dissociation between [Na+]i and [Ca2+]i.

11) As the pHi levels
were similar before and after the addition of glucose (data not shown), ER by glycolysis was

Fig. 2. Factors contributing to changes in cell shape, [Na+]
i
 and [Ca2+]

i
 during MI. MI was achieved by applying

3.3 mM amytal and 5 µM CCCP for 50 min in glucose-free Krebs solution (0G MI). The effects of 50
min perfusion of 1 µM hexamethylene amiloride (HMA), Ca2+-free solution (0Ca), or 10 mM glucose
(10G) on the increases in [Na+]

i
, [Ca2+]

i
 (expressed as corrected F500/F0500), and on the % of rod-

shaped cells, were examined. Values are means±SE and compared with those in 0G MI. * p<0.01 by
one-way ANOVA, or p<0.05 by chi-squared test.11)
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thought to be a main cause of the reactivation of the Ca2+ entry via Na+/Ca2+ exchange.
Haworth and Gokner18) have described that as the calculated Km of Na+/Ca2+ exchange for ATP
was no more than 10% of normal ATP level, the exchanger would not be limited by ATP as
long as it kept 25% of the original level.

Next, we sought to examine the contribution of [Na+]i and extracellular Ca2+ to the increase
in [Ca2+]i and cell shape after ER. Fig. 3 also summarizes alterations in the % of rod-shaped
cells, [Na+]

i
 and [Ca2+]

i
 after ER in the presence of 1 µM HMA or Ca2+-free solution (0Ca).

Cells were perfused with HMA or Ca2+-free solution during the overall period of MI and ER.
HMA suppressed the decrease in the % of rod-shaped cells and the increases in both [Na+]i

and [Ca2+]
i
 after ER. In the Ca2+-free perfusion (0Ca), although [Na+]

i
 increased further, both

the decrease in the % of rod-shaped cells and the increase in [Ca2+]i were suppressed. Since the
suppression of the increase in [Na+]i (by HMA) and the removal of external Ca2+ could nearly
eliminate the increase in [Ca2+]

i
 and cell contracture, it was suggested that the increase in

[Ca2+]i after ER was dependent on the increased Ca2+ influx (or decreased Ca2+ efflux) via Na+/
Ca2+ exchange, and that cell contracture was, at least in part, related to the increase in [Ca2+]i.
Previous studies have also demonstrated that the manipulation of [Na+]

i
 during ischemia could

influence postischemic Ca2+ overload and myocardial dysfunction, suggesting the contribution of
Na+/Ca2+ exchange.21)

In this study, cell contracture after ER was associated with the increase in [Ca2+]
i
, and it is

now accepted that Ca2+ overload precipitates many different processes which cause cell damage,
including uncoupling of mitochondrial oxidative phosphorylation, activation of phospholipases,
production of free fatty acid and lysophospholipids and activation of Ca2+-ATPase.22)

Fig. 3. Effects of energy repletion (ER) on the changes in cell shape, [Na+]
i
 and [Ca2+]

i
. After 20 min of MI, 10

mM glucose was applied for 30 min (ER). The effects of the perfusion of 1 µM HMA or Ca2+-free solu-
tion (0Ca) on the increases in [Na+]

I
, [Ca2+]

i
 (expressed as corrected F500/F0500), and on the % of rod-

shaped cells were examined. Drugs were present at least 10 min before MI and during entire periods of
MI and ER. Values are means±SE and compared with those in ER only. * p<0.01 by one-way ANOVA,
or p<0.05 by chi-squared test.11)
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ROLE OF REVERSE-MODE OF Na+/Ca2+ EXCHANGE ON
REOXYGENATION-INDUCED ARRHYTHMIA

We have reported previously that triggered activities due to delayed afterdepolarizations
(DADs) are elicited on reoxygenation after 60 min substrate-free hypoxia in guinea pig papil-
lary muscles.23) DADs and aftercontractions are related to the oscillatory Ca2+ releases from the
sarcoplasmic reticulum (SR), and are observed in Ca2+ overload. As discussed earlier, a possible
candidate for Ca2+ overload is a Ca2+ influx via the reverse-mode of Na+/Ca2+ exchange. The
major problem in the study of Na+/Ca2+ exchange was that there was no specific inhibitor of
the exchanger.

We studied the effects of a novel agent reported to selectively block Ca2+ influx by Na+/Ca2+

exchange, KB-R7943 (2-[2-[4-(4-nitrobenzyloxy) phenyl]ethyl]isothiourea methanesulfonate),24) in
rat ventricular myocytes loaded with indo-1. KB-7943 dose-dependently inhibited the rise in
[Ca2+]

i
 induced by rapid switch to a Na+-free solution (9.9±6.6% of control at 5 µM), but it

did not affect the rate of twitch [Ca2+]i decline when the SR function was completely abolished
by thapsigargin and ryanodine.25) This indicates that 5–10 µM KB-7943 selectively blocks Ca2+

entry via Na+/Ca2+ exchange (and not Ca2+ efflux).
Fig. 4 (the upper record) shows the representative slow speed record of contractile response

of the control muscle. During 60 min substrate-free hypoxia, there was a decline in developed
tension and an increase in resting tension. Within minutes of subsequent reoxygenation, the ar-
rhythmia associated with the occurrence of aftercontractions was elicited as shown in the inset.
Fig. 4 (the lower record) shows the record in the muscle treated with KB-R7943 (10 µM). In
this muscle, there was no arrhythmia after reoxygenation. All of 7 control muscles showed
reoxygenation-induced arrhythmia, whereas there was no arrhythmia in 3 of 7 muscles treated
with KB-R7943. KB-R7943 also decreased the amplitudes of aftercontractions (p<0.05), and in-
creased the recovery of developed tension 30 min after reoxygenation (p<0.05).26)

Fig. 4. The representative slow speed record of contractile response of guinea pig papillary muscles reoxygenated
after 60 min substrate-free hypoxia. The muscles were stimulated at 1 Hz. The upper trace illustrates the
record of control muscle. The faster speed record shows that arrhythmia was observed within minutes of
reoxygenation. The lower record is of the muscle treated with 10 µM KB-R7943. KB-R7943 was applied
10 min before reoxygenation, and the muscle was reoxygenated in the presence of KB-R7943.26)
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In conclusion, it is likely that KB-R7943 selectively inhibits the reverse-mode of Na+/Ca2+

exchange, and that it attenuates reoxygenation-induced arrhythmia in guinea pig papillary
muscles. We also found that KB-R7943 significantly enhances post-hypoxia recovery of devel-
oped tension. These results suggest that Ca2+ influx via the reverse-mode of Na+/Ca2+ exchange
may play a key role in the mechanism of Ca2+ overload on reperfusion.

CONCLUSION

We investigated the relationship between intracellular ion concentrations during metabolic
inhibition/energy repletion using a single cell model. During myocardial ischemia, [Na+]

i
 in-

creases by both the activated Na+ influx via Na+/H+ exchange and the suppressed Na+ extrusion
via the Na+/K+ pump. However, Na+/Ca2+ exchange is inhibited by energy depletion and intra-
cellular acidosis, causing the dissociation between [Na+]

i
 and [Ca2+]

i
. After reperfusion, Na+/H+

exchange is activated further as pHi is recovered, resulting in an additional [Na+]i elevation.
Na+/Ca2+ exchange could be reactivated by reperfusion, resulting in a significant increase in
[Ca2+]

i
, and a Ca2+ influx via the reverse-mode of Na+/Ca2+ exchange may play a key role in

the mechanism of Ca2+ overload on reperfusion. It was also suggested that cell contracture dur-
ing ischemia is related to rigor due to energy depletion, while cell contracture after reperfusion
is likely to be related to Ca2+ overload.
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