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Abstract

We tested the hypothesis that the intracellular Ca%* overload
of ventricular myocardium during the period of posthypoxic
reoxygenation is mediated by transsarcolemmal Ca?* influx via
Na*/Ca?" exchange. In aequorin-loaded, ferret right ventricu-
lar papillary muscles, blockers of the sarcolemmal and the sar-
coplasmic reticulum Ca2* channels, slowed the Ca?* transient,
producing a convex ascent during membrane depolarization,
followed by a concave descent during repolarization. The mag-
nitude of the Ca’* transient was affected by changes in the
membrane potential, Na;, Na;, and Ca2*, and was blocked by
Ni?*, or dichlorbenzamil. The calculated Na*/Ca?* exchange
current was in the reverse mode (Ca?* influx) during the as-
cending phase of the Ca?* transient, and was abruptly switched
to the forward mode (Ca?* efflux) at repolarization, matching
the time course of the Ca?* transient. During hypoxic superfu-
sion, the Ca?* transient was abbreviated, which was associated
with a shorter action potential duration. In contrast, immedi-
ately after reoxygenation, the Ca?* transient increased to a
level greater than that of the control, even though the action
potential remained abbreviated. This is the first demonstration
on a beat-to-beat basis that, during reoxygenation, Ca2* influx
via Na*/Ca?* exchange is augmented and transports a signifi-
cant amount of Ca?* into the ventricular myocardial cell. The
activation of the exchanger at the time of reoxygenation ap-
pears to be mediated by Na;" accumulation, which occurs dur-
ing hypoxia. (J. Clin. Invest. 1994. 93:1275-1284.) Key words:
aequorin  calcium « ferret « Na* /Ca?* exchange ° reperfusion

Introduction

Calcium might play a crucial role in the myocardial cell injury
that occurs during postischemic reperfusion. Previous work
has shown that intracellular calcium (Ca?*) of the myocardial
cell rapidly increased during the early phase of global ischemia
(1-4). The Ca?* subsequently decreased during reperfusion if
the duration of ischemia was limited to several minutes (1-4).

Dr. Kihara’s and Dr. Sasayama’s current address is Third Division,
Department of Internal Medicine, Faculty of Medicine, Kyoto Univer-
sity, Kyoto 606, Japan.

Address correspondence to Dr. James P. Morgan, Cardiovascular
Division, Beth Israel Hospital, 330 Brookline Avenue, Boston, MA
02215.

Received for publication 4 April 1992 and in revised form 18 Oc-
tober 1993.

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/94/03/1275/10 $2.00

Volume 93, March 1994, 1275-1284

By contrast, when the ischemic period lasted longer than 20
min, the elevated level of Ca?* further increased during the
reperfusion period (5, 6), and was associated with delayed af-
terdepolarizations and arrhythmogenicity (5, 7). These find-
ings suggested that (a) the cellular mechanisms responsible for
Ca?* accumulation during reperfusion are qualitatively differ-
ent from those in acute ischemia and, (/) the duration of the
preceding ischemia is a crucial factor which determines the
level of Ca?* loading when the tissue is reperfused. The Na*/
Ca?* exchange mechanism may be responsible for the Ca*
loading during reperfusion (8, 9) or reoxygenation (10, 11).
However, there is no concrete evidence to support this hypoth-
esis because of the difficulty of demonstrating the functional
state of this exchanger in actively contracting preparations. Us-
ing aequorin-loaded, isolated myocardium from the ferret ven-
tricle, we demonstrated that the Ca2* transient, under experi-
mental conditions where it is governed primarily by transsarco-
lemmal Ca?* influx via Na*/Ca?* exchange, increased when
the preparation was reoxygenated after hypoxia. This increase
appears to be caused by time-dependent Na; accumulation
during hypoxia. Our results suggest that reperfusion injury
could be minimized by interventions that prevent intracellular
Na* (Na}) loading during ischemia.

Methods

Muscle preparation. Right ventricular papillary muscles (< 0.7 mm in
external diameter) were isolated from 6-8-wk-old male ferrets and
mounted as described previously (12). In the tissue bath, each muscle
was electrically stimulated to contract isometrically at 0.20 Hz;
30.0+0.2°C. The superfusate was a bicarbonate-buffered physiological
salt solution with the following composition (in mM): 118 NaCl, 4.7
Kdl, 1.2 KH,PO,, 1.2 MgCl,, 1.0 CaCl,, 23 NaHCO,, and 5.5 dex-
trose. The solution was continuously bubbled with a gaseous mixture
0f 95% O,/ 5% CO,, and the pH was adjusted to 7.40+0.02. During the
run-in period, each muscle was gradually stretched to a length that
produced the maximal tension development. To record the Ca?* tran-
sients, a bioluminescent protein, aequorin, was loaded into surface
myocytes by means of the modified chemical procedure ( macroinjec-
tion [1, 13]) while the electrical stimulation was temporarily termi-
nated and the superfusate replaced with a nominally Ca>* -free solution
composed of (in mM): 118 NaCl, 4.7 KCl, 1.2 KH,PO,, 5.0 MgCl,, 23
NaHCO;, 20 dextrose, and 5.0 pyruvate; pH 7.30+0.02 at 20°C (1).
Subsequently, Ca?* concentrations and temperature were increased in
a stepwise fashion, and finally, the superfusate was replaced with the
control solution. As reported previously, the loading procedure did not
affect the pattern of tension traces either in amplitude or in time course
in these muscles (1, 5).

Signal acquisition and analysis. The tissue bath was shielded from
external light, and the aequorin luminescence was detected with a pho-
tomultiplier tube (R464, Hamamatsu Photonics, Hamamatsu, Ja-
pan). The membrane potential of the surface myocyte was recorded
with microelectrodes. The glass micropipettes used for electrical record-
ing were filled with 3 M KCl and had tip resistances of 15-25 M, as
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measured in the solution described above. During experiments, the
position of the pipette was remotely controlled from outside the light
shield by a three-dimensional aqua-purificate micromanipulator (WR-
88, Narishige Scientifics, Tokyo, Japan) while the action potential was
continuously monitored on an oscilloscope (COM7061A, Kikusui
Co., Yokohama, Japan). The aequorin light signal (anode current of
the photomultiplier tube), isometric tension (measured by a BG-10
load cell, Kulite Semiconductor Products, Leonia, NJ), and the action
potential were simultaneously recorded onto strip-chart paper and mag-
netic tape. At the end of the experiment, all aequorin activity remain-
ing in the muscle was discharged by 4% Triton X-100 (Sigma Chemical
Co., St. Louis, MO) perfusion in the presence of 20 mM CaCl,. A rate
constant for aequorin consumption of 2.11 /s was used for this integra-
tion (1). The normalized luminescence was referred to a calibration
equation at 30°C (1) to estimate the absolute Ca?*. For presentation
and subsequent analyses, the signal-to-noise ratio of aequorin signals
was improved by a stimulus-triggered average process for 16—64 serial
events with an off-line computer (7T18A, NEC-Sanei, Tokyo, Japan).

Isolation of Na*/Ca** exchanger-operated Ca?* transients. After
control records were obtained, the following pharmacological agents
were added to the superfusate in a cumulative manner: 1 X 10~> M DPI
201-106 (Sandoz Ltd., Basel, Switzerland), 1 X 107> M ryanodine
(Calbiochem Corp., La Jolla, CA), 3 X 107¢ M verapamil (Eisai Co.,
Tokyo), 1 X 10™5 M acetylstrophanthidin (Sigma Chemical Co.), and
the Ca2* concentration (Ca2*) increased to 4 mM. DPI 201-106 is a
tetrodotoxin (TTX)'-sensitive Na* channel agonist that blocks the
channel inactivation process and prolongs action potentials of the
mammalian myocyte (12, 14, 15). With this combination of drugs,
Ca?* release from the sarcoplasmic reticulum (SR), which predomi-
nantly regulates the Ca?* transient in normal ferret myocardium, and
the transsarcolemmal Ca?* influx via the Ca?* channels are inhibited
(16, 17). In contrast, with increases in Na* influx, Ca2*, and action
potential duration, the Ca?* influx through the reverse mode of the
Na*/Ca?* exchanger should be enhanced (16, 17). Under these phar-
macological interventions, the preparation continued to contract with
punctate electrical stimulation at the base (square wave pulse with 1 ms
duration; amplitude 10% above the threshold). In the presence of TTX
(Sigma Chemical Co.), NiCl, - 6H,0 (Wako Pure Chemical Industries,
Ltd., Osaka, Japan), or dichlorobenzamil (DCB; Merck Sharpe &
Dohme, Rahway, NJ), the electrical stimulation was maintained by
increasing the amplitude of the pulses by 100%.

Hypoxia and reoxygenation. Twenty minutes before induction of
hypoxia, 5.5 mM dextrose in the solution was replaced with equimolar
sucrose (18). Then, hypoxia was induced by an abrupt change of solu-
tions from one bubbled with a gaseous mixture of 95% O,/5% CO, to
one bubbled with 95% N,/5% CO, (18, 19). No other conditions were
altered, including the temperature and the pH, during this exchange.
After 20 min of hypoxia, reoxygenation was accomplished by switching
these solutions back to the control.

Statistics. Data are presented as mean+SD. Comparisons were
made between parameters under control, hypoxia, and reoxygenation
by Student’s ¢ test or by analysis of variance for repeated measures.
Differences are considered significant at P < 0.05.

Results

Evidence for Na*/Ca** exchange-dependent Ca?* transient
and contraction. The combination of pharmacological inter-
ventions substantially altered the pattern of the membrane po-
tential, Ca?* transient, and isometric tension traces, as shown
in Fig. 1 (top). The rapid, spike-like rise in Ca?* observed
under control conditions (left panel) disappeared. Instead,
after the stimulus, Ca?* slowly increased with an ascending

1. Abbreviations used in this paper: DCB, dichlorobenzamil; SR, sar-
complasmic reticulum; TTX, tetrodotoxin.
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convex pattern, which then abruptly began to descend with a
downward convex pattern ( right panel). The timing of the shift
between the ascending and descending phases was coincidental
with the initiation of membrane repolarization. The tension
trace followed the Ca?* transient with a delay of 60-80 ms. The
effects of cumulative drug applications on these signals were
shown in Fig. 1 (bottom). With 1 X 1075 M DPI 201-106, the
tension development was increased with its time course pro-
longed. The Ca?* transient showed a modest increase while
maintaining its spikelike pattern (12). The action potential
was also prolonged (14, 15). The addition of 1 X 10~ M ryan-
odine significantly depressed the peak levels of tension and
Ca?*. In addition, it delayed their time course. The Ca?* tran-
sient lost its spike-like pattern (20, 21), and the tension and
membrane potential showed marked prolongations. With 3
X 10~% M verapamil, the tension and Ca?* transient were fur-
ther depressed (12, 22). In five of eight preparations, CaZ*
transients were no longer detected during depolarization. An
additional increase in the verapamil concentrationto 1 X 1073
M did not affect these signals (n = 2 [17]). Subsequently, how-
ever, by addition of 1 X 107> M acetylstrophanthidin and 4
mM Ca?*, the slow biphasic Ca?* transient reappeared, and
was associated with increased tension development. The time
courses of membrane potential and tension were unchanged
when compared to those with ryanodine and verapamil. The
final pattern of signals produced by these cumulative drug ad-
ditions was stable for over 20 min, unless the level of Ca2* was
increased to higher concentrations (> 8 mM). In this case,
relaxation of tension became progressively delayed.

To characterize the Ca?* transient and the corresponding
action potential and tension trace, the preparation was chal-
lenged with changes in Ca2*, extracellular Na* concentration
(Na}), supplementation with TTX, Ni?* (17, 23), or DCB
(24, 25). In Fig. 2 (left), an increase in Ca2* from 4 to 8 mM
augmented the amplitude of the Ca?* transient, while the ac-
tion potential did not significantly change (top row). In con-
trast, TTX at a concentration of 1 X 1076 M (17) decreased the
amplitude of the Ca?* transient, which was accompanied by an
abbreviated time course ( bottom, left). This condition was also
associated with a shorter duration of the action potential, and
the timing of repolarization was coincidental with the end of
the ascending phase of CaZ* as observed in Fig. 1. The effects of
Ca2* or TTX reached the steady-state within 3 min. The data
were consistent among seven preparations and suggested that
the Ca?* transient depends on CaZ*, and the shape of action
potential. Of note, TTX, which blocks the DPI 201-106-acti-
vated Na* influx (12, 15), not only shortened the Ca?* tran-
sient, but also decreased its amplitude during membrane depo-
larization. This indicated that the Ca?* transient also depends
on the level of intracellular Na* (Na;') even under the condi-
tion that the SR function was pharmacologically deleted (26).
Ni2* (5 mM), which is a divalent cation that blocks the Na*/
Ca?* exchanger (17, 23), inhibited the remaining part of the
Ca?* transient in the presence of 1 X 107® M TTX (bottom,
right). The suppression of the entire time course of CaZ* tran-
sients (~ 1 s) by Ni2* could not be attributed solely to its effect
on the T-type Ca?* channel because duration of this channel
activation is at most 100 ms in various ventricular cells (27—
30). In Fig. 2 (right), the Na* concentration of the solution
was reduced by replacing 100 mM NaCl with the equimolar
LiCl (Sigma Chemical Co.) With Li*, the Ca?* transients were
rapidly depressed to below the minimally detectable level in
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Figure 1. Top panel: Simultaneous recordings of action potential (top), Ca?* transient (notched signal, middle), tension trace (smooth signal,
middle), and the stimulus artifact (bottom), before (left) and after (right) exposure to a combination of 1 X 10~°> M DPI 201-106, 1 X 107> M
ryanodine, 3 X 107® M verapamil, 1 X 10~° M acetylstrophanthidin, and 4 mM Ca?*. The Ca?* signals were averaged for 16 cycles. The cali-
bration bar (10 nA) corresponds to 0.82 uM of Ca?* on the left and to 0.84 uM on the right, respectively. | mM Ca2* in the control (right);
30°C, 0.2 Hz. Bottom panel: Modulations of the signals during each step of the cumulative drug additions. Drugs were added in the order from
the left corner (control) to the right panels. In each stage, records were obtained 5 min after the drug application. The Ca?* signals were averaged

for eight cycles.

our system; therefore, the Ca?* transients were also affected by
the level of Na} in a manner that Li* could not replace the role
of Na} (9). We further tested the effects of DCB, an amiloride
derivative known to block the Na*/Ca?* exchange site rela-
tively selectively (24, 25). After verifying in vitro that DCB
does not affect aequorin luminescence, we found that DCB (5
mM ) also blocked the CaZ* transient in a similar manner as
observed during the Ni2* protocol (data not shown). Taken
together, results from all these pharmacological interventions
on this preparation supported the hypothesis that the observed
Ca?* transient and contraction were primarily mediated by the
transsarcolemmal Ca?* influx through Na*/Ca?* exchange
during membrane depolarization.

Alteration of Ca?*, tension, and action potential during hyp-
oxia and reoxygenation. The muscle was subjected to acute
hypoxia for 20 min, and then returned to control conditions for
reoxygenation. The composition of the superfusate other than
the gaseous mixtures was unchanged. During the initial half of
the hypoxic period, the Ca?* transient, action potentials, and
tension traces did not change detectably. However, during the
second half of the hypoxic period, the action potential gradu-
ally shortened, which was accompanied by an abbreviation of
the Ca?* transient and a decrease in peak tension development
(19). The resting levels of Ca?* and tension started to increase
during the last quarter of the hypoxic period (Fig. 3). The
changes in these measurements at the end of a 20-min hypoxic
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Figure 2. Left panel: In each panel, simultaneous records of action potential, Ca?* transient, and the stimulus artifact are shown in a muscle
treated with a combination of DPI 201-106, ryanodine, and verapamil as described in Fig. 1. The Ca%* concentration of the solution was in-
creased from 4 mM (top, lefi) to 8 mM (top, right). Then, 1 uM TTX (bottom, left) and 5 mM Ni2* (bottom, right) were cumulatively added
to the solution. Data were obtained from the same muscle. The Ca?* signals were averaged for 32 cycles. The calibration bar (36 nA) corresponds
t0 0.60 uM of Ca?* in all panels. 30°C, 0.2 Hz. Right panel: Effects of lowering Na} by 100 mM Li* substitution on action potentials (zop)
and the Ca?* transients (middle) are shown. Signals were obtained during the process (3 min; 3') and at the steady state (10 min; 10') after the
Li* substitution. The Ca?* transients were averaged for 16 cycles. The calibration bar (20 nA) corresponds to 0.52 uM of Ca?*. 30°C, 0.2 Hz.

period are summarized in Table I. During reoxygenation, the
data acquisition was interrupted for 1 min during switching the
superfusates. When the measurements were re-started, we con-
sistently observed that the Ca?* signals increased in peak am-
plitude and exceeded the control level before hypoxia (Fig. 3).
Thus, there was a substantial increase in the peak Ca?* after
reoxygenation. Despite this increase in Ca?*, the biphasic pat-
tern of the Ca2* signals was unchanged. That is, they consisted
of ascending convex and descending concave curves and, al-
though the time course was abbreviated by the shorter action
potential, the peak was associated with the timing of repolariza-
tion. Data from 3 min after reoxygenation are summarized in

Table 1. The shortened action potential duration was again-

prolonged, but did not recover to the control value. The de-
pressed tension trace did not show a corresponding increase or
recovery in response to the increased Ca?* level, which is con-
sistent with previous reports in the reperfused or reoxygenated
myocardium (19, 21, 31, 32). The increase in Ca?* gradually
declined, but remained elevated at 5 min of reoxygenation
when the measurement was terminated for the Triton X-100
perfusion. In order to further test the hypothesis that this in-
crease in Ca?* with reoxygenation was mediated by mecha-
nisms other than Na*/Ca?* exchange (such as nonspecific
Ca?* leak, Ca?* pump inhibition, or release of Ca2* from the
internal buffers), the hypoxia/reoxygenation protocol was re-
peated in the presence of 5 mM Ni?* (n = 3). When Ni2* was
added to the preparation 10 min before hypoxia, the Ca?* sig-
nals became flat at the base line, as shown in Fig. 2 and there
was no detectable transient or rise throughout the hypoxia/
reoxygenation period (data not shown). This means that the
increase in CaZ* at the point of reoxygenation was facilitated
(during hypoxia) and/or mediated (at reoxygenation) by
Ni*-sensitive mechanisms.
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Discussion

Results from an increasing number of studies have suggested a
role for Na*/Ca?* exchange in producing Ca?* overload dur-
ing reoxygenation (8, 9, 11, 33-35). However, the present
study provides the first direct evidence of Ca?* loading by the
exchanger into a reoxygenated working myocardial prepara-
tion that is actively contracting and relaxing. This study also
demonstrated that (a) a putative increase in the cytosolic Ca?*
level by sarcolemmal Ca?* influx occurs immediately after a
period of hypoxia in mammalian ventricular myocardium and
(b) because the SR function and the sarcolemmal Ca?* chan-
nels are pharmacologically blocked in this preparation, these
subcellular functions are not necessary for Ca?* loading during
reoxygenation. Furthermore, the results suggest that Na;" load-
ing during the hypoxic period is the driving force behind exces-
sive Ca?* influx via Na*/Ca?* exchange during this period,
which will be discussed later.

In the presence of ryanodine and verapamil (16, 17, 36),
the Ca?* transients we observed were dependent on Ca2*, and
on the membrane potential. The Ca?* transients were en-
hanced by interventions that increased Na; activity, and were
blocked by lowering Na}, TTX, Ni2*, and DCB. These obser-
vations are consistent with the notion that the primary determi-
nant of the Ca2* transient in these experiments is Na*/Ca?*
exchange. We further tested whether the SR Ca?* handling was
sufficiently inhibited in our preparations by using a short-term
force-interval response (n = 2 [37]). By varying the coupling
interval of the extra stimuli from 2 to 5 s, we found no alter-
ation of the levels of Ca?* nor tension of the postextrastimula-
tion beats (37). This was also true even when a train of condi-
tioning stimuli (three beats with a 2-s interval) was applied to
the muscle (data not shown). Therefore, the Ca?* transients
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Figure 3. Top panel: Simultaneous records of the Ca?* transient, tension trace (fop), action potential (middle), and the stimulus artifact (bot-
tom), during control conditions (/eft), during 20-min hypoxia (middle), and during 3-min reoxygenation (right). Data were serially obtained
from the same muscle. The Ca?* signals were averaged for 16 cycles. The calibration bar (40 nA) corresponds to 1.10 uM of Ca* in control,
1.14 uM in hypoxia, and 1.20 M in reoxygenation, respectively. 30°C, 0.33 Hz. Bottzom lef panel: The slow tracings of Ca?* transients, tension,
and the stimulus artifacts in these conditions are shown. Bottom right panel: Action potentials are superimposed for comparison. CONT, control;

HYPOX, hypoxia; REOX, reoxygenation.

we observed did not contain an interval-dependent compo- Since Li* blocks the forward mode as well as the reverse mode
nent, which is attributable to released Ca?* from the SR (37, of the exchanger, this observation also suggested that the cyto-
38). During the low Na} protocol (replaced with Li*), the solic Ca?* supplied through the SR or the sarcolemmal Ca?*
Ca?* transient was markedly depressed with relaxed tension. channels were sufficiently blocked so that the remaining Ca?*
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Table I. Effects of Hypoxia and Reoxygenation on the Amplitude
and Time Course of Light and Tension Responses and
Electrophysiologic Properties of Ferret Papillary Muscles

Control Hypoxia Reoxygenation

Developed tension (g/mm?)  2.6+0.7  0.5+0.4* 1.2+0.6%
Time to the end of tension

ascent (ms) 880192  454+170*  823+250°
Time to 80% tension

regression (ms) 392484  256+102 6813344
Peak Ca?* (uM) 0.8+0.3  0.5+0.2* 1.2+0.5%!
Resting Ca?* (uM) 0.2 0.3 0.4
Time to the end of Ca?*

ascent (ms) 805+150 380+172*  711+286%
Time to 80% Ca?*

regression (ms) 110+22 106+34 143+66
APDyg, (ms) 866131 404+153%  720+232%
Resting membrane potential

(mV) —76+6 —-56+10* -70+10

Data are mean=SD (n = 7). Because of relative insensitivityof ae-
quorin to the lower level of Ca?* and the basal noise from the photo-
multiplier tube, quantitative estimation of resting Ca?* was performed
in two muscles during control, four muscles during hypoxia, and five
muscles during reoxygenation, in which detectable rises of the signal
level were observed. The mean values of this measurement are pre-
sented. APDy,, action potential duration to the 80% regression; *# P
< 0.05 and P < 0.01 to the control values; ¥ P < 0.05 and P < 0.01

to the hypoxia values, respectively.

leaks were able to be handled by the sarcolemmal Ca pump
(39, 40).

We did not directly measure the Na*/Ca2?* exchange
current (Iy,c,) in our multicellular preparation; however, the
results suggested that I, might operate in the reverse mode
during the ascending phase of the Ca?* transient (hence, dur-
ing membrane depolarization) and it might switch to the for-
ward mode at the initiation of the membrane repolarization.
Such a sustantation of the reverse mode of Iy,c, throughout
depolarization may not be consistent with reported patterns of
Iyaca in the working myocardium, where Iyy,c, Was estimated to
be predominantly directed inwards, except for the very early
phase of the action potential (41, 42). Therefore, we tried to
estimate the instantaneous direction and relative scales of Iy,c,
at every 10-ms interval in our preparation using a thermody-
namic equation initially proposed by DiFrancesco and Noble
(16, 17, 24, 43), which is given as follows:

Inaca = knacal€xp(r EF/RT)[CaZ*][Na{]?
—exp(—(1 — r)EF/RT)[Ca}*][Na;]’],

where ky,c, is a scaling factor which includes the rate constant
of exchanger translocation at E_, = 0; r is the fractional distance
through the membrane of the limiting energy barrier. A value
of 0.35 was used in accordance with previous studies with
guinea-pig myocytes (17, 23, 24); E is the membrane poten-
tial; R, T, and F have the usual thermodynamic meanings. The
activity coefficients of Na} and Na; were assumed to be 0.7
(44). See footnote 2 for more assumptions and discussion. As
shown in Fig. 4, we found that under our experimental condi-
tions, the Na*/Ca?* exchange current might be outwardly di-
rected during depolarization. This implies that the exchanger
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acts in the reverse mode for Ca?* loading during this period.
With repolarization, the current abruptly shifted to the inward
direction; the forward mode of the exchanger acting to exclude
Ca?* from the cytoplasm. The dip in the current immediately
after repolarization appears to be consistent with the transient
inward currents that have been reported in systems using volt-
age-clamped single myocytes (17, 45, 46), although the shape
was somewhat smoothed by gradual membrane repolarization
under our conditions (e.g., compare with Fig. 2 in Beuckel-
mann and Wier [17]). Although the Na{ level in the range of
12 to 18 mM is higher than the reported value in ferret ventricu-
lar myocardium (18, 44), this appears to be within the ex-
pected range under our experimental conditions using acetyl-
strophanthidin and DPI 201-106 (18, 47). As suggested by
Leblanc and Hume (26), the Na; value around the exchanger
could be much higher, especially during the early phase of depo-
larization: however, this possibility does not affect our conclu-
sion obtained from this estimation that the exchanger operates
in reverse mode during this period.

Besides Na*/Ca?* exchange, the Ca?* transient might be
modulated by other Ca?*-related subcellular functional units.
Those include the sarcolemmal Ca2* pump (48), sarcolemmal
Ca?* leak currents (17) and internal Ca?* buffers (49, 50).
Especially, during hypoxia and reoxygenation, these subcellu-
lar functions may be altered, and, could cause a Ca?* rise with

2. To estimate Iy,c, in the working muscle, we made the following
assumptions: (@) Na* versus Ca* exchange is carried with 3:1 stoichi-
ometry in ferret myocardium as shown in other species (17, 23, 45,
55); (b) none of the effects of changes in CaZ* or membrane potential
on the mode and activity of the exchanger are delayed over the order of
milliseconds (40, 42); (c) Na; at the internal site of the exchanger is
kept constant during a cardiac cycle (17, 38); (d) the instantaneous
Ca?* as measured by aequorin represents the average level through the
cytosolic space (63), which might not significantly differ from the level
at the exchangers’ translocation site inside the sarcolemma (17, 20).
Except for the very early phase of depolarization when the action po-
tential did still not reach the plateau, change in the level of Ca?* was
very slow and smooth (as shown in Fig. 5, the time constant of the
descending phase was around 1 s, which is consistent with a recent
report [39]). Homogeneous (no oscillatory) distributions of Ca?*
through the cytosolic space (64) and their gradual change during depo-
larization under similar pharmacological interventions were also
shown in several studies using the isolated single myocyte (20, 65).
Accordingly, during each 10-ms interval, we assumed the level of Ca2*
to be constant; hence, the rapidly-accessible Ca2* buffers, such as tro-
ponin, calmodulin, or phosphocreatine (17, 37), are equilibrated.
Then, the current during that period was estimated for a given set of
Ca?*, Na}, and the membrane voltage. It should be noted that such
estimations could include substantial errors in a manner dependent on
the rate of Ca2* change, and should not be applied to the control condi-
tion such as the left panel of Fig. 1, in which Ca?* transients and their
buffers underwent more dynamic changes. In addition, our assump-
tion of the constancy of the Na;" level during a cardiac cycle may not be
consistent with a recent theory that Na* /Ca?* exchange may predomi-
nantly access a discrete cation pool around the inner sarcolemma, in
which the Na; level could be transiently increased by Na* influx from
the fast Na* channels (26, 38, 66). However, at least under the condi-
tions in which the Ca?* influxes via the SR and sarcolemmal Ca2*
channels were blocked, I, Was reported to be directly correlated with
the level of space-averaged Ca?* and the membrane potential, but not
with Naf (16, 17). In the same experimental conditions, Ca?* and
Inace measurements with (17) or without (16) Na* channel blockade
showed undetectable changes. Moreover, in the presence of caffeine,
Bridge et al. clearly showed that the Na*/Ca?* exchanger keeps free
access to the entire pool of cytoplasmic Ca?* (40, 48).
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Figure 4. The calibrated Ca?* transient (0) and the corresponding
action potential (e ) are shown in the top row. Data were sampled at
10-ms intervals. By adapting these data to the DiFrancesco and Noble
equation, relative magnitudes and time courses of the transsarcolem-
mal current via Na*/Ca?* exchange were estimated (Iy,c,; bottom
row). Na;" level was assumed to be 12-18 mM. An original trace of
this figure is presented in the left panel of Figure 3 (fop). For details,
see the discussion and footnote 2.

reoxygenation. The following discussions, however, do not
support any role for these functions on the observed pattern of
Ca?* during reoxygenation. Even after the blockade of SR
function, most of the Ca?* that entered the intracellular space
would be captured by the buffering systems, which include the
internal sarcolemmal surface, calmodulin, troponin, and phos-
phocreatine. If the buffer capacity were suddenly reduced at
reoxygenation, the Ca2* released from the binding sites might
cause an increase in Ca?*. In this case, the altered profile of
Ca?* after reoxygenation would consist of a primary increase in
the diastolic or resting level of Ca?*, since the released Ca?*
from the internal sites would remain in the cytosolic space until
removed by the secondarily activated Ca* pump or the ex-
changer. Ca?* influx during depolarization would instead be
inhibited by the persistent rise of Ca?*. Such alterations in the
Ca?* pattern by internal Ca?* release have been observed with
acidotic interventions (51, 52) or in studies of acute global
ischemia in mammalian ventricular myocardium (1, 53). In
these studies, the descending phases of the Ca?* transients were
delayed, which were also attributed to effects of the decreased
buffer capability. These expected patterns of change in the
Ca?* signal by the reduction of internal buffer capacity are
however, inconsistent with our observations during reoxygena-
tion. In our study, the Ca?* transients were primarily aug-
mented by an increase in the systolic amplitude, which was
associated with a relatively small increase in basal Ca?* levels.
This implies that the increase in Ca?* occurred during depolar-
ization and the increase was dynamic rather than static. The
bottom row of Fig. 5 shows a comparison of the descending
slope of Ca?* signals under three conditions, by adjusting their
peak Ca?* values to equivalent levels. The slope during reoxy-
genation was lower than that of the control, but was higher
than the slope during hypoxia. This observation contrasted
with the expected delay in the Ca?* descent, which should be

apparent if a reduced buffer capacity plays the primary role in
the Ca?* increase during reoxygenation. Instead, the descend-
ing slopes of Ca?* appear to be dependent on the resting mem-
brane potential, which is the chief determinant of slope when
the Ca?* levels are primarily regulated by Na*/Ca2* exchange
(17, 39, 48, 54).

The ohmic leak of Ca?* may also increase at the time of
reperfusion, which might shift the resting Ca2* to higher levels.
However, this increase does not appear to explain the observed
dynamic increase in Ca?*, as discussed above.

Impaired Ca?* pump activity possibly causes an increase in
Ca?* after reoxygenation. This possibility also does not fit the
observed Ca?* pattern because Ca?* pump inhibition should
further delay the Ca?* descent when it causes an increase in
peak Ca?* (48). Taken together, none of these subcellular
functions appear to modulate the Ca?* transient towards the
profile observed during reoxygenation. Besides, if these modu-
latory effects were activated by reoxygenation, they might in-
crease the Ca?* levels even in the presence of Ni%*. However,
this was not the case in our Ni?* study.

Recent studies have revealed evidence consistent with the
concept that the Na*/Ca?* exchange carries ions via specific
ion binding sites that operate in an asymmetrical manner be-
tween inside and outside the membrane (23, 55). The thermo-
dynamic equation proposed by DiFrancesco and Noble (43)
may still be adaptable to these series of chemical reactions be-
cause the Na*/Ca?* exchange current is under dynamic con-
trol primarily by CaZ?* (high affinity of the internal binding
sites to Ca?*) and the membrane potential (electronegicity)
(16, 17, 23, 24, 55). From this equation, the changes in these
two parameters that were shown during reoxygenation appear
to favor Ca2* extrusion by the exchanger, since both increases
in Ca?* and in the level of negativity of the resting potential
increase the second term of the equation (inward current, thus,
for Ca?* efflux) while decreasing the first term (outward
current for Ca?* influx ). Therefore, changes in Ca?* and mem-
brane potentials are not the direct driving forces for Ca?* load-
ing during reoxygenation. Instead, they appear to activate the
exchanger against the Ca?* excess in order to maintain the
intracellular environment. The calculated exchange current
and the net Ca?* influx would be smaller during reoxygenation
than those in the control state before hypoxia, if other parame-
ters in the equation remain unchanged (Fig. 6, top). However,
there are several lines of evidence suggesting that Na;", which is
one of the parameters assumed to be a constant in the above
discussion, might change during the course of ischemia/reper-

Cont 0.8uM
Figure 5. The descend-
ing phases of the Ca?*
0 transients shown in Fig.
3 (top) were superim-
1.0 posed after the calibra-
tion process, as shown
in the top row. The time
courses of the Ca?* de-
0.1 cline are presented in a
semilogarithmic scale
in the bottom row. The
abbreviations are the
0 . ) ) same as in Fig. 3 (bot-
0 1500ms tom right).
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fusion as well as during hypoxia/reoxygenation. Recent stud-
ies using NMR spectroscopy showed a three- to five-fold in-
crease in Na; at the end of 20-min global ischemia in Langen-
dorff preparations (33, 56). In these studies, at the time of
reperfusion, the Na; accumulation was abruptly shifted to a
monoexponential decline towards the control level for over 10
min, demonstrating the reversal of the net Na; balance at the
time of reperfusion. These observations not only provide sup-
portive evidence for Na;" excess during ischemia but also sug-
gest a role of Na*/Ca?* exchange during reperfusion, because
the Ca?* accumulation and Naj' regression appear to be coinci-
dental during this period. In studies of hypoxia, a time-depen-
dent increase in Na;" was shown using ion-selective microelec-
trodes (18, 47). The level of increase was reported from 10 mM
in controls to 19 mM during 25 min of hypoxia in the ferret
ventricular muscle (18). If a similar level of Na; loading were
assumed to occur at reoxygenation in our study, the net Ca?*
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influx by the exchanger would be tremendously augmented
even in the presence of a high Ca?* and a low membrane poten-
tial (Fig. 6, bottom). This may not be surprising from the dy-
namic characteristics of Na*/Ca?* exchange, since the in-
crease in Na; affects the outward current by a factor of 3, while
changes in CaZ* modulate the inward current by a factor of 1.
Thus, when there was an equivalent increase in Na; at the time
of reoxygenation as demonstrated by other investigators, the
observed increase in Ca2* transient after reoxygenation could
be attributed to the Na*/Ca?* exchange process which oper-
ates according to its known characteristics.

There are a large number of factors that may modulate the
exchanger activity (corresponding to ky,c, in the equation [57,
58]). Among them, redox agents increase the exchange rate up
to 10-fold by promoting thiol-disulfate interchange in the pro-
tein (57). Because the production of reduced oxygen species
might occur during reoxygenation (59-61), an abrupt activa-
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tion of Na*/Ca?* exchange as detected by the sudden increase
in the Ca?* influx during this period may be due to modulatory
effects by these free radicals (34). Of importance, the more
rapid rate of the exchanger’s translocation facilitates Ca2* ef-
flux as well as Ca?* influx, and the net effect might be deter-
mined by the combination of Ca?*, Na;, and the membrane
potential (Fig. 6, bottom). Hence, under a normal transmem-
brane Na* gradient and resting potential, this activation may
lead to an increased efflux of Ca?*. Instead, with Na;}' accumu-
lation, which might occur during hypoxia, the activation would
further facilitate Ca?* loading into the myocardial cell. Tissue
pH is another factor that affects the translocation rate of the
exchanger (58). The sudden reversal from the acidotic condi-
tion to the transient alkalinization at reoxygenation may syner-
gistically support the role of free radicals. Although such a pH
change in hypoxia/reoxygenation studies might be modest,
this factor could play a much more significant role in the set-
ting of ischemia and reperfusion.

Accumulated studies indicated that the stoichiometry of
Na*/Ca?* exchange in cardiac and nervous tissues in various
species is most probably 3 Na*:1 Ca?* (17, 23, 45, 55). We
think it is reasonable to apply this stoichiometry to the analyses
of our results from the ferret myocardium. However, two pa-
rameters, ky,c, and r, in the equation may vary among species.
As discussed above, our analyses did not require knowledge of
the absolute scale of the exchange current. Accordingly, the
value of ky,c, was assessed as a ratio for the control level. The
values of r were reported as 0.28-0.36 in studies of guinea-pig
myocytes (17, 23, 24). We tested the effect of varying r value in
a wider range of 0.10-0.50 (23); however, the shift of r in this
range did not alter our findings presented in Fig. 4 (data not
shown). Furthermore, using the right ventricular papillary
muscles from the guinea-pig (n = 5), we confirmed that the
similar pattern of biphasic Ca2* transient was reproducibly ob-
served by the same combination of pharmacological treatment,
although the Ca?* transient (peak Ca?*, 0.8+0.2 uM; time to
the end of CaZ* ascent, 984+64 ms) and the action potential
(duration to 80% regression, 1,032+91 ms) appeared to be
more prolonged than those observed in the ferret preparation
(Table I). Taken together, quantitative characteristics of the
Na*/Ca?* exchange current in the ferret ventricle should await
future studies using the isolated single cell preparation; how-
ever, the difference between the ferret versus guinea-pig, if any,
will probably not affect our conclusions.

By a combination of pharmacological interventions, we
modulated the subcellular functions of isolated ferret papillary
muscle, in which the SR and the slow Ca?* channels were
blocked and Na*/Ca?* exchange was made to operate in the
direction of Ca?* loading throughout the depolarization pe-
riod. Despite these modulations, all measurements of CaZ*
transients, tension traces, and the action potentials, showed a
pattern of change during hypoxia and reoxygenation that was
consistent with control preparations (19, 32). The tension
trace especially, which represents the final outcome of the E-C
coupling process, showed a significant decrease in peak values
with an abbreviated time course during hypoxia. These
changes were followed by a slow recovery with a prolonged
relaxation during reoxygenation (62). These findings suggest
not only that our preparations were affected by hypoxia and
reoxygenation but also that the subcellular functions remain-
ing after drug intervention were much more essential as targets
of hypoxia/reoxygenation than the functions deleted by it.
Hence, the role of Na*/Ca?* exchange for Ca?* influx and its

modulation during reoxygenation presented in this study could
not be interpreted as unusual findings under a specific pharma-
cological condition. Of interest, while the durations of Ca?*
transients were abbreviated by the transition from hypoxia to
reoxygenation, tension relaxation was prolonged after reoxy-
genation (19, 32, 62). This discrepancy between Ca?* and ten-
sion time courses, however, is consistent with observations in
previous hypoxia/reoxygenation studies in the intact ferret
papillary muscle using aequorin (19, 21) or in the isolated rat
single myocyte loaded with indo-1 (31). Our data also provide
evidence that the impaired relaxation that occurs during reoxy-
genation develops without SR dysfunction or other CaZ* han-
dling disturbances. A reasonable conclusion from these studies
is that the cause of tension prolongation during reoxygenation
and reperfusion resides down-stream from Ca?* handling;
namely, in the process of cross-bridge cycling (31).
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