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A novel antagonist, No. 7943, of the Na + /Ca2 + exchange current
in guinea-pig cardiac ventricular cells

*Tomokazu Watano, 'Junko Kimura, *Tominori Morita & Hironori Nakanishi

Department of Pharmacology, Fukushima Medical College, 1 Hikarigaoka, Fukushima 960-12, Japan and *Department of
Biology, New Drug Research Laboratories, Kanebo Co. Ltd., 1-5-90 Tomobuchi-cho, Miyakojima-ku, Osaka 534, Japan

1 The effects of No. 7943 on the Na+/Ca2+ exchange current and on other membrane currents were
investigated in single cardiac ventricular cells of guinea-pig with the whole-cell voltage-clamp technique.
2 No. 7943 at 0.1-10IiM suppressed the outward Na+/Ca2+ exchange current in a concentration-
dependent manner. The suppression was reversible and the IC50 value was approximately 0.32 ,iM.

3 No. 7943 at 5-50 gM suppressed also the inward Na+/Ca2+ exchange current in a concentration-
dependent manner but with a higher ICso value of approximately 17 gM.
4 In a concentration-response curve, No. 7943 raised the KmCa2+ value, but did not affect the Im
value, indicating that No. 7943 is a competitive antagonist with external Ca2+ for the outward Na+/
Ca2+ exchange current.
5 The voltage-gated Na+ current, Ca2+ current and the inward rectifier K+ current were also inhibited
by No. 7943 with IC50s of approximately 14, 8 and 7 yM, respectively.
6 In contrast to No. 7943, 3',4'-dichlorobenzamil (DCB) at 3-30 pM suppressed the inward Na+/Ca2+
exchange current with IC50 of 17 gM, but did not affect the outward exchange current at these
concentrations.
7 We conclude that No. 7943 inhibits the outward Na+/Ca2+ exchange current more potently than any
other currents as a competitive inhibitor with external Ca2+. This effect is in contrast to DCB which
preferentially inhibits the inward rather than the outward Na+/Ca2+ exchange current.

Keywords: Na+/Ca2+ exchange current; No. 7943; 3',4'-dichlorobenzamil (DCB); whole-cell clamp; heart; cardiac myocyte;
competitive inhibition; Na+ current; Ca2+ current; K+ current

Introduction

The Na+/Ca2" exchange is one of the major mechanisms for
regulating the intracellular Ca2+ concentration in cardiac
myocytes. In normal cardiac cells, the Na+/Ca2" exchanger
extrudes Ca2+ from the sarcolemma to maintain the in-
tracellular Ca2+ concentration 103-4 times lower than the ex-
tracellular concentration. However, in ischaemic cardiac cells
where intracellular pH decreases, it has been proposed that the
intracellular Na+ concentration rises through the Na+/H+
exchange system, which in turn increases the intracellular Ca2+
concentration through the Na+/Ca2+ exchange system (Allen
et al., 1993; Scholz et al., 1993; Ver Donck et al., 1993). This
Ca2+ increase leads to Ca2+ overload which induces various
pathological conditions including arrhythmia. If an effective
inhibitor of Na+/Ca2" exchanger is available, it may prevent
such Ca2" overload during cardiac ischaemia and associated
reperfusion injury. However, there are few molecules that have
been shown to inhibit the Na+/Ca2+ exchanger (Kaczorowski
et al., 1989).

Heavy metals such as, La3+, Cd2+, Mn2+ and Ni2 + are
known to block the Na+/Ca2+ exchanger (Trosper & Phi-
lipson, 1983; Kimura et al., 1987). These divalent or trivalent
cations, are not specific because they also inhibit Ca2 + chan-
nels. Synthetic compounds reported as Na+/Ca2+ exchange
inhibitors are amiloride derivatives (Kaczorowski et al., 1985;
Kleyman & Cragoe, 1988). Among them, DCB (3',4'-di-
chlorobenzamil) has been demonstrated to inhibit the Na+/
Ca2+ exchanger in cardiac membrane vesicles with a relatively
low IC50 value of 17- 30 giM (Siegl et al., 1984; Kaczorowski et
al., 1985; Kleyman & Cragoe, 1988; Murata et al., 1995). DCB,
however, also inhibits the voltage-gated Na+ channel (Kley-

man & Cragoe, 1988) and T-type and L-type Ca2" channels
even more potently than the Na+/Ca2+ exchange current in
pituitary cells (Suarez-Kurtz & Kaczorowski, 1988).

Philipson (1984) reported that cationic amphiphiles, such as
dodecylamine, dodecyltrimethylamine and laurylcholine, are
potent inhibitors of Na+/Ca2" exchange (- 50% at 20 ,gM) in
cardiac sarcolemmal membrane. In addition, lysopho-
sphatidylcholine also inhibits Na+/Ca2+ exchange (Bersohn et
al., 1991). A polypeptide, called exchanger inhibitory peptide
(XIP), is the most selective inhibitor of the Na+/Ca2+ ex-
changer so far reported (Li et al., 1991; Chin et al., 1993). This
polypeptide is a part of the amino acid sequence (20 amino
acids) of the internal loop of the exchange molecule and has a
homology to calmodulin binding site which serves as an au-
toinhibitory domain. XIP, however, must be applied from in-
side the cell to inhibit the Na+/Ca2+ exchanger.

No. 7943 (2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiour-
ea methanesulphonate) (Figure 1) is a Na+/Ca2+ exchanger
inhibitor, newly synthesized at New Drug Research Labora-
tories, Kanebo Co. Ltd. We examined the effect of No. 7943
on the Na+/Ca2+ exchange current and on various other
membrane currents in single ventricular cells from the guinea-
pig heart with the whole-cell voltage-clamp technique.

*CH3SO3H

l Author for correspondence. Figure 1 Chemical structure of No. 7943.
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Table 1 Composition of solutions (concentrations ex-
pressed in mM)

Solution no. 1 2 3 4 5 6

Guinea-pigs weighing 250-400 g were anaesthetized by in-
traperitoneal injection of pentobarbitone. The chest was
opened under artificial ventilation and the aorta was cannu-
lated in situ. The heart was then dissected out and perfused
with Tyrode solution (solution 1 in Table 1) on the Langen-
dorff apparatus. After the blood had been washed out, the
solution was changed to Ca2+-free Tyrode solution. When the
spontaneous heart beat ceased, the perfusate was changed to
Ca2 +-free Tyrode solution containing collagenase (WAKO,
10 mg per 50 ml) and alkaline protease (Nagase, 1 mg per
50 ml) for about 20 min. The collagenase solution was washed
out with high-K+, low-Cl- solution (solution 2) and then the
ventricles were dissected into the same solution. The ven-

tricular cells were dissociated and stored at 4°C. The tem-
perature of all solutions was maintained at 36+0.5°C with a
water jacket.

Electrophysiological experiments

Electrophysiological experiments were carried out using the
whole-cell configuration of the patch-clamp technique (Hamill
et al., 1981). The patch-clamp amplifier was Model TM-1000
(Act ME, Tokyo). Patch pipettes were filled with one of the
intracellular solutions listed in Table 1 (solution 5 or 6). The
cells were dispersed in an experimental chamber which was
perfused by the Tyrode solution (solution 1). After a gigaohm
seal was formed, the extracellular solution was changed to
Ca2+-free Tyrode solution. Then a higher negative pressure
was applied inside the pipette to rupture the patch membrane
to establish the whole-cell mode. The extracellular solution was
subsequently switched to one of the solutions listed in Table 1

(solutions 3 or 4).
The method of recording the Na+/Ca2+ exchange current

was similar to those described previously (Kimura et al., 1987;
Miura & Kimura, 1989). The current-voltage (I- V) relation
was obtained by ramp pulses as shown in Figure 2a in all the
ramp experiments. The holding potential was usually at
-40 mV except in one set of experiments (Figure 7) where it
was adjusted to ENaCa (reversal potential of the Na+/Ca2+
exchange current) which varied depending on [Ca2+]o. The
shape of the ramp pulse and the corresponding current are
shown in Figure 2a. The ramp pulse was initially depolarized
to + 60 mV, then hyperpolarized to -120 mV and depolar-
ized back to the holding potential at a speed of 720 mVs-'.
The total current in response to the ramp pulse (Figure 2a) was
plotted as the current-voltage (I- V) relation in Figure 2b (left).
The current corresponding to the descending limb of the pulse
and that to the ascending limb are separated by the capacita-
tive current ((v)-(vi) and (iii)-(iv)). The descending limb
current ((iv)-(v)) was plotted after the capacitative current
compensation (Figure 2b, (ix) - (viii)). This I- V curve was
obtained under control conditions for the outward Na+/Ca2+
exchange current, where the Ca2+ current, K+ current and
Na+/K+ pump current were blocked by D600, Cs' and oua-
bain, respectively.

As shown in Figure 2c (left), under these conditions, the
outward Na +/Ca2+ exchange current was induced by changing
the external solution from nominally free Ca2+ solution to one
containing 1 mM Ca2+ for about 15 s. The control current and
the peak response during the 1 mM Ca2+ perfusion were su-
perimposed. The patch pipette was filled with the intracellular
solution containing 20 mM Na+ and pCa 7.02 (solution 5).
When the same protocol was repeated in the same cell in the
presence of 5 mM Ni2+, a blocker of Na +/Ca2+ exchanger, the
outward current failed to develop (Figure 2c right), confirming
that this outward current was indeed the Na+/Ca2+ exchange
current (Kimura et al., 1987). All the I- V curves shown were
from the descending limb of the ramp after the capacitative

current compensations unless otherwise stated.
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The data were acquired on-line and analysed later by a
computer (NEC, PC-9801RX) with the handmade software
called RAM5 (National Institute for Physiological Sciences in
Okazaki). The data are expressed as mean + s.e. mean (number
of data).

Solutions and drugs
Composition of all the solutions used are listed in Table 1. To
see the outward exchange current, solutions 3 (external) and 5
(internal) in Table 1 were used. To see the inward exchange
current, solutions 3 and 4 (external) and 6 (internal) were used.
The pH of all the solutions were controlled by HEPES buffer.
To record the Na+/Ca2+ exchange current, most other mem-
brane currents were blocked by 4 gM methoxy-verapamil
(D600) or 3 gM nifedipine for Ca2+ channels, external and
internal Cs' without K+ to block K+ channels, 20 gM oua-
bain for the Na+-K+ pump, and by 5 pM ryanodine for Ca2+
release channels of the sarcoplasmic reticulum.

No. 7943 (2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiour-
ea methanesulphonate, Kanebo, Osaka, Japan, Figure 1) and
DCB (3',4'-dichlorobenzamil, Kanebo) were first dissolved in
dimethylsulphoxide (DMSO) and added to extracellular solu-
tions so that the final concentration of DMSO was <0.1%
which did not affect the Na+/Ca2+ exchange current. Neither
No. 7943 nor DCB changed the pH of the external solution.

Results

Effect of No. 7943 on the outward Na+/Ca2+ exchange
current

Figure 3a shows a set of typical recordings of the effect of
No. 7943 on the outward Na+/Ca2+ exchange current. The
control external solution contained 140 mM Na+ (solution 3)
without Ca2+ and the pipette solution contained 20 mM Na+
and 96 nM free Ca2+ (solution 5). When the external Ca2 +
concentration was changed from nominally free to 1 mM for
about 15 s, the outward Na+/Ca2+ exchange current was in-
duced (Figure 3a(i)). This current was verified as the Na+/
Ca2 + exchange current because of its Ni2+ sensitivity (see
Figure 2c). After the I- V curve returned to the original con-
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Figure 2 Ramp clamp protocol for recording the Na +/Ca2 + exchange current, Na+ current and Ca2+ current. (a) Voltage ramp

pulse (upper trace) and a current response (lower trace) under the control conditions with solutions 4 (external) and 5 (internal). (b)
Current-voltage (I-V) relation of (a) (left). I-V curve ((viii)-(ix)) corresponds to the descending limb current (iv)-(v)) after the
capacitative current ((viii)-(iv) or (ix)-(v)) compensation. The I-V curve ((viii)-(ix)) alone is plotted on the right. (c) I-V curves

obtained before (OCa) and during (1 Ca) mm external Ca2 + perfusion in the absence (left) and the presence (right) of 5mM
Ni2 +(d). I-V curves of the Na + current and the Ca2 + current obtained by ascending limbs of the ramp pulse. Na + current was

reversibly inhibited by 1OyM TTX. (e) Ca2 + current in response to the ramp pulse was blocked by 3 M nifedipine. Control and the
current in the presence of nifedipine have been superimposed.
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trol level, the external solution was switched to one containing
No. 7943 at 0.3 pM. After about 3 min of No. 7943 super-
fusion, the external Ca2" was raised to 1 mM again. This time
the outward Na+/Ca2+ exchange current was suppressed by
about 45% compared with the control (Figure 3a(ii)). When
the concentration of No. 7943 was raised further to 1 pUM in
the same cell, application of 1 mM Ca2+ did not induce any
current, indicating that the exchange current was completely
suppressed (Figure 3a(iii)). The current inhibited by No. 7943
recovered after 5 min of washing out the drug (Figure 3a(iv)).
Similar experiments were performed in 3 to 6 cells for each
concentration of No. 7943 and percentage inhibition of the
current was calculated.
A concentration-response relation of the net outward ex-

change current measured at + 50 mV is shown in Figure 3b.
The inhibitory effect of No. 7943 on the outward Na+/Ca2+
exchange current was concentration-dependent with IC50 of
approximately 0.32 gM. To examine whether or not the in-
hibitory effect of No. 7943 was voltage-dependent, the con-
centration-response relation was also plotted using the current

a
(i) Control

-100 mV
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r 0.5 nA

-100 mV

0

(iii) No.7943 1 gM
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indicated in parentheses.

7/

(iv) Wash out
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magnitude measured at 0 mV. The IC50 value of No. 7943 was
similar to that at + 50 mV (data not shown), indicating that
the effect of No. 7943 was not voltage-dependent.

Effect of No. 7943 on the inward Na+/Ca2" exchange
current

Figure 4a depicts typical I- V curves showing the effect of
No. 7943 on the inward Na+/Ca2" exchange current. The
control external solution contained 140 mM Li+ and 1 mM
Ca2` without Na+ (solution 4). The pipette solution contained
130 mM Cs' without Na+ and 231 nM free Ca2+ (solution 6).
The inward Na + /Ca2 + exchange current was induced by
changing the external solution from 140 mM Li' to 140 mM
Na+ (solution 3) for about 15 s (Figure 4a(i)). After the I- V
curve returned to the original level, the external solution was
changed to one containing No. 7943 at 10 gM. After about
3 min of No. 7943 superfusion, the external solution was
changed from 140 mM Li+ to 140 mM Na+ again in the pre-
sence of No. 7943. The inward Na+/Ca2+ exchange current
was suppressed by about 30% of the control (Figure 4a(ii)).
When 30 gM No. 7943 was applied, the inward exchange
current was completely suppressed in this cell (Figure 4a(iii)).
The current inhibited by No. 7943 recovered after 5 min of
washing out the drug (data not shown). The inhibition of
No. 7943 on the inward Na+/Ca2+ exchange current at
- 100 mV was concentration-dependent with IC50 of ap-
proximately 17 gM. The concentration-response relation was
also plotted using the data measured at -50 mV, but the IC50
value of No. 7943 was similar to that measured at - 100 mV
(data not shown), indicating again that the inhibitory effect of
No. 7943 is not voltage-dependent.

Mode of inhibition of the outward Na+/Ca2" exchange
current by No. 7943

We next investigated the mode of inhibition of the outward
Na+/Ca2" exchange current by No. 7943. The inhibition
pattern, i.e. competitive, noncompetitive or uncompetitive,

-100 mV was assessed as a function of external Ca2 + concentration by
determining the values of the apparent maximum current

0 density (Imax) and the apparent Km value of [Ca2+]0 (KmCa2+).
As shown in Figure 5, the concentration-response relations
between [Ca2+]o and the outward exchange current were ob-
tained in the absence and presence of No. 7943 at 0.3 or 1 gM
under the following conditions. [Ca2+]i, [Na+]o and [Na+]i
were set at constant concentrations of 96 nM, 140 and 20 mM,
respectively, using solutions 3 (external) and 5 (internal), while
[Ca2 +10 was changed to six different concentrations between
0.15 and 3 mM. To maintain [Ca2+]i constant, the membrane
potential was held at a calculated equilibrium potential of the
Na+/Ca2+ exchange current (ENaCa), where there would be no
net flow of the exchange current at any [Ca2+]0. Thus the

(3) holding potential was set at ENaCa of -40, -72, -91, -107,
-114 and -122 mV at 0.15, 0.5, 1, 1.5, 2 and 3 mM [Ca2+]0,
respectively. This time [Ca2+]0 was raised stepwise and each

(6) [Ca2+]0 was perfused for about 1 min. The ramp pulse was
9 (3) given every 10 s to record the steady state exchange current,

(3) and whenever [Ca2+]0 was changed, the holding potential was
adjusted to the corresponding ENaCa at each [Ca2+]O.

" Figure 5a superimposes the I- V curves obtained at the six
1 3 10 different [Ca2+]o in the absence (i) of No. 7943, at 0.3 puM (ii)

No.7943 (gM) and at 1 gM (iii). The concentration-dependent suppression of
the exchange current by No. 7943 can be seen clearly. The

in the outward Na+/Ca2 + exchange current magnitude was measured at the potentials 50 mV more
)utward Na + /Ca2+ exchange current positive to ENaCa at each [Ca2+10, and the magnitude of the net
during (1 Ca) 1 mM external Ca2+ exchange current was obtained by subtracting the current at
nd (iv)) or the presence (0.3 AM, (ii); 0.15 mM [Ca2+]o from the currents at each higher [Ca2+]O.
centration-response curve of No. 7943 Each value was converted to the current density by dividing
a2+ exchange current measured at with the capacitance of the cell. Similar experiments were re-

s
outward Na+/Ca

o
current .n the peated at least in 3 cells for each [Ca2 +]o and the mean values

.emean with the number of data are plotted in Figure 5b. The Imax and KmCa2+ values were
obtained by directly fitting the data by computer using the

0
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c
a)
L-)

558



T. Watano et al

Marquardt method. The Imax values were 5.42 + 0.66 (n = 5),
5.56 + 1.14 (n = 3) and 5.31 + 1.00 (n = 3) at the control, 0.3 and
at 1 juM No. 7943, respectively. The Imax values were not sig-

a
(i) Control (ii) No.7943 10 gM (iii) No.7943 30 gM

0
C) -

0
o 50-

0

C.)

140

140 Na

0-
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nificantly altered by No. 7943 statistically (one-way ANOVA).
The KmCa2" values were 1.30+0.36 (n= 5), 1.83 +0.75 (n=3)
and 8.49 + 1.86 mM (n = 3) at the control, 0.3 and at 1 gUM

b
100 n

5 10 20
No.7943 (gM)

T
30 50

Figure 4 Effect of No. 7943 on the inward Na +/Ca2 + exchange current. (a) I-V curves of the control in 140mM Li+ external
solution (140 Li) and the inward Na+ /Ca2+ exchange current obtained in 140mM Na + (140 Na) in the absence (i) and presence of
No. 7943 (10 pm, (ii); 30 M, (iii)). (b) Concentration-response curve of No. 7943 (5, 10, 20, 30 and 50 gM) and the net inward Na+/
Ca2 + exchage current measured at -100 mV. The amplitude of the inward Na + /Ca2+ exchange current in the presence of No. 7943
was expressed as % of the control current. Points represent the mean+ s.e.mean with the number of data shown in parentheses.
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Figure 5 Effect of varying external Ca2+ on outward Na+/Ca2 + exchange current in the absence and presence of No. 7943 (a) I- V
curves of the outward Na /Ca2+ exchange current induced by (1) 0.15, (2) 0.5, (3) 1, (4) 1.5, (5) 2 and (6) 3mM [Ca2 ]O in the
absence (i) and the presence (0.3 gM (ii) and I gM (iii)) of No. 7943. The holding potential was adjusted to Erev at each [Ca2+]O as

described in the text. The external solution 3 and the internal solution 5 were used. (b) Concentration-response curves between
[Ca2 +10 and the net outward exchange current measured at 50mV more positive to each ENaCa in the absence (0, n=5 at each
[Ca2+]0) and in the presence (0.3 pM, 0, n = 3 each; 1 M, El, n= 3 each) of No. 7943. The curves were fitted by a computer

programme 'Kotaro' (Sankaido, Japan) with Marquardt methods. Correlation coefficients (R) > 0.84 for all curves. (c) Hanes-
Woolf plots of the data in (b). The lines were drawn by eye.
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No. 7943, respectively. The KmCa2" values were shifted sta-
tistically significantly toward higher values by the drug (one-
way ANOVA). These results suggest that No. 7943 is a com-
petitive antagonist with respect to [Ca2"]o for the outward
Na+/Ca2+ exchange current. To illustrate the mode of in-
hibition more clearly, a Hanes-Wolf plot ([Ca2+]O/i versus
[Ca2+]O) of the data was employed as shown in Figure 5c. The
three fitted lines appear to be parallel, suggesting that the mode
of inhibition of No. 7943 is competitive with respect to
[Ca2+]0.

Effect of DCB on the Na+/Ca2+ exchange current

DCB has been reported to inhibit the Na+/Ca2+ exchanger
(Siegl et al., 1984; Kaczorowski et al., 1985; Kleyman & Cra-
goe, 1988; Murata et al., 1995); we therefore compared the
effects of DCB and No. 7943. Figure 6a shows a set of re-
presentative data of the effect of DCB on the inward Na+/
Ca2+ exchange current. The experimental conditions were the
same as those used for the effect of No. 7943 on the inward
Na+/Ca2+ exchange current. When the external solution was
changed to one containing DCB at 10 uM for about 3 min, the
inward Na+/Ca2+ exchange current was suppressed by ap-
proximately 30% (Figure 6a(ii)). When 30 /iM DCB was ap-
plied, suppression of the exchange current was almost
complete (Figure 6a(iii)). The current inhibited by DCB re-
covered after 5 min of washing out the drug (data not shown).
A concentration-response relation between the net inward ex-
change current measured at -100 mV and the concentration
of DCB is shown in Figure 6c (open circles). The inhibition of
DCB on the inward Na+/Ca2+ exchange current was con-
centration dependent with IC50 of approximately 17 gM.

Figure 6b shows the effect of DCB on the outward Na+/
Ca2+ exchange current. The experimental conditions were the
same as those used for the effect of No. 7943 on the outward
Na+/Ca2+ exchange current. After the external solution was
changed to one containing DCB at 10 or 30 kiM for about
3 min, the outward Na+/Ca2+ exchange current was not sig-
nificantly changed (Figure 6b(ii)). The concentration-response
relation between the net outward exchange current measured
at +50 mV and DCB was also plotted in Figure 6c (filled
circles). DCB inhibited the inward exchange current but not
the outward Na+/Ca2+ exchange current in the concentration
range between 10 and 30 gM DCB.

Effect of No. 7943 on various other currents

We also tested the effect of No. 7943 on the membrane cur-
rents other than the Na+/Ca2+ exchange current, such as the
Na+ current, Ca2+ current and the inward rectifier K+ cur-
rent. Figure 2D and E illustrates the basic experiments to
verify the Na+ and Ca2+ currents in response to ramp pulses.
The external solution was Tyrode solution (solution 1) con-

taining 3 mM Cs+ to block the inward rectifier K+ current.
The pipette solution contained 120 mM Cs+ (solution 5). The
ramp protocol was the same as described in Figure 2A and the
depolarizing ramp currents were plotted. The Na+ current was
induced by the depolarizing ramp pulse over the potential
range negative to -40 mV and the Ca2+ current at the po-
tentials positive to -40 mV. The Na+ current was blocked by
10 gM TTX reversibly (Figure 2D), and the Ca2+ current by
3 gM nifedipine (Figure 2E).

Figure 7a shows the effects of No. 7943 on the Na+ and
Ca2+ currents activated by ramp pulses. After recording the
control I- V curve (Figure 7a(i)), the external solution was

changed to one containing No. 7943 at 1 ,UM. Immediately
after application of No. 7943, the Na+ and Ca2+ currents
started to diminish and reached a steady state within about
3 min. (Figure 7a(ii)). Subsequent application of 10 and 50 gM
No. 7943 further suppressed the currents (Figure 7a(iii) and
(iv)). Both the currents recovered after 5 min of washing out
the drug (Figure 7a(v),). The concentration-response relation
of the Na+ current and the Ca2+ current obtained by ramp
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Figure 6 Effect of DCB on the inward and the outward Na+ /Ca2+
exchange current. (a) I-V curves of the control in 140mm Li +
external solution (140 Li) and the inward Na +/Ca2+ exchange
current obtained in 140mM Na+ (140Na) in the absence (i) and
the presence of DCB. Concentrations of DCB are indicated above.
(b) I-V curves of the outward exchange current obtained before
(OCa) and during 1 mm Ca2 + superfusion in the absence (i) and in
the presence (ii) of 30 gM DCB. (c) Concentration-response curves of
DCB (3, 10 and 30 M) and the net inward exchange current
measured at -100mV (0) and the net outward exchange current
measured at +5OmV (0). The amplitude of the currents in the
presence of DCB were expressed as % of the control currents. Each
symbol represents the mean+s.e. mean.

pulses were plotted in Figure 7d. The inhibition of the Na+
current (A) and Ca2+ current (El) by No. 7943 was con-
centration-dependent. The IC50 values of No. 7943 for the
Na+ and Ca2+ currents were approximately 14 and 8 iM, re-
spectively. The inhibition of the Ca2+ current was also checked
by square pulses. The Ca2+ current was activated by depo-
larizing step pulses of 200 ms duration from the holding po-
tential of -40 mV to various potentials. Figure 7b shows the
representative traces of the Ca2` current at + 10 mV in the
absence and presence of No. 7943 at 10 gM. The peak and the
sustained components were suppressed by the drug. On aver-
age, the peak of the Ca2+ current was reduced to 79% (n= 3)
by 10 gM No. 7943.

Figure 7c shows the effect of No. 7943 on the inward rec-
tifier K+ current. The holding potential was -40 mV. The
control external solution was Tyrode solution (solution 1)
containing 3 gM nifedipine. The pipette solution was the same
(solution 5) as above. The inward rectifier K+ current was
recorded from the descending limb of the ramp pulse (Figure
7c). After recording the control, the external solution was
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Figure 7 (a) Effect of No. 7943 on the voltage-gated Na+ and Ca2+ currents obtained by ramp pulses. The concentrations of
No. 7943 are indicated above each panel. (b) Effect of No. 7943 on the Ca2+ current obtained by depolarizing square pulses from
-40 mV to + 0mV for 200ms in the absence (control) and in the presence of No. 7943 10 gM. (c) Effect of No. 7943 on the inward
rectifier K + current. I-V curves before the drug application (control) and in the presence of No. 7943 are superimposed (i); (ii) is
after washing out the drug. (d) Concentration-response curves between No. 7943 and the Na + current peak values (A, n =5 at each
concentration), the Ca2+ current peaks ([1, n= 4 each) and the inward rectifier K+ current measured at -I00mV (0, n= 5 each).
Each symbol represents the mean+ s.e.mean.

changed to one containing No. 7943 at 1 gM. After about
3 min of No. 7943 superfusion, the inward rectifier K+ current
was suppressed (Figure 7c(i)). When 3, 10, 30 and 50 JgM
No. 7943 were applied cumulatively, suppression of the cur-

rent became progressively more potent (Figure 7c(i)). The K+
current recovered after 5 min of washing out the drug (Figure
7c(ii)). The magnitude of the inward rectifier K+ current was
measured at -100 mV and the concentration-response curve
was superimposed in Figure 7d (0). The ICs value of
No. 7943 for the K+ current was approximately 7 JgM.

Discussion

We found that No. 7943 reversibly suppressed the outward
Na+/Ca2+ exchange current in a concentration-dependent
manner with an IC50 of 0.32 gM. Suppression of the inward
Na+/Ca2+ exchange current by this drug, however, was sig-
nificantly less potent compared to that of the outward ex-

change current and the IC50 was 17 gM. No. 7943 also
inhibited the voltage-gated Na+ and Ca21 currents and the
inward rectifier K+ current. The IC50 values of these effects
were similar to that for the inward Na+/Ca2+ exchange cur-
rent i.e., 14, 8 and 7 pM, respectively and were 20 to 50 fold
larger than that for the outward Na+/Ca2" exchange current.
Thus, No. 7943 inhibits the outward exchange current (or the
reverse mode) more potently than any other currents in-
vestigated.

Effects of the drug on the Na+ current and the Ca2+ current
were investigated with ramp pulses in the present study. Since
both the Na+ and Ca2+ currents have time-dependent acti-
vation and inactivation kinetics, ramp pulses may perturb the
channel activity by steadily changing the driving force and the
number of conducting channels simultaneously. Thus the
concentration-response curve obtained by ramp pulses should
be considered as a rough estimation, which though in the
present study is sufficient to show that there is a concentration-
range of No. 7943 which affects the exchange current ex-

clusively. Since the ramp pulse result may not produce the
same result as that obtained by the step pulses, we checked this

point. The mean decrease of the Ca2" current measured by
ramp pulses was to 43% (n = 3) of the control at 1O UM
No. 7943 (Figure 3), while that measured by the square pulses
was to 79% (n=3) (Figure 7b). This discrepancy may have
derived at least partly from the methods, because when the
reduction of the Ca2+ current was measured at 20 ms later
than the peak during the step pulse, the value became 50% in
average (n = 3). Thus there is a possibility that the IC50 for the
Ca2+ current obtained by the ramp pulse protocol was un-
derestimated. If so, No. 7943 becomes an even more selective
blocker of the outward exchange current compared to the
Ca2+ current.
When the mode of inhibition of the drug was examined,

No. 7943 shifted the KmCa2+ value from the control of 1.3 mM
to 1.8 mM (1.4 fold) at 0.3 pM, or to 8.5 mM (6.5 fold) at 1 gM.
However, the drug did not significantly change the Im,, values.
These results suggest that No. 7943 inhibits the outward Na+/
Ca2 + exchanger competitively with respect to external Ca2.

In the present study, we confirmed that DCB inhibits the
inward Na+/Ca2+ exchange current with an ICm of approxi-
mately 17 gM. However, to our surprise, DCB did not affect the
outward Na+/Ca21 current even at 30 JgM, a concentration that
inhibited the inward exchange current completely. In frog atrial
cells, DCB inhibited both directions of the exchange current
with a lower IC5o of 0.4 gM (Bielefeld et al., 1986). In mam-
malian cardiac membrane vesicles, Na+ -dependent Ca2+ efflux
was preferentially blocked by DCB and thus DCB was reported
to be a competitive inhibitor with Na+ (Siegl et al., 1984;
Slaughter et al., 1988). That the inhibitory effects of DCB are
more potent on the inward rather than the outward Na+/Ca2+
exchange current is opposite to the results with No. 7943.

The Na+/Ca2+ exchanger molecule has been cloned (Nicoll
et al., 1990), but the binding sites for external Na+ and Ca2+
have not been identified. It has been proposed that the ex-
changer contains two classes of cation binding sites, a divalent
site which can bind either one Ca2+ or two Na+ and a
monovalent site which binds only one Na+ but not Ca2+
(Blaustein & Russell, 1975; Reeves & Sutko, 1983). The ex-
changer is most likely to operate with the ping-pong (or con-
secutive) kinetics rather than with the simultaneous kinetics
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(Khananshvili 1991; Niggli & Lederer, 1991; Li & Kimura,
1991). Thus the conformation of the external site may change
from one configuration which has a higher affinity for Ca2" to
another with a higher affinity for Na'. This hypothesis can be
supported by the evidence that No. 7943 and DCB inhibit the
different modes of exchange.

Different degrees of inhibition with regard to the Ca2" site
and the Na+ site have also been reported for some other drugs.
Bepridil caused partial inhibition of Na'i-dependent Ca2"
uptake but complete block of Na+0-dependent Ca2+ efflux
(Garcia et al., 1988). Bepridil is non-competitive with Ca2" but
competitive with Na' and thus it is considered to interact at a
site which binds Na' but not Ca2". External Mg2" inhibits the
outward exchange current more effectively than the inward
exchange current, indicating that Mg2` interacts preferentially
with the Ca2" binding (Kimura, 1996). On the other hand,
inhibition of quinaqurine is similar to amiloride derivatives
(De La Pefia & Reeves, 1987). This evidence lends further
support to the idea that two distinct binding sites or config-
urations exist in the Na+/Ca2+ exchanger molecule.
We also attempted to apply No. 7943 intracellularly by the

pipette solution. No. 7943 at 50 gM in the pipette solution did
not prevent the development of the inward or the outward
exchange current. The exchange current was not apparently
different from the control without No. 7943 in the pipette so-
lution. We cannot exclude the possibility that No. 7943 did not
sufficiently diffuse into the cell interior, because of its relatively
large molecular weight of 427.5. However considering its Ki
value of 0.32 gM for the external Ca site and that we waited for
20 min after establishing the whole cell mode, sufficient current
appeared in both outward and inward mode at 50 gM in the
pipette led us to conclude that No. 7943 does not affect, or is
much less potent from the intracellular side.

It has been hypothesized that cardiac ischaemia causes in-
tracellular acidosis due to anaerobic metabolism (Steenbergen
et al., 1977; Allen & Orchard, 1987) and ATP hydrolysis
(Dennis et al., 1991). As a consequence, the Na+/H+ exchange
system is activated and causes Na+ influx and H+ efflux
(Frelin et al., 1984; Poole-Wilson, 1989). A rise in intracellular
Na+ concentration reduces the Ca2+ efflux via the forward
Na+/Ca2+ exchange and/or induces Ca2+ influx through the
reverse mode of the Na±/Ca2+ exchange depending on the
Na' gradient and the membrane voltage. The Ca2" overload
caused by these mechanisms would induce cardiac arrhythmia
(Coetzee & Opie, 1987), stunning (Kusuoka et al., 1993) and
necrosis during cardiac ischaemia and reperfusion. Cell swel-
ling, which occurs under these conditions, also has an effect on
Na+/Ca2" exchanger current (Wright et al., 1995). If these are
the major mechanisms, and if a more specific Na+/Ca2" ex-
change inhibitor could be developed from No. 7943, it may be
possible to prevent cardiac ischaemia and reperfusion injury by
inhibiting the Ca2" influx via the Na+/Ca2+ exchanger.

In conclusion, No. 7943 is a potent antagonist of the out-
ward Na +/Ca2+ exchange current and its blocking mechanism
may involve competition with external Ca2". This is an op-
posite characteristic to DCB which suppresses the inward
Na+/Ca2" exchange current preferentially. No. 7943 may be a
useful tool to investigate the Na+/Ca2 + exchanger.
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