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SUMMARY

1. To identify the Na+- or Ca2+-induced current as Na+-Ca2+ exchange current and
to determine the stoichiometry of the Na+-Ca2+ exchange, the reversal potential was
measured in a wide range of external Na+ ([Na+]0) or Ca2+ ([Ca2+]0) concentrations.
The Na+- or Ca2+-induced current was recorded in single ventricular cells
enzymatically dispersed from guinea-pig hearts, using the technique of whole-cell
voltage clamp combined with internal perfusion.

2. In the presence of 10-40 mM-Na+ and 55-803 nM-Ca2+ in the internal solution,
an increase of [Ca2+]o from 0-1 to 0-5-20 mm or an increase of [Na+]. from 30 to
50-140 mM induced an extra current associated with an increase in membrane
conductance. The reversal potential of these extra currents was determined from an
intersection of the current-voltage (I-V) relations obtained in the absence and
presence of a Na+-Ca2+ exchange blocker, Ni2+ (2 mM).

3. Ba2+ in the external solution failed to induce the extra current, but inhibited
the background conductance having a reversal potential at around 0 mV. Thus,
1 mM-Ba2+ was added to all external solutions, so that a change in the background
current was minimized during application of Ca2+ or Ni2+.

4. The relation between [Ca2+]o and amplitude of the Ca2+-induced current was
examined in the presence and absence of Ni2+. Lineweaver-Burk analysis revealed
that the action of Ni2+ on the extra current might be a mixed type of competitive and
non-competitive inhibition.

5. During the application of Ca2+, the Ca2+-induced outward current decayed in a
time-dependent manner, resulting in a shift of the I-V relations towards positive
potentials. This current decay was inhibited by increasing the capacity of the
internal Ca2+-buffer, using BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetra-
acetic acid) or higher concentrations of EGTA. The result indicates that [Ca2+]i, at
least under the cell membrane, changes due to ion fluxes through the Na+-Ca2+
exchange and that control of the ion concentrations within the cell is prerequisite for
measuring the reversal potential of the Na+-Ca2+ exchange.

6. The shift of both the holding current and the I-V relations during stimulation
of the exchange was suppressed, when the membrane potential was clamped at the
equilibrium potential of 3Na+: 1Ca2+ exchange. Under these conditions, the Ni2+-
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sensitive component of the Ca21- or Na+-induced current showed reversal potentials
which were in agreement with theoretical equilibrium potentials under the ionic
conditions of 0-2-20 mm [Ca2+]. and 30-140 mm [Na+]0.

7. We conclude that the external-Ca2+- or external-Na+-induced current is
generated by the Na+-Ca2+ exchange system and that the stoichiometry is
3Na+: lCa2+.

INTRODUCTION

The stoichiometry of the Na+-Ca2+ exchange has been extensively investigated
with tracer flux methods in squid axons (review by DiPolo & Beauge, 1983), barnacle
muscle fibres (Rasgado-Flores & Blaustein, 1987), cardiac membrane vesicles
(review by Philipson, 1985) and intact cardiac strands (review by Langer, 1982).
Many of these studies support the 3Na+: 1Ca2+ stoichiometry, thus the exchange is
most probably electrogenic. Recently a membrane current component, which seems
to be generated by the Na+-Ca2+ exchange system, was recorded in retinal rod cells
(Yau & Nakatani, 1984; Hodgkin, MeNaughton & Nunn, 1987; Hodgkin & Nunn,
1987) and cardiac ventricular cells (Kimura, Noma & Irisawa, 1986; Kimura,
Miyamae & Noma, 1987). If the pure Na+-Ca2+ exchange current were to be isolated
from other current components under known extra- and intracellular ionic
conditions, stoichiometry of the Na+-Ca2+ exchange can be determined directly by
measuring its reversal potential, and analysis of the current response would give
information on the exchange kinetics, as has been done for the Na+-K+ pump
current (Nakao & Gadsby, 1986; Bahinski, Nakao & Gadsby, 1988). Further, the
determination of reversal potentials at various external and internal Na+ and
Ca2+ concentrations would also provide information as to whether or not the
stoichiometry is independent of the ion concentrations. Therefore, we extended the
study of Kimura et al. (1986, 1987) in an attempt to obtain isolated Na+-Ca2+
exchange current in single myocardial cells under various conditions.
Kimura et al. (1986, 1987) revealed that increases in external Na+ or Ca2+

concentrations induced an increase of membrane conductance (Na+- or Ca2+-induced
current) in internally perfused cardiac cells. This response was concluded to be
generated by the Na+-Ca2+ exchange system based on the following findings. The
current response required the presence of both Na+ and Ca2+ across the cell
membrane, showed a Qlo value of 3 6-4 0, and was blocked by heavy metal ions or
by removing free Ca2+ ions from the internal solution. The measurement of the
reversal potential, however, was limited to a narrow range of [Ca2+]O, because the
current-voltage relation of the Ca2+-induced current showed a spontaneous shift of
unknown origin. Since the measurement of the reversal potential is essential to
determine whether this current is due to the Na+-Ca2+ exchange system, we aimed
first to clarify the mechanism of this time-dependent current decay and then to
measure the reversal potential in wide ranges of Na+ and Ca2+ concentrations,
avoiding the time-dependent current change.
For isolation of the Na+-Ca2+ exchange current, we adopted the subtraction

method using Ni2+ for the blocking agent. It was previously reported that Ni2+ had
no significant effect on background currents, but inhibited the Na+-Ca2+ exchange
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system fairly selectively (Kimura et al. 1987). We investigated the mechanism of
Ni2" action on the Na'-Ca2+ exchange system using Lineweaver-Burk analysis.
The reversal potentials thus measured were in agreement with the theoretical

equilibrium potential given by the stoichiometry of 3Na+:lCa2+. This ratio was
constant in wide ranges of external Na+ and Ca2+ concentrations and internal Ca2+
concentrations.

METHODS

Preparation of the cells
Single ventricular cells of guinea-pig heart were obtained with the enzymatic dissociation

technique similar to that previously described (Powell, Terrar & Twist, 1980; Taniguchi, Kokubun,
Noma & Irisawa, 1981; Isenberg & Klockner, 1982). In brief, guinea-pigs of 300-400 g were
anaesthetized with sodium pentobarbitone (20-50 mg/kg). Under artificial respiration, the chest
was opened and the aorta was cannulated in situ. The heart was excised maintaining the
Langendorff perfusion with control Tyrode solution and then perfused with Ca2+-free Tyrode
solution until the heart beat stopped. The perfusate was switched to a Ca2+-free Tyrode solution
containing collagenase (Sigma type I, 04 mg/ml) and trypsin inhibitor (Sigma, 04 mg/ml) for
about 30 min at 37 'C. After this period, the heart was perfused with 'KB medium' (Isenberg &
Klockner, 1982). The left ventricle was then further dissected in a dish filled with KB medium. The
dispersed ventricular cells were kept in KB medium before use.

Voltage-clamp and recording technique
Membrane currents of single ventricular cell were recorded using the whole-cell clamp technique,

which was essentially the same as that described by Hamill, Marty, Neher, Sakmann & Sigworth
(1981). To avoid the liquid junction potential and also to facilitate formation of the 'gigaohm seal',
the pipette (tip diameter of about 3-4 ,sm) was first filled with Tyrode solution. After formation of
the 'gigaohm seal', the pipette solution was replaced with an internal solution by the use of an
intrapipette perfusion device (Soejima & Noma, 1984; Sato, Noma, Kurachi & Irisawa, 1985). A
brief stronger suction was then applied to the inside of the pipette to rupture the patch membrane.
Ramp voltage-clamp pulses (triangle wave; dV/dt = +0-6-1 V/s) were employed to obtain the
current-voltage (I-V) relation. The I-V relation measured during the hyperpolarizing portion was
used for analysis. The membrane capacitance (Cm) was measured by dividing the half-amplitude
of the current jump at the turning points of the ramp pulse by the slope of the ramp pulse.
The membrane current and voltage were recorded on videotapes (video recorder, TOSHIBA,
A-700HFD, Tokyo, Japan) through a PCM converter (SONY, PCM-501ES, Tokyo, Japan) for
later computer analysis (NEC, PC98 XA, Tokyo, Japan).

Solutions
The control Tyrode solution contained (in mM): NaCl, 140; KCl, 5-4; MgCl2, 05; CaCl2, 1-8;

NaH2PO4, 033; glucose, IIO0; HEPES, 50 (pH = 7-4 with NaOH). The main composition of
external solutions used for measurements of the Na+- or Ca2+-induced current was (in mM): NaCl,
140; MgCl2, 2-0; HEPES, 50 (pH = 7-4 with CsOH). In low-Na+ external solutions, NaCl was
replaced with equimolar LiCl. When changing the external Ca2+ concentration, desired amounts of
CaCl2 were added. To suppress membrane current components other than the Na+-Ca2+ exchange
current, the following blockers were added to the external solution: 20 #M-ouabain to block the
Na+-K+ pump, 1O mM-BaCl2 to block K+ channels and 1D0O M-nicardipine-HCl to block Ca2+
channels. The action of nicardipine did not show a significant voltage dependence (Terada,
Kitamura & Kuriyama, 1987).

Nicardipine-HCl was a gift from Yamanouchi Pharmaceutical Co. Ltd, Tokyo, Japan.
The composition of internal solutions is listed in Table 1. Tetraethylammonium chloride (TEA,

20 mM) was added to the internal solution to block K+ channels. The internal solutions also
contained high concentrations of EGTA or BAPTA (1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-
tetraacetic acid). The concentrations of internal free Ca2+ and free Mg2+ were adjusted by adding
appropriate amounts of CaCl2 and MgCl2 to these BAPTA or EGTA buffers. The free Ca2+
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concentration was calculated by using Fabiato & Fabiato's equations (1979) with the correction by
Tsien & Rink (1980) and with dissociation constants of BAPTA (Tsien, 1980). All experiments were
performed at 36-37 C.

TABLE 1. Composition of internal solutions

Free Ca2l (nM) 153 153 153 153 253 803 55
BAPTA(mM) 42 42 10 30 30
EGTA (mM) - 42 42
CaCl2 (mM) 18-4 18-4 29-0 4-4 16-9 2441 20
MgCl2 (mM) 13-2 13-2 13-0 11-7 12-3 11i8 1-3
NaOH (mM) 15 . . . . . 30
Aspartate (mM) 42 42 42 42 42 42 42
K2ATP (mM) 10 10 10 10 10 10 10
Na2creatine- 5 0 5 0 5 0 5 0 5 0 5 0 5-0
phosphate (mM)
TEA-Cl (mM) 20 20 20 20 20 20 20

Figure 1 3,4 2,7,9 3,4 12 10 5

BAPTA; 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid, potassium salt (Dotite);
EGTA; ethyleneglycol-bis(f8-aminoethyl ether)NVN,N',N'-tetraacetic acid (Sigma). Free Mg2+
concentration was adjusted to 15-16 mm except for the case in Fig. 5 (10 uM). The pH was
adjusted to 7-4 with 5-0 mM-HEPES-CsOH.

It was considered that concentrations of the intracellular ions may not exactly be equal to those
of ions in the pipette solution, because diffusion of ions through the pipette tip might be limited.
In this paper [Na+], and [Ca2+], refer to the Na+ concentration and the free Ca2+ concentration in
the pipette solution, respectively. The equilibrium potential of the Na+-Ca2+ exchange, ENa Ca, iS
based on 3Na+: 1Ca2+ stoichiometry unless otherwise stated (Mullins, 1977):

EN&,Ca = 3ENa-2ECa)
where E and E are equilibrium potentials of Na+ and Ca2+ across the membrane given by the
Nernst equation.

RESULTS

Effect of Ba2+ on the background current
The Na+-Ca2+ exchange current was isolated as a Ni2+-sensitive current com-

ponent, assuming that Ni2+ selectively blocks the Na+-Ca2+ exchange under the
present experimental condition, where most of the voltage-dependent ionic channels
and electrogenic Na+-K+ pump were blocked (see Methods). However, even under
this condition, isolation of the Na+-Ca2+ exchange current from remaining
background currents was still hampered by a change in the background current.
When the Na+-Ca2+ exchange was activated by increasing [Ca2+]0, or was blocked by
applying Ni2+, the background current was also affected. This situation was much
improved by a continuous application of Ba2+. Ba2+ effectively blocked the
background current without showing any sign of stimulation of the Na+-Ca2+
exchange (see also Tibbits & Philipson, 1985).

Figure 1 shows the effect of Ba2+ on the background current. The I-V relations
were obtained by ramp pulses in the presence of 1, 2, 5 and 10 mM-external Ba2+. The
slope conductance decreased with increases of the Ba2+ concentration. The reversal
potential of the Ba2+-sensitive current seemed to be about 0 mV. Furthermore, the
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depressing effect of Ba2+ at positive and negative potentials was almost symmetrical
around the reversal potential, suggesting that Ba2+ inhibited the background
conductance of a non-specific ionic nature.
The effect of Ni2+ on the background current in the presence of 1 mM-Ba2+ can be

seen in Fig. 7B. When [Ca2+]. is 0-1 mm, at which concentration the Na+-Ca2+

2 nA [Ba2+10 (mM)

2
5
10

-100 -50 0 50 lOOmV

-1 Cm = 104 pF

Fig. 1. I-V relations obtained by ramp pulses in the presence of external 1, 2, 5 and
10 mm-Ba2+. Each I-V relation shown is the average of four I-V relations at each Ba2+
concentration. The Ba2+ concentrations (in mM) are indicated to the right of each trace.
Ionic conditions were 25 mm [Na+]i, 153 nM [Ca2+]i, 140 mm [Na+]o and 01 mm [Ca2+]0.
The holding potential was -35 mV. Cm indicates the capacitance of the cell.

exchange operates little (see below), the I-V relations in the absence and presence of
2 mM-Ni2+ were almost superimposable. This finding indicates that Ni2+ had
insignificant effects on the background current which was already suppressed by
Ba2+. Thus, we attempted to separate the Na'-Ca2+ exchange current using Ni2+. All
of the following experiments included 1 mM-Ba21 in the external solution.

Shift of apparent reversal potential
In addition to the above contaminating background current, measurement of the

reversal potential met another complication. Figure 2 shows representative records
of a time-dependent shift of the I-V curve during sustained activation of the Ca2+-
induced current. The holding potential was set at +38 mV, a value equal to the
equilibrium potential of the 3Na+: 1Ca2+ exchange (ENa ca in the presence of 10 mm
[Na+]i, 153 nm [Ca2+]i, 140mm [Na+]. and 041 mm [Ca2+]0). Increase of [Ca2+]. from 0-1
to 10 mm induced an outward current (ENa, Ca = -85 mV at 10 mm [Ca21].), but its
amplitude decreased with time even in the sustained presence of 10 mm [Ca2+]0. On
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switching to 041 mM [Ca2+]0, the holding current showed an undershoot, which
thereafter levelled off to the control level.
The I-V relations marked by a tof in Fig. 2 were recorded every 6 s by ramp pulses

during the application of 10 mm [Ca2+]0. If the background current is approximated
by the I-V relation obtained at 0-1 mm [Ca2+]0 (bold curve in Fig. 2), then the finding

.-1 nA

10 MM_Ca2+ 30_s 1 nA

0.5

.1 mM-Ca2+

-100 50mV

a,l
b

d -

e
+ ft1 Cm r238BpF

Fig. 2. Consecutive I-V relations obtained by ramp pulses during application of 10 mm
[Ca2+]0 (a-f) under conditions of 10 mmr [Na+]1, 153 nm [Ca2+] and 140 mmi [Na+]0. The
control I-V relation at 0-1 mm [Ca2+]0 is also shown (bold curve). The inset shows the chart
record of current, and the current traces indicated by a-f are shown in the graph. Holding
potential was + 38 mV. Ramp pulses were applied every 6 s. The external solution was
changed from 01 to 10 mm [Ca2+]0 for a period indicated above the current trace. Arrows
in the graph indicate intersecting voltage of the control I-V relation and the other I-V
relations (a-f).

indicated that the reversal potential shifted from a potential more negative than
-100 mV to about -40 mV, as indicated by the arrows. One explanation for this
finding is to assume that Ca2+ accumulation and Na+ depletion occurred within the
cell, resulting from ion fluxes through the Na+-Ca2+ exchanger.

Intracellular Ca2+ accumulation and Na+ depletion
Any rise in the intracellular concentration of free Ca2+ would be inhibited by

increasing the capacity of the Ca2+ buffer in the internal solution. In the experiment
shown in Fig. 3, we compared the Ca2+-induced currents obtained at 10 mm- (A) and
42 mM-BAPTA (B), an agent which was expected to take up and release Ca2+ faster
than EGTA (Tsien, 1980). At the higher concentration of BAPTA, decay of the
Ca2+-induced current was slower and the I-V relations shifted less extensively than
at 10 mM-BAPTA at the holding potential of + 38 mV (= ENa ca at 041 mM [Ca2+]0).
Moreover, changes in the I-V curves observed at 42 mM-BAPTA were clearly
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smaller than those observed with equimolar EGTA (see Fig. 2). These results are in
line with the view regarding Ca2+ accumulation.
The shift of I-V relations will also be suppressed by minimizing the continuous

Ca2+ influx using a holding potential close to ENa, Ca This was the case as shown in
the lower part of Fig. 3, where the holding potential was set at -85 mV (= ENa Ca

A B

a Cm = 215 pF a Cm =159 pF
10 mM-Ca2+ 30 s 1 nA 0.5 nA 10 mM-Ca2+ 0.5 nA

00 50 mV 100 0 50 100 mV
b m-C0-1 mM-Ca2

10MMC2-05nA5

Fig. 3. Effect of holding potential and high concentrations of internal BAPTA on the shift
of I-V relations. I-V relations were obtained by ramp pulses during exposure to 10 mM-
[Ca2+]0 with a holding potential of +38 (a) or -85 mV (b). A shows the responses with
10 mr.-internal BAPTA. B shows those with 42 mM-internal BAPTA in a different cell.
Ionic conditions were 10 mr. [Na+]1, 153 nM [Ca2+]1 and 140 m&i [Na+]0. The control I-V
relation at 0~1 mr, [Ca2+]0 is shown in each case (0). The insets are chart records of the
current under each condition. The ramp pulses were given every 6s8.

at 10 mM [Ca2+]0) about 1 min before the application of 10 mMi [Ca2+]0. The shift of
I-V relations was small compared with that observed at the holding potential of
+ 38 mV in both cases of 10 and 42 mM-BAPTA. These results support the view that
the time-dependent shift of the I-V relations was caused by Ca2+ accumulation, and
probably also by Na+ depletion within the cell. The outward shift of the holding
current in response to 10 m 5[Ca2]0 observed at -85 mV is not due to the exchange
current, rather it probably reflects changes in background conductance (see
Discussion).
Our proposal was further tested by recording the decay of the Ca2+-induced

current during the voltage jump. As shown in Fig. 4A, in the presence of 10mt
[Ca2o]0 the outward current induced by a depolarizing pulse decayed exponentially,
and repolarization induced a large undershoot which exponentially levelled off to the
control holding current level. These time-dependent current changes were not
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observed when [Ca2"]. was lower than 041 mm. The time constants on depolarization
and repolarization were 5-3 s and 41 s, respectively. After the pipette solution
containing 10 mM-BAPTA was replaced with that containing 42 mM-BAPTA, decay
of the current response became slower; the time constants were 11-3 s on
depolarization and 22-7 s on repolarization. On average, the time constants obtained
with 10 mM-BAPTA were 5-9+ 0 9 s (mean+ S.D.) on depolarization and 3-7 + 0 4 s on

A

~~~~~~~~~~...

X = 5-3 s 41 s

B

11.3 s 22-7 s j-2 nA

-25mV 10s
-85 1

Fig. 4. Current traces on voltage jump in 10 mM-internal BAPTA (A) and 42 mM-intermal
BAPTA (B) under the same ionic conditions as in Fig. 3 ([Ca2+]0 = 10 mM). Depolarizing
clamp pulse was applied from a holding potential of -85 to -25 mV for 30 s. Time
constants of the current decay on depolarization (left) and on repolarization (right) are
shown for each trace.

repolarization (n = 3) and those obtained with 42 mM-BAPTA were 29-8 + 10-3 s and
98-3+ 33-4 s (n = 4), respectively. We conclude that [Ca2+]i changes with time even
in the presence of a strong Ca2+-buffering system in the internal solution, when the
Na+-Ca2+ exchange is operative. It should be noted that such changes in ion
concentrations may not necessarily occur in the entire cell, rather they may be
confined to some restricted spaces under the membrane which are more directly
linked to the function of the exchanger.

Mechanism of Ni2+ action on Na+-Ca2 exchange system
Before separating the Na+-Ca2+ exchange current using Ni2+, we conducted the

Lineweaver-Burk analysis to get an insight into the mechanism of Ni2+ action on the
Na+-Ca2+ exchanger. The dose-response curve for the Ca2+-induced outward current
was measured in the absence and presence of Ni2+. The holding potential was set at
-100 mV, a value equal to ENa Ca, in the presence of 140 mm [Na+]O, 0-1 mm [Ca2+]O,
40 mm [Na+]i and 55 nM [Ca2+]i. The increases of [Ca2+]. from 0'1 mm to various
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A

Control
10 mM-Ca" 20

1 mM-Ni2+
20 5

Cm = 140 pF
Control

-100

-100 -50

2 nA

[Ca2+]0 (mM)

20
10

- 5

2

0-5
0-2

50 mV

1 nA [Ca2Jl (mM)
50
20

~0 .50-2
50 mV

Fig. 5. Effect of Ni2+ on the Ca2+-induced current. A, current records from a cell on

changing [Ca2+]. from 01 mm to higher concentrations in absence (Control) and presence
of 1 mM-Ni2+. Current responses (spikes) during ramp pulses are superimposed. Various
[Ca2+]0 were applied for the time indicated by bars, above which [Ca2+]0 is shown. Ionic
conditions were 40 mm [Na+]1, 55 nM [Ca2+]1 and 140 mm [Na']0. Holding potential was

-100 mV. B, I-V relations of the difference current between current at 0-1 mm [Ca2+]0 and
that at each higher [Ca2+]. obtained in absence (control) and presence of 1 mM-Ni2+. Data
from the experiment shown in A. Subtraction was made between the I-V relation
obtained at the peak of each response to higher [Ca2+]0 and that at 01 mm [Ca2+]0. Ca2+
concentrations (in mM) are shown on the right of each trace.

concentrations induced an outward current in a dose-dependent manner. The I-V
relations were measured with ramp pulses and those obtained at the peak of the
Ca2+-induced current response were used for analysis, assuming that changes in
[Ca2+]i and [Na+]i were negligibly small at this point. The I-V curves in Fig. 5B were

obtained by subtracting the control I-V relation at 01 mm [Ca2+]0 from those
obtained at the peak of each response. The same cell was then superfused

1 min
1 nA

10

1 nA
I

10

B
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continuously with external solutions containing 1 mM-Ni2+, and the measurement of
the I-V relations was repeated at each [Ca2"]0 (Fig. 5A, lower trace). The lower panel
of Fig. 5B shows the I-V curves of the Ca2+-induced current obtained under the
influence of Ni2+.
The dose-response relationship was evaluated in Fig. 6 by plotting the amplitude

of the Ca2+-induced outward current at + 35 mV (Fig. 5), where the Ca2+-induced

A

I (nA)

/ _,/ 1 ~~mm-Ni2+

0 100
B [Ca2+] (mM)

1 mm-Ni2+
10

1/l (1/nA)

1 _Control

0 0.5 1

l/C2+10 (,/MM)

Fig. 6. A, dose-response relations of the Ca2+-induced current in the absence (0) and
presence (@) of 1 mM-Ni2+. The current amplitudes at + 35 mV in Fig. 5B are plotted
against [Ca2+]0 on a semilogarithmic scale. Continuous lines are fitted by the Hill equation.
B, Lineweaver-Burk analysis of Ni2+ action on the Ca2+-induced current. Data in A are
replotted on a double-reciprocal scale. The straight lines were obtained by the least-
squares method.

current should be substantially larger than the contaminating background current.
We did not make an attempt to measure directly the maximum current response,
since very high doses of external Ca2+ might cause unknown effects on the membrane
other than stimulating the Na+-Ca2+ exchange, such as a surface potential change
or a conductance change due to rapid accumulation of Ca2+ inside. In the
Lineweaver-Burk plot shown in Fig. 6B, the data were well fitted with a straight line
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in both the absence and presence of Ni2+. This finding agrees with the previous report
that the Hill coefficient is nearly 1 (Kimura et al. 1987). The graphic evaluation in the
Lineweaver-Burk plot suggests that the inhibitory action of Ni2+ is a mixed type
of competitive and non-competitive inhibition.
The parameters used for the best curve fitting obtained in four cells are shown in

Table 2. Ni2+ increased the half-maximal Ca2+ concentration, Km, from 2X6+0X5 to

TABLE 2. Effect of Ni2+ on the outward current

Km(c) Km(Ni) Vmax(c) Vm&x(NI) Vma.(Ni)/
Cell no. (mM/i) (mM/i) (nA) (nA) Vm,,,(C) (%)
1 3 40 8 08 1-96 0 58 29-6
2 2-15 15-92 1P61 1P04 64-6
3 2-46 3-76 3 05 0 68 22-3
4 2-54 2-53 2418 0 32 14-7

Mean+ S.D. 2-64+0 46 7'57+5-2 32'8+ 19-1

Km(c) and Km(NI) are the half-maximal Ca2+ concentrations in the absence and presence of 1 mM-
Ni2+, respectively. Vm,(c) and Vmax(Ni) are the maximum current responses in the absence and
presence of Ni2+, respectively. Current responses to the external Ca2+ were measured at + 35 mV.

7-6 + 5-2 mm and decreased the maximum current response, Vmax, by 32x8+ 19x1 %.
Ni2+ may bind to the Na+{-Ca2+ exchanger at the same site as does Ca2+ and also at
another allosteric site whose association with Ni2+ depresses the carrier function.
To test voltage dependence of the Ni2+ action, the above analysis was also made

at -50 and 0 mV. The Lineweaver-Burk analysis at each potential (not shown)
revealed essentially the same result as in Fig. 6B. Furthermore, close inspection of
the I-V relations such as are shown in Fig. 5B revealed that for each [Ca2+]0 Ni2+
reduced the Ca2+-induced current by a nearly constant ratio at any potential
examined. Therefore, it was concluded that the action of Ni2+ on Na+-Ca2+ exchange
system is voltage independent.

Relationship between [Ca2+]0 and the reversal potential
To measure the reversal potential of the Ca2+-induced current at fixed [Na+]i,

[Ca2+]i and [Na+]O, the holding potential was changed to a value matching the ENa Ca
for the new [Ca2+]0 immediately after starting the perfusion of the solution with this
[Ca2+]0. With this procedure, the holding current at the new level did not appreciably
change during the application of high [Ca2+]0, as expected. An example of such
experiments is shown in Fig. 7. In this experiment [Na+]i, [Ca2 ], and [Na+]o were
10 mM, 153 nm and 140 mm, respectively. After measuring I-V curves using four
ramp pulses, the cell was superfused with solution containing 2 mM-Ni2+. Although
Ni2' did not change the holding current, the amplitude of the current deflection
induced by the ramp pulses decreased.

In Fig. 7B, I-V relations obtained in the same one cell before and during the
application of Ni2+ were demonstrated for each [Ca2+]0. The four successive I-V
relations were superimposable both in the absence and presence of Ni2 . The two
families of I-V curves (filled circles indicate currents in the presence of Ni2+)
intersected at a certain membrane potential (arrows). At 01 mm [Ca2+]0, the I-V
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1 min

2 mM-Ca 5 mM-Ca2 2+ mV
+ 2 mM-Ni2+ * 2 mM-Ni 1 A

Im -----|-- 2 _I| | 1lnA l11A 11 I1I%liIiIJo
B 2+

0.1 mm-Ca2

1 mM-Ca2+

1ill

5 mM-Ca2+

10 mM-Ca2+

0.5 nA

I

0 5 nA,
,
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Fig. 7. Measurement of reversal potential of Ca2+-induced current. A, chart record of
voltage (top trace) and current (bottom trace). The holding potential and [Ca2"]0 were

initially -23 mV and 1 mm, respectively. At the first arrow 2 mM-Ca2+ was applied, and
subsequently the holding potential was shifted to -42 mV, the predicted ENa,Ca at 2 mM
[Ca2+]0. The I-V relation was determined four times (spikes) with ramp pulses at this
[Ca2+]}, and then 2 mM-Ni2+ was added (bar) with determination of the I-V relation. At
the second arrow [Ca2+]. was increased to 5 mm and Ni2+ was omitted, and the above
protocol was repeated with the predicted ENa,Ca for 5 mM [Ca2+]0, -66 mV. Other ionic
conditions were 10 mM [Na+],, 153 nM [Ca2+] and 140 mm [Na+]0. B, I-V relations obtained
at various [Ca2+]. in the absence and presence (@) of 2 mM-Ni2+. Data from experiments
shown in A. For each curve, four consecutive I-V relations were superimposed. Arrows
indicate intersection of the two families of I-V relations.
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relations before and during superfusing Ni2+ were almost superposable, thereby
indicating that the Na+-Ca2+ exchange system was not activated. As [Ca2+]. was
increased, the potential of the intersection became more negative.
When the slope conductance was compared between different I-V curves recorded

in the presence of Ni2+ (filled circles), the background slope conductance was usually
minimum at the beginning, increased in the course of the experiment and reached aA~Ub BMA00.5 nA [2 (mM)

[Ca~ ~~~~xera lo2 (mm)tato (M

.2

100
20

0

50.-

-100

0.2 0.5 1 2 5 10 20
External Ca2+ concentration (mm)

Fig. 8. A, I-V relations of Ni2+-sensitive current. The difference between average I-V
relations obtained in the absence and presence of 2 mM-Ni2+ is plotted for various [Ca2+]0.
Data from experiment shown in Fig. 7. [Ca22+]0 values are indicated on the right of each
trace. B, reversal potential of Ni2+-sensitive current as a function of [Ca2+]0. Data from
eleven cells are plotted against [Ca2+]0 on a semilogarithmic scale. The straight line shows
theoretical equilibrium potential of Na+-Ca2+ exchange given by 3Naa+: lCa2+ exchange.
Different symbols indicate different cells.

new steady level. The smallest slope conductance of the I-V relations at 0-1 mM
[Ca2+]o was recorded at the beginning of the experiment and recordings at 1 mM
[Ca2+]o were followed. However, the slope of I-V relations in the presence of Ni2+
decreased, as [Ca2+]o was increased from 1 to 2 mm. We assumed that Ca2+, like
Ba2+ (refer to Fig. 1), may decrease the background conductance.
The I-V relations for the Ni2+-sensitive current were calculated as the difference

between averages of each family of records in the absence and presence of Ni2+ and
are demonstrated in Fig. 8A. The I-V curves showed an exponential slope at
potentials positive to the reversal potential, and a tendency towards saturation of
the inward current at potentials negative to the reversal potential. The slope of the
outward current increased as [Ca21]. was increased from 1 to 2 mm, because of a more
extensive activation of the exchange. Further increases of [Ca2+]. up to 20 mM,
however, decreased the slope, probably because the Ni2+ action competed with that
of Ca2+, resulting in a less inhibition of the exchange at higher [Ca2+]O.

This type of experiment was successfully performed in eleven cells. In seven out of
these eleven cells, there was no clear intersection, as shown in Fig. 9. In such cases,
the null point (arrow) of the Ni2+-sensitive outward current was regarded as the
reversal.
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The reversal potentials thus measured were plotted against [Ca2+]. on a
semilogarithmic scale in Fig. 8B. The straight line indicates the theoretical
equilibrium potential for the 3Na+ :1Ca2+ exchange, calculated from the ion
compositions in both external and internal solutions. The values measured were in
good agreement with the theoretical ones in the [Ca2+]. range examined.

A 1 mM-Ca2+ 0.5 nA

-100 -50 0 50 mV

Cm = 238 pF
-05

B 1 nA

2 mM-Ca2+ 0.5

-100 -50 0 50 mV

Cm = 168 pF

-0r5 * 2 mM-Ni2+
Fig. 9. I-V relations at 1 mid [Ca2+]0 (A) and 2 mm [Ca2+]0 (B) obtained before and during
(M) application of 2 mM-Ni2+. Experimental protocol and conditions were the same as in
Fig. 7. A and B show data from different cells. Arrow indicates 'reversal' of the Ni2+-
sensitive current estimated in these cases. See text.

As for cases without a clear current intersection (Fig. 9), it was hypothesized that
the internal Ca2+ concentration of 153 nm was too low for internal Ca2+-binding
sites to be occupied by Ca2+, so that the inward current component was not
sufficiently activated.

The reversal potential of Na+-Ca2+ exchange current at high [Ca21]i
To test the above hypothesis, the same protocol as in Fig. 7 was repeated, using

an internal solution containing 803 nM [Ca2+]i. The results, which are shown in Figs
10 and 11, are similar to those obtained in Figs 7 and 8. As expected, the I-V relations
before and after Ni2+ showed a clear intersection in all five cells examined. This
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finding is consistent with the hypothesis that a [Ca2+]i more than at least 153 nm is
needed for the Na+-Ca2+ exchanger to generate the inward Na+-Ca2+ exchange
current.
The I-V relations of the Ni2+-sensitive current obtained using 803 nm [Ca2+]i are

shown in Fig. 1IA. In this series of experiments, the finding of the exponential or
linear increase of the outward current in Fig. 8 was extended up to + 100 mV. The

2 mM-Ca2"

-150 mV -100 -50

1 nA v

//

10 mM-Ca2+

0 50 100 -150 mV-100 0-50

.-1

1 nA /

0 50 100

-1
0 2 mM-Ni2+
Cm = 177 pF

Fig. 10. I-V relations at various [Ca2]0 obtained before and during (0) application of
2 mM-Ni2+. Ionic conditions and experimental protocol were the same as those in Fig. 7
except that [Ca2+], was 803 nm. Four successive I-V relations obtained before and during
application of Ni2+ are superimposed for each [Ca2+]0. Arrows indicate intersection of the
two families of I-V relations.

tendency of saturation of the inward current was also observed as in Fig. 8A, but no
sign of decrease was observed even when the membrane was hyperpolarized up to
-140 mV. This result is different from that predicted for one type of Na+-Ca2+
exchange model (Eisner & Lederer, 1985).
The reversal potentials obtained using 803 nM [Ca2+]i solution in five cells are

demonstrated in Fig. 1 B. The reversal potentials here again agreed well with the
theoretical values given by 3Na+:1Ca2+ stoichiometry. It was concluded that the
stoichiometry was constant in a range of [Ca2+]0 from 0-2 to 20 mm and of [Ca2+]1 from
153 to 803 nM.

Relation8hip between [Na+]o and the rever8al potential
The ENa, Ca is also a function of [Na+]O, which can be controlled under the present

experimental conditions. The [Na+]o was varied between 30 and 140 mm by
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substituting Na+ with equimolar Li+. The reversal potentials of the Ni2+-sensitive
component of the Na+-induced current were measured using the same protocol as
used for the Ca2+-induced current (Figs 7 and 10). The four consecutive I-V relations
at 30, 50, 70 and 140 mm [Na+]. before and during superfusing 2 mM-Ni2+ are

A

B

S 50

-i

c

0.._

4-0
0 0

0

50

[Ca2+]0 (mM)
5

10

ImV

I.

0

0.5 1 2 5 10

External Ca2+concentration (mM)

Fig. 11. A, 1-V relations of Ni2+-sensitive current obtained at 803 nM [Ca2+]i. Data from
experiment shown in Fig. 10. Currents are drawn in the same manner as for Fig. 8A. B,
reversal potential of Ni2+-sensitive current as a function of [Ca2+]0, obtained at 803 nm
[Ca2+]i. Data from five cells are plotted against [Ca2+]0 on a semilogarithmic scale. The
straight line shows theoretical equilibrium potential of the Na+-Ca2+ exchange given by
the 3Na+:lCa2+ exchange. Different symbols indicate different cells.

demonstrated in Fig. 12A. These two groups of the I-V relations intersected
consistently in all the cells examined (n = 4).

Figure 12B summarizes such measurements of the reversal potential with the
ENa, Ca given by the stoichiometry of 3Na: ICa2' exchange. The agreement of the
data with the theoretical values indicates that the stoichiometry of 3Na+ :1 Ca2+ is
fixed in a range of [Na+], from 30 to 140 mM.
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A
30 mM Na+ *1 nA 70 mM-Na*

0

50 100

-1

140 mM-Na+

-150 -100 -50
mV

0 2 mM-Ni2+
-1 Cm= 190 pF

B

E

- -50

0.

C6
0-01-

CC -1 00

a
0

* m

0,

30 40 50 70 100 140
External Na+ concentration (mM)

Fig. 12. A, I-V relations of Na+-induced current obtained before and during (M)
application of 2 mM-Ni2+. I-V relations were determined at 30, 50, 70 and 140 mm [Na'].
in the usual way and are plotted in a way similar to that in Fig. 7B. Other ionic
conditions were 10 mm [Na+],, 253 nM [Ca21]1 and 0-5 mm [Ca2+]0. Arrows indicate
intersection of the two families of I-V relations. B, reversal potential of Ni2+-sensitive
component of Na+-induced current. Data from four cells are plotted against [Na+]o on a

semilogarithmic scale. Straight line shows theoretical equilibrium potential of Na+-Ca 2+

exchange given by stoichiometry of 3Na+:1Ca2+. Different symbols indicate different
cells.

50 mM-Na' .1 nA

0 50 100

oo-.04004:...



T. EHARA, S. MATSUOKA AND A. NOMA

DISCUSSION

In this investigation, the outward or inward current was induced by externally
applying Ca2+ or Na+ to internally perfused myocytes and the reversal potentials
were measured at various concentrations of these ions. When the membrane
potential was clamped at the equilibrium potential given by 3Na+:1Ca2+ exchange,
no significant change was observed in the holding current in response to the
concentration changes. The Na+-Ca2+ exchange current was isolated as the difference
between the records obtained in the absence and presence of Ni2+. The reversal
potentials measured were in good agreement with the equilibrium potential predicted
for 3Na+:1Ca2+ exchange. Based on these results, we conclude that the Ca2+_ or
Na+-induced current is generated by the Na+-Ca2+ exchange system, that the
stoichiometry of the Na+-Ca2+ exchange system is 3Na+ :1Ca2+, and that this ratio
is constant in the range of [Na+]o from 30 to 140 mm, [Ca2+]o from 0-2 to 20 mm and
[Ca2+]i from 153 to 803 nM.
We found that the intracellular ionic conditions, at least in some limited

subcellular spaces near the Na+-Ca2+ exchanger, change relatively rapidly during
activation of the Na+-Ca2+ exchange. To avoid an error caused by this mechanism,
in our measurements of the reversal potential, the holding potential was set at ENa Ca'
as given from the ionic compositions of the pipette and bath solutions. Pipettes with
a tip diameter of about 3-4 ,um were used to facilitate equilibration of the internal
solutions. We consider that the ionic concentrations in the intracellular space were
practically equal to those in the pipette solution. Our conclusion that the
stoichiometry is 3Na+ :1Ca2+ is in agreement with that of many workers.

The equilibrium potential and stoichiometry of Na+-Ca2+ exchange system
The stoichiometry of the Na+-Ca2+ exchange has been investigated using various

methods. One approach was to measure the intracellular Na+ and Ca2+ concen-
trations. Assuming that the Na+ and Ca2+ fluxes are mainly through the Na+-Ca2+
exchange, Blaustein & Hodgkin (1969) suggested that 3Na+:1Ca2+ exchange was
necessary to maintain [Ca2+]i at less than 100 nM in resting squid axon. Mullins
& Brinley (1975) suggested 4Na+:1Ca2+ exchange using a similar method. Recently
intracellular Na+ and Ca2+ activities were measured using Na+- and Ca2+-sensitive
microelectrodes in different tissues. The stoichiometry was reported to be 2-4-2-9
Na+:1Ca2+ in sheep heart Purkinje fibres (Bers & Ellis, 1982) and 2-5Na+:lCa2+
in both sheep ventricular muscle and Purkinje strands (Sheu & Fozzard, 1982).
Considering the role of the Na+-K+ pump at rest, the stoichiometry was suggested
to be near 3Na+ :1Ca2+ exchange (Axelsen & Bridge, 1985; Sheu & Fozzard,
1985).
Measurement of ion flux in dialysed squid axon or barnacle single muscle fibre

supported the 3Na+:1Ca2+ exchange (Blaustein & Santiago, 1977; Rasgado-Flores
& Blaustein, 1987). Similar results from flux measurements were reported in the
rabbit ventricular myocardium (Bridge & Bassingthwaighte, 1983). Based on
measurements of ion fluxes in cardiac membrane vesicle, many workers suggested the
3Na+ :1Ca2+ exchange (Pitts, 1979; Wakabayashi & Goshima, 1981; Reeves & Hale,
1984). Ledvora & Hegyvary (1983), however, concluded 4Na+:lCa2+ exchange from
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determination of the reversal potential of the ion flux. Measurements of the Na+-Ca2+
exchange current in the retinal rod outer segment by Yau & Nakatani (1984)
and Hodgkin & Nunn (1987), or in the cardiac myocardium by Kimura et al. (1987),
suggested a stoichiometry very close to 3Na+:lCa2 .
The above variation in the reported stoichiometry may suggest that the

stoichiometry does change depending on experimental conditions, such as internal
perfusion, isolated vesicles, different membrane potentials, internal and external
ionic conditions etc. In our study, the reversal potentials obtained at different
[Ca2+]0, [Na+]. and [Ca2+]i were well fitted with a line drawn on the basis of 3Na+:
1Ca2+ exchange, thereby suggesting that the stoichiometry is fixed at this ratio and
is at least independent of these ion concentrations.
The agreement between the experimental and theoretical reversal potentials over

a fairly wide range of potentials (-115 to + 40 mV, Figs 8B, llB and 12B) further
suggests that the stoichiometry is also probably independent of the membrane
potential. It could be speculated that the stoichiometry is determined by a deviation
of the potential from ENa Ca In this regard, however, the agreement of the
stoichiometry obtained from the measurement of the reversal potential in our study
with that based on the flux measurements (see above), which are performed at a
membrane potential different from ENa Ca' may support the voltage-independent
stoichiometry.

Changes in intracellular Ca2+ and Na+ concentrations
The decay of the Na+-Ca2+ exchange current in Figs 2 and 3 was attributed to

Ca2+ accumulation and Na+ depletion in the cell or around the carrier molecules.
The following findings support this view. (1) When the capacity of the Ca2+ buffer in
the internal solution was increased, the decay of the current became slower. (2) When
the membrane potential was clamped at equilibrium potential during activation of
the Na+-Ca2+ exchange system, successive measurements of the I-V relations
revealed little or no time-dependent change of the exchange current. (3) Kimura
et al. (1987) reported that the Sr2+-induced current decayed faster than the Ca2+-
induced one, which can be explained by the smaller stability constant of EGTA for
s2+.Sr2
Hume & Uehara (1986a, b) observed that in frog atrial cells an extra current was

induced by intracellular Na+ loading. This current also exhibited a time-dependent
decay during depolarizing pulses, and its reversal potential shifted depending on
amplitude and duration of the preceding depolarization. They suggested that this
was the Na+-Ca2+ exchange current, and attributed the time-dependent current
decay to changes in ionic gradients across the membrane. The current decay in their
experiment was much more rapid than that in our study, probably because Ca2+
buffer was absent in the internal solution.

Background current and divalent cations
The application of 10 mm [Ca2+]0 induced a slight outward shift of the holding

current even at the holding potential of -85 mV, which was equal to ENa Ca (Fig. 3).
Kimura et al. (1986) reported a similar phenomenon that 1 mm [Ca2+]0 induced a
slight outward shift in the holding current in the absence of internal Na+ or in the
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presence of external 0 1 mM-La3+, which is known to block the Na+-Ca2+ exchange.
These phenomena are probably due to a decrease in background conductance,
because external Cal2 may inhibit the background current (Fig. 7). The depressing
effect on the background conductance may be common among divalent cations, such
as Ca2+, Ba2+, Mg2+ and probably Ni2+. Another possible explanation for this
phenomenon is that setting the holding potential at -85 mV in the presence of
0-1 mm [Ca21]. might change internal Na+ and Ca2+ concentrations. The subsequent
increase in [Ca2+]. from 0-1 to 10 mm will result in generation of an outward current,
because the equilibrium potential at 10 mm [Ca2+]O at this moment is no longer
-85 mV but should be more negative. This possibility, however, seems unlikely
because the inward current was hardly generated at 0 1 mm [Ca2+]o (Fig. 7).

Relation between the inward current and internal Ca2+ concentration
The Na+-Ca2+ exchange system does not operate in the absence of internal Ca2+

(Baker & McNaughton, 1976; Allen & Baker, 1985; Kimura et al. 1987; DiPolo &
Beauge, 1987) and internal Ca2+ has a catalytic action on the Na+-Ca2+ exchange
system (Caroni & Carafoli, 1983). This mechanism, however, cannot explain our

finding that the inward component of the Na+-Ca2+ exchange current was sometimes
small or not detectable when 153 nM [Ca2+]i was used, because the outward current
was consistently activated by increasing [Ca2+]0. Rather, the finding may be
explained by assuming that the [Ca2+]i of 153 nm was in some cells too low for the
Ca2+ binding site of the exchanger to be occupied by internal Ca2+ and to generate
a detectable amplitude of the inward Na+-Ca2+ exchange current. This view may be
supported by the findings that the inward component of Na+-Ca2+ exchange current
was consistently observed in 803 nm [Ca2+]i-loaded cells (Fig. 10) and that it had a

tendency to increase with increases of [Ca2+]i, as may be noted by comparing Fig. 12
([Ca2+]i = 253 nM) with Fig. 10 ([Ca2+]i = 803 nM).

Mechanism of Ni2+ action on Na+-Ca2+ exchange system

The Lineweaver-Burk plot (Fig. 6) suggests that Ni2+ competes with Ca2+ for
external Ca2+ binding sites of the carrier, and also binds at some different sites,
thereby resulting in a depression of the carrier function. However, Ni2+ also inhibited
the inward Na+-Ca2+ exchange current. The following possibilities may explain the
inhibition of the inward Na+-Ca2+ exchange current by Ni2+. (1) Ni2+ also acts on the
Na+ binding site. (2) Ni2+ inhibits the inward Na+-Ca2+ exchange current in a non-

competitive manner. (3) Ni2+ competes with Ca2+ for the Ca2+ binding site after the
carrier has released Ca2+ from inside to outside the membrane. The mechanism has
not been clarified.
The competitive action of Ni2+ with Ca2+ may reduce the probability that Ca2+

combines with the carrier. However, such a decrease in the 'effective' Ca2+
concentration does not necessarily change the reversal potential of the Na+-Ca2+
exchange current, provided the carrier protein bound with Ni2+ cannot transport
Ca2+ or Na+. To clarify this point, we examined the effect of an inhibitor on the
reversal potential of a Na+-Ca2+ exchange model (Mullins, 1977). The reversal
potential of the models remains unchanged in the presence of the inhibitor, whether
its action is competitive or non-competitive. The agreement between the zero current
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potential of the Ni2+-sensitive current and the theoretical ENa Ca in our experiments
also supports the view that Ni2+ is neither transported by the carrier nor affects the
reve±sal potential.

Voltage dependence of Na'-Ca2+ exchange
The Ni2+-sensitive current has a tendency to saturate at potentials negative to the

reversal potential, but increases in amplitude exponentially or linearly with increases
in depolarization beyond ENa, Ca at various [Ca2+]0 (Figs 8A and 11A). This tendency
at potentials positive to the reversal potential probably reflects the intrinsic voltage
dependence of the Na+-Ca2+ exchange system itself, since no voltage-dependent
action of Ni2+ was detected on the outward Na+-Ca2+ exchange current. Such an
exponential increase in the exchange current with membrane depolarizations is
expected for a thermodynamic model of the Na+-Ca2+ exchange proposed by Mullins
(1977, 1981), but cannot be explained by the model proposed by Eisner & Lederer
(1985).
The trend of saturation of the inward current with increasing hyperpolarizations

is, however, reconciled with neither the thermodynamic model of Mullins nor the flux
measurements which suggest large increases in Ca2+ fluxes with negative as well as
positive deviations of the membrane potential from equilibrium potential (see
Mullins, 1981). The finding might be related to a voltage-dependent change in the
turnover rate of the exchanger (Eisner & Lederer, 1985), a depletion of Ca2+ within
the cell during ramp pulses, a decrease of Ni2+ action on the inward current with
membrane hyperpolarizations, or other unknown factors. Thus, we have no
conclusion at present.
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