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= A bs t

ract =Effects of organic and inorganic Ca-channel blockers on Na-Ca

exchange system were investigated in the rabbit atrial muscle. Atrial muscle strips
were perfused with K+-free Tyrode solution in order t o depress the sodium pump
activity. Removal of external sodium(sodium being replaced by Tris) induced a
contracture which reached a maximum after 1 min and effects of Ca-channel
blockers on the magnitude of contracture were analysed. The results obtained
were as follows: 1. In the concentrations of 30 ,DM, 100 pM and 300 f l Mn2+
increased the magnitude of Na-removal contracture, but decreased it in the conVerapamil(lO-6 M) pretreatment did not alter the effect of
centration above 2 jM.
Mn2+ on sodium-removal contracture. 2. La3+, as Mn2+, increased the magnitude
of contracture in the concentrations of 30-300 pM, and decreased the contracture in higher concentrations(> 1 mM) more prominently than Mn2+ did. 3. D-600
also increased the contracture in the concentrations of 5 x 10-8 M, 10-7 M and 5
x 10-7 M but had no effect in higher concentrations(l0-6 - 10-5 M), On the other
hand diltiazem had no dffect on the contracture in a wide range of concentrations
(up t o 104 M). From the above results, it is concluded that Mn2+, La3+ and D600 in lower concentrations stimulate the Na-Ca exchange system, whereas,
Mn2+, La3+ and D-600 in higher concentrations depress the exchange system and
that Na-Ca exchange might be regulated by Ca-channel blockers and this regulation is sensitive t o the concentration of Ca-channel blockers.
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INTRODUCTION
Sodium-calcium (Na-Ca) exchange has
Reccived JuIy1993, and in final form August 1993.
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received much attention due to the critical role of
calcium in cellular regulatory processes. Na-Ca
exchange may play a role in maintaining the low
intracellular calcium level and in mediating several calcium-dependent responses. In the cardiac muscle, especially, Na-Ca exchange may
be essential in regulating contractility (Mullins
1981; Philipson 1985). Three sodium ions are

exchanged with a calcium ion so that the
exchange system generates an electrical current
that flows in the direction of the calcium ion
exchanges for the sodium ions in cardiac
muscle. The exchange, therefore, is electrogenic
(Pitts 1979; Reeves and Hale 1984). At present it
is believed that Na-Ca exchange is involved in
cardiac action potential and the positive inotropic effect of digitalis (Mullins 1981) and that the
exchange also contributes to a phenomenon
called "calcium-paradox" which occurs when
calcium activity is returned to control level after a
calcium-free perfusion period (Zimmerman and
H lsmann 1966). In the present study we have
measured and analysed the magnitude of sodium-free or sodium removal contracture (sodium
being replaced by Tris) to investigate the effect
of organic and inorganic calcium channel blockers on Na-Ca exchange in the rabbit atrial muscle. We demonstrated that Mn2+, La3+ and
D-600 in lower concentrations stimulated the
Na-Ca exchange system whereas, Mn2+ and
Las+ in higher concentrations depressed the
exchange system. We suggest that Na-Ca
exchange can be regulated by calcium channel
blockers and that this regulation is sensitive to
the concentration of calcium channel blockers.

MATERIALS AND METHODS
Preparation
Rabbits of either sex weighing about 1 kg
were used. The animals were killed by a blow to
the hind neck and exsanguinated by cutting
both carotid arteries. Then the heart was extracted quickly and was transfered into a chamber
containing oxygenated Tyrode solution. The right
atrium was separated from the heart. The atrial
wall was incised along between the superior and
inferior vena cava, and was opened. Blood
remaining in the atrium was washed out with normal Tyrode solution. After the recovery for one
hour, the strips of the atrial muscle were prepared in sizes of, 1-1.5 mm in width and 3-5 mm
in length. A loop was made with fine cotton
thread for connecting to the hook of force trans-

ducer (Grass, FT03) in the one end of the muscle strip. The above reparations were done
under a zoom stereomicroscope. After the muscle strips were rested for an hour in the preparation chamber, a muscle strip was transferred into
the experimental chamber.
Solutions
Normal Tyrode solution contains (mM) NaCl
140, KC1 3, CaCI, 2, MgCI, 1, dextrose 5, TrisHCI 5 (pH was adjusted to 7.4 at 35" C). Sodiumfree Tyrode solution was made by replacing
NaCl iso-osmotically with tris-HCI. Drugs and
chemicals used in the present experiment were
verapamil, 0-600, diltiazem, MnCI, and LaCI3.
Experimental apparatus and protocol
Experimental chamber was made of perspex (derivative of leucine) and was of horizontal
type. The inflow and outflow of experimental
solution were done with hydrostatic pressure
changes. Experimental temperature was maintained at about 35°C with a constant temperature circulator (Haake FE). All the muscle strips
were allowed to rest in the horizontal chamber
for one hour in tris-buffered Tyrode solution at
35°C equilibrated with 100% 02,before experiments were done. Sodium-free contractures
were recorded by using a force transducer
(Grass, FT03) and a recorder (Device).

RESULTS
A contracture, which reached maximum in 1
minute and relaxed spontaneously, was evoked
in potassium-free, sodium-free solution (sodium
replaced by equimolar Tris). Before the contracture, strip was exposed to potassium-free Tyrode
solution in order to increase intracellular sodium
concentration. Spontaneous twitch contractions
usually appeared during potassium-free perfusion and just after washing out with normal
Tyrode solution and tonic tension increased
gradually in potassium-free solution. The
magnitude of contracture was considered as the
result of Na-Ca exchange (Fig. 1).

Fig.2. shows the effects of various concentrations of manganese ion on the sodium-free
contracture. The magnitude of sodium-free contracture was always increased by relatively lower
concentrations (30 pM 100 p M and 300 pM) of
Mn2+, and it was decreased in very high concentrations (> 2 mM) of Mn2+ compared with
control value. In the presence of 8 mM Mn2+,
sodium-free contracture was not abolished but
decreased to about 50% of control value.
Spontaneous contractions were decreased in a
concentration-dependent manner in the presence of Mn2+ and finally disappeared in the
presence of higher concentrations of Mn2+ (> 2
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F1g.1.Experimental protocol for the Induction of sodium-free contracture in rabblt atrial muscle. The
magnitude of contracture was considered as the
result of Na-Ca exchange.
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Fig.3. shows the relationship between the
concentration of Mn2+ and the relative amplitude
of contracture. The relative amplitude in various
concentrations of Mn2+ was obtained with reference to the control value (100%). It shows clearly
that in lower concentrations Mn2+ increased
sodium-free contractures and in higher concentrations (> 2mM) decreased them.
In order to exclude the possible effect of
Mn2+ on sodium-free contracture via calcium
channel, effects of Mn2+ on sodium-free contracture were evaluated after pretreatment with 104
M verapamil for 15 minutes (Fig.4).
In control experiments, 1 0 4 M verapamil
induced a small increases in sodium-free contracture and spontaneous contraction disappeared before treatment with Mn2+. The magnitude of sodium-free contracture was also
increased by the lower concentrations (30 pM,
100 pM and 300 pM) of Mn2+, and decreased by
very high concentrations (> 2 mM) of Mn2+ compared to control value. Similar effects were
observed in the absence of verapamil-pretreatment. These data indicate that Mn2+ acts on
sodium-free contracture directly.
Fig.5, shows the effects of lanthanum ion
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Fig.2. Effects of manganese ion on the sodlum-free
contracture. While Mn2+ increased the magnitude
of sodium-free contracture in the concentrations
and 3 x 1 0 J~ m, it decreased
of 2 x 10-5,
the contracture in higher concentrations ( > 2
mM), Even in 8mM of h n * + sodlum-free contracture was never abolished but decreased about
50% of control magnitude. Spontaneous contractions were decreased and finally disappeared
when the concentrations of Mn*+ were increased.

F1g.3.Plot of the relationship between Mn2+ concentrations and the relatlve amplitude of contracture ( %
of control amplitude). It shows clearly that in lower
concentrat~onsMn2+ increased sodium-free contractures and rn higher concentration ( > 2 mM)
decreased them.

with various concentrations
on sodium-free contracture. As in the case of
Mn2+, La3+ increased sodium-free contracture in
lower concentra-tions (30 pM, 100 p M and 300
pM) and decreased the contracture in higher
concentrations (> 1 mM). Fig.6. shows the relationship between the concentration of La3+ and
the relative amplitude of contracture. The relative
amplitude in various concentrations of La3+ was
obtained with reference to the control value
(100%). In order to exclude the possible effect of
La3+ on sodium-free contracture via calcium
channel, the effects of La3+ on sodium-free contracture were evaluated after pretreatment with
10% M verapamil for 15 minutes (Fig.7).
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In control experiments, 10% M verapamil
i n d u c e d a small increases in Na-free
contracture. The magnitude of sodium-free contracture was also increased by the lower concentrations (30 pM, 100 p M and 300 pM) of
La3+, and decreased in very high concentrations
(> 1 mM) of La3+ compared with control value.
Similar effects were observed in the absence of
verapamil-pretreatment. These data indicate that
La3+ act on sodium-free contracture directly.
La3+ has almost the same actior! on sodium-free
contracture to Mn2+ but the reducing effect of
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Fig.4. Effects of pretreatment of 10-6 m verapamil on
the Na-free contractures. In order to exclude the
possible effects of Mn2+ through calcium channel
on sodium-free contractures, 10-6 M verapamil
was treated before the exposure to potassiumfree solution. Verapamil alone increased the magnitude of contracture and almost abolished spontaneous contractions. Effects of Mn2+ on contractures were not altered by veraparmil pretreatment.
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Fig.6. The dose-response relationship between La3+
concentrations and the amplitude of contracture
(% of control magnitude). La3+ inhibits the development of sodium-free contracture in high concentrations and decreased the contracture to
2O0I0of control magnitude.
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Fig.5. Effects of lanthanum ion on sodium-free contracture. La3+ increased sodium-free contracture in
and 3 x
the lower concentrations (3 x 10-5,
M) but decreased the contracture in higher
concentrations (> 1 mM). La3+ has almost similar
action on contracture to Mn2+ but decreasing
effect in higher concentration was more prominent than Mn2+.

Fig.7. Influence of verapamil pretreatment on the La3+
effect on sodium-free contracture. No clear effect
was noticed by 10-6 M verapamil on the increase
or decrease in sodium-free contractures induced
bv various concentrations of La3+.
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La3+ on sodium-free contracture in higher concentrations was more prominent than that of
Mn2+
Fig.8. shows the effects of 0-600 on Na-free
contractures. D-600 increased the magnitude of
Na-free contracture in the concentrations of 5 x
104, 10-7 and 5x10-7 M. In higher concentrations
(> 10-6 M) of D-600 we did not observe further
decrease in the magnitude of the contracture in
contrast to Mn2+ and La3+. Fig.9. shows the relationship between the concentration of 0-600 and
the relative amplitude of sodium-free
contracture.
The relative amplitude in various concentrations of D-600 was obtained with reference to the
control value (100%). The effect of another
organic calcium channel blocker, diltiazem, on
sodium-free contracture was observed (Fig.l o ) .
Fig. 11, shows the relationship between the concentration of diltiazem and the relative amplitude
of sodium-free contracture. In all the concentrations of diltiazem tried, the magnitude of sodiumfree contracture was unaffected.

Fig.9. The dose-response relationship between D-600
concentration and relative magnitude of sodiumfree contracture (% of controm value). Magnitude
of contracture increase in 5 x 10--8, 10-7, 5 x
10-7 M of D-600 and shows maximum in 5 +
M.
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It has been known that either increasing [Ca],
or decreasing [Na], would result in tension
development in cardiac muscle. This effect was
first analysed quantitatively by L ttgauuand
Niedergerke (1958). Further direct measurements of calcium flux using isotope demonstrated that calcium influx was increased by increasi n g [Ca], (Winegard a n d Shanlo 1962;
r
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Fig. 10. Effects of diltiazem on sodium-free
contractures. In the whole range of
Concentrations (5 x 10-8 - 10-4 M) diltiazem has
no stimulatory or inhibitory action on the contracture.
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Fig.8. Effects of D-600 on sodium-free contractures.
D-600 also has stimulatory effect on the development of sodium-free contracture in the concentrations of 5 x 10-8, 10-7 and 5 x 10-7 M, but has
no inhibitory effect in concentration higher than
10-6 M.
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Fig.11. Plot of the dose-response relation between diltiazem concentrations and the relative amplitude of
the contracture.

Niedergerke 1963) or decreasing [Na], (Langer
1964; Reuter and Seitz 1968). These results
made it possible to consider the presence of a
single exchange mechanism that would move
calcium both inward or outward via cell membrane. In 1968, Reuter and Seitz introduced, for
the first time, the existence of a Na-Ca exchange
mechanism in guinea-pig atria. Na-Ca exchange
may be essential in mediating several calciumdependent responses, with the most prominent
example being in regulation of the cardiac contractile state. Contraction of a cardiac muscle
fiber depends on the introduction into the
myoplasm of sufficient calcium to react with the
contractile proteins present in the fiber. Three
possible sources of calcium may be involved in
this process: ( 1 ) the calcium stored in sarcoplasmic reticulum(SR), (2) calcium entry via gated
calcium channels, and (3) calcium entry via the
Na-Ca exchange mechanism running in a
reverse direction. After a perfusion with sodiumfree solution, intracellular calcium ion concentration was increased up to several hundred
nanomoles (Lee et a/. 1980; Marhan et a/. 1980)
and the magnitude of external sodium removalinduced contraction was not smaller than normal
twitch tension (Chapman 1983). Chapman
(1979) also presented evidence that when external sodium was removed, increase in intracellular calcium concentration was not induced by
the release of calcium from SR or gated calcium
channels. This result would suggest that sodiumfree contracture could represent calcium transient induced by the Na-Ca exchange system
shown to operate in cardiac muscle when sodium equilibrium potential (ENa) was made negative (when the [Na], was made lower than [Na],).
In the present study, therefore, we have measured and analysed the magnitude of sodiumfree contracture to investigate the effect of
organic and inorganic calcium channel blockers
on Na-Ca exchange in the rabbit atrial muscle.
On the other hand, some have reported that NaCa exchange was insensitive to a wide variety of
substances, such as calcium and sodium channel blockers (Gill et al. 1981; Reeves and Hale

1984), ouabain (Gill et a/. 1981), and mitochondrial poisons (Gill et a/. 1981; Schellenberg and
Swanson 1981). Others have reported that NaCa exchange was inhibited by polymixin B
(Philpson and Nishimoto 1982), dibucaine, tetracaine (Michaelis and Michaelis 1983), chlorpromazine (Caroni et a l . 1980), amiloride
(Schellenberg et al. 1983) and also inhibited by
calcium channel blockers non-specifically (Baker
et a/. 1969; Coraboeuf et a/. 1981; Deitmer and
Ellis 1978; Horackova and Vassort 1979). Mn2+ of
high concentr-tions inhibited Na-Ca exchange in
nerve (Baker 1972) and squid axons (Blaustein
1977). It was demonstrated that Mn*+ inhibited
Na transport via cell membrane in cardiac
Purkinje fibres (Deitmer and Ellis 1978) and also
reduced the magnitude of sodium-free contracture in frog's hearts (Chapman and Ellis 1977).
However, Coraboeuf et a1 (1981) observed that 4
mM Mn2+ did not have an influence on sodiumfree contracture and that very high concentrations (20 mM) of Mn2+ inhibited sodium-free contracture in dog Purkinje fibres. It was reported
that Na-Ca exchange was inhibited by 0.1 mM
La3+ in squid giant axon (Baker et a/. 1969) and
by 3 mM La3+ in atrial trabeculae of the frog
(Horackova and Vassort 1979). Katzung et a1
(1973) reported that Na-Ca exchange was not
affected by 0.2-0.4 mM La3+ in mammalian
heart. There is, therefore, still considerable controversy regarding the effects of calcium channel
blockers on Na-Ca exchange. In the present
study we examined the effects of calcium channel blockers, such as Mn2+, La3+, D-600 and diltiazem, on sodium-free contracture. It has been
reported that low concentrations (0.4 mM) of
La3+ and Mn2+ increased the magnitude of sodium-free contracture (Coraboeuf et a / . 1981).
However, there have been few observations
whether D-600 affect the magnitude of sodiumfree contracture. We observed that 0-600(< 5 x
10-7 M) increased the magnitude of sodium-free
contracture. Since this effect was also observed
after pretreatment with diltiazem, we could
exclude the possibility that increase in sodiumfree contracture by D-600 was induced by the

-171calcium channel. On the other hand, diltiazem
may not affect Na-Ca exchange. Our data do not
necessarily suggest a precise mechanism for the
different effects of Mn*+, La3+ and D-600 on
sodium-free contracture in the presence of different concentrations. In order to elucidate the
mechanisms of the regulation of Na-Ca
exchange by calcium channel blockers, further
studies are, therefore, needed to estimate the
effect of calcium channel blockers on Na-Ca
exchange at single cell level by using patch
clamp techniques. From the above results, it can
be concluded that, in cardiac muscle, Na-Ca
exchange can be regulated by calcium channel
blockers, and that this regulation is sensitive to
the concentration of calcium channel blockers.
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