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Na*-Ca?* Exchange Transport and Pacemaker Activity
of the Rabbit SA Node

So Ra Rark' and Chang Kook Suh’

Recent electrophysiological data have provided the evidences that background currents such as Na*-Ca**
exchange can significantly modulate cardiac pacemaker activity. In this study. the effects of extracellular Na*
and Ca** concentrations on the pacemaker activity were investigated by measuring  the intracellular Na*
activity (a'va) with Na*-selective microelectrodes and the results are summarized as follows. 1) In the rabbit SA
node, alva was 3.2£0.3 mM and mean MDP (maximal diastolic potential) was -63.31+1.4 mV. 2) Graded de-
creases of external Na* concentration resulted in the loss of spontaneous beating, hyperpolariztion and the de-
crease of aa. 3) An increase in extracelular Ca®* concentraion in low Na* solution augmented the transient
decrease of a'xa, about 3 minutes in low Na* solution, until a'yg started to increase. 4) In low Na* solution,
which had extracellular Ca®** concentration according to the calculation based on the equilibrium state of Na*-
Ca** exchange, a'va was continuously decreased. It was concluded that intracellular Na* activity modulated by
Na*-Ca?* exchange could play an important role in the initiation of pacemaker potential.
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The applications of the conventional microelec-
trode voltage-clamp and whole cell clamp tech-
niques to pacemaker cells of the SA-node revealed
membrane currents underlying the pacemaker
activity (Noma and lIrisawa 1976, Hagiwara et al.
1988). Among those currents are the potassium
current (ix), the calcium current (ica), Hyperpolari-
zation induced inward current (i) and inward back-
ground current (iy).

The high membrane resistance in the pacemaker
cells, contrary to other cardiac tissue, implies that
very tiny net currents could cause large changes in
the membrane potential and be important for the
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generation of the pacemaker potential. Therefore,
background currents such as electrogenic Na*-K*
pump or Na*-Ca®* or Na*-H* exchange transports
can play a significant role in the modulation of car-
diac pacemaker activity (Giles et al. 1986; lrisawa
1987).

Recently, inward Na*-Ca?* exchange currents
have been found in single cardiac cells (Kimura et
al. 1987: Hagiwara and Irisawa 1989). Although
there remains the possibility that an ATP-dependent
Ca?* pump also plays a role in Ca?* transport across
the cell membrane, Na*-Ca®** exchange appears to
be the principle transport system for Ca?* efflux out
of the cell. Na*-Ca?* exchange is a transport system
that uses the movement of Na* down its electro-
chemical gradient into the cell to transport Ca?* up
its electrochemical gradient out of the cell. The ex-
change is not neutral, but is electrogenic (i.e., 3Na
*: 1Ca?*) (Mullins 1981). There is a significant influx
of Ca** during each cardiac cycle, and it could gen-
erate a part of the inward background current (Na
*-Ca%* exchange current) in pacemaker activity of
cardiac cells (Brown et al. 1984ab; Mechamann and
Pott 1986; Giles et al. 1986; Irisawa 1987).
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There are many reports about ionic currents dur-
ing pacemaker activity, and it will be more helpful
to understand the pacemaker mechanism if we can
directly measure the change of intracellular ionic
activites generated with these currents. There is,
however, no direct evidences for changes of intra-
cellular ionic activity, related to pacemaker activity
of cardiac cells.

in this study, the involvement of Na*-Ca?* ex-
change transport in pacemaker activity was investi-
gated by measuring the changes in intraceliular Na*
activity (alva) with a Na*-selective microelectrode.

METHODS .

Rabbits of either sex about 1 Kg in size were sac-
rificed with an intraperitoneal injection of Na pento-
barbital (50 mg/Kg). The heart was rapidly excised
and placed in oxygenated (100% O:) Tyrode solu-
tion. The right atrial tissue was dissected free of
other tissue, and strips of the SA node, 1~2 mm in
width and 1 cm in length, were dissected out along
the direction perpendicular or parallel to the crista
terminalis. Then strips were transferred to a record-
ing chamber which was continuously perfused with
the oxygenated Tyrode solution. Tension was moni-
tored by a Model 400 A Force Transducer System
(Cambridge Technology, Inc.) and displayed on a
Digital Storage Oscilloscope (Model Philips PM
3305) and traced on a chart recorder (Gould Brush
220). The signal from the differential electrometer
for the ion-selective electrode (ISE) was also record-
ed. The temperature in the recording chamber was
maintained at 27+0.2°C. The Tyrode solution had
the following composition in millimoles per liter
(mM): NaCl 140; KCl 4.0; CaCl, 1.8; HEPES 5; glu-
cose 5.5; and pH 7.4. For Na*-deficient solutions,
NaCl was isotonically replaced with tetramethy-
lammonium (TMA) chloride. Spring-aided sup-ports
of the solution container helped maintained con-
stant solution level and flow rate (about 5 ml/min-
ute) of the superfusion solution.

Transmembrane potentials were recorded be-
tween 3 m KCI -3% agar bridge in the bath and a
standard microelectrodes, pulled from microfiber
capillary tubings (WPI, Inc.) which had a typical
resistance in the range of 5~20 megohms and tip
diameters of less than 0.5 microns.

The Na*-selective electrodes (NSE) were manu-
factured as follows. Glass microelectrodes were
pulled from borosillicate glass capillaries (WPl 1B
200F6) which had been cleaned with alcohol, boi-
led in distilled water, and dried completely. Glass
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pipettes were inserted, tip upward, into holes
drilled into a small Teflon plate. The Teflon plate
with the pipettes was placed on the top of a bottle
containing a small drop of pure dichlorodi-methy-
lsilane and then placed in a oven at 200°C. The sil-
ane vapor was allowed to react with the glass for
30 minutes. The silanized pipettes were filled with a
100 mM NaCl reference solution. A column of ex-
changer resin (Fluka 71176, Fluka Chemie AG) was
forced into the electrodes by means of a partial
vacuum. The electrode was filled with resin to the
tip. .

The e.m.f. (electromotive force) from the NSE
was measured with an electrometer (Analog Devic-
es AD515 operational amplifier, Norwood, MA U.S.
A.). Membrane potential was measured by RE
which was electronically subtracted from the e.m.f.
measured with the NSE. Na*-selective electrodes
were calibrated with mixed electrolyte solutions
(NaCl 100, KCI 40; NaCl 30, KCl 110; NaCl 10, KCl
130; NaCl 3, KCl 137; NaCl 1, KClI 139; NaCl 0.3,
KCI 139.7; in mM). NSE had Nernstian responses in
pure NaCl calibrating solutions. In mixed NaCl-KCl
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Fig. 1. Calibration curve for Na*-Selective electrodes. The
closed circles(@) represent the electrode potential
measured with single electrolyte solutions of NaCl.
The open. circles(O) represent the electrode poten-
tials measured with mixed solutions of NaCl and KCI
(NaCl 100, KCI 40; NaCl 30, KCI 110; NaCl 10, KCI
130; NaCl 3, KCI 137; NaCl 1, KCI 139; NaCl 0.3,
KCl 139.7; in mM).
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solution calibration curve began to deviate from the
Nernstian response at the solution containg 30 mM
NaCl. We only used those electrodes that had
slopes greater than 40mV between 30mM NaCl
with 120 mM NaCl with 120 mM KCI and 3 mM
NaCl with 147 mM KCl, which indicates a good
selectivity for Na* over Ca?* (Sheu and Fozzard
1982) (Fig. 1). To improve the slow response time,
the negative capacity compensation circuit was
connected to the amplifier input of ion-selective
microelectrodes.

RESULTS

Membrane potential and intracellular Na*
activity of the SA node

SA node specimens generate spontaneous action
potentials and develop twitch tension. In this study,
we measured simultaneously and continously a'ya
and/or twitch tension. Fig. 2 shows the measure-
ments of transmembrane potential of such a speci-
men.

The mean of maximal diastolic potential (MDP)
measured in this study was -63.3%1.4 mV (n=18)
at normal Tyrode solution, which was lower than
MDP measured in central pacemaker cells (-40 ~
-50 mV) (Brown 1980). This outcome could be ex-
plained by the measurements of not only central
pacemaker cells but also latent (peripheral) pace-
maker cells.

A cell was then impaled with a Na*-selective

microelectrode as shown in Fig. 2A (b) (Exe) reached
a stable level, a cell was impaled with a conven-
tional microelectrode (Fig. 2A (a)) and the measured
transmembrane potential (Em) was substracted
electronically from the Ena (Fig. 2B). The mean of
the intracellular Na ion activity (alys) of the SA node
cells was found to be 3.21+0.3 mM (n=18) (Table
1).

Effects of low Na* solutions on membrane poten-
tial and tension

Simultaneous recording of both- membrane po-
tential and muscle tension of SA node specimens
showed that hyperpolarization of the resting mem-
brane was accompanied with increase in muscle
tension in low Na* solution (Fig. 3A).

Table 1. Transmembrane potentials and intracellular Na*
activity measured from the SA node cells of rab-

bits.
MDP (mV) 633*1.4

[Na*];(mM) 4,2+0.4
ave (MM)# 3.2+0.3

(n=18)

MDP: Maximal diastolic potential
[Na*];: Intracellular Na* concentration
~ alya : Intracellular Na* activity

# : A mean activity coefficient for Na* of
0.75 was used

Fig. 2. Measurement of intracellular Na* activity. A: The measured transmembrane potential (Ex; a) and the e.m.f. measured with
the NSE (Exa; b) were displayed on an oscilloscope. B: The membrane potential measured by the RE (Ey) was electrically
subtracted from the Exa-Em (b*) (20 mV/div, 200 msec/div)
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Fig. 3. Effects of low Na* solution on membrane potential and muscle tension. A: During the periods shown by a horizontal bar,
Jow Na* solutions (0, 30, 40, 50% Na* of that in the normal Tyrode solution) were superfused. B: 100% Na*, low Ca** so-
lutions were superfused during the period shown by a bar. Upper traces represent membrane potential (Em) and lower
traces represent tension (T). The tension of the strip was monitored by a Model 400A Force Transducer System (Cambridge
Technology, Inc.) and displayed on a Philips PM 3305 Digital Storage Oscilloscope and on a Gould Brush 220 recorded
along with the signal from the differential electrometer for the ion-selective electrode (ISE).
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Fig. 4. Effects of Ca?* concentration on intracellular Na* activity during the superfusion of 30% Na* solutions. A: Spontaneous beat-
ings of the tissue were stopped several second after the superfusion of 30% Na*, 1.8 mM Ca** solution was started, and

restarted when the tissue was superfused with the normal Tyrode solution. Horizontal scale, 1 minute; vertical scale, 20

mV. B: spontaneous beatings were stopped with 30% Na*, 0.05 mM Ca®* solution, and restarted with the normal Tyrode
solution. Horizontal scale, 12 seconds; vertical scale, 20 mV.
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Hyperpolarization and contracture in low Na* so-
lution decreased in amplitude as [Na*]o was in-
creased and [Ca’*], was decreased. Contracture
was not observed at 50% Na* solution. Spontane-

"ous activity ceased after onsets of 0, 30, 40% Na*
solution perfusion. But in 50% Na* solution sponta-
neous activity did not cease. :

Effects of [Na*], on intracellular Na* activity of
the SA node

Intracellular Na* activity was measured continu-

ously in SA node specimens exposed to 30%, 50%
and 70% Na* solutions with different Ca?* concen-
tration for 3~5 minutes (Fig. 4, 5). Low Ca%* con-
centrations were determined from the following
equation.
(INa*1,)*/ICa®*]y = ([Na*]o)*/[Ca®*]o exp(-VmF/RT)
Vm: membrane potential
F: Faraday constant
R: Ideal gas constant
: T: Temperature (°K)
This equation is derived from the equation of
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Fig. 5. Effects of Ca** concentration on intracellular Na* activity during the superfusion of 70% Na* solutions, 70% Na* solutions
with various Ca?* concentration (0.62 mM for A, 1.8 mM for B, and 3.6 mM for C) were superfused for 3 minutes. A: The
superfusion of 0.62 mM Ca** solution stopped spontaneous beatings and caused a steady decline in avs for 3 minutes,
from 7.4 mM to 6.2 mM. B. The superfusion of 1.8 mM Ca** solution caused a steady decline of aa from 7.4 mM to 5.5
mM. C. The superfusion of 3.6 mM Ca®* solution caused a decline of s for 2 minutes, from 8.7 mM to 7.9 mM, and an
increase to 8.8 mM for following 1 minute. Horizontal scale, 12 seconds; vertical scale, 20 mM.
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Fig. 6. Effects of extracellular Na* on the intracellular Na* activity and pacemaker activity. The superfusion of 30% Na*, 0.05 mM
Ca** solution stopped beatings and intracellular Na* activity continuously decreased (from 3.1 mM to 0.4 mM). Intracellu-
lar Na* activity increased (to 1.0 mM) with 100% Na*, 0.05 mM Ca®* solution and beating resumed before the superfusion
of normal Tyrode solution. It implies that inward current generated by Na*-Ca?* exchange has a role in generation of pace-

maker potential.

Na*-Ca®* exchange in the equilibrium state. If ex-
tracellular Na* is decreased, the reverse mode of
Na*-Ca?* exchange become operational. This re-
verse mode can be prevented if [Ca?*], is decrea-
sed simul-taneously with [Na*lo. Therefore,[Ca**]o
can be determined by the folowing equation.

[Ca?*]o2 = [Ca®**]oa X([Na*]lo,2/[Na*]o.)?

[Na*] or [Ca?*]o,1: 1st state of extracellular
concentration of Na* or Ca?*

[Na*] or [Ca®*].2: 2nd state of extracellular
concentration of Na* or Ca**

The 30% Na* solutions with 1.8 mM Ca?* and
0.05 mM Ca?* concentration were superfused for 5
minutes (Fig. 4). Spontaneous beatings of the tissue
were stopped several seconds after the- superfusion
of 30% Na*, 1.8 mM Ca?* solution. The alya de-
creased from 2.8 mM to 0.9 mM for 3 minutes, and
increased to 2.8 mM for the following 2 minutes.
The superfusion of 0.05 mM Ca** solution stopped
spontaneous beating and caused a steady decline in
alya initifally from 3.5 mM to 0.5 mM for the first 3
minutes. In the following 2 minutes the alys fall to
0.2 mM.

These results indicate that the re-increase of alva
during the perfusion of 30% Na*, 1.8 mM Ca?* so-
lution was due to the forward mode of Na*-Ca*
exchange caused by intracellular Ca?* loading. But
in 0.05 mM Ca?* concentration (according to the
calculation from the equilibrium state of Na*-Ca**
exchange), a'na was continuously decreased.

The 70% Na* solutions with various Ca** con-
ceutrations (0.62, 1.8, 3.6 mM)were superfused for
3 minutes (Fig.5). The superfusion of 0.62 mM Ca®*
solution stopped spontaneous beatings and caused
a steady decline in alya for 3 minutes from 7.4 mM
to 6.2 mM. The superfusion of 1.8 mM Ca?* solu-

tion caused a steady decline of alys, from 7.4 mM to
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5.5 mM. The superfusion of 3.6 mM Ca®* solution
caused a decline of aly initially from 8.7 mM to 7.9
mM for the first 2 minutes. In the following 1 min-
ute the alya increased to 8.8 mM. This suggests that
the superfusion of 70% Na*, 3.6 mM Ca?* solution
induced intracellular Ca?* loading that caused re-in-
flux of Na* from the Na*-Ca** exchange.

To show the effect of extracellular Na* concen-
tration on the intracellular Na* activity and pace-
maker activity, 0.05 mM Ca®* solutions with various
Na* concentrations (30%, 70%, 100%) were per-
fused in series (Fig. 6). The reason for maintaining
Ca®* concentration at 0.05 mM was to prevent in-
tracellular Ca%* loading. The superfusion of 30%
Na*, 0.05 mM Ca®* solution stopped beatings and
intracellular Na* activity was ‘continuously decr-
eased from 3.1 mM to 0.4 mM. Intracellular Na*
activity was increased to 1.0 mM with 100% Na*
with 0.05 mM Ca?* solution, and simultaneous re-
sumption of beating occured before the superfusion
of normal Tyrode solution.

DISCUSSION

The ionic basis of cardiac pacemaker activity has
been investigated by electrophysiologist for more
than 100 years. Information on the pacemaker
mechanism in SA node tissue has been greatly en-
hanced by the development of the single cell isola-
tion technique and the patch clamp technique
(Denyer and Brown 1990). Some currents (lca, Ix, lr)
were found with the experimented methods men-
tioned above, and recent data have provided evi-
dences that background currents such as Na*-Ca**
exchange currents can significantly modulate cardi-
ac pacemaker activity (Irisawa 1987). But there in
no evidence for the change of intracellular ionic
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activity related to pacemaker activity of  cardiac

cells. Thus we first measured the intracellulr Na*
activity in SA node tissues. And then the effects of
Na* and Ca®* on the intracellular Na* activity were
‘studied.

Intracelluar Na* activity in the rabbit SA node
during spontaneous activity and arrest induced with
low Na* solution were measured with Na*-selec-
tive electrodes. The mean alya measured during
spontaneous activity were 3.2+0.3 mM (Table 1).
The a'ya measured in this study was lower than the
value measured from other cardiac myocytes, 5.7
mM in rabbit ventricular muscle, 6.4~7.2 mM in
sheep Purkinje fibers (Lee 1981), 6.410.6 mM in in
sheep ventricular myocytes and 8.0£0.6 'mM in
sheep Purkinje fibers (Sheu and Fozzard, 1982).
This lower measured value might be due to the fact
that the Na* channels in the SA node cells were in-
activated, and, if any, the Na* influx was negligible
or markedly decreased. (Nakayama et al. 1984;
Giles et al. 1986). And furthermore this lower value
of a'lNa in SA node cells might provide a steeper
Na* concentration gradients for Na* influx during
pacemaker activity through background currents
such as Na*-Ca?* exchange, Na*-K* pump and Na*
-H* exchange.

Because the effect in true pacemaker cells is
almost certainly different from that in latent pace-
maker cells, the effect of [Na*]y on the electrical
activity of SA node is variable (Crenefield 1975;
Masson-Pevet et al. 1982). In some cases the re-
duction of [Na*]o to 30% or 40% of normal, pro-
duced the stop of pacemaker activity (Fig. 3A). In
some cases pacemaker activity disappeared in 70%
Na* of normal solution (Fig. 5). Such differences
could be explained by electrical signals not only in
central pacemaker cells but also in peripheral pace-
maker cells.

When extracellular Na* was reduced, spontane-
ous activity stopped and contracture developed
con-commitantly with a marked hyperpolarization
of the SA node cell membrane (Fig. 3) as reported
elsewhere (Reuter and Seitz 1986; Vassort 1973;
Chapman 1974; Irisawa and Noma 1976). These
results suggested that an increase in intracellular
Ca?* induced both responses. Ca?* influx by Na*-
Ca?* exchange (reverse mode) increases with decr-
easing [Na*]lo as well as with increasing [Ca®*],.
And intracellular Ca** loading will finally induce re-
influx of Na* with Ca?* efflux through the forward
mode of Na*-Ca?* exchange.

Thus, to understand the Na*-Ca’* exchange
transport in pacemaker activity, the dependence of
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intracellular Na* activity on [Na*]o and [Ca?*], was
investigated.

When [Na*], was reduced to 30%, 50%, 70% of
normal Na*, intracellular Na* activity was de-
creased and the decrease was depended on the
changes in [Ca?*]o(Fig. 4, 5). This data suggests that

during the perfusion 'of Na* depleted solution the
reverse mode of Na*-Ca?* exchange is operated
and [Ca®*], is increased.

The increase of intracellular Ca®* will be reduced
with uptake of free Ca?* by the sarcoplasmic reticu-
lum (SR) and/or transmembranous efflux through
the Na*-Ca** exchange (Irisawa and Noma 1976).
In the SA node cells the amount of SR is fewer than
other cardiac myocytes (Masson-Pevet et al. 1982),
therefore increased [Ca®?*]; might be mainly
effluxed through Na*-Ca** exchange. This intracel-
lular Ca?* loading and re-influx of Na* occured
more rapidly during the perfusion of the lower

~ [Na*]o and the higher [Ca®*], solution. But in low

[Na*]o solution which had [Ca®*], according to the
calculation from the equilibrium state of Na*-Ca**
exchange (see Results), alna was continuously de-
creased (Fig. 4, 5). This could be due to not only
Na* efflux through the Na+*-Ca®* exchange but al<o
Na* efflux through the Na*-K* pump (Lee and
Diagostino 1982).

If membrane potential remains changed, the for-
ward mode of Na*-Ca?* exchange could be operat-
ed not only in high [Ca®*], states (Fig. 4, 5) but also
in high [Na*], states. But the increase of Na* con-
centration of perfusion solutions was difficult to
maintain physiologic osmolarity. Therefore intracel-
lular Na* activity was decreased with low Na* solu-
tion. The change of intracellular Na* activity by Na*
—Ca®* exchange with perfusion of different con-
centrations of extracellular Na* was measured (Fig.
6). That is, after intracellular depletion of Na* with
30% Na*, 0.05 mM Ca?*, a graded increase in ex-
ternal Na* concentration (to 70% and 100% Na*)
resulted in the recovery of spontaneous beating
and increase of alya.

From these findings, it was concluded that intra-
cellular Na* and Ca?* concentrations modulated by
the Na*-Ca?* exchange transport could be an im-
portant mechanism for the initiation of pacemaker
potential. Futhermore low ala of SA node cells
might play an important role in generation of ionic
currents under the pacemaker activity.

ACKNOWLEDGEMENTS

We give thanks to Pvof. DH Kang for helpful discus-

229



So Ra Park and Chang Kook Suh

sions and comments.

REFERENCE

Brown HF, Kimura J, Noble D, Noble S), Taupignon A:
The slow inward current, i, in the rabbit sino-atrial
node investigated by voltage clamp and computer
simulation. Proc R Soc Lond B222: 305-328, 1984a

Brown HF, Kimura J, Noble D, Noble S}, Taupignon A:
The ionic currents underlying pacemaker activity in
rabbit sino-atrial node: Experimental results and
computer simulation. Proc R Soc lond B222: 329-
347, 1984b

Chapman RA: A study of the contractures induced in
frog atrial trabeculae by a reduction of the bathing
sodium concentration. J Physiol 237: 297-313, 1974

Crenefield PF: Sustained rhythmic activity. In the conduc-
tion of the cardiac impulse. New York, Futura pub-
lishing comp, 1975, 243-265

Denyer JC, Brown HF: Rabbit sino-atrial node cells: Iso-
lation and electrophysiological properties. / Physiol
428: 405-424, 1990

Giles W, Ginneken A, Shibata EF: lonic currents underly-
ing cardiac pacemaker activity: A summary of volt-
age-clamp data from single cells. In Nathan RD eds.
Cardiac muscle: The regulation of excitation and
contraction. Academic Press, 1986, 1-27

Hagiwara N, Irisawa H: Modulation by intracellular Ca**
of the hyperpolarization-activated inward current in
rabbit single sino-atrial node cells. J Physiol 409:
121-141, 1989

Higiwara N, Irisawa H, Kameyama M: Contribution of
two types of calcium currents to the pacemaker
potentials of rabbit sino-atrial node cells. / Physiol
395: 233-253, 1988

Irisawa H: Membrane currents in cardiac pacemaker tis-
sue. Experientia 43: 1131-1240, 1987

Irisawa H, Noma A: Contracture and hyperpolarization

of the rabbit sinoatrial node cells in Na-depleted
solution. Jap / Physiol 26: 133-144, 1976

Kimura J, Miyamae S, Noma A: Identification of sodium-
calcium exchange current in single ventricular cells
of guinea-pig. / Physiol 384: 190-222, 1987

Lee CO: lonic activities in cardiac muscle cells and ap-
plication of ion-selective electrode. Am | Physiol
241: H459-478, 1981

Lee CO, Dagostino M: Effect of strophanthidin on intra-
cellular Na ion activity and twitch tension of con-
stantly driven canine cardiac purkinje fibers. Bio-
phys | 40: 185-198, 1982

Masson-Pevet M, Bleeker WK, Besselsen E, Mackaay
AJC: On the ultrastructure identification of pacemak-
er cell types within sinus node. In Bouman and
jongsma eds. Cardiac rate and rhythm. London,
Martinus Nijoff Publishers, 1982, 19-34

Mechmann S, Pott L: Identification of Na*-Ca’** ex-
change current in single cardiac myocyte. Nature
319: 597-599, 1986

Mullins L): Na-Ca exchange. In lon transport in Heart.
New York, Raven Press, 1981, 20-43

Nakayama Y, Kurachi Y, Noma A, Irsawa H: Action po-
tential and membrane current of single pacemaker
cells of the rabbit heart. Pflugers Arch 402: 248-257,
1984

Noma A, Irisawa H: Membrane currents in the rabbit si-
noatrial node cells as studies by the double micro-
electrode method. Pflugers Arch 366: 190-194, 1976

Reuter H, Seitz: The dependence of calcium efflux from
cardiac muscle on temperature and external ion
composition. J Physiol 195: 541-571, 1986

Sheu SS, Forzard HA: Transmembrane Na* and Ca®*
electrochemical gradients in cardiac muscle and
their relationship to force development. / Gen
Physiol 80: 325-351, 1982

Vassort G: Influence of sodium ions on the regulation of
frog myocardial contractility. pflugers Arch 339: 225-
240, 1973

230

Volume 32



