
J. Phy8iol. (1974), 237, pp. 295-313 295
With 9 text-ftgure8
Printed in Great Britain

A STUDY OF THE CONTRACTURES
INDUCED IN FROG ATRIAL TRABECULAE BY A REDUCTION

OF THE BATHING SODIUM CONCENTRATION

BY R. A. CHAPMAN
From the Department of Physiology,

University of Leicester, Leicester LEl 7RH

(Received 16 July 1973)

SUMMARY

1. The relationship between the [Ca]., the [Na]o and the strength of the
contracture evoked when the [Na]o is reduced has been investigated in
isolated frog atrial trabeculae.

2. The strength of the contracture varies by the [Ca]2 and by 41([Na]o)
over the lower tension range.

3. The contracture induced by reduction of [Na]o is not sustained, but
relaxes spontaneously. The rate of this relaxation is only dependent on the
[Na]0 in the presence of strophanthidin.

4. After the spontaneous relaxation of an Na-free contracture, the
ability of the trabecula to develop tension upon a second challenge with
Na-free solution returns in about 3 min if the muscle is perfused with Na-
containing fluid. This recovery process is slowed if the [Na]o is low during
the recovery period, but the recovery is hastened by electrical stimulation
ofthe preparation or by perfusion with K-free or strophanthidin containing
sodium-Ringer.

5. It is suggested that the influx of Ca2+ which induces the Na-free
contracture depends on the presence of Na+ inside the cells. When the
intracellular Na concentration falls, the Ca influx falls, and the muscle
relaxes as a result of the activity of an intracellular relaxing structure.

INTRODUCTION

When the Na concentration in the medium bathing frog heart is
reduced, the strength of the heart beat increases in much the same way as
when the Ca concentration is raised (Daly & Clarke, 1921). Quantitative
studies of this increase have shown that the contractile strength
varies with the ratio of [Ca]o/[Na]2 (Wilbrandt & Koller, 1948; Liittgau
& Niedergerke, 1958). When the Na is replaced, a strong contracture
develops, associated with a large increase in the influx of calcium into the
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heart cells (Niedergerke, 1963). The hypothesis, adopted to account for the
effect of these ions in the external fluid, assumes that a receptor molecule
within the cell membrane can carry either one calcium or two Na ions
into the sarcoplasm (Luttgau & Niedergerke, 1958).

Kinetic studies of the changes of the twitch responses associated with a
rapid alteration ofthe bathing Ca or Na concentration, and the relationship
between the strength of the K contracture and the concentration of these
ions, suggest that the Ca ions that finally activate contraction are derived
from more than one source (Chapman & Niedergerke, 1970a; Chapman &
Tunstall, 1971; Chapman, 1971 a). This implies that the competition
between Ca and Na ions may not be exclusive to the outer surface of the
muscle cells. The present work investigates the factors that influence the
strength of the contracture that develops when the bathing Na concentra-
tion is suddenly reduced. It shows, as far as its effects on the contraction
of the muscle is concerned, that the competition between Na and Ca not
only occurs at the outer surface of the muscle cells, and that under some
circumstances the intracellular concentration of Na can also have pro-
found effects on the contractility of the heart.

METHODS

The technique of isolating, mounting and perfusing the auricular trabeculae, and
the method of recording the isometric tension they generate and the membrane
potential of the muscle cells, has been described in detail elsewhere (Chapman &
Tunstall, 1971; Chapman, 1973). The constituents of the experimental solutions are
shown in Table 1. The Na in the Ringer solution has been replaced by Tris HCl,
choline chloride (with 1O-5 M atropine), sucrose or LiCl. Ca was added as 1 M-CaCl2
volumetric solution (B.D.H.) Strophanthidin (Sigma) was added as 10 mm solution
in absolute ethanol. In experiments where this drug was used, an equal concentration
of ethanol was added to the other solutions that perfused the heart. All other chemi-
cals were analytical grade where possible.
To avoid the complications of the staircase response upon the results, the isolated

trabecula was stimulated electrically at a rate between 4 and 24 min'. In some
experiments stimulation was interrupted as part of the experimental procedure, and
the heart was not electrically stimulated during exposure to Na-depleted solutions.
The experimental scheme was to induce a series of contractures with the various

experimental changes. Between contractures, the heart was stimulated electrically
in normal Ringer solution. After a series ofexperimental manoeuvres were completed,
they were then repeated in the reverse order, and a second set of results obtained.
This 'mirror' procedure was adopted whenever possible so that any unidirectional
changes in the sensitivity of the heart were recognized, and allowed for.
Where appropriate, the results were subjected to regression analysis using a

Wang 700 C programmable desk calculator to give details of the slopes, intercepts,
standard error of the line and coefficient of correlation.
The preparations were taken from the hearts of healthy frogs of the species Rana

pipiens, first killed by pithing and central nervous system. The experiments were
performed in a cooled room, temperature range 14-21o C, with a variation during a
single experiment of less than 1°.
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RESULTS

The form of the low-Na contracture
Perfusion of a trabecula with solutions in which much of the Na has

been replaced by Tris HC1, choline chloride (with atropine), sucrose
or LiCl, results in the rapid development of a strong contracture
(to t 3 sec). Even though perfusion by the Na-depleted solution is con-
tinued, this contracture subsides spontaneously after a plateau phase,
becoming completely relaxed after about 5 min (Fig. 1 a). In a few prepara-
tions, following this spontaneous relaxation, quite large spontaneous

a

15 sec

[Na]0 1165 0 1i6 5

rcal-

b
15 sec-

] 5x103N.kg-'

I- I

11A5L_ E11 mml

10-4
10-2

r 15 sec

[Na]o 1165 0 [1165

d
15 sec

1 mlM

r.-...aa ...1

Fig. 1. Traces of contractures evoked by perfusion with Na-free solutions.
a, The Na-free contracture shows spontaneous relaxation. If the Ca

concentration is raised, by as much as 100 times after the spontaneous
relaxation, it fails to induce any change in the tension generated by the
trabecula.

b, The contraction initiated by withdrawal ofthe Na ions from the bathing
solution is rapidly abolished if the Na is returned to the solution: 1 mM-Ca.

c, After the spontaneous relaxation of a Na-free contracture, addition
of 2 mm caffeine induces a large redevelopment of tension: 0.1 mM-Ca.

d, A Na-free contracture develops when the [Ca]. is as low as 10-5 M, but
on the addition of 0 4 mm Tris EGTA (to give a free Ca concentration of
less than 1O-7 M) the trabecula relaxes. This relaxation is slower than that
seen when Na ions are added to the bathing medium.

All records are from the same experiment, 20 50 C. The tensions generated
by the muscle are expressed in terms of the wet weight of the trabecula.
The wet weight of the preparations used was generally between 0-02 and
0-08 mg. All subsequent Figures use the same convention.

L--J_1 .
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oscillations of tension occur, resembling those reported in frog ventricle
strips (Winegrad, 1972).

Raising the [Ca]o has little effect on the contracture evoked by Na-free
perfusion. When this contracture has been allowed to relax spontaneously,
raising the Ca concentration by as much as 100 times fails to induce a
further development of tension (Fig. la). Following the spontaneous
relaxation of the Na-free contracture, however, the addition of millimolar
concentrations of caffeine induces a large but again transient contracture
(Fig. 1 c). If the normal high-Na concentration is re-established at any time

1.0 i .4

0.1~~~~~~~~~~~
X

ntn=1 0 01 p - i ; , 0.44
S 05 ~ n 0-0

n=4 3 n=4 n=3
0 , I' ' ''

0 25 50 75 100 1 10 100 1000 20 40 60 100
[Na]J mM [Na]o mM [Na]o mM

Fig. 2. The theoretical values of the contracture tension derived from
eqn. (1) with the constants Kc,, w and ax, set to unity and n varying from
1 to 4, plotted against the bathing Na concentration, at a constant Ca
concentration, (a) on linear and (b) on logarithmic co-ordinates, (c) the
results of a typical experiment; where contractuires are evoked to various
reductions of the [Na]., Tris HCl replacing NaCl, plotted on logarithmic
co-ordinates. The continuous line is a regression line of slope - 3-78 (co-
efficient of correlation, 0-98, P < 0 001). 19-00 C; 1 mM-Ca.

during a low-Na contracture, any remaining tension is rapidly lost
(tj i 0-5 sec) (Fig. lb), and after a few seconds, normal twitches can be
evoked by electrical stimulation. This relaxation, of the Na-free contrac-
ture, is always faster than the contraction, as noted by Chapman & Tunstall
(1968). The tension developed on perfusion with Na-free solutions relaxes
on the reduction of the free-Ca concentration to less than 10-7 M by the
addition ofEGTA (Fig. 1 d), but rather more slowly than when Na ions are
added. If the heart is perfused for as little as 15 sec in Ca-free Na-Ringer,
before the Na is withdrawn, a contracture fails to develop.



R. A. CHAPMAN

The relationship between the [Na]0 and the tension developed during the
contracture

c[Ca]0Kc.Contracture tension (Cmax) = W [Ca], Kca + [Na]2J (1)

where [Ca]o and [Na]0 are the Ca and Na concentrations in the bathing
fluid and Kca is the equilibrium constant of the reaction

nCa + nNa2R = nCaR + 2nNa,

and o and ax are proportionality constants, while n is the number of Ca
ions involved in the complex Ca.R or the number of CaR required to
generate tension at the unit level.

Eqn. (1) reasonably predicts the effects of varying either or both the
[Na]0 or [Ca]0 on the strength of the K contracture (Chapman & Tunstall,
1971). Fig. 2 shows theoretical plots of this equation when only the sodium
concentration is reduced, on linear and logarithmic co-ordinates, when the
value of n is varied from 1 to 4. The slope of the logarithmic lines ap-
proaches the value of - 2n at high Na concentrations and hence small
contracture tensions, because eqn. (1) can be simplified under these con-
ditions of constant [Ca]o to eqn. (2).

Cmax XC (1/[Na]2)n. (2)
This means that by evoking contractures by partial withdrawal of Na
ions from the bathing medium, n can be estimated experimentally. The
maximum slope of the theoretical line on log-log co-ordinates is, however,
somewhat less than - 2n, e.g. for n = 2 the slope of the line in Fig. 2b is
- 3 57, while experimental results, over the range 25-60 mM-Na, have a
mean slope of - 3-78 (S.D. 0.49) (Fig. 2c). This value is larger than that
expected if n = 2, but is really not large enough to suggest that n = 3.
The transience of the low-Na contracture could mean that the peak tension
of the smaller contractures are underestimated making the measured slope
of the log-log plot too steep. This seems likely, because if the maximum
rate of rise of the contractures (determined by electronic differentiation)
is used to assess the contractility, then the slope of the plot of the log of
the maximum rate of tension development against the log of the [Na]0, for
the same series of experiments, is - 3-30, S.D. 0-55. There is the possibility
that the results may be complicated by a change in the membrane
potential of the cells in Na-free media as described by Goto, Kimoto &
Suetsugu (1972).
The effect of the Na concentration on the resting potential
Luttgau & Niedergerke (1958) and Vassort (1973) found little evidence

to suggest that even the total replacement of the Na in the bathing fluid
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causes much change in the resting potential of frog heart muscle cells,
while Goto et al. (1972) observed up to 15 mV hyperpolarization on re-
placement of the external Na by sucrose or Tris HCl.

In a series of measurements on twenty-two cells, rapid replacement of all
of the NaCl by Tris HCl in the solution perfusing frog ventricle or auricle
preparations produced a hyperpolarization, mean value 10.0 mV (S.E.
0-9 mV). This hyperpolarization developed slowly on removal ofthe sodium
(t1 = 10-2, S.D., 2-0 sec) and recovered rapidly if the sodium was restored
(t* = 4-6, S.D. 0*4 see) as shown in Fig. 3b. The hyperpolarization is not
maintained, but subsides with a half-time of between 3 and 10 min (Fig.
3a), a value similar to that reported for the loss of Na from frog ventricle,

Hours
0 1 2 3 4 5

I I~~ ~ ~~~~~~~~~~~~~~~~ I . .

-70 co

09J0 000 .0
804 0%OOO0 ** 0

-90~ ~ ~ ~ *F * ~~~0[ ~~~0 a
-100

b

(Na]0 I I mm

_ 21 ~~20 mV
10 sec

Fig. 3a. The resting membrane potentials of cells within a ventricular
trabecula, represented by the filled circles, are plotted against the time of
the experiment. At the first line, all the NaCl in the bathing fluid was
replaced by Tris HCl, the membrane potentials in this solution are shown
by the open circles. At the second line the trabecula was returned to Na
Ringer, 20.00 C; 1 mm-Ca.

b, A trace of the change in resting potential of another trabecula (lower
trace) when the Na was removed and then returned to the bathing medium
as represented by the upper trace. 20 5° C; 1 mM-Ca.

but under rather different conditions (Keenan & Niedergerke, 1967).
When the [Na]o is reduced to 20 mm there is little or no change in the
membrane potential, this means that the contracture tensions can be
investigated over a range of sodium concentrations where there is no
complicating change in the resting potential of the muscle cells.



R. A. CHAPMAN

The relationship between [Ca], and the tension developed in Na-depleted
solutions

When the heart has been perfused with Ringer containing a testing Ca
concentration, for at least 10 min so that the regularly evoked twitches
are of steady amplitude, the contractures evoked by the sudden reduction
of the bathing Na concentration to 25, 30 or 35 mm show a sigmoidal
relationship to the bathing Ca concentration. When the tensions
developed are less than 10 % of the maximum tension, a logarithmic plot
of results yields a straight line relationship, the slope of which should be
approximately equal to n in eqn. (1). In these experiments, the mean slope
was + 1-79, S.D. 0-26 suggesting that n = 2. In the terms of the hypothesis
that underlies eqn. (1), the low-Na contracture would seem to be elicited
by activator Ca released from two sites or, on the other hand, two Ca ions
are required to activate contraction at the unit level.

If the strength of the contracture, in Na-depleted solutions, can be
described by eqn. (1) when n = 2, then a plot of 1/lCmax against 1/[Ca]o,
should be a straight line intercepting the reciprocal concentration axis at
the value of Kca (it is in fact analogous to a Lineweaver-Burke plot).
Plotted this way, the results of contractures evoked by different Na
concentrations should have a common intercept with the reciprocal tension
axis, and the ratio ofthe equilibrium constants should be as given in eqn. (3).

Kca [Na'] (3)
Ka -[Na]2

where [Na']0 = one reduced [Na] contracture fluid, [Na]0 another; K~. and Kc. their
respective equilibrium constants as expressed in eqn. (1).

The results of experiments of this type have straight regression lines,
with small standard errors, only when the tensions generated by the muscle
are in the lower part of the tension range (unlike the potassium contrac-
tures, Chapman & Tunstall, 1971). Measurements over this range have
common intercepts with the I/V(tension) axis, but these intercepts corre-
spond to a maximum contracture tension of 1P5-20 times the value
found experimentally (Fig. 4b). In comparison to a value expected from
eqn. (3) of 0x69, the ratio of the experimentally determined equilibrium
constants for 25 mM-Na and 30 mM-Na was 0-66, S.D. 0*05.
When eqn. (1) is fitted to the data from a wide range of Na concentra-

tions (continuous line in Fig. 5), the saturation phenomenon is apparent,
a good fit is achieved only over the lower range of tensions. A similar result
has been found in experiments on fish heart, where the contractures
induced by Na-free solutions are smaller than those evoked in solutions
containing a small amount of sodium (Busselen & Carmeliet, 1973).

302
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Comparison of the contractures initiated by high-K and low-Na 801utions
The different dependence of the potassium contracture and the low-Na contrac-

tures on the [Ca]. has been already noted. In experiments made to compare the
variation of the contracture strength in high-K (100 mM-K) and Na-depleted
solutions over the same range of [Ca],, the K contracture shows a steeper dependence
on the bathing Ca concentration than the contracture evoked by Na-depleted fluids.
At [Ca]. below 1 mm, the difference between the slopes of the log-log curves for the
two types of contractures is 0-26. The slope for low-Na contractures, in these experi-
ments, is relatively large, i.e. very near to 2-0, while the slope for the high-K con-
tractures, although greater than 2-0 is not near 3-0. It is possible that the slope of
the relationship between the low-Na contracture and the [Ca]0 is exaggerated by a
change in [Na]i under these conditions.

0-14
600

Cmax a bb
C max * V~max

N. kg-'

N-2kg2
200

0-07

60

0-6 1-0 2-0 0 1 2
[Ca]0. mm 1/[Ca]o mM'

Fig. 4a. A logarithmic plot of the contracture tension evoked by Ringer
containing 25 mM-Na (*-*) and by one containing 30 mM-Na (-MU)
over a range of [Ca]0. The [Ca]. had been established for at least 10 min be-
fore the Na withdrawal contracture was elicited. The lines are regression
lines, the slopes are +1-75 for the contractures evoked by 25mM-Na,
and + 1-92 for those in 30 mM-Na.

b, A double reciprocal plot ofthe same experiment as a, where IIVA(C,,,) is
plotted against 1/[Ca]o for the contractures evoked at the two Na concen-
trations. The continuous lines are regression lines which intersect close to
the IV(C,j,) axis. The Kc, for the 25 mM-Na contracture is 4-71 mm and at
30 mM-Na is 7-06 mm, which gives a ratio of 0-67 compared to the value
of 0-69 expected from eqn. (3). 14.00 C.

The restoration of the Na-free contracture, and it's dependence on the bathing
Na concentration
For a variety of muscles the transient form of the contracture, that

develops during sustained depolarization, has been explained assuming that
the process releasing Ca into the sarcoplasm becomes progressively inacti-
vated, while the Ca already released is taken up by some intracellular
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structure (Hodgkin & Horowizc, 1960; Beeler & Reuter, 1970; Chapman,
1973). As the low-Na contractures of frog atrial muscle relax sponta-
neously it is possible that a similar mechanism is operative.

In an experimental procedure, where the muscle is allowed to undergo
the full spontaneous relaxation of a Na-free contracture and is then
returned to normal Na Ringer, the ability of the muscle to develop a
second contracture is complete after 3-5 min at room temperature. If,
however, the relaxed muscle is returned to a reduced outside sodium
concentration, the rate of recovery of the Na-free contracture is slowed.

4.5

I 30 S100

X

0. S

zS * *,,* l'o50
0

0 0 0~~~

0 20 40 60 80 100 120
[Na]0 mm

Fig. 5. The strength of the contracture evoked by reducing the [Na]o to
various levels, at 1 mM-Ca (0-0), is compared to a line derived from
eqn. (1). This line is calculated by fitting eqn. (1) to the results obtained
in [Na]0 above 20 mm, i.e. where the equation approximates to the results
and where KCa can be obtained by a double reciprocal plot (as in Fig. 4).
When a trabecula has developed tension in Na-free solution, this tension

subsides spontaneously. If the muscle is returned to Na Ringer, the ability
of the muscle to generate a subsequent Na-free contracture recovers to be
complete in 3 min in this preparation. The degree of recovery achieved in
this time is reduced if the muscle is perfused by Na-depleted fluids between
contractures. A graph of the contracture tension, evoked by a test applica-
tion of Na-free Ringer, when plotted against the preceding Na concentra-
tion shows the dependence of the recovery of the [Na]0 (0-0). 1 mM-Ca;
20.00 C.

The relationship between the Na concentration, perfused over the muscle
for a fixed period, and the degree of recovery of the Na-free contracture
is shown in Fig. 5. This relationship is compared to the dose-response
curve of the contracture initiated by reducing the bathing Na concentra-
tion (Fig. 5). The dependence of the recovery of a Na-free contracture on

304 R. A. CHAPMAN
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the outside Na concentration, suggests that the release of Ca, into the
sarcoplasm from the bathing medium, is progressively inhibited when Na
is removed and that this inhibition is reversed on exposure of the muscle
to Na ions.

The effects of stimulation, strophanthidin and K-free media on the recovery
of the Na-free contracture
The recovery of the Na-free contracture follows an exponential time

course. The time constant for the recovery estimated from a semilogarith-
mic plot, has a mean value of 36-9, S.D. 8-5 sec when the preparation is not
stimulated in the Na-containing fluid. When the preparation is stimulated
at 24 min- the time constant is reduced to 19-1, S.D. 4-9 sec (Fig. 6). The
rate of recovery is still enhanced if the preparation is stimulated in Ca-free
Ringer, in which twitches do not develop. Therefore, the increased rate of

6 D

6

103NCmax *Cmaxm. kg- * 103N.kg-'
4

4 0

2~~~

2~~~~~~~~~~

0

0 1 2 14 5 6 0 1 2
Min Min

Fig. 6. After the spontaneous relaxation ofthe tension developed in Na-free
media a period of exposure to Na-containing Ringer is necessary before
another full sized contracture can be elicited. The time course of this
recovery can be followed by exposing the muscle to different pre-treatment
times in the sodium Ringer.

a, Shows the recovery of the Na-free contracture, represented by
plotting the amplitude of the Na-free contracture against the preceding
period in Na Ringer, when the preparation was not stimulated (@-@)
and when it was stimulated at 24 min-' (0-0).

b, A semilogarithmic plot of the same results as a. The continuous lines
are drawn to the equation, contracture tensiona time t= maximum
contracture tensionat time t = oo (1- expti). The time constant, T, is ob-
tained by exponential regression analysis, and was 42-5 see for the unstimu-
lated recovery and 22-9 see for the stimulated recovery. 20.50 C; 1 mri-Ca.
II P HY 237
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recovery is not due to the accumulation of intracellular Ca associated with
the twitch responses. Furthermore, large twitches can be elicited when
the Tris-Ringer is replaced by Li-Ringer, but on return to Tris-Ringer
little or no contracture develops. Exposure of trabeculae to either
K-free Ringer or to one containing 106-10-5 M strophanthidin also

4-0

kN.kg-0

2
2-0 22U

2
S~~~~~~~~

0.5

0:2

0 1 2 3
Min

Fig. 7. A semilogarithmic plot of the full time course of contractures evoked
by 0mM-Na(Q-Q); 5mM-Na (A-A); IO mm-Na (E-*) and 20 mI-Na
(@-@); showing the initial plateau and the final exponential phase of
the spontaneous relaxation. Tris HC1 replaced NaCl. The continuous
regression lines show that the exponential phase is not affected by the
[Na]0. 2 mM-Ca; 20.00C.

enhances the rate of recovery of the Na-free contracture. However,
because K-free solutions induce a rather erratic spontaneous activity which
further increases the rate of recovery and as long exposures to strophan-
thidin slow the spontaneous relaxation of a subsequent Na-free contrac-
ture, these results cannot be expressed in the same way as the stimulation



LOW-Na CONTRACTURE

experiments. All these experimental procedures will be expected to in-
crease the intracellular Na concentration, and the results support the idea
that the accumulation of Na ions within the muscle cells is necessary
for the recovery of the contractile processes.

The spontaneous relaxation ofthe contracture induced by Na-depleted solutions;
the effects of strophanthidin
The sudden reduction of the bathing Na concentration causes a con-

tracture that develops at a rate dependent on the final Na concentration.

5

4

3

2

0 20 40 60 80 100 120
[Na]0 mM

Fig. 8. The effects of 1O-5 M strophanthidin on the contractures evoked
by various Na-depleted solutions, with Tris HCl replacing NaCl.
The relationship between the strength of the contracture and the final

[Na]O before (U-*) and during (*-0) exposure to the glycoside. After
the effects of strophanthidin have stabilized, the strength of the low-Na
contractures is much increased and these contractures do not relax com-
pletely. The residual tension, under these conditions, is also dependent on
the [Na]O, (/A-A). The lines are drawn by eye. 1 mM-Ca: 20-2° C.

11-2
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The spontaneous relaxation of this contracture shows two phases; the
first, a relatively slow phase of relaxation forms a plateau, the duration
of which depends on the Na concentration, being longest in Na-free
solutions and almost absent in 20 mM-Na; the second, is an exponential
phase that is independent of the bathing Na-concentration (Fig. 7).
Both phases of the spontaneous relaxation are influenced by cardiac
glycosides. When the effects of 10-6-10-5 M strophanthidin have reached
their full intensity, as judged by the amplitude and shape of the twitch
responses, exposure of the heart to Na-free solutions (also containing the
glycoside) evokes a prolonged contracture, which still relaxes completely
in the Na-free medium. The initial plateau phase is lengthened and the
late exponential phase is slowed, the time constant increasing from a mean
value of 12-7, S.E. 1-2 sec to a value of 23-6, S.E. 4-2 sec in 10-5 M strophan-
thidin (five experiments).

[Na]0 0 165 0 116 5 0 1 mind
165 0116.5 1601165 5~

d e

[Na]0 30 0 116 582 0 1165
116-5 mm~

Fig. 9. Traces of the contractures evoked by Na-free and Na-depleted
solutions, in the presence of 10-5 M strophanthidin. 1 mm-Ca; 19-90 C.
a, a Na-free contracture elected before application of the glycoside.
b, a Na-free contracture in the presence of strophanthidin. c, a 15 mM-Na
contracture. d, a 30 mM-Na contracture. e, a 58-2 mM-Na contracture.
(b) to (e), all evoked in the presence of 10-5 M strophanthidin.
The Na-depleted contractures fail to show complete spontaneous

relaxation of tension. However, withdrawal of all the Na from the bathing
medium results in full spontaneous relaxation, after an initial contraction.

The glycoside potentiates the contractures evoked by Na-depleted
solutions, so that the tension-Na concentration curve is shifted to lower
Na concentrations by an amount equivalent to about 60 mM-Na (Fig. 8).
The maximum tension developed by the muscle in Na-depleted solutions,
in the presence of strophanthidin, is 1-2-1.5 times larger than the maxi-
mum force generated in Na-free fluids in the absence of strophanthidin
(Fig. 8). This observation may well be relevant to the difference between

308 R. A. CHAPMAN
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the maximum tension predicted by fitting eqn. (1) to the results of the
type shown in Fig. 5, and that value obtained experimentally. Perhaps the
hyperpolarization of the membrane, or even the loss of intracellular Na,
causes a depression of the tension generated in solutions without Na. An
increase in the strength of the contraction is also seen with K contracture
in the presence of cardiac glycosides (Otsuka & Nonomura, 1963).
The spontaneous relaxation of the contractures evoked by Na-depleted

solutions, in the presence of strophanthidin, is incomplete so that a steady
tension remains after a period of relaxation. The amplitude of the steady
tension is greatest at sodium concentrations between 30 and 40 mm
(Fig. 8). The failure to relax completely is dependent upon the presence
ofNa ions in the bathing medium, for when a contracture of this type has
stabilized at a steady tension and all the Na is suddenly removed, the
muscle initially contracts and then subsequently relaxes completely
(Fig. 9). This tension change shows a plateau phase which is longer when
the Na-concentration in the original contracture fluid is high (Fig. 9).

DISCUSSION

The relationship between the tension induced by replacement of Na,
and either the Ca concentration, or the final Na concentration bathing frog
atrial muscle, can be fitted by an equation that assumes a competition
between Na and Ca ions. The results suggest that the Ca released into the
sarcoplasm to activate contraction originates at two sites where Na and
Ca compete. The Ca contained at each of these sites (they could be on the
same carrier molecule) is in equilibrium with the bathing solution. A
similar hypothesis proposed for the depolarization-induced contractures
of this muscle considers three sources of activator Ca necessary to account
for the quantitative relationship between [Ca]o and the contracture
tension (Chapman & Tunstall, 1971; Chapman, 1971 a). This difference,
however, would appear to be genuine, because the Na-free contracture is
abolished in the presence of Mn ions, while the K contracture still persists
(Chapman & Ochi, 1972). It could be that the concentration of activator
calcium contained in, or released by one of the compartments revealed by
the K contracture experiments changes too slowly, when the composition
of the bathing fluid is altered, to influence the strength of the Na contrac-
ture. The two more rapidly exchanging compartments would be expected
to be found at the outer region of the cell (Chapman, 1971 a), and the
third (not concerned in the Na withdrawal contracture) should correspond
to the slowest compartment described by Chapman & Niedergerke (1970a,
b).

There is a large influx of Ca into frog heart, when the outside Na con-
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centration is low (Niedergerke, 1963), and this influx would seem to be
important in the initiation of the contracture, for an outside Ca concentra-
tion greater than 10-6 M is required if tension is to develop. The spon-
taneous relaxation of the Na-free contracture shows that this model is
inadequate, because eqn. (1) predicts a sustained contracture. The influx
of Ca into the muscle cells must therefore be transient, and it must reach a
very low value, for when the spontaneous relaxation is complete, a 100-
fold increase in the bathing Ca concentration fails to induce any further
tension (Fig. 1).

In Na-containing media, the rate of recovery of the Na-free contracture,
which is increased by stimulation of the preparation or by K-free or
strophanthidin containing Ringer, is too slow for Na ions to be having an
extracellular effect. The exchange time of the extracellular space has been
found to be 3 sec (Chapman, 1971 b). Therefore, it would seem that the
recovery process is in some way related to a build up of intracellular Na.
This means that the intracellular Na could be regulating the influx of Ca
into the cell. If this is true, an exchange of Ca2+ for Na+ across the cell
membrane of the type proposed by Reuter & Seitz (1968) and by Baker,
Blaustein, Hodgkin & Steinhardt (1969) is possible. The entry of Ca and
the exit of Na, under the conditions of the present experiments, would
result in a transient influx of Ca, because the intracellular Na-concentra-
tion is low (Keenan & Niedergerke, 1967), and during perfusion with Na-
free solutions this concentration should fall, so that there is progressively
less intracellular Na to exchange for Ca, resulting in a reducing influx of
Ca. The recovery of the Na-free contracture, in Na-containing solutions
would then become the consequence of the restoration of the original
intracellular Na level, because recovery is hastened by increasing the rate
of accumulation of intracellular Na. If the intracellular Na-concentration
is kept high, by evoking contractures by partial replacement of the bathing
Na when the active extrusion of Na is blocked by strophanthidin, the
spontaneous relaxation is slowed and incomplete and the contracture
tension is increased. This suggests that the influx of Ca is sustained or
even augmented under these conditions.

If this exchange, of extracellular Ca for intracellular Na, is by means of
a carrier in the cell membrane, then the quantitative relationship between
the strength of the contraction and the bathing concentrations of Na
and Ca will fit in this hypothesis and into eqn. (1); if the carrier has four
binding sites for Na ions or if it has two such sites and the exchanges at
the inside and the outside of the membrane are coupled. The spontaneous
relaxation of the Na-free contracture would result from the transience of
the influx of Ca due to the fall of the intracellular Na concentration. The
Ca already released would, however, have to be removed from the sarco-
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LOW-Na CONTRACTURE
plasm for full relaxation to occur. The development of caffeine or cooling
contractures, in the spontaneously relaxed muscle in the virtual absence
of extracellular Ca, would suggest that the sarcoplasmic reticulum is
involved (Chapman & Miller, 1972; Chapman & Ellis, 1973). A competition
between intracellular Na and Ca ions at the relaxing structure may also
operate, so that a reduced intracellular Na level would favour the uptake
of Ca, in much the same way as described by Palmer & Posey (1967) for
isolated cardiac sarcoplasmic reticulum. Such a mechanism could be
responsible for the slowed rate of spontaneous relaxation of the Na-free
contracture in the presence of strophanthidin.
The conclusions drawn from these experiments suggest a mechanism

for the action of cardiac glycosides on the beating heart, where the intra-
cellular Na concentration controls the influx of Ca from the bathing
medium. Similar schemes, in which changes in the intracellular Na con-
centration have an effect on the intracellular Ca concentration, have been
devised to explain the reduction of contracture tension induced in frog
ventricle by adrenaline (Graham & Lamb, 1968) and for the potentiation
of endplate potentials caused by digoxin (Birks & Cohen, 1968). However,
these conclusions differ from those of Gadesby, Niedergerke & Page (1971)
who deduced that the strength of the twitch response of frog ventricle did
not vary in a consistent way with the intracellular Na concentration.
As for the most part, they were studying increases in the intracellular Na
content, it may be that the levels of intracellular Na in their experiments
were always above those in the present experiments, and may have there-
fore been above the level where intracellular Na has an effect on the influx
of Ca. This suggestion is not consistent with the appearance of a slowly
developing contracture in K-free Ringer (Thomas, 1960; R. A. Chapman,
unpublished), or with the large increase in the contracture tension evoked
by Na-depleted solution, caused by exposure to cardiac glycosides. It
may be, as suggested by Delahayes & Bozler (1972) and by Langer (1973),
that another interpretation of the results of Gadesby et al. (1971) is
necessary.
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