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SUMMARY

1. The photoprotein aequorin was micro-injected into several cells in a sheep
Purkinje fibre. The intracellular Ca concentration ([Ca2+],) was measured from the
resulting light emission.

2. Inhibition of the Na-K pump with strophanthidin resulted in the development
of tonic tension which increased on depolarization. This increase was accompanied
by an increase of aequorin light. Increasing external Ca concentration ([Ca2+]0) or
the magnitude of the depolarization increased both light and tension.

3. If the depolarizing pulse was maintained for several minutes then both tonic
tension and aequorin light slowly decayed. The relationship between tension and light
was unaffected during this decay. On repolarization the light decayed to below the
level before the depolarization before slowly increasing. During this period a test
depolarization produced increases of aequorin light and tension which were smaller
than control.

4. The application of ryanodine (1-10,M) abolished all components of tension
other than the tonic component. Under these conditions the time course of the
increase of tonic tension and aequorin light on depolarization was sufficiently slow
to be measured. In most (five out of six) experiments the relationship between light
and tension during this development of tonic tension was found to be similar to that
during the subsequent spontaneous decay. However, in one experiment the decay of
force was greater than could be accounted for by the fall of [Ca2+],.

5. It is concluded that most of the spontaneous relaxation of tonic tension can be
attributed to a fall of [Ca2+]i rather than to other explanations such as an intracellular
acidification or increase of inorganic phosphate concentration.

INTRODUCTION

Under some conditions depolarization of the surface membrane of cardiac muscle
produces a tonic component of tension which is maintained throughout depolarizing
pulses lasting for several seconds (Eisner & Lederer, 1979). It has been suggested that
this tonic tension may be produced by Ca entry into the cell on a voltage-dependent
Na-Ca exchange (Chapman & Tunstall, 1980; Eisner, Lederer & Vaughan-Jones,
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1983). In the Purkinje fibre tonic tension is a steep function of the intracellular Na
concentration ([Na+]i) which is consistent with it being produced by a Na-Ca
exchange (Eisner et al. 1983). If this tonic tension is indeed produced by Na-Ca
exchange then its time course of development and decay should give information
about the contribution of this exchange to regulating internal Ca concentration
([Ca2+],).
There are, however, two problems with previous studies of tonic tension. First its

development during depolarization is superimposed on that of the normal twitch and
its relaxation, on repolarization, is obscured by an after-contraction which, like the
twitch, appears to be produced by the release of Ca ions from the sarcoplasmic
reticulum. Secondly, the measurement oftonic tension is complicated by the presence
of spontaneous oscillations of [Ca2+], produced by spontaneous release ofCa ions from
the sarcoplasmic reticulum (Orchard, Eisner & Allen, 1983; Wier, Kort, Stern,
Lakatta & Marban, 1983). These oscillations are out of phase in the different cells
of the preparation and the result is that the total tension generated by the preparation
may be very different from that expected from the mean value of [Ca2+]i (Orchard
et al. 1983; Wier et al. 1983; Cannell, Vaughan-Jones & Lederer, 1985). Furthermore
the magnitude of the tonic tension will depend, in part, on the properties of the
oscillations. In order to remove these problems it is necessary to abolish these Ca
oscillations.

If depolarization is maintained for several minutes, tonic tension gradually decays
(Gibbons & Fozzard, 1971; Chapman, 1973; Eisner et al. 1983). This fall of tension
is accompanied by a decrease of [Na+]i (Eisner et al. 1983) and it has been attributed
to an effect of the decrease of [Na+]i to decrease Ca entry on Na-Ca exchange. In
these experiments changes of [Ca2+], were inferred from those of tension. It has,
however, been shown that prolonged depolarization can produce an intracellular
acidification (Cannell, Lederer & Vaughan-Jones, 1984) which will decrease tension
(Fabiato & Fabiato, 1978). It is therefore possible that the fall oftension on prolonged
depolarization is produced by the intracellular acidification rather than by a fall of
[Ca2+]i. The effects of membrane potential on [Ca2+]i have only been measured
directly in three studies. Sheu & Fozzard (1982) found that depolarization increased
[Ca2+]i as measured with a Ca-selective micro-electrode. Allen, Eisner & Orchard
(1984) (using aequorin) and Powell, Tatham & Twist (1984) (using quin 2) found that
the initial rise of [Ca2+], is followed by a subsequent fall on prolonged depolarization.
However, in these studies the membrane potential was changed by elevating
extracellular potassium concentration ([K+]O) and the results may be complicated by
direct effects of [K+]. rather than of membrane potential (cf. Sjodin & Abercrombie,
1978). A further problem is produced by the presence of spontaneous Ca oscillations:
a change in the magnitude of the oscillations rather than the mean level of [Ca2+],
could account for the spontaneous relaxation of tonic tension.

In the present study we have therefore measured tension and [Ca2+], while the
membrane potential was controlled with a voltage clamp. Furthermore, in some
experiments, we have used pharmacological methods to remove the Ca oscillations.
We have attempted to answer the following questions. (1) What is the response of
[Ca2+], to maintained depolarization produced by the voltage clamp? (2) Can the
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spontaneous relaxation of tonic tension on maintained depolarization be accounted
for by changes of mean [Ca2+], ?
A preliminary version of some of these results has been presented to the Physio-

logical Society (Eisner & Valdeolmillos, 1985a).

METHODS

The experiments were performed on sheep cardiac Purkinje fibres shortened to 2 mm length and
connected to a tension transducer in the experimental bath. A conventional two micro-electrode
voltage-clamp system was used in some experiments to control the membrane potential. Aequorin
was micro-injected into several (ten to twenty) cells. The general methods used for recording force
and aequorin light from voltage-clamp fibres have been described previously (Eisner & Lederer,
1979; Eisner & Valdeolmillos, 1985b).

Calibration of aequorin signals
In order to transform aequorin luminescence to [Ca2+], we have used the procedure of Allen &

Blinks (1979). At the end of the experiment 1% (v/v) Triton X-100 was added to the superfusing
solution in order to destroy the cell membranes and therefore react all the aequorin with Ca. The
fractional luminescence (L/Lmax) corresponding to any rate of aequorin light emission in counts
per second (c.p.s.) can then be calculated as:

L/Lmax = c.p.s./(2'8 x (total no. of counts on exposure to Triton)),
where 28 s-1 is the rate constant of aequorin consumption at saturating [Ca2+], under the
experimental conditions (35 0C). In experiments in which a significant fraction of the aequorin was
consumed before adding Triton then this consumption must also be allowed for. To relate L/Lmax
to [Ca2+]i requires using an appropriate in vitro calibration curve. We have used a curve obtained
under conditions designed to simulate the intracellular environment (155 mM-K, 3 mM-Mg, pH 7'0,
30 °C). This curve can be described by the following equation (modified from that given by Allen,
Blinks & Prendergast, 1977):

[Ca2+] 7x 105(L/Lmax)33-4x 10-
I1 (L/Lmax)033,

There is a controversy concerning the exact level of [Mg2+] in muscle cells. The value of 3 mm
used in our calibrating solutions comes from the work ofHess, Metzger & Weingart (1982). However,
Fry (1986) has recently reported a value of 1-9 mm whereas Blatter & McGuigan (1986) report
0.5 mM. If [Mg2+] is say 0 5 mm then the real values of [Ca2+], will be less than that predicted above.
However, over the range of concentrations of [Ca2+]j in the present paper the correction factor is
fairly constant and as [Ca2+]i rises from 0-3 to 30 JM the correction will change from about 2'5 to
2-3. If [Mg2+], is intermediate then the correction will be correspondingly less. Therefore the error
produced by uncertainty in [Mg2+], will scale the level of [Ca2+]i but will not affect the measured
time course of changes of [Ca2+]j.

It has been shown that depolarization produces an intracellular acidification. Acidification is
known to produce a small depression of aequorin light output at constant [Ca2+]. Published data
on this effect (e.g. Allen & Orchard, 1983) would suggest that this effect is trivial. We have
reinvestigated this problem. Previous work has used EGTA to buffer [Ca2+]. However, EGTA is
very pH-dependent and this complicates using it as a Ca buffer when pH is changed. We have
therefore used the comparatively pH-insensitive Ca buffer BAPTA (Bis(o-aminophenoxyl)ethane-
N,N,N',N',tetraacetic acid). pH was changed from 7-3 to 6-8 at a fixed [Ca2+] of 0.5 /M. This
produced less than a 5% change of light emission.

Solutions
The experimental solution contained (mM): NaCI, 145; CaCl2 5; KCl, 5; MgCl2, 1; glucose, 10.

It was buffered to pH 7.3 with 5 mM-Tris-HEPES. Changes in CaCl2 were made without osmotic
compensation. All experiments were performed at 35 'C. Strophanthidin (Sigma U.K.) was kept
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as a stock solution (10 mM in ethanol). Ryanodine (a generous gift from Dr J. Kenyon: University
of Texas at Dallas) was kept frozen in a solution of 10 mm in water.

RESULTS

The experiment illustrated in Fig. 1 shows the effects of inhibiting the Na-K pump
with strophanthidin on aequorin light and tension during a depolarizing voltage-clamp
pulse. The control record (Fig. 1A) shows that depolarization produces a transient
rise of aequorin light and also a twitch. The record shown in Fig. 1 B had been

A B

Potential (mV) -803E r i
10_

L/Lmax (X 10-4) 5 4JVW V

Tension 5 pN [

2 s
Fig. 1. The effects of strophanthidin on aequorin light and tension. In both panels traces
show signal-averaged records of: top, membrane potential; middle, aequorin light
(DC-5 Hz); bottom, tension. Sixty-four traces were averaged in A and four in B. A
depolarizing pulse was applied from -80 to -35 mV at 0-17 Hz. Panels show: A, control;
B, 20 min after adding strophanthidin (10 SM).

obtained after exposure to strophanthidin (10 #M). The twitch is considerably
increased and an after-contraction is seen on repolarization. Most pertinent to the
present paper is the development of tonic tension during the depolarizing pulse. The
aequorin light record shows that the tonic tension is accompanied by an increase of
aequorin light. Superimposed, however, are oscillations of light. The effects of
depolarization to different levels are shown in Fig. 2A. It is clear that, the larger the
depolarization, the larger the rise of both tension and aequorin light. Fig. 2B shows
the effects of similar depolarizing pulse after elevating [Ca2+]0 from 5 to 10 mm. At
a given potential both tension and aequorin light are greater than in the control.
Fig. 3 shows tension plotted as a function of aequorin light for the data of Fig. 2.
Although there is more tension and light at the higher [Ca2+]0, the relationship
between tension and light does not appear to be markedly affected by elevating
[Ca2+]0.
The above experiments have concentrated on pulses which are not much longer

than the time taken for force to reach a maximum value. The effects of a longer pulse
are shown in Fig. 4. In agreement with previous work (Eisner et al. 1983), following
the initial rise, tonic tension gradually decays to a lower level. The aequorin record
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Fig. 2. The effects of changing membrane potential and [Ca2+]0 on aequorin light and
tension. In all panels traces show unaveraged records of: top, membrane potential; middle,
aequorin light (DC-2 Hz); bottom, tension. The preparation was exposed to 10 FM-
strophanthidin throughout. A 30 s depolarizing pulse was applied from -70 mV to the
various levels shown. A, [Ca2+]0 5 mm; B, [Ca2+]0 10 mM.

also shows a similar decay. On repolarization both force and light undershoot below
the control level and then slowly increase. An important question is whether the fall
of [Ca2+], can account for the decrease of tension or whether some additional
mechanism such as an intracellular acidification must also be invoked. This point was
examined by comparing the relationship between tension and light during the decay
of tension on prolonged depolarization with that produced by the shorter pulses of
Fig. 2. If the fall of force during the long pulse is indeed due to a decay of [Ca2+],
then the relationship between [Ca2+]i and force during this decay should be the same
as that produced by shorter pulses. On the other hand, if the fall of force is due to
some factor other than a decay of [Ca2+], then the short pulse should have more force
for the same light than the long pulse. The graph of Fig. 3 shows that the relationship
between light and tension during the relaxation of the prolonged depolarization is
similar to that produced by smaller short pulses.

It is difficult to quantify the levels of [Ca2+], measured in the previous experiments
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Fig. 3. The relationship between aequorin light and tonic tension. The graph shows tonic
tension (ordinate) plotted as a function of aequorin light. Measurements were made at the
end of a 30 s duration depolarizing pulse. The data are taken from the experiment of
Fig. 2. and also include pulses not shown in Fig. 2. The different points were obtained by
depolarizing to various levels. Symbols denote: (O), [Ca2+]0 5 mm; (0) [Ca2+]0 10 mm. The
points indicated (V) were obtained from the relaxation of tension shown in the experiment

of Fig. 4.

Potential (mV)
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L. I I
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Fig. 4. The effects ofprolonged depolarization on aequorin light and tension. Traces show:
top, membrane potential; middle, aequorin light (DC-2 Hz); bottom, tension. The
preparation had been exposed to strophanthidini (10 FM) for 40 min. It was depolarized
from -67 to -27 mV for the period shown. The relation between aequorin light and
tension for the decay of tonic tension during depolarization is shown in Fig. 3.
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because of the presence of spontaneous oscillations of [Ca2+]j. For this reason in the
rest of the paper we have added ryanodine to remove Ca oscillations (Wier et al. 1983;
Eisner, Orchard & Allen, 1984). The addition of ryanodine also has two other
advantages. First it abolishes the twitch and after-contractions (Sutko & Kenyon,
1983) which therefore makes it possible to study the time course of tonic tension.
Secondly it slows the development of tonic tension (Sutko & Kenyon, 1983) which
(see below) makes it easier to investigate the relationship between tension and [Ca2+]1.

5

Potential (mV)-
-80_

5
2-5

L/Lmax (X 105) 2]5 2 0 [Ca2+] (SM)
1500~~~~~~~~~1

Tension 75 gNL

1 min

Fig. 5. The effects ofprolonged depolarization on aequorin light and tension in the presence
of ryanodine. The preparation had been exposed to strophanthidin (10 gsm) for 50 min and
to ryanodine (1 ,Sm) for 15 min before the record was obtained. Traces show: top,
membrane potential; middle, aequorin light (DC-PS- Hz); bottom, tension. The preparation
was depolarized from -80 to -5 mV for the period shown apart from a brief period when
it was partly repolarized. The aequorin light record is noisier in this than in other records
because considerably less aequorin was injected.

Tonic ten8ion and [Ca2+], in the ab8ence of Ca osCillations
The response of tension and [Ca2+], to prolonged depolarization in the presence of

ryanodine is shown in Fig. 5. The results are qualitatively similar to those obtained
in the absence of ryanodine: depolarization produces an initial increase followed by
a slow decrease of tonic tension. It is clear that the initial rise of tonic tension is slow.
In this experiment a brief repolarizing pulse was applied shortly after beginning the
depolarization. The relaxation oftension and aequorin lightproduced by repolarization
is considerably faster than those of the spontaneous falls seen on prolonged
depolarization.

In the experiment of Fig. 6, the preparation was again depolarized, and [Ca2+1t
and tension rose to a peak level before spontaneously decaying. The membrane was
then repolarized. A test depolarization applied after about 30 s produced no
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detectable increase of aequorin light and a very small increase of tension. However,
after a further 5 min period at -70 mV, depolarization produced a larger increase
of [Ca2+]i and tension. The increase of [Ca2+], is, however, still smaller than control.
Finally, after a further 5 min, depolarization produced an increase of [Ca2+], which
was back to control. The slow repriming oftonic tension following a test depolarization
has been described previously (Eisner et al. 1983) and has been shown to be associated
with an increase of [Na+]i. The present work shows that it is accompanied by a slow
repriming of [Ca2+]1.

-5Potential (mV) 70

LiLmax (x 10-6)
4 0 [Cal(
0~~~~~~~~~~~~~]0-3

Tension 10MN[

5 min

Fig. 6. The repriming of aequorin light and tonic tension following a prolonged depolar-
ization. The preparation had been exposed to strophanthidin (10 /M) for 40 min and to
ryanodine (1 FM) for 10 min before the record was obtained. Traces show: top, membrane
potential; middle, aequorin light (DC-1-5 Hz); bottom, tension.

The test pulses in Fig. 6 are considerably shorter than the initial control
depolarization. This was done to minimize the changes of [Na+]i produced by long
pulses. However, the attenuation of the rise of aequorin light cannot be due to the
fact that the pulses are shorter since the initial rates of rise of light are smaller in
the test pulses than in the initial control depolarization.
The fact that the initial rises of both tension and [Ca2+]i are slowed by ryanodine

allows one to compare the relationship between [Ca2+]i and tension both during the
development of force on depolarization and during the spontaneous relaxation. This
comparison cannot be made in the absence of ryanodine since the fast kinetics of the
twitch mean that force may not be in equilibrium with [Ca2+]1. Such a comparison
has been made for the experiment of Fig. 7A which shows the effects of prolonged
depolarization in the presence of ryanodine. In this Figure the aequorin light records
have also been converted to [Ca2+]1. Fig. 7B shows that the relationship between
tension and aequorin light during the development of tonic tension is similar to that
seen during the spontaneous relaxation.

In five out of 'six preparations studied, results similar to that of Fig. 7 were
obtained. However, in the other preparation, only 60% of the decay of force could
be accounted for by a fall of [Ca2+]1.
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Fig. 7. The relationship between aequorin light and tonic tension during both the
development and the spontaneous relaxation of tonic tension. A, original record. Traces
show (from top to bottom): membrane potential; aequorin light (DC-15 Hz); calculated
[Ca2+],; tension. The preparation had been exposed to strophanthidin (10 GEM) for 45 min
and to ryanodine (1 uM) for 20 min. A depolarizing pulse was applied from -80 to
-12 mV. B, graph of tension as a function of aequorin light. Data taken from A. The
symbols denote: (@), during the development oftonic tension; (V) during the spontaneous
relaxation.
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DISCUSSION

The present work has shown that depolarization produces an increase of [Ca2+],
which develops over a few seconds and then decays over a few minutes. On
repolarization the capacity to develop a rise of [Ca2+], 'reprimes' slowly. The
demonstration ofthe spontaneous relaxation of [Ca2+], confirms the result ofprevious
work in which membrane potential was changed by varying [K+]. (Allen et al. 1984 a;
Powell et al. 1984). Prolonged depolarization has been shown to result in a secondary
decay of tonic tension in a variety of cardiac preparations (Chapman, 1973; Eisner
et al. 1983; Allen et al. 1984). Measurements with Na-sensitive micro-electrodes have
found that depolarization decreases [Na+]i (Eisner, Lederer & Vaughan-Jones, 1981,
1983; January & Fozzard, 1984) and it was therefore suggested that this fall of [Na+]i
might, by acting on Na-Ca exchange, decrease [Ca2+]i and thence tension. However,
as pointed out previously (Eisner et al. 1983), it was possible that the secondary fall
of force could be produced by some factor other than a decrease of [Ca2+]1. This
alternative explanation gained support from the demonstration of an intracellular
acidification during prolonged depolarization (Cannell et al. 1984). Such an acidifi-
cation would be expected to decrease the amount of force produced by a given [Ca2+],
(Fabiato & Fabiato, 1978). The origin ofthe acidification is unclear. It may be a direct
consequence of the increase of [Ca2+]j (Vaughan-Jones, Lederer & Eisner, 1983) or,
alternatively, be secondary to an increase of lactic acid production by anaerobic
glycolysis as a consequence of the increased ATPase activity of the contractile
apparatus (Allen, Eisner, Morris, Pirolo & Smith, 1986). Furthermore, manoeuvres
which increase [Ca2+]i also increase the intracellular inorganic phosphate concentra-
tion (Hoerter, Miceli, Jacobus, Renlund, Gerstenblith & Lakatta, 1983; Allen et al.
1986) which will also decrease force (Kentish, 1986).
In order to decide whether the fall of tension is produced by (i) a decrease of [Ca2+],

or (ii) some other factor we have compared the time course of change of aequorin
light with that of tension. Fig. 3 showed that the relationship between tension and
light during the decay of force on prolonged depolarization was similar to that
produced by varying the magnitude of briefer pulses. This result suggests that the fall
of [Ca2+], (as measured by aequorin) is responsible for the fall of force. Two problems
should, however, be discussed here. (1) It is possible that some factor other than a
fall of [Ca2+], is responsible for the fall of aequorin light during prolonged depolari-
zation. The only factor which is both known to affect aequorin and to change during
prolonged depolarization is the intracellular pH. However (see Methods) the effect
is not large enough to contaminate the aequorin records significantly. (2) A more
serious problem is produced by the presence of spontaneous Ca oscillations. It is
therefore difficult to exclude the possibility that the fall of tension and light is
produced, at least in part, by a change of the magnitude of the oscillations of [Ca2+]i
rather than the mean level. However, even when the oscillations had been abolished
by ryanodine, the relaxation of force could be accounted for by a fall of [Ca2+]1. In
one experiment, however, the fall of aequorin light was insufficient to account for
all the decay of tension. In this last experiment it is possible that other factors
contributed.
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The events occurring on depolarization are consistent with the following scheme
(Eisner et al. 1983; Allen et al. 1984; Eisner, Allen & Orchard, 1985):

Depolarization Ca entry on Na-Ca exchange .' [Ca 2+] Tension
* Na eff lux on Na-Ca exchange t

ft P pHi X
[Nal] - -

On this model depolarization acts directly on the Na-Ca exchange to increase Ca
entry and thence increases [Ca2+]j. However, this effect on Na-Ca exchange will also
decrease [Na+]i which will, in turn, decrease Ca entry on Na-Ca exchange thus
producing the secondary relaxation of [Ca2+], on maintained depolarization. It should
be noted that the decrease of [Na+]i could also be produced by an effect on a passive
Na channel (Eisner, Lederer & Vaughan-Jones, 1981; January & Fozzard, 1984).
However, the Na-Ca exchange scheme above has at least the advantage of economy
inasmuch as it can explain not only the fall of [Na+]j but also the increase of [Ca2+],
(Eisner et al. 1985). In one preparation the fall of force could not be accounted for
by changes of [Ca2+]i and here it is possible that the other factors indicated by the
dotted lines may cause the relaxation.
In conclusion the spontaneous relaxation of force during a maintained depolari-

zation can be accounted for by a fall of [Ca2+]1.
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