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SUMMARY

1. When cardiac muscle is stimulated after a rest there is a gradual increase in force
development over several minutes. The origin of this ‘force staircase’ was investi-
gated in experiments on sheep and dog Purkinje fibres. Particular attention was
paid to the possible role of changes in the intracellular Na* activity (al,).

2. The first line of evidence for a role for al, came from a comparison of sheep
and dog Purkinje fibres generating action potentials: after a change in the stimulus
rate the slow changes of both al, and force were monophasic in sheep but biphasic
in dog preparations.

3. In the remaining experiments changes in al;, and force in sheep preparations
were measured during 4 min trains of voltage-clamp pulses at a frequency of 2:5 Hz.

4. A number of these voltage-clamp experiments also indicated that changes in
al;, are involved. Depending on the preparation and the duration of the pulses al,
rose or fell during a train — a rise in al, was always associated with a gradual rise
in force, whereas a fall in al, was usually accompanied by a gradual fall in force.
The addition of tetrodotoxin (TTX) or the use of a low holding potential reduced
the progressive rises of both al, and force, whereas the inclusion of a 10 mV
hyperpolarization between pulses potentiated the progressive rises of both.

5. The effect of TTX on the staircase was more marked the longer the pulses during
the train; this possibly indicates that the effect of al;, on the force staircase is complex
and is more marked with longer pulses.

6. A rise in al;, was shown not to be the only factor underlying the progressive
increase in force, because in many preparations a gradual rise in force occurred in
spite of no change or even a fall of al,.

7. It is concluded that an increase in al, is involved in the slow increase in force
during the staircase accompanying a train of action potentials, and that other factors
are also involved; various possibilities are discussed.

* Present address: Cardiology Department, John Radecliffe Hospital, Headington, Oxford
0X3 9DU.

1 Present address: Department of Physiology, The Medical School, University Walk, Bristol
BS8 1TD.
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INTRODUCTION

It has been known since the time of Bowditch (1871) that the force of contraction
of the heart depends on the rate and rhythm of stimulation (for examples see Blinks
& Koch-Weser, 1961; Koch-Weser & Blinks, 1963). It is now known that these
changes of force are the result of rate-dependent changes of the intracellular Ca?*
concentration (or to be more precise the intracellular Ca?* transient that underlies
the twitch; Allen & Blinks, 1978; Allen & Kurihara, 1980; Orchard & Lakatta, 1985),
but the cause of the rate-dependent changes of the intracellular Ca%* concentration
is not understood. Various explanations have been put forward. In 1968 Langer
suggested that the changes of the intracellular Ca®* concentration and force are the
result of rate-dependent changes of the intracellular Na* activity (al,), evidence of
which he and others had obtained from isotope flux studies (for review see Langer,
1968). It is now well established that changes of al, exert an important influence
on the intracellular Ca?* concentration and force via Nat—Ca?* exchange (for example
see Eisner, Lederer & Vaughan-Jones, 1981a). Langer’s hypothesis has become more
widely accepted with the advent of Na*-sensitive micro-electrodes and direct
measurements of rate-dependent changes of al, (Cohen, Fozzard & Sheu, 1982;
Lederer & Sheu, 1983. See also Daut, 1982; Kaila & Vaughan-Jones, 1986).

The purpose of the present study was to test the hypothesis that the rate-dependent
changes of force are solely the consequence of rate-dependent changes of al,. Our
principal approach has been to measure simultaneously the changes of force and alg,
during a train of voltage-clamp pulses in sheep cardiac Purkinje fibres. We have
manipulated the changes of al, during the train and observed the effect on the force
staircase. Our previous study of the rate-dependent changes of al;, (Boyett, Hart &
Levi, 1987) presented a number of ways of manipulating the changes of al, during
a pulse train.

Aspects of this work have been presented at meetings of the Physiological Society
(Boyett, Hart & Levi, 1985; Boyett & Hart, 1986).

METHODS

The methods employed in this study have been fully described elsewhere (Boyett, Hart & Levi,
1986; Boyett et al. 1987). To summarize, Purkinje fibres were dissected from sheep hearts
obtained from a local abattoir or from dog hearts obtained at the end of experiments carried out
by colleagues. Fibres with a single discernible core were shortened (to 2 mm or less for voltage-clamp
experiments) and then mounted in the bath. The normal physiological solution used to bathe the
preparations contained the following (mm): Na*, 130; K*, 5; Ca?*, 2; Mg?*, 1; CI-, 129; acetate,
10; SO,%", 1; glucose, 10; HEPES, 10. This solution was titrated to a pH of 74 by adding NaOH
(4 mmol NaOH/1 solution added) and was maintained at a temperature of 37 °C. One end of a
preparation was pinned to the chamber floor and the other end was attached to a force transducer
based on an Akers strain gauge element. Active force (the force developed during a twitch) was
obtained by electronically subtracting the resting force from the total force (Boyett et al. 1986;
of. Eisner, Lederer & Vaughan-Jones, 1984). Because the force developed by Purkinje fibres is small,
base-line drift of the force transducer signal can sometimes be a problem if small changes of force
over a long period of time are being studied, and the use of active force circumvents this problem.
In all experiments both total and active force were recorded, but only the records of active force
are shown here (with one exception). Small changes in resting force were sometimes observed (e.g.
Fig. 3B) but they were not studied. ak, was measured with LIX-type (liquid ion exchanger)
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Na*-sensitive micro-electrodes. For reasons discussed elsewhere (Boyett et al. 1987), at the start
and end of a voltage-clamp train there was a transient deflection of the al, signal, and during
the train the al, signal could be shifted up or down. Both of these features are artifacts. In some
Figures a dotted line (drawn by eye) is used to indicate a possibly more realistic level of a, during
the train. In voltage-clamp experiments the membrane potential was controlled with the two-
micro-electrode technique. In the Figures that show membrane current, during the trains of pulses,
only the ‘diastolic current’ towards the end of the interpulse interval is shown. A total of thirty-four
preparations were used in this study. A preparation was considered acceptable for study if, when
initially placed in the chamber, it contracted in response to stimulation, and when it had been
connected to the force transducer and had been successfully impaled with the full complement of
micro-electrodes it had a resting potential of about —60 mV or more and it showed no signs of
deterioration (e.g. transient inward currents and after-contractions).

In some experiments the bathing solution contained 2:5 x 107% M-TTX (obtained from Sigma).
The TTX from Sigma contains five parts by weight citrate per one part TTX, and Deitmer & Ellis
(1980) and Bhattacharyaa & Vassalle (1981) have indicated that a sizeable amount of Ca?* is
chelated by the citrate. For example, Deitmer & Ellis (1980) estimated that the bathing Ca?*
concentration is reduced by 0-3 mM (from 2 mm) in the presence of 6-3 x 107° M-TTX. Because such
a problem would affect the interpretation of the present experiments this possibility was further
tested. First, the fall in the Ca?* concentration was calculated as described by Denton, Richards
& Chin (1978) (these calculations made use of stability constants obtained from Martell & Smith,
1974), and secondly, the fall was measured directly with a Phillips Ca?*-selective electrode: at a
pH of 7-4 the fall was estimated to be 0012 mm and was measured to be 0055 mm (from 2 mm).
In either case the fall in the Ca?* concentration is small and it will be ignored.

RESULTS
The force staircase

Fig. 14 illustrates a typical force staircase when a sheep Purkinje fibre was
stimulated to produce action potentials at a frequency of 2 Hz after a 20 min rest.
The accompanying changes of the maximum diastolic potential, action potential
duration and al;, are also shown. The first beat after the rest was large but this was
followed by a dramatic decrease in force in the next beat.

The reason for the abrupt reduction of force in the second beat will be considered
briefly. A ‘mechanical restitution curve’ (Kruta & Braveny, 1961) was obtained
under the conditions of the present experiments and is shown in Fig. 1 B. In this
experiment on a sheep Purkinje fibre control 200 ms voltage-clamp pulses were
applied at a low frequency (one per 30 s) and test pulses were interpolated at shorter
intervals. The effect of a test pulse was allowed to subside by allowing several control
cycles before the next test pulse was applied. In Fig. 1B the force of contraction
produced by the test pulse has been plotted as a function of the test interval. The
curve represents the recovery or ‘restitution’ of mechanical activity after a previous
contraction and it can be seen that in sheep Purkinje fibres this recovery is a slow
process taking up to 30 s to approach completion. Similar results were obtained in
one other sheep preparation. It is clear from Fig. 1B that a contraction after an
interval of only 400 ms (point marked by arrow) will be greatly reduced because of
incomplete mechanical restitution and this explains the decrease in force of the second
beat during a train of action potentials or voltage-clamp pulses (see below) at 2 or
25 Hz (2-5 Hz corresponds to an interpulse interval of 400 ms). This experiment also
demonstrates that at the high stimulus frequencies used in this study the preparations
developed a small fraction of the force that they were capable of generating at low
frequencies when mechanical restitution is complete.
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In Fig. 1 A the initial fall in force was followed by a progressive increase in the force
of contraction over about 20 min before force reached a new stable value. This
increase in force was accompanied, over a similar time course, by an increase in al,.
The remainder of the experiments to be described were designed to investigate
whether the increase in force during the staircase is the result of this increase in al,.

Note that the increase in force was also accompanied, over a similar time course,
by an increase in the maximum diastolic potential and a small prolongation of the
action potential (Fedida & Boyett, 1985); the maximum diastolic potential increased

by about 10 mV during the period of stimulation.

Experiments demonstrating a link between al;, and the force staircase

A comparison of rate-dependent changes of force in sheep and dog Purkinje fibres. In
sheep Purkinje fibres the slow changes of the maximum diastolic potential and al,
after an alteration of the stimulus rate are monophasic, but we have observed that
in dog Purkinje fibres this is not the case (Fig. 24): the changes of a, in particular
are biphasic. This novel behaviour has not been reported before. In the example
shown in Fig. 2 4 the biphasic change is such that at steady state at the higher rate
aly, is actually lower than at the lower rate of stimulation. (It is intriguing that the
maximum diastolic potential remains elevated at the higher stimulus rate, because
it has been suggested that the increase in the maximum diastolic potential is the result
of a stimulation of the Na*-K* pump caused by an increase in al,!) The view that
al;, is involved in the rate-dependent changes of force is supported by a comparison
of the changes of al, and force in sheep and dog Purkinje fibres (Fig. 2). Fig. 2B
and C allows a comparison to be made of the changes in al,, force and the maximum
diastolic potential after a change in rate from 1 Hz to a higher rate and then back
to 1 Hz. On switching rate there were abrupt changes in force but attention should
be focused on the slow changes of force. In the sheep Purkinje preparation (Fig. 2 B)
there were slow changes of al, and force lasting about 10 min after the changes in
rate, whereas in the dog preparation (Fig. 2C) the pattern was different: after the
increase in rate there was a relatively rapid rise in al, over about 3 min after which
al;, was steady (in contrast to the result in Fig. 24); slow changes of force are not
discernible. In the dog preparation (Fig. 2C) the changes after the decrease in rate
are more interesting: there were relatively rapid falls of al, and force over about
3 min to values that were below the previous control values at 1 Hz. After al, and
force reached minimal values both variables then slowly returned to their control
values over about a further 10 min. The slow changes in both al, and force were
therefore biphasic. Although not in this example, the slow changes in force can also

Fig. 1. A, the force staircase in a sheep Purkinje fibre stimulated to produce action
potentials at a rate of 2 Hz. Changes in the maximum diastolic potential, action potential
duration, al,, as well as active force are shown. The upper trace shows only the lower
part of the action potentials in order to highlight the changes of the maximum diastolic
potential. B, a mechanical restitution curve for a sheep Purkinje fibre. Test voltage-clamp
pulses were applied at different test intervals after control pulses (frequency, 003 Hz).
The point marked by the arrow was obtained after an interval of 400 ms. The active force
of the test beat has been expressed as a percentage of the active force of the preceding
control beat. Holding potential, —76 mV; pulse potential, +8 mV; pulse duration,
200 ms.
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be biphasic after an increase in rate in dog Purkinje fibres. Fig. 2D shows
rate-dependent changes in the force of contraction of another dog Purkinje fibre. The
slow biphasic changes in force after the decrease in rate are very similar to those shown
in Fig. 2C, but note that in this preparation the slow changes in force after the
increase in rate were also biphasic. al, was not recorded in this preparation.
Monophasic slow changes in al;, and force have been observed in a total of six sheep
preparations (in a further ten preparations, in which only al, was recorded,
monophasic changes in al;, were also seen), whereas biphasic slow changes in al;, and
force have been seen in a total of seven dog preparations. The fact that force behaves
in a similar manner to al;, despite the species difference in the rate-dependent changes
of al;, suggests that al, is involved in the staircase.

Positive and negative force staircases. All remaining experiments described in this
paper were carried out on voltage-clamped sheep preparations. Fig. 3 4 illustrates
the voltage-clamp protocol used. Initially the membrane potential was clamped a few
millivolts negative to the original resting potential of the cell. When al;, was steady
a 4 min train of voltage-clamp pulses at a frequency of 2-5 Hz was applied. In the
experiment of Fig. 34 the voltage-clamp pulses were 200 ms in duration, but the
pulse duration was varied in different runs. It is important to note that because the
pulse frequency was always 2:5 Hz, a change in the pulse duration affected the period
between pulses. The changes of membrane current, al, and force were measured.
After one train, a second train was not applied until al, had recovered and reached
a steady state.

In all experiments and under all conditions force was large in the first beat of the
train, but over the next few beats there was a marked reduction in force. Note that
in this and many of the other Figures the force record in the first beat is off-scale.
In Fig. 34 the initial decrease in force in the first few beats was followed by a
progressive increase in force over the remainder of the 4 min period and this was
accompanied by a progressive increase in al, during the train. This staircase is very
similar to that accompanying a train of action potentials (Fig. 1.4).

We have previously shown that the change of al;, during a train of voltage-clamp
pulses is variable and al;, can rise or fall according to the experimental conditions
and the preparation (Boyett et al. 1987). One of our earliest observations was that
if al;, rose during the train there was invariably a slow rise in force (which we describe
as a ‘positive staircase’) whereas if al;, fell there was frequently a progressive decline
of force throughout much of the train (a ‘negative staircase’). An example of a
negative force staircase is shown in Fig. 3B. The results in Fig. 34 and B were
obtained from different preparations but in both cases the pulses were 200 ms in
duration. Similar positive and negative staircases accompanied by rises and falls of
aly,, respectively, have been seen in a total of thirteen preparations. This is further
evidence that al;, may be involved in the slow changes of force during the staircase.
(Note, however, that there was one exception: in one preparation a negative staircase
was not accompanied by a detectable fall of al;,).

Notice that after the voltage-clamp trains membrane current and al;, changed in
a similar manner, but in opposite directions in Fig. 34 and B.

The effects of TTX and a low holding potential. The abolition of the Na* current by
the application of tetrodotoxin (TTX) or the use of a low holding potential greatly
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Fig. 3. Positive (4) and negative (B) force staircases. Voltage-clamp experiments on sheep
Purkinje fibres. In both 4 and B changes of membrane potential, diastolic membrane
current, ak, and force are shown. The horizontal dashed lines indicate the resting level
of a variable. 4: holding potential, —73 mV: pulse potential, +7 mV; pulse duration,
200 ms; 2 mM-Cs* present. B: holding potential, —60 mV ; pulse potential, +6 mV; pulse
duration, 200 ms. In this and all subsequent Figures the trains of voltage-clamp pulses
lasted 4 min and the pulse frequency was 2-5 Hz. The results in 4 and B were obtained
from two different preparations.
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reduces or abolishes a rise of al;, during a train of voltage-clamp pulses (Boyett et al.
1987). If al;, is involved in the staircase then either of these interventions should
greatly reduce the slow rise of force during the staircase. In four preparations in the
presence of TTX (2:5 x 1075 M) and in five preparations at a holding potential of about
—50 mV this result was indeed observed. A result with TTX is illustrated in Fig. 4,
which shows the changes of membrane current, al;, and active force during and after
trains of 100 ms pulses. In the presence of TTX the rise of al;, was abolished, the
outward tail of current after the train was lost, and the progressive rise of force during
the staircase was greatly reduced. Note that with both TTX and a low holding
potential there was a reduction in the resting al;, (Fig. 4; see also Boyett et al. 1987)
and this itself would be expected to produce a decrease in force. However, this might
be expected to result in a rough scaling down of the staircase rather than a large
reduction in the slow change of force. This argument is supported by the following
observation. Another agent that results in a reduction of the resting level of al, is
Cs*; in the same preparation from which Fig. 4 was obtained, 2 mm-Cs* resulted in
a fall of resting al;, from 6:8 to 6:2 mm. During a train of 100 ms pulses the absolute
level of force at the end of the staircase was indeed less in Cs* (120 ug, Cs* absent;
85 pg, Cst present), whereas the percentage rise of force during the staircase was
actually greater with Cs* (166 %, Cs* absent; 202 %, Cs™ present); the latter was
possibly the result of the greater rise of al;, during the train in the presence of Cs*
(0-5 mmM, Cs* absent; 0-8 mMm, Cs* present).

The actions of TTX and a low holding potential are considered in further detail
below. :

The effects of a 10 mV hyperpolarization between pulses. We have previously shown
that a 10 mV hyperpolarization between pulses can potentiate a rise of al;, during
a voltage-clamp train (Boyett et al. 1987). In this section the effects of this
voltage-clamp protocol on the force staircase are examined. This intervention is
particularly interesting because as noted above during a train of action potentials
there can be a comparable hyperpolarization of the membrane between action
potentials (Fig. 14); this protocol is therefore closer to the normal physiological
situation than our standard protocol.

The effect of the 10 mV hyperpolarization between short pulses (50 ms long) is
shown in Fig. 5. The control run is illustrated in Fig. 54 ; during this run there was
a small progressive rise of force and this was accompanied by a small rise of al,. When
the membrane was hyperpolarized by 10 mV between the pulses during the train
(Fig. 5 B) the rise of al;, was approximately doubled and the progressive rise of force
was also more marked. Once again after the trains the changes of current reflected
the changes of al,.

The effect of the 10 mV hyperpolarization between long pulses (300 ms long) is
shown in Fig. 6. For simplicity only the changes of al;, and active force are illustrated;
the protocol is illustrated by the membrane potential traces in the insets. In this
experiment the trace of al;, was spoilt by transients at the beginning and end of the
train and throughout the train the al;, signal was shifted up; as before, the dotted
line indicates a possibly more realistic level of al;, at this time. The reader may wish
to ignore the changes of al;, during the train and concentrate on the level of al,
immediately after the train — this approximate level is indicated by the arrows.
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Fig. 4. The effect of TTX on the force staircase. The result in 4 was obtained under
‘control’ conditions whereas that in B was obtained in the presence of 2-5 x 1075 M-TTX.
The results in both 4 and B were obtained in the presence of 2 mm-Cs*. Voltage-clamp
experiment on a sheep Purkinje fibre. In 4 and B changes of membrane potential,
diastolic membrane current, al, and active force are shown. The horizontal dashed lines
indicate the resting level of the variable. 4 and B: holding potential, —70 mV; pulse
potential, +4 mV; pulse duration, 100 ms. In this and some of the subsequent Figures
there was an offset in the al, signal during the train, and in these cases the dotted lines
(fitted by eye) possibly indicate a more realistic level of al,.
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Fig. 5. The effect on the force staircase with a train of 50 ms pulses of a 10 mV
hyperpolarization between the pulses. The result in 4 was obtained with the normal
protocol whereas that in B was obtained when the membrane was hyperpolarized between
pulses. Voltage-clamp experiment on a sheep Purkinje fibre. In both 4 and B changes of
membrane potential, diastolic membrane current, ak, and active force are shown. The
horizontal dashed lines indicate the resting level of the variable. 4: holding potential (both
at rest and during the train), —60 mV; pulse potential, +4 mV. B: holding potential at
rest, —60 mV; holding potential during the train, —70 mV ; pulse potential, +4 mV. The
short bars on the traces of active force represent the force at the end of the two trains.
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Fig. 6. The effect on the force staircase with a train of 300 ms pulses of a 10 mV
hyperpolarization between the pulses. 4, normal protocol: resting potential equal to
—77 mV both prior to and during the train. B, membrane hyperpolarized by 10 mV
between pulses: resting potential equal to —77 mV prior to and —87 mV during the train.
C, membrane hyperpolarized by 10 mV prior to the train as well as between the pulses
of the train: resting potential equal to —87 mV both prior to and during the train.
Voltage-clamp experiment on a sheep Purkinje fibre. In 4, B and C aly, and active force
are shown; membrane potential is shown in the inset. The horizontal dashed lines indicate
resting al;,. The arrows indicate the approximate level of al, at the end of the trains.
Pulse potential, 0 mV.
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During the control run (4) there was a fall of al, during the train and this was
accompanied by a progressive decline in force throughout much of this period. During
the run in B the membrane was hyperpolarized by 10 mV between pulses. As expected
the fall of al, during the train was greatly reduced and note that the progressive
decline of force was also less marked. During this run there appeared to be no net
change of al;, and therefore it may seem surprising that there was still a slight decline
in force. However, during the train the change of al;, appears biphasic — during the
first 2 min there appeared to be a small rise of al;, whereas during the second 2 min
alg, fell (after the train the changes of al;, are unmistakably biphasic). Similar results
to those shown in Figs. 5 and 6 have been obtained from a total of six preparations.
It could be argued that the alteration of the force staircase with the addition of the
10 mV hyperpolarization between pulses is not the result of the changes of al;, but
is simply the result of the more negative holding potential during the train — it is
known that the holding potential per se has an influence on force production (e.g.
Gibbons & Fozzard, 19754 ; Trautwein, McDonald & Tripathi, 1975). To counter this
argument the experiment in C was conducted. After the run in B the holding potential
was increased from —77 to —87 mV, and the holding potential was maintained at
this value both during and after the run shown in C. Therefore in this run the holding
potential during the train was the same as that during the train in B — the only
difference is that in B the holding potential was —77 mV prior to the train whereas
in C it was —87 mV prior to the train. Notice that the resting level of al;, (the level
prior to the train) was greater in C than in A4 or B. This is expected and it was a
consequence of the voltage dependence of resting al, (after the increase of the
holding potential at least 15 min was allowed to elapse to enable al;, to reach a new
stable value; Eisner, Lederer & Vaughan-Jones, 1981b). Notice also that the over-all
level of force in C was greater than that in the two previous runs— this was
presumably the consequence of the higher over-all level of al,. Contrary to the result
in B, the progressive fall of force during the train in ¢ was more marked compared
to the control in A. Clearly the effect on the force staircase in B was unlikely to be
the result of the increase in the holding potential per se during the train; it was more
likely to be the result of the smaller fall of a, during the train as compared to the
control (4). The more marked decline in force in C can also be explained in terms
of al, : in the run in C the fall of ai;, during the train was more marked as compared
to the control (4). The more marked decline in al, is to be expected because a fall
of al, during a train depends on the extent of the depolarization during the pulses,
and this was greater in C than in B (87 mV as compared to 77 mV). Similar results
to those illustrated in Fig. 6 C were obtained in two other preparations.

The effect of the level of depolarization. The left-hand panel of Fig. 7 shows a train
of 300 ms voltage-clamp pulses; the holding potential was —85 mV and the pulse
potential was 0 mV. During this train there was a fall of @i, and during the later
part of the train there was a fall of force. As explained above the extent of a fall of
al;, depends on the extent of the depolarization during the pulses (see also Boyett
et al. 1987). Another way to reduce the extent of the depolarization is to reduce the
pulse potential and this is illustrated in the right-hand panel of Fig. 7. It can be seen
that the decrease in the pulse potential to —20 mV abolished the fall of al, during
the train. The over-all level of force during the train was reduced — it is well known
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that the pulse potential per se has an important influence on force production (e.g.
Gibbons & Fozzard, 1975a). However, more importantly notice that there was no
longer a progressive decline of force during the staircase. Results similar to this were
seen in a total of four preparations. This is the final line of evidence to be presented
to show that al;, may be an important factor in the force staircase.

As before the current after the trains in Fig. 7 reflects the changes in al,.

Evidence that the effect of al;, on the force staircase is greater at longer pulse durations
Na g nger p

The experiments described so far present a deceptively simple picture of the
staircase. Experiments to be presented in this section indicate that the relation
between al;, and the staircase is more complicated.

The effect of pulse duration on the force staircase. Fig: 8 shows the changes of al,
and active force during trains of pulses of different duration (in all other respects the
trains were identical, but once again note that because the frequency was 2:5 Hz in
each case, a change in the pulse duration also affected the time interval between
pulses). During the train of 20 ms pulses there was a substantial rise of al, and this
was accompanied by a small progressive rise of force. With the train of 50 ms pulses
the rise of al;, was slightly greater and the gradual rise of force was also more marked.
With the train of 100 ms pulses the picture is more surprising: the rise of al, was
less than with the trains of shorter pulses (to be expected: Boyett et al. 1987) but
the gradual rise of force during the staircase was further enhanced. There appeared
to be no net change of al;, during the train of 200 ms pulses and yet the progressive
rise of force was even more marked. During the train of 300 ms pulses there was a
net fall of al;, and during the second part of the staircase there was a slight fall of
force. These results are summarized graphically in Fig. 94, B, and C. The changes
of al;, are plotted against pulse duration in Fig. 9 4. Two measurements were made
to quantify the force staircase: first, the active force at the end of the train (Fig. 9B)
and, secondly, the slow change of force was quantified by expressing the force at the
end of the train as a percentage of the minimum force at the start of the train
(Fig. 9C). Both measurements can be criticized individually but the combination of
both measurements presents a fairly complete picture of the staircase.

Before the implications of these results for the possible role of al;, in the staircase
can be discussed, the effect of pulse duration per se on force production (e.g. Fozzard
& Hellam, 1968) has to be considered; this is illustrated in Fig. 9.D. This panel shows
mean results from three preparations. During these experiments 200 ms voltage-
clamp pulses were applied every 20 or 30 s. At intervals a test pulse with a duration
less than or greater than 200 ms was applied. Active force was allowed to return to
its control value before another test pulse was applied. In Fig. 9D the force during
the test pulse (expressed as a percentage of the preceding control) has been plotted
as a function of the duration of the test pulse. It can be seen that at pulse durations
less than about 100 ms force production is curtailed.

Fig. 9B and C shows that over a range of pulse durations from 20 to 200 ms the
staircase was greater the longer the pulses during a train — this is true whether one
considers the force at the end of the train or the progressive increase in force during
the train. The increase in force with longer pulses must have been partly the result
of pulse duration per se (as illustrated by Fig. 9.D). However, this is unlikely to be



310 M. R. BOYETT AND OTHERS

N — 7\-\\\\
a, 7 _—K_\ _____ T E—e————

(mm) g

Active 50 » 20 ms
force
(ug) ol )

7

i
ng

(mM) 6L

Active p 50 ms

force
(ug)

i
aNa

(mm) g L

} 100 ms

Active 50r

force
(ug)

i
aNa

(mm) 6L

Active 200 b 200 ms
force
g oL .

7~ o

aiNa 4 R I T \
(mm) g L
Active 200 ~ b 300 ms
(ug) ol

Fig. 8. The effect of pulse duration on the force staircase. The duration of the pulses during
each train is shown adjacent to each pair of traces. Voltage-clamp experiment on a sheep
Purkinje fibre. Each pair of traces shows ak, and active force. The horizontal dashed lines
indicate resting al,. Notice that force is shown on a lower gain in the two lower records.
Holding potential, —70 mV; pulse potential, 0 mV. There is no time bar on this Figure
as the trains lasted 4 min.

the complete story because on this basis one would not expect the force to be greater
with a train of 200 ms pulses as compared to 100 ms pulses, and also the reduction
in force with a train of 20 ms pulses (as compared to 100 ms pulses) is also much
greater than would be expected (cf. Fig. 9B and D). Finally, it is difficult to explain
the effect of pulse duration on the progressive increase in force during the staircase
(Fig. 9C) in terms of the action of pulse duration illustrated in Fig. 9D; the effect
illustrated in Fig. 9 D might be expected to result in a uniform scaling down of the
staircase during a train of short pulses rather than a reduction in the gradual rise
of force. In conclusion, over the range of pulse durations from 20 to 200 ms, there
was an increase in the staircase that could not be attributed to the effect of pulse
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pulse duration. The data are taken from the experiment illustrated in Fig. 8. D, the effect
of pulse duration on the twitch. The active force during single test pulses of different
duration (given beside each point in milliseconds) has been expressed as a percentage of
the active force in the preceding control pulse (frequency, 0:03 or 0-05 Hz; pulse duration,
200 ms) and plotted as a function of the test pulse duration. The means and s.E. of means
for three preparation have been plotted. The holding and pulse potentials for the three
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duration per se, and this increase occurred despite the fact that the rise of al;, during
the trains was less with longer pulses (with the exception of 20 versus 50 ms pulses).
This is difficult to reconcile with the view that a rise of al;, is responsible for the
progressive increase in force during the staircase. Similar results to that shown in
Fig. 8 were obtained in a total of nine preparations. The use of TTX or a low holding
potential, however, sheds some light on this issue.

The effects of TTX and a low holding potential on the force staircase with different pulse
durations. The effect of TTX on the dependence of the force staircase on pulse
duration is shown in Fig. 10; the staircases before and after TTX are shown in
Fig. 104 and the data, plotted graphically, are shown in Fig. 10 B. The control set
of data is very similar to that shown in Fig. 8. The effect of TTX on the changes
of al;, was the expected one (Boyett et al. 1987): the curve of the change of al;, versus
pulse duration was displaced downwards. The effect of TTX on the force staircases
with different pulse durations was more surprising: the force staircase was greatly
reduced (and this is true whether the force at the end of the staircase is considered
or whether the slow changes of force are considered) regardless of the pulse duration.
This result was observed in a total of three preparations and it is a surprising result
for the following reason. With the data in Fig. 8 or the control data in Fig. 10 it could
be argued that the small gradual rise of force with a train of short pulses (for example
50 ms long) is the result of the accompanying substantial rise of al;,. If this is the
case then it follows that the prominent rise of force with longer pulses (for example
200 ms long), which is always accompanied by a smaller rise of al,, is the result of
another factor. However, this may not be the case because TTX greatly reduced the
gradual rise of force with both short and long pulses. It is possible that the effect
of al;, on the force staircase is dependent on pulse duration. This then explains why
in Fig. 8, for example, there was a larger progressive rise of force and yet a smaller
rise of al;, with a train of 100 ms pulses than with a train of 20 ms pulses. (Note that
an alternative explanation of these findings is that TTX is having another unknown
action.)

The findings with TTX were unexpected and it was considered important to verify
them by another means: Fig. 11 shows the effect of a low holding potential on the
dependence of the force staircase on pulse duration. Once again under control
conditions, when the holding potential was —71 mV, similar data to those already
shown were obtained. The holding potential was then reduced to —45 mV, time was
allowed for al, to reach a new steady value, and then the experiment was repeated.
As expected the curve of the change of al, versus pulse duration was displaced
downwards with the low holding potential (Boyett et al. 1987). As with TTX the
force staircase was greatly reduced regardless of the pulse duration at the low holding
potential. A similar result was observed in one other preparation. This result with
the low holding potential appears to confirm the view that the action of al, on the
staircase is dependent on the duration of the pulses during the train, and a possible
reason for this will be considered in the Discussion.

Evidence that aly, is not the only factor involved in the slow changes of force during the
staircase

In this section of the Results evidence is presented that other factors are also
involved in the slow changes of force during the staircase. Evidence of another factor
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Fig. 10. The effect of TTX on the force staircase. 4, the force staircase during trains of
pulses of different duration (shown next to each trace) in the presence of 2 mm-Cs* alone
(left) and 2 mm-Cs* and 2-5 x 107% M-TTX (right). Note that force is shown on a number
of different gains. Voltage-clamp experiment on a sheep Purkinje fibre. Holding potential,
~170 mV; pulse potential, +4 mV. B, the change of al, during the train, the active force
at the end of the train, and the percentage rise of force during the train plotted as a function
of the duration of the pulses. Data obtained in the presence of Cs* () and Cs* and TTX
(@) are shown.
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Fig. 11. The effect of the holding potential on the force staircase. 4, the force staircase
during trains of pulses of different duration (shown next to each trace) at holding
potentials of —71 and —45 mV. Voltage-clamp experiment on a sheep Purkinje fibre.
Pulse potential, +5 mV. B, the change of al, during the train, the active force at the
end of the train, and the percentage rise of force during the train plotted as a function
of the duration of the pulses. Data obtained at the holding potentials of —71 mV (@) and
—45 mV (@) are plotted.

is to be seen in some of the earlier Figures: in Fig. 8 during the train of 200 ms pulses
there was a substantial gradual rise of force but apparently no net change of al,;
in Fig. 10 with the train of 200 ms pulses in the presence of TTX there was a small
slow rise of force and yet a fall of al,; and in Fig. 11 with the train of 200 ms pulses
at the low holding potential there was also a slow rise of force but fall of al;,. Clearly
in these instances the gradual rise of force during the staircase cannot be attributed
to a rise of al,. One of the most dramatic examples of a dissociation of the slow
changes of force and al, during the staircase is illustrated in Fig. 12. During this train
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of 300 ms pulses, which was applied in the presence of Cs*, there was a gradual rise
of force throughout much of the staircase and this was despite an apparent fall of
ki, again, the changes of active force in this example cannot be attributed to ai,.
During a train of 300 ms pulses, four out of fifteen preparations exhibited a
dissociation between a};, and force similar to that illustrated in Fig. 12. A gradual
rise of force accompanied by a slow fall of al;, (not necessarily with 300 ms pulses)
was observed in a total of seven preparations during voltage-clamp trains. These
results were obtained under a variety of conditions: under control conditions, at a
low holding potential, in the presence of Cs*, and in the presence of Cs* and TTX.

0 —

Membrane
potential
(mV)

—80 -

5 —

Active 500 —

force
(ug) o

! 5 min !

Fig. 12. An example of a positive staircase associated with a fall of al,. Voltage-clamp
experiment on a sheep Purkinje fibre. The horizontal dashed line indicates resting al,.
Holding potential, —67 mV; pulse potential, +7 mV; pulse duration, 300 ms. 2 mm-Cs*
present.

DISCUSSION

The force staircase in cardiac Purkinje fibres

The experiments described here provide information about the force staircase. It
could be argued that Purkinje fibres are not appropriate preparations in which to
study force, because Purkinje tissue is specialized for conduction and is poorly
contractile. The reason for working with Purkinje fibres is that these experiments,
which involve measuring force and al;, as well as voltage clamping for many hours,
would not be possible with vigorously contracting ventricular muscle. Another
advantage in working with sheep Purkinje fibres is that previous studies on the
relationship between al;, and force have also been carried out on this tissue (for
example the various studies of Eisner, Lederer and Vaughan-Jones) and knowledge
of this relationship is vital for the interpretation of the present results.

It is reassuring to note that the force staircase in sheep Purkinje fibres (Figs. 14
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and 2B) is similar to the staircase in other tissues (for examples see: Blinks &
Koch-Weser, 1961; Boyett, 1978). In most tissues, including sheep Purkinje fibres,
there is an abrupt fall of force in the first beat after an increase in rate, or in the second
beat on stimulation after a rest, although the extent of the fall varies in different
preparations: it is small or absent in, for example, cat ventricular muscle (Boyett,
1978), whereas it is very prominent in atrial muscle (Blinks & Koch-Weser, 1961) as
it is in sheep and dog Purkinje fibres (Figs. 14 and 2). Blinks & Koch-Weser (1961)
refer to this as the ‘negative inotropic effect of activation’ (n.i.e.a.). In all tissues,
including sheep Purkinje fibres, there is a progressive increase in force after an
increase in rate — Blinks & Koch-Weser (1961) refer to this as the ‘positive inotropic
effect of activation’ (p.i.e.a.).

The effects of n.i.e.a. and p.i.e.a. can be seen in dog Purkinje fibres (Fig. 2C and
D) but in addition there is a third effect in this tissue. This third effect can also be
described as a negative inotropic effect of activation but in contrast to the n.i.e.a.
described by Blinks & Koch-Weser (1961) this effect develops very slowly with time.
Schouten & ter Keurs (1986) have observed a similar phenomenon in rat ventricular
muscle.

The possible factors underlying the staircase will now be surveyed.

Pulse duration

Fig. 9D illustrates the effect of pulse duration per se on the twitch. It shows that
the twitch is curtailed if the pulse is less than about 100 ms in duration. This result
is similar to those obtained by others (Fozzard & Hellam, 1968; Beeler & Reuter,
1970). Clearly this effect is important in experiments such as that shown in Fig. 8
and is one reason why active force during the staircase is depressed at pulse durations
less than 100 ms. However, there is no reason to suspect that this effect is involved
in the time-dependent changes of force during a staircase.

Incomplete mechanical restitution

Fig. 1 B illustrates the process of ‘mechanical restitution’ after a contraction. This
mechanical restitution curve is similar to those obtained by Gibbons & Fozzard
(19754, b) in sheep Purkinje fibres. Incomplete mechanical restitution is responsible
for the rapid n.i.e.a., i.e. the abrupt decrease in active force of the second beat when
stimulation is commenced, whereas it is unlikely to be involved in the slow changes
in force although a slow change in the mechanical restitution curve cannot be ruled
out. What process underlies mechanical restitution ? It has been suggested to be the
result of Ca?* recycling from an uptake site to a release site (e.g. Allen, Jewell & Wood,
1976; Orchard & Lakatta, 1985), or the reactivation of the Ca?* current (Trautwein
et al. 1975); it could also reflect the recovery from inactivation of the Ca®* release
mechanism of the sarcoplasmic reticulum (Fabiato, 1985a). Finally, Hilgemann &
Noble (1986) have proposed a scheme that is based on the postulate that the transient
rise of intracellular Ca®* during contraction is an important stimulus for Na*-Ca?*
exchange. It follows from this that there is a large efflux of Ca?* via the exchanger
during the large contraction after a rest, and Hilgemann and Noble propose that this
depletes an internal store of Ca?*. Part of the mechanical restitution curve, according
to this scheme, could therefore represent the gradual replenishment of the internal
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store. Because the exact nature of the underlying mechanism is not known, in this
paper this process will continue to be referred to as mechanical restitution.

The effect of ak;, on Nat—Ca** exchange

It is concluded from this study that al;, is involved in the staircase; this conclusion
is based on a comparison of the behaviour of sheep and dog preparations (Fig. 2),
a comparison of positive and negative staircases (Fig. 3), the effects of the holding
and pulse potentials on the staircase (Figs. 5, 6, 7 and 11), and the action of TTX
(Fig. 4). Although a role for al, in the staircase has been proposed before (Langer,
1968; Cohen et al. 1982; Daut, 1982; Lederer & Sheu, 1983) this is the first time that
the hypothesis has been rigorously tested. The action of al, on the staircase may be
mediated via Na*—Ca?* exchange. The change of al;, during the staircase is modest
and it is rarely greater than 1 mm, but it should be remembered that Eisner et al.
(1984) have demonstrated that in sheep Purkinje fibres twitch force can be a steep
function of al;, — they reported that twitch force is proportional to al;, raised to the
power of 3-2. Changes in al;, are of course only likely to be involved in the slow changes
of force attributed to the p.i.e.a.; the changes of force as a result of the n.i.e.a. occur
within a few beats — a very rapid time course compared to any change of al,. Another
important conclusion from this study is that other factors, apart from ak,, are also
tnvolved in the slow rise of force during the staircase. This is based on data such as
those illustrated in Fig. 12. No evidence has been obtained in this study about the

identity of these other factors but a number of possibilities are considered below.

The effect of membrane depolarization on Na*—Ca** exchange

Evidence is mounting that Na*—Ca?* exchange is electrogenic and that it is affected
by membrane potential (for review see Eisner & Lederer, 1985). It is constructive
to consider the consequences of membrane depolarization per se on Nat—Ca?*
exchange. On the basis of simple thermodynamic considerations depolarization is
expected to decrease Ca?t extrusion via the exchanger or even cause a net influx of
Ca?t via the exchanger if the reversal potential is exceeded (see Eisner & Lederer,
1985, for further discussion). Evidence for these effects of membrane depolarization
has been obtained (Mullins, Tiffert, Vassort & Whittembury, 1983; Eisner, Lederer
& Vaughan-Jones, 1983b). The effect of membrane potential on Na*—Ca?* exchange
may be an important factor in the force staircase, because the membrane is being
repetitively depolarized. Furthermore the effect of membrane depolarization will be
greater with longer pulses — this is dramatically illustrated if one calculates the
time-averaged membrane potential during trains of pulses of different duration. It
is not necessary to assume that during each pulse the Na*—Ca?* exchange fluxes are
reversed — it could simply be that the ability of the exchanger to extrude Ca?* is
depressed with membrane depolarization. The net result would be the same in each
case: an accumulation of Ca?* in the cell. If the extra Ca®** was sequestered by the
sarcoplasmic reticulum it could lead to a gradual increase in twitch force during the
staircase. Therefore it could explain the gradual rise in force in the absence of a rise
of aly, that has been observed in this study (this is only one possible explanation of
this observation — see below).

Another conclusion from this study is that the effect of a change of ak, on the
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staircase is dependent on pulse duration. A possible explanation is considered here.
Mullins ef al. (1983) and Eisner et al. (1983b) have obtained evidence that the effect
of al, on Ca?* entry via Na*—Ca?" exchange is greatly enhanced by membrane
depolarization (see also Eisner & Lederer, 1985). For example, Eisner ef al. (1983b)
concluded that both an increase of al;, and a depolarization are required to increase
tonic tension in sheep Purkinje fibres. This result may be the explanation of why in
this study a given rise of al, apparently resulted in a much larger rise of force if the
pulses during the train were long (and consequently the time-averaged membrane
potential was more positive). Again it may not be necessary to assume that net Ca®*
entry occurs via the exchanger during the depolarizing pulses — if in the face of a large
Na* influx—Ca?* efflux exchange component, the combination of a rise of al, and
membrane depolarization was to produce an increase in the smaller Na* eflux—Ca?*
influx exchange component, the result would be a decrease in the net Ca** extrusion
via the exchanger and the consequence of this could again be accumulation of Ca®**
in the cell and a gradual increase in force.

Ca?* loading via the Ca** current

As a result of the Ca?* current that flows during the action potential, it is to be
expected that Ca?* influx is greater during repetitive activity than at rest. Such an
increase in Ca2* influx is expected to lead to a gradual accumulation of Ca®* within
the cell (in particular within the sarcoplasmic reticulum) and therefore a gradual
increase in force during the staircase. This has been put forward as an explanation
of the staircase by a number of authors (e.g. Allen et al. 1976 ; Edman & Johannsson,
1976). In support of this possibility Fabiato (1985b) has recently shown that
repetitively exposing skinned dog Purkinje cells to aliquots of Ca?* (designed to
simulate the Ca?* current) does lead to a force staircase, which Fabiato interpreted
as Ca?* loading, via the ‘Ca?* current’, of the sarcoplasmic reticulum. Therefore Ca?*
loading via the Ca?* current is another mechanism that could explain the gradual
rise in force in the absence of a rise of al, which has been observed in this study.
However, it should be noted that Fabiato studied a staircase lasting less than 10
‘beats’, whereas in the present experiments the staircase was followed for 600 beats.

Potentiation of Ca** inflow

Bers (1983, 1985) has recently suggested that in certain species activation of the
contractile apparatus may be largely dependent on the Ca?*t inflow across the surface
membrane during the action potential rather than a release of Ca?* from the
sarcoplasmic reticulum. Furthermore he presents evidence that the slow rise of force
during the staircase is the result of a progressive increase of Ca?* inflow with each
beat. A rate-dependent increase in the Ca?* current has indeed been observed by a
number of authors (Noble & Shimoni, 1981; Payett, Schanne & Ruiz-Ceretti, 1981;
Boyett & Fedida, 1984). Bers (1985) argues that this hypothesis is not inconsistent
with a role for al;,, because part of the Ca?* inflow may be via Na* efflux—Ca?* influx
exchange and a rise of al;, may potentiate this. It is interesting to note that the use
of ryanodine (a blocker of Ca?* release from the sarcoplasmic reticulum) indicates that
force development in both sheep (Valdeolmillos & Eisner, 1985) and dog (Bers, 1985)
Purkinje fibres may be largely dependent on release of Ca?* from the sarcoplasmic
reticulum rather than Ca?* inflow across the sarcolemma in that beat.
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Changes of the intracellular pH (pH;)

Recently Kaila & Vaughan-Jones (1986) have measured a small rate-dependent
decrease in the pH; of sheep Purkinje fibres generating action potentials. A. J. Levi
(unpublished observations) has shown that a similar fall of pH; occurs during trains
of voltage-clamp pulses (similar to those used in the present study) and that the fall
is greater during trains of longer pulses. A fall in pH; is known to depress contraction
in cardiac tissues (e.g. Fabiato & Fabiato, 1978; Eisner, Lederer & Vaughan-Jones,
1983a). The effect of this will be to curtail the rise of force or even result in a slow
decline in force during the staircase. Negative staircases have been observed in this
study and although they can be explained by the accompanymg falls of al, the fall
of pH; may contribute to the decline in force.

Working hypothestis

As a working hypothesis the possible events taking place during a train of action
potentials at 2 Hz after a rest (such as that illustrated in Fig. 1 4) will be postulated.
The scheme incorporates the major findings from this study. (It will be assumed that
contraction is largely the result of Ca?* release from the sarcoplasmic reticulum.) The
first contraction is large principally because the process of mechanical restitution is
complete. The action potential is longer than 100 ms and therefore the duration of
the action potential will not limit the size of the twitch. The next contraction is
greatly reduced in amplitude because of incomplete mechanical restitution. The next
phase is more complex. Ca?* influx per unit time into the cell is now greater. The
result of this is that Ca?* accumulates in the cell and is sequestered by the
sarcoplasmic reticulum. More Ca?* is available for release and so the contractions
begin to increase in amplitude. Because of the increase in Ca?* influx, Ca?* extrusion
via the exchanger must increase if the cell is to remain in ionic balance; the stimulus
for the increase in Ca?* extrusion via the exchanger is an increase in the intracellular
Ca?* concentration. The transient rise of intracellular Ca?* with each beat will itself
stimulate Ca?* extrusion via the exchanger. In addition as the train of action
potentials continues the intracellular Ca?* concentration (both the diastolic and
systolic concentrations) increases further and this further promotes Ca** extrusion.
However, the time-averaged membrane potential is now more positive than at rest
and this by itself tends to depress net Ca?* extrusion via the exchanger. The result
is that the intracellular Ca%* concentration (and hence force) must rise higher than
it would have done otherwise to overcome this influence. As the train of action
potentials continues al, begins to rise; this is mainly the result of the large influx
of Na* via the Na* current, but partly the result of the increase in Na* influx—Ca?*
efflux exchange, and is in spite of a decrease in Na* influx via both the pace-maker
current (i,) and the Na*-leak current. As al;, rises net Ca?* extrusion via the exchanger
tends to be depressed (furthermore, this effect is enhanced because of the decrease
in the time-averaged membrane potential on going from rest to stimulation).
Therefore intracellular Ca?* (and hence force) must rise higher than it would have
done otherwise to overcome this influence. During the train there is a slight
intracellular acidification and this tempers the rise of force.

This hypothesis will explain one other finding. During certain staircases such as
those in Figs. 3 B, 6 and 8 there is a fall of al, during the staircase and although force
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falls in the later part of the staircase, early in the staircase there can be a very
prominent rise of force. According to the hypothesis above the effects of the increase
in Ca?' influx and the decrease in the time-averaged membrane potential will
commence immediately at the start of a voltage-clamp train and could therefore
account for the early rise of force, whereas any effect of al, will be delayed as ai,
changes only slowly.
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