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ABSTRACT

Rate-dependent changes in cardiac contractility are
thought to arise from accumulation of greater or lesser
quantities of releasable stores of calcium within the
sarcoplasmic reticulum (SR). This mechanism alone,
however, may not account for the large increases in
tension recorded in most mammalian species during the fast
phase of the positive force staircase. Since the calcium
influx may trigger release of calcium from the SR, rate-
dependent increases in the Ca current may provide an
additional mechanism by which tension is increased during
the fast phase of the positive force staircase. This
study was designed to test whether a beat dependent
increase in the Ca current can be elicited by repetitive
pulses in voltage clamp experiments of guinea-pig
ventricular myocytes.

Whole cell currents were measured in acutely dissociated
ventricular myocytes. Currents through sodium, potassium,
and chloride channels were reduced by the substitution of
ions that cannot traverse these channels in the internal
and external solutions.

Stimulation from rest (-80 mV) with 5 pulses of 150 ms
duration at a rate of 2 Hz resulted in depotentiation of

low threshold Ca channel currents and potentiation of high

ix



threshold Ca channel currents. Potentiation of the high
threshold current was observed at potentials negative to
the reversal potential. In 5 mM calcium the ratio of the
inward peak of the high threshold Ca channel current

“ and the 1°" pulses for steps to 20

measured during the 5
mV was 1.37 £ 0.03 (SEM, n = 20).

Potentiation of the high threshold Ca channel current
was beat dependent requiring 5-6 successive
depolarizations to reach steady state. This potentiation
was assocliated with a slowing in the rate of inactivation
with each depolarization. The rate of rise of the Ca
current and the steady state level at the end of a 150 ms
pulse were unaffected by repetitive depolarization.
Inactivation of low threshold Ca channels prior to
activation of high threshold channels failed to
significantly affect positive current staircases.

Dual pulse experiments revealed that a 10 ms first pulse
was sufficient to maximally potentiate the Ca current
measured during the second pulse. Restitution of the Ca
current revealed a half time for recovery from the
potentiated state of approximately 3 sec.

The positive current staircase persisted under
conditions which reduced the loading and release of
calcium from the SR.

Substitution of external ca®* with Ba%*, sr*" or Na'



reduced inactivation and abolished frequency-dependent
potentiation. Positive current staircases were also
abolished by a high concentration (1 pM) of isoproterenol,
0.5 to 1.0 mM caffeine, and following incubation of cells
in solutions containing 0.2 or 0.4 pM ryanodine for 4.5
hrs.

Low concentrations of isoproterenol increased the
positive current staircase by a fraction of approximately
0.3.

In conclusion, the potentiation of high threshold Ca
channel current with repetitive depolarization is mediated
by calcium. The data are consistent with a hypothesis in
which calcium binds to a site near the inner pore of the
Ca channel which results in the slowing of inactivation
and an increase in peak Ca current. High concentrations
of isoproterenol and low concentrations of caffeine which
have previously been reported to block the fast phase of
the force staircase also abolish the positive current

staircase in isolated myocytes.



INTRODUCTION

Excitation-contraction coupling in the heart

The ventricular "working myocardium" is composed of
individual cardiocytes measuring about 10-30 um in
diameter and 50-100 um in length. The plasma membrane
(sarcolemma), like its counterpart in skeletal muscle, is
invaginated to form an extensive transverse-tubular system
(t-tubules) (Rayns, Simpson & Bertaud, 1968; Fawcett &
McNutt, 1969). When making contact with adjoining cells,
the sarcolemma is highly specialized to form an
intercalated disc. Within this region of the membrane,
gap junctions form a low resistance pathway for the direct
spread of depolarizing current from cell to cell. The
ventricle must, therefore, be considered an electrical
syncytium with a requirement that all ventricular
cardiocytes contract during systole.

An internal membrane system, the sarcoplasmic reticulum
(SR), consists of reticular tubules which lie close to
myofibrils, the sarcolemma, and t-tubules. When lying in
close opposition to the sarcolemma or t-tubules, the
longitudinal SR is specialized to form bulbous swellings.
These terminal cisternae occur in pairs when lying astride
the t-tubules and this association of the terminal

cisternae and t-tubules is termed the triad. The distance
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between the membranes of t-tubules and terminal cisternae
is spanned by electron-dense feet which have recently been
associated with the calcium release channel of the SR
(Inui, Saito & Fleischer, 1987).

The initial event in the development of tension in the
mammalian ventricle is the propogation of an action
potential to the sarcolemma and the spread of
depolarization to the T-tubules (Fig. 1). To cause
contraction, this action potential must initiate a series
of events which result in the binding of sufficient
amounts of calcium to troponin to initiate contraction.

With depolarization of the sarcolemma, the influx of
calcium through voltage-dependent Ca channels (Reuter,
1967, 1968 & 1979; McDonald, 1982) triggers the release of
calcium from the SR (Fig. 1) (Fabiato, 1981 & 1982).
Additional calcium enters the cell via a sarcolemmal Na -
Ca exchange (Reuter & Seitz, 1968; Glitsch, Reuter &
Scholz, 1970) and the net result is that systolic levels
of intracellular free calcium approach 5x10° M (Winegrad,
1971; Solaro, Wise, Shiner & Briggs; 1974; Marban, Rink,
Tsien & Tsien, 1980; Fabiato, 1981).

This elevation of intracellular calcium activates
contractile proteins and also acts to close the Ca release
channel of the SR, limiting further release of calcium

from this source (Fabiato, 1985). Calcium has a somewhat
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Fig. 1. Excitation-contraction in the heart. A sarcomere
and its associated triad is illustrated. Contraction is
initiated by the propagation of the action potential along
the surface of the sarcolemma. With depolarization,
calcium enters the cell via voltage gated Ca channels and
electrogenic sodium-calcium exchange. Calcium which
enters the cell through Ca channels serves to release
calcium from the terminal cisternae of the sarcoplasmic

reticulum (SR). Adapted from Opie, 1984.
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paradoxical role in the heart in that calcium opens SR
release channels early in the course of the action
potential and closes calcium release channels late in the
action potential.

Relaxation precedes the repolarization of the membrane
primarily as a result of inactivation of the Ca release
channel and resequestration of calcium in the SR (Weber,
Herz & Reiss, 1967; Harigaya & Schwartz, 1969:; Solaro &
Briggs, 1974).

With repolarization of the membrane, diastolic levels of
intracellular free calcium (approximately 107 M) are
maintained by the uptake of calcium into the SR and
extrusion of calcium at the sarcolemma by a Na - Ca
exchange (Mullins, 1979; Kimura, Miyamae & Noma, 1987)and
an ATP-dependent calcium transport system (not shown in
Fig. 1) (Caroni & Carafoli, 1980).

The nature of the calcium fluxes in a cardiocyte are
summarized in figure 2. During diastole, calcium is taken
up by the sarcoplasmic CamFdependent ATPase and extruded
at the sarcolemma by an ATP-dependent transport system and
by exchange of 3 sodium ions for 1 calcium ion. The slow
rate of uptake of calcium by the mitochondria precludes a
major role for this organelle in the beat to beat
regulation of calcium in heart cells (Weber, Herz & Reiss,

1964b) .



Fig. 2. Calcium fluxes in a cardiocyte. Calcium fluxes
of the mitochondria (MITO), the sarcolemma and the
sarcoplasmic reticulum (SR) are illustrated. See text for

details. Adapted from Opie, 1984.
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With depolarization of the cell, there is calcium influx
through the Ca channel and by exchange of extracellular
calcium with intracellular sodium. The influx of calcium
through Ca channels triggers the release of calcium from
the SR to activate contraction. A change of intracellular
free [Ca®"] of approximately two orders of magnitude is
required for maximal activation of cardiac contractile

proteins (Weber, Herz & Reiss, 1964a; Fabiato, 1982).

Cardiac contractility is influenced by the rate and pattern of
stimulation

The force of contraction of cardiac muscle is dependent
upon both the rate and pattern of its stimulation
(Bowditch, 1871; Koch-Weser & Blinks, 1963). The
mechanisms which have been postulated for these changes in
contractility will be considered after a brief description
of the phenomena in mammalian ventricular muscle.

A weak force of contraction is generated at very high
rates of stimulation in most mammalian species (Tuttle &
Farah, 1962; Koch-Weser & Blinks, 1963). As the interval
between stimulations is increased, steady-state tension
increases to a maximal value and then declines with
further increases in the interpulse interval (Fig. 3, top
panel). When the interval between beats exceeds a certain

duration, the strength of contraction is independent of



previous beats and such a contraction is said to be a
rested-state contraction. The contraction in the rested-
state is generally found to be quite low (Koch-Weser &
Blinks, 1963; Allen, Jewell & Wood, 1976).

When the rate of stimulation is suddenly increased the
strength of contraction does not immediately increase to
the steady-state level determined by the new frequency.
Instead, a positive force staircase is observed during
which tension increases with each successive beat over the
course of six to eight beats. This fast phase of the
positive force staircase is followed by a further, but
much slower increase in contractility to a new steady-
state level over the course of several minutes (Koch-Weser
& Blinks, 1963; Beresewicz & Reuter, 1977; Seibel, Karema,
Takeya & Reiter, 1978; Seibel, 1986).

A positive force staircase can also be activated by a
train of pulses following a rest period. The strength of
contraction of the first pulse of this train is dependent
on the rate of stimulation of the preceding train of
pulses and the duration of the intervening rest interval
(Allen, Jewell & Wood, 1976; Pidgeon, Lab, Seed, Elzinga,
Papadoyannis & Noble, 1980). The restitution of
contraction is described by the relationship between the
rest interval and the tension of the first pulse

which follows. As the rest interval is prolonged



Fig. 3. Rate-dependent effects on contractility. Top
panel) Steady state frequency-tension curves in rat (R)
and guinea-pig (G) papillary muscle. The rat is the one
exception to the general mammalian pattern of the positive
inotropic effect of an increase in frequency. Adapted
from Forester & Mainwood, 1974. Middle panel) Records of
force over time. The effect of rest in cat papillary
muscle stimulated at 1.6 Hz: 2, 4, 10 beats omitted; 180
sec rest. C) Records of force over time. The effect of
an extrasystolic beat: 0.32, 0.4, 0.63 sec after preceding

beat. Adapted from Koch-Weser & Blinks, 1963.
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9
contractility during the first rested beat increases up to
a point (Fig. 3, middle panel) and then declines and
eventually becomes independent of the previous
contraction. Stimulation by a train of pulses of a muscle
in the rested-state results in a rate staircase which is
similar to the staircase elicited during continuous
stimulation by a sudden increase in stimulation rate
(Koch-Weser & Blinks, 1963).

An increase in contractility also follows an
extrasystolic beat which is interposed between two regular
pulses (Woodworth, 1902). The force developed during the
extrasystole is generally less than that developed by the
preceding contraction and is dependent on the interval
between the extrasystole and the last reqular beat (Fig.
3, bottom panel) (Koch-Weser & Blinks, 1963). Despite
this depotentiation of extrasystolic tension, the
contraction in response to the next pulse is enhanced
("post-extrasystolic potentiation"). Contractility
returns to steady-state levels over the course of 6 to 8
beats at the basal rate of stimulation.

The concept that the force of contraction at any given
moment is the result of two opposing factors which vary
with the rate of stimulation was first expressed by
Woodworth (1902). Blinks & Koch-Weser (1961) analyzed

rate-dependent changes in cardiac contractility in terms
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of a beat dependent accumulation or decay of a negative
inotropic effect of activation (NIEA) which decreased
contractility and a positive inotropic effect of
activation (PIEA) which increased contractile strength.
The search for the cellular basis of these transient
changes in contractility has revealed much about the
mechanisms which link electrical and contractile phenomena

(excitation—-contraction coupling) in the heart.

The Ca current and generation of tension in the heart

control of cardiac contractility can not be achieved by
recruitment of additional cells within the myocardium,
since all myocardial cells contract during systole. The
diversity of contractile states which arises from
alterations in rate and rhythm of stimulation must,
therefore, be expressed in each myocardial cell. The two
interrelated processes of membrane depolarization and the
release of calcium from the sarcoplasmic reticulum (SR)
are thought to participate in control of myocardial
contractility. Another modifier of force, sarcomere
length, exists, but falls outside the scope of this work.

In the scheme described in figqure 1, calcium influx
through the Ca channel triggers the release of calcium
from the SR. Fabiato (1982 & 1985) has hypothesized that

the inotropic state of the muscle in response to the
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release of calcium from the SR is a graded process which
is dependent on 1) the level of SR stores of calcium, 2)
the rate of change of myoplasmic free calcium, and 3) the
level of free calcium used as a trigger (i.e. the Ca
current) .

An early report of voltage clamped Purkinje fibers
revealed a slow inward current which was activated by
depolarization and was dependent on the extracellular
calcium concentration (Reuter, 1967). There is now
general agreement that this current represents flux
through voltage-dependent channels which are cation
selective and preferentially permeable for divalent
over monovalent ions (Lee & Tsien, 1984; Matsuda & Noma,
1984; Hess, Lansman & Tsien, 1986) and which are activated
during the plateau phase of the cardiac action potential
(Reuter, 1968; Reuter, 1979; McDonald, 1982). The
relative permeability sequence for divalent cations is
ca® > sr* > Ba’", with Mg”" not measurably permeable (Hess,
Lansman & Tsien, 1986).

Recent studies in canine atrial cells (Bean, 1985) and
guinea-pig ventricular cells (Mitra & Morad, 1986) reveal
two types of Ca channels. Low threshold, "T-type" Ca
channels differ from high threshold, "L-type" Ca channels
by having a smaller single channel conductance, a more

negative threshold of activation, more rapid inactivation
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and by being insensitive to dihydropyridines.

High and low threshold Ca channel currents may also be
differentiated by whether inactivation is voltage- or
calcium-dependent. Barium, which can substitute for
calcium as a charge carrier in Ca channels, fails to
activate a number of Ca®" dependent cellular processes
(Kolhardt, Haastert, & Krause, 1973; Siegelbaum & Tsien,
1980; Kass & Sanguinetti, 1984; Kimura, Miyamae & Noma,
1987). Substitution of barium for calcium in external
solutions results in a slowing of inactivation and an
increase in the amplitude of the high threshold current,
but no change in inactivation or amplitude of the low
threshold current (Bean, 1985). These findings are
consistent with mechanisms of inactivation which are both
voltage- and calcium-dependent in high threshold channels
(Mentrard, Vassort & Fischmeister, 1984; Kass &
Sanguinetti, 1984) and solely voltage-dependent in low
threshold channels (Bean, 1985).

The potential dependence of the low and high threshold
currents suggest that the flux of calcium during the
plateau phase of the action potential flows, largely,
through high threshold Ca channels (Bean, 1985; Mitra &
Morad, 1986). There is considerable evidence that this
flux of calcium during the action potential is essential

for the development of tension in the heart.
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Under voltage clamp conditions two types of contractile
responses can be discerned in mammalian cardiac muscle.
With depolarizations of less than 1 sec a phasic
contraction is produced which relaxes completely before
repolarization and has a time course similar to that of a
normal cardiac contracticn {Morad & Trautwein, 1968;
Fozzard & Hellam, 1968, Beeler & Reuter, 1970a). Further
prolongation of the duration of depolarization elicits a
slow tonic contraction which is maintained until
repolarization (Morad & Trautwein, 1968). The much faster
phasic contraction predominates in the contractile
response to a normal action potential (Morad & Goldman,
1973).

The phasic tension measured in cat ventricular
trabeculae is dependent on potential and has a threshold
near -50 mV and a maximum near 10 mV. Further
depolarization results in a decrease in phasic tension
(Morad & Goldman, 1973). The common voltage threshold and
the decrease in both the Ca current and phasic tension
with strong depolarizations has been confirmed in other
preparations (Trautwein, McDonald & Tripathi, 1975; Maylie
& Morad, 1984; Mitchell, Powell, Terrar & Twist, 1987).
Support for the critical role of the Ca current in the
development of tension in the heart is shown by the

parallel decreases in the Ca current and contraction which
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result from 1) a reduction of extracellular calcium
(Beeler & Reuter, 1970a & 1970b; New & Trautwein, 1972a &
1972b), and 2) the partial block of the Ca current
(McDonald, Pelzer & Trautwein, 1980; McDonald, Pelzer &
Trautwein, 1981; Morgan, Wier, Hess & Blinks, 1983). The
loss of contractility in calcium-free sclutions is not due
to depletion of SR stores of calcium, since caffeine
causes release of calcium from the SR under both normal
and calcium-free conditions (Smith, Valdeolmillos, Eisner
& Allen, 1988). Calculation of the influx of calcium
through Ca channels during systole suggests that this flux
is insufficient to activate myofibrils directly, however,
the findings suggest a close relationship between the Ca
current and phasic contraction.

The basic characteristics of membrane control of tension
in the mammalian heart are as follows: 1) only phasic
contractions develop during depolarizations lasting less
than 1 sec (see above), 2) for a muscle bathed in 5.4 mM
calcium, an action potential of a few milliseconds
duration produces significant tension (Morad & Trautwein,
1968), 3) the duration of the plateau of the cardiac
action potential is an important determinant of subsequent
contractility (Morad & Trautwein, 1968), and 4) tension
requires from 6 to 8 beats to reach a new steady-state

level following a change in action potential duration or
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plateau (Wood et al., 1969; Beeler & Reuter, 1970b; Morad
& Goldman, 1973).

A proposal that transmembrane Ca flux during the plateau
of the action potential both triggers the release of
calcium from the SR and serves to replenish SR stores of
calcium is consistent with most aspects of the membrane
control of cardiac contractility (Wood et al., 1969; Morad
& Goldman, 1973; Fabiato, 1985). Morad and Trautwein
(1968) report that tension is reduced in a beat dependent
manner by repetitive stimulation with action potentials of
short duration. They interpret the beat dependent decline
in tension to mean that the Ca current which flows in the
first 50 ms or so of the action potential serves to
trigger SR release of calcium and that the flux of calcium
during action potentials of longer duration serves to fill
SR stores. Action potentials of short duration,
therefore, deplete the SR of calcium. Morad & Cleeman
(1987) have convincingly shown that the rapid release of
the Ca current from a nifedipine block results in a
recovery of the action potential within one beat, however,
tension required 5 to 8 beats to fully recover. This beat
dependent delay in response to alterations of action
potential duration is hypothesized to result from delays
in transport of calcium within the SR. In support of a

dual role for the Ca current in both releasing and filling
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the SR stores of calcium, Fabiato (1985) reports that
rapid pulses of calcium applied to mechanically skinned
cardiac cells results in release of calcium from the SR,
whereas calcium delivered at a slow rate results in
inhibition of SR calcium release and accumulation of
calcium in the SR. Additional evidence for the rcole of
calcium in triggering the release of calcium from the SR
comes from measurement of intracellular calcium transients
with calcium indicator dyes. The similarities between the
voltage relations of both the calcium current and the
intracellular calcium signal as determined by FURA II
(Barcenas-Ruiz & Wier, 1987) is consistent with the
assumption that the flux of calcium through voltage
dependent channels releases caicium from the SR.

An attempt can now be made to reconcile some of the
effects of rate and pattern of stimulation on cardiac
contractility in terms of a store of calcium which can be
depleted and replenished by alterations in the duration of
the cardiac action potential.

As previously described, the tension which is produced
during an extrasystole is reduced when compared to the
force developed by the last normal beat. The inotropic
state of the muscle is, however, greater since the action
potential which follows the extrasystole produces a larger

than normal contraction. Contractility is then reduced to
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steady state levels over the course of several beats. Of
importance in considering a mechanism for this rhythm-
dependent phenomena is the 1) time which has elapsed since
the previous release of calcium from the SR, 2) and the
history of depolarizations in terms of the action
potential durations. Morad & Goldman (1973) hypothesized
that contractility during the extra beat is reduced
primarily as a result of a reduced amount of calcium
available for release from the SR. Their assumption is
that different regions of the SR are specialized for
uptake and release of calcium (Fig. 4). The release of
calcium is limited by the rate at which calcium is
transported to the release site. The reduction in tension
which results from the shortening of the interval between
the extra beat and the last normal beat is consistent with
this hypothesis. Following the extrasystolic beat, the SR
takes up a fraction of the released calcium as well as the
calcium which enters the cell during two action potentials
(normal beat plus extrasystole). Tension is enhanced in
the first normal beat following the extrasystole primarily
as a result of the availability of an increased amount of
releasable calcium within the SR. This amount of calcium
is made available after some delay for transport to the
release site. The uptake and recirculation of calcium

results in the maintenance of the SR with each succeeding
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Fig. 4. Diagram summarizing the role of the sarcoplasmic
reticulum in cardiac rate inotropy. The Ca current
triggers release of Ca from the releasable pool within the
SR, and also replenishes SR calcium stores. The repriming
process represents a delay in transporting calcium within
the SR to release sites. The effect of an extrasystole is
trigger release of calcium before the releasable pool has
been replenished, and, therefore, the extrasystolic
contraction is reduced below basal levels. The SR
accummulates calcium during the extrasystolic beat and
adds this to the store of releasable calcium. The
postextrasystolic beat which follows releases replenished
stores of calcium accumulated over the previous two beats.

Adapted from Noble, 1984.
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beat. Contractility decays to steady state levels as a
result of the conservation of a smaller fraction of
calcium by the

To summarize, the Ca current plays a critical role in
the development of tension in the heart, as demonstrated
by the similar potential dependence of the Ca current and
tension. The delays inherent in the uptake and
recirculation of calcium within the SR may contribute to
the changes in contractility associated with altered
patterns of stimulation. However, the role of the Ca
current in triggering the release and replenishing the
stores of calcium in the SR suggests that intrinsic
modulation of the Ca current during repetitive stimulation
may also be of some importance when considering rate

dependent changes in cardiac contractility.

Rate-dependent effects on the cardiac action potential and the Ca
current

Rate and rhythm induced alterations of cardiac
contractility are associated with changes in the duration
of the action potential (reviewed by Boyett & Jewell,
1980) . The duration of action potentials recorded from
isolated Purkinje fibers and papillary muscles shortens

when the rate of stimulation is increased, although the



20
total fraction of time spent in systole increases (Hiraoka
& Hiraoka, 1975; Allen, 1977; Boyett, 1978). 1In sheep
Purkinje fibers (Hiraoka & Hiraoka, 1975) and in rabbit
ventricular muscle (Gibbs & Johnson, 1961) there is also
shortening of the action potential duration at rates below
60 beats min’’.

The type of action potential which is elicited in
response to a premature stimulus is highly variable. A
reduced plateau duration is observed in porcine
ventricular muscles with premature action potentials
(Gettes & Reuter, 1974). However, a "super-normal"
premature action potential of long duration is observed in
the guinea-pig (Anderson & Johnson, 1976) and the dog
(Iinuma & Kato, 1979). Iinuma & Kato concluded that the
mechanism involved was a rate-dependent enhancement of the
Ca current, since an increase in extracellular calcium was
found to prolong the plateau of the premature action
potential. An alternative interpretation which Iinuma &
Kato did not consider is that lengthening of the premature
action potential plateau might have resulted from the rate
dependent inhibition of an outward current carried by
potassiﬁm (Gibbons & Fozzard, 1975; Aldrich, Getting &
Thompson, 1979; Kenyon & Gibbons, 1979%9a & 1979b; Boyett,
1981). Recently, the mechanism of a similar increase in

the amplitude and duration of premature action potentials
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in rabbit ventricular cells was found to be the result of
incomplete recovery from inactivation of an outward
potassium current (Hiraoka & Kawano, 1987).

The value of these observations is that they suggest
that rate and rhythm dependent changes in the duration of
action potentials reflect underlying changes in ionic
currents (Boyett & Jewell, 1980). Unfortunately, very
littie can be inferred about the amplitude of the Ca
current from rate dependent changes in the action
potential, unless parallel studies of ionic currents are
undertaken.

Lux & Eckert (1974) reported that a delayed inward
current in the monopolar ganglion cells of the snail was
increased by a prior depolarization. They did not
positively identify the ionic flux responsible for this
current, however, its slow time course was more
characteristic of a current carried by calcium ions rather
than one carried by sodium. In a subsequent voltage clamp
study, this current was shown to be blocked by the
inorganic Ca channel blocker cobalt (Heyer & Lux, 1976);
they corroborated the earlier study and reported that
stimulation with a train of pulses to positive potentials
resulted in a decrease in the calcium current with
interpulse intervals of 20 ms and potentiation of the

current at longer interpulse intervals.
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Noble & Shimoni (198la & 1981b) investigated the
frequency dependence of Ca currents in frog atrial
trabeculae using the double sucrose gap technique. They
found that changes in the amplitude of the Ca current with
repetitive stimulation were voltage-dependent. Small
depclarizations resulted in decreases in Ca current and
large depolarizations gave rise to positive current
staircases. The use of sodium or strontium as a charge
carrier in Ca channels did not reduce the facilitation of
the Ca current, however, replacement of external calcium
with barium reduced the positive current staircase. They
concluded that voltage or calcium ions, in some manner,
induced increases in the conductance of Ca channels and
speculated that this facilitation of the Ca current may
underlie positive tension staircases. Their findings
concur with a report of rate-dependent enhancement of the
Ca current in canine ventricular cells (Hiraoka & Sano,
1976), but must be contrasted with the results of
experiments in mammalian heart where positive force
staircases were associated with decreasing or non-changing
Ca currents (Trautwein, 1973; Reuter, 1973; Gibbons &
Fozzard, 1975; Simurda, Simudova, Braveny & Sumera, 1981).

Experiments reported in rat ventricular muscle have
shown that an increase in the stimulation frequency

results in either an increase (Payet, Schanne & Ruiz-
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Ceretti, 1981), or a decrease in the Ca current (Mitchell,
Powell, Terrar & Twist, 1985). These two studies differ
in many respects, some of which may be important in
considering their contrary findings. Payet et al. voltage
clamped isolated trabeculae using the double sucrose gap
technique. They reported that increases in the Ca current
were associated with a marked reduction of the
inactivation time constant. There is, however, no
assurance that all cells within a multicellular
preparation are clamped to the same potential when using
the double sucrose gap technique (Morad & Goldman, 1973).
It is possible that the voltage inhomogeneity of this
preparation precludes an accurate assessment of frequency-
dependent effects on the Ca current. Mitchell et al.
(1985) used a single micro-electrode voltage clamp
technique to investigate ventricular cells which were
isoclated by enzymatic dissociation. The time course of
contraction was monitored by a photodiode in the
microscope eyepiece. They reported that a 10 fold
increase in the frequency of stimulation caused a gradual
decline in the amplitude of contractions and the Ca
current. In agreement with the earlier study by Payet et
al. (1981), an early component of inactivation was reduced
at the higher frequency. Mitchell et al. (1985) proposed

that the rate-dependent decrease in the Ca current
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resulted from an increase in SR calcium release and, as a
result, an increase in calcium induced inactivation of the
calcium current. This proposal is, however, inconsistent
with their findings that both contractility and the rate
of inactivation of the Ca current were reduced by an
increase in stimulation frequency.

Mitra & Morad (1986) used the patch clamp technique in
isolated guinea-pig myocytes to better separate the low
and high threshold Ca channel currents from other ionic
currents. They reported that a 5 fold increase in
stimulation frequency resulted in a decrease in low
threshold Ca current and an increase in high threshold
current. Potentiation of Ca currents in isolated guinea-
pig myocytes was also reported in cells which were
stimulated by a train of pulses following a period of rest
(Fedida, Noble, Shimoni & Spindler, 1985; Fedida, Noble,
Shimoni & Spindler, 1987; Lee, 1987).

A variety of mechanisms have been proposed for the rate-
dependent facilitation of Ca currents. Positive current
staircases in the sino-atrial node of the rabbit have been
modelled by assuming that the slow inward current consists
of two components, a fraction due to flux through voltage
gated Ca channels and a second fraction representing a
sodium-calcium exchange current (Brown, Kimura, Noble,

Noble & Taupignon, 1984). Brown et al. hypothesize that
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it is a rate-dependent enhancement of sodium-calcium
exchange which accounts for the entire positive current
staircase observed in these cells. They did not, however,
attempt to verify the validity of this proposal
experimentally.

Rate-dependent facilitation of Ca current in chromaffin
cells (Fenwick, Marty & Neher, 1982; Hoshi, Rothlein &
Smith, 1984) and in guinea-pig ventricular cells (Lee,
1987) has been ascribed to an intrinsic voltage-dependent
process which modulates Ca channels. Although a formal
model of this process was not presented, Fenwick et al.
suggests that depolarization of the membrane somehow
results in a shift of the potential dependence of
activation of Ca channels by approximately 1 mV. During a
second depolarization this voltage shif<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>