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ABSTMAGT

The aim of this work was to test the hypothesis that rate-dependent changes in the strength of

contraction by isolated mammalian cardiac muscle were related to accompanying alterations in

both the magnitude of intracellular Ca2* loading and release, and shifts in the dominant mode of

operation of the sarcolemmal Na+-Ca2+ exchange process. We described the quantitative

relationship bewveen Ca2+ availability within the sarcoplasmic reticulum (SR) and the strength of

contraction during alterations in the rate and rhythm of stimulation in solutions of varying ionic

composition and temperature. ln control solutions containing 140 mM [Na*]o and 2'5 mM

[Ca2*]o, a graded increase of stimulation frequency resulted in a stepwise increase in the peak of

isometric contraction, which was associated with a modest reduction of both time to peak force

and time required for complete relaxation of the twitch. The positive staircase of contraction was

accompanied by a Smaller, but significant, increase in the amount of Caz+ available for release

from sR stores, which was estimated independently with rapid cooling contracture and postrest

contraction measurements. Restitution curves constructed from the contract¡le response to both

premature and postrest stimulation at different coupting interuals and basal stimulation frequencies

indicated that the rate constant for unidirectional Ca2+ transport within the SR during the diastolic

interval was enhanced during high-frequency stimulation. Lowering [Na*]o to 70 mM produced

inotropic changes in the steady-state which were consistent with a [Na+]odependent increase of

SR ca2+ sequestration and release due to inhibition of sarcolemmal Ca2+ extrusion. Following

reduction of [Na+]o, a graded increase of stimulation frequency lead to a marked negative

staircase of contraction, while steady-state cooling contracture amplitude and postrest contraction

remained unaltered or slightly increased. Experiments designed to probe the underlying

mechanism of this apparent uncoupling of SR Ca2+ availability and release suggested that it was

not related to a slowed rate constant for Ca2+ transport between intracellular compartments, or the

absolute size of the intracellular Caz+ storage pool, but was more likely to be a consequence of

Ca2*-induced inactivation of the SR Ca2+-release process. ln the presence of low-[Na+lo solution,
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application of the neutral plant alkaloid ryanodine (10 nM) or the methylxanthine compound

caffeine (3 mM) depressed contraction and restored the positive staircase, the slope of which was

dramatically enhanced in the presence of ryanodine. lnhibition of sarcolemmal ca2+ influx by the

dihydropyridine Ca2+ channel antagonist nifedipine (2 uM) depressed contractile strength in a

rate-dependent fashion, while opposite effects were demonstrated with similar concentrations of

the racemic Ca2+ channel agonist BAY K 8644 (1 uM). Based on the forgoing data as well as on

the results of other expeiments conducted on ventricular muscle obtained from rat and guinea-pig

ventricle, a 3-compartment model of intracellular CaZ+ transport was developed' The experimental

results were consistent with the interpretation that rate-dependent changes of both contraclion and

intracellular Ca2+ loading in mammalian ventricle require the presence of a functional Na+-Ca2+

exchange process. The possibil'rty is discussed that net cellular Ca2+ gain related to the activity of

the exchanger may affect the strength of contraction during high-frequency stimulation by either

altering the trigger for intracellular Ca2+ release, or in a more direct fashion by making Ca2+

available to the myofilaments. This working hypothesis was used successfully to attribute

contractile changes in a previously established model of diabetic cardiomyopathy to defective

Ca2+ handling by the SR.
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The field of cardiac physiology has become enriched with the rapidly growing body of scientific

literature concerning the cellular and molecular function of various tissues of the heart' This is

particularly evident when one considers the role of Ca2+ ions in the coupling of membrane

excitation to contraction in different types of striated muscle, or the precise biophysical properties

of proteins embedded in the plasma membrane responsibte for governing the movements of

various ion species both into and out of the cell. The importance of gaining an understanding of

the biophysical basis of cardiac function is underscored by the fact that virtually every important

physiological, pharmacological or pathological change in cardiac function originates from changes

in the physical and chemical processes which are responsible for contraction (Ka12,1977)' The aim

of this review is to introduce the different cellular pools from which Ca2* may be derived for the

contraction of mammalian cardiac muscle, as well as the necessary interaction between these

functional compartments during successive cardiac cycles. The main focus of the discussion will

be on the qualitative relationship between Ca2+ located intracellularly and peak isometric

contraction, and in particular, on those cellular processes thought to govern the amount of Ca2+

present within each of the individual compartments at various points in the cycle of contraction to

relaxation.

The ability of the heart to propel blood through the vascular bed is governed to a large extent by

a number of important geometrical factors which affect the function of the intact heart as well as

various neural and hormonal influences, and all of these factors must be either taken into account

or eliminated when investigating the cellular mechanisms underlying contraction. Complications

introduced by cell shortening can be reduced significantly by conducting experiments under

isometric conditions, although it is of more than passíng interest that an increasing number of

studies have reported a similar dependence of isometric and isotonic contraction to a wide range

of experimental and pathological conditions. As elegantly reviewed by RaIz (1977), in situ cardiac

performance can be strongly influenced both by alterations of the intrinsic contractile properties of
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the heart and by length-dependent changes of contractility following manipulations of preload'

Recent experiments, however, have indicated that in addition to the degree of myofilament overlap'

changes in myofilament Ca2+-sensitivity (Fabiato and Fabiato, 1976) or degree of muscle

activation (Jewell, 1977; Allen and Blinks, 1978) are involved in starling's law of the heaft' even

after compensating for "muscle deactivation" that results from variable amounts of shortening

which take place during isometric contractions (Jewell and witke, 1960)' Thus, it appears that a

significant degree of interplay takes place between the cellular processes mediating the length-

tension relationship and those involved in transiently elevating myoplasmic Ca2* concentration

during contraction.

ln the remainder of this review, I shall exclude lengthdependent changes in contraction and

extrinsic influences on contractility, and focus primarily on length-independent contractile

phenomenon and the mechanisms which link membrane excitation to contraction (excitation-

contraction coupling). Results obtained with mammalian cardiac tissues will be emphasized

throughout the discussion, and the main thrust w¡ll be on the cellular mechanisms involved in the

delivery of Ca2+ to the myofilaments. SECTION 1 deals with the obligatory role of Ca2* in the

contraction of mammalian cardiac muscle and the different sources from which this Ca2+ may

originate. SECTION 2 contains a review of the effects of changes in the rate and rhythm of

stimulation on the processes governing the rise of intracellular Ca2* during contraction. ln the final

section, a working hypothesis, or model, of excitation-contraction coupling (EO-Coupling) will be

introduced which has evolved over the last several years in this laboratory' The model was

proposed originally to account for the mechanical and electrophysiological effects of strontium

ions on canine ventricular muscle (King and Bose, 1984), and since that time has been extended

specifically to include the ¡nterual-dependence of contraction in mammalian cardiac tissues (Bose,

King, Hryshko and Chau, 1988; Bouchard and Bose, 1989) and the sensitivity of the intelval-force

relation to various inotropic and pathotogical conditions (Bose, Kobayashi, Bouchard and Hryshko,

1988; Hryshko, Bouchard, Chau and Bose, 1989, Bouchard, Hryshko, Saha and Bose, 1989; Saha'

Hryshko, Bouchard, Chau and Bose, 1989; Bouchard and Bose, 1991). Hypotheses relating to the



cellular control of contraction in ventricular muscle and their relation to intracellular Ca2+ handling

will be presented in this section.

1.0 Eleperndence sf oomtractiorn on afiyoplasrï¡c Ga2*

As early as 1gg2, Sidney Ringer demonstrated the importance of extracellular Ca2+ for the

contraction of isolated cardiac muscle preparations. This finding was interpreted at the time as an

indication of the Ca2+-sensitivity of the cell membrane, and it was not until 1907 that Lock and

Rosenheim reported that action potentials recorded from isolated mammalian hearts persisted

long after the disappearance of contraction following the removal of extracellular Ca2+. The ability

of Ca2+ to activate contraction was demonstrated in 1947 by Heilbrun and Wiercinski who showed

that microinjection of Ca2+ into the myoplasm of mammalian cardiac muscle resulted in the

,,initiation of contraction". Not long afterurrards, repetitive slimulation was correlated with an

increase of net Ca2+ uptake into the cells of various skeletal (Bianchi and Shanes, 1959) and

cardiac (Winegrad and Shanes, 1962; Niedergierke, 1963; Langer, 1965) muscle preparations. The

resting uptake of Ca2+ was estimated in these experiments to be -9 nM/cm2/sec during resting

conditions and -100 nM/cm2/sec during steady-state stimulation.

During the course of the last decade, a number of biochemical probes have been developed for

the purpose of estimating the level of free myoplasmic Ca2* during contraction. The first such

compound was aequorin, a bioluminescent Ca2+-sensitive protein e)Íracted from the jellyfish,

aequorea forkalea (Shimomura, Johnson and Saiga, 1962). This compound was first used to

quantify intracellular Ca2+ transients in ¡solated ferret papillary muscle by Allen and Blinks in 1978'

However, difficulties in calibrating the aequorin signal, the poor sensitivity to low levels of

myoplasmic Ca2+, and the nonlinearity of its dependence on Ca2+ concentration led ultimately to

the development of the second generation Ca2+ indicators, typified by fura-2 and indo-l' First

described by Grynkiewicz, Poenie and Tsien (1985), these indicators are easily loaded into cells

either as membrane permeant esters which are subsequently hydrolyzed into free acids by
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intracellular esterases or in a more direct fashion by inclusion in microelectrode filling solutions as

potassium-salts. Although both fura-2 and indo-1 have been employed frequently in the last few

yearsto assess intraceilular [free Ca2+], the homogeneous intracellulardistr¡bution of indo-1 once

loaded into the cell, compared with the significant compaftmentalization of fura-2 into the

mitochondria (Steinberg, Bilezikian and Al-Awqati, 1987), suggests that signals obtained with the

former compound may be a better indication of time-dependent shifts in myoplasmic Ca2+ during

contraction. Values calculated from different laboratories with respect to resting intracellular [free

Ca2*] are shown in Table 1. Most estimates of this nature have been derived with either tura-2 or

indo-1 and showa surprisingly smallvariation around a resting [free Ca2+] of -100 nM, which is

similarto the 90 nM predicted by the pOa-tension curve (Fabiato, 1981). The data indicate that

within a given species investigated, no clear correlation exists beNveen the level of resting

intracellular [free Ca2+] and extracellular [total Ca2*l or the temperature of the bathing solution'

Not surprisingly, resting intracellular [free Ca2+] is appreciably greater in spontaneously beating

cells than ín non-stimulated preparations. This obseruation can be explained by the relatively slow

time constant calculated for the decay of peak transients following spontaneous depolarization

(\lr1100 ms in Clusin and Lee, 1987; Peeters, Hlady, Bridge and Barry, 1987), and lhe continual

leak of Ca2+ which occurs from intracellular stores during rest, which is greater in stimulated than

non-stimulated preparations (Gibbonsand Fozzard, 1971;Kuriharaand Sakai, 1985; Bridge, 1986;

Kort and Lakatta, 1g88a,b).

Although a considerable amount of experimental evidence supported the postulate that Ca2+

was involved in Eç-Coupling it was not until 1978 that Allen and Blinks, using aequorin

bioluminescence, confirmed that contraction was initiated by the increase of myoplasmic Ca2+. As

is the case with estimates of resting intracellular ffree Ca2+], the precise concentration of

myoptasmic Ca2+ reached during contraction within a given species is only modestly dependent

on the experimental conditions under which it is assessed. Table 2 illustrates several estimates of

peak intracellular [free Ca2*] attained during contraction elicited at various rates of stimulation,

extracellular [total Ca2+], and membrane potentials. Despite the expected variability in the peak of
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Specias [fr.e c*+]¡ ltotd Ca2+]o

Table 1. Estimates of resting intracellular lfree Ca2+]

Ref.Indicator

A. Rst

90 DM
121 nM
134 nM
100 nM
100 DM
81 nM
120 nM

B. Guinea-pig

10O DM
186 nM

C. Ferret

58 nM
104 nM

D. Cat

E. Rabbit

200 nM

F. Chick Embryonic'

208 nM
328 nM

Quin 2 ChaPm¡n, lP$$
NMR l9F Ma¡ban et al, 1987

Fabiato, 1981
duB€ll & Houser, 1989
V/ier et al, 1987
C¿nnell et aJ, 1987
Nabauer et sl, 1989
Thom¿s et al, 1989
Li et al, 1989

duB€U and Houser, 1989
læblanc and Hume, l99O

Clusin and l-ee, 1987
Peeters et al, 1987

2.5 nM
2.0 mM
1.0 nM
1.0 nM
2.0 nM
1.3 InM
1.0 DM

220C
3',trc
350C
350C
2æC
37rc,
3æC

T-pCs
Quin 2
Fura 2
Fura 2
Fura 2
Fura 2
Fura 2

2.0 mM
2.5 mM

2.0 mM
2.0 mM

370C
37oC

370C
370C

Quin 2
indo I

3æC
?2C

57 nM 2.0 mM 370C Quin 2 duBell and Houser, 1987

3æC indo I L,ee et al, 19872.0 mM

1.8 nM
1.8 mM

indo 1

indo 1

[free Ca2+]¡, Free resring intracellular ¡Ca2]1; Itgtal_Cå?+lo,_Total extracellular [Cf*]; l, Bath

;;p"*-r"*'þcl r-pca,îalìÀ extraporit"¿ riií- tt" t"*¡o¡-lCa curve; n Enddiasûolic [C.2+]i
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the Ca2+ transient under these conditions, there is fair agreement regarding the kinetics of the

Caz+ transient and its temporal relationship with accompanying action potentials and contraction'

ln many of the reports cited in the literature, the following characteristics of the caz* transient

appearto be consistent from one preparation to the next: the rise of [free Ca2+] is (a) initiated by

depolarization of the membrane, with a delay of approximately 5-18 ms (Wier' 1980; Cannell' Berlin

and Lederer, 1987; Lee and clusin, 1987), (b) precedesthe onset of contraction by -30 ms (Allen

andBlinks,1978;Peetersetal,1987;Lee,Smith,MohabirandClusin,lgBT),(c)peaksaround40

ms after cell activation (Cannell et al, 1987; duBell and Houser, 1989; Thomas' Sass' Tun-

Kirchmann and Rubin, 1989), and (d) decays monoexponentially over the course of 100-200 ms

(Wier, 1980; Cannell et al, 1987; Lee et al, 1987; Peeters et al, 1987;Thomas et al, 1989; see also

Allen and Blinks, 197g). Under relatively controlled experimental conditions, a direct relationship

has been described between the peak of the Ca2+ transient and the concentration of Ca2+ present

in the bathing medium (Allen, Eisner, Pirolo and smith, 1984; orchard and Lakatta, 1985), and Yue,

Marban and Wier (19g6) have demonstrated a steep relationship between steady-state intracellular

¡free ca2+l and the strength of contraction, with a Hill coefficient of >4.0. other investigators have

shown a strong co-dependence of contraction and peak myoplasmic Ca2* on conditioning

interual, including depressed contractions associated with premature stimulation (Wier, 1980; Wier

and yue, 19g6) and potentiated contractions immediately following the extrasystolic contraction

(Wier, 1980; Wier and Yue, 1986), resumption of stimulation after brief periods of rest (Wier, 1980),

and alterations in the rate of rhythmic stimulation (Orchard and Lakatta, 1985; Lee and Clusin,

1gg7). An interesting observation was made by Beuckelmann and Wier (1988; see also Leblanc

and Hume, 1990) who showed that the peak magnitude of the Caz+ transient was increas ed -2-

fold after switching from voltage-clamp to current-clamp mode to allow for the production of

normal action potentials. Altering the voltage control of the membrane itself was not responsible

for the depressing the peak of the Ca2+ transient, as essentially similar obseruations were made

when the membrane was held near the resting membrane potential (€8 mV) in the presence of

tetrodotoxin, suggesting that ionic currents in the initial 5-30 ms of the action potential (other than



Table 2. Estimates of peak intracellula¡ [free Caz+] Bb

[free Ca2+]i ¡total ca2+¡o vI, r"T Indicator Ref.

A. Rat

2.0 uM
0.8 uM
0.6 uM
0.3 ¡M
1.0 uM
0.8 uM

B. G-pig

0.6 ¡¿M
0.6 uM
1.0 uM
0.8 uM
0.8 uM
1.4 ¡¡M
1.0 uM

C. Ferret

0.3 uM
0.7 uM
1.0 uM
1.5 uM
0.3 ¡¡M

D. Frog

2.0 uM

3opc
3æC
300c
3opc
3æC

FLm
-75
{o
Em
Lm
-70

40
40
EÍl
E-
:lo
Em
40

Em
Em
Em
Em
¿'rtr

Eû1.8 mM

2.5 mM
2.5 mM
2.5 nM
2.0 nM
3.0 mM
2.5 tnM
2.5 ñM

2.0 mM
1.0 EM
2.0 mM
1.2 mM
1.0 mM
3.0 nM

1.0 nM
3.0 nM
1.0 mM
1.0 nM
2.0 mM

1.8 EM
2.0 nM

370C
350C
aæõ

370C
350C
âæ/r

230C
230C
230C
220C
2æC
220C
añõ

0.2H2
l.0Hz
O.2Hz
O.4Hz
0.3 Hz
0.2Hz

?

1.0 Hz
1.0 Hz
0.3Hz,
O.2Hz
0.5 Hz
0.5 Hz

0.7 Hz
O.7 Hz
0.5 Hz
l.5Hz
1.0 Hz

Aequorin
Fura 2
Fura 2
Fura 2
Fura 2
Fura 2

Fura? (T)
Fura 2 (8)
Fura 2 (8)
indo I (9)
Fura 2 (6)
indo 1 (10)
indo I (10)

(1)
(2)
(3)
(4)
(s)
(6)

Aequorin (11)
Aequorin (l l)
Aequorin (12)
Aequorin (13)
tsF NMR (14)

2toC 0.5 Hz Aequorin (15)

E. Chick Embryonic"

0.8 uM
0.6 uM

Em
ErÃ

370C
370C

-2.0H2
-2.0H2

i¡do I (16)
indo I (lÐ

tfree C¡2+ìi. Free i¡tracellular [C¿2+] reached during contraction; [total C"2*]o, Total extrar¿llula¡

ii#{vrl'k;lñs-p"úJìuìlog.våtøg"*lqp <*1 or in rzrp resting membrane potential (EJ; r'
b"th d;"Ë;t * tÕi fr, Freque,nãy of st-imulatión (Hz); ", Sponfqneous activity

(l) orchsrd a¡d l¡ksttr, 1985; (2) C¡nnell er al, 1987; (3) Nabauer et al, 1989; (4) Thorug et ¡l'

l9B9; (5) Li et À1, t9B9; (6) cuir"r"""tt er aI, 1989; (7) Be¡cæo¡¡-Ruiz et sl, 198?; (8) Beuke¡osm 
'nd

Wie¡, 1988; (9) Bers er al, 1989; (10) l-eblgnc and Hume, tsgo; (ll) Yuo, 1986; (I2) Wier' 1986; (13)

yue, 1987; (14) Mrrban et al, l9ò7; (15) Atleo and Blinkc, 1978; (16) Pserer¡ eJ al' 1987; (l'l) l-æ ü'

sl, 1987.
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those flowing through voltage-gated Ca2+ channels) may be involved in the release of Ca2* from

intracellular stores.

The significant delay preceding the rise of myoplasmic Ca2+ following the upstroke of the

action potential and its temporal relation to contraction raise the issue of where the ca2* that

activates the myofilaments originates from. compartmentalization of ca2* into distinct pools

located either inside or outside of the cell membrane has been frequently incorporated into models

or working hypotheses of EÇ-coupling (Koch-Weser and Blinks, 1963; Wood, Hepner and

Weidmann, 1969; Morad and Goldman, 1973; Langer, 1982; Wohlfart and Noble, 1982; Chapman,

1983; Schouten, van Deen, de Tombe and Verueen, 1987; Boyett, Hart, Levi and Roberts, 1987)'

This has been done in an attempt to quantify the degree of interaction between different sources of

Ca2* and their possible contribution to contraction, and to a large extent was necessitated by the

obseruation that a change in the duration or height of the plateau phase of one action potential has

an inotropic effect predominantly on the following contraction and not on the concomitant

contraction (Wood, Hepner and Weidmann, 1969; Antoni, Jacob and Kaufmann, 1969; Sumbera,

1970; Morad and Cleeman, 1987).

.l.'t T'nans-sarco¡emnral Gaz+ Fntry Ðunlmg Gontnactlorl

Evidence for the direct activation of the myofilaments due to Ca2+ entry across the sarcolemma

stems directly from Ringer's obseruation that without the presence of Ca2* ions in the perfusion

solution, no contraction can be elicited. This has been confirmed recently in isolated rat, rabbit,

and guinea-pig ventricular myocytes, where an abrupt (<50 ms) removal ol Ca2+ from the

perfusate has been found to result in an immediate termination of either cell shortening (Rich,

Langerand Klassen, 1988) orforce production (sheperd and Fisher, 1990).

Calculations performed to determine the amount of Ca2+ entering the cell during the action

potential and the amount of Ca2+ required to directly activate the myofilaments constitute the

strongest evidence in support of the proposal that trans-sarcolemmal Ca2* entry itself is
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responsible for the initiation of contraction. Toward this end, time-dependent changes of

extracellular [total ca2+] have been used to infer the change of intracellular ltotal c^2*] during the

course of both single excitations and those averaged over the course of several beats' Net

transient depletions of extracellular [total ca2*l have been recorded with double-barreled ca2* -

sensitive microelectrodes (Bers, 1983), the Ca2+-sensitive absorption dyes antipyrylazo lll

(Hilgemann, Delay and Langer, 1984; cleeman, Pizarro and Morad, 1984), and

tetramethylmurexide (Hilgemann et al, 1983; Hilgemann, 1986a,b), and in a more direct fashion

using various voltage-clamp techniques on multicellular ventricular preparations as well as freshly

dispersed ventricular myocytes (New and Trautwein, 1972; lsenberg and KloCkner, 1982; Marban

andTsien, 1981;lsenberg, 1982; London and Krueger, 1986; Egan, Noble, Noble, Powell, Spitzer

and Twist, 1989; see also Fabiato, 1983; Bridge, Smolley and Spitzer, 1990)' Estimates of net

cellular Ca2* movements obtained with the three dífferent approaches in a variety of preparations

have been provided in Table o. The task of normalizing values obtained with var¡ous methods to a

common reference point is made technically difficult by the rather wide variation in experimental

conditions used by different invest¡gators. Moreover, most of the values illustrated in Table 3 have

been calculated as a function of transient alterations of extracellular ltotal C"'*] for a given

stimulation sequence. Bers (1983) has demonstrated that a linear relationship does not exist

between extracellular [total Ca2+] and net quantitative depletion of Ca2* from the extracellular

space, thus excluding direct extrapolation of values obtained with varying concentrations of

extracellular Ca2*. Following normalization to intracellular [total Ca2*l per liter of cell water

accessible to Ca2+, Fabiato (1983) has shown that the amount of Ca2+ necessary to activate lhe

myofilaments is increased by -1.3 orders of magnitude following compensation for Ca2* binding

to numerous ligands present within the myoplasm under physiological conditions. A computer

program has been developed (Fabiato and Fabiato, 1979; see also Fabiato, 1983 for corrections to

this program) which has allowed the determination of intracellular [free Cat*] from the total

concentration of Ca2+ present within the cytosolic compaltment at increments of 0'01 pca.
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net flux/beat

Table 3. Estimates of Caz+ entry during the action potential

lrotal ca2+]o Method Ref.

A. Rabbit V.
4.66 uM
l7.O uM
45.O uM
1 1 .6 ¡.ttr.l-kg

27.6 uvt-l

B. Guinea-pig V.
10.0 ¿M-lm
60.0 ¡¡tø-2M

C. Rat V.
7.0 uM-10
10.0 ¡¡tvt-20

D. Cat V.
0.5-5 uM-lm

E. Frog V.
5-15 uM
6.5 øM-l

F. Rabbit A.
0.6 uM-ke

2.5 uu'ke

G. Guinea-pig A.
20 uu-kc

H. Bovine Purkinje fibre
0.7 uu-to
1.0 uM-20

25 øM-lm

0.3 mM
0.5 mM
2.0 mM
2.0 mM
2.0 mM

2.5 mM
2.7 mlvl

3.6 mM
3.6 mM

1.8 rlM

0.2 InM
1.0 mM

0.25 mM
1.0 mM

1.0 mM

ME
ME
ME
ME
ME

scvc
scvc

SCVC
SCVC

MCVC

AP III
ME

TMM
TMM

TMM

MCVC
MCVC
scvc

Bers, 1983

Bers, 1983
Bers, i983
Bers, 1983o

Bers, 1983*

l,ondon & Krueger, 1986

Bridge et al, 1990

Isenberg, 1980
Isenberg, 1980

New & Trautwein, 1972

Cleeman et al, 1984
Dresdner et al, 1985

Hilgemenn, [P36
Hilgernann, 1986

Hilgemannet al, 1984

Marban & Tsien, 1981*

Marban & Tsien, 1981"
Isenberg & Klockner, 1980

?

?

?

uM-kg, net flux/kg wet weight; øM-I, net flux/litre cell water accessible to CaZ+ diffusion; zM-10, net flux/x-ms
integration of ica; ME, Ca2+-sensitive microelctrode; MCVC, multicellular voltage-clamp; SCVC, single cell

voltage-clamp; AP III, antipyralazo III; TMM, tetramethylmurexide; 
o, 

values calculated by Fabiato, 1983.
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ln an earlier report, solaro, wise, shiner and Briggs (1974) defined the requirements for purified

canine cardiac myofibrils to be activated directly by alterations of intracellular [total Ca2*1' The

intracellular ¡free Ca2+l required for 2)o/o of maximal tension was calculated to be 1'15 uM, with

gbo/o maximal activation of the myofilaments at 9.0 uM intracellular [free Ca2+]. Similar results were

obtained when the intracellular [free Ca2+]-dependence of myofibrillar ATPase activity was

determined. Calcium binding to "metabolism-independent" intracellular ligands was not

compensated for in this study, and the authors acknowledged that previous estimates of Caz*

requirements for direct activation of the myofilaments were generally high, with values ranging

from 5o-100 u\Å/kgwet wt. reported in previous literature (Gertz et al, 1967; I(alz, 1970). Following

consideration for the ability of numerous intracellular buffers to bind Ca2+ based on their apparent

stabil¡y constants, Fabiato (1983) has recalculated the pCa required to produce 2}o/o maximal

twitch force to be equal to 5.91 , ot -2 uM [free ca2*1. with regards to the ability of trans-

sarcolemmal Ca2+ to directly stimulate contraction, measurements of extracellular Ca2+

depletionsfrom the experiments of Bers (Bers, 1983; 1987; Bers and Macleod, 1986) are usefulto

compare against the calculations of Fabiato (1983). This is because the estimated extracellular

ltotal Ca2+l depletions are in the higher range of those calculated with similar techniques

(Hilgemann et al, 1983; Morad and Cleeman, 1987; Hilgemann, 19864,b), and the previous

demonstration that contractile strength in the rabbit is only modestly dependent on the magnitude

of Ca2+ release from intracellular stores (Fabiato and Fabiato, 1978; 1982; Sutko and Willerson,

1980; Kort and Lakatta, 1984; Bers, 1985; 1989; Horackova, 1986). The amount of Ca2+ calculated

to enter the cell during 1.0 Hz stimulation was 11 uM/kgwet wt. for muscles bathed in 2'0 mM

extracellular ltotal Ca2+], which gives an increase of intracellular ltotal Ca2*] o127.6 uM/litre cell

warer. Added to the esrimate of resting ¡otal Ca2+1 of pCa 7,0 yields a pCa of 6'35 (0.35 uM),

which is insufficient to activate the myofilaments directly (pOa of 5.91 is required Íor 2\o/o maximal

activation). For guinea-pig atrial muscle bathed in 1.0 mM extracellular [total Caz+] (0.5 mM [free

C"2*l), Hilgemann et al (1g84) have estimated a net cell gain of Ca2+ per contraction to be -20

uM [total Caz*1¡Xgwet wt. The largest net Ca2+ fluxes in this study were demonstrated following
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depletion of intracellular Caz+ stores by ryanodine, and hence in the absence of appreciable

release of Caz+ from the sarcoplasmic reticulum (SR). Due to the inhibition of intracellular Caz*

release, it has been suggested that this result may more accurately represent the ability of trans-

sarcolemmal ca2* entry to directly activate contraction (Hilgemann et al, 1984), than conditions in

which intracellular release mechanisms are intact. This is consistent with the demonstration by

Morgan and Blinks (19g2) that the requirement of the myofilaments for Ga2+, assessed by the

amplitude of the Ca2+ transient during contraction, depends to a large extent on the rate of uptake

of Ca2+ by the SR. Further support for this conclusion is provided by the obseruation that

application of ryanodine to a number of different cell types either has no significant effect on peak

Ca2* current (Mitchell, Powell, Terrar and Twist, 1985; Boyett, Kirby and Orchard' 1988) or

modestly reduces it (Iseng, 1988; Giles and Shimoni, 1989; See also, Cohen and Lederer' 1988)'

Using antipyrylazo lllto monitor changes in extracellular [total Ca2*], Morad and Cleeman (1987),

have also failed to demonstrate a direct relationship between the strength of contraction and either

the magnitude of extracellular Ca2+ depletions or the entry of Caz* through voltage-gated Ga2+

channels during alterations in the rhythm of stimulation in isolated cat ventricular muscle' ln similar

preparations of frog ventricle, which have poorly developed longitudinal and junctional SR

(Sommerand Johnson, 1970), alterations of conditioning interval produced parallel effects on the

force of contraction, peak Ca2+ current, and magnitude of extracellular Ca2+ depletion. An

interesting obseruation made in this study was that maximal depletion signals were -6-fold greater

in strips of frog ventricle (12 uM [total Ca2*¡Tcontraction), than equivalent depletions

demonstrated in cat ventricular muscle (2 uM [total Ca2+]/contraction). These results led the

authors to conclude that although ca2+ entry through voltage-gated channels played an important

role in the activation of contraction in mammalian and amphibian ventricular muscle, species with

extensively developed SR appeared to depend more on intracellular Caz+ release than trans-

sarcolemmal Caz+ entry for direct myofilament activation'
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1"2 Ça2+ Release Frorm ümtracellulan Stones

Evidence from voltage-clamp studies: One of the first direct indications that Ca2+ located within

an intraceilular comparrment was involved in force production came from the pioneering voltage-

clamp studies of wood, Hepner, and weidmann (1969). Although other electrophysiological

(Kavaler, 19S9; Morad and Trautwein, 1968; Antoni, Jacob and Kaufmann, 1969) and mechanical

(Braveny and Kruta, 19SB; Koch-Weser and Blinks, 1963) investigations provided strong evidence

in support of a "memory" process linking the strength of a given contraction with the residual

effects of preceding membrane depolarization or contraction amplitude, this was the first

demonstration that such events took place wìthin a given contraction cycle. Two different

approaches were used to determine the relationship between the degree of Caz+ influx during the

action potential and the strength of contraction. Using a single sucrose-gap voltage-clamp

technique, injection of a constant depolarizing current into isolated segments of sheep or calf

ventricutar muscle produced a biphasic contracture which relaxed fully only upon repolarization

back to the resting membrane potential. Although not recognized widely as such at the time, the

preferential voltage-sensitivity of the second phase of contracture may represent one of the first

systematic demonstrations of contractile activity resulting from an etectrogenic Na+-Ca2+

exchange process in cardiac muscle. Following termination of maximal contracture, the

resumption of rhythmic stimulation led to contractions which were potentiated to the same eltent

as that produced w1h paired pulse or high frequency stimulation. Action potentials recorded

during this time displayed depressed, rather than enhanced, plateau phases and were in general

prolonged. The second approach involved injection of subthreshold depolarizing or

hyperpolarizing currents during the plateau phase of the action potential. Application of a 50 ms

pulse of -2 uA increased the plateau height and markedly prolonged the duration of the action

potential. Despite the immediate effects of the current pulse on the plateau phase, minimal effects

were noted on accompanying contractions, suggesting that the additional amount of Ca2+

entering the cell was not available for activation of the myofilaments. Continued application of
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current pulses during rhythmic stimulation potentiated successive contractions while the duration

of the action potential was slightly diminished to a new steady-state level. opposite contractile and

electrophysiological effects were demonstrated following the application of 2 uA hyperpolarizing

currents. These results led the authors to conclude that the strength of contraction was governed

primarily by the amount of presystolic intracellular CaZ* bound to various storage sites. The data

also indicated that the amount of Ca2+ present within this intracellular storage compaftment was

positively correlated with the height and duration of the action potential plateau, and negatively

correlated with the intersystolic interval of preceding contractions' The data from this study also

helped to explain many of the interual-dependent contractile phenomena reported to date,

including post-extrasystolic potentiation (Hoffman, Bindler and Suckling, 1956), postrest

potentiation (Rosen and Farah, 1955; Braveny and Kruta, 1958), frequency potentiation (Bowdilch,

1g71 ; Kruta, 1937; Teiger and Farah, 1967) as well as the positive and negative inotropic effects of

activation described by Koch-Weser and Blinks (1961; 1963), and were consistent with the

demonstration two years earlier by Reuter (1967) that the slow inward current observed during the

plateau phase of the action potential represented Ca2* entry across the sarcolemma'

Simultaneous measuremenls of Ca2+-dependent membrane currents (henceforth referred to as

/"") and contraction were first reported by Beeler and Reuter (1970), who demonstrated that both

membrane potential and Ca2+ entry during /a" mediated contractile force production in isolated

canine ventricular muscle. Evidence for the role of intracellular stores was obtained by altering the

interval between applied stimuli or by altering the holding potential to which the membrane was

clamped between contractions. A range of holding potentials was identified (-70 to -50 mV) at

which the membrane could be held that did not influence peak /r" in response to a constant

depolarizing pulse, but which markedly depressed subsequent contractions. lnterpolation of a rest

period between rhythmic stimuli was found to significantly reduce the amplitude of the first postrest

contraction while only slightly reducing the degree of Ca2* influx across the membrane,

suggesting that /Ca must flow into the cell before appreciable contraction could be elicited (e.9.,

loading of an internal store). Similar results were demonstrated in isolated cat ventricular muscle
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by New and Trautwein (1g72) who showed that steady-state contraction was re-established over

the course of 6-8 beats after a brief period of rest, and that the positive staircase took place in the

absence of changes in time to peak tension or peak /au. By calculating the net charge (Q) transfer

during /a" (integrating the area enclosed by the inward current) the authors estimated net Ca2+

influx to be between 0.5 and 5 uM/litre fibre volume per contraction in the presence of 1.8 mM

extracellular [total Ca2+]. While direct activation of the myofilaments by Ca2+ entering the cell

during the action potential could not be totally ruled out in these experiments, the results of this

study were more compatible with an ability of the inward current to fill an intracellular store for later

release, and it was tentatively proposed that the transient peak of the inward current appeared to

be acting as a trigger for release of this Ca2* from intracetlular binding sites' This hypothesis was

extended by Bassingthwaite and Reuter (19721who proposed a model of Ec-Coupling in which

Ca2+ entry through voltage-gated channels serued to depolarize the membrane of the lateral

cisternae and elicit a regenerative release of Ca2+ from the SR'

The relation between /"" and contraction has also been investigated with light-sensitive Ca2+

channel blockers. Morad and Cleeman (1987) were able to demonstrate that rapid

photoinactivation of a light-sensitive form of nifedipine produced changes in the strength of

contraction which were not accompanied by similar alterations in the magnitude of Ca2+ entry into

the cell. ln frog ventricular muscle, a brief pulse of light led to an immediate increase in the plateau

height and duration of the act¡on potential which was accompanied by a similar increase in the size

of contraction. Repetition of this process in cat ventricular muscle led to a prompt increase of

plateau height, which subsequently diminished to an intermediary value as a new steady-state was

established. Voltage-clamp studies with an identical stimulation protocol indicated that changes in

action potential configuration were associated with similar directional changes of peak /a". Despile

the biphasic changes in the amount of Ca2+ entering the cell, recovery of contraction occurred in

a monoexponential fashion over the course of 6-8 beats, consistent with the idea that the strength

of contraction was governed primarily by an intermediate pool of Ca2+.
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The minimu m Caz* influx during the flow of /r" required for direct activation of the myofilaments

has been calculated in voltage-clamped internally perfused guinea-pig ventricular myocytes

(London and Kreuger, 1986). ltwas estimated that raising intracellular [free Ca2+] from pOa 7'0 to

pça 6.0 would require -0.26 mM ¡free Ca2+l to enter the cell, which would be equivalent to a

sustained inward current of 15 nA for 100 ms. Although this requirement was not met in their

experiments (e.g., the authors calculated a 10 uM increase of [free C"2*l per 100 ms integration

time), lsenberg (1982) has estimated that an increase of intracellular [total Ca2*] of 25 uM would

be expected during the initial 100 ms of the Ca2* current in bovine ventricular myocytes, which

peaked at -10 nA. lgnoring the likely possibility that clamp durations in excess of -50 ms do not

contribute to the transient peak of myoplasmic Ca2+ during contraction (Morad and Trautwein,

196g; Beeler and Reuter, 1970; Gibbons and Fozzard, 1971;Cannell, Berlin and Lederer, 1987;

Beuckelmann and Wier, 1989; duBell and Houser, 1989), Fabiato (1983) has calculated that when

added to the resting intracellular lfree Ca2*] even this unusually large amplitude current is not

capable of providing enough Ca2* for direct myofilament activation.

A point worth noting is that /"" is often presumed to flow across the cell surface area (e'g', the

capacitance) of the cell membrane in a relatively uniform fashion (Brown and Yatani, 1986)' This

type of assumption is most evident for quantitative estimates of trans-sarcolemmal Ca2+ entry

made from either whole cell voltage-clamp recordings or measurements of time-dependent shifts

of extracellular ltotal Ca2*] such as those discussed above. A potential source of error in such

calculations is that while Ca2+ entering the cell during depolarization may have the opportunity to

interact with the myofilaments to some degree at various points on the longitudinal axis of the

muscle (depending on the geometry of the cell and presence of intraceltular buffers), C"'* release

from the SR occurs within a very limited compartment near the sarcolemma' ln this respect, the

tendency to under or over-estimate the contribution of either source to contraction may depend

rather strongly on the discrete distribution of channels on the surface membrane, and whether or

not the myofilaments could in fact be activated at sites proximal or distal to the t-tubule. The ability

of certain dihydropyridine Ca2+ channel agonists to simultaneously mediate the gating properties
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of voltage-gated Ca2+ channels (Hess, Lansman and Tsien, 1984; Brown, Kunze and Yatani, 1984;

Thomas, Chung and Cohen, 1985)and SRfunction (Bose, Kobayashi, Bouchard, Hryshko' 1988b;

Hryshko, Bouchard, Chau and Bose, 1989; Bouchard, Hryshko, Saha and Bose, 1989; Saxon and

Gainullin, 1990) suggests that this may in fact be a valid concern' Fufthermore, recent reports of

site specific binding of both dihydropyridine compounds (Valdiva and Coronado, 1989) and

ryanodine (Pessah et al, 1985; smith et al, 1985; lnui et al, 1987; Lai et al, 1987) at the junction of

the SR with the sarcolemma at the t-tubule suggests that Ca2+ may indeed be released into the

diffusion-restricted volume t-tubule of the from the SR in response to the opening of a substantial

fraction of the total number of channels present on the surface membrane. lf so, then calculations

of time-dependent changes of [free Ca2*] necessary to elicit release from the SR may be

somewhat overestimated in intact ventricular preparations compared with similar computations

made for skinned cardiac cells'

Evidence from skinned cardiac fibres: Of the experimental data supporting the involvement of

Ca2+ release from intracellular stores in the regulation of contraction, some of the most compelling

evidence comes from experiments performed on skinned cardiac fibres in which the sarcolemma

has been removed by microdissection. Fabiato and Fabiato (1972;1975) first proposed the

phenomenon of ca2*-induced release of Ca2* in mammalian cardiac muscle as a potential link

between membrane excitation and contraction. lt was shown that microinjection of small amounts

of bulk ¡free Ca2+l around the skinned preparation induced a release ol Caz+ from storage sites

within the SR, which subsequently resulted in contraction. Most of the initial studies of this nature

were pedormed on fragments of single cardiac cells and were based, in part, on the results of

previous electrophysiological studies which suggested that Ca2+ influx during the flow of /a" was

insufficient to directly activate the myofilaments (Morad and Trautwein, 1968; Beeler and Reuter'

1g7O; New and Trautwein, 1972; Bassingthwaite and Reuter, 1972). The removal of the

sarcolemma surrounding the myofibrils permitted direct application of varying amounts of [free

Caz*j into the intracellular space, which was buffered with ethyleneglycol-bis(B aminoethyl ester)
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ru,^/,-tetraacetic acid (EGTA). ln the absence of electrical stimulation, cyclic contractions

developed rapidly following an increase of ffree Ca2*l in the perfusion solution to levels which

were demonstrated after destruction of the SR with detergent to be significantly less than those

required to directly activate the myofibrils. Cyclic contractions induced in this manner were

attributed to a regenerative release of Ca2+ from internal stores, in accordance with the earlier

proposal by Ford and podolsky (1922) that release ol Ca2+ from focal regions of the SR not only

initiated contraction, but also triggered a regenerative release of Ca2+ from adjacent regions of the

membrane via electrotonic conduction. This was supported by the previous demonstration

(Fabiato and Fabiato , 1972) that contractions triggered by the release of ca2+ from the sR were

propagated at a velocity of S0-100 um/sec in pluricellular fragments of cardiac cells with disrupted

membranes. A second impoftant obseruation made in these experiments was that the release of

Ca2* from the SR was graded, and did not occur in an all or none fashion as predicted by a simple

regenerative process controlled primarily by a positive feedback mechanism (Costantin and

Taylor, 197g). Evidence in support of this proposal came from the demonstration that the

frequency of cyclic contractions could be altered by increasing the [free Ca2*] trigger for release,

or the interval-dependence of contractions elicited by the application of 2 mM caffeine (e'9.,

alterations in the level of preload of the SR with Ca2+). The results of these experiments led the

authors to conclude that Ca2+-induced release of Ca2+ from the SR served to significantly amplify

trans-sarcolemmal Ca2* influx during the action potential which would, in turn, provide the direct

stimulus for contraction. The data also provided the foundation for the postulate which would

become known as the "calcium-induced release of calcium hypothesis", which holds that Ca2+

influx during the action potential does not directly activate the myofilaments, but rather, induces a

release of Ca2+ from the SR which itself is responsible for contraction. Stated in another way, no

trans-sarcolemmal Ca2* influx of any magnitude can directly activate the myofilaments without first

triggering Ca2+ release from the SR. Work from other laboratories at the time had indicaled that

rapid application of caffeine (Endo, Tanaka and Ogawa, 1970), or Ca2* (Ford and Podolsky, 1970;

Endo and Blinks, 1973) to skinned Ca2+loaded skeletal muscle cells also produced contractions
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inferred to result from a possible release of Ca2+ from internal stores. However, due to the

,,unphysiologically high" concentration of [free C^2*l necessary to elicit the release of Ca2+ from

intracellular site(s) (Endo and Blinks, 1973) and the growing evidence in support of a charge-

coupled release mechanism (schneider, 1970; schneider and chandler, 1973; costantin and

Taylor, 1973) a role for Ca2*-¡nduced release o1 Ça2* was deemed uncertain in skeletal muscle

EC-Coupling.

Subsequent experiments performed on a wide variety of preparations of isolaled cardiac

muscle have demonstrated convincingly that Ca2+-induced release of Ca2+ occurs within the

range of physiological [free Ca2*] and [free Mg2*], even after compensation for a wide variety of

intracellular Ca2* binding ligands (Fabiato and Fabiato, 1978; 1979; Fabiato, 1983). Experiments

performed in the presence of inhibitors of mitochondrial Ca2+ metabolism have ruled out the

contribution of Ca2+ released from this source to the Ca2*-induced release and accumulation in

the presence of physiological concentrations of Ca2+ and Mg2+ (Fabiato and Fabiato, 1975; 1979;

Fabiato, 19g2; see also Kitazawa, 1984). The process of Ca2+-induced release of Ca2+ has been

demonstrated in cardiac muscle obtained from most mammalian and avian species (Fabiato'

19g2), although it is absent in amphibian species which possess very little or no SR' Through the

use of fluorescent Ca2+ indicators (Fabiato and Fabiato, 1979; Fabiato, 1981; 1982; 1985a-c) it has

been established that the trigger for the release of Caz+ from SR stores is proportional to the rafe

of change of ffree Cat*] outside the retease compartment of the SR, and not simply on the

absolute magnitude of this change. ln this respect, it was shown that application of a given [free

Caz*lcould either elicit a release of Ca2+ from the SR or load the SR with Ca2+ for later release,

depending on the speed of application. Other experiments indicated that a negative, rather than a

positive, feedback mechanism existed between the level of [free C"t*] and the excitability of the

putative release channel of the SR, e.g., an optimal [free Ca2+] trigger was identified under

conditions of constant intracellular Ca2+ loading. Microinjection of a [free Ca2*] greater than that

found to be optimal within a given cell reduced, rather than augmented, the amplitude of the

evoked contraction, thus eliminating the possibility that the trigger Ca2+ was directly responsible
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for contraction. Moreover, a second injection of supraoptimal [free Caz*] during the ascending

phase of the Ca2+ transient was found to depress the amplitude of contraction due to inactivation

of the release process. More recent studies utilizing photolabile forms of "caged-Ca2*" have

provided important evidence in support of the ability of intracellular Ca2+ to activate release from

an intracellular compartment in intact cells (Nabauer, Ellis-Davis, Kaplan and Morad' 1989;

Valdeomillos, O'Neill, Smith and Eisner, 1989; Nabauer and Morad, 1990), although some aspects

of the data appear to be somewhat inconsistent with the idea that intracellular Ca2+ plays a major

role in the inactivation of the Ca2+-release mechanism (Nabauer and Morad, 1990; see also

Fabiato, 1989).

The importance of these findings with respect to the control of cardiac function in sifu is

demonstrated clearly by the fact that changes in the rate and rhythm of stimulation have been

reported to induce profound changes in the normal electrocardiogram (Attwell, Cohen and Eisner,

1981; Watanabe, Rauthaharju and McDonald, 1985; Nademanee, Stevenson, Weiss, Frame,

Antimisiaris, Suithichaiyakul and Pruitt, 1990), magnitude of trans-sarcolemmal Ca2+ entry during

the action potential plateau (Payet, Schanne and Ruiz-Ceretti, 1981; Keung and Aronson' 1981;

Watanabe, Delbridge, Bustamante and McDonald, 1983; Schouten and terKeurs, 1986; Hiraoka

and Kawano, 1987) and the gating properties of the channels responsible for alterations of

membrane-specific Ca2* conductance (Gibbons and Fozzard, 1975; Noble and Shimoni' 1981;

Hiraoka and Kawano, 1987; Escande, Coulombe, Faivre and Couraboeuf, 1986; Schouten and

Morad, 1989). Although many uncertainties still exist with respect to the relative participation of

Ca2+ release from intracellular stores and that entering the cell during the action potential in both

the activation and maintenance of contraction, it is likely that these should be treated as orders of

magnitude only. The sensitivity of contraction in various species to pharmacological agents which

perturb the abil¡y of the SR to sequester and retain ¡ts load of Ca2+ during diastole (Sutko and

Willerson, 1gB0; Sternetal, 1983; MarbanandWier, 1985; Bers, Bridgeand Macleod, 1987; Bose,

King, Hryshko and Chau, 1988; Rousseau, Smith and Meissner, 1987; Rousseau and Meissner,

1989; Kort and Lakatta, 1988b) and the frequency-dependent alterations of contraction obserued in
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solutions with varying ionic composition (Gibbons and Fozzard, 1971; Langer, 1979; 1982;

orchard and Lakatta, 1985; Kuriharaand sakai, 1985; Boyett, Hart, Leviand Roberts, 1987; Rich et

al, 1989) strongly Suppolt the invotvement of both sources in providing Ca2* for myofilament

activation under different stimulus conditions. Fabiato wrote in 1983, that "the most favourable

appraisal of the hypothesis of Ca2*-induced release of Ca2+ is that there was no compelling

evidence against it". Mention was made of the fact that, despite the lack of such evidence'

unequivocal acceptance of the hypothesis was still lacking. While scattered reports have indeed

appeared that oppose certain aspects of the hypothesis (an excellent analogy may be drawn from

the work of Freud), it is generally held that Caz+ released from the SR in response to an action

potential plays a significant role not only in the activation of contraction in most mammalian

species, but also in many of the interual-dependent contractile phenomenon which have been

described in the last 100 Years.
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I "3 Ga2+ Loeated Nean the lnmen Sn¡rface sf the Sancolernrna

Evidence for an electrogenic Na+-Ca2+ exchange: Trans-membrane exchange of Na* for

caz+ has been demonstrated to mediate stimulus-dependent alterations of intracellular [free ca2*1

in many cell types, including nerve, cardiac muscle, smooth muscle, epithelial, and retinal

photoreceptors. The need for a mechanism to extrud e Ca2* out of the cell in the absence of

significant energy expenditure was recognized once it became clear that resting [free Ca2+1 in

cardiac muscle was a small fraction of that required for thermodynamic equilibrium (Niedergerke,

1960) and was increased considerablyduring repetitive stimulation (Winegrad and Shanes' 1962;

Langer and Brady, 1963). Reuter and Seitz (1968) subsequently reported on a mechanism by

which ca2* was extruded from several different preparations of cardiac muscle in a manner which

required a very low activation energy (Q1o= 1.35) and was greatly dependent on the concentration

of Na+ and Ca2+ ions in the bathing medium. By following the decay of asOa radioactivity in

rinsing solutions w¡th vary¡ng ionic composition they were able to show that Ca2+ efflux depended

on the ratio of ¡Ca2*¡o¡1t,ta*lo'"nd that the affinity of the "activation site" was greater for Ca2+

than for Na*. A second impoftant finding in this study was that reducing [Na*]o by equimolar

substitution with lithium or sucrose resulted in a net accumulation of Ca2+ inside the preparation.

Although the authors described an electron eutral exchange process on the basis of observed

tracer kinetics, subsequent biochemical and electrophysiological experiments have provided

strong evidence in support of an electrogenic process, with an exchange stoichiometry of

approximately 3Na+:1Ca2* lLederer and Tsien, 1979; Reeves and Hale, 1984; Kimura, Noma and

lrisawa, 1986; Mechmann and Pott, 1986; Hume and Uehara, 1986a,b; Barcenaz-Ruiz,

Beucketmann and Wier, 1987; Beuckelmann and Wier, 1989; Miura and Kimura, 1989; Bridge,

Spitzer and Ershler, 1990). This jump in logic did not happen all at once however, as the

stoichiometry and electrogenicity of the exchanger were the subject of much speculation and

debate (e.g., Reuter,1974; Langer, 1982; Eisnerand Lederer, 1985; Sheu and Blaustein, 1986).
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Based primarily on results of experiments conducted on cardiac muscle (Luttgau and

Niedergerke, 1958; Reuter and Seitz, 1968; Langer and Brady, 1968; Glitsch, Reuter and Scholz'

1970, see also Baker, Blaustein, Manil and Steinhardt, 1967), Reuter (1974) argued that exchange

of Na+ for Ca2+ across the sarcolemma was an electroneutral process. Cellular Ca2+ extrusion

was based exclusively in this model on the electrochemical Na+ gradient, and consequently could

be described by the equilibrium equation (Eq. 1.0): 1Ca2+1r¡¡Ca"*fo= ([Na+li/[Na*]o)t' Thit

distribution ratio predicted that with equal affinities on either side of the membrane for Na+ and

Ca2*, any perturbation of the Na+ gradient would subsequently affect the cellular Ca2+ gradient'

However, assuming a cellular Na+ gradient of 1:10 this relationship predictsthatwith an external

¡free Ca2+l of 1 x 10-3 M the intracellular ¡free Ca2+l must be -1 x 10-s M. As it became evident

that resting myoplasmic ffree Ca2+] was less than the predicted value by at least 2 orders of

magnitude, it was recognized by Reuter that for this equation to successfully describe the

experimental results either a second energy source in addition to the Na+ gradient had to be

postulated, or a third intracellular compartment close to the membrane where the resting [free

Ca2*l was much higher than in the bulk of the myoplasm. lt is of more than passing interest that

although the electrogenicity of the exchanger has been confirmed in several laboratories since that

time wilh a wide variety of techniques, the experimental data gathered to date are consistent with

the location of an incomplete barrier to diffusion close to the membranes of the sarcolemma and

sR and yet in direct communication with the myofilaments, as commented on by Lederer, Niggli,

and Hadley (1990).

The experiments of Benninger, Einwachter, Haas and Kern (1976) and Horackova and Vassort

(1979), both emptoying sucrose-gap voltage-clamp techniques, demonstrated that Na+-Ca2+

exchange in frog cardiac muscle was both voltage-dependent and could generate a significant

membrane potential. The results of Benninger et al. (1976) led them to conclude that their data

were consistent with a voltage-dependent electroneutral carrier system. However, to adequately

describe the stimulation-dependent changes of intracellular [free Caz*l inferred from tension

recordings, it was necessary to postutate that the exchanger would have to operate close to
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equilibrium at all potentials tested. As discussed by Sheu and Blaustein (1986), voltage-dependent

electroneutrality can be maintained in the presence of large shifts in the electrochemical gradients

for Na+ and Ca2+ only if the ratelimiting chemical reaction were purely voltage-dependent' As will

be discussed below, characterization of the kinetic properties of the exchanger has indicated that

the ratio of modal activity with respect to the direction of exchange is strongly influenced by

differing affinities of the exchange protein for Na+ and Ca2+ on opposite sides of the membrane

(Miura and Kimura, 1989). Horackova and Vassoñ (1979) were amongst the f¡rst to demonstrate a

[Na+]o- and voltage-dependent sarcolemmal exchange process with an exchange stoichiometry

of >3 which could account for changes in both tonic tension and membrane conductance during

voltage-clamping of the membrane to positive potentials.

Demonstration of the voltage-sensitivity of the exchanger has had important implications for

trans-membrane ion fluxes during the action potential, as the direction in which the exchange

process predominantly moves Ca2* depends critically on the stoichiometry of exchange and the

energy of the Na+ electrochemicalgradient (Mullins, 1979; 1981; Noble, 1984, 1986; DiFranscesco

and Noble, 19g5), the latter of which is significantly altered during the course of an action potential.

Making a number of simplifying assumptions regarding the affinity of the exchanger for Na+ and

I

Ca2*, Sheu and Fozzard (1982) have investigated the interrelationship between tension and the

electrochemical gradients for Na+ (2¡¡J and Ca2* (u*) in sheep cardiac tissues' A gradual

decrease of external Na+ activity (a",ou) resulted in a reduction of intracellular Na+ activity (ai*")

which was accompanied by an increase of both intracellular Ca2+ activity (aicu) and tension.

Opposite directional changes were observed when extracellular Ca2+ activity (a" 
cu) 

was reduced.

Depolarization of the membrane reduced ai*u, enhanced ai*and resulted in the development of a

contracture in the manner expected of a coupled voltage-dependent transpol't system with a

stoichiometry of >2.5. The necessary modification of the equilibrium equation described earlier

(Eq. 1.0) to accomodate the results of Horackova and Vassort (1979), and Sheu and

Fozzard (1982) produces the following relationship (Eq. 2.0): ¡Ca2+¡,71Ca'*lo= ([Na+]i/[Na+]o)t

* 
"*rzYmF/Rr. 

ndded to equation 1.0 are conditions which describe both the voltage dependence



25

of the exchange process and an unknown stoichiometry, n. The electrochemical gradient Íor ionu,

^¿¿,^_, is defined by Equation 3.0 as: nioo= RI ln([ion]'/[ion]o)zFVn,, where V. is membrane
10n'

potential, z is the valence term, Â is the gas constant (R= 8.314 VCKI mol-1), I is the absolute

temperatureontheKelvinscale(T(t!=273.16+rfOelsius),andFistheFaradayconstant(F=

g.648x'tO4Cmol-1).Hence,evenif thevaluesfor4or", ai*^,aoo,Ai*areknown,asinthecase

of Sheu and Fozzard (1982), the limitation of this equation is that it describes the exchange

stoichiometry only when ^ø*u and ^uoare in equilibrium (Axelsen and Bridge, 1985), as defined in

equation 3.0. This suggests that the precise value for n for a given mode of the exchanger will

depend on the interaction between Ìl*" and ^u* (e.9., Eisner and Lederer, 1985; Sheu and

Blaustein, 1986), in addition to the cooperative nature between the differing binding affinities for the

exchanger on either side of the membrane for Ca2* and Na+ (Miura and Kimura, 1989)' The

difficulties in making such assumptions have led to a large degree of caution in attempting to

calculate the apparent reversal potential for currents generated by the exchange process (E¡"c")

as well as the nature of voltage-dependent shifts of EN"c" during the cardiac cycle. ln this respect'

mathematical models have helped greatly to aid the understanding of how an electrogenic Na+-

Ca2* exchange process might influence intracellular Ca2+ homeostasis. Models developed by

Mullins (1979; 1981) and Noble (1g8a; 1986) have been based on values reported in the literature

for non-equilibrium shifts of ^ø*" and ^uoat different points in the action potential, and have

indicated that the exchanger is a dynamic system which can alter modes of operation (e.9., in the

fonruard direction to remove intracellular lfree Caz+lwhen E*>ENaCa,or in the reverse direction to

bring Ca2+ into the cell when Ent"c"tEn,'). The predominant mode of the exchanger in such a

scheme is governed by the interplay of several variables, including the values chosen for ^a,on

(Sheu and Blaustein, 1986; Bers, 1987), degree of depolarization reached during the plateau of the

action potential (Noble, 1984; 1986; Shattock and Bers, 1989), and the model used to construct the

relevant equations (Eisner and Lederer, 1985; Hilgemann and Noble, 1987)' As mentioned earlier,

recent experiments conducted by Miura and Kimura (1989) have shown that the affinity of the

exchanger for Na+ and Ca2+ are not equivalent on either side of the membrane. ln these
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experiments, outward Na+-Ca2+ exchange current, /*"a^, was activated by internal Ca2+ with

half-maximalactivation corresponding to a K,n[Cal, of 22 nM, and enhanced by internal Na+ with

an apparent K.[Nal, ol2O.7 mM. Outward /*"C" became larger as external Na* was reduced due

to a competitive interaction between Na+ and Ca2* for the external binding site. Using different

concentrations of Na+ and Ca2+ in the perfusate and the dialyzing pipette, and the peak amplitude

of outwardly-directed /N"C" u, an assay, it was determined that the apparent Kr[CaJo (0'1a mM)

exceededtheK.[Cal,byafactorof 6.36,whiletheK,n[Nalo o1 -44 mMwas -2-lold greaterthan

Krn[Nal¡, rhus confirming the proposal of Reuter and seitz (1968) that the affinity of the exchange

process on the external face of the membrane for Ca2+ was greater than that for Na+.

As discussed above, both thermodynamic and kinetic aspects of Na+-Ca2+ exchange appear

to be important determinants of the direction of trans-membrane Ca2+ movement. Accounting for

several such considerations, Kimura, Noma and lrisawa (1986) successfully used the equation, (n-

2)8ru"c"= nE*"- 2Ea" (Eq. 4.0), tO deSCribe the reversal potential of a voltage and Na+-dependent

membrane conductance recorded under their conditions with an exchange stoichiometry of n=3'

They were able to identify a current attributed to Na+-Caz+ exchange in internally dialyzed guinea-

pig ventricular myocytes by using ionic conditions which blocked other current generating

mechanisms. With internal and external Na+ and Ca2+ at physiologically relevant levels, EN"C"

was best described by the above equation with an n=3, required both internal Na+ and Ca2* for

operation in the outvvard mode, and moved -28 pM ¡tree Ca2+l/cmz7sec at plateau potentials. ln

the following article in the same issue of Nature, Mechmann and Pott (1986) demonstrated with a

similar technique that the transient rise of intracellular ¡free Ca2+l released by the SR elicited an

inward current. This current was attributed to a Na+-Ca2+ exchange mechanism based on its

interdependence on membrane voltage and trans-membrane gradients for Na+ ( øNu) and Ca2*

(u*1. Based on a working scheme for the exchanger proposed by Mullins (1981) and

Difranscesco and Noble (1985), Barcenaz-Ruiz, Beuckelmann, and Weir (1987) described an

exchange current which was proportional to the difference between Ca2* influx and Ca2+ efflux'

Under conditions in which Ca2+ currents and release from internal stores were suppressed,
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clamping the membrane to increasingly positive potentials from a holding potential of -80 mV

resulted in a graded increase in the peak and rate of rise of intracellular [free Ca2*] estimated with

fura2, whichwere not obserued when external Ca2+ was removed. Repolarization backto the

holding potential was associated with large inward lail currents which declined in amplitude as the

level of the depolarizing pulse was made more negative. The slope of the linear relation between

intracellular [free Ca2+] and the tail current declined exponentially as the test potential was made

more positive, revealing the abitity of the exchanger to alter its dominant mode and providing

further evidence in support of its electrogenicity. Unidirectional transport fluxes were found to be

proportionalto the product of a voltage-dependent rate constant (kNaca) and the concentration of

the exchanger bound on each side of the membrane, assuming a stoichiometry of 3Na+/1Ca2+'

The data were fitted best by the following equation (Eq. 5.0), /N"c"= kN"c" [Ca2+ influx - CaZ*

effluxl, which as mentioned above included a proportionality constant to account for the rate

constants of ion binding during changes of membrane potential. The term Caz* influx in this

equation refers to the reverse mode of the exchanger (Er""">Er), while Ca2+ efflux during the

forward mode is proportional to the previous term E.>E*"a". The authors found that this equation

successfully described voltage-dependent changes of intracellular [free Caz*7 obserued in their

own experiments, as well as the /Nâca exchange currents obserued by Kimura et al (1986)' lt is

interesting that similar conclusions regarding the voltage-dependence of the exchanger (and

hence net Ca2+ movements) have been drawn by other investigators without including a term to

account for the effects of voltage on binding of ions to the exchanger per se' This implies both a

delicate and complex balance bewveen the various thermodynamic and voltage-dependent

properties of the exchange protein that govern the direction of net Ca2* flux during the course of

an action potential, particularly in light of the dependence on internal and external ionic conditions

of the exchanger demonstrated by Miura and Kimura (1989). I will now turn to evidence which links

Na+-Ca2+ exchange with the contraction of cardiac muscle, as this concept is of great impoftance

to the interpretation of data throughout the RESULTS SECTION. To a large extent, much of the
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information discussed in this portion of the text is based on the preceding arguments regarding the

stoichiometry and electrogenícity of the exchanger'

Functional characteristics of an electrogenic hla+-ca2+ exchange: Following confirmation of

the electrogenicity and bimodal activity of the exchanger, a number of reports have appeared

which have identified membrane currents under various experimental conditions. Quantitative

interrelationships have been recently established between cell contraction and both ai*u (Cohen,

Fozzard and sheu, 1982; Eisner, Lederer and vaughan-Jones, 1984, Boyett, Hart, Levi and

Rober-ts, 19g7; Wang, Chae, Gong and Lee, 1988) and various ionic currents attributed to the

exchange process (Beucklemann and Wier, 1989; Terrar and White, 1989; Egan, Noble, Noble,

powell and Twist, 1989; Shimoni and Giles; 1989). ln other settings, the process of Na+-Ca2+

exchange has been shown convincingly to be involved in the extrusion of myoplasmic Ca2+ during

the relaxation phase of contraction (Bridge, Spitzer and Ershler, 1988; Bers and Bridge, 1989;

Bridge, Smolley and Spitzer, 1990) and maintaining intracellular [free Ca2*] at low resting levels

(Sutko, Bersand Reeves, 1986; Bers, 1987; Bose, Kobayashi, Bouchard, Hryshkoand Chau' 1988;

Kort and Lakatta, 1988b).

Control of contractile events by a membrane-bound Na+-Ca2+ exchange mechanism has been

assessed for the most part by manipulating either the intracellular or extracellular ionic

environment or membrane potential to perturb the exchange process from equilibrium, and then

relating the observed effects to normal trans-membrane ion fluxes. Under such conditions it has

been shown in a number of different species that rate-dependent changes of intracellular [free

C^2*l and contraction are partially related to the effects of repetÍtive stimulation on 4iNa, in a

manner similar to that previously hypothesized by Langer (1968, 1971) to involve a trans-

membrane Na+-Ca2+ exchange process. As first noted by Bowditch (1871) and Woodworth

(1902), cardiac muscle from most mammalian species shows a marked dependence on the

frequency of rhythmic stimulation. Langer (1971) proposed the "Na+ pump lag hypothesis" to

account for this phenomenon based on the demonstration by Woodbury (1963) that increased
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stimulation frequency results in a parallel increase of intracellular [total Na+¡. The increased Na+

influx during repetitive action potentials was proposed to led to an increase of 4i*u which, in turn'

was proposed to facilitate trans-sarcolemmal ca2* entry via the reverse mode of the exchanger'

This increase of øi*" would be permitted by the lag in the rate of Na+-K+ ATPase activity, due

parïially to the time course of changes in exracellular K+ concentration (Kline and Morad, 1976;

Kline, cohen and Kupersmith, 1980). cohen, Fozzard and sheu (1982) have investigated the

relationship between contractile force and øi*u during alterations of stimulus frequency in guinea-

pig and sheep ventricular tissues. Using recessed-tip Na+-sensitive microeleclrodes they

demonstrated that an increase in the frequency of rhythmic stimulation resulted in a parallel

increase of ai*u and contractile force in guinea-pig venricular muscle' Although these

measurements were not made under steady-state conditions, longer periods of stimulation were

associated with greater increases of øi*u and contractile activity. 4i*u was estimated in Purkinje

fibresto be -8.6, 9.6 and 10.4 mM in response to stimulation at 0,2, 1.0 and 3.0 Hz, respectively'

The authors concluded that their results were consistent almost exclusively w¡th an electrogenic

Na+-Ca2+ mechanism which could influence intracellular [free C"2*] according to time- and

stimulation-dependent alterations of ai*u. This experiment was extended by Wang, Chae, Gong

and Lee (1988) who probed the effects of stimulation frequency on the strength of contraction and

its relation to both ai*" and action potential configuration in guinea-pig ventricular muscle' ln

response to a graded increase in the rate of stimulation, a positive staircase of both steady-state

contraction and ai*u was obserued which was accompanied by a marked reduction in the plateau

height and duration of the action potential. A sigmoidal relation was described belween contractile

force and ai*u ouer the range of 0.5 to 5.0 Hz, with the steepest region located within the 1-4 Hz

range. lnterestingly, a significant amount of hysteresis in the force.øi*u relation was noted between

stimulation frequencies of 5-6 Hz. While alteration in the energy charge of the cell and [free H+]

were considered as underlying mechanisms, other investigators (Harrison and Boyett, 1990) have

attributed a similar process in Na+-loaded guinea-pig ventricular myocytes to incomplete

restitution of the action potential. Similar to the conclusions drawn by Cohen et al (1982), it was
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suggested that the reduction of ^z*" following high frequency stimulation would facilitate Ca2+

entryvia Na+-Ca2+ exchange (Eq.2.0) which would also result in increased buffering bythe SR'

consistent with this proposal is the demonstration that intracellular stores oÍ ca2+ in numerous

species are increased considerably by an increase of stimulation frequency (Gibbons and Fozzard,

1971; Kurihara and Sakai, 1985; Bouchard and Bose, 1989)'

Although data from such experiments have implied a causal link between 4i*u and Na+-Ca2+

exchange other more direct approaches have offered information which has strengthened thís

notion. Brill, Fozzard, Makielski and Wasserstrom (1987) investigated the effect of prolonged

depolarization on the strength of contraction and 4i*u in sheep cardiac Purkinje fibres under

voltage-clamp cond¡tions with Na+-sensitive microelectrodes. Using a constant 200 ms

depolarizing pulse to O mV from a holding potential of -80 mV (and hence a constant tr¡gger for

release and loading of Ca2+ from the SR), repolarization of the membrane to gradually increasing

potentials resulted in a progressive increase of phasic twitch amplitude which occurred in the

absence of changes in peak /c". A sigmoidal relationship was demonstrated when steady-state

tension was plotted against the test voltage of the post-pulse, which was not qualitatively affected

by blockage of membrane Na+-specific or Ca2+-specific conductance with tetrodotoxin (l-l'X) or

nifedipine, or increasing the duration of the test pulse to 1800 ms (which had the effect of both

inducing and amplifying the tonic component of contraction). The increase of twitch force at

positive potentials was associated with a decline of øi*u by - 2 mM. Although the involvement of a

voltage-dependent Na+ leak could not be totally ruled out, the sigmoidal relation between twitch

force and voltage was interpreted as an indication of a voltage-sensitive Na+-Ca2* exchange

promoting net Ca2+ influx at positive potentials. Of importance to /n situ muscle function was the

fact that such changes were reported to occur within the physiological range of membrane

depolarization. The greater shift of phasictension (-4OOq,/" at potentials >50 mV) compared with

the moderate decrease of ai*u (150%) at similar clamp potentials was a novel finding, particularly

in light of the recent demonstration by Eisner et al (1984) that the relationship between phasic

tension and øi*" was steep, where twitch tension is proportional to (øi*uP, and y= 3.2 (see also
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Wang et al, 19BB). This was explained on theoretical grounds to be due to the electrogenicity of the

exchanger, a proposal substantiated experimentally by the voltage-sensitivity of bolh phases of

contraction and 4i*u.

ln a later study, Terrar and White (1989) used a similar double pulse protocol to provide further

suppor-t for the hypothesis that net Ca2+ entry via the reverse mode of the exchanger is

thermodynamically favoured at positive membrane potentials. Rather than chopping the pulse into

two distict components (constant depolarizing with variable repolarization) two separate pulse

were given: p1 of constant duration to inactivate L-type Ca2+ current, and the test pulse, P2, to

investigate the relationship between cell shortening and various membrane currents following

voltage clamp to different membrane potentials. The primary obseruation of this study was that

following complete repolarization of P1, test-pulses to positive potentials elicited contractions in

the absence of appreciable /a". These contractions were associated with a net outward current,

similar to those described by Barcenaz-Ruiz, Beuckelmann and Wier (1987) and were not affected

by nifedipine or ryanodine, were markedly reduced by lowering [Ca2*]o, and were abolished by

removal of [Ca2+]o in the presence of EGTA or addition of dodecylamine to presumably inhibit

sarcolemmal Na+-Ca2+ exchange. lnterpolation of a single action potential resulted in a

potentiation of contraction which decayed back to steady-state values in a manner similar to that

observed w¡h sequential voltage-clamp pulses. The similarities in morphology of contractions

elicited with action potentials and clamps to positive potentials led Terrar and White to conclude

that Ca2+ may indeed enter the cell through the reverse mode of Na+-Ca2+ during the latter

portion of the action potential plateau as intracellular [free Ca2*] is declining. Thermodynamically,

this is possible because as the authors point out the membrane potential favouring Ca2+ influx (net

outward current) becomes less positive as aiodecreases, assuming 4i*u remains constant (e-g.,

the membrane does not need to become as positively charged to overcome the declining Ca2*

gradient). As discussed above, the degree to which Ca2+ could enter the cell in the reverse mode

of exchange depends heavily on the relationship between EN^c" and E,.n. Thus, even with a

sustained increase in the duration of the action potential a considerable increase of 4i*u would be
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required to favour the reverse mode of the exchanger, which would by virtue of the fact that it

promotes Ca2+ entry, limit it to a very narrow range of membrane potentials.

An alternate possibility has been suggested by Boyett, Hart, Levi and Roberts (1987)' On the

basis of changes in developed force and øi*" which were obserued during extensive alterations in

the rate and rhythm of stimulation and peÉusate ionic composition, a working hypothesis was

proposed to explain the dependence of contraction on intracellular Caz* release and modal shifts

of the exchange process. This model was one of the first which attempted to explain the degree of

interaction between Ca2* sequestration and release by the SR and trans-sarcolemmal Ca2+ entry

during the flow of /N"c" and /a". lt was proposed that intracellular [free Ca2*] was reduced by the

forward mode of the exchanger due to the continual increase of trans-sarcolammal Ca2+ entry in

response to repetitive stimulation. The increase of øi*u expected during repetitive stimulation

(Cohen et al, 1982; Wang et al, 1988) would also oppose tension development due to its effects on

intracellular pH and contractility (Eisner, Lederer and Vaughan-Jones, 1983; Bountra, Kaila and

Vaughan-Jones, 1g86). The depressant effects of stimulation would be opposed by the augmented

integral of charge (Q) crossing the membrane per unit time associated with the Ca2+ current,

e""/min; where e6"/min= 6of ( [lca* dt) and f is equal to the frequency of stimulation in Hz. This

would have the effect of increasing intracellular [free Ca2+] (Fabiato, 1985; Lee and Clusin; 1987)

and loading of the SR for later release (Gibbons and Fozzard, 1971; Kurihara and Sakai, 1985;

Bouchard and Bose, 1989). This will be offset to Some eldent by the accompanying acidification of

the cell interior resulting from the rate change (Bountra, Kaila, and Vaughn-Jones, 1988), which in

turn would have the effect of inhibiting the conductance and altering the gating kinetics of

membrane Ca2+ channels (lrisawa and Sato, 1986; Kaibara, and Nakayama, 1988). Depending on

the extent of frequency-dependent shortening of the action potential, Ca2+ efflux via the fonruard

mode of exchange would be reduced, in combination with a possible increase of Ca2+ entry into

the cell through the reverse mode of the exchanger in the manner described by Brill et al (1987)

and Terrar and White (1989). An important aspect of this working model is that the interaction

between those mechanisms facilitating and opposing net gain of intracellular [free Ca2*] may help
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to explain the many situations in which the strength of contraction has been reported to increase

without an accompanying increase of ai*u.

Leblanc and Hume (1990) have recently added an entirely different perspective to the control of

intracellular ¡free Ca2+] by demonstrating that the exchanger may be fast enough to influence

events coupling membrane excitation to contraction in cardiac muscle' This would imply that

internal cation-binding sites on the exchanger have low enough binding constants to permit

maximal transpott velocity due to changes in both modes of exchanger which are expected to

occur within the first few milliseconds of the action potential (Noble, 1984; 1985; Sheu and

Fozzard,19g2; Egan et al, 1g89). This requirement was satisfied by calculations (Lederer et al,

1gg0) which indicated that the virtually instantaneous increase of 4i*u at the inner sarcolemma

would reduce EN"c" to an extent which would permit appreciable Ca2+ entry in the reverse mode

of the exchanger during the first 20 ms (e.g., E. >Eruaca). A relatively conseruative increase of øi*u

from 6-9 mM during the flow of /*" was estimated to produce a hyperpolarization of E¡t"c" on -23

mV, when EN"C"= 3E*" - 2Er", and assuming a value of 100 nM for øi*' Although it is rather likely

That aiowill in fact undergo some alteration in the first 10 ms following the upstroke of the action

potential, the slower time course associated with peak /"" compared with /Na (7-10 ms vs 0.5 ms)

suggests that any such changes would not detract from the interpretation of the results: that is,

that trans-membrane exchange of Na+ for Ca2+ may indeed occur fast enough to act as, or

contribute significantly towards, lhe trigger for intracellular Ca2+ retease.

2.0 Alteratio¡rs in the Rate and Rhythm ot Stimulation:

The ßnterva¡-foree RelationshiP

It has long been recognized that altering the conditioning interual offers a simple means of

investigating the cellular mechanisms underlying contraction without undue pefturbation of the

normal physiological state. Bowditch (1871) was among the first to repon that the interual between

stimulation of isolated cardiac preparations was an important determinant of the strength of
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contraction. This notion was extended by Woodworth (1902) who showed that the strength of

contraction by mammalian heart muscle beating at a given frequency was the result of the

stimulating effect of a rapid succession of contractions and the recuperative effect of a long pause.

e.g., opposing interval-dependent factors. lt was subsequently demonstrated by Kruta (1937) that

these opposing factors vary with frequency in a manner such that the stimulatory action increases

with each contraction and diminishes with time due to the inhibitory effect of activation. Koch-

Weser and Blinks (196g) performed exhaustive studies on various preparations of isolated hean

muscle and demonstrated beyond reasonable doubt that the interual between contractions was an

important and direct determinant of cardiac contractility. lt was also shown that factors such as

diastolic fiber length and resistance to shoftening did not account for the interual-force relation

which was characterized as an intrinsic property of each species investigated. ln one of the most

frequently cited reviews on the subject (27 years ago), it was stated by Koch-Weser and Blinks

(196g) that "until the nature of the factors responsible for the interual-strength relationship has been

determined, it will be possible to detect changes in them only through their effects on contractility".

A considerable number of studies have appeared since that time which have been performed with

techniques which permit a more critical analysis of the subcellular processes responsible for

contraction. Probing the interval-force relation under such conditions has generated much useful

information regarding the mechanisms mediating intracellular Ca2+ homeostasis, which have been

incorporated into several excellent reviews on the subject (Morad and Goldman, 1973; Langer,

1982; Wohlfart and Noble, 1982; Ghapman, 1979; Adler, Wong, Mahler and Klassen, 1985;

Gibbons, 1986; Schouten, van Deen, deTombe and Verveen, 1987; Lewartowskiand Pytkowski ,

19BB). The three aspects of the interual-dependence of contraction which have received the most

attention ín recent years are: (a) post-extrasystolic potentiation, (b) the frequency-force relation,

and (c) postrest contraction. These phenomenon will be dealt with in this order as the restitution

processes responsible for the "memory" of cardiac muscle to preceding contractile and

electrophysiological events would be expected to become more manifest as the duration of

diastole is first artificially shortened, and then lengthened (cf. Gibbons, 1986)'
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2 
" 

-t Fost-eNtrasystolie Fotentiatlosl

lnterpolation of a single extrasystole in the midst of a train of rhythmic stimulation produces a

characteristic contractile response, where the strength of the extrasystolic contraction is positively

correlated with the coupling interual separating the extrasystole from the preceding steady-state

contraction, and inversely correlated with the amplitude of the following post-extrasystolic

contraction. Contractile perturbations of this nature have been attributed to both the availability of

Ca2+ within various cellular compartments (Morad and Cleeman, 1987; Cooper and Lewartowski,

19BS; W¡er and yue, 1986; Bose, Hryshko, King and Chau, 1988) as well as the kinetics of Ca2+

movements between the different pools (Fabiato, 1985b; Hilgemann and Noble, 1987)' Wier and

yue (1986) have shown that the recovery of the extrasystolic contraction and de-potentation of the

post-extrasystolic contraction occur with monoexponential time courses which are virtually

superimposable, similar to those previously reported to occur in preparations of intact ventricle

(yue, Burkhoff, Franz, Hunter and Sagawa, 1985). ln addition, both processes were found to be

strongly correlated with time-dependent shifts in the velocity of contraction (dP /dt) and

intracellular [free Ca2+], thus ruling out stimulus-related shifts of myofilament Ca2+ sensitivity.

Extrasystolic contractions are associated in general with action potentials displaying either

potentiated or prolonged plateau phases, the extent and direction of which are dependent on the

species and area of the heart investigated. The plateau of the action potential has been reponed to

be potentiated in certain ventr¡cular (canine: Hiraoka and Sano, 1976;Wier, 1980;Tseng, 1988; cat:

Morad and Cleeman, 1987; rabbit: Hiraoka and Kawano, 1987) and atrial (rabbit: Hilgemann,

19g6b) preparations, but not others (guinea-pig ventricle: Gooper and Lewaftowski, 1985),

suggesting that cellular Ca2* influx is enhanced during the extrasystolic contraction for the

majority of tissues studied. This proposal is supported by the demonstration that the extent and

direction of extracellular Ca2+ depletion signals (Morad and Cleeman, 1987; Hilgemann, 1986b)

and kinetics of D600-sensitive Ca2+ current (Hiraoka and Kawano, 1987; Tseng, 19BB) are highly



36

sensitive to small perturbations of the rate and rhythm of stimulation in a manner which is

negatively related to the strength of accompanying contractions'

A variety of experimental approaches have provided data in support of the conclusion that the

decrease of contractile force which accompanies extrasystolic stimulation reflects the fundamental

properties of an intracellular pool of Ca2*, as opposed to Ca2* entry across the sarcolemma

during the action potential. lndeed, if the transient peak of the Ca2* current were to provide the

majority of Caz+ for myofilament activation, then the bulk of evidence would predict that the

strength of the extrasystolic contraction would surpass that of preceding steady-state contractions.

ln fact, this can only be demonstrated once the Ca2* channels present in the release site of the SR

are converled into a subconducting state following application of ryanodine (Bose, Hryshko, King

and Chau, 1988). Morad and Cleeman (1987) have shown that the plateau phase of action

potentials recorded from cat ventricular muscle were significantly elevated during depressed

extrasystolic contractions. Depletions of extracellular [free C"2*] assessed with antipyralazo lll

were greater for extrasystolic contractions than for either the preceding steady-state contraction or

the following post-extrasystolic contraction, leading the authors to conclude that trans-

sarcolemmal Ca2+ entry was enhanced during the extrasystole. The impoftance of intracellular

stores of Ca2+ was implied by the fact that similar obse¡vations were made with respect to

stimulus-dependent excursions of extracetlular [free Ca2*] in strips of frog ventricle in the absence

of post-extrasystolic potentiation. A similar relation between Ca2* influx and force of contraction

during single extrasystolic and post-extrasystolic contractions has been repofted in rabbit atrial

muscle (Hilgemann, 1g86b). Large depletions of extracellular [free Caz*] were recorded during

premature contractions which were markedly increased along with the degree of post-extrasystolic

potentiation following a graded reduction of the basic cycle length preceding the ES/PES pair. The

demonstration that maximal depletion signals were terminated well before the membrane

repolarized to -20 mV implied that peak /a" was enhanced during the eldrasystole. This was later

confirmed by Tseng (1988) in experiments performed on isolated guinea-pig and canine ventricular

myocytes who found that /ca peak restituted fully by 50 ms in cells depolarized at various coupling
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intervals from a holding potential of -80 mV. For clamp intervals between 50 and 5000 ms, peak /a"

and both the fast and slow components of current inactivation were potentiated in a bell-shaped

fashion beyond the values associated with steady-state stimulation, thus helping to explain the

,,supranormal" action potentials recorded from multicellular preparations. Potentiation of /a" in this

fashion has been described previously in isolated guinea-pig (Lee, 1987; 1990; Fedida, Noble and

Spindler, 19BB; Garney, Charnet, Pyeand Chargeot, 1989) and amphibian ventricularcells (Noble

and Shimoni, 1gg1; Schouten and Morad, 1990), and appears to be related to small changes of

both intracellular [free Ca2*7 and membrane voltage. This proposal is suppolted by the marked

reduction of current overshoot in the experiments of Tseng (1988; see also Fedida et al, 1988) by

replacement of Ca2+ as the charge carrier by Ba2+, reduction of extracellular Caz+, increasing the

concentration of EGTA or 1,2-bis(2-aminophenoxy)ethane N,N,tV',N'-tetraacetic acid (BAPTA) in

the dialyzing pipette, or administration of D600, caffeine or ryanodine, with a role for Ca2*-

mediated de-phosphorylation of a channel subunit was also suggested on the basis of the

sens¡tivity of /""-overshoot to reduction of the holding potential to -30 mV or altering the duration

or polarity of the test pulse.

Cooper and Lewartowski (1985) have investigated the cellular mechanisms underlying post-

extrasystolic potentiation in Langendorff-perfused guinea-pig ventricles. The degree of post-

extrasystolic potentiation was related to the contractile state of the preparation by injecting the

extrasystolic stimulus at different points during the recovery of contractile force following a brief

period of rest. The main observation in this study was that the amount of potentiation observed

after interpolation of an extrasystole at a given coupling inte¡val was invariantly proportional to the

size of preceding steady-state contractions at any time point during the course of contractile

recovery. This relationship remained unaltered in response to raising or lowering extracellular [total

Ca2*l and was abolished completely following introduction of 10 mM caffeine into the preparation'

Similar results were obtained when trains of paired-pulse stimulation were imposed at different

points in the recovery process. The data led the authors to conclude that post-enrasystolic

potentiation was a direct function of Ca2+ entry into the myoplasm during the flow oÍ I"u,
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independent of how much Ca2+ was available for release from intracellular stores. Of interest is the

observation that action potentials recorded during extrasystolic contractions displayed depressed,

rather than elevated, plateau phases. This may have been related to the high concentration of

extracellular K+ emptoyed in these experiments to suppress nodal automaticity (7.40 mM)' which

in addition to its predicted effects on both timedependent (e.g. lro and /*) and time-independent

(e.g., /^r) sarcolemmal potassium conductance, would also be expected to affect the time course

and extent of mechanical restitution (Lipsius, Gibbons andFozzard, 1982).

This experiment was extended by Bose, Hryshko, King and Chau (1988a) who probed the

relative contribution of Ca2+ entry into the cell during the action potential and Ca2+ released from

the SR towards post-extrasystolic potentiation in canine ventricular muscle. This was done through

the use of ryanodine to impair quantitative release of Ca2+ from intracellular stores and by

comparing the interual-dependence of post-extrasystolic potentiation with potentiated contractions

resulting from transient bursts of high-frequency stimulation or resumption of stimulation after

variable periods of rest (e.g., postrest-potentiation). lnterpolation of a single extrasystole at

gradually increasing coupling intervals resulted in a monoexponential recovery of the extrasystolic

contraction and decay of the post-extrasystolic contraction in a manner similar to that described

for ferret ventricle by Wier and Yue (1986). Administration of 30 nM ryanodine produced striking

effects on the recovery of the extrasystolic contraction, which became larger than the preceding

steady-state contraction at coupling interuals < 300 ms. While the degree of post-extrasystolic

potentiation remained unaltered at this concentration of ryanodine it was blocked completely at

concentrations > 1 uM. The sensitivity of various limbs of the interual-force relation to potentiation

or inhibition by ryanodine was inversely related to the length of the diastolic interual preceding

contraction, and as such could be described by a rank order of: postrest contraction > > post-

extrasystolic contraction > extrasystolic contraction > contractions elicited with high-frequency

stimulation. Contractions which were strongly dependent on Ca2+ release from the SR, such as

those elicited after a period of rest, were thus preferentially depressed by ryanodine. This is

consistent with the ability of this compound in cardiac muscle to convert Ca2+-release channets
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embedded in the membrane of the SR to an open subconductance state (Rousseau, Smith and

Meissner, 1987) without altering the ability of the SR to buffer intracellular [free Ca2+] (Bers, Bridge

and MacLeod, 1987; Bouchard, Hryshko, Saha and Bose, 1989; Bers, Bridge and Spitzer, 1990).

The contribution of intracellular stores of Ca2+ to the amount of post-extrasystolic potentiation was

further investigated by interpolating an extrasystole after a single postrest contraction had been

elicited in response to a graded increase in the duration of rest. ln contrast to the experiments of

Cooper and Lewartowski described above, the contribution of trans-sarcolemmal Ca2+ influx to

the amount of post-extrasystolic potentiation was quantified in these experiments by correcling for

the degree of contractile restitution during the course of rest. This was done by normalizing the

amplitude of the post-enrasystolic contraction fotlowing subtraction of the second postrest

contraction which would have occurred in the absence of an extrasystolic stimulus, and hence for

the "residual potentiation" remaining after the first postrest beat. As the period of rest was extended

from 10 to 1200 sec postrest contraction was augmented in a bell-shaped fashion, peaking at -60

sec. Despite the continual repriming of the release pool during the course of rest, the degree of

post-extrasystolic potentiation began to decline from the moment rhythmic stimulation was

terminated, suggesting an independence of potentiation from SR CaZ* stores. However,

comparison of the time-dependent decay of the corrected post-e).trasystolic potentiation and the

second postrest contraction in the absence of extrasystolic stimulation indicates that the degree of

residual potentiation also begins to fall off from the moment rhythmic stimulation is terminated,

which would be expected to strongly influence the amount of Ca2+ available for release during

post-extrasystol ic contraction.

An important role for eldracellular Ca2+ entry during the extrasystot¡c contraction is reinforced

by the fact that the amplitude of corrected post-extrasystolic contractions remained relatively

stable at rest intervals > 100 sec (- 100% of steady-state contraction) whereas the second postrest

contraction decayed exponentially during this time. As discussed by the authors, this result

suggests that Ca2+ entry during the extrasystole is a requisite for potentiation of the following

contraction. A second important finding was the marked effect of ryanodine on the magnitude of
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extrasystolic contraction. As discussed above, this compound converts the release channel

complex of the SR to a subconducting state, and as such effectively short-circuits both the

recirculation process and the inactivated transitional state of these channels' Due to the fact that

peak Ca2* entry into the cell (and hence the trigger for release of Caz+ from internal stores) is

enhanced during the extrasystole (Morad and Cleeman, 1987; Hilgemann, 1986b; Tseng, 19BB) it

seems reasonable to suggest, based on the actions of ryanodine, that the depressed amplitude of

extrasystolic contractions reflects the degree of refractoriness of the release channel complex. This

proposal is consistent with the demonstration in skinned cardiac fibres (Fabiato, 1985b) that both

extrasystolic and post-extrasystolic contractile phenomena can be reproduced by appropriate

timing of simulated [free ca2+] transients. lf this assumption is correct, then it is likely that the rise

of intracellular [free Ca2*] during the post-extrasystolic contraction is a reflection of the balance

between Ca2+ available for release from the SR prior to injection of the premature stimulus and the

amount of Ca2+ entry during depolarization. As discussed by Hilgemann and Noble (1987) cellular

Ca2+ uptake prevails during premature stimulation due to the inactivated state of the SR Ca2+

channels, which can be overcome by ryanodine. Following removal of activation, presumably with

first-order kinetics (Wier and Yue, 1986), the augmented pool of Ca2+ is recirculated back to the

release compartment where it is then available for release into the myofilaments.

2.2 Frequency-force Relat¡onsh¡p

An important physiological characteristic of cardiac muscle is its inherent ability to modify the

strength of contraction following an increase in the rate of rhythmic stimulation. With the exception

of several rodent species, this results in a positive staircase of steady-state contraction' For the

most part, this is accomplished by an increase in the maximal rate of force developmenl (dP /dT)

w¡h either no change or a slight decrease of the time required to attain peak force (Kaufmann and

Fleckensteín, 1965; Sumbera, Braveny and Kruta, 1967; Langer and Brady, 1968; London and

Krueger, 1986; Lewartowski and Pytkowski, 1988). The demonstration by Langer (1965) that
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cellular Ca2+ uptake in canine ventricular muscle was enhanced following an increase in

stimulation frequency supported the widely held hypothesis that an increase of intracellular [free

Cu2*l would facilitate the rate of active state development. This idea was strengthened following

the description of a Caz* -carrying inward current during the plateau of the action potential by

Reuter in 1967. The correlation of frequency-dependent Ca2+ exchange in cardiac muscle with

Na+ and K+ kinetics (Langer and Brady, 1966; 1968; Langer, 1967; Reuter and Seitz' 1968)

resulted in the development of the "Na+ pump lag" hypothesis to account for the positive staircase

phenomenon, as discussed above. However, the quantitative dissociation of Ca2+ entry during /""

and peak contraction during different patterns of stimulation (Wood, Hepner and Weidmann, 1969;

Antoni, Jacob and Kaufmann, 1969) and other electrophysiological evidence which suggested that

Ca2* entry during depolarization did so into a confined space near the inner surface of the

sarcolemma (Basingthwaite and Reuter, 1972) led to the proposal by Allen, Jewell and Wood

(1976) that interval-dependent contractions were generated by a release of Ca2+ from labile stores

within the SR. Although release from intracellular stores has been implicated strongly in the control

of contraction the degree to which the frequency-dependence of contraction is related to rate-

dependent alterations of the cellular processes governing release from intracellular stores is

unknown. This situation is made more complex by the growing body of evidence in support of a

[Na+]o-dependent pool of Ca2+ localized within a functional cell compartment ín which diffusion of

small ions is restricted (Lederer, Niggli and Hadley, 1990), and which is very likely in direct

communication with the SR. ln addition, this compartment appears to have exchange kinetics

rapid enough to affect the time course of single excitations (Mitchell, Powell, Terrar, Twist and

Spindler, 1985; Miura and Kimura, 1989; Terrar and White, 1989; Leblanc and Hume, 1990; Gruver,

Katz and Messineo, 1990) and hence, by virtue of its close apposition to the cell membrane, would

also be expected to be strongly influenced by net Ca2* movement during the action potential. lf

these assumptions are reasonably correct, the amount of Ca2+ delivered to the myofilaments

during contraction would be directly related to the degree of interaction between Ca2+ entering

during the time-averaged flow of /"", that released from the SR in response to an action potential
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andthefraction of timespent bythe Na+-Ca2+ exchange in reverse mode, whichwill depend on

the theoretical quantity E.-EN"."'

A sudden increase in the rate of rhythmic stimulation produces a biphasic contractile response

in ventricular preparations from most mammalian species, where the immediate effect is seen as a

decrease in the strength of contraction, similar to the effect of interpolating an extrasystole, which

is then followed by a graded increase of contraction to a new steady-slate level (e.9., "positive

staircase" or ,'treppe"). Similar to the restitution and de-potentiation of contraction following

injection of a single extrasystolic stimuli (Wier and Yue, 1986) both the inhibitory and facilitatory

components of the contractile staircase develop with exponential time courses' Figure 1 is taken

from the work of Blinks and Koch-Weser (1961) and illustrates several importanl characteristics of

the two opposing restitution processes in a strip of isolated cat atrium. Experiments performed on

a diverse range of species led to the development of a descriptive model in which the strength of

contraction at a given conditioning interval could be fit uniformly by the relation: P,= RC + [

/plen- Jrutenl (Eq. 6.0), where P is the strength of contraction at interual f, RC is the rested state

contraction, Jetfn is the cumulated positive inotropic effect of activation, anO frulfR is tne

cummulated negative inotropic effect of activation. The term rested state contraction was used to

describe contractions which were preceded by period of rest long enough such that the strength

of contraction becomes independent of the previous stimulation pattern. Hence, individual rested

state contractions represent an intrinsic contractile property of each preparation' This is shown in

the lower panel of Fig. 1, whích illustrates the independence of the first postrest contraction from

alterations in the rate of stimulation and steady-state contraction amplitude preceding the period of

rest. The "act of contraction" was interpreted in this model to result in a change of the contractile

state, or predisposition, of the muscte in such a way as to oppose developed tensíon of

subsequent beats. This process was referred to as the negative inotropic effect of activation, which

can be seen clearly as an immediate decay of contractile strength following an increase in the rate

of stimulation (upper panel) or resumption of stimulation after a per¡od of rest (lower panel). An

important property of the NIEA is its capacity to cumulate if repetitive contractions follow one
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Ftgure 1. Schematic representåtion taken from Blinks and Koch-'Weser (1961) of the interval-

force relation for mammalian cardiac muscle. ,{) Cumulative nature of the positive and negative

inôtropic effects of activation associated with a transient increase in the rate of stimulation. B/

Tension recordings made from a guinea-pig left atrial preparation. Stimulation was resumed at

a constant frequency, with 3.2, 1.6 and 1.0-sec between beats, after rest intervals of sufficient

duration (-5-min) to produce rested-state contractions (38"C).

t.o
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another w1h short enough diastolic intervals (Blinks and Koch-Weser, 1961; Koch-Weser and

Blinks, 1963). Later experiments have indicated that this process may be related to both

incomplete mechanical restitution (Ragnarsdottir et al, 1982; Orchard and Lakatta, 1985; Schouten

et al, 19g7) andf or incomptete recovery oÍ Caz+ channels embedded in the membrane of the SR

(Fabiato, 19g3; 1ggsb). This effect is most easily seen Ín rat ventricular muscle where an abrupt

increase in the rate of stimulation results in an exponential decline in the strength of contraction to

a new steady-state level (e.g., "negative staircase") in the absence of the second rising phase of

developed force (Kelly and Hoffman, 1960; Forester and Mainwood, 1974; Orchard and Lakatta,

1gg5). ln addition to the NIEA component, each contraction was proposed to possess a relatively

small positive inotropic effect which decays with slow monoexponential kinetics. Thus, the strength

of contraction at any one frequency of stimulation will be determined by the intrinsic ability of a

given preparation to produce a significant contraction after a long period of rest (e'9., rat vs

guinea-pig), plus the opposing forces of the cumulative NIEA and PIEA (Blinks and Koch-Weser,

1961 ; Koch-Weser and Blinks, 1963).

Although much information has been gained since that time regarding the source of Ca2+ for

postrest contractions (Allen, Jewell and Wood, 1976; Reiter, Seibel, Karema, 1978; Ragnarsdottir et

al, 1982; Bers, 1985; Bridge, 1986; Hilgemann, 1986a; Bers, Bridgeand Macleod, 1987; Boseetal,

i

19BB) and the opposing inotropic forces öf mechanical restitution (Morad and Goldman, 1973;

Wolfart and Noble, 1983; Chapman, 1979; Pytkowski and Lewartowski, 1988; see also Morad and

Cteeman, 1g87; Fabiato, 1985b; Schouten, deTomb, and Verveen, 1987; Bose et al, 1988) it is

surprising that relatively little is known about the cellular mechanisms responsible for the staircase

phenomenon. Most repons of this nature have focused on 4i""-related inotropic mechanisms

(Cohen et al, 1982; Brill et al, 1987; Boyett et al, 1987; Wang et al, 1988)and contribution of Ca2+

from this source toward the development of the positive staircase seems fairly certain. However,

few studies have appeared with the specific aim of analyzing the contribution of Ca2* release from

intracellular stores to the staircase phenomenon and most information regarding this matter has

been gained indirectly (Gibbons and Fozzard,1971i Endoh and lijima, 1981; Kurihara and Sakai,
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19g5; Fabiato, 1985c; Bose et al, 1988b; Kort and Lakatta, 1988b; Bouchard and Bose, 1989). As

discussed above, a minimum of three pools of Ca2* are available from which Ca2* may be drawn

for contraction, and it is quite likely that each is profoundly affected by alterations of membrane

voltage and diastolic interual. Even ignoring the possibility that significant movement of Ca2+

occurs between the compartments within a cycle of contraction (Chapman, 1979; Morad and

Cleeman, 1987; Schouten et al, 1987; Hilgemann and Noble, 1987) the total store of Ca2+ within

individual compartments would be expected to undergo significant perturbation following an

increase in the rate of rhythmic stimulation.

lonic currents underlying the plateau phase of the act¡on potential: Characteristic changes in

the action potential and underlying currents that result from altered stimulation frequency are for

the most part consistent with an increase of time-averaged Ca2+ entry into the intracellular space

and a reduction of cellular Ca2+ etflux. With the notable exception of rabbit atr¡al and ventricular

preparations (Hilgemann, 1986a; Ruiz-Petrich and Leblanc, 1989), most preparations of

mammalian myocardium display abbreviated action potentials following an increase in the

frequency of steady-state stimulation. As discussed by Boyett and Jewell (1980) this appears to

reflect primarily the rate-dependence of ionic currents which are responsible for the plateau phase

of the action potential, as little change in the rate of terminal repolarization is often obserued' The

refractory period for threshold stimulation is also affected by the rate of stimulation- Previous

studies have indicated that the period of time required for restitution of the action potential is

significantly reduced in isolated ventricular muscle (Moore et al, 1965) and the in situ heart (Janse

et al, 1969). An inverse relationship has often been described between the force of contraction and

speed of membrane repolarization (Boyett and Jewell, 1980), although this relationship appears to

break down when the rhythm of stimulation ís perturbed and the amplitude of accompanying

contractions potentiated (Greenspan, Edmands and Frisch, 1967; Boyett and Jewell, 1978; King

and Bose, 1984; Schouten and terKeurs, 1986; Hilgemann, 1986a; Hryshko, Bouchard, Chau and

Bose, 1989).
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Transient outward current: There is abundant evidence suggesting that rate-dependent changes

of the ionic currents underlying the plateau phase of the action potential are related to

perturbations of the level of intracellular [free Ca2+] that accompany this interuention' Changes in

the duration of the early ptateau appear to be due primarily to the opposing actions of a transient

outward current carried by K+ ions (o) anO Ca2+ entry into the cell during /a"' A rate-dependent

decrease in the amplitude of /ro has been recorded from many different cardiac tissues (Reuter,

196g; peper and Trautweín, 1968; Gibbons andFozzard, 1975; Hiraoka and Hiraoka, 1975; Payett,

Schanne and Ruiz-Ceretti, 1981). This reduction of /ro pe"t occurs in part due to incomplete

recovery at faster rates of st¡mulation and is opposed by the increase of intracellular [free C"'*]

which occurs in most mammalian and amphibian species. As discussed by Boyett and Jewell

(1g80) time constants for current inactivation range from 450-1600 ms, although later work by

Tseng (19g9) has suggested that the transient outward current is comprised of two separate

currents, each with its own set of voltage-dependent inactivation variables. Thus, only very slow

rates of stimulation (< 1.0 Hz) would permit complete recovery of a significant population of the

channels responsible for generating /to. This proposal is consistent with the observation that

premature action potentials, which for the most part display potentiated plateau phases, are

associated with a reduction of /,o Peak (Hiraoka and Kawano, 1987; Tseng, 1988).

With respect to the positive frequency-force relation, a number of repofts have indicated that

inactivation of the transient outward current is also sensitive to small changes of intracellular [free

Cu'*l.The observation that the peak amplitude and time course of recovery of /ro and contraction

co-varied with premature stimulation or application of cardiac glycosides led Siegelbaum, Tsien

and Kass (1972) to propose that /ro was a "Ca2+-activated" current. As mentioned above, evidence

has been presented to indicate that /,o is an amalgam of two Separate outward currents in canine

ventricular myocytes ([seng, 1989). A 4-aminopyridine sensitive transient outward current was

identified in these experiments which decayed with a single exponential time course in a voltage

dependent fashion. A second and smaller current component displaying a slower time course was
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designated /,o, and was augmented by raising extracellular [total Ca2+] and inhibited following the

application of caffeine or ryanodine to the perfusate, although the presence of two distinct current

components seems to depend on the species investigated (e.g., Gibbons and Fozzard,1975). That

the rate-related decrease of /ro in canine ventricular myocytes fiseng et al, 1988; Tseng, 1989) may

be related to altered levels of intracellular ¡free Ca2+] under physiological conditions, is supported

by the positive slope of the staircase response for contraction which accompanies a similar

intervention in intact canine ventricutar muscle (Endoh et al, 1982; Bose et al, 1988a; Bouchard

and Bose,1989).

The participation of /ro to repolarization in isolated human atrium has been studied by Shibata'

Drury, Refsum, Aldrete and Giles (1989) with a combination of conventional microelectrode and

voltage-clamp techniques. A "robust" transient outward current was identified in these experiments

w¡th an act¡vation threshold of - -50 mV and a half-activation point of + 1 mV. Both the steady-

state component and the transient peak of the outward current were greatly suppressed by

administration of 4-aminopyridine (0.5 mM). An important feature of this current was that its

reactivation displayed both time- and voltage-dependence, suggesting a role for /,o in frequency-

induced alterations of the plateau phase of the act¡on potential. To this end, a graded increase of

stimulation frequency from 0.25-1.18 Hz had the effect of shortening the overall duration of the

action potential, while abbreviating the duration of the plateau phase and abolishing the notch, or

"hump", of rapid repolarization. Recordings of the frequency-dependence of /ro indicated that both

the transient and steady-state current components were depressed in response to an increase in

the rate of stimulation (0.2-3.75 Hz). Similar changes in action potential configuration and current

kinetics could be mimicked by application of 4-aminopyridine. lt is worth noting that this

compound also had the effect of potentiating steady-state contraction to equal degrees in

response to stimulation at frequencies ranging from 0.2-3.75 Hz, which the authors suggested

may have been due to reduced overlap between /,o and /a" at various plateau potentials. Although

not obtained from ventricular tissue, this result is encouraging as it represents one of the few

investigations of the sorÌ of electrophysiological and mechanical changes one might expect in the
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range of physiological heart rates known to occur during the course of moderate to vigorous daily

activity in humans. Hilgemann (1986a) has also shown a similar effect of 4-aminopyridine on

steady-state contraction and action potential configuration in rabbit atrium. A brief period of rest in

this tissue results in a potentiation of contraction which is accompanied by action potentials with a

shortened plateau phase which is then followed by a prominent slowing of terminal repolarization,

which Giles and Shimoni (1989) later attributed to an eteclrogenic Na+-Ca2+ current. Addition of 4-

aminopyridine in these experiments had a preferential inotropic effect on steady-state contraction

and markedly enhanced both the plateau voltage and duration. That the period of rest was without

effect on action potential configuration suggests that inhibition of /,o ín rabbit atrium exerts its

inotropic effects primarily by altering the conductance of the membrane to Ca2+, although

saturation of an intracetlular pool can not be ruled out on the basis of these results' This would

tentatively imply that the findings of Leblanc and Hume (1990) regarding the participation of /*"""

in initiating contraction may extend to other species in that the transient outward current may make

more of an indirect contribution to raising peak intracellular [free Ca2*] during a twitch than

previously appreciated. This follows the rapid interaction between EN"c" and E,.n in the first 5-25 ms

following the upstroke of the action potential (Mullins, 1981; Difransesco and Noble, 1985; Bers,

1987; Hilgemann and Noble, 1987; Egan et al, 1989).

Slow inward current: Although a fair amount of information has been gathered with respect to the

contribution of slow inward currents to plateau potentials, the picture is far less clear with respect

to the contribution of Ca2+ entry during /r^ towards the inotropic effect of high-frequency

stimulation. When the field was so thoroughly reviewed by Boyett and Jewell in 1980, few

investigations had been undertaken to isolate the various ionic currents responsible for the action

potential plateau, and to determine their relative importance during alterations in the rate of

stimulation. The characterisation of many such ionic currents since that time has been made

possible largely by the refinement of the patch-clamp technique (Hamill, Marty, Sackmann, Neher

and Sigworth, 1g81) and the description of methods facilitating the "Ca2+ tolerance" of freshly
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dispersed cardiac myocytes (Powell andTwist, 1976; lsenberg and Klockner, 1982; Bihler, Hoand

Sawh, 1984; Mitra and Morad, 1985). Many investigators, using a combination of voltage-clamp

and optical techniques, have examined the effects of stimulation frequency on /"" kinetics and the

results in general have been equivocal. Under a wide range of experimental conditions, the peak of

the Ca2+ current has been described in response to an increase in the rate of stimulation to be

both depressed (Reuter, 1979; Gibbons and Fozzard, 1975; Simurda et al, 1976, Mitchell et al,

1985; Mitra and Morad, 1986; Schouten and Morad, 1989) and potentiated (Noble and Shimoni,

1981; Mitra and Morad, 1986; Schouten and Morad, 1989), while other authors have reported an

insensitivity of /"" peak to drive rate (Mitchell et al, 1985; London and Kreuger, 1986)' ln this

respect it is important to note that only in a few of the studies listed above were simultaneous

recordings made of both electrophysiological and contractile activity. This is due primarily to the

difficulty in maintaining microelectrode impalements in the presence of significant cell shortening

or contraction, a problem which may be overcome by newer microelectrode designs which favour

long-term impalements in vigorously contracting preparations (Fedida, Sethi, Mulder and terKeurs,

1989). Most earlier studies peÉormed on multicellular ventricular preparations have demonstrated

a depressant effect of stimulation on peak /"", which coincided with the effects obserued on the

height of the action potential plateau (Reuter, 1979; Gibbons and Fozzard, 1975; Simurda et al,

1976). The positive inotropic effect of high-frequency stimulation on peak /a" in this setting has

generally been explained by assuming that tlme-averaged Ca2* influx, expressed as Qr"/min, is

greater for a given period of time than during similar interuals preceding the frequency increase

(Morad and Goldman, 1973; Allen, Jewell and Wood, 1976; Fabiato, 1985c; Bridge, 1986) which

was supported by the observation that cumulative extracellular [total Ca2+] depletion signals

(Bers, 1983; Hilgemann, 1986a) and the amount of Caz+ estimated to reside within the SR

(Gibbons and Fozzard,1971; Kurihara and Sakai, 1985; Bouchard and Bose, 1989) were markedly

enhanced following an increase in the rate of stimulation'

Later studies, however, have indicated that the sensitivity of the Ca2* current to changes in the

rate of stimulation depends strongly on both the resting membrane potential preceding stimulation
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(Mitra and Morad, 1986; Schouten and Morad, 1989) and the duration of membrane depolarization

during stimulation (Mitchell et al, 1985). These ¡nvestigations were prompted to a large extent by

the demonstration by Noble and Shimoni (1981) of a positive /a"-frequency relation in thin bundles

of frog ventricular muscle. The authors interpreted this result as evidence for a "facilitation"

mechanism whereby smallamounts of intracellular [free Ca2*] could potentiate the current during

successive beats. This was supported by the demonstration that the amplitude of peak /a" and

concomitant contractions recovered in an identical fashion after a period of rest, and were

potentiated to the same extent follow¡ng an increase of clamp frequency. Fedida, Noble and

Spindler (1gBBa) have described a similar process in guinea-pig ventricular myocytes during

conditions which moderately enhanced myoplasmic Ca2*, whereas the opposite results were

obtained when intracellular [free Ca2+] was raised to pathologically high levels. Thus, it appears

that similar to the optimal conditions under which Ca2+ release from the SR can be triggered by

trans-sarcolemmal Caz* entry (Fabiato, 1983; 1985b), there is also a bell-shaped relationship

between the conductance of membrane Ca2+ channels and intracellular [free Ca2+] (Lee and

Tsien, 1982; Lee, Marban and Tsien, 1985; Mitchell et al, 1985; 1987; Fedida, Noble and Spindler,

1988b; Nabauer, Cleeman and Morad, 1988; Gurney et al, 1989).

ln addition to possible modulation by the level of intracellular [free Ca2+], the conductance of

the membrane to Ca2+ during different patterns of stimulation appears also to be strongly

dependent on the holding potential used to study it. ln one of the few early reports of a positive /a"-

frequency relation (frog ventricle; Noble and Shimoni, 1981), the holding potential was set at -80

mV, rather than the -50 to -40 mV typically employed to investigate lhe gating and inactivation

kinetics of /"u. Schouten and Morad (1989) have re-examined the effect of stimulation frequency

on frog ventricular myocytes ctamped at various holding potentials in the presence and absence of

O'S' cyclic adenosine monophosphate (cAMP). From a holding potential of -90 mV they were

unable to show any effect of stimulation frequency on peak /"" in the 0.1 to 1.0 Hz range.

Conversely, reduction of the holding potent¡al to -40 mV between depolarizing pulses led to a

negative /r"-frequency relation, which was partially antagonized by inclusion of 25 uM cAMP in the
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microelectrode filling solution. lncreasing the frequency of clamping from a holding potential of -90

mV in the presence of gAMP resulted in a 20-5}o/o increase of peak /r". The voltage threshold for

conversion of the "staircase" was -60 mV, which was close to the act¡vation threshold of /t" in that

tissue. Although the contribution of a significant steady-state Ca2+ conductance, or leak, could not

be excluded in this experiment the authors concluded that this effect did not depend on the

presence of intracellular Ca2* ions, as substitution of Ba2+ as the charge carrier did not alter the

positive /""-frequency relationship after compensation for the negative shift of the /-V relation

induced by Ba2+ (see also Noble and Shimoni, 1981). The results of this study suggest that the

holding potential plays an important role in the modulation of /r". A similar relationship has been

demonstrated in mammalian ventricle by M'rtra and Morad (1986). Voltage-clamp experiments

conducted on guinea-pig venlricular myocytes revealed two populations of Ca2+ channels (Bean,

1985) which could be distinguished by dissimilarities in their act¡vation threshold, inactivation

kinetics and pharmacological sensitivities to organic and non-organic Ca2+ channel blockers.

From a holding potential of -100 mV a "low threshold" (I{ype) current was identified which

activated at -60 mV, displayed relatively fast inactivation kinetics, and was almost completely

inactivated at potentials > -40 mV. A second slowly inactivating "high threshold" (L-type) current

was demonstrated having an excitation threshold of -30 mV. While an increase of steady-state

stimulation frequency depressed currents elicited by depolarization to a test potential of -30 mV

from a holding potential of -100 mV, currents elicited by depolarization to + 10 mV were markedly

enhanced. Similar conclusions were drawn by Lee (1990) who found that frequency-potentiated

currents in guinea-pig ventricular cells were carried through L-type channels and not by T-type

channels (based on their differential voltage-sensitivity).

lf, as suggested by Schouten and Morad (1989), internal Ca2* is not a requisite for current

potentiation what type of voltage-dependent mechanism might be responsible? Cellular

metabotism of oAMP was suggested on the basis of their obseruation that the effects of stimulation

frequency could be qualitatively mimicked by theophylline (0.5 mM). lt was argued that oAMP is a

well known regulator of Ca2+ channel availability (l-sien et al, 1986; Trautwein et al, 1990), and that
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depolarization in some as yet unknown fashion could result in an inhibition of phosphodiesterase

act¡vity. This mechanism may not predominate in contracting tissue however, as an inverse

relationship has been shown to exist between the level of intracellular [free Ca2*l and cellular

content of gAMP at different frequencies of stimulation and external Ca2+ concentrations (Endoh,

Brodde, Rennhardt and Schumann, 1976), which would be partially masked by the conditions used

in the above experiments. The applicability of data obtained from either study to in situ cardiac

function is made more difficult by the fact that contractions were suppressed in each case with

high concentrations of EGTA within the dialyzing pipette solution. This would be expected to

considerably reduce the degree of negative feedback by increased concentrat¡ons of myoplasmic

Ca2* as wetl as any contribution made by the Caz+-sensitive component of /ro, and may be related

to the insensitivity of /a" to stimulation frequency in internally-perfused freely contracting guinea-

pig ventricular cells held at -40 mV (London and Krueger, 1986). Thus, despite the fact that many

ventricular preparations held at "physiological" holding potentials do show a positive /""-frequency

relation, this result can not be easily reconciled with the characteristic changes of the plateau

phase of the action potential or the transient outward current which occur when the rate of

stimulation is enhanced in intact multicellular preparations. This difference yet remains to be

resolved.

Rate-dependent atterations of intracellular Caz+ toading: Early evidence in support of the
l

invotvement of an intracellular compaftment of ba2* in the frequency-force relation came from the

studies of Wood, Hepner and Weidmann (1969) and Antoni, Jacob and Kaufmann (1969). ln these

experiments an increase in the rate of stimulation or number of stimulations in a train preceding a

fixed period of rest resulted in the potentiation of postrest contraction with little change or a

reduction of the plateau voltage of the accompanying action potential. As Ca2+ was known to

enterthe cell during thetransient plateau phase (Reuter, 1967) this result implied the contribution

of Ca2+ from an intermediate source, e.g., within the intracellular space. As discussed by Gibbons

(1986), the period of rest used in such experiments is generally long enough to exceed the
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restitution processes involved in generating steady-state contractions but short enough to avoid

the development of rested state contractions. Using this type of stimulation protocol, Allen, Jewell

and Wood (1976) have demonstrated a rate dependent increase in the amplitude of postrest

contractions recorded from isolated cat papillary muscles at various test intervals. ln addition to

facilitating peak contraction amplitude, the increase of stimulation frequency also dramatically

protonged the time required for the development of the rested state, thus excluding a direct

relation between trans-sarcolemmal Ca2+ entry and the strength of postrest contractions. Similar

qualitat¡ve results have been obtained regarding the restitution of postrest contraction and the

strength of preceding steady-state contractions in canine (Endoh and lijima, 1982; Bose et al,

1gBBa), guinea-pig (Fedida et al, 1988) and human ventricular preparatíons (Quagebuer, Schouten

and terKeurs, 1986; Morgan, Erny, Allen, Grossman and Gwathmey, 1990)'

In an attempt to gain an understanding of the source of Caz+ for conlractions elicited at

different rates of stimulation, different experimental approaches have been utilized to determine the

relationship between ionic shifts related to the rate of stimulation and associated contractile

activity. A strong relationship has been demonstrated between cellular asOa uptake and the

strength of contraction in canine ventricular muscle upon an increase in the frequency of

stimulation (Langer and Brady, '1963; Langer, 1965). Using double-barreled Ca2+-sensitive

microelectrodes, Lado, Sheu and Fozzard (1982) have also shown a rate-dependent increase of

øioin sheep cardiac Purkinje fibres. Similar conclusions were drawn by Hilgemann (1986b)

following the demonstration that the magnitude of extracellular [total Ca'*] depletion signals were

markedly enhanced following an increase in the rate of stimulation. Experiments conducted on

ventricular myocytes isolated from rat and rabbit hearts (Rich, Langer and Klassen, 1987) suggest

that a significant fraction of Ca2+ entering the cell during stimulat¡on is sequestered into a rapidly

exchangeable compartment localized near the inner surface of the membrane which remains in

rapid equilibrium with the extracellular space, while the remaining Ca2* ¡s buffered primarily by the

SR. Although the precise ratio of Ca2+ taken up by either compartment in response to stimulation

at a given frequency is a matter for speculation (e.9., Lewartowski and Pytkowski, 1988), it seems
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reasonable to assume that the amount of Ca2+ sequestered into the SR for later release is

enhanced in response to an increase of stimulation frequency (Gibbons and Fozzard, 1971;

Kurihara and Sakai, 1985; Bouchard and Bose, 1989)' This proposal is supported by the

demonstration that an increase of intracellular [free C^"*1 serues to stimulate the ATPase-

phospholamban system of the SR (fada and Katz, 1982), as well as the rate at which this Ca2+ can

be pumped (Froehlich, Lakatta, Beard, Spurgeon, Weisfeldt and Gerstenblith, 1978). Similar

conctusions have been drawn as to both the existence and availability of intracellular Ca2* stores

and the strength of contractions which occur in response to variat¡ons in the rate and rhythm of

stimulation using X-ray probe microanalysis to investigate the elemental distribution of various

cellutar companments. ln these experiments, the most profound alterations of cettular Ca2+

content accompanying changes in the pattern of stimulation were found in the lateral cisternae of

the SR in multicellular preparations of guinea-pig (Wendt-Gallitelli, 1985; Wendt-Gallitelli and

Jacob, 1985; see also lsenberg and Wendt-Gallitelli, 1987) and rabbit (l'ormey and Walsh, 1989)

ventricular muscle.

Other, more indirect, evidence supporting the involvement of intracellular release of Ca2+

includes the demonstration in rabbit papillary muscles that the frequency-force relation has a bell-

shaped dependence on extracellular [total C"t*] (Singal, Gupta and Prasad, 1985). The slope of

the positive staircase peaked at -3.0 mM extracellular [total C"2*], following which elevation of

bath Ca2+ exefted an inhibitory effect on the slope of the frequency relation, leading eventually to

a rate-dependent depression of steady-state contraction at extracellular [total Ca2*] > 7.5 mM'

This result is consistent with the rate-dependent saturation of an intracellular compartment with

Ca2* lAllen et al, 1985, Kort and Lakatta, 1988a,b) and is supported by the obseruation that a

gradual increase of resting tension developed as the stimulation frequency was enhanced only in

those experiments in which external Ca2* was significantly elevated and the slope of the staircase

response was inhibited. ln a similar experiment, Kort and Lakatta (1988b) investigated the

relationship between frequency-dependent contractions and spontaneous SR Ca2+ release in

rabbit ventricular muscle. Unlike "Ca2+-induced release of Caz+", which is defined as Ca2* release
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induced by a rapid change of intracellular [free Ca2*] at the outer surface of the SR, "spontaneous

release of Ca2+" refers to oscillations of accumulation and release of Ca2* by the SR resulting in

cyclic contractions which occur when the steady-state intracellular [free C"'*] is above a critical

threshold level (Fabiato and Fabiato, 1972; 1975;1978). ln the experiments of Kort and Lakatta

(1g8ga), the average frequency of spontaneous release measured during the course of a one

minute rest interual rose in parallel with serial increases of extracellular [total C"'*] up to 20 mM. ln

the presence of 20 mM external Qaz* a negative frequency-force relationship was demonstrated,

although the amplitude of contractions elicited at a basal frequency of 0.1 Hz had a linear

dependence on extracellular [total Ca2*]. ln addition to inhibiting the staircase response, raising

external Ca2+ markedly enhanced the average frequency of spontaneous release by as much as

by S00o/o. This effect could be overcome by the addition of ryanodine to inhibit Ca2+ storage in the

SR, which also restored the positive contractile staircase. The authors concluded that the

depression of the staircase response in the presence of high concentrations of extracellular Ca2+

was the result of Ca2+ overloading of the SR and the resulting increase in the frequency of

spontaneous SR Ca2+ release.

Perhaps the strongest evidence in support of a physiologically relevant increase of SR Ca2+

uptake and release into the myofilament comes from studies employing rapid cooling contractures

to estimate the content of Ca2+ present within pooled compartments of the SR. This technique was

originally described by Sakai in 1964 in conjunction with caffeine administration as an assay for

intracellutar Ca2+ loading in skeletal muscle, and subsequently extended to cardiac muscle by

Kurihara and Sakai in 1985. ln contrast to skeletal muscle preparations, contractures elicited by

rapidly lowering perfusate temperature from -35oC to O-2oC (<1 sec) in cardiac muscle do not

require pretreatment with caffeine, thus leaving the mechanisms mediating the EO-Coupling

cascade relatively unperturbed during the process of cooling. lnitial studies performed to

determine the validity of cooling contractures as representative of intracellular Ca2+ loading have

provided strong evidence in support of the SR as the source of Ca2+ activating contractures,

including: the demonstration that they are (a) profoundly affected by pharmacological
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manipulations which alter the availability and release of Ca2+ from the SR, (b) remain unaffected

by experimental manipulations designed to alter Ca2+ influx across the sarcotemma during

cooting, and (c) have a species dependence similar to that shown for postrest contraction (Bers,

lgg5), spontaneous diastolic Ca2+ release from stores within the SR (Stern, Capogrossi and

Lakatta, lggg), and dependence of contraction on Ca2*-induced release of Ca2+ from the SR

(Fabiato, 1982; 1983). Since that time this technique has enjoyed wide use as a reliable measure of

intracetlular Ca2+ loading in intacttissues undervarious physiological (Bridge, 1986; Bers, 1989;

Bers and Bridge, 1989; Hryshko, Stiffel and Bers, 1989; Bouchard and Bose, 1989; Bers, Bridge

and Spitzer, 1989), pharmacological (Bers, Bridge and Macleod, 1987; Hryshko, Kobayashi and

Bose, 1989; Bouchard, Hryshko, Saha and Bose, 1989) and pathophysiological conditions (Bers

and Bridge, 1988; Komai and Rusy, 1989). Taking into consideration the large drop in sensitivity of

the myofilaments to Ca2* during cooling (Harrison and Bers, 1988; 1989), comparison of

quantitative differences of intracellular Ca2+ transients associated with cooling and regular

stimulation (Bers, Bridge and Spitzer, 1989) suggests that rapid cooling of cardiac muscle induces

the release of the majority of Ca2+ present within the SR. Montgomery, Macleod and Williams

(1990) have shown that following reconstitution into planar lipid bilayers, the 96 pS Ca2+-release

channel of the SR is converted during cooling to 12oC into a subconducting state (56 pS). Lifetime

analysis of channel properties indicated that cooling also enhanced the open probability of the

channel and reduced the frequency of closing. lf the assumption is correct that a similar process

occurs during cooling to 0-2oC, then the obseruations of Montgomery and co-workers may provide

a possible mechanism by which cooling induces the development of contracture in the absence of

significant membrane depolarization (Kurihara and Sakai, 1985; Bridge, 1986).

Kurihara and Sakai (1985) have shown in guinea-pig ventricular muscle that increasing the

frequency of stimulation results in a parallel increase in the strength of steady-state contraction and

rapid cooling contracture in the absence of significant changes in the plateau phase of the action

potential. The relative increase of contraction and cooling contracture in this experiment was

similar to that noted when extracellular [total Ca2+] was raised or the number of beats at a fixed
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frequency prior to cooling was increased. Similar observations have been made in canine

ventricular muscle (Bouchard and Bose, 19Bg). ln this study the rate-dependent increase of steady-

state cooling contracture amplitude was observed to be proportional to the slope of the positive

staircase of steady-state contraction and rate of recirculation of Ca2+ between functional

compartments of the SR, both of which were affected equally by raising or lowering extracellular

[total Ca2+]. Gibbons and Fozzard (1971) used a similar perfusion techniqueto estimate the size

of intracellular Ca2+ stores in sheep atrial trabeculae. lnstead of rapidly cooling the preparation,

however, the ionic composition of the perfusion medium was switched to one containing 108 mM

K+ and 50 mM Na+. This had the effect of producing a biphasic contracture, where the first rapid

phase of contracture development was propottional to the rate of stimulation and extracellular

[total Ca2+]. The authors concluded that the amplitude of the first rapid phase of contracture

reflected an intracellular pool of Ca2+ which was normally released in response to membrane

depolarization during an action potential (e.g., Wood et al, 1969). The second, slower, phase of

tension rise was found to be generally insensitive to conditions which altered the first rapid phase

of contracture. lnstead, this delayed component of contracture had a greater dependence on the

level of depolarization reached during the course of contracture, similar to the delayed peak

observed in the voltage-clamp studies of Wood, Hepner and Weidmann (1969)'

Evidence obtained with the different approaches described above are consistent with the

interpretation that frequency-dependent alterations of net sarcolemmal Ca2* transport influences

the eldent of Ca2+ replenishment and release from the intracellular stores. lt is likely that part of

this Ca2+ is derived from the increase of time-averaged Ca2+ influx during /a" as well as shifts of

the dominant mode of the Na+-Caz+ process due to possible rate-dependent changes of the

theoretical quantity E,'-EN".". The fact that the positive frequency-force relation can be abolished

or reversed following application of various organic or inorganic Ca2+ channel blockers (Braveny,

Juggi and Mohan, 1985), and either lowering extracellular ltotal Na+] (Hilgemann, 1986a) or

agents which inhibit the Na+ pump (Singal and Prasad, 1979) support the involvement of both
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pathways, although the strength of this conclusion is tempered significantly by the known use-

dependence of such test agents.

2"3 Postrest Oo¡xtract¡orÌ

Restitution of contraction following variable periods of mechanical rest has been used in several

laboratories to gain insight into the control of cardiac contractility. Studies of this nature have

demonstrated clearly that there is a continuous recovery (or restitution) process which takes place

between stimulated contractions and is renewed after each stimulus (Kruta and Braveny, 1961;

Koch-Weser and Blinks, 1963; Gibbons, 1986). A schematic representation of this concept is

illustrated in Fig. 2, which has been derived by plotting the strength of contractions elicited in

response to test interuals extending from premature stimulation (upper panel) to rested state

contractions (lower panel). The exponentialt¡me course of contractile rest¡tution in either direction

indicates that steady-state contractions do not reflect a "steady-state" of the cellular processes

responsible for the delivery of Ca2+ to the myofilaments. As demonstrated for both voltage-

dependent (Lipsius, Gibbons and Fozzard, 1982) and time-dependent (Schouten, vanDeen,

deTomb and Verueen, 1987) restitution, the strength of contraction at a given interual following

stimulation at a constant frequency appears to reflect the integrated result of a number of basic

cellular processes, and as such can be used as an important determinant of cardiac contractility.

The precise shape of restitution curì/es describing the time-dependence of postrest contraction

varies widely with each tissue type investigated, having the steepest upward slope in those species

possessing extens¡vely developed sarcotubular networks (e.9., rat ventricle) and the greatest

negative slope in species with little or no SR (rabbit ventricle and frog). ln the case of rat or canine

ventricular muscle (Endoh and lijima, 1981; Ragnarsdottir, Wohlfart and Johannson, 1982; Bers,

1985; Bose, Hryshko, King and Chau, 1988; Bouchard and Bose, 1989) contraction can be

potentiated by rest intervals as short as 2 sec following termination of rhythmic stimulation and can

remain potentiated well after 10 min of rest (depending on the experimental conditions). Similar
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results have been shown in rabbit atrium (Hilgemann, 1986a) and sheep Purkinjefibres (Gibbons

and Fozzard, 1975; Boyett et al, 1987). ln most species which display a strong positive frequency-

force relation, resumption of stimulation after even a very brief rest interval (<2 sec) results in "rest-

decay" whereby the amplitude of the first postrest contraction is smaller that that of the preceding

steady-state contraction. This has been shown in rabbit ventricle (Bers, 1985; Kort and Lakatta,

1gBBb) guinea-pig atrial and ventricular tissues (Pytkowski, 1988; Beyer, Hergeroder and Ravens,

19BB; Johannson and Asgrimsson, 1989) and is most prominent in tissues lacking significant

intracellular stores ol Ca2+ (e.g., frog ventricle: Noble and Shimoni, 198'l; Bers, 1985)'

ln general, postrest contractions are highly sensit¡ve to pharmacological manipulations which

alter intracellular Ga2+ stores, rather than those which perturb the entry of Ca2+ during

contraction. For example, it has been shown that the amplitude of the first postrest beat and

ensuing recovery of steady-state contraction are preferentially blocked by agents which alter the

ability of the SR to sequester and release Ca2+, such as ryanodine, caffeine or strontium (Bers,

1985; Boyett et al, 1987; Kort and Lakatta, 1988b; Bose et al, 1988; Pytkowski, 1988; Beyers et al,

1988 Bouchard et al, 1989; Hryshko et al, 1989a,c), as opposed to those which alter steady-state

Ca2* influx such as cobalt and lanthanum (Bers, 1985), or various organic and inorganic Ca2*

channels blockers (Saha, Hryshko, Bouchard, Chau and Bose, 1989). This compares favourably

with the obseruation that rapid cooling contracture decay is accelerated in a similar fashion by

almost all of the interuentions mentioned above which perturb SR function and provides a

reasonable explanation for the time-dependent decay of postrest contraction.

Calcium influx during postrest contractions estimated with Ca2+-sensitive electrodes (Bers,

1985; Bers and MacLeod, 1986) or tetramethylmurexide (Hilgemann, 1986b) has been found to be

depressed compared with preceding steady-state contractions. This is consistent with

obseruations made on numerous tissue types that /a" Þeak is depressed during the first postrest

excitation in ventricular myocytes voltage-clamped from physiological holding potentials (Bers and

Hess, 1984; Houserand duBell, 1988; Hryshko and Bers, 1988; duBell and Houser, 1989). Action

potentials recorded during the recovery of contraction display depressed plateau voltages in most
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cardiactissues, including rat (Schouten and terKeurs, 1986; Johannsson and Asgrimsson, 1989),

dog (Endoh and lijima, 1981;Hryshko, Bouchard, Chau and Bose, 1989) and rabbit (Bers, 1985;

Hilgemann, 1986a), although not others (guinea-pig: Beyer, Hergeroder and Ravens, 1988;

Johannsson and Asgrimsson, 1989). Changes in the duration of the action potential appear to be

closely related to the degree of inotropy associated with the accompanying contraction; prolonged

in tissues w¡th strong postrest contractions, e,g., rat ventricle, canine ventricle, rabbit atrium and

sheep Purkinje tissues, and depressed in species with poor postrest contractions such as rabbit,

guinea-pig and frog ventricle. As discussed above, changes in the rate of repolarization during

postrest stimulation are strongly influenced by the species-specific sensitivity of the transienl

outward in various tissues to both rate changes and the level of myoplasmic Ca2+ (Peper and

Trautwein, 1968; Gibbons and Fozzard, 1975; Hilgemann, 1986a; Hiroaka and Kawano, 1987;

Tseng, 19BB; Shibata et al, 1989), and shifts in modal activity of the Na+-Ca2+ exchanger during

the course of the Ca2+ transient (Schouten and terKeurs, 1986; Hilgemann, 1986a; Hilgemann and

Noble, 1987; Egan, Noble, Noble, Powelland Spindler, 1989; Giles and Shimoni, 1989a).

For a given level of intracellular loading, there appear to be a minimum of three factors which

together determine the amount of force that can be developed during contractions elicited in

response to postrest stimulation. These are (a) time-dependent inactivation of the Ca2+-release

channel complex, (b) time-dependent recirculation of Ca2+ between functional pools of the SR,

and (c) the rate of Ca2+ leak from the release compartment. Each of these processes will be

addressed separately in the following sections.

Time-dependent inactivation of the Caz+-release channel: Evidence has been presenled by

Fabiato (1983, 1985b) that Ca2+-induced release of Ca2+ from the SR occurs via membrane

channels with both Ca2*- and time-dependent inactivalion kinetics. To this end, application of 5

mM caffeine to skinned canine Purkinje fibres following various delays after a Ca2* transient

triggered by Ca2+-induced release of Ca2+ led to a situation where no test interual could be

demonstrated following which caffeine could not elicit a subsequent Ca2+ transient (including any
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time during a transient elicited by Ca2+-induced release of Ca2+). The restitution of Ca2+

transients elicited by caffeine occured in an exponential fashion; with a rapid phase taking 750 ms

to complete, following which a slower phase of Ca2+ accumulation was obserued which reached a

peak at -16 sec. After determining the bulk solution ¡free Ca2+l which triggered aÇa2* transient

equivalent to that induced by caffeine (pca= 5.85), the experiments were repeated to determine

the restitution of Ca2+-induced release of Ca2+. ln contrast to the caffeine experiments, no Ca2*-

induced release of Caz+ could be elicited with delays <750 ms (approximately the time required to

reprime the release site to 66.60lo of its maximal capacity), following which the amplitude of Caz+-

induced release of Ca2* increased rapidly to the point where the magnitude of the Ca2+ transient

was no longer significantly different from that induced by caffeine (-3.5 sec). From this point

onwards, the amount of Ga2+ released from the SR was dependent sotely on the reaccumulation

of Ca2+ within the release pool prior to stimulation. An important set of observations during these

experiments was that the duration of the absolute refractory period could not be overcome by

increasing the pOa trigger between 6.60 and 5.60, and that a reduction of the bath temperature

from22oC to 12oC increased both the absolute and relative refractory periods by a factor of 4. lt

was concluded, that ¡f the Q1o of -4 is applicable to the 22oC to 35-37oC temperature range then

the absolute refractory period would not impinge on ln situ cardiac function, even at the maximal

heart rate. This can be illustrated by the fact that extrasystolic contractions can be elicited with a

delay following normal contraction of as shott as 250 ms, after which the amplitude of the

extrasystolic contraction recovers w¡th an exponential time course similar to that of the parallel

increase of caffeine-índuced and Ca2+-induced release of Ca2+ (Yue, Burkhoff, Franz, Hunter and

Sagawa, 1985; Wier and Yue, 1986). Data will be presented in SECTION 3 of the RESULTS which

suggests that although the absolute mechanical refractory period of intact ventricular preparations

to premature stimulation (<200 ms) may be related more to restitution of the action potential, the

relative refractory period of Ca2+-induced release of Ca2+ can be demonstrated (200-600 ms), and

may be overcome partially by increasing the amount of Ca2+ reaccumulation into the release

compartment.
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Time-dependent recirculation of Ca?+: Schouten, vanDeen, deTombe and Verueen (1987) have

derived a mathematical model to describe contractile force as a function of stimulus interual in

mammalian ventricular muscle (cf. Koch-Weser and Blinks, 1963). Peak force in this analysis was

assumed to be proportional to the amount of Ca2+ released from the release compartment of the

SR. Six independent parameters were necessary to reproduce the interual-force relation, assuming

a recirculating fraction, r= 0.65. Although data from cooling experiments performed in our

laboratory suggest that this may be an overestimate of this value at stimulation frequencies < 1.0

Hz, simulations of post-extrasystolic potentiation, frequency-potentiation, and postrest-potentiation

could be constructed which fit the experimental data reasonably well by including three

intracellular compaftments, and assuming [Ca2*lo to be <1.0 mM. An uptake compartment was

described from which Ca2+ is transported in a unidirectional fashion to a release compartment.

The rate of Ca2* transport was assumed in this model to be proportional to the amount of Ca2*

present within the uptake companment at a given moment in time. This assumption is supported

by the obseryation that exponential recovery of extrasystolic contraction and de-potentiation of

post-extrasystolic contractíon is affected in a linear fashion by an increase in the rate of steady-

state stimulation or extracellular [total Caz+] (Wood, Hepner and Weidmann, 1969; Wier and Yue,

1986; Bose, Hryshko, King and Chau, 1988; Johansson and Agrimsson, 1989; see also Orchard

and Lakatta, 1985; Allen, Jewell and Wood , 1976). An important component of this model was the

inclusion of a third rapidly exchanging compartment which was capable of transpotting Ca2+ to

and from the release compartmen| in a bidirectionat fashion, similar to that proposed earlier by

Ragnarsdottir, Wohlfart and Johannsson (1982) and later modified by Rich, Langer and Klassen

(1987) and Shattock and Bers (1989). The utÍlity of this model is that it helps to explain the wide

spectrum of postrest responses seen in various tissues in relation to the functional characteristics

of the SR, and not simply by its ability to store and release Ca2+.

Complementary information has been gained from ultrastructural studies, evidence from which

suggests that the SR of mammalian ventricular muscle may be composed of more than one
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structurally distinct compartment, although not all authors agree with this interpretation (Hunter,

Haworth and Berkoff, 1981; Lewartowski and Pytkowski, 1988; Wendt-Gallitelli and lsenberg, 1989;

for review, see Sommer and Jennings, 1986). A combination of biochemical and immunoelectron

microscopal studies have revealed an anastomosing network of sarcotubules surrounding the

myofibrils which contain a uniform distribution of Ca2+-ATPase (Jorgensen, Sheu, Daly and

Mclennan, 1982) and its regulatory protein phospholamban (Jorgensen and Jones, 1987).

Extending from this network in an area confined mainly to the l-band region is the corbular SR

(Jorgensen, Broderick, Somlyo and Somlyo, 1988) which contains the Ca2+ binding protein

calsequesterin. The junctional SR also contains large concentrations of calsequestrin and is

apposed closely to the sarcotemma at the transverse tubule, to which it is physically connected by

junctional proteins referred to as "foot proteins" (Somlyo, 1979; Franzini-Armstrong, 1980;

Meissner, 1986). Based on the relative content of the three compartments in resting papillary

muscles obtained from rat hearts fiunctional-SR > corbular-SR > > network-SR), Jorgensen et al

(1988) have suggested that enough Ca2* was present in the first two compaftments to support 50-

90% contraction assuming the entire contents of each were released in response to an action

potential. The estimated increase of 247 uM [total Caz*1¡titre cell water is rather likely to be

significantly overestimated with respect to physiological contraction, as the preparations were

equilibrated in 2.0 mM extracellular [total Ca2+] and then rested for 10 min priorto flash-freezing.

This conclusion is supported by a number of related observations including the demonstration that

the SR of rat ventricle is (a) the most extensively developed of all mammalian, avian and amphibian

species studied to date (Sommer and Jennings, 1986; see also Fabiato, 1982; 1983; Bers, 1985;

Stern et al, 1988), (b) may actually gain small amounts of Ca2+ during the course of quiescence

(Ragnarsdottir, Wohlfart and Johannsson, 1982; Lukas and Bose, 1986; Kort and Lakatta, 19BBa;

Shattock and Bers, 1989), and (c) other data obtained with a number of methodological

approaches which indicate that intracellular stores in the rat are saturated at extracellular [total

C^2*7 equal to or greaterthan -2.0 mM (Fabiato, 1981; Schouten and terKeurs, 1986; Kentish,

terKeurs, Ricciardi, Bucx and Noble, 1986; Kennedy, Akera and Brody, 1987; Capogrossi, Stern
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and Lakatta, 1988). Although the points considered above temper somewhat the conclusions

reached from etectron probe microanalysis studies regarding the amount of Ca2* present within

focal regions of the SR, the data do provide a rough estimate of the buffering capacity of the

reticulum for Caz+ and, to a certain extent, offer some qualitative information regarding the relative

volume of SR attributed to functional "release" and/or "uptake" sites, and hence the degree to

which contraction may be governed by rate constants lor Ca2+ transport between these

compartments during the normal diastolic interual.

ln contrast to most mammalian and amphibian species, ventricular muscle from the rat (Kelly

and Hoffman, 1960; Forester and Mainwood, 1974), mouse ffemma and Akera, 1986), and

hamster (Howlett and Gordon, 1987) exhibit a negative staircase of steady-state contraction in

response to a graded increase in the rate of stimulation. Although the possibility does exist that this

may reflect tissue hypoxia in thicker preparat¡ons (Schouten and terKeurs, 1986; Gulch and

Ebrecht, 1986), this is unlikely due to the demonstration of this phenomenon in freshly dispersed

ventricular myocytes (Mitchell, Powel, Terrar and Twist, 1985; Hawofth, Griffin, Saleh, Goknur and

Berkoff, 1987; Capogrossi, Stern and Lakatta, 1988). lt has been proposed from modelling studies

on the rate of mechanical restitution in the rat (Capogrossi, Stern and Lakatta, 1988; Stern,

Capogrossi, Spurgeon and Lakatta, 1988) that the average Ca2+ release (o/o maximal) can be

increased at a given extracellular [total Ca2+] by lowering the rate of stimulation, or alternatively, at

a given point during the restitution process by raising e><tracellular Ca2+ to an optimal

concentration (<2.0 mM). Opposite results were obtained by Schouten et al (1987) who calculated

that an increase of priming frequency ín the presence of 0.8 mM extracellular Ca2+ would lead to

an increase of force development at test interuals > 1 sec. However, this apparent difference is

reconciled by earlier repofts (Forrester and Mainwood, 1974; Orchard and Lakatta, 1985) of a

positivefrequency-force relation in ratventricular muscle bathed in extracellular [totalCa2*¡ <t.0

mM. That the time constant for Caz+ transport between functional pools may be involved in limiting

the strength of steady-state contraction is suggested by the fact that although postrest

contractions at longer test intervals (>30 sec) are not significantly altered by raising or lowering
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the rate of preceding stimulation (Bouchard and Bose, 19Bg), contractions elicited at coupling

intervals between 2-10 sec are depressed in a frequency-dependent manner, the extent to which is

irrespective of the extracellular Ca2+ employed (see Fig. 52).

Time-dependent leak of Ca2+ from intracellular stores: The third aspect of SR function which

plays an important role in mediating the amount of Ca2+ released in response to postrest

stimulation is the poorly-defined process of Ca2+ "leak" from the SR, eventually into the

extracellular space. Although relatively little direct information is available regarding the cellular

mechanism(s) underlying this process, a large amount of indirect evidence supports the

involvement of the Na+-Ca2* exchange process. One of the characteristic features of the postrest

response in all species studied to date is that if sufficient time is allowed to pass during the course

of rest, contraction ampl'rtude decays to the point where rested state contractions develop (Kruta

and Braveny, 1961;Blinks and Koch-Weser, 1961;Koch-Weser and Blinks, 1963;Allen, Jewell and

Wood, 1976). This decay has been correlated with a net loss of cellular Ca2+ content measured by

electron probe X-ray microanalysis (Wendt-Gallitelli, 1985; Wendt-Gallitelliand Jacob, 1985; Walsh

and Tormay, 1989) and the decay of radioactive Ca2* (Janczewski and Lewaftowski, 1986;

Pytkowski, 1988; Lewartowski and Pytkowski, 1988), and is seen in intact ventricular preparations

as a time-dependent repletion of net extracellular [total Ca2+] (Hilgemann, Delay and Langer,

1983; Hilgemann, 1986a; 1986b;Bersand Macleod, 1986; Bers, Bridgeand MacLeod, 1987).

Experiments performed with the rapid cooling technique have strongly implicated the SR as the

source of this Ca2+. ln an elegant series of experiments, Bridge (1986) was able to demonstrate

that postrest decay of cooling contracture amplitude in rabbit ventricular muscle was almost

identical in its time course with the rest-decay of contraction reported earlier for rabbit ventricular

muscle by Bers (1985). Futher experiments showed thatthe loss of cellular Ca2* occurred with a

similar rate constanr (tt/z= 90 sec) to the leak oÍ Ca2+ from saponin-treated guinea-pig ventricular

fibres reported previously by Kitazawa (1984), and was paralleled in experiments performed under

identical conditions by the loss of total intracellular Ca2+ estimated with atomic absorption
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spectroscopy. With the exception of rat ventricular muscle, which appears to gain tissue Ca2+

during quiescence (Kort and Lakatta, 1988b; Shattock and Bers, 1989), time-dependent loss of

Ca2* from the SR has been reported in ventricular preparations from almost all species

investigated with the rapid cooling technique (guinea-pig: Kurihara and Sakai, 1985; Bers, 1989;

Bers, Bridge and Spitzer, 1989; rabbit: Bridge, 1986; Bers, Bridge and Macleod, 1987; Hryshko'

Stiffeland Bers, 1989; canine: Hryshko, Kobayashiand Bose, 1989; Bouchard and Bose, 1989).

One of the first systematic investigations of the cellular mechanisms responsible for the

intracellular Ca2+ leak was reported by Sutko, Bers and Reeves (1986), who investigated the

effects of interventions known to affect the trans-membrane exchange of Na+ for Ca2+ on steady-

state and postrest contractions. A preferential effect on postrest contraction was demonstrated

following an increase of extracellular [total Ca'*], reduction of external Na+ while maintaining a

constant ¡Ca2*¡o7¡Ua*lo2 ratio, and inhibition of the Na+ pump by reducing e).ternal K+ or by

acetylstrophanthidin. These effects were not due to a general increase in contractility, as parallel

effects on postrest and steady-state contractions were obtained in response to treatment with

isoproterenol, norepinephrine and histamine, while inhibition of SR function with ryanodine

preferentially inhibited postrest contraction. The authors concluded that the maintenance of

postrest contraction following reduction of the cellular Na+ gradient was due to the inhibition of

[Na+]o-dependent diastolic Ca2+ efflux. A second conclusion was that the Na+-Ca2* exchange

process, through its ability to modulate the total intracellular Ca2* load, was also responsible for

determining the amount of Ca2+ available for release in response to rhythmic stimulation. To this

end, the recovery of steady-state contraction during postrest recovery has been associated with

parallel shifts of both øi*u (Boyett et al, 1987; Shattock and Bers, 1989) and cumulative

extracellular [total Ca2*] depletion (Bers, 1985; Hilgemann, 19864). Using Ca2+-sensitive

microetectrode to track changes of extracellular [total Ca2+], Bers and Macleod (1986)

demonstrated that the reptetion of Ca2+ in the diffusabte extracellular space during the course of

rest was strongly inhibited by reducing external Na+ to 70 mM or by acetylstrophanthidin. ln

addition to its effects on [total Ca2*] excursions during rest, low-Na+ perfusion also greatly
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decreased the extent and detayed the onset of the depletion signal following resumption of

stimulation after rest, leading the authors to suggest that the extent of tissue Ca2* was related to

the electrochemical Na+ gradient. Similar results were obtained by Hilgemann (1986b) using

tetraethylmurexide to monitor e)Íracellular [total Ca2+] during rest in rabbit atrial muscle.

Rest-decay of rapid cooling contractures in guinea-pig ventricular myocytes has been studied

by Bers, Bridge and Spitzer (198g) with the intracellular fluorescent Ca2+ indicator indo-1. The

time-dependent reduction in the magnitude of rapid cooling contracture and intracellular Ca2+

transients was found to be almost completely prevented by removal of [Na+]o during the course of

rest. The lack of rest-decay prompted the authors to conclude that the ability of the Na+-Ca2+

exchanger to extrude Ca2* from resting cells was much greater than that of the sarcolemmal

Ca2*-ATPase, due to the fact that the gradient for cellular Caz* extrusion during cooling from

22oC to 0-1oC was greatly reduced (Na+-free, Ca2*-free medium). Pedusion with low-Na+

solutions was also found to inhibit the progressive decay of serial cooling contractures, thus

revealing the reduced ability of the cells to extrude myoplasmic Ca2* during rewarming (and

hence increased uptake by the SR Ca2+-ATPase). Similar results have been obtained with the

paired-cooling protocol in rabbit ventricular myocytes by Hryshko, Stiffel and Bers (1989).

It is unkown whether the diastolic leak of intracellular Ca2* occurs directly through a [Na+]o-

dependent mechanism located at the junction of the sarcolemma and SR at the transverse tubule,

or if the exchanger simply mediates the extrusion of Ca2+ from the Ca2*-release channel complex

ín a closed intracellular compartment similar to that hypothesized by Lederer, Niggli and Hadley

(1990). Recent experiments conducted with purified enantiomers and the racemic form of the

dihydropyridine BAY K 8644 may help shed some light on this issue. The original obse¡vation that

BAY K 8644 had a negative inotropic effect on postrest contraction was made by Bose, Kobayashi,

Hryshko and Chau in 1986, and appeared to contrast with the positive inotropic effect of this

compound on steady-state contraction Ohomas, Chung and Cohen, 1985;Thomas, Gross, Pfitzer

and Ruegg, 1985) and membrane Ca2+ conductance (Hess, Lansman and Tsien, 1984; Brown,

Kunze and Yatani, 1984). lt was subsequently shown that BAY K 8644 accelerated the loss oÍ Caz+
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from the SR during diastole, which manifested as a striking acceleration in the rate of decay of

postrest contract¡on and postrest cooling contracture (Hryshko, Kobayashi and Bose, 1989;

Bouchard, Hryshko, Saha and Bose, 1989). A reduction of trans-sarcolemmal Ca2+ entry was

ruled out as an effector of this process, because action potentials displayed elevated and

prolonged plateau voltages during postrest contractions (Hryshko, Bouchard, Chau and Bose,

1989; Saha, Hryshko, Bouchard, Chau and Bose, 1989). An increase intheaveragefrequencyor

statistical probability of asynchronous release of Ca2+ from intracellular stores during diastole was

also discounted, as segmenting the power spectrum of scattered light intensity fluctuations in the

presence of BAY K 8644 showed that discrete fluctuations of myofilament oscillation in the 0.3 to

10 Hz range were uniformly reduced (Bose, Kobayashi, Bouchard, Hryshko, 1988; Hryshko,

Kobayashi and Bose, 1989). Pharmacological studies comparing the effect of BAY K 8644 on

postrest contraction with those elicited by caffeine or ryanodine indicated that the combination of

electrophysiological and mechanical effects produced by BAY K8644 were relatively compatible

with those of ryanodine (Bouchard, Hryshko, Saha and Bose, 1989), an effect that was found to be

preferential to the (-) enantiomer (agonist form) of BAY K 8644 (Saha, Hryshko, Bouchard, Chau

and Bose, 1989). Somewhat similar results were obtained in rat ventricular muscle by Saxon and

Gainullin (1990) who found that the full depressant effect of BAY K8644 on postrest contraction

required prior depolarization of the preparation by raising the external K+ to 10 mM. The effect was

reversed following administration of 5 mM manganese, or depolarization of the membrane by 30

mV following an increase of external K+ to a total concentration of 20 mM.

The results of this type of experiment may inevitably provide important information regarding

the molecular constituents of the macroscopic junctional membranef}a2+-release channel

complex. At minimum, the data support the existence of a physical contact between the SR and

dihydropyridine-sensitive Ca2+ channel (Cannell, Berlin and Lederer, 1987; Cohen and Lederer,

1988; Bean and Rios, 1989), not unlike that shown to control intracellular Ca2+ release in skeletal

musle (Schneider, 1970; Schneider and Chandler, 1973; Rios and Pizarro, 1989). The partial

protection of the BAY K 8644-induced depressant effect by lowering [Na*]o (Hryshko, 1987) also
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suggests that Ca2+-induced release of Ca2* may indeed occur within an intracellular compartment

of limited votume which also contains a dense population of Na+-Ca2+ exchange proteins

(Leblanc and Hume, 1990). This proposal is consistent w¡th the protective effect of low-Na+

perfusion on rest-decay, and the fact that a sufficient reduction of [Na+]o results in reverse Na+-

Ca2+ exchange activity measured by ramp currents (Miura and Kimura, 19Bg). A similar

interpretation has been used to explain the time-dependent depletion of extracellular [total C^'*7

(Hilgemann, 1986b) or the production of substantial coolíng contractures (Kurihara and Sakai,

1985) in the absence of electrical stimulation. lf the assumption of Schouten et al (1987) regarding

the proportionality of the rate of recirculation to the amount of Caz+ present within the uptake

compartment is correct, then it is possible that the preseruation of postrest contraction takes place

in the absence of concomitant changes in the rate of this leak. As will be shown in the RESULTS

SECTION, this conclusion may be supported by the demonstration that lower¡ng [Na*]o

significantly increases both the rate and extent of mechanical restitution while leaving unaffected

the rate-dependence of peak postrest contraction amplitude.

A second possible mechanism for cellular¡ Ca2+ extrusion may be the Ca2+-permeable
I

channets recently described by Coulombe, Lefevre, Baro and Coraboeuf (1989). These channels

can be recorded in cell-attched, excised inside-out and excised outside-out membrane patches.

They show little or no permeability to Na+ or K+, and are open at negative membrane potentials.

Of importance with respect to the data of Bose et al (1986; 1988), Hryshko et al (1989a,b) and

Saxon and Gainullin (1990) was the finding in these experiments that application of racemic BAY K

8644 significantly enhanced the probability of opening of the channel, the degree to which was

enhanced by clamping the cells to more negative membrane potentials. However, due to the

erratic behaviour of these channels with respect to their opening and closing events, it is for further

investigation to resolve whether they might have a physiological role in cetlular Ca2* homeostasis.

As discussed by Bridge (1986), a time-dependent "leak" of Ca2+ would provide an important

mechanism to avoid overloading of labile intracellular stores with Ca2+. Prolonged periods of

excessive accumulation of Ca2+ within the SR has been shown under various experimental



69

conditions to inhibit developed tension under steady-state conditions, followed inevitably by cell

death if left unabated (lshide, Watanabe and Takishima, 1984; Fabiato, 1983; Allen, Eisner, Pirolo

and Smith, 1985;Wier, Cannell, Berlin, Marban, Lederer, 1987;Watanabe, lshide, Takishima, 1987;

Stern, Capogrossi, Spurgeon and Lakatta, 1988; Bers and Bridge, 1988; Bose, Kobayashi,

Bouchard and Hryshko, 1988;terKeurs, Schouten, Bucx, Mulder, deTombe, 1988)'
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3.0 &{ypotheses Relatlng to the Gontrol of Gontnactiosl

lci Mar nmaliam Ventniaular fuTusele

3.1 tntnoduction

The foregoing discussion has introduced several key mechanisms that are thought to mediate

the rise of intracellular Ca2+ during the contraction of mammalian cardiac muscle. Of these, the

main focus of the text was on the role of intracetlular stores of Ca2+, namely the sarcoplasmic

reticulum, in governing contraction on a beat to beat basis. The specific aim of experiments

conducted for this Thesis was to quantitate the contribution of Ca2+ release from the SR toward

the development of contractions elicted in response to perturbations of the rate and rhythm of

stimulation. To this end, different patterns of electrical stimulation have been used to reveal, or

unmask, different sources of Ca2+ available to activate the myofilaments. This will be particularly

evident in the experiments which focus on the role of the Na+-Ca2+ exchange process in

mediating contraction in canine ventricular muscle. ln addition to altering the ionic composition

and temperature of the bathing media, species differences in cardiac ultrastructure have also been

used as a tool to study the cellular mechanisms involved in EC-Coupling. This was done in an

attempt to avoid numerous pitfalls usually associated with the use of specific pharmacological

agents in this setting, although both approaches have been taken in many of the experimental

blocks.

The experiments have been broken up into four sections, which represent a series of

hypotheses that were put fonruard to test ceftain aspects of a model of Eo-Coupling for cardiac

muscle. The model is of a descriptive nature in that it was based originally on experimental data,

and was first proposed by King and Bose in 1984 to account for the mechanism of biphasic

contractions in strontium-treated canine ventricular muscle. Two fundamental assumptions of this

model were (a) that a fixed, but labile, store of Ca2+ was located within the SR, the contents of

which was susceptible to changes in the preceeding pattern of electrical stimulation, and (b) that
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the force of contraction was controlled primarily by Ca2+ released from the SR in response to an

action potential. These specific assumptions were supported by the available l¡terature and have

been made frequently in reviews of the field (Morad and Goldman, 1973;Wolfhart and Noble, 1982;

Chapman, 1983; Adler et al, 1985; Gibbons, 1986; Schouten et al, 1987; Lewartowski and

Pytkowski, 1988). Later experiments conducted on canine ventricular muscle in this laboratory

demonstrated clearly the need to assume more than one intracellular compartment tor Ca2*

storage and release (Hryshko, 1987) and also provided evidence in support of a direct structural

link between díhydropyridine-sensitive Ca2+ channels present within the sarcolemma and the

release site of the SR (Bose et al, 1986; 1988b; Hryshko and Bose, 1988; Hryshko et al, 1989a,b).

The model of excitation-contraction coupling that best fit the experimental data to this point was a

"recirculation" type model, similar to that originally proposed by Morad and Goldman (1973) and

Wohlfart and Noble (1982).

The principal approach adopted for the experiments presented here has been to describe the

quantitative relationship between Ca2+ availability within the SR and the trigger for release during

different patterns of electrical st¡mulation and the force of contraction. The amount of Ca2* present

within pooled compartments of the SR and that fraction of Ca2+ located within the release

compartment specifically were estimated independently by the response of various muscle

preparations to rapid lowering (<1 sec) of the perfusate temperature from 37oC to 0-2oC (e.g.,

rapid cooling contracture; Kurihara and Sakai, 1985; Bridge, 1986; Bers, Bridge and Macleod,

1987) and postrest electrical stimulation at constant coupling interuals. Time constants for

unidirectional Caz+ transport within the cell and recovery from inactivation of Ca2+ channels

associated with the release compartment of the SR were estimated with various stimulation

protocols. We have also used the whole-cell variant of the patch-clamp techníque (Hamill et al,

1981) in guinea-píg ventricular myocytes ín conjunction with parallel mechanical studies on

multicellular preparations in an attempt to relate the entry of Ca2+ into the cell through voltage-

gated channels with accompanying contractions elicited in response to variation of the

conditioning interual and perfusate ionic conditions. However due to the preliminary nature of this
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work and due to necessary temporal and spatial contraints, data from these experiments has not

been described.

3.2 Ðescr¡pt¡om of the Mode!

The working hypothesis described here is a composite model based on past experimental

findings byvarious investigatorswithinthe laboratory (King, 1982; King and Bose, 1984; Hryshko,

1987; Bose et al, 1988a,b; Hryshko et al, 1989a) as well âs earlier models of EO-Coupling (Morad

and Goldman, 1973; Wohlfan and Noble, 1982; Chapman, 1983; Fabiato, 1983; Morad and

Cleeman, 1987) and intracellular Ca2* movements wilhin the mammalian myocardium (Koch-

Weser and Blinks, 1963; Allen et al, 1976; Adler, et al, 1985; Gibbons, 1986; Schouten et al, 1987;

Boyett et al, 1987; Lewartowski and Pytkowski, 1988). The model has been used both to make

predictions regarding the cellular mechanisms which might mediate the strength of contraction

under different experimental conditions, as well as to fit a number of experimental obseruations

which were not readily explained by other models, or working hypotheses, found in the literature at

the time it was constructed.

Contraction is assumed to reflect the rise of intracellular Ca2* following the upstoke of an action

potential from a resting level of near 100 nM to a transient peak of -1-1.5 uM (Allen and Blinks,

1978;Weir, 1980; Weir et al, 1986; Cannell et al, 1987; Beuckelmann and Weir, 1988; Callaewert et

al, 1989). Thistransient increase of intracellular [free Caz*] appearsto reflect primarilya graded

releasefrom internal stores localised specifically within the SR (Fabiato and Fabiato, 1976; 1978;

Fabiato, 1983; 1985a-c), stimulated by the influx of Ca2+ itself across the sarcolemma through

voltage-gated channels (Fabiato, 1983; Fabíato, 1985b,c; Morad and Cleeman, 1987; Callawert et

al, 1989; Nabauer et al, 1989) or possibly the reverse mode of the Na+-Ca2+ exchange (Leblanc

and Hume, 1990). ln addition to acting as a tr¡gger for intracellular Caz+ release, trans-membrane

Ca2+ entry (or inhibited efflux) during the flow of either /c" or /r"c" also serues to replenish the SR

wíth Ca2+ for later release. As discussed in the INTRODUCTION, Ca2+ entry during the action
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potential is unlikely to be responsible for direct activation of the myofilaments, except in those

contractions associated with greatly prolonged action potentials (Morad and Trautwein, 1968; Brill

et al, 1986; Boyett et al, 1987; Terrar and White, 1989) or in species with poorly developed or

functioning SR. Repolarization of the action potential is associated with the termination of

contraction and net cellular Ca2+ loss into both the extracetlular space (Bers, 1983; Hilgemann,

1986a,b) and SR (Bers and Bridge, 1989) which occurs through the activity of the forward mode of

the Na+-Ca2* exchange process and a combination of the sarcolemmal and SR ATP-dependent

Ca2* pumps.

The volume of Ca2+ taken up into the sarcotubular network of the SR following contraction is

subsequently made available for release in a time-dependent fashion, either through a time-

dependent translocation from an "uptake" site to a "release" site during diastole (Morad and

Goldman, 1973; Wohlfaft and Noble, 1982; Schouten et al, 1987), or a slow recovery of the SR

Ca2+-retease channels (Fabiato, 1985b). This process of mechanical restitution occurs at a rate

proportional to the amount of Ca2+ present within the uptake compartment (Schouten et al, 1987),

which can be described by the time-dependent decrease of postrest cooling contractures (Bridge,

1986) or decay in the amplitude of recirculating fraction of Ca2+ available for release in response

to postrest stimulation (Ragnarsdottir et al, 1982; Bers, 1985; Bose et al, 1988; Hryshko, 1987). This

inotropic effect of Ca2+ recirculation is opposed by a continual "leak" of Ca2+, also from the

release compartment of the SR, eventually out into the extracellular space (Hilgemann et al, 1984;

Bers and Macleod, 1986; Hilgemann, 1986a,b; Bers et al, 1987). The mechanisms responsible for

extruding this Ca2+ out of the cell are identical to those which remove it during relaxation. Thus,

with a constant initial intracellular load of Ca2* the model predicts that the amount of Ca2+

available for release is a function of the rate of Ca2* transpoft between functional pools during

diastole, the rate of Caz+ loss from the SR, and the recovery from inactivation of the process of

Ca2*-induced release of Ca2*. While not all aspects of this working hypothesis are universally

accepted, most components can be found within several frequently cited reviews or papers,
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particularly those dealing with EC-Coupling in species that are strongly dependent on intracellular

Ca2* stores for contraction.

3.3 hüypotheses Related to t['le Co¡ltrol of Candiac Contract¡on

Section t: The first section of the Thesis deals with the effects of pharmacological agents

which perturb trans-sarcolammel Ca2* entry and SR Ca2* sequestration and release on the

contractile properties of canine ventricular muscle. These experiments were designed specifically

to probe the mechanism by which the Ca2* channel agonist BAY K 8644 impairs postrest

contraction, which are supported in canine ventricular muscle almost entirely by Caz+ release from

intracellular stores. A second, 
"nL 

pern"ps more important, reason for conducting these

experiments was to gain insight into the physiological control of intracellular Aa2+ release by

dihydropyridine-sensitive Ca2+ channels, and to get a better understanding of the physical

separation between the often described leak of Ca2* from the SR and site at which Ca2* is

sequestered back into the sarcotubular network. This was addressed by comparing the action of

BAY K 8644 to ryanodine and caffeine, two other pharmacological probes with differential

specificity to either the junctional membrane-Ca2+-release channel complex (Rousseau and

Meissner, 1987; Rousseau et al, 1989) or the ability of the SR to sequester myoplasmic Ca2+

(Weber and Herz, 1968; Fuchs, 1969). Past experiments in our laboratory (Bose et al, 1986; 1988b;

Hryshko and Bose, 1988; Hryshko et al, 1989a,b) indicated that BAY K 8644 accelerated the

diastolic loss of Ca2* from the SR without affecting the myofilaments in transit. From this and other

data it was concluded that BAY K 8644 possessed the unique ability as a sarcolemmal Ca2+

channel agonist to modulate the release of Ca2+ from intracellular stores, independent of its

known ability to increase sarcolemmal Ca2+ conductance.

The purpose of the experiments in SECTION 1 was to probe the specific mechanism by which

BAY K 8644 altered the function of the SR. lt was hypothesized that if this effect was specific to the

junctional membrane-Ca2*-release channel complex, then similar mechanical and
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electrophysiological effects would be seen with ryanodine or caffeine, as both of these agents have

been shown to alter the gating properties of the Ca2+-release channets after incorporation into

planar lipid bilayers. The ability of the SR to take up and release Ca2* in the presence of the three

test agents was estimated with a combination of steady-state and postrest contractions and the

response of the muscle to rapid cooling. Quantitative changes in the entry of Ca2+ into the muscle

during depolarization of the preparation and kinetics of Ca2+ release from the SR associated with

single excitations were assessed indirectly by simultaneously recording trans-membrane action

potentials and accompanying contractions (cf. Hryshko, 1987; Hryshko et al, 1989a).

Section 2: ln this section, the mechanism of the atypical negative frequency-force relationship

of rat ventricular muscle was investigated and compared with the positive force staircase in canine

ventricular muscles of comparable diameter. Of all the mammalian species studied to date, the

negative staircase has only been obserued in ventricular preparations from the rat (Kelly and

Hoffman, 1960; Forester and Mainwood, 1974), hamster (Howlett et al, 1989) and mouse (femma

and Akera, 1986). At the time these experiments were conducted the prevailing explanations for

the negative staircase were that the decreased strength of contraction was a result of (a) an

accompanying decrease of intracellular Caz* loading and subsequent release into the

myofilaments (Fabiato, 1985c; Mitchell et al, 1985), (b) a manifestation of intracellular Ca2+-
I

overload due to saturation of the SR with Ca2* lForester and Mainwood, 1974; Mitchell et al,

1985), or (c) due to ischemia in the core cells of the preparation induced by high-frequency

stimulation (Schouten and terKeurs, 1986; Gulch and Ebrecht, 1986).

The purpose of these experiments was to address seperately each of these hypotheses by

relating changes in twitch amplitude at different rates of rhythmic stimulation in similar preparations

of rat and canine ventricle with the amount of Caz* available for release from the SR under steady-

state conditions. The amount of Ca2+ present within the SR was estimated with rapid cooling

contractures and postrest stimulation. To determine the possible role of intracellular Ca2*-

overload, these experimentswere conducted both beforeand after raising the [Ca2+]o from 1.25
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to 2.5 mM. ln addition to probing for frequency-induced alterations in the amount of Ca2+ located

within intracellular stores, a second facet of this study was to see if exceeding the "critical

diameter" of 0.2 mm suggested by Schouten and terKeurs (1986) produced a qualitative shift in the

slope of the frequency-force relation in muscles obtained from either species investigated.

Section 3: The experiments in SECTION 3 were conducted to test the notion that frequency-

dependent changes in the force of steady state contraction in canine ventricle occurs concomitant

with, but not entirely a result of, changes in SR Ca2+ loading per se. A second direction that was

also pursued during this work was the possibility that a small fraction of myoplasmic Ca2+ during

contraction could be made available to the myofilaments independent of intracellular Ca2+

availability or release. These experiments were stimulated in part by the results of calculations

described in SECTION 2 of the Thesis pertaining to the interual-force relation and also by recent

experimental links established between myoplasmic Ca2* levels and cell contraction with rate-

dependent alterations of ai*u (Cohen et al, 1982; Brill et al, 1986; Boyett et al, 1987; Wang et al,

1988), and various time, voltage and stimulation-dependent ionic currents attributed to an

electrogenic Na+-Ca2+ exchange process (Mitchell et al, 1986; Kimura et al, 1986; Mechmann and

Pott, 1986; Barcenaz-Ruiz eT. al,1987; Beuckelmann et al, 1989; Egan et al, 1989; Shimoni and

Giles, 1989; Terrar and White, 1989).

The possibility that frequency-dependent alterations in either contractile strength or the amount

of Ca2+ available for release from the SR were related to sarcolemmal Na+-Ca2+ exchange was

tested by repeating various stimulation protocols after reducing the trans-membrane driving force

for the exchange process. Fifty percent reduction of [Na+]o by equimolar substitution of NaCl with

LiCI was chosen over more complete substitution in these experiments to leave the exchange

process functioning with enough residual activity to permit shifts in modal activity to occur during

the change i^ Er.l"c" accompanying the action potential, and to avoid complications associaled

with intracellular Ca2+-overloading. The specific aim of these experiments was to test the

hyopthesis that a [Na+]-dependent process is responsible for a significant proportion of elevated
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myoplasmic Ca2+ during high frequency stimulation. This was tested by comparing rate-

dependent changes in the strength of contraction with steady-state cooling contracture and

postrest contraction measurements both before and after lowering the bathing [Na+] from 140 to

70 mM or following the addition of drugs known to interfere with normal functioning of the SR.

Once the effect of [Na+]o-withdrawal was established on the frequency-dependence of

contraction, other stimulation protocols were carried out in solutions of varying ionic composition

for the purpose of further deliniating the manner in which the Na+-Ca2+ exchange process helps

govern contraction.

Section 4: ln this final section of the Thesis, the utility of our experimental model of EC-

Coupling in rat ventricular muscle was tested to determine if SR Ca2+ homeostasis was perturbed

in a model of diabetic cardiomyopathy which has been often associated with defects of SR Ca2+

availability (Fein et al, 1980; 1983, Nordin et al, 1985). Data available in the literature prior to

beginning these experiments suggested that the decreased contractility of diabetic cardiac tissues

was consistent with e¡ther chronic Ca2*-overload (Fein et al, 1983; Nordin et al, 1985), or a

depletion of Ca2+ pools located within the SR (Lopaschuk et al, 1983; Penpargkul et al, 1983;

Bergh et al, 1988; Horackova and Murphy, 1988;Taniand Neely, 1988).

Rats were made diabetic with íntravenous injection of streptozotocin and studied after 4 and I

weeks of diabetes. Possible defects of SR Ca2+ handling associated with the disease process were

determined by the response of muscles to changes in the rate and rhythm of stimulation and rapid

cooling. The hypothesis was that if intracellular Ca2+ content and release was perturbed in

diabetes, then an accompanying alteration of steady-state cooling contracture and postrest

contraction should be measurable. This was fufther tested in these experiments by altering the

[Ca2*]o in a such a way so as to enhance any existing predisposition of the preparation to a state

of intracellular Ca2 
+ -overload.
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EFFECTS OF CAFFEINE AND RYANODIhIË ON DEPRESSION OF POSTREST

TENSION DEVELOPMENT PROÞUCED BY BAY K 8644IhI CAT\¡INE VEhITRICULAR MUSCLE

sEcT¡onå'!
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SL,ATf MARV

Postrest contraction amplitude has proven to be a useful qualitative indicator of

sarcoplasmic reticulum Ca2+ release in isotated preparations of mammalian ventricular tissue. The

phenomemon of "postrest-potentiation" in canine ventricular muscle is converted to "postrest-

depression" by the racemic form of the Ca2* channel agonist BAY K 8644 as well as other

chemically diverse agents such as caffeine and ryanodine. Rapid cooling contractures and post-

rest contraction amplitude were used as independent measures for both sarcoplasmic reticulum

Ca2+ content and release. Simultaneous recordings of transmembrane action potentials and

accompanying contractions were obtained to determine the association between

electrophysiological and mechanical events in the presence of the various test agents. The present

study was designed to elucidate the mechanism by which BAY K 8644, caffeine and ryanodine

alter force production after variable periods of rest. BAY K 8644 (1 uM) increased steady state

contraction in response to a constant train of stimulation, caused rest-depression after 2 and B min

rest, prolonged action potential duration and increased action potential plateau amplitude.

Augmented steady state tension was not accompanied by any change in time to peak tension or

rapid cooling contracture amplitude. However, the post-rest rapid cooling contracture was greatly

diminished compared to that observed prior to BAY K 8644 treatment. Caffeine (3 and 5 mM)

caused rest-depression with an increase in steady state contraction amplitude. Along with this

there was a slight decrease in action potentíal duration and plateau amplitude and an increase in

time to peak tension. The rapid cooling contractures were virtually abolished at all conditioning

intervals. The effect of caffeine on twitch tension and cooling contracture is consistent with the

ability of this compound to inhibit Ca2+ accumulation by the sarcoplasmic reticulum. A

combination of BAY K 8644 and caffeine caused significantly less rest-depression than that seen

with BAY K 8644 alone. The augmented twitch tension was accompanied by a long time to peak

tension and action potential duration. However there was no increase in the amplitude of the rapid

cooling contracture, either after a regular train of stimulation or after rest, compared to that seen
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after BAYK8644. Ryanodine (10 nM), produced restdepression, reduced steady state tw¡tch

tension and augmented the rest-depression produced by BAY K 8644. The steady state rapid

cooling contracture remained unchanged when both agents were present simultaneously, while

the post-rest rapid cooling contracture was significantly depressed compared lo that obserued

with BAY K 8644 alone. BAY K 8644 and ryanodine appear to have similar actions with respect to

promoting diastolic loss of Ca2+ from the sarcoplasmic reticulum. Although caffeine also

decreases post-rest potentiation, it antagonises rest-depression caused by BAY K8644. The data

from these experiments suggest that this reversal is a result of depressed intracellular Ca2*

buffering and enhanced myofilament sensitivity produced by caffeine in the presence of increased

transmembrane Ca2* influx promoted by BAY K 8644.
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shsTRoDUcTsoru

Previous studies on the effect of the racemic dihydropyridine compound BAY K 8644 on

ionic currents in voltage-clamped ventricular cells have indicated that this compound enhances

peak Ca2+ entry during the Ca2+ current (/a") bV increasing the mean open time and the

probability of opening of voltage-gated Ca2+ channels (Hess et al, 1984; Brown et al, 1984;

Thomas et al, 1985). Consistent with its effects on peak /a", application of BAY K 8644 to diverse

preparat¡ons of isolated ventricular muscle also augments peak isometric tension development in

response to rhythmic electrical stimulation (lhomas et al, 1985a; Bose et al, 1987; Hryshko &

Bose, 1988). ln view of its effects on steady-state contraction and membrane Ca2* conductance it

is thus rather surprizing that BAY K 8644 also dramatically impairs the ability of ventricular muscle

to develop tension after a period of rest (Hryshko & Bose, 1988; Hryshko et al, 1989a; Saha et al,

1 e8e).

Experiments performed on isolated ventricular muscle from several mammalian species

have shown that the strength of contractions elicited after brief periods of rest (postrest

contraction) can be transiently increased upon resumption of rhythmic stimulation. The degree to

which such contractions are potentiated depends both on the experimental condítions and species

investigated. This potentiation is usually biphasic in that a maximum point on the restitution curue

is observed following some characteristic period of rest, after which postrest contraction amplitude

declines (Koch-Weser & Blinks, 1963; Morad and Goldman, 1973; Ragnarsdottir et al, 1982;

Schouten et al, 1987). Measurements of time-dependent shifts of extracellular Ca2* concentration

and sarcoplasmic reticulum (SR) Ca2+ content during the course of rest (Bers, 1983; Hilgemann,

1986) have indicated that the SR appears to be the primary source of Ca2+ for postrest

contractions in several species, including rat, guinea-pig, rabbit, and dog (Allen et al, 1976; King &

Bose, 1984; Bers, 1985; 1989 Kurihara &Sakai, 1985; Bridge, 1986; Bose et al, 1988a). ln contrast

to the phenomenon of postrest potentiation obserued with short rest intervals, extended periods of

mechanical quiescence lead inevitably to depressed postrest contractions in most mammalian
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species (Koch-Weser & Blinks, 1961; 1963). ln atrial preparations (l'homas et al, 1985a), even after

prolonged rest, there is a substantial residual "rested state" contraction, believed to be due to

release of Caz+ from the SR. This is in contrast to the "rested state" contraction in ventricular

muscle from selected species which has been postulated to be a result of transsarcolemmal Ca2+

influx and is characterized by a slower onset of a very small contraction (Reiter et al, 1978). The

inhibition of postrest force production of the type seen in the presence of BAY K8644 is similar to

that obserued following long rest interuals in control muscles, suggesting that this agent might

enhance ongoing diastolic Caz* loss from the SR and that this would in turn lead to a reduction in

the availability of activator Ca2* for release upon resumption of stimulation.

The methylxanthine caffeine and neutral plant alkaloid ryanodine are used commonly to

study excitation-contraction coupling in mammalian cardiac muscle due to their differential ability

to either inhibit Ca2+ release from the SR or its uptake following the termination of contraction

(Weber&Herz, 1968; Blinks eT al, 1972; Fabiato, 1981; Bers et al, 1987). The objective of the

present study was to design experiments which would make use of the known propefties of these

compounds to reveal the mechanism by which BAY K 8644 affects postrest force production. To

achieve this, BAY K 8644 was tested alone and in combination with either caffeine or ryanodine to

determine if they had a similar mechanism of action on postrest contractions. lt was reasoned that

this should make the combined effect of BAY K 8644 and any of the other agents on rest

potentiation additive. Rapid cooling contractures were also used to estimate global loading of the

SR with Caz*. Simultaneous recording! of transmembrane action potentials and twitch

contractions were obtained to determine the relationship between electrical and mechanical events

within a given contraction. Preliminary data have been presented to the Federation of American

Socielies for Experimental Biology (Bouchard et al, 1988).
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ANAT'ER SALS Aru Ð Añ ET'h{O E}S

Experimental Preparation

Mongrel dogs of either sex weighing 8-12 kg were anaesthetized with sodium

pentobarbital (30 mg/kg i.v.). Hearts were rapidly excised through a lateral thoracotomy and the

coronary vasculature flushed with 50 ml cold (4oC) Kreb's-Henseleit (KH) solution. KH solution had

the following composition in mM: NaCl, 118; KCl, 4.7; CaCl,2.5; MgSOo, 1.2; KHrPOo, 1.+;

NaHCO., 25 and glucose, 11. Thin, free running right ventricular trabeculae (0.2-0.5 mm diameter)

were tied using 8-0 silk (Matuda) and dissected free from the wall of the heart.

Tension Measurements

Following dissection from the heart, the muscles were transferred to a 2 ml horizontal

recirculating bath containing oxygenated (95% O2/5"/o C02) KH solution maintained at a pH of 7.4

and a temperature of 37oC. Muscles were field stimulated by pulses delivered by a computer-

driven stimulus sequencer (Boyechko & Bose, 1982) at a frequency of 0.5 Hz and an amplitude 75-

100% above threshold voltage, and equilibrated for 45-60 minutes after which they were stretched

to an optimal length for maximal isometric force production (L,n"*). lsometric contractions were

recorded with a force transducer (Grass FT03C). Periods of rest rangíng from 30-240 seconds

were randomly imposed on the othenvise constant (steady-state) stimulus pattern.

Rapid Cooling Contracture

The muscle chamber formed part of a recirculation apparatus with a single bath and two

reseruoirs connected in parallel with the bath. This system allowed very rapid (< 1 sec) switching of

bathing sotutions. Rapid cooling contractures were elicited by cooling the preparation from 37oC

to O-2oC by swítching the solution entering the muscle chamber through a parallel by-pass system.

ldentical rest periods to those used in the twitch contraction experiments were examined, where

the rapid cooling contractures were measured in the place of a regularly driven beat (e.9., steady-
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state rapid cooling contracture) or after variable periods of rest (postrest rapid cooling

contracture).

Electrophysiolog ical Measurements

For simultaneous recordíngs of transmembrane action potentials and contractions, one

end of the trabecula was fixed with stainless steel insect pins to a silicone rubber base in the bath

and the other end was connected to an isometric force transducer. Glass micropipettes were

pulled with a Brown & Flaming micropipette puller (Model P-77; Sutter lnstruments Co.) and filled

with 3M KCI (tip impedance 8-25 megaohms) to record transmembrane action potentials from the

surface cells of the trabeculae. Electrodes were connected to a high input impedance amplifier

(Neuroprobe 1600; Transidyne General Corp.). A 50 mV calibration signal and 0 mV absolute

voltage level were given prior to each electrical stimulus. These signals, together with recordings of

action potential and accompanying contractions were monitored during experiments with a 4

channel Hewlett-Packard storage oscilloscope and recorded on a thermal chart recorder (Model

8500; Astro Med lnc.) and a Zenith VHS recorder (Model YP-2220; Zenith Corp.) coupled to an

analog to digital convener and PCM adapter (Model VR-10; lnstrutec Corp.) for later analysis.

Drug Preparation

BAY K 8644 (methyl 1,4-dihydro-2,6-d¡methyl-3-nitro-4-(2-trifluoromethylphenyl)-pyridine-S-

carboxylate) was a generous gift from Dr. A. Scriabine (Miles lnstitute of Preclinical Research) and

was dissolved in 100% ethanol. The final concentration of ethanol in the solution did not exceed

0.1olo and was usually O.O1o/o. ln the presence of 0.01olo there was no decrease in steady-state

contractions while with 0.1% there was a 25o/o decrease in the strength of isometric contraction in

response to rythmic stimulation at 0.5 Hz. No decrease in rest-potentiation was observed with this

entire range of concentrations. Caffeine and ryanodine were obtained from Sigma Chemicals and

were dissolved in double-distilled deionized water. All chemicals for physiological solutions were

reagent grade. BAY K 8644 was used at a concentration of 1 uM. Although rest depression could

be demonstrated with much lower concentrations (e.9., 0.01 uM), the onset and stabilization of the



85

effect were much slower. The same was true for ryanodine which was effective in concentrations

as low as 1 nM. The concentration range of caffeíne chosen (3-5 mM) was similar to the one shown

by us previously to impair SR-mediated contractions (King & Bose, 1984; Hryshko et al, 1989a). A

further increase in the concentration of caffeine to 10 mM produced greater effects on contraction,

but the tissue response deteriorated rapidly.

Statistics

Statistical significance was determined with analysis of variance followed by Duncan's new

multiple range test for multiple comparisons and Student's paired t-test for self-controlled

experiments (Steel & Torrie, 1960). The level of significance chosen for all experiments was

P<0.05. Data points have been expressed throughout this study as the mean + S.E.M.
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Rest Potent¡at¡on

Figure 3 depicts the contractile response of isolated canine right ventricular muscle to 2

and I minutes rest periods. The control muscle (panel A) shows potentiation of postrest

contraction after both rest interuals. Addition of the positive inotropes BAY K 8644 (1 uM, panel B)

and caffeine (3 mM, panel C) aswell asthe negative inotrope ryanodine (10 nM, panel D) resulted

in depression of postrest contraction. The amplitude of postrest contractions was found

consistently to be smaller after I minutes rest compared to those obserued after rest for 2 minutes

in all preparations studied.

Figures 4 and 5 illustrate the effect of combining BAY K 8644 with caffeine or ryanodine on

tension developed after 8 minutes of rest. As may have been expected if these compounds acted

by a common functional mechanism, further addition of ryanodine resulted in an increase in the

depression of poslrest contraction compared to that obse¡ved with BAY K 8644 alone. ln contrast,

the addition of caffeine to the BAY K 8644-treated preparation reduced the postrest depression. As

can be seen in the pooled data provided in Fig. 5, both combinations of treatments produced a

slight but statistically insignificant depression of tension development in response to a rhythmic

train of stimulation.

Rapid Cooling Contractures

Rapid cooling contractures were elicited to estimate the functional capacity of the SR to

store Ca2+ during various phases of stimulation (Kurihara & Sakai, 1985; Bridge, 1986) in the

presence of the three test agents. Figure 6 illustrates the typical response of canine ventricular

muscle to rapid cooling. Panel A shows the progressive decrease in the amplitude of cooling

contractures following a progressÍve increase in the duration of rest prior to cooling. ln the

presence of BAY K8644 (1 uM; Panel B) the time-dependent decay of postrest cooling contrature

amplitude was significantly accelerated. On the other hand BAY K 8644 slightly increased the
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amplitude of rapid cooling contractures elicited in place of a regularly driven beat. This may be a

reflection of an inability of the SR to retain Ca2+ during rest without an impairment of the Ca2+

uptake process. Caffeine (5 mM; Panel C) also decreased the amplitude of the rapid cooling

contracture after the various durations of rest. Unlike BAY K 8644, however, caffeine markedly

reduced the amplitude of rapid cooling contractures immediately following a train of rhythmic

stimulation. Ryanodine (10 nM; Panel D) resembled BAYK8644 in inhibiting post-rest rapid

cooling contractures without inhibiting cooling contractures elicited in place of a regularly driven

beat. However, unlike BAY K 8644, ryanodine had a negative, rather than a positive, inotropic effect

on steady-state contraction amplitude.

The effect of combining BAY K 8644 with either caffeine or ryanodine on rapid cooling

contraclure is shown in Fig. 7. Responses of control muscles and those after treatment with

BAY K 8644 are shown for reference (Panel A A B). On further addition of caffeine (5 mM) to the

BAY K 8644-treated muscle rap¡d cooling contractures were abolished immediately following a

train of stimuli or after rest (Panel C). Despite this, tension development in response to rhythmic

stimulation remained unaltered. The maintenance of tension development in response to rhythmic

stimulation, in spite of the absence of rapid cooling contracture in the place of a regularly driven

beat, may reflect the dependence of steady-state force generation on transsarcolemmal Ca2+

influx in the presence of caffeine. Ryanodine (10 nM) funher decreased the postrest rapid cooling

contracture following 2 and 8 minutes rest, which was already reduced by BAY K 8644. lt should

be noted that unlike caffeine, ryanodine díd not decrease the cooling contracture immediately

following a train of stimuli. The results of the rapid cooling experiments indicate that the spectrum

of action of ryanodine on the contractile properties of canine ventricle resembles that of

BAY K 8644 more so than that of caffeine. Pooled data from 6 experiments are shown in Fig. 8.
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Electrophysiolog ical Stud ies

Transmembrane action potentials and accompanying contractions were obtained to

determine if the apparent transsarcolemmal Ca2+ entry associated with membrane depolarization

due to caffeine was antagonizing the effect of BAY K 8644 in decreasing postrest twitch tension.

Many studies have indicated that time to peak tension associated with isometric contraction can

be influenced by both the degree and rate of transarcolemmal Ca2* entry as wetl as Ca2* uptake

and release from the SR. Thus, an increase in strength of SR-mediated postrest contract¡on in the

presence of any of the three test agents could be brought about by either enhanced

transsarcolemmal Ca2+ entry or a reduction of Ca2+ uptake by the SR.

The effects of BAY K 8644 (1 uM) alone and in combination with caffeine (3 mM) or

ryanodine (10 nM) on the transmembrane action potential and accompanying contraction are

illustrated in Figs I and 10, respectively. The recordings in each Figure were made from a single

preparation. Data from 7 such experiments are summarized in Figs. 11 and 12. Figure 11

represents the pooled data showing the effect of BAY K 8644, caffeine and ryanodine on the action

potential duration at 50o/o repolarization during contractions obtained in response to rhythmic

stimulation or after two and eight minutes rest.

As demonstrated in earlier experiments (Hryshko et al, 1989a,b; Saha et al, 1989)

administration of BAY K 8644 was found to significantly prolong the action potential duration in

response to steady-state and postrest stimulation (see Figs. I and 10) as well as elevating the

height of the action potential plateau. Similar effects on the time course of membrane

depolarization were obserued when caffeine was combined with BAY K 8644 (Figs. 9 and 11). The

addition of ryanodine to the BAY K 86214-treated muscle produced a dramatic increase in action

potential duration during all test beats (Figs. 10 and 11). Thus, the combination of either caffeine or

ryanodine with BAY K8644 was demonstrated to have similar, albeit quantitatively different, effects

on transmembrane action potential duration. Presumably, these interuentions would have similar

effects on transsarcolemmal Ca2* influx associated with the prolonged action potentials, which
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would help to explain the partial protection of BAY K 8644-induced postrest depression by caffeine

but not the contractile response to the combination of BAY K8644 and ryanodine.

Table 4 illustrates the effect of the three test agents on time to peak tension and relaxation

time for contractions elicited in response to steady-state stimulation at 0.5 Hz and after 2 minutes

rest. Addition of BAY K 8644 had no effect on time to peak tension at any of the conditioning

interuals studied. However, a small but statistically significant prolongation of the terminal portion

of relaxation was observed in the presence of BAY K8644 (e.9., the final 10olo). ln comparison,

both caffeine and ryanodine significantly prolonged the time to peak tension as well as relaxation

time throughout the contraction, ryanodine having a much greater effect than caffeine.

Pooled data from 7 experiments showing the effect of combining BAY K8644 with caffeine

or ryanodine on time to peak tension measurements obtained during steady-state contractions and

those elicited after 2 and I minutes rest are illustrated in Fig. 12. A single dose of BAY K 8644 had

no significant effect on the time to peak tension at any conditioning interual investigated. ln

contrast, the combination of either caffeine or ryanodine with BAY K 8644 significantly prolonged

the t¡me course of contraction during continuous stimulation or after rest, and thus the effect of

combining the drugs was greater than the change produced by either agent alone. ln this regard, it

is important to stress that the combination of either caffeine or ryanodine with BAY K 8644

produced similar directional changes in action potential duration and time to peak tension but only

caffeine antagonized the BAY K 8644-induced postrest depression. Fufthermore, these data also

suggest that transsarcolemmal Ca2+ influx alone may not be the primary mechanism responsible

for the ability of caffeine to antagonize BAY K 8644-induced postrest depression.
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The new observation of this study is that although BAY K8644, caffeine and ryanodine

convert postrest potentiation in canine ventricular trabeculae to postrest depression, there are

several fundamental differences in the spectrum of actions of these three agents. The conversion

of rest-potentiation to rest-depression by BAY K8644, first described by us (Bose et al, 1987;

Hryshko & Bose, 19BB; Hryshko et al, 1989a; Bouchard et al, 1988), appears to reflect a previously

unrecognized ability of this dihydropyridine compound to modulate SR function entirely

independent of its effecls on membran e Ca2* conductance.

Considerabte experimental evidence suggests that redistribution of Ca2+ within the SR

during diastole may be responsible for the potentiation of contraction amplitude following a period

of rest (Koch-Weser & Blinks, 1961; 1963; King & Bose, 1984; Bers, 1985; Bers et al, 1987;

Hilgemann, 1986a; 1986b; Bridge, 1986; Schouten et al, 1987). From similar experiments it has

also been suggested that there may be a continuous but slow loss of Ca2* from the SR during

diastole. The latter, if allowed to continue for an extended period of time results ultimately in a

decrease of postrest contraction amplitude (Koch-Weser & Blinks, 1961; 1963; Bose et al, 1988a).

ln the present study, the additÌon of BAY K8644 to the perfusate caused rest-depression which is

similar to that seen normally with prolonged rest in canine ventricle. This was opposite to its

contrasting action of enhancing the amplitude of steady-state contraction. Based on a

consideratíon of several models of excitation-contraction coupling in mammalian cardiac muscle

proposed by various investigators (Koch-Weser & Blinks, 1963; Wood et al., 1969; Morad &

Goldman, 1973; Wohlfart & Noble, 1982; Schouten et al, 1987; Bose et al., 1988a), depression of

postrest contraction due to BAY K 8644 might reflect one of two processes: (a) an acceleration of

ongoing diastolic Ca2+ loss from the SR passing through the myoplasm so as to influence the

contractile apparatus, or (b) a pathway by which Ca2* is lost from this organelle which bypasses

the contractile apparatus. Experiments involving rapid cooling of cardiac muscle to measure

sarcoplasmic reticulum Ca2+ content as well as others using caffeine or ryanodine as
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pharmacological tools were done to obtain some insight into the ability of BAY K 8644 to per-turb

intracellular Ca2+ handling by the SR.

BAY K 8644

We have shown previously that a racemic mixture of the dihydropyridine compound BAY K

8644 prolongs action potential duration both during steady stimulation as well as after rest (Bose et

al, 1987; Hryshko et al, 1989a; Saha et al, 1989). This is consistent with the known ability of

BAY K 8644 to increase transsarcolemmal Ca2+ entry. The increase in amplitude of the steady-

state contraction can be explained on this basis. Of particular interest is the unusual effect of this

compound not only to decrease postrest potentiation but to convert it to postrest depression. This

is likely a result of a decrease in the amount of Ca2+ released from the SR following the

resumption of stimulation, which itself could be due either to increased refractoriness of the Ca2+

release mechanism or simply to a depletion of the release pool. Despite this the ability of the SR to

take up Ca2+ from the myoplasm in the presence of BAY K8644 remained unaffected, as shown

by the lack of change of the time to peak tension seen in this study and others (l-homas et al,

1985a). Further evidence in support of the maintained ability of the SR to pump Ca2* in the

presence of BAY K8644 is the increase in amplitude of rapid cooling contracture following a

sustained train of stimuli, indicating the increase in global SR Ca2+ availability. However, the rapid

decrease in the amplitude of rapid cooling contractures after the ínitiation of rest indicates that the

loss of Ca2* from the SR is accelerated by BAY K 8644. Previous investigations have failed to

demonstrate any effect of this agent on sarcoplasmic reticular function in skinned cardiac muscle

fibers or on Ca2+ transport in sarcoplasmic reticulum vesicles from skeletal muscle ([homas et al,

1985b; Zorzato et al, 1985). One factor which may contribute to this unusual effect of BAY K 8ô44

on postrest contraction, as opposed to contractions resulting from continuous stimulation, may be

the requirement for a functional junction between the t-tubule and SR which is retained only in the

intact ventricular preparation. We have found that the inhibitory effect of BAY K 8644 on postrest
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contraction is not seen in atrial preparations, which are poor in t-tubules (Sommer & Johnson,

1 s7e).

Postrest force production has been shown previously to be strongly influenced by

compounds which afÍecl Caz+ handling by the SR (Bers, 1983; 1985; 1987; Bers et al, 1987;

Hilgemann 1986a,b). ln such experiments, a gradual increase in the content of Caz+ in the

extracellular space of cardiac muscle during diastole was found to be facilitated by the

administration of ryanodine and was accompanied by a decrease in postrest tension development.

Thus, it appears that postrest contraction in most mammalian species is governed to a greater

eltent by intracellular Ca2+ release as opposed to transarcolemmal Ca2* entry during muscle

activation. lt should be noted that while postrest rapid cooling contracture amplitude decreases

continuously with increasing rest durations, postrest contractions evoked by electrical stimulation

are biphasic in their pattern of restitution over the course of 5-240 seconds. This finding is

consistent with the notion that rapid cooling contractures better represent total SR Ca2+ content

while electrically evoked postrest contractions better represent the Ca2+ pool located in the

release site of the SR. This explanation, however, is incomplete as it raises the question of the

route which this Ca2+ presumably takes in moving from the SR, eventually to the e>tracellular

space.

We have hypothesized that the apparent "leak" of Ca2+ from the SR takes place close to

the t-tubule-lateral cisternal junctions. This proposal is based on data obtained from experiments

performed on both skinned fibers and vesicles prepared from SR membranes (fhomas et al,

1985b; Zorzato et al, 1985), and those in which the effect of BAY K 8644 on asynchronous diastolic

sarcomere motion was assessed and measurements of time to peak tension of contractions (Bose

et al, 1987; present study). Scattered light intensity fluctuation of coherent light due to wavelike

myofilament motion is believed to be caused by spontaneous oscillatory Ca2+ release from the SR

of ventricular muscle (Lappe & Lakatta, 1980; Lakatta & Lappe, 1981). Since these oscillations are

measured during diastole, their depression after the addition of BAY K 8644 (Bose et al,

1987;1988b) suggests that Ca2+ present in the myoplasm during diastole is reduced by BAY K



93

8644. This could result from decreased release from the lateral cisternae, probably due to a

decrease in the volume of Ca2+ present within the release companment. Ryanodine, which is

known to increase Ca2+ leakfrom the SR (Bers et al, 1987) also reduces scattered light intensity

fluctuation (Sutko et al., 1986b; Kobayashi & Bose, unpublished observations). The time to peak

tension associated with contractions produced by continuous electrical stimulation or after variable

periods of rest has been consistently reported to be unaffected by treatment with BAY K 8644

(fhomas et al, 1985a; Hryshko et al, 1989a). This suggests that prolongation of the duration of

active state (due to alterations of SR Ca2+ uptake and release) do not contribute to the positive

inotropy produced by this agent. Failure to slow relaxation rate throughout the twitch, as opposed

to slowing of the final 10o/o oÍ the relaxation phase, suggests that the ability of the SR to sequester

Ca2* ¡s also not markedly impaired by BAY K 8644, if at all. Diastol¡c leak of Ca2* from the SR

might be expected to result in a uniform slowing of relaxation, as occurs with caffeine or ryanodine

alone. As this did not occur in the presence of BAY K 8644, it may be concluded that the pathway

taken by Caz+ afler it leaves the SR during diastole does not include primarily the myofilaments,

and this release may indeed be from regions of the SR closer to the sarcolemma. ln this regard it

should be noted that low concentrations of external Na+ partially reverses depression of postrest

force production by agents or procedures which cause rest-depression, including BAY K 8644

(Sutko et al, 1986a; Bose et al, 1987). This suggests that the sarcolemmal Na+-Ca2+ exchange

process may be mediating the apparent diastolic loss of Ca2+ in these muscles, including those

treated with BAY K8644.

BAY K 8644 plus Caffeine

ln most mammalian species studied, the effect of administration of caffeine on excitation-

contraction coupling in heart muscle appears to have two distinct phases. That this appears to be

universal among species with very different excitation-contraction coupling cascades likely reflects

the diversity of actions of this compound within the cardiac cell. The inítial response to caffeine is

an enhancement of Ca2+-induced release of Ca2+ from the SR as measured by increased force
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production, increased scattered light intensity fluctuation and asOa flux (Fabiato, 1981; Stern et al,

1985; Sutko et al, 1986b; Rasmussen et al, 1987). The seeond action of caffeine is to gradually

deplete intracellular Ca2+ poot(s), and in turn, quantitative release from the SR in response to an

action potential. The small positive inotropy obse¡ved with this agent is likely a reflection of a

number of intracellular processes which favour myofilament activation, including inhibition of

sarcoplasmic reticulum Ca2* ATPase (Weber & Herz, 1968), enhanced myofilament Ca2+

sensitivity (McClellan & Winegrad, 1978) and inhibition of phosphodiesterase (Butcher &

Sutherland, 1962), the latter of which may also enhance peak /a" through its effects on cAMP-

dependent protein kinase.

Caffeine has been previously shown to inhibit postrest tension development (Bers, 1983).

The interaction between caffeine and BAY K 8644 was tested to gain insight into the depressant

action of BAY K 8644 on postrest contraction. lt was initially hypothesized, that if these agents

utilized a similar mechanism to inhibit postrest contraction, then the effect of combining them

should be additive. This effect was not observed. lnstead, caffeine was found to partially reverse

the depressant effect of BAY K8644 on postrest contraction. Moreover, rapid cooling contractures

obserued under the influence of both drugs retained the characteristics of that obserued with

caffeine alone, which suggests that Ca2+ stores within the SR were severely depleted during

continuous stimulation under the influence of both inotropes, even though the postrest contraction

was less depressed. Thus, it seems unlikely that the caffeine-induced protection against the rest-

depression induced by BAY K 8644 was due to enhanced Ca2+ release from the SR. This

explanation is supported by the absence of significant cooling contractures when evoked

immediately after a train of regular stimuli or after periods of rest, or data obtained in previous

studies where other, indirect, measures of intracellular Ca2* movements were found to be

depressed by caffeine administration (Sutko et al, 1986b; Rasmussen et al, 1987; Bers, 1987).

ln addition to the possibility of enhanced transsarcolemmal Ca2* entry associated with the

effect of caffeine to prolong action potential duration, increased myofilament activation during the

postrest beat may be a likely explanation for the caffeine-induced antagonism of the effect of
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BAY K 8644 on postrest tension development. lt could be argued that enhanced activation of

contraction may be related to either the prolongation of action potential duration and a possible

increase in Ca2+ current or time to peak tension under these conditions. However, as discussed

below, similar electrophysiological changes were found with BAY K 8644 alone and in combinalion

with ryanodine, both of which resulted in greater rest-depression. Furthermore, both caffeine and

ryanodine prolong time to peak tension when present alone or in combination with BAY K 8644 to

a similar extent. Despite the similarity in their effect on the twitch profile, antagonism of

BAY K 8644-induced rest-depression was obserued only with the combination of BAY K 8ô44 and

caffeine. These data do not support the hypothesis that enhanced transsarcolemmal Ca2+ influx

alone is responsible for the reduction of BAY K 8644-induced rest-depression by caffeine. lt

appears that despite the characteristic rest-depression produced by either caffeine or BAY K 8644

alone the decreased depression when the two are combined may result from the augmented Ca2*

current due to BAY K 8644, and reduced sequestration of myoplasmic Ca2+ by the SR as well as

sensitization of the contractile apparatus in the presence of caffeine.

BAY K 8644 plus Ryanodine

Ryanodine is a negative inotrope, which binds specifically to the Ca2* release channel

localized on the terminal cisternae of the SR (lnui et al, 1987). lts binding is modulated by caffeine

(Pessah et al, 1986), although in this study the tvvo were never present simultaneously. This

alkaloid decreases ventricular contract¡l¡ty during rhythmic stimulation and after rest by decreasing

the content of Qaz+ present within the SR (Sutko and Willerson, 1980; Bers et al, 1987), increasing

the passage of Caz+ from the intracellular stores to the e)Íracellular space (Hilgemann et at, 1984;

Bers et al, 1987; Hilgemann, 1986a; 1986b), decreasing diastolic Ca2+-mediated myofilament

motions (Sutko et al, 1986b), while only slightly reducing asOa uptake (Rasmussen et al, 1987).

Addition of ryanodine in the presence of BAY K 8644 further decreased the amplitude of

postrest contract¡on and cooling contractures. The data are in agreement with the prediction that

the two drugs share a similar mechanism of action. This is supported by the lack of change in rapid
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cooling contracture amplitude immediately following a train of rhythmic stimulation and the further

increase in action potential duration obserued under the influence of both agents. Thus, although

the amount of Ca2+ released from the SR is impaired by ryanodine (Hilgemann, 1986a; 1986b;

Bers et al, 1987; Rousseau et al, 1987), the ability of this organelle to sequester myoplasmic free

Ca2* appears to remain unaffected. One effect of ryanodine which does not parallel that of BAY K

8644, however, is the increase in time to peak tension (162.5o/.) and marked increase in relaxation

Iime (277.5o/o). Other effects such as those observed on the action potential duration under the

influence of both drugs differ significantly from the response seen wth BAY K 8644. This suggests

that even in the face of a possible large increase in the duration and peak of transsarcolemmal

Ca2+ entry, the storage pool within the release site of the SR is unable to retain its load oÍ Caz+

overthe course of time, similar to that obserued with BAY K 8644 alone. lf one assumes that Ca2+

pumping by the SR is not impaired by the combination of BAY K8644 and ryanodine (on the basis

of rapid cooling contractures not being impaired during steady stimulation), then the significant

increase in the time taken for both peak tension development and relaxation with this treatment

indicates that Ca2+ may be passing through the myofilaments on its way out from the SR during

the process of "leak". Caffeine which causes an intermediate amount of prolongation in time to

peak contraction and relaxation time than ryanodine may be acting by a different mechanism, as

suggested earlier. However it would be impossible to rule out increased leak of Ca2+ from the SR

under its influence. Studies on Ca2* release channels incorporated into planar lipid bilayers

indicate that they are converted to an open high conductance state by caffeine (Rousseau &

Meissner, 1989). Ryanodine in contrast keeps the channels open in a low conductance state

(Rousseau et al, 1987), which may explain a longer duration of Ca2+ leak leading to a greater

prolongation of tension development and recovery. The fact that a similar extent of change is not

seen with only BAY K8644 may be becalrse, in this case, the leakage ol Caz+ may be occuring

from a very limited site from the SR.
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ln summary, the results of the experiments where BAY K 8644 was co-administered with

either caffeine or ryanodine suggest that the latter two drugs do not share a similar mechanism of

action in depressing postrest tension development in canine ventricular muscle. Of the two agents

tested in combínation with BAY K 8644, ryanodine produced contractile and electrophysiological

changes which were somewhat similar to those obserued with BAY K8644 alone. lt is likely that the

depression of postrest contraction by BAY K 8644 is indicative of an acceleration of ongoing

diastolic Ca2* loss from the SR into the extracellular space, without influencing the myofilaments

significantly duríng transit. This apparently leaves less activator Ca2* available for release upon

resumption of stimulation.
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Flgure 3. Typical response of canine ventricular trabeculae to varying periods of rest in an

untreated muscle Ganel A) and after t¡eatment with 1 uM BAY K 8644 €anel B), 5 mM

caffeine €anel C) and 10 nM ryanodine (Panel D). Rest durations of 2 fleft) and 8 (right)

minutes were imposed after a continuous train of steady-state stimulation at a frequency of

0.5 Hz.

B.Bay k 8644



99

A

tr-{

E

\1ftïi\lll,ïi\j{[ 
'rwtlTi\Ttrrrïlilril

/

** [*ouoonnonn*

| À Control
r gn'Ë

t**

I n. nay k8644

'--å Itffi *'rrrttttt\\\\\\\\\T\\\\\\\\\\\\

'fi\\\\\ 
,,\\\l\\\\\\\\\\\\\\\\\\N

8 MTN RBST

Figure 4. Representative contractile response of canine ventricular muscle to

application of BAY K 8644 (1 zM) alone or in combination with 6 mM caffeine

(Panel A) or 10 nM ryanodine (Panel B). Postrest contractions were elicited

after either 2 or I minutes rest.

"'"Í ililiilil-"" onnrrriii'i*\\\t\ftffi \tffil$ilft otullu{I\l

N c. s"" + Caffeine

"'ü fir,ffiT.[\ {\$lüN\\\\\\\\\\\\\\\\\\\\

2 min RBST



100

200

150

CONTROL BAY k 8644 BAY ¡( A644 BAY k 8644
+ CAFFEINE + RYANODINE

Flgure 6. Pooled data from 6 experiments showing the effect of combining caffeine (5 mM) or
ryanodine (10 nM) with BAY K 8644 (t uM) on tension development of the first postrest beat
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contraction preceding the test interval. St¿tistical significance of observed differences were

analyzed with an analysis of variance followed by Duncan's new multiple range test for
multiple comparisons. * denotes P <0.05.
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Flgure 6. Typical responses of canine ventricular trabeculae to a rapid change (<1 sec) in

temperature from 37oC to 0-2oC. Rapid cooling conüactures were obtained in the place of a

regularly driven beat (eft), or after 2 (center) and 8 (right) minutes rest. The moment of

solution change is indicated by the arrow under the individual recordings. Panel A represents

the control trace and Panels B-D after administration of BAY K 8644 (1 nM), caffeine (5 mM),

and ryanodine (10 nM). The stimulus frequency was 0.5 Hz for all rapid cooling contracture

experiments.
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on rapid cooling contracture amplitude. The protocol was similar to that described in Figure 3.
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Flgure 8' Pooled data from 6 rapid cooling contracture experiments showing the effect of
combining BAY K 8644 (1 ttM) with caffeine (5 mM) or ryanodine (10 nM) on rapid cooling
contractures obtained after 2 and 8 minutes of rest. Data is expressed as a percentage of
contraction prior to initiating the rest interval. Significant differences between treåted and

untre¿ted groups were determined by analysis of variance followed by Duncan's ne\¡/ multiple
range test for multiple comparisons. * denotes p < 0.5
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Flgure g. Simultaneous recording of action potentials and accompanying contractions from

isolated trabeculae after treatment with 1 rM BAY K 8644 (top panel) or BAY K 8644 and

3 mM caffeine (bottom panel) after 2 (eft) and 8 (right) minutes rest. In each case, the postrest

action potential and accompanying contraction (indicated by arrow) have been superimposed on

the steady-state beat preceding the period of rest. The stimuiation frequency during aii

electrophysiological studies was 0.5 Hz.
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Flgure 10. Simultaneous recording of action potentials and accompanying contractions from

isolated trabeculae after treatment with I uM BAY K 8AN4 (top panel) or BAY K 8644 and

10 nM ryanodine þottom panel) in response to rhythmic stimulation (left) or after 8 minutes

rest (right).
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Flgure 11. Pooled data from 7 experiments showing control action potential duration for 50%

repolarization (densely shaded bars), the effect of Bay K 8644 (1 uM; cross hatched bars) and a

combination of BAY K 8644 with c¿ffeine (3 mM; left diagnal stiped) or ryanodine (10 nM;

right diagnal striped). Measurements were made during steady-state contractions and after 2

and I minutes rest. Signif,rcance of differences between treated and untreated groups were

determined by an anaiysis of variance followed by Duncan's new multiple range test for

multiple comparisons. * denotes P < 0.05
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shaded bars), the effect of BAY K 8644 (l aM; cross hatched bars) and the combination of

BAY K 8644 with caffeine (5 mM; white bars) or ryanodine (10 nM; lightly stippled bars).

Measurements were made during steady-state contractions and after 2 and I minutes rest.

Statistical analysis of this data was similar to the tests performed in earlier Figures. * denotes

P <0.05.
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Table 4. Effect of BAY K 8644, caffeine and ryanodine on the peak
and time course of isometrÍc contraction in canine ventrÍcular muscle.

Treatment n

Percent Change
(mean SEM)

TPTss RTss TPTr RTr

BAY K 8644
(1 uM)

5 107.016.7 116.6+g.5 
s

112.9+ 10.4
a

129.8+ 11.5

Caffeine
(5 mM)

6
*

124.5!1 135.3+7.1 
s

113.0+3.5 
s

134.0+ 10.6 
s

Ryanodine
('10 nM)

6
*

162.5t_7.9 277.5+ 11 3" 125.0+7.54 290.5+ 11

TPT = Time to peak tension RT = Relaxation time
'ss' &'r' denote steady-state and post-rest contractions respectively
e denotes p<0.05 compared to control



t-09

AhIALYSIS OF THE Ih¡TERVAL.FORCE RELATIONSHIP IN

RAT AND CAN¡NE VENTRICULAR MYOCARDIUM

sEcT'loru 2



110

SUMMARY

The mechanism of the negative force staircase in thin rat ventricular trabeculae was investigated

and compared with the positive force staircase in dog ventricular muscles of comparable diameter.

lncreasing stimulus frequency from 0.2 to 0.5 and 1 Hz resulted in a progressive reduction in the

amplitude of steady-state contraction that was demonstrated in both 1.25 and 2.5 mM [Ca'*]o.

The negative staircase was associated with no change in the amplitude of postrest contraction or

rapid cooling contracture at either [Ca2*]o investigated. The results of these experiments suggest

that reduced loading of the sarcoplasmic reticulum with Ca2+ is not a likely explanation for the

negative staircase in this species and are consistent with a frequency-dependent increase in the

refractoriness of the sarcoplasmic reticulum Caz+ release process or a decrease in the trigger for

Ca2+ release, assuming that the amount of Ca2+ present within the release site is constant from

one frequency to the next. In contrast to the rat, canine ventricular muscle exhibited a positive

force staircase, the slope of which depended on [Ca2*]o, as well as a frequency-dependent

increase in the amplitude of postrest contraction and peak rapid cooling contracture. Data

obtained from this latter series of experiments suggests that increased filling of the release pool

within the sarcoplasmic reticulum with Ca2+ underlies the inotropic effect of high frequency

stimulation in canine ventricular muscle.
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ln the myocardium of most mammalian species, including cat, sheep, guinea pig, dog, and

rabbit, twitch amplitude is typically augmented in response to a gradual increase in the rate of

stimulation (e.9., positive staircase). ln contrast, preparations of rat myocardium ranging from

isolated perfused hearts to ventricular myocytes have been consistently reporTed to produce a

negative force staircase at similar rates of stimulation (Kelly and Hofmann, 1960; Forester and

Mainwood, 1974; Mitchell et al, 1985; Capogrossi et al, 1988). Two theor¡es of excitation-

contraction coupling specific for cardiac muscle have been proposed which assign different

degrees of importance to transsarcolemmal Ca2+ entry for direct myofilament activation. The

model originally proposed by Langer (1973, 1974;1982) suggests that enough Ca2+ may enter

through the plasma membrane during the action potential to directly activate the myofilaments.

However, Fabiato and Fabiato (1975; 1978; 1983; 1985a-c) have put fonvard a different model in

which both the magnitude and rate of transsarcolemmal Caz+ entry serue primarily to control the

amount of Ca2+ released from the sarcoplasmic reticulum (SR), and thereby the degree of

myofilament activation. ln either case, however, an increase in stimulation frequency should result

in an increase in time-averaged Ca2* entry across the sarcolemma into the myoplasm. lndeed, this

explanation was the favoured hypothesis used to explain the posit¡ve staircase phenomenon prior

to the demonstration of Ca2+-induced release of Ca2* in cardiac muscle (Koch-Weser and Blinks,

1963; Wood et al, 1969; Allen et al, 1976).

Experiments performed with the whole-cell voltage clamp technique on rat ventricular myocytes

(Mitchell et al, 1985; 1987) have shown that an increase in frequency of rhythmic stimulation is

associated with a reduction of action potential duration (APD) and amplitude of the slow inward

Ca2* current (/ca). lt is of interest therefore, that similar directional changes in APD and peak /a"

have been demonstrated in numerous species throughout the animal kingdom, where they have

been associated with the development of a positive, rather than a negative staircase (for review,

see Boyett and Jewel, 1980). Thus, the reduction of contractility in rat ventricle would appear to
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take place under conditions usually associated with enhanced cellular Ca2+ influx, which should in

theory lead to increased loading of the SR wíth activator Ca2+ (Wood et al, 1969; Gibbons and

Fozzard,1971; Fabiato, 1981; 1985c; Bridge, 1986; Clusin and Lee, 1987). This raises the question

of whether the negative staircase in rat ventricle is a manifestation of altered loading of the SR with

Ca2+ during steady-state stimulation or is perhaps due to some other mechanism which may

influence the release process specifically.

Postrest tension development (Allen et al, 1976; Ragnarsdottir et al, 1982; Schouten and

terKeurs, 1986; Bers, 1985; Lewartowskiand Pytkowski, 1988, Bose et al, 1988a) and rapid cooling

contractures (Kurihara and Sakai, 1985; Bridge, 1986; Bers et al, 1987; 1989) have been used

extensively in recent years to estimate indirectly SR Ca2+ availability and release in ventricular

muscle under varying physiological and pharmacological conditions. These techniques have been

applied in the present experiments to independently assess SR Ca2+ content and release as a

function of conditioning interval in both rat and canine ventricular myocardium. lt is proposed that

if transsarcotemmal Ca2* entry is reduced with increasing rate of stimulation, postrest force

production and cooling contracture amplitude would be expected to decline due to decreased

loading of the SR. Conversely, if these estimates of SR Ca2+ availability are enhanced or remain

unaltered despite changes in the amplitude of steady-state contraction, then reduced Ca2+ entry

may not be responsible for the negative staircase. A preliminary repon of part of this work has

been presented to the American Physiolgical Society (Bouchard and Bose, 1988).
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MAT'ERIALS ATU Þ AJT ET'hBOÐS

Experimental Preparation

Trabeculae were isolated from the hearts of male Sprague Dawley rats (350-400 gm) and

mongrel dogs of either sex (8-12 kg). Rats were decapitated under light ether anesthesia while

dogs of either sex were anaesthetized with sodium pentobarbital (30 mg/kg i.v.). Hearts were

rapídly excised and the coronary vasculature was flushed through the aorta with ice-cold Krebs-

Henseleit (KH) solution. The KH solution had the following composition in mM: NaCl, 1 18; KCl, 4.7;

CaCl, 2.5; MgSOo, 1.2; KH'PO+, 1.4; NaHCO., 25; and glucose, 11. Thin, free-running right

ventriculartrabeculae (0.1-0.4 mm diameter)were tied with 8-0 silk thread (Matuda) and dissected

free from the wall of the ventricle.

Tension Measurements

Following removal from the heart, muscles were transferred to a 2 ml horizontal recirculating

tissue bath containing continuously oxygenated HEPES buffer (in mM: NaCl, 140; KCl, 4.7; MgCl,

1.0; HEPES ([4-(2-hydroyethyl)-1-piperazineethanesulphonic acid)]), 5; glucose, 10) maintained at

37oC and pH of 7.4. The muscle chamber was in series with a circuit of insulated teflon tubing

forming one-half of the rapid cooling apparatus (see below). Muscles were stimulated with 2 ms

pulses delivered at a continual (steady-state) frequency of 0.2 Hz by a stimulator (Grass model

SDS) at an amplitude between 75-100o/o above threshold. After a 45-60 minute equilibration period

the muscles were adjusted manually with a micrometer to their optimal length (Lr*), where

developed tension was maximal. Rest intervals ranging from 30 to 24O seconds were ímposed on

the otherwise constant stimulation pattern. When switching from one frequency to the neld, at least

10 minutes were allowed for re-equilibration prior to initiating the following train of tesl interuals.

It has been suggested (Schouten and terKeurs, 1986; Gulch and Ebrecht, 1986) that the

negative tension staircase often demonstrated in isolated rat heart may be the result of

compromised metabolism in the core cells of the muscle at higher frequencies of stimulation. ln
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the study of Schouten and terKeurs (1986), isolated trabeculae from the right ventricle of rats

having a "critical diameter" of 0.2 mm or less did not exhibit the negative staircase response, a

finding the authors attributed to a lack of ischemia usually present in thicker preparations. ln an

attempt to address this problem, muscles used in the present investigation were also divided on

the basis of their diameter. ln addition, muscles isolated from rat hearts consistently occupied the

lower diameter range (0.1-0.3 mm) when compared to canine trabeculae (0.2-0.4 mm).

Rapid Cooling Contractures

For these experiments, the trabeculae were mounted in a 2 ml bath in series with a two-

reseruoir recirculation apparatus. Continuously oxygenated HEPES buffer flowed to the bath by

gravity from one of two reseruoirs suspended above the muscle chamber. Flow rate into the

muscle chamber was -35 ml/min for the warmed circuit and -40 ml/min for the cooled circuit,

and was controlled by adjusting the tubing diameter and reseruoir height. Rapid cooling

contractures were elicited in the place of a regular beat (e.9., steady-state cooling contractures) or

after variable rest intervals by switching the stream of solution entering the muscle chamber

through a parallel by-pass system. Cooling of the solution surrounding the outer cells of the

muscte (from eToCto 0-2oC)occurred typicallyin <1 sec. Force productionwas measured with a

force transducer (Grass FT-O3C) and contractions were recorded on a 4 channel polygraph

(Grass model 7) for later analysis. Periods of rest identical to those used in the nvitch tension

experimenls were re-examined with cooling contractures substituting for twitch contractions. After

the completion of a given set of test interuals, 10 minutes were allowed at the next experimental

frequency prior to commencing the next train of test interuals.
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Statistics

Data were analysed with a repeated measures analysis of variance using the least-squares

method of general linear modelling. The level of significance chosen for all blocked experiments

was P <0.05. When significance was found within the full model for the dependent variable,

multiple range tests for the least-square means were performed to determine the level of

significance.
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Frequency-Force Relationship: As discussed ln the METHODS section, a number of recent

studies have re-examined whether the negative force staircase represents the intrinsic response of

this tissue, or is a better reflection of hypoxia in the cells at the core of the muscle preparation

(Schouten and terKeurs, 1986; Gulch and Ebrecht, 1986). Prior to investigating the mechanisms

tentatively underlying the staircase, an attempt was made to address this concern. Our first

approach was to determine the effect of muscle thickness on tension developed in response to

increasing the frequency of rhythmic stimulation. Secondly, the experimental protocol was

repeated under identical conditions using isolated canine right ventricular trabeculae.

Figure 13 shows the effect of varying external Ca2* concentration ([Ca2*]o) on isometric force

developed by rat right ventricular trabeculae. lncreasing the stimulation frequency from 0.2 to 0.5

and 1.0 Hz produced a descending contractile staircase, where tension development was 100,

77!1.96 and 56+-2.650/o o1 maximal steady-state force production respectively. The staircase

remained unaltered when [Ca2+Jo was elevated to 2.5 mM. ln this respect, the results are similar to

the previous demonstration of a negative staircase in the range of [Ca2+]o of 1.1-2.5 mM (Forester

and Mainwood,1974; Orchard and Lakatta, 1985; Gulch and Ebrecht, 1986). Previous studies have

demonstrated that the slope of the staircase is particularly sensitive to [Ca2+]o between stimulation

frequencies of 0,1 and 3.0 Hz; as [Ca2+]o is progressively lowered from 2.5 mM to 0.25 mM, the

staircase response is converted from a continuous monophasic drop in force in the presence of

2.5 mM [Ca2*]o, to a biphasic response where the negative staircase obserued at 0.1 to 0.5 Hz

stimulation is followed by positive staircase as the rate of stimulation is increased from 0.5 to 3.0

Hz (Forester and Mainwood, 1974). The mean diameter of the muscles used in the present

experiments was 0.2 mm, which was similar to the "critical diameter" suggested by earlier studies

(Schouten and terKeurs, 1986) to avoid core hypoxia.
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To determine the effect of muscle thickness on the frequency-force relation, muscles were

grouped arbitrarily according to diameter (0.1-0.29 and 0.3-0.4 mm), This was done to see if the

thinner muscles produced a qualitatively different frequency-force relation compared to the thicker

preparations. Figure 14 showsthat in the presence of 1.25 mM 1Ca2+]o, an increase inthe rate of

stimulation produced a negative staircase in both groups. Although the thicker muscles did

develop less tension at the fastest drive rate, this difference was not statistically significant. The

correlation between frequency and developed tension remained the same when [Ca2+lo was

elevated to 2.5 mM. The data are in agreement with recent documentation of a negat¡ve frequency-

force relation in both ultra-thin rat papillary muscles (<0.1 mm) under conditions of relatively low

energy demand (0.125-2.0 Hz in Gulch and Ebrecht, 1986) and isolated rat ventricular myocytes

(Mitchell et al, 1985; 1987; Capogrossi et al, 1988), which have little diffusional barrier Íor 0,

delivery.

Figure 15 illustates the relationship between stimulation frequency and isometric tension

developed by isolated trabeculae from canine myocardium. The mean diameter of the muscles in

these experiments was greater than that obtained from the rat hearts (0.28 vs 0.2 mm respectively).

However, unlike the rat trabeculae, a similar increase in the rate of stimulation was found to

produce a positive force staircase in the canine trabeculae. Also different from the rat response,

was the dependence of the slope of this relationship on [Ca2*]o. For example, increments of

stimulation frequency in the upper portion of the frequency range (1.5-3.0 Hz) consistently

augmented steady-state contractions in both Caz+-containing solutions, but only in 2.5 mM

[C"'*]o was the same effect observed at low frequencies (0.5-1.5 Hz.).

Postrest Response: To test the possibil¡ty that the negative staircase in rat ventricular muscle

might occur as a result of altered SR Ca2+ accumulation, postrest contractions were elicited after

variable periods of rest as an index of SR Caz+ loading. Potentiation of steady-state contraction

amplitude after brief periods of rest has been previously reported in rat (Ragnarsdottir et al, 1982;

Schouten and terKeurs, 1986), canine (Endoh et al, 1981; King and Bose, 1984; Hryshko et al,
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1989a) and kitten (Koch-Weser and Blinks, 1963) ventricle, where it has been attributed to time-

dependent redistribution of Ca2+ from an "uptake" site to a "release" site within the SR during the

course of rest.

Figure 16 illustrates the typical contractile response of an isolated rat trabeculae to rest for 30-

120 seconds. lncreasing the stimulation frequency from 0.2 to 0.5 and 1.0 Hz slightly augmented

the amplitude of the first postrest beat in the presence of 1.25 mM [Ca2*]o, despite the decline in

steady-state contraction amplitude at these drive rates. This dissociation in the amplitude of

steady-state and postrest contractions was reflected by the gradual elevation in the degree of rest-

potentiation when contractions were expressed as a percentage of steady-state contraction.

Pooled data illustrating this response have been furnished in Fig. 17.

Cardiac muscle from several mammalian species show the phenomenon of "rest-decay",

whereby the decline in the amplitude of the first postrest beat with time has been associated with

the loss of releasable Caz* from the SR (Sutko and Willerson, 1980; Bers, 1985; Bridge, 1986;

Bose et al, 1988a) to the extracellular space (Hilgemann, 1986a,b; Bers and Mcleod, 1986; Bers et

al, 1 987). Figs. 1 6 and 1 7 show the absence of this type of tension decay in isolated rat trabeculae,

as the amplitude of the first postrest beat was not altered when the rest duration was gradually

extended overthe range of gO-240 seconds (240 seconds rest notshown). lncreasing ¡Ca2+¡oto

2.5 mM had no effect on the restitution of postrest contraction obserued in response to changes in

the frequency of rhythmic stimulation or duration of rest. Thus, as shown in Fig. 17 (Panel B -

lightly stippled bar), the amplitude of the first póstrest contraction found throughout the range of

rest intervals could be represented by a single value.

Rapid Cooling Contractures: The results obtained so far suggest that the content of Ca2+

located within the SR and the fraction released by postrest stimulation appear to remain unaffected

with increasing frequency. This is contrary to what would be expected if the inverse relationship

between the rate of stimulation and steady-state contraction was a reflection of reduced SR Ca2+
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loading. Rapid cooling contractures were elicited using a similar stimulation protocol to further

assess SR Ca2+ availability.

Figure 18 depicts a representative response of isolated rat trabeculae to rapid cooling in the

presence of 1.25 mM ¡Ca2+]o. The typical decrease in isometric contraction associated with a

graded increase in the rate of stimulation is evident in each of the panels prior to cooling. A

progressive increase in the rate of steady-state stimulation had no effect on the amplitude of RCCs

elicited in the place of a regularly driven beat, despite the reduced amplitude of steady-state

contractions preceding cooling. This was reflected by the stepwise increase in the amplitude of

these contractures when they were expressed as a percentage of steady-state twitch amplitude

associated with the individual drive rates. An identical response was obtained when [Ca2+]o was

elevated to 2.5 mM. lf the steady-state RCCs are indeed indicative of the amount of Ca2+ present

in the SR at the time when an evoked stimulus would have occurred, it may be concluded from

these experiments that the negative tension staircase is not a reflection of reduced SR Ca2+

loading.

Further experiments were conducted to determine the magnitude of RCCs elicited after

progressively longer periods of rest. lncreasing the duration of rest in the presence of 1.25 mM

[Ca2*]o had no effect on the amplitude of RCCs obtained after 30, 120 and 240 seconds rest.

Pooled data for cooling contractures elicited after 120 seconds rest have been provided in Panel B

of Fig. 18. Similar to the results obserued with postrest contraction, the inability of stimulus

frequency to alter the amplitude of either steady-state or postrest RCC was not related to [Ca2+]o.

The only difference we observed was that in the presence of 1 .25 mM [Ca2+]o, an increase in the

duration of rest produced a small but reliable increase in the amplitude of postrest RCCs.

Conversely, when the rest response was re-examined in 2.5 mM [Cat*]o, a similar increase in rest

duration led to a small decrease of postrest RCC amplitude. Both of these trends, however, did not

attain statistical significance. The absence of an "apparent" diastolic Ca2+ loss in rat cardiac

muscle is different from that obserued in other species (Kurihara and Sakai, 1985; Bridge, 1986;

Bers et al, '1987), as mentioned earlier. Thus, these data imply that, not only does the SR of rat
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cardiac cells not lose Ca2+ with time, but under certain experimental conditions, may instead gain

ir.

Figure 19 summarizes the relationship between developed tension and the entire range of test

interuals studied, including both rhythmic stimulation (smallest test interual in each block of data)

and the various rest interuals (30-240 seconds)at ¡Ca2+lo o11.25 mM. The lower panel represents

the data in units of force, while the upper panel is a replotting of the data as a percentage of

steady-state twitch amplitudes. ln addition to the reduction of steady-state contraction, no change

was obse¡ved in the pattern of normalized tension change for postrest contraction or rapid cooling

contractures within a given block of data following an increase of stimulation frequency. Thus,

increasing the rate of stimulation always resulted in decreased steady-state contraction, increased

rest-potentiation, increased RCC amplitude, and a lack of time-dependent decay in the amplitude

of postrest contraction or rapid cooling contracture with increasing rest duration. The dissociation

of steady-state twitch amplitude from normalized postrest contraction and cooling contraction

amplitude can be explained by the calculations in the lower panel. Here, a progressive increase in

the rate of stimulation had no significant effect on either measure of contractility, thus explaining

the augmented amplitude of these contractions when normalized for decreasing steady-state

contraction.

With minor variation, the situation was similar when [Ca2+lo was increased to 2.5 mM. The

exception was the clear lack of rest-potentiatÌon at the lowest frequency (O.2Hz). For this reason it

is tempting to speculate that the sensitivity of the mechanisms responsible for force production are

inversely related to [Ca2+]o. This would be in accordance with the suggestion that the SR of rat

cardiac muscle is saturated or nearly saturated with Ca2+ when the perfusate [Ca2*] is elevated

above -2.0 mM (Foresterand Mainwood, 1974; Fabiato, 1981;Schouten etal, 1987; Capogrossi

et al, 1988), which would in turn render the coupling of excitation and contraction more sensitive to

beat frequency at [Ca2+]o of 1.25 mM.
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Frequency-force Relationship: Canine ventricular muscle yielded a positive tension staircase in

response to increments of stimulation frequency from 0.5 to 3.0 Hz. As shown previously in Fig. 15,

the degree of potentiation of steady-state contraction after switching to a higher drive rate was

found to be dependent on [Ca2+lo. ln the presence of 1.25 mM [Ca2+]o, little change in force

production was obserued in response altered beat frequency in the lower frequency range.

However, when the muscles were bathed in 2.5 mM [Ca2*]o, a greater increase in steady-state

tension development was obserued when the rate of stimulation was increased, Therefore, unlike

the contractile response of the rat trabeculae to increasing frequency, isolated muscle from canine

heart produced a frequency-force relation which was more dependent on 1Ca2+lo.

Postrest Response: A representative effect of stimulation frequency on postrest contraction in

isolated canine trabeculae is shown in Panels A-C of Fig. 20. Responses in the presence of 1.25

mM and 2.5 mM [Ca2*]o are shown in the top and bottom recordings of each pair, respectively. As

was the case with steady-state contraction, the relationship between the amplitude of the first

postrest beat and the preceding rate of stimulation was found to depend on [Ca2+]o. ln the

presence of 1.25 mM [Ca2+]o, a gradual increase of stimulation frequency resulted in a parallel

increase in the amplitude of the first postrest contraction. Also illustrated in this Figure, is the bell-

shaped relationship between postrest contraction amplitude and rest duration, which is

characteristic of isolated canine myocardium (Endoh et al, 1981 ; King and Bose, 1984; Hryshko et

al, 1989a,b).

When [Ca2+Jo was increased to 2.5 mM, peak rest-potentiation was shifted to an earlier test

interval as the rate of stimulation was increased from 0.5 to 1.0 Hz. This is different from the

response in the presence of 1.25 mM [Cu2*]o,wherethetest interual associated with peak rest-

potentiation remained unaltered with the rate change. A further increase in drive rate to 1.5 Hz

resulted in a subsequent elevation in the amplitude of the first postrest beat. The time-dependent
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decay of postrest contraction which followed progressive lengthening of rest was found to be

slightly enhanced with the higher drive rates.

The diagram on the bottom of Fig. 20 illustrates the effect of increasing the frequency of

stimulation on postrest contraction after 30 seconds rest. Contractions have been expressed in this

ptot as a percentage of steady-state contractions at the individual frequencies, as opposed to

being represented in units of force. lnterestingly, an increase of frequency was found to reduce,

rather than augment, the rest response in 2.5 mM [Ca2+]o, with opposing results in 1.25 mM

[Ca2*]o. lnspection of these data expressed in units of force (Fig. 23) and the dependence of the

frequency-force relation on [Ca2+]o (Fig. 15) indicate that the rate-dependent decrease of postrest

contraction in 2.5 mVl [Ca2+]o is associated with the greater inotropic effect of stimulation

frequency on steady-state contraction.

Rapid Cooling Contractures: A representative response of isolated canine ventricular muscle

bathed in1.25 mM [Ca2+]oto rapid cooling is illustrated in Fig. 21.The rate of rise of the cooling

contractures in canine ventricle was similar to that obserued in rat ventricle with the exception of

being slightly more gradual in onset and with a less pronounced peak. The main difference in the

time course of these contractures was the very low rate of decay of individual contractures

obtained in the dog compared with those in the rat. Often, the cooling contracture persisted lor 2-3

minutes whereas contractures obtained in rat under similar conditions were completed within 45-

60 seconds. ln this respect the data are similar to those reported for both rabbit and guinea-pig

ventricle by Bridge (Bridge, 1986) and Bers (Bers, 1985; 1989; Bers et al, 1987). lncreasing the rate

of stimulation significantly enhanced peak cooling contracture amplitude, while producing little

effect on the amplitude of contractures after normalization for steady-state contraction. The trend

obserued was similar to that obse¡ved for normalized postrest contractions, which were affected

by the degree of significance associated with changes in steady-state contractions.

The effect of altering the frequency of stimulation on the amplitude of the postrest cooling

contractures is shown in Fig. 22.Unlike the response of rat ventricle, lengthening the duration of
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rest in canine ventricle produced a progressive decline in the amplitude of postrest cooling

contractures, which began from the moment stimulation was terminated. Furthermore, the rate of

decay of cooling contracture amplitude was not altered appreciably by either increasing the

stimulus frequency or altering [Ca2*]o.

Figure 23 summarizes the complex interaction obserued between twitch amplitude and stimulus

interval and [Ca2+]o in isolaled canine trabeculae. Contrary to the results provided in Fig. 19 for rat

ventricle, different interual-force relations were obtained in different [Ca2+]o in canine ventricle. As

shown in Panel A, increasing the rate of stimulation in the presence of 1.25 mM [Ca2+]o

augmented the amplitude of postrest contractions, despite producing minimal effects on steady-

state contraction in the lower frequency range. This pattern was similar for changes obserued in

RCC amplitude from one frequency block to another. lncreasing the duration of rest within a given

frequency in canine trabeculae resulted in a significant decrease in the degree of rest-potentiation

and cooling contracture amplitude. Panel B summarizes the interual-force relation in 2.5 mM

[Ca2*]o. Unlike the response observed in 1.25 mM [Ca2+]o, the pattern of tension change was

also dependent on the preceding rate of stimulation. lncreasing stimulation frequency from 0.5 to

1.0 Hz was found to gradually shift peak rest-potentiation to a shorter test interval. A second

increase of stimulus frequency to 1.5 Hz, did not shorten the test interual associated with peak rest-

potentiation, as shorter rest duratÍons were not examined. However, it d¡d increase the twítch

amplitude associated with the smallest test interval. The significant potentiation of steady-state

twitch amplitudes found in response to increasing stimulation frequency in 2.5 mM [Ca2+]o,

compared to that seen in 1.25 mM [C"2*lo,was found to alter the pattern of normalized

contractions. lnstead of producing an increase in peak rest-potentiation and cooling contracture

amplitude, increasing the rate of stimulation in 2.5 mM [Ca2+Jo caused a progressive decrease in

the normalized amplitude of these contractions.
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The purpose of this study was to relate changes in twitch amplitude of ventricular trabeculae

from rat and dog at different rates of rhythmic stimulation with the degree of SR Ca2+ loading

present under these conditions. The data obtained from these experiments suppolt the conclusion

that the negative staircase demonstrated in the rat ventr¡cle is not a result of reduced loading of the

SR with Ca2*. The increasing discrepancy in the amount of Ca2+ present within pooled SR stores

and that delivered to the myofilaments as the stimulus rate is enhanced suggests that there may be

a rate-related change in the coupling of excitation to contraction, or alternatively, in the amount of

Ca2+ transtocated to the release site prior to the arrival of the next stimulus. Adequate resolution of

Ca2+ recirculation through the SR requires est¡mates of both pooled SR stores and that Ca2+

present within the release site itself at various times after the termination of rhythmic stimulation. As

such changes are likely to be the most profound at the time nearest to the interual between

rhythmically stimulated beats (e.g.,2-10 sec), these results do not permit an estimate of Ca2+

movements within the SR at the time most critical to steady-state contraction, assuming that

recycling of Ca2* from an "uptake" site to a "release" site is faster than that demonstrated in canine

ventricle. The covariance of steady-state contraction with cooling contracture and postrest

contraction in response to different rates of stimulation in canine ventricle implies that the strength

of isometric contraction is a good indicator of both global SR Ca2+ content and fractional release

in this species. I

lnterval-force Relation in Rat Ventricle

The importance of the time course of the ventricular action potential and associated membrane

currents in determining twitch force has been well established (Morad and Trautwein, 1968; Wood

et al, 1969; Morad and Goldman, 1973;Wohlfart and Noble, 1982). ln the majority of species, both

the duration and plateau amplitude of the action potential are diminished upon an increase in the

rate of stimulation (Boyett and Jewell, 1980). Despite the possible reduction of peak /"" associated
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with individual action potentials, the inotropic effect of increasing frequency has been correlated

with a parallel rate-dependent increase in the size of the intracellular Ca2* transient (Allen and

Blinks, 1978; Wier and Yue, 1986; Clusin and Lee, 1987), extracellular Ca2+ depletions (Bers, 1983;

Hilgemann, 1986b), and SR-mediated rapid cooling (Kurihara and Sakai, 1985) or high potassium-

low sodium contractures (Gibbons and Fozzard, 1971). Data obtained from skinned muscle fibres

(Fabiato, 1985c) has suggested that both fast and slow components of the Ca2+ current are

necessary for the positive staircase. The description of this phenomenon in the present

experiments on canine trabeculae is consistent with the recent obseruation that the "L-type" Ca2+

current in canine ventricular myocytes shares similar act¡vat¡on and inactivation properties with

those present in guinea-pig (l'seng, 1988), a species which also has a positive frequency-force

relation.

The inactivation of /"" in rat ventricular cells has been shown to be both faster (Josephson et al,

1984; Mitchell et al, 1985; 1987) and more complete (Josephson et al, 1984) than currents of

similar magnitude in other species. The brief time course of this current is compatible with the

relatively short action potential duration recorded from multicellular preparations (Josephson et al,

1984; Mitchell et al, 1985; Schouten and terKeurs, 1986). lt has been previously suggested that the

absence of a slow component of Ca2+ influx (e.g., the large degree of steady-state inactivation of

/a") mav be responsible for the negative staircase in rat ventricle (Fabiato, 1985c). Support for this

statement was derived from the relatively fast inactivation of /"" in the rat (-80% in 15 ms)

compared to the guinea-pig (-55o/o in 70 ms) and the demonstration of a negative force staircase

in skinned canine purkinje fibers deprived of the slow loading component of a simulated Ca2+

current (cf. Fig.9 of Fabiato, 1985c). The increased rate of stimulation was proposed to lead to a

reduction of SR Ca2+ content due to a decrease in refilling of the release pool between twitches. A

number of experimental obseruations suggest this may not be the case in intact ventr¡cular

preparations. First, is the independence of peak cooling contracture amplitude or postrest

contraction from stimulus frequency obserued in the present experiments. Secondly, a much

greater effect on peak /a" (-50%) is observed in isolated rat ventricular cells following an increase
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in stimulus frequency from 0.3 to 3.0 Hz (Mitchell et al, 1985) compared to the almost negligible

effect on /"" decay, particularly in the later stages of inactivaton. Furthermore, application of

ryanodine produces little effect on peak /"^ or its decay (Mitchell et al, 1985), in spite of converting

the negative to a positive staircase in intact muscle preparations flemma and Akera, 1986; Kort

and Lakatta, 1988b) as well as isolated myocytes (Mitchell et al, 1985). Thus, although the Ca2+

current of rat lacks the loading component found in other species, it seems that due to the relative

stability of current inactivation from low to high frequency stimulation, that changes of /"" Peak

(e.9., the trigger for release) may be more likely to explain the negative staircase.

The observations made in this study also suggest that unlike ventricular muscle from most

species, the amplitude of steady-state contraction is not a reliable indicator of global SR Ca2+

content in the rat. This is typified by the parallel and rate-dependent increase in twitch and cooling

contracture amplitude in canine, but not rat ventr¡cular muscle. Because of this difference, the

results imply that the extent of Ca2+ release from the SR may not be mediated simply by the

degree of absolute loading. For example, in the presence of ryanodine, preparations of rat cardiac

muscle ranging from intact muscle to dispersed isolated cells uniformly exhibit a positive rather

thana negative staircase (Mitchell etal, 1985; Temmaand Akera, 1986; Kortand Lakatta, 1988b).

Moreover, in previous work we have demonstrated that canine ventricular trabeculae also show a

positive force staircase under the influence of similar concentrations of ryanodine (Bose et al,

1988a). Hence, a site that may be be involved in the production of the negat¡ve staircase may in

fact be the coupling of the plasma membrane with the SR at the junctional membrane-Ca2*-

release channel complex.

A second possible explanation for the descending tension staircase is raised by data obtained

from experiments measuring the change of intracellular free Ca2* concentration ([Ca2+],) under

voltage clamp conditions. ln guinea pig ventricular myocytes there is a parallel bell-shaped

voltage-dependence for minimal and peak activation of ryanodine-sensitive [Ca'*]i transients and

verapamil-sensitive membrane currents (Beuckelmann and Wier, 1989). Data obtained from these

experiments suggest that [Ca2+], transients occuring as a result of Caz+ release from the SR and
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the amplitude and duration of /a" may be activated and co-regulated over the same range of

membrane potentials in isolated guinea pig ventricular cells. The results of this type of experiment

are different in rat cardiac cells (Cannell et al, 1987). Here, /a" peak shares a similar bell-shaped

dependence on membrane potential to that of the guinea pig, activating at about -40 mV and

producing a peak at -10 mV. However, increase in [Ca2+], in the rat occurs at a more polarized

membrane voltage than that needed for activation of /"" in the rat (Cannell et al, 1987) or for the

voltage-dependence of [Ca2+], in isolated cells from the guinea pig (Beuckelmann and Wier,

1989). Another finding was that repolarization of the membrane after progressively increasing

durations of voltage clamp had the ability to terminate the rise of [Ca2+],. This has direct

implications with respect to the interual-force relation in rat cardiac muscle, as it suggests that

changes in the duration of transmembrane action potential may direclly influence the time course

of the intracellular Ca2* transient, independent of its effect on /a". Thus, one possible explanation

for the negat¡ve inotropy associated with increments of stimulus frequency in the rat may be the

decrease in the duration of the action potential associated with this interuention (Watanabe et al,

1983; Mitchell et al, 1985; Schouten and terKeurs, 1986). lf, as suggested by Cannell et al (1987),

the release of Ca2+ ¡s partially modulated by intramembrane charge movement, the reduced

duration of membrane depolarization at higher rates of stimulation could theoretically shonen the

course of Ca2+ release from the SR. Although a number of reports have indicated that changes in

the duration of voltage-clamp pulses are associated with accompanying changes in the duration of

the [Ca2+],transient (Barcenaz-Ruiz etal, 1987;Cannell etal, 1987; BuecketmannandWier, 1989;

Callawaerl et al, 1990), the possibility that charge movement within the membrane of cardiac cells

directly controls the time course of Ca2+ release has yet to be determined (Fabiato, 1989).

Excessive intracellular Ca2+ loading has been previously demonstrated to inhibit force

production by causing non-homogeneous Ca2+ release from the SR (Allen et al, 1985; Fabiato and

Fabiato, 1975; 1978; Fabiato, 1981; Stern et al, 1984; Kort and Lakatta, 1988b). In this scheme,

force development is reduced by a combination of two factors: (a) a decrease in the amount of

Ca2* present in the release site of the SR, and (b) an increase in series compliance due to regional
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asynchronous release of Ca2+ from the SR. Cross-species experiments using scattered light

intensity fluctuations (SLIF) to estimate asynchronous Ca2*-mediated diastolic myofilament

oscillations have found these to be most pronounced in rat myocardium compared to other

species investigated and are facilitated by increasing [Ca2*]o (Stern et al, 1985; Kort and Lakatta,

1988b). Thus, it is possible that time-averaged transsarcolemmal Ca2+ entry could be transiently

facilitated by increasing stimulation rate in rat myocardium, as seems to be the case in canine

ventricle. As discussed by Mitchell et al (1985), the frequency of regional spontaneous

asynchronous Ca2* release from the SR would also be augmented in this setting due to continual

intracellular accumulation of Ca2+. This model would predict that the SR membrane would

become increasingly "refractory" for subsequent stimulus-dependent Caz+ release. However,

recent experiments using this technique have shown that SLIF are not present in rat papillary

muscle unless the interval between beats exceeds 5 seconds (Kort and Lakatta, 1988a). This result

suggests that spontaneous Ca2* release from SR stores does not occur unless the stimulus

frequency is 0.2 Hz, or less. lt is of interest that the time course of restitution of SLIF after

terminating stimulation and their relation to preceeding patterns of electrical stimulation were

accelerated in 2.5 mM compared To 1.25 mM [Ca2+]o. The demonstration that SLIF are not present

during diastolic interuals within the 0.2 -1.0 Hz range and independence of the actual staircase

from [Ca2+lo in the 1.25 mM-2.5 mM range suggest that frequency-dependent focal SR Ca2+

release may not be the primary mechanism underlying the negative staircase.

The obseruation that postrest contraction is more sensitive (in terms of percentage potentiation)

to stimulus frequency when perfusate Ca2+ is lowered To 1.25 mM is consistent with the proposal

that the SR of rat ventr¡cle may be saturated with Ca2+ at concentrations equal to or greater than

-2.0 mM (Foresterand Mainwood, 1974; Fabiato, 1981; Schouten, 1985; Capogrossi et al, 1988).

Other evidence in support of this proposal includes the relatively small difference obse¡ved in the

amplitude of peak steady-state cooling contractures following an increase of ¡Ca2+]o from 1.25 to

2.5 mM, despite large changes in the strength of steady-state contraction, and the [Ca2+]o-

sensitivity of shifts in the degree of rest-potentiation with increasing duration of rest. For example,
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gradually extending the duration of rest prior to resuming stimulation was associated with a very

slight but measurable decrease in the amplitude of the first postrest contraction, in the presence of

2.S mM [Ca2*]o.However, after lowering ¡Ca2+]o to 1.25 mM, similar test intervals were

associated with a progressive increase in the amplitude of the first postrest contraction. These

obseruations suggest that the capacity of the SR to accumulate and store Ca2+ during a period of

rest may increase as the concentration of Ca2+ in the bathing medium decreases, or that the cell is

actually gaining [Ca2*]o during this time. Rest behaviour of this type has been recently reported in

rat papillary muscles (Shattock and Bers, 1989), where augmented postrest contractions were

correlated with net extracellular Ca2+ depletion during the period of rest. The enhanced cellular

Ca2+ repletion inferred to occur during quiescence was not obserued in similar preparations of

isolated rabbit ventricular muscle and was explained by assuming species differences in the

activity and direction of Na+-Ca2+ exchange during both rest and muscle activation. This was

supported by the demonstration that intracellular sodium activity (øi"u¡ was considerably higher in

rat ventricle than that reported to exist in other species. Our obseruation that the amplitude of both

postrest contraction and cooling contractures were well maintained following extended rest agree

with that conclusion and extend the interpretation further to mechanical events associated with

different rates of stimulation and [Ca2+]o. However, the independence of steady-state cooling

contracture amplitude from changes in stimulus frequency and rest interval does not support the

prediction (Shattock and Bers, 1989; see also Lukas and Bose, 1986) that net cellular Ca2* loss

associated with stimulation eventually leads to reduced SR Ca2+ content at higher rates of

stimulation.

lnterval-force Relation in Canine Ventricle

ln preparations of canine ventricle, an increase in rate of stimulation resulted in a stepwise

increase in both steady-state and postrest contraction. This behaviour might be expected if

increasing stimulation were to result in a parallel increase in transsarcolemmal Ca2+ ¡nflux, as

discussed above. ln this respect the results reported here are compatible with those of Endoh et al



130

(1981) who described a positive staircase for both steady-state and postrest contractions in the

0.1-0.5 Hz range. lt is important to stress that the pattern of tension change which occurred in

response to altered stimulus interual in canine trabeculae reported here was different when the

data were expressed relative to contractions developed at individual frequencies of stimulation.

The lack of significant effect of stimulus frequency on scaled contractions in the presence of 1.25

mM [Caz+]o and the decline of such values in 2.5 mM [C"t*]o suggests that, in parallel with

increasing strength of contraction, the processes coupling the various fluxes of Ca2+ across the

sarcotemma and the subsequent release of Ca2+ from intracellular storage sites become more

predisposed to maintaining high levels of myoplasmic Ca2* as rate of stimulation is increased. This

explanation is consistent with the demonstration that it is not only the magnitude but also the rate

of simulated transsarcolemmal Ca2+ influx which has the capacity to exert pronounced effects on

the extent of Ca2+ release from the SR (Fabiato, 1983; 1985a-c). Thus, in addition to enhanced

intracellular Ca2+ release it is quite possible that with augmented loading of the SR or a

progressive decrease in the duration of diastole, a proportionately larger percentage of Ca2+

present at or near the inner surface of the membrane accompanying an increase of stimulation

frequency may itself be directed to the myofilaments for tension development.

As shown in Fig.21, the magnitude of SR Ca2+ release stimulated by rapid cooling was

enhanced by increments of stimulus frequency. Similar to results obtained from the rest

experiments, the pattern of tension change was altered when the data were expressed in terms of

force production occuring at the individual drive rates. Regardless of the test interual studied or

[Ca'*]o, the cooling contracture amplitude was always greatest when elicited in the place of a

regularly driven beat, as opposed to those elicited following a period of rest. A marked decline in

the magnitude of cooling contractures with increasing quiescence in this manner has been

reponed in a number of other species (Bridge, 1986; Bers etal, 1987; Bers, 1989; Bers etal, 1989;

Hryshko et al, 1989c; Bouchard et al, 1989), where it was presumed to occur due to a continual

loss of Ca2* from the SR. Leakage of Ca2+ as such from SR stores of saponin-skinned guinea pig

ventricular fibers (Kitazawa, 1984) has been reported to occur with a rate constant comparable
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with that observed in canine (present study) and rabbit ventricular myocardium (Bridge, 1986). The

lack of effect of stimulus frequency on the slope of cooling contracture decay suggests that the

loss of Ca2+ from stores located within the SR is a fundamental event which is regulated by the

content of Ca2+ present in this organelle. lnterestingly, the pattern of postrest tension decay was

more pronounced when measured by electrical stimulation, as opposed to that seen with cooling.

This can be partially explained by assuming that the rate of Ca2* loss from the SR is enhanced

primarily by increasing the total content of Ca2+ present within pooled compaftments. lt has been

frequently proposed that loss ol Caz+ in this manner from the SR may in large part be mediated

through the activity of the fon¡uard mode of sarcolemmal Na+-Ca2+ exchange (Sutko et al, 1986a;

Bridge, 1986; Hryshko et al, 1989a,c; Bers and Bridge, 1989).

Based on available evidence it is reasonable to suggest that the amount oÍ Ca2+ present within

the SR at a given moment in the cardiac cycle ís the product of several influx and efflux processes.

Thus, a prime determinant of SR Ca2+ loading during rhythmic stimulation is the time-averaged

influx of Ca2* across the sarcolemma, the integral of which per given unit time is likely to be

affected by the rate of stimulation. lt is unknown if the trigger for SR Ca2+ release, be it the rate

and amplitude of cumulative transsarcolemmal Ca entry (Fabiato, 1983; 1985a-c; Callewaert et al,

1989; Nabauer et al, 1990; Valdeomillos et al, 1990; Leblanc and Hume, 1990) or membrane

voltage change and accompanying gating currents (Fabiato, 1982; Cannell et al, 1987; Field et al,

1988; Bean and Rios, 1989), is altered by different conditioning interuals in different species. As a

result, it is likely that Ca2+ released in response to an action potential may not simpty reflect the

degree of SR Ca2+ loading per se, but also modulation by the trigger mechanism. A reduction of

steady-state contraction could result from a decreased trigger for release (e.9., a relatively large

decrease in peak /a", or early plateau currents such as /N"c" or /ro, compared to that seen in

species with an ascending staircase) despite the lack of change in global SR Ca2+ content, such

as that estimated by postrest contraction amplitude or rapid cooling. ln this respect, experiments

designed to quantitate the contribution of "T-type" and "L-type" Ca2+ currents or Ca2+ entry

through the reverse mode of the sarcolemmal Na+-Ca2* exchange process to rate-dependent
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changes in whole-cell Ca2+ conductance, as well as possible alterations of steady-state activation

and inactivation properties of these current components in species with opposing staircase

responses would be of great benifit in dissecting out the contribution of functional changes in the

trigger for SR Ca2+ release in intact cells. A second possibility may be a frequency-dependent

increase in refractoriness of the SR Ca2+ release process. As discussed above, this could result

from an increase in the frequency of spontaneous Ca2* release from the SR (Allen et al, 1985;

lshide et al, 1984; Stern et al, 1985; Bose et al, 1988b) or an increase in the degree of steady-state

inactivation of the Ca2+-¡nduced release of Ca2+ process, as demonstrated elegantly by Fabiatio

(1983; 1985b). A third possibility is that the SR Ca2+ release process in rat ventricle is more

sensitive to changes of membrane potential than is cardiac muscle from other species. lf so, then

rate-dependent shortening of an already brief action potential could act in a previously

unrecognízed manner to curtail the time course of Ca2+ release from the SR. Whether such a

voltage-dependence might reside solely within the release process of the SR or the junction of the

SR with the sarcolemma at the t-tubule is not clear at the present time, although the demontration

that tight electrical coupling of the SR to the surface membrane at the diadic junction is greater in

rat than in guinea-pig or frog single ventricular cells (Moore et al, 1986) ís consistent with the latter.

An important caveat underlying the three explanations offered above for the dissociation of

steady-state contraction and steady-state cooling contracture is the necessity of assuming that the

amount of Ca2+ present within the release pool of the SR is constant from one frequency to the

next. Although it has been recently demonstrated that intracellular Ca2+ content in rat ventricle is

augmented during the course of diastole (Kort and Lakatta, 1988b; Shattock and Bers, 1989), other

studies have shown that time-dependent recirculation of Ca2+ within the SR during similar test

interuals is also responsible for the mechanical rest¡tution curve in this species (Ragnarsdottir et al,

1982; Schouten et al, 1987; Stern et al, 1988). Thus, it is possible that the stimulus for contraction

at higher frequencies may simply arrive too fast for adequate repriming of the release pool, and as

a result the amplitude of steady-state contraction declines at higher drive rates.
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ln conclusion, we have shown that the amplitude of postrest contraction and rapid cooling

contractures are dissociated from steady-state twitch amplitude with increasing rate of stimulation

in rat ventricular muscle. The data support the hypothesis that the negative staircase is due neither

to a reduction of nor excessive loading of the SR and is consistent with a rate-dependent

perturbaton of the SR Ca2+ release process or a decline in the amount of Ca2+ located within the

release site of the SR. The relationship between stimulus frequency and force production in canine

ventricular muscle was found to be clearly different from that obserued in the rat. ïhe variability in

the pattern of tension change when the data are expressed in units of absolute force production

compared to that obserued for the same values calculated as a percentage of steady-state

contraction suggests that (a) the processes linking the movement of Ca2+ across the sarcolemma

with the release of Ca2+ from the SR may become more tightly coupled as the rate of stimulation is

enhanced and/or (b) a greater percentage of Ca2+ entering the muscle cell upon depolarization of

the membrane may directly contribute to tension development.
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Figure 13. Pooled data illustrating the effect of [Ca2*]o on the frequency-force relation in
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Flgure 14. Effect of muscle diameter on the frequency-force relation. The panel on the left

shows the pooled responses of 27 right ventricular trabeculae having a mean diameter of 0.2

mm to increased rate of stimulation in both 1.25 and 2.5 mM [Ca2*]o. The panel on the right

illustrates the effect of dividing the muscles on the basis of their diameter, with the cut-off

point set arbitrarily at 0.3 mm.The response was identical in 1.25 and 2.5 mM [Ca2+]o.
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the pattern of tension change within a given frequency block remained unaltered. No such

interaction was observed for absolute tensions shown in the lower panel, where the only

statistically significant difference was that found for the decrease in steady-state contraction.

1.
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Flgure 20. Effect of stimulus frequency on the degree of rest-potentiation in isolated canine
ventricular muscle. Panels A{ illustrate the change in twitch amplitude following resumption
of stimulation at 0.5, 1.0 and 1.5 Hz. The top and bottom traces of each pair show the
response in 1.25 mM and 2.5 mM [Ca2*]o following 30, 120 and, Z4O sec rest. Arrows
indicate the peak response in each series of test intervals. The pooled data shows the
dependence of normalized twitch amplirudes foliowing 30 sec rest on [ca2+]o.
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Flgure 21. Effect of stimulus frequency on the time course of rapid cooling contracture in

isolated canine ventricle. Arrows and rewarming spikes indicate the onset and termination of
the switch in bathing solutions. Panels A{ represent the response to cooling following
stimulation at 0.5, 1.0 and 1.5 Hz. [Ca2*]o was 2.5 mM.
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Figure 22. Time{ependent decay of RCC amplitude in canine ventricular muscle with

increasing duration of rest. [Ca2*]o in this experiment was 2.5 mM. nðC amptituOe 
: !-

decreased monotonically as the duration of rest preceding cooling wæ gradually extended over

the course of 24O sec. Decay of RCC amplitude began from the moment rhythmic stimulation

was terminated and remained unaffected by altering the rate of rhythmic stimulation preceding

cooling.
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Figure 23. Summary of the effect of stimulation frequency on force developed by isolated

c¿nine trabeculae in response to electrical stimulation or rapid cooling. In the presence of 1.25

mM [Ca2+]o (top Panel), increased frequency of stimulation significantly augmented postrest

contraction at a given test interval with little effect on steady-state contraction. As in the rat,

the pattern of tension change within a given frequency block remained unchanged with

increasing frequency of stimulation. However, in contrast to the rat, the amplitude of both

postest contraction and cooling contratures declined with increasing rest duration, the slope of
which remained unaffected by the rate of stimulation. The bonom panel shows the response in

2.5 mM [Ca2*]o where an increase in frequency exerted a significant inotropic effect on the

ste¿dy-state contraction. One notable difference from the response in 1.25 mM [Caz+1o, wð
the effect of drive rate to shorten the time required to produce peak rest-potentiation.
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Experiments were conducted to test the hypothesis that rate-dependent changes in the strength

of contraction in isolated canine ventricular muscle are related to accompanying alterations of both

intracellular Ca2+ release and loading, and shifts in the dominant mode of operation of the

sarcolemmal Na+-Ca2+ exchange process, Our approach has been to describe the quantitative

relationship between Ca2+ availability within the sarcoplasmic reticulum (Sn) and the strength of

contraction in solutions containing varying amounts of [Ca2+]o and [Na+]o during alterations in

the rate and rhythm of stimulation. Fifty percent substitution of bathing Na+ with Li+ produced a

positive inotropic response on contraction which was paralleled by a similar increase of Ca2+

uptake into and release from the SR, which was estimated indirectly by the magnitude of rapid

cooling contractures (RCC) and postrest contractions. Lowering [Na*]o also had the effect of

prolonging the duration of contraction, inhibiting the postrest-decay of RCC amplitude and

enhancing the amplitude of the second in a set of paired cooling contractures. The positive

staircase of steady-state contraction, steady-state RCC and postrest contraction in control

solutions was altered after lowering [Na+]o in such a fashion that a graded increase of stimulation

frequency lead to a marked negat¡ve staircase of contraction, while steady-state RCC amplitude

and postrest contraction remained unaltered or íncreased. Experiments designed to probe the

underlying mechanism of this apparent uncoupling of SR Ca2+ availability and release suggested

that it was not a consequence of a slowed rate constant for Ca2+ transport between intracellular

compartments, or the absolute size of the intracellular Ca2+ storage pool, but appeared to be

related, at least in part, to Ca2+-induced inactivation of the release process. Application of

ryanodine (10 nM) and caffeine (3 mM) in the presence of low-[Na+lo solutions depressed

contraction and restored the positive staircase, the slope of which was dramatically enhanced in

the presence of ryanodine. lnhibition of sarcolemmal Ca2+ entry in the presence of 70 mM [Na+]o

(2 uM Nifedipine) depressed contractile strength and greatly potentiated the negative staircase.

Conversely, 1 uM BAY K 8644 significantly íncreased contractile force, and restored the positive
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staircase response. These results indicate that rate-dependent changes of both contraction and

intracellular Ca2+ loading require the presence of a functional Na+-Ca2+ exchange process. The

possibility is discussed that net cellular Ca2+ gain related to the activity of the exchanger may

affect the strength of contraction during high-frequency stimulation by either altering the trigger for

intracellular Ca2* release, or making Ca2+ available directly to the myofilaments.
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The relationship between sarcotemmal Na+-Ca2+ exchange and the contractile state of cardiac

muscle has received much attention since the demonstration that a significant fraction of cellular

Ca2* efflux from isolated preparations of sheep and calf ventricles was dependent on the ratio of

¡Ca2*1o7¡tla*lo'in the bathing medium (Reuter and Seitz, 1968). Despite the absence of specific

pharmacological inhibitors, a number of important experimental links have been established

recently between cell contraction and [Na*]o (Reuter, 1974; Watanabe et al, 1986; Bers, 1987),

intracellular Na+ activity, øi*u (Cohen et al, 1982; Eisner et al, 1984; Brill et al, 1987; Boyett et al,

1987), as well as various time, voltage, and stimulation-dependent ionic currents attributed to an

electrogenic Na+-Ca2+ exchange process (Kimura et al, 1986; Mechman and Pott, 1986; Hume

andUehara, 1986a,b; Lippand Pott, 1988; TerrarandWhite, 1989; Eganetal, 1989; Shimoniand

Giles, 1989). ln addition, a number of theoretical models based on an exchange stoichiometry of

3Na+:1Ca2* have been developed which focus on thermodynamic changes in the equilibrium

potential for the exchanger (Eru"c") during the cardiac cycle (Mullins, 1979, 1981; Noble, 1985;

1986). This approach has provided valuable insight into how transmodal exchange of cellular Na+

for Ca2+ might influence myoplasmic Caz+ both during and following contraction of cardiac

tissues (Difrancesco and Noble, 1985; Hilgemann and Noble, 1987; Bers, 1987; Shattock and Bers,

1e8e).

Evidence is now available to support the proposal made in previous years by Langer (1968,

1974) that rate-dependent changes of myoplasmic Ca2+ and force of contraction may be related,

in part, to the effect of repetitive stimutation on AiNa (Boyett et al, 1987; Wang et al, 1988).

Contractile alterations of this nature have been subsequently correlated with the activity of a Na+-

Ca2+ exchange mechanism which can presumably increase the strength of contraction by either

facilitating [Na+],-dependent Ca2+ entry or inhibiting [Na+]o-dependent Ca2+ efflux (Brill et al,

1987; Boyett et al, 1987; Terrar and White, 1989; Miura and Kimura, 1989; Leblanc and Hume,

1990). lt has been demonstrated under a variety of experimental conditions that cell contraction
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during steady-state stimulation is not always proportionalto trans-sarcolemmal Ca2* entry into the

cell during the peak of the Ca2* current, /"" (Reuter, 1968; New and Trautwein, 1972; Fabiaro,

1983; London and Krueger, 1986; duBell and Houser, 19Bg) orthe amount of Ca2+ present within

pooled sarcoplasmic reticulum (SR) compartments during stimulation protocols designed to

"clamp" SR Ca2+ at a particular level (Lipsius et al, 1982; Meyers et al, 1988; duBell and Houser,

1989). Thus, a source of Ca2* separate from that entering the cell during the flow of /a" or that

released from the SR may be responsible for maintaining high levels of myoplasmic Ca2+ during

the course of contraction under such conditions.

Although it is now generally accepted that the concentration of intracellular free Ca2+ can be

influenced directly by sarcotemmal Na+-Ca2* exchange at certaín points in the cardiac cycle,

there is also a large body of evidence to support the role of Ca2+ released from intracellular stores

in governing contraction on a beatto beat basis (Koch-Weser and Blinks, 1963; Wood et al, 1969,

Allen et al, 1976; Fabiato, 1978; 1983; 1985a-c; London and Krueger, 1986; duBell and Houser,

1989; Nabaeur et al, 1989). Thus, it seems plausible that peak myoplasmic Ca2+ levels reached

during contraction may be mediated interatively by both Ca2+ release from the SR and Ca2+

located at or near the inner su¡face of the membrane due to a gradient effected by changes in

modal act¡vity of the exchanger, and that the ratio of Ca2+ contribution from either source depends

on the previous stimulation history. The purpose of the present study was to test the hypothesis

that frequency-dependent changes in the force of steady-state contraction occurs concomittant

with, but not entirely a result of, changes in intracellular Ca2* loading per se. Our principal

approach has been to describe the quantitative relationship between SR Caz+ availability during

different patterns of electrical stimulation and force of contraction. The possibility that frequency-

dependent alterations of contractile strength are related to sarcolemmal Na+-Ca2+ exchange has

been tested by repeating various stimulation protocols after reducing the trans-membrane driving

force for the exchange process. Preliminary results from part of this work have been presented to

the Biophysical Society (Bouchard and Bose, 1990).
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The methods employed in this study have been fully described elsewhere (Bouchard et al, 1989;

Bouchard and Bose, 1 989; 1 991 ). To summarize, thin f ree-running right ventricular trabeculae were

dissected from the heans of mongrel dogs weighing 6-12 kg. The length of muscles used in this

study ranged from 3-5 mm and the diameter ranged from 0.2-0.5 mm. The normal physiological

solution used to perfuse the preparations contained the following (mM): NaCl, 1a0; KCl, 4.7; MgCI,

1; CaCl, 2.5; HEPES ([4-(2-hydroxyethyl)-1-piperazine ethanesulphonic acid)]), 5; and glucose 10.

Solutions were titrated to pH 7.4 al37oC with NaOH. The muscles were suspended in a 2-ml

horizontal chamber which formed part of a 2-circuit parallel by-pass recirculation system in which

two sets of physiological solutions were maintained at 37oC and 0-2oC. One end of the preparation

was tied to a fixed steel post and the other end was attached to a force transducer (Grass FT

o3c).

Active force was measuredlin response to variation of the interual between beats or perfusate

l

temperature. Alterations were lmade in the rate of rhythmic stimulation as well as following the

resumption of stimulation after dÍfferent periods of rest (postrest contraction). Frequency-force

relations were obtained simply by comparing the amplitude of steady-state contraction at the

different drive rates, while restitution curues for postrest contraction were determined by

comparing the amplitude of contraction following rest with those preceding it. ln this way it was

possible to construct a family of rest response curues at the different rates of stimulation.

Mechanical rest¡tution curves were constructed also for contractions elicited both in response to

premature stimuli delivered at coupling interuals ranging between 100 to 1000-ms, and for the

following postextrasystolic contractions. This stimulus protocol was repeated with different basic

cycle lengths (BCL) preceeding the delivery of individual premature excitations, following which the

inte¡val seperating the premature contraction from the following postextrasystolic contraction was

held constant at a duration equal to that found between preceeding steady-state contractions. As

described previously for intact canine (Yue et al, 1985) and ferret ventricular preparations (Wier
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and Yue, 1986), the observed recovery of extrasystolic contraction occurred with a

monoexponentialtime course, which was fitted best by a modified Levenberg-Maquand algorithm

of the form Ao + 4., * 
"*r'T/tau. 

Time constants for full recovery of extrasystolic contractions were

determined by the fitted monoexponential function, after which they were analyzed with a repeated

measures analysis of variance (ANOVA) to determine the extent of quantitalive differences

associated with a given experimental sequence (e.9., BCL dependence within a given pedusion

solution) or between treatments (e.g., alteration of [Na*]o or ¡Ca2+¡o). As a final qualitative

measure of intracellular Ca2* handling, the contractile response of the preparation to rapid

lowering of perfusate temperature was employed as an assay to probe for the amount of Ca2+

located within pooled SR compartments. We have used a protocol similar to that described

originally for cardiac muscle by Kurihara and Sakai (1986) and Bridge (1986), whereby rapid

cooling contractures are elicited by manually diverting a stream of warmed solution (35-37oC)

normally used to perfuse the muscle into a parallel circuit and allowing a stream of cooled solution

(0-2oC) to flow through the muscle chamber in the absence of electrical stimulation. Manual

I

diversion of solutions from one parallel circuit to tlie next at flow rate of -35 ml/min permitted very

rapid (< 1 sec) switching of bathing media, without appreciable mechanicalartifact or perturbation

of resting muscle length. Cooling contractures were obtained both in the place of a regularly driven

beat (e.9., steady-state cooling contracture) and after identical rest inte¡vals to those described

above for postrest contraction.

Reduction of [Na+]o to 70 mM was accomplished in the majority of experiments with equimolar

replacement of NaCl in the bathing solution with LiCl, although in some experiments choline Cl or

sucrose were used. Lithium was chosen as the main substituent for Na+ due to its ability to reduce

the magnitude of membrane currents attributed to Na*-Caz+ exchange in intact ventr¡cular muscle

(Schouten and terKeurs, 1986), isolated Purkinje fibres (Bril and Man, 1989), and freshly dispersed

ventricular myocytes (Mitchell et al, 1984; Giles and Shimoni, 1989; Bridge et al, 1990). A second

reason for chosing Li+ was that it can also act successfully as a substrate to stimulate efflux of H+

from a variety of tissues, including Purkinje fibres (Ellis and MacLeod, 1985), renal tubules (lves et
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al, 1983), and red blood cells (Parker, 1986). Although the values reported forthe apparent K* and

V."* for Na+-Li+ exchange are smaller than those demonstrated for Na+-H+ exchange (Montrose

and Murer, 1988), this property of Li+ was beneficial for our purposes because the increased

intracellular free Ca2+ concentration and force of contraction accompanying such a large

reduction of [Na+]o would be expected to result in significant acidification of the cell interior due

either to the effect of reduced extracellular Na+ on Na+-H+ exchange or displacement of protons

from intracellular binding sites (Deitmer and Ellis, 1980; Bountra et al, 1988). Fifty percent reduction

of [Na+]o was chosen over more complete substitution to leave the exchange process functioning

with enough residual activity present to permit shifts in modal activity to occur during the change in

EN"c" accompanying the action potential, such as that described by Mullins (1979, 1981) and

Noble (Noble, 1985; Difrancesco and Noble, '1985; Hilgemann and Noble, 1987). Furthermore, the

possibility exists that excessive removal of [Na+]o may result in a significant reduction in the

capacity of the exchange process to shift from a thermodynamic mode which favours cellular

Ca2+ efflux during diastole to one which favours Ca2* influx (or decreased efflux) during the action

potential, due to the differences in values reported for the K.[Na+]o and K.[Na*], of the

exchange process (Miura and Kimura, 1989) or competition for the binding site at the external face

of the membrane by external Ca2* ¡ons (Phillipson et al, 1982, 1985). A final consideration in

choosing the degree of [Na+]o substitution was to circumvent complications demonstrated

previouslyto arise from intracellular Ca2+ overload (Fabiato, 1983; Allen et al, 1985; Stern et al,

1988; Bose et al, 1988a,c) which would itself affect both the degree of activity and direction of Na+-

Ca2+ exchange (Kurihara and Sakai, 1985; Hilgemann, 1986a,b; Bers, 1987; Bers and Bridge,

1988). Whenever possible, self-controlled experiments were designed such that paired t-tests

could be conducted to determine the effects of a given interuention on muscle peÉormance (Steel

and Torrie, 1960). On occasions when this was not possible, data analysis was performed using a

repeated measures analysis of variance (ANOVA). The level of significance chosen for all blocked

experiments was P <0.05. Data are presented throughout as the mean + S.E.M.
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RESULT'S

lnterval-force relationship ¡n 140 mAñ thüa+lo

Figure 24 illustrates the typical response of canine right ventricular muscle to an increase in the

rate of rhythmic stimulation. The positive force staircase of steady-state contraction is shown in the

top panel, which also depicts the effect of stimulus frequency on the time course of isometric
I

contraction. Peak contraction was enhanced in this preparation by 25o/" and 4Ùo/o following an

increase in the rate of stimulation from 0.5 to 1.0 and 1.5 Hz. This increase in the strength of

contraction was accompanied by a similar rate-dependent increase of pooled SR Ca2+ stores

estimated by rapid cooling and postrest stimulation. ln the case of the muscle shown in the middle

panel, peak steady-state cooling contracture was increased by 2Oo/o and 25"/o at 1.0 and 1.5 Hz

respectively, while steady-state contraction was augmented by 26o/o and 37o/o. An almost identical

effect of altering the rate of stimulation was observed on the amplitude of the first postrest

contraction following a 30 sec rest interval. For the muscle shown here, steady-state contraction

was increased by 50% and 67o/o while the corresponding postrest contractions were increased by

260/o and 53%. ln addition to the effects demonstrated on peak contraction, alterations in the

frequency of stimulation modestly reduced the time to peak force by 5.5L0.2o/o and 10.0+0.36%,

while time required for complete relaxation of the twitch was shortened by 5.010.25% and

9.0;¡0.5olo at 1.0 and 1.5 Hz, respectively.

Averaged data for ten such experiments have been provided in Fig. 25. The amplitude of

steady-state and postrest contractions along with peak steady-state rapid cooling contractures

have been plotted against the rate of stimulation. All values in this analysis have been calculated as

a percentage of the corresponding responses obserued at 0.5 Hz, where for the most paft, they

were found to be the smallest in all muscles studied (cf. Fig. 30). As illustrated for the 3 individual

muscles in the recordings shown in Fig.24, increasing the stimulation frequencyfrom 0.5 to 1.0

and 1.5 Hz resulted in a significant increase in the mean strength of contraction of 1Br4o/o ãnd

44+8o/o. Peak steady-state cooling contractures were increased 10+ïVo and 32+5o/o above the
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values obtained at 0.5 Hz. Postrest contractions were augmented 15t8o/o and 30+5% at similar

rates of stimulation. Analysis of variance indicated that the increase of steady-state contraction was

significantly greater (P<0.05) than the accompanying increase of either peak steady-state cooling

contracture or postrest contraction, with no further difference detected between the frequency-

dependence of steady-state cooling contracture and postrest contraction. These results are similar

in part to those reported previously w¡th the use of rapid cooling (Kurihara and Sakai, 1985) or high

extracellular K+ contractures (Gibbons and Fozzard, 1971), and suggest that as the frequency of

stimulation is enhanced, intracellular free Ca2+ levels during the course of contractíon may be

either enhanced or maintained by Ca2+ originating from sources other than the SR. Hilgemann

and Noble (1987) have proposed that time-averaged Ca2+ entry through a combination of voltage-

dependent channels and coupled transport mechanisms could be balanced by the combination of

sequestration into the SR and extrusion out of the cell during relaxation and diastole. Experimental

data suppofts this proposal (Hilgemann, 1986a,b; Boyett et al, 1987; Wang et al, 1988; Terrar and

White, 1989; Egan et al, 1989; Bridge et al, 1990) and suggests it is also possible thatthe balance

would be shifted towards net cellular Ca2* gain as the rate of stimulation is enhanced due to the

reduced ability of the exchanger to extrude Ca2+ during the abbreviated diastolic interval.

Depending on the extent of frequency-dependent shortening of action potential duration in canine

ventricle (Geenway and Miller, 1979; Robinson et al, 1987), an increase in the time spent by the

muscle in a relatively depolarized state should alone result in a progressive increase in myoplasmic

Ca2* due to a gradual shift in the dominant mode of the exchanger to one favouring net cellular

Ca2+ gain, due to the 3Na+:'1Ca2+ stoichiometry of the exchange process (Mullins, 1981; Reeves

and Hale, 1984; Noble, 1986; Bridge et al, 1990). To determine whether a portion of the rate-

dependent increase of steady-state contraction or pooled SR Ca2+ stores was related to the

activity of the Na+-Ca2+ exchange mechanism, the effect of reducing the trans-membrane Na+

gradient on the steady-state contratile properties and their frequency-dependence was assessed.
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Effect of [Sla+]o reduction on steady-state contractility

The effects of [Na+]o depletion on the general contractile properties of canine ventricle are

illustrated in Fí9. 26. Muscles were washed twice and re-equilibrated in solutions in which 5}o/o of

the bathing Na+ was replaced with Li+. The points at which the recirculating solution was

exchanged with fresh Li+-substituted solution are indicated by the arrows in the top recording and

are typical for most of the preparations studied. Following the second wash, the muscle was

stimulated rhythmically at 0,5 Hz until peak contraction reached a new steady-state level, This

usually took place within 30 minutes, during which time no change in resting tension was obserued

in any of the experiments. ln a total of 17 preparations studied with various protocols, reduction of

[Na+]o from 140 to 70 mM increased the mean strength of steady-state contraction by 91.514o/o.

Previous work conducted on ventricular tissues lacking appreciable development of the

sarcotubular network (e.9., rabbit ventricle) by Bers (1987) has shown that a graded reduction of

trans-sarcolemmal Na+ gradient produces an inotropic effect on contraction which persists in the

presence of either caffeine (10 mM) or ryanodine (0.1*0.5 mM), indicating that enhanced release of

Ca2* from SR stores is not the primary means by which the strength of contraction is enhanced

under similar experimentaal conditions to those employed here. ln addition to the changes in

steady-state contraction, Fig. 26 illustrates further changes in pooled SR Caz+ content induced by

[Na+]o withdrawal in canine ventricle. For the muscle shown in the middle panel, the amplitude of

peak steady-state cooling contracture was increased by 100o/o followíng reduction of [Na+]o to zO

mM, which is similar to the group mean of 9Û+7o/o. As illustrated in the lower panel, similar

observations were made with respect to the [Na+]o-sensitivity of postrest contraction. Here, the

amplitude of the first postrest beat was nearly doubled after the reduction of [Na+]o, which was

consistent with the inotropic effect on steady-state contraction. An analysis of variance indicated

that the [Na+]o-dependence of the increase of steady-state contraction (91 .5+4o/o), steady-state

cooling contracture (90+7Yo) and postrest contraction (110+8olo) were not statistically different

from one another, although the trend was such that the inotropic effect of lowering [Na+]o on

steady-state contraction was less than that associated with changes of SR Ca2+ availability. When
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the amplitude of steady-state cooling contractures were calculated as a percentage of preceeding

steady-state contractions, lowering [Na*]o had no effect on the ratio of peak contraction to peak

cooling contracture: the values were 85+4o/o ãnd 79.3!5.6o/0 for 140 and 70 mM [Na+]o,

respectively. Hence, in contrast to species showing poor postrest contraction such as rabbit

(Sutko et al, 1986; Bers, 1987) or guinea-pig (Lewanowski and Pytkowski, 1988), reduction of

[Na+]o in canine ventricle results in an inotropic effect on steady-state contraction that does not

occur independent of changes in the degree of intracellular Ca2+ loading, and as will be shown

later, both ryanodine and caffeine markedly depress steady-state contraction when applied after

lowering [Na*]o. The greater tendency of [Na+]o withdrawal to augment different functional pools

of Ca2* located within the SR of canine ventricle, compared with that seen in the rabbit, may be

related to the greater development of the sarcotubular network in canine ventricle (Sommer and

Johnson, 1979, 1982), as suggested by the greater degree of rest-potentiation and larger ratio of

steady-state cooling contracture to steady-state contraction in the dog compared with rabbit or

guinea-pig at similar rates of stimulation and [Ca2+]o (Kruta and Braveny, 1961; Endoh et al, 1982;

Bers, 1985, 1989; Kuriharaand Sakai, 1985; Bridge, 1986; Bose etal, 1988a; Bouchard and Bose,

1e89).

Effect of [Na+]o reduction on cellular Caz+ efflux

This series of experiments was performed to determine whether select indices of cell function

normally attributed to sarcolemmal Na+-Ca2* exchange were affected in the manner expected

following reduction of the transmembrane Na+ gradient. Previous studies have indicated that the

amplitude of postrest cooling contractures in rabbit (Bridge, 1986; Bers 19Bg), guinea-pig (Kurihara

and Sakai, 1985; Bers et al, 1989) and canine ventricular muscle (Hryshko et al, 1989b; Bouchard

and Bose, 1989) are reduced in a time-dependent fashion following the termination of rhythmic

stimulation. The rate at which this Ca2+ is lost to the extracellular space appears to be coupled to

the activity of the Na+-Ca2+ exchange process, as estimates of both intracellular Ca2+ content

(Bridge, 1986; Lewartowski and Pytkowski, 1987; Bers and Bridge, 1988; Pytkowski, 1988; Bers et
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al, 1989) and extracellular Ca2+ concentration (Hilgemann, 1986a,b; Bers et al, 1987) following

extended rest more closely approximate those demonstrated immediately after termination of

rhythmic stimulation following the reduction of [Na*]o or inhibition of the Na+ pump by

acetylstrophanthidin. We obserued a similar response in canine ventricle, as shown in the top

panel of Fig. 27. ln these experiments, rhythmic stimulation was terminated and rest intervals of

either 30 or 60 sec interpolated before the onset of cooling. The dashed lines above the individual

recordings are for reference and represent the peak amplitude of steady-state cooling

contractures. On termination of stimulation at 0.5 Hz, a gradual increase in the period of time

preceding cooling led to a significant decay of postrest cooling contractures from 100% steady-

state to 80+60lo and 69¡¡6% following 30 and 60 sec rest, respectively. As shown in the panel

below, reduction of [Na+]o to 70 mM was found to prevent the time-dependent decay of postrest

cooling contractures, as the amplitude of cooling contractures following 30 and 60 sec rest were

97 L 4o/o and 90.3 t 4olo of peak steady-state contracture. Similar results were obtained at 1 .0 and 1 .5

Hz stimulation in nine other paired experiments.

Eliciting a second cooling contracture immediately after terminating the first contracture has

been proposed to reflect the amount of Ca2+ taken up into the SR during the rewarming period of

the preceding cooling contracture (Hryshko et al, 1989c). Although it ¡s conceivable that a

significant fraction of the Ca2+ released in response to the second cooling stimulus may indeed

arise from residual Ca2* stores within the SR not released during the first cooling period, data from

other studies comparing fractional relaxation (t,/r) components of the rewarming phase

associated with membrane Ca2* ATPase activity and Na+-Ca2* exchange activity (Bers and

Bridge, 1989) combined with differences in the peak and rate of change of ¡Ca2+1, during cooling

contractures and twitch contractions (Bers et al, 1989) support this proposal. Thus, conditions

which inhibit transmembrane Na+-Ca2+ exchange should elevate myoplasmic Ca2+ during

rewarming and allow the SR to accumulate a greater amount oÍ Ca2+ , provided the kinetics of this

process are not rate-limiting. For canine ventriclular muscle bathed in 140 mM [Na+Jo, the peak of

the second cooling contracture (P2) was 50+5% that of the first contracture (P1) following
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termination of stimulation at 0.5 Hz. As shown in the lower right panel of Fig. 4, reduction of [Na+]o

to 70 mM significantly elevated the amplitude of P2 to 63-È5o/o that of P1 . This antagonistic effect of

low-[Na+]o perfusion was slightly enhanced following an increase in the rate of stimulation

preceding the paired cooling protocol. Following the termination of stimulation at 1.5 Hz, P2

amplitudewas 52.514olo in the presence of 140 mM [Na+]o andTO+60/o that of P1 after reducing

[Na+]o to 70 mM.

ln addition to its effects on peak contraction, reduction of [Na+]o significantly prolonged the

durationof contractionbyl6+0.9%(P<0.05),21+1.2o/o (P<0.05) and21.5+1.3%(P<0.05) ar0.5,

1.0 and 1.5 Hz, respectively. ln combination with the significant lengthening of contraction, the

effects of [Na+]o-withdrawal on paired cooling contractures or those elicited after variable rest

interuals suggest that efflux of myoptasmic Ca2+ out of the cells of the preparation due to the

activity of the Na+-Ca2+ exchange was significantly inhibited. As discussed earlier, this suggests

that the under the present experimental conditions the exchange process is still functioning in a

relatively physiological manner (e.9., rest-decay of postrest contraction and rapid cooling

contracture does occur to some extent and contraction is not overly prolonged), and is not

contributing to the devetopment of intracellular Ca2+ overload (e.g., no increase of resting tension,

aftercontractions or mechanical alternans were obserued, even at the fastest frequencies of

stimulation).

lnterval-force relat¡onship in 70 mM [Na+to

The typical response of canine ventricular muscle to an increase in the rate of rhythmic

stimulation in the presence of 70 mM [Na*lo is illustrated in Fig. 28. ln striking contrast to the

response observed prior to reducing [Na*]o, increasing the stimulation frequency from 0.5 to 1.0

and 1.5 Hz led to a negative staircase of steady-state contraction. ln addition to its effects on peak

contraction, increasing the rate of stimulation had little effect on the amplitude of steady-state

cooling contractures. An example of this uncoupling of peak developed tension and intracellular

Ca2+ content is shown in the middle panel of Fig. 28., which illustrates that while an increase in the
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rate of stimulation from 0.5 to 1.0 and 1.5 Hz depressed steady-state contraction to 85% and 65%,

peak steady-state cooling contracture amplitude was reduced by only 3o/o and 5o/o. Similar

obseruations were made with respect to the frequency-dependence of postrest contraction. ln

response to a 30 sec test interval, the amplitude of the first postrest beat was progressively

enhanced as the stimulation frequency was increased. This occured despite the fact that pooled

SR Ca2+ stores were slightly diminished. ln the recording shown in the bottom panel, the

amplitude of postrest contraction was enhanced by 15% and25o/o as the rate of stimulation was

increased from 0.5 through 1.5 Hz, while steady-state cooling contracture in this muscle remained

unaltered. ln this respect, reduction of [Na+]o to 70 mM in canine ventricle results in a similar

frequency-dependence of steady-state contraction, steady-state rapid cooling contracture and

postrest contraction as similar preparations of rat ventricular muscle perfused with solutions

containing physiological concentrations of extracellular Na+ (Kelly and Hoffmann, 1960; Forrester

and Mainwood, 1974; Orchard and Lakatta, 1985; Bouchard and Bose, 1989). lnterestingly, the

reduction of [Na+]o had no effect on the rate-dependent shortening of contraction. Although we

did not purse this finding fur-ther, this result appears to suggest that frequency-dependent

alterations in the time course of contraction may not be significantly related to either the contractile

state of the muscle preparation, or coupled transmembrane fluxes of Na+ and Ca2+.

Averaged data from ten experiments have been provided in Fig. 29. lncreasing the rate of

stimulation resulted in a significant decrease of peak isometric contraction to 84;l8olo (P<0.05) at

1.0 Hz, and64L4o/o (P<0.05) at 1.5 Hz. The negative staircase of steady-state contraction was

accompanied by a small, but significant, increase in postrest contraction of 10t60/o (P<0.05) at 1.0

Hz and 18¡2o/o (P<0.05) at 1.5 Hz, and a slight reduction of peak steady-state cooling contracture

amplitude of 2!.5o/o and 7t10% at 1.0 and 1.5 Hz, respectively. The results of these experiments

provide strong evidence for the conclusion that a [Na+]o-dependent process is indeed responsible

for a significant proportion of elevated myoplasmic Ca2+ levels which occur during high-frequency

stimulation in canine ventricular muscle, and also raise the possibility that this Ca2* can be either

made available to the myofilaments for contraction independent of Ca2+ release from SR stores, or
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in turn modulates the release of Ca2* itself from the SR during the course of a given action

potential in a manner similar to that described in guinea-pig ventricular cells by Leblanc and Hume

(1eeo).

Tissue Heterogeneity: The data presented above suggest that the depression of contraction

by high-frequency stimulation following reduction of [Na+]o to 70 mM may occur despite variability

in Ca2+ released from intracellular stores, This proposal is consistent w¡th some interesting

differences in lhe intr¡nsic contractile propertíes of canine ventricular muscle. ln six preparations

studied wíth various protocols in the cooling apparatus, a negative staircase of steady-state

contraction was demonstrated in the control pedusate containing 140 mM [Na*lo and 2.5 mM

[Ca2*]o. Of these six muscles, three of the preparations produced postrest contractions which

were nearly identical to those shown in Fig. 25 for muscles which displayed a positive staircase

fl-ype lla), while the remaining three showed poor or no poslrest-potentiation (Iype llb). This is not

a novel observation, as a negative frequency-force relation in the presence of strong postrest

contraction has been repofied previously in canine Purkinje fibres perfused with solutions

containing 130 mM [Na*]o and 2.0 mM 1Oa2+lo (Boyett et al, 1987). Figure 30 illustrates one

example each of the typical response of Type ll muscles showing both strong and weak postrest

contraction to a progressive increase in the rate of rhythmic stimulation. The recordings furnished

in the upper portion of each pair sfrovl, the frequency-dependence of steady-state cooling

contracture amplitude while those below indicate the contractile response to resuming electrical

stimulation after 30 sec rest.

Forthree Type lla muscles, an increase in frequency of stimulation from 0,5 to 1.0 Hz had no

effect on the strength of contaction. A subsequent increase to 1.5 Hz depressed steady-state

contraction lo 75+0.7o/o of the corresponding values at 0.5 Hz. Following a 30 sec test interual, the

amplitude of the first postrest contraction was reduced by 4:t0.35% and 5+0.45% at stimulation

frequencies of 1.0 and 1.5 Hz. An almost identical effect was noted for peak steady-state cooling

contractures, which were reduced by 5+0.48olo at both of the faster drive rates. As indicated by the
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traces in the top panel, Type lla muscles produced significantly greater postrest-potentiat¡on than

the Type llb muscle shown in the lower panel, despite similarities in the frequency-dependence of

contraction. The values for mean potentiation following stimulation at 0.5 Hz were 156-+Bolo (n=3)

and -2.3+1.0olo (n=e) for type lla and llb muscles, respectively. The ratio of peak steady-state

cooling contracture to steady-state contraction in type lla preparations was 0.7810.06%.

Reduction of [Na+]o to 70 mM increased the strength of contraction in response to stimulation at

0.5 Hz by 199+15olo. Following an increase of stimulation frequency to 1.0 and 1.5 Hz, the

amplitude of steady-state contraction was decreased by 10+0.9olo and 24+2o/o. Similar to muscles

in which a postive staircase could be demonstrated ín 140 mM [Na+]o, the rate-dependent

decrease of steady-state contraction was accompanied by a steady increase in the amplitude of

postrest contraction, while steady-state cooling contractures remained unaltered.

lncreasing the frequency of rhythmic stimulation from a basal rate of 0.5 Hz to 1.0 and 1.5 Hz in

Type llb muscles resulted in a moderate decrease of contraction To 97 +3o/o and 82¡.5o/o. Changes

in the amplitude of steady-state contraction were accompanied by a similar decrease in the size of

pooled Ca2+ stores estimated by rapid cooling. For the three muscles with poor postrest

contraction this amounted to a 6:L0.6olo and 18;¡10% depression at 1.0 and 1.5 Hz. Surprisingly,

the amplitude of postrest contractions remained unaffected in response to the increase of

stimulation frequency. This result is somewhat unexpected, as estimates of pooled SR Ca2+

content declined in parallel with the amplitude of steady-state contraction. The ratio of steady-state

cooling contracture to contraction was 0.75r0.620lo following stimulation at 0.5 Hz, which was very

close to the 0.78+0.06% demonstrated in Type lla muscles. Lowering [Na*]o to 70 mM resulted in

a 68r5o/o increase ín the strength of contraction elicited by a train of stimulation at 0.S Hz. The ratio

of peak steady-state cooling contracture to steady-state twitch amplitude was significantly reduced

to 0.5810.04%, suggesting that type llb muscles share a similar dependence on SR Ca2* stores

as demonstrated previously for rabbit ventricle (Bers, 1987). The negative staircase of steady-state

contraction was consistently produced in these preparations, with a slope which was not different

than observed for Type lla muscles. Changes in the amplitude of steady-stale contraction occurred
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concomitant with a 5+0.4o/o and 10+1.0% reduction of peak steady-state cooling contracture,

while postrest contraction remained unaltered by the rate change.

The results of such experiments would imply that although contraction in type lla muscles

appears to depend to a greater extent on intracellular Ca2+ stores than Type llb muscles,

variability in the degree of SR development can not be used as a method to predict the direction of

the frequency-force relation for both Type I and Type ll muscles. This conclusion is based on the

lack of correlation between the slope of the staircase response and (a) the ratio of steady-state

cooling contracture to steady-state contraction, (b) degree of rest-potentiation, (c) the rate-

dependence of postrest contraction or steady-state rapid cooling contracture, or (d) the degree of

inotropy following reduction of [Na+]o. The data have led us to conclude that differences observed

in the direction and slope of the staircase do not reflect differences in the dependence of

contraction on quantitative Ca2+ release from the SR, and are more likely to be related to

differences in action potential configuration, such as those previously described for ventricular

preparations from rat (Watanabe et al, 1983; Mitchell et al, 1984), rabbit (Shattock et al, 1987),

guinea-pig Watanabe et al, 1985) and newborn dogs (Spach et al, 1989). This is supported bythe

fact that all of the preparations were dissected from similar regions of the right ventricle, had

comparable lengths (3.5-5.0 mm) and diameters (0.2-0.4 mm), and produced similar degrees of

maximal force (20-30 mN/mmz). An important observation in this respect is that, although

significant differences were obse¡ved in the rate-dependence of steady-state contraction between

Type l, Type lla and Type llb muscles, lowering [Na+]o converted each of the three muscle types

into a state where the amplitude of steady-state contraction appeared to become progressively

more independent of Ca2+ released from SR stores. Previous work has shown that contraction can

be quantitatively uncoupled from intracellular Ca2+ stores in a similar fashion by either overloading

of the SR with Ca2+ lAllen et al, 1985; Fabiato, 1985) or exceeding the rate constant for Ca2*

transport between various functional compartments within the SR (Orchard and Lakatta, lgBS;

Boyett et al, '1987; Schouten et al, 1987; Capogrossi et al, lg8g).
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Effect of altered lonic composition on the apparent recovery of the SH Ca2+-retease process

Data obtained from experiments conducted with the laser light scattering technique have

indicated that complete (Lakatta and Lappe, 1981; Stern et al, 1983; Kort and Lakatta, 1984;

1988a,b) or pafiial removal of external sodium (lshide et al, 1984; Bose et al, 1988c) from the

perfusate results in an increase in microscopic diastolic myofilament oscillations in a wide range of

isolated ventricular tissues due to enhanced spontaneous release of Ca2+ from the SR. The

demonstration by Fabiato that an increase in bulk Ca2* concentration surrounding the SR inhibits

Ca2*-induced release of Ca2+ in skinned canine Purkinje fibres maintained at 22oC (Fabiato, 1982;

Fabiato, 1985b) raises the possibility that the inhibition of cellular Ca2* efflux in the presence of

lowered [Na*]o might be feeding back in a similar fashion to inhibit SR Ca2+ release during high

frequency stimulatÌon. This explanation would be consistent with the gradual increase in rest-

potentiation as the stimulation rate is enhanced, as sufficient time would have elapsed during the

30 sec rest period for the SR Ca2+-release channels to pass through their -3.5 sec refractory

phase (cf. Fabiato, 1985b). We attempted to test this possibility by interpolating premature stimuli

at different coupling interuals and obseruing the rate and extent of recovery of the e>drasystolic

(ES) and post-extrasystolic (PES) contractions in the presence of different concentrations of

extracellular Na+ and Ca2+. This protocol was repeated in a total of 48 preparations obtained from

34 animals at different basic cycle lengths which corresponded to steady-state stimulation at 0.5,

1.0 and 1.5 Hz. 
I

Reduction of [Sla+]o: Figure 31 illustrates the typical recovery of both ES and PES

contractions following premature excitations delivered at coupling interuals ranging from 150 to

900 ms. The control solution contained 140 mM [Na*]o and 2.5 mM ¡Ca2+]o. Externalsodium was

lowered to 70 mM in the intial experiments with equimolar sucrose substitution, as we have found

in past work that 50% substiution of Na+ with sucrose uniformly increases the amplitude of

scattered light intensity fluctuations in discrete frequency bands between 0.3-10 Hz in quiescent

canine ventricular muscle (Bose et al, 1988c). ln this protocol, each ES/PES pair was preceded by

100 steady-state contractions at the different basic cycle lengths. For this pafticular muscle, this
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was 2000 ms (0.5 Hz) and the ES contraction recovered back to the level of the preceding steady-

state contraction by 700 ms, with a time constant for eNponential recoverV (tau= 66.6V.) of 550 ms.

Peak PES potentiation occured at 200 ms, which corresponded to the first coupling interval at

which an ES contract¡on could be elicited. The averaged results from 12 muscles at basic cycle

lengths of 2000 ms (0.5 Hz), 1000 ms (1.0 Hz) and 668 ms (1.5 Hz) have been furnished in the top

panel of Fig. 32. Each point represents the amplitude of the ES contraction divided by that of the

preceding steady-state contraction. Curues were fitted to the data points w¡th a fifth-order

polynomial function generated by a commercially available graphics package (Slidewrite +;

Advanced Graphics Software lnc., Sunnyvale, CA). At a basic cycle length of 2000 ms, the mean

amplitude for ES contractions elicited at 100, 150, 200, 300, 400, 500, 600, 700, 800, and g00 ms

were0,.005+.0036, .21+.O2,.348a.033,.564+.04,.694+.037, .76+.O4,.828+.04,.880+.037and

.91+.027, respectively. The time constant for recovery of ES contractions was 551+42 ms.

Following reduction of the basic cycle length to 1000 ms, the mean amplitude of ES contractions at

identical coupling interuals were 0, .003+.021 , .241+.022, .400+.032, .615+.09, .749L.025,

.882+ .026, .940 +.017, .960 +.014 and .986 t.068, respectively. The time constant was significantly

(P<0.05) reduced to 448118 ms. A further reduction of the basic cycle length to 668 ms led to a

situation where pulses applied at test interuals >700 ms were no longer stimuli for extrasystolic

contractions pel'se. This was evident in the restitution of both ES and PES contractions, which

were more or less completed within 600 ms. The mean amplitude for ES contractions elicited at

coupling intervals of 100, 150, 200,300, 400,500,600, 700,900, and g00 ms were O, .094-{-.019,

.246L.028, .432 +.035, .634:L.033, .819t.024, .959a.024, .994 +.006, .994:L.006 and 1,

respectively. The recovery constant was slightly reduced Io 442+20 ms.

The lower panel in Fig. 9 illustrates the effect of varying the coupling interual for premature

excitation on the recovery of the following post-elrtrasystolíc contraction. Each point in this plot is

the product of dividing the amplitude of the PES contraction by the amplitude of the final steady-

state contraction preceding the ES/PES pair. Unlike the recovery of the ES contraction, a

significant rate-dependent alteration of the PES profile was found. Following stimulation with a
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basic cycle length of 2000 ms, the mean amplitude of PES contractions elicited at coupling

interuals of 100, 150, 200, 300, 400, 500, 600, 700, 800 and 900 ms were 1.02+.024,1.41+.159,

2.4t.19, 1.84+.195, 1.5+.091, 1.26+.05, 1.16r.045, 1.1+.024, 1.06;¡.026 and 1.04-t-.017,

respectively. As was the case for steady-state contraction, enhancing the rate of stimulation prior

to interpolating the extrasystole resulted in a progressive increase in the degree of post-

extrasystolic potentiation. Mean contraction amplitude at a basic cycle length of 1000 ms was

1.03+.017, 1.5+.22,2.74L.25,1.95+.1, 1.53+.07, 1.3+.05, 1.18i.035, 1.04f.014, 1.02+.013 and

1.01+.011 at coupling interuals of 100, 150, 200, 300, 400,500, 600, 700, 800 and 900 ms. Further

reduction of the basic cycle length to 668 ms significantly increased the mean potentiation to

1.05+.017, 1.84!.28,2.9!.21,1.92+.12, 1.37a.055, 1.18a.025, 1.081.026, 1, 1.005a.004, and

1 .02 +.01 at identical test interuals.

At all three of the basic cycle lengths studied, peak post-extrasystolic potentiation was observed

at 200 ms, which was also the first coupling interual following which a clearly obseruable

extrasystolic contraction could be elicited. For coupling intervals >200 ms, an inverse relationship

between the amplitude of the ES and PES contractions ensued, similar to that described previously

for isolated preparations of canine (Yue et al, 1985) or ferret ventr¡cle (Wier and Yue, 1986). Thus

peak potentiation of the PES contraction always took place when the amplitude of the preceding

contraction was smallest and as the size of the ES contraction recovered back to the steady-state

level, the amplitude of the following contraction declined back toward that same steady-state level.

It should be remembered that, in addition to the effects on the recovery of ES and PES

contractions, reducing the basic cycle length also enhanced the size of the myoplasmic Ca2+

transient associated with steady-state contractions (e.9., the rate-dependent increase of steady-

state contraction, steady-state rapid cooling contracture, and postrest contraction) and therefore

the faster restitution of the ËS contraction appears to take place under conditions associated with

an apparent etevation, rather than a reduction, of intracellular [free Ca2*].

Figure 33 illustrates the pattern of recovery of ES and PES contractions after lowering [Na+]o to

70 mM. Despite the increase in the general contractile properties of the preparation (see Table 5),
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reduction of [Na+lo did not exeft an inhibitory effect on the time-dependence of recovery of the ES

contraction at different basic cycle lengths. At a basic cycle length of 2000 ms and coupling

intervals of 100, 150, 200, 300,400, 500, 600, 700, 800, and 900 ms the mean amplitudes of the ËS

contraction were 0, .005 + .003, .1 08 + .01 4, .422+ .032, .655 t031 , .788+ .027 , .864 r .021 , .9041.02,

.917 L.O2 and .943+.016, respectively. Recovery was 66.6% complete by 423+20 ms. At the basic

cycle rate corresponding to 1.0 Hz (1000 ms), the mean amplitude of contraction at identical

coupling intervals was 0, 0.17 +.016, .128i.015, .445+.031, .707+.024, .841+.02,.905+.016,

1+.08, 1t0 and 110, respectively. The time constant for recovery was modestly reduced to

390+ 13 ms. As was obserued before [Na+]o withdrawal, a final reduction of the basic cycle length

to 668 ms significantly enhanced the rate of recovery of the ES contraction. At coupling interuals of

100, 150,200,300, 400,500,600, 700,800 and 900 ms, mean ES contraction was 0, .012+.006,

.142+.011,.4381.03, .727L.02, .877t.015,.96a.01, .998jL.002, .gg5+.003 and 1r0, respectively.

The time constant of recovery was 386112 ms.

The lower panel of Fig. 33 illustrates the frequency-dependence of recovery of the PES

contraction in 70 mM [Na*]o. ln contrast to the pattern of recovery in 140 mM [Na*]o, strong post-

e)ftrasystolic potentiation was not obserued subsequent to the reduction of [Na+]o and the small

amount of potentiation that could be demonstrated was poorly dependent on the preceding

frequency of stimulation. At a basic cycle length of 2000 ms. the mean amplitudes of the PES

contraction at coupling interuals of 100, 150, 200, 300, 400, 500, 600, 700, 800 and g00 ms were

1+.007, 1.17+.067,1.24+.06,1.13+.03, 1.06+.02, 1.02+.O2,1+.003, 1.+005, 1+.003and 1+.009,

respectively. Following a decrease of the basic cycle length to 1000 ms, mean PES contraction

amplitudes at identical coupling intervals were 1+.005, 1.2+.06, 1.91+.0s6, 1.16+.04, 1.1+.09,

1.03+.008, 1+.005, 1.01+.006, 1+.004 and 1+.004. Potentiation of the PES contraction was

significantly enhanced by the final reduction of basic cycle length to 668 ms. For coupling interuals

of 100, 150,200,300,400,500,600,700,800 and g00 ms contraction amplitude was 1+.005,

1.33+.061, 1.49+.09, 1.22+.O4,1.11+.025, 1.04+.019, 1.01+.005, 1+.003, 1+.004 and 1+.004,

respectively. Analysis of variance indicated that the pattern of potentiation and de-potentiation of
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the PES contraction within the 500-900 ms range was not related to the basic cycle length

preceding the ES/PES pair. For interuals between 100-400 ms, a significant interaction was noted

only for the 300 ms interual, which represented a residual effect of the greater degree of

potentiation at the coupling interual of 200 ms at a basic cycle length of 668 ms.

Figure 34 illustrates the sensitivity of the frequency-dependent recovery of ES and PES

contractíons to alterations of [Na+]o. Each point on the respective curves represents the difference

contraction obtained by subtracting the response in 70 mM [Na+]o from the equivalent response

obtained in 140 mM [Na+]o. For the ES contraction shown in the top panel, paired t-tests

performed at each coupling interval and basic cycle length indicated that the pattern of recovery of

contraction was not greatly affected by [Na+]o withdrawal. The only point significantly different

from unity was the first coupling interual at wh¡ch a significant ES contraction could be elicited. At

all three test frequencies the amplitude of contraction at 200 ms in the presence of 140 mM [Na+]o

was significantly greater (P<0.05) than the equivalent response in 70 mM [Na+]o. lt is not readily

apparent whether this difference represents a significant inhibition of the SR Cae+ release

machinery in the presence of low [Na+]o or a lowering of the membrane threshold for excitation,

as all points before and after the 200 ms coupling inte¡val were nearly identical to unity. Sheu and

Fozzard (1982) have shown that a 40-80o/o reduction of [Na+]o produces a hyperpolarization of

-5 mV in sheep ventricular muscle, which could conceivably increase the electrical threshold for

membrane excitation enough to cause the small shift noted in our experiments. However, this does

not explain the maintained difference at coupling interuals >200 ms or the fact that peak post-

e>,frasystolic potentiation was reduced to such an extent. The results were much different when

difference contractions for the PES response were calculated. As expected on the basis of the

above results, the largest difference in low [Na+]o solution was the large reduction in the degree

of post-extrasystolic potentiation. At the basic cycle length corresponding to 0.5 Hz (2000 ms), the

amplitude of contraction was significantly reduced at coupling interuals between 200 and g00 ms.

A reduction of the basic cycle length to 1000 ms shifted this difference to earlier interuals between
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200 and 800 ms and this shift was enhanced futher yet by the final decrease of the basic cycle rate

to 668 ms, where significance was demonstrated at coupling interuals between 100 and 600 ms.

The differential sensitivities of the recovery of ES and PES contractions and their respective

frequency-dependence suggest that lowering [Na*]o has a more profound effect on the cellular

mechanisms responsible for post-extrasystotic potentiation (e.g., Ca2+ entry during the ES beat

and ensuing changes in the degree of SR Ca2+ loading and rate constant for Ca2+ transport) than

those responsible for the time-dependent recovery of the extrasystolic contraction (e.9., recovery

of the action potential and time constant for the recovery of SR Ca2+-release channel). The

apparent lack of Ca2+-induced inactivation of SR release is surprising given the demonstration of

this process in skinned canine Purkinje fibres (Fabiato, 1985b). The absence of an intact

sarcolemmal membrane in skinned muscle preparations, combined with the observation of Boyett

et al (1987) that the slope of the staircase response in intact canine Purkinje fibres is in a negative,

rather than a positive, direction implies that the cellular mechanisms responsible for fine-tuning

Ca2+ release may be slightly different in areas of the heart concerned primarily with impulse

conduction or after removal of the sarcolemma. To further test this possibility, the level of free

myoplasmic Ca2+ during steady-state stimulation was lowered by decreasing the concentration of

Ca2* in the perfusate (¡Ca2+¡o) while keeping [Na+]o constant at 140 mM. lt was postulated that if

the above speculation was correct, then similar obseruations should be made with respect to the

sensitivity of recovery of the ES and PES contractions to different basic cycle lengths as were

made during experiments where [Na+]o was altered.

Reduction of ¡Ga2+lo The pattern of recovery for ES and PES contractions in the presence of

1.25 mM 1}a2*7o¡l+o mM [Na+]o is shown in Fig. 35. Data have been averaged from 17

experiments carried out under identícal conditions as those shown in Figs. 31-34. Despite the

reduction of steady-state contraction by more than half the corresponding values obtained in 2.5

mM [Ca2+]o, the frequency-dependence of recovery of ES contraction was similar to that

demonstrated in Figs. 32 and 33 for muscles perfused with 2.5 mM ¡Ca2+lo (see Table S).
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Following stimulation at a basic cycle length of 2000 ms, the mean amplitude of ES contractions

elicited at coupling interuals of 100, 150, 200, 300, 400, 500, 600, 700, 800 and g00 ms were

0,.009+.007, .115+.02, .329!.023, .571+.025, .732+.022, .842+.024,.878a.016, .91+.016 and

.936a.015, respectively. The time constant for recovery of ES contraction was 480+14.6 ms.

Reduction of the basic cycle length to 1000 ms resulted in ES contractions with a mean amplitude

of 0, .001+.o2, .125+.02, .356L.029, .61.03, .764a.03, .962+.019, .939a.014, .g731.015 and

.99iL.003 at identical coupling interuals. Contraction recovered to 66.60lo by 460 + 18 ms. Similar to

the response obtained in 2.5 mM [Ca2*]o,the final reduction of the basic cycle length to 668 ms

resulted in a significantly faster recovery of the ES contraction. The mean amplitude of contraction

at coupling interuals of 100, 150, 200,300, 400, 500, 600, 700, 800 and 900 ms were 0, .006r-.006,

.123+.023,.382+.039, .657t.024, .844l.02,.943+.017 1-+0, 1a0 and 1;¡0 respectively. The time

constant of recovery was 427 + 1 6 ms.

The lower panel of Fig. 35 illustrates the frequency-dependence of recovery for the

accompanying PES contract¡ons. The degree to which these contractions were potentiated at a

given coupling interval was signíficantly enhanced following the reduction of [Ca2*]o. Also in

contrast to the equivalent response in 2.þ mM [Ca2*]o was the insensitivity of both the peak of the

potentiation curve as well as the rate of recovery back to the steady-state level to the basic cycle

length preceding the ES/PES pair. This appears to be related to the amount of Ca2+ available for

release from the SR, as increasing the rate of rhythmic stimulation resulted in a positive staircase of

steady-state contraction for muscles bathed in 2.5 mM but not 1.25 mM [Ca2*]o. ln response to

st¡mulation with a basic cycle length of 2000 ms, the mean amplitude of PES contractions following

interpolation of an extrasystole at coupling interuals of 100, 150, 200, 300, 400, S00, 600, 7OO, g00

and 900 ms were 1.04+.027, 1.29t.14,3.33+.42, 2.4t.21, 1.63+.09, 1.35+.046, 1.23+.03,

1 .14 + .02, 1 .07 !.017 and 1 .07 a .01 8, respectively. A decrease of the basic cycle length to 1 000 ms

yielded contractions with a mean amplitude of 1.04J.03, 1.2+.11,9.11+.42, 2.36L.17,1.61.08,

1.34+.04, 1.18L.02, 1.11+.016, 1.041.01 and 1+.007 at identical coupling interuals. A final

reduction of the basic cycle length to 668 ms resulted in contractions of 1.04+.027, 1.8Tt.15,
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3.18+.41,2.23+.13,1.5+.045, 1.2+.02,1.07¿.016, 1.02+.017,1.02+.012 and 1.041.014following

interpolation of an extrasystole at coupling intervals of 100, 150, 200,300, 400, 500,600, 700, 800

and 900 ms.

The sensitivity of recovery of the ES and PES contractions to variation of 1Ca2+lo and basic

cycle length is shown in Fig. 36. Difference contractions were calculated as described for Fig. 34

by subtracting the response obtained in 2.5 mM [Cu2*]o from that obtained after lowering [Ca2*]o

to 1.25 mM. Paired t-tests conducted at each coupling interual and basic cycle length indicated

that none of the points was significantly different from unity during recovery of the ES contraction.

This provides supportive evidence for the earlier suggestion that the single difference contraction

observed at the 200 ms coupling interual following reduction of [Na+]o may have been a result of a

shift in the threshold for membrane excitation, as lowering [Ca2*]o would not be expected to

significantly alter the resting membrane potentíal. As was noted in experiments where [Na+]o was

altered, large difference contractions were calculated for the PES response following the reduction

of [Ca2+¡o. At a basic cycle length of 2000 ms lowering [Caz*]o significantly increased the

amplitude of PES contractions elicited at coupling interuals between 200 and 700 ms. Similar to the

effect of altering [Na*]o, decreasing the basic cycle length to either 1000 ms or 668 ms shifted this

difference to earlier coupling interuals between 200 and 500 ms. While a portion of this shift can be

explained on the basis of previous reports of faster repriming of the release pool concomitant with

increased stimulation frequency in canine ventricle (Endoh and lijima, 1981 ; Bose et al, 1ggga), the

inverse relationship demonstrated between pdlak post-e>ctrasystolic potentiation and stimulation

frequency in Fig. 35 can not. As was pointed out earlier, the independence of this response from

the preceding basic cycle length may be related to the lack of effect of stimulat¡on frequency on

steady-state contraction or steady-state contracture.

A summary of the relationship between the rate of recovery of ES contractions in perfusing

solutions with different ionic compositions and the level of intracellular Ca2+ loading and release

during contraction is shown in Table 5. Alteration of [Na+]o or ¡Ca2+lo was shown with different

stimulation protocols to have much more variable effects on the strength of steady-state
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contraction and rapid cooling contracture than on the time-dependence of recovery for ES

contractions, which appeared to be more invariantly dependent on the preceding rate of

stimulation. Even within a given perfusion solution, the slope or direction of the frequency-force

relationship was not related to the rate of recovery of the ES contraction. For example, an increase

in the rate of stimulation from 0.5 to 1.0 and 1.5 Hz resulted in either a significant positive staircase

(2.5mM ¡Ca2+1o7t+omM [Na*]o), no significant change in contraclion amplitude (1.25mM

¡Ca2+1o¡laomM [Na+]o) or a negative staircase (2.5mM ¡Caz+1o¡zomM [Na+]o) which was

accompanied by either a significant increase (2.5mM ¡Caz+1o¡l+OmM [Na+]o) or no change

(1.25mM ¡Caz+1o¡l+omM [Na+]o,2.smM ¡Caz+1o¡zomM [Na+]o) in the amount of Ca2+ present

within pooled SR compartments estimated by rapid cooling. Despite the variable frequency-

dependence of contraction, the amount of time required for ES contractions to recover to 66.6% of

steady-state was related to peak myoplasmic Ca2* levels in an inverse fashion: as first [Ca2*]o

was elevated and then [Na+]o decreased, the amplitude of steady-state contraction and rapid

cooling contractures were significantly enhanced, and the time constant of recovery decreased;

regardless of the basic cycle length employed. The possibility may still exist that intracellular Ca2+

levels high enough to supress contraction were not reached in our conditions, as no

aftercontractions were obserued and resting tension was not elevated during high frequency

stimulatíon, as is often observed in normal [Na*]o. lf the diastolic Ca2+ concentration was not

sufficiently raised to inactivate a significant population of release channels in the manner predicted

by the Ca2+-inactivation hypothesis, then the results given in Table 5 would imply that the negat¡ve

staircase demonstrated in the presence of 70 mM [Na+]o was not due to inhibited SR release. ln

this respect the results are similar to the inability of photoreteased Ca2* immediately after

depolarization-induced Ca2+ release to supress contraction in voltage clamped guinea-pig

ventricular myocytes (Nabauer and Morad, 1990; see also Fabiato, 1989).
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Effect of [hla+]o withdrawal on mechanicalrestitution

ln isolated rat ventricular muscle perfused with physiological concentrations of Na*, a

progressive increase in the rate of stimulation leads to a negat¡ve staircase of steady-state

contraction (Kellyand Hoffman, 1960; Foresterand Mainwood, 1974; Capogrossi etal, 1988) and

the peak of the systolic Ca2+ transient (Orchard and Lakatta, 1985), while the amount of Ca2+

present within the SR remains unaltered or slightly decreased (Bouchard and Bose, 1989; 1991).

Although it is possible that a poftion of the negative staircase in thicker multicellular preparations

may be due to hypoxia in the core cells of the muscle (Schouten and terKeurs, 1986; Gulch and

Ebrecht, 1986), numerous reports have appeared which suggest that the rate of recirculation

between functional pools within the SR may be one of the limiting factors in determining the

amount of Ca2+ available for retease at higher rates of stimulation (Ragnarsdottir et al, 1982;

Schouten et al, 1987; Kort and Lakatta, 1988b; Kim and Smith, 1988; Stern et al, 19BB). To

determine if this may be the reason for the negative staircase following reduction of [Na+]o in

canine ventricle, we extended the range of rest interuals to include those close to the interval

between rhythmically stimulated contractions at different basic cycle lengths. By selecting test

intervals between 2.5 and 120 sec, the effect of lowering [Na+]o on different phases of the

restitution curue could be determined, similar to those computed for guinea-pig, rabbit and rat

heart (Kruta and Braveny, 1961; Koch-Weser and Blinks, 1963; Schouten et al, 1987; Capogrossi et

al, 1988).

The protocol used to assess the restitution of postrest contraction and the accompanying

alterations of pooled SR Caz+ content is shown in Fig. 37 Rest interuals ranging from 2.5 to 120

sec were imposed on an otherwise constant train of stimulation at 0.5 Hz (top panel) or 1.0 Hz

(bottom panel). The top recording in each of the four sets of data depicts the response of the

muscle to postrest electrical stimulation. The dashed lines above each family of postrest

contractions are for reference and represent peak restpotentiation at 0.5 Hz stimulation before

[Na*]o withdrawal. The bottom recording in each of the panels illustrates the response to rapid

cooling immediately after terminating rhythmic stimulation and after 30 and 120 sec rest. The
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arrows indicate the peak of the cooling contracture elicited after a 120 sec rest interval at 0.5 Hz

stimulation within a given [Na*]o. The two panels on the left illustrate the response in 140 mM

[Na+]o and the two on the right following reduction of [Na+]o to 70 mM.

Termination of stimulation at 0.5 Hz in the presence of 140 mM [Na+]o resulted in a gradual

increase in the amplitude of the first postrest contraction as the rest interval preceding resumption

of stimulation was extended from 2.5 sec through 120 sec. ln most of the preparations the strength

of contraction remained relatively stable following a test interual oÍ 2.5 sec, and as a result the

poftion of the restitution process between 2 and 5 sec was fairly flat (e.9., the basic cycle length

was equal to 2000 ms at 0.5 Hz). Throughout the entire time when contract¡on amplitude was

increasing to the maximum point on the rest¡tution curve, the amount of Ca2+ present within

pooled SR compartments estimated by rapid cooling was declining in a similar time-dependent

fashion. This is illustrated in the lower recording, where the amplitude of cooling contractures

begins to decline from the moment stimulation is terminated (see also Fig. 27. A doubling of

stimulation frequency to 1.0 Hz led to a decrease in the period of time required to attain peak

postrest contraction. A comparison of the restitution process in the upper and lower left panels

shows that peak rest-potentiation of 20 mN/mm2, which required 120 sec at 0.5 Hz stimulation,

was surpassed after only 10 sec rest at the faster rate of stimulation. The leftward shift in the

restitution process was associated with an increase in the rate of Ca2+ loss from the SR. This is

illustrated by the corresponding cooling recordings, which show that despite a 2Oo/o increase in the

amplitude of steady-state rapid cooling contracture, the amplitude of cooling contractures elicited

after 120 sec rest were nearly identical at the two frequencies (e.g., compare the peak of postrest

cooling contracture at 1.0 Hz with arrow).

Reduction of [Na+]o to 70 mM produced qualitative changes in the restitution of contraction

which would not have been expected if the rate constant of Ca2+ transport within the SR were

limiting the strength of contraction at the higher frequencies of stimulation. ln the presence of 70

mM [Na+]o, a gradual exension of the rest interual resulted in a time-dependent increase in the

amplitude of contraction that was not monophasic as was observed in 140 mM [Na+]o. Short rest



L74

inleruals between 2.5 and 10 sec led to a slight, but rapid, potentiation of contraction which was

followed by a more delayed and gradual component of restitution. Unlike the response in 140 mM

[Na*]o changes in the amplitude of contraction were not accompanied by a significant decay of

postrest rapid cooling contracture. lncreasing the rate of stimulation to 1.0 Hz led to an increase in

the degree of rest-potentiation associated with eíther component of restitution, due partially to the

reduction in the strength of steady-state contraction. However, despite the negative inotropy

associated with faster stimulation the absolute magnitude of contraction at all test intervals was

significantly greater than the corresponding contractions at 0.5 Hz, as illustrated by the dashed line

in the lower right panel. The panel below illustrates the time-dependence of peak rapid cooling

contracture following 1.0 Hz stimulation, and as was observed at 0.5 Hz, little decay of postrest

cooling contracture was obse¡ved. As a result, the rate-dependent alteration of the restitution

process following reduction of [Na+]o occurs in the absence of concomittant changes in the

content of pooled SR Ca2+ stores, in a fashion which is almost indentical to that shown in Figs. 28

and 29 for steady-state contraction.

Figure 38 illustrates averaged restitution curues constructed from paired experiments performed

on nine muscles before and after lowering [Na*]o from 140 to 70 mM. The y-intercept for each ptot

represents mean steady-state contraction at 0.5 Hz. Following termination of stimulation at 0.5 Hz,

the amplitude of postrest contraction in the presence of 140 mM [Na+]o increased monotonically

as the rest interval was gradually extended from 2.5 to 5, 10, 30, 60 and 120 sec. lncreasing the

stimulation frequency to 1.0 and 1.5 Hz led to a biphasic restitution curue. The observed shift in the

restitution curve can be explained on the basis of either an increase of myoplasmic Ca2+

concentration during steady-state stimulation (Orchard and Lakatta, 1985) or the rate constant of

Ca2* transport within the SR at a given stimulation frequency (Schouten et al, 1987); and it seems

that both mechanisms are likely contributing to the altered pattern of mechanical restitution under

these experimental conditions. Evidence for this conclusion includes (a) the rate-dependent

increase in pooled SR Ca2+ content estimated by rapid cooling (Figs. 2a and 2S), (b) the

obseruation that despite changes in the amplitude of steady-state cooling contracture, postrest
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cooling contractures elicited after 120 sec rest were nearly identical at different stimulation

frequencies (Fig. 37), and as will be shown later, (c) the magnitude of post-extrasystolic

potentiation was increased in a frequency-dependent manner (Figs.31-34). For rest interuals

between 5 and 30 sec, the rate of Ca2* efflux from the SR appears to be closely matched by the

rate constant for Ca2+ recirculation, as little change in postrest contraction was observed during

this time, despite the continual "leak" of Ca2+ from the SR. However, as the duration of rest was

extended beyond 30 sec, the strength of postrest contraction gradually declined. This was

particularly evident at 1.5 Hz stimulation, where the rate constant for the decay of postrest cooling

contractures was greatest compared to those observed at 1.0 and 0.5 Hz.

The lower panel illustrates the effects of [Na+]o withdrawal on the time and frequency-

dependence of postrest contraction. ln contrast to the response in 140 mM [Na+]o, restitution

curues consisting of at least two distinct components were obtained at all three test frequencies.

Following 0.5 Hz stimulation, the first rapid phase of potentiation was complete within -10 sec.

This was followed by a delayed component of restitution during which time the strength of

contraction increased up until the longest test interual studied. An increase in the rate of

stimulation to 1.0 and 1.5 Hz significantly shortened the time required to complete both phases of

restitution. An important feature of the restitution process following reduction of [Na+]o, was that

an increase in the rate of stimulation enhanced the peak of both the rapid and delayed

components of restitution from their respective basal values at 0.5 Hz in a fshion similar to that

obserued prior to lowering [Na*]o. A late declining phase was only observed following prolonged

rest at the fastest rate of stimulation. Therefore, the major difference in the frequency-dependence

of restitution after lowering [Na*]o was the presence of a strong delayed component (rather than

alteration of the initial rapid phase), suggesting that despite the inotropic effect of [Na+]o

withdrawal, the SR is not saturated with activator Ca2+ during steady-state stimulation at 1.0 and

1.5 Hz. Although the frequency-dependence of rest-potentiation was not as strong in preparations

perfused with 70 mM [Na+]o compared with that observed in 140 mM [Na+]o, the absence of an

inverse correlation between postrest contraction and stimulation frequency suggests that the rate
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constant for unidirectional Ca2+ transport between different functional pools of the SR is not the

limiting faetor responsible for the negat¡ve staircase shown in Figs. 28 and 29.

Pharmacological investigat¡on into the contribution of SR Caz+ release in low-[hla+to

To further investigate the ability of the SR to modulate the frequency-dependence of contraction

in low-[Na+Jo solutions, various pharmacological agents were applied to either increase or

decrease Ca2+ entry into the cell under conditions in which the intracellular buffering capacity for

Ca2+ remained constant, or to alter the ability of the SR to sequester and/or retain its load of Ca2+

during the diastolic interval, and hence the magnitude of Ca2+ release in response to stimulation.

Figure 39 illustrates the effects of caffeine (3 mM) and ryanodine (10 nM) on the depressed

staircase response following reduction of [Na+]o with equimolar sucrose substitution. ln these

experiments, the slope of the staircase was first dropped down by reducing [Na*]o to 70 mM,

which was then followed by the addition of either caffeine or ryanodine to the perfusate from stock

solutions. We have found in previous experiments that both drugs induce a profound effect on the

ability of the SR to store and release Ca2* in canine ventricular muscle pedused with physiological

concentrations of Na+ (Bose et al, 1988a; Hryshko et al, 1989a; Bouchard et al, 1989). The

differential ability of either agent to accelerate the diastolic loss of intracellular CaZ* , or in the case

of caffeine to also inhibit SR Ca2+ sequestration (and hence to completely abolish steady-state

cooling contractures), seems to be consistent with the ability of either agent to alter the gating

kinetics and conductance of the 90 pS SR Ca2+-release channels from canine ventricle

incorporated into planar lipid bilayers (Rousseau et al, 1987; Rousseau and Meissner, 1989).

Following the reduction of [Na+]o, application of either drug significantly depressed the

amplitude of steady-state contractions elicited in response to 0.5 Hz stimulation. Caffeine

depressed peak contraction to 4o+15o/o controls values, whereas ryanodine markedly reduced

contraction To 25+15o/o of the pretreatment values. Despite the negative inotropic effect on muscle

contractil¡ty, caffeine restored the frequency-dependence of contraction to a point almost identical

to the response observed prior to lowering [Na+]o. The inability of cardiac SR to efficiently buffer
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intracellular [free Ca2+] in the presence of caffeine (Weberand Herz, 1968; Fuchs, 1969; Bers and

Macleod, 1987; Hryshko et al, 1989a,c; Bouchard et al, 1989), suggests that the volume of Caz+

normally sequestered into intracellular storage sÍtes might be forced to remain in the cytosol; a

situalion which may be compounded by both the abbreviated diastolic interval during high-

frequency stimulation and inhibition of the exchanger itself (cf. Fig. z7l. This is supported in the

present experiments by the small but reliable increase of resting tension at the faster rates of

stimulation following treatment with caffeine, compared with control muscles at a similar stage in

the experiment, Application of ryanodine had a similar chronotropic effect, but dramatically

enhanced the slope of the positive staircase without producing any change in the level of resting

tension.

Blockade of sarcolemmal Caz+ channels by nifedipine (2 uWl in the presence of 70 mM [Na+]o

depressed contraction amplitude in response to stimulation at 0.5 Hz by 72.6L5Vo A graded

increase in the rate of stimulation from 0.5 to 1.0 and 1.5 Hz resulted in a marked depression of

contractile force to 72.215o/o and 44.7 +6% that obserued at 0.5 Hz. Conversly, increasing the

amount of Ca2+ entring the cell during the action potential by administration of 1 uM racemic BAY

K 8644 increased contraction amplitude during 0.5 Hz stimulation in low-[Na+Jo solution by

108!.20o/o. Like the response to caffeine, BAY K 8644 restored the positive staircase when

administeredto muscles previously exposed to 70 mM [Na*]o.Contraction amplitude at 1.0 and

1.5 Hz stimulation was 118;¡3olo and 129.4t4.7o/o thaT obserued at 0.5 Hz stimulation. An

interesting observation was that the ability of BAY K8644 to restore the frequency-dependence of

contraction in the presence of 70 mM [Na+]o was almost 2-fold greater in Type lla or Type llb

muscles. Although the influence of each dihydropyridine compound on the staircase response is

likely complicated to a ce¡lain degree by its respect¡ve use-dependence (Sanguinetti and Kass,

1984; Thomas et al, 1985c), this latter obseruation would imply that the opposite directional

responses obtained with either drug may be related to accompanying alterations in the degree of

intracellular Ca2+ loading and release.
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Figure 40 shows the frequency-dependence of contraction following reduction of [Na+]o to Z0

mM with different substituents in the presence of 2.5 mM [Ca2*]o. As described above, increasing

the rate of stimulation from 0.5 Hz to 1.0 and 1.5 Hz in control solutions (140 mM [Na+]o/2.5 mM

[Ca2*]o) resulted in an 1814o/o and 44t.8o/o increase of contractile strength. Following reduction of

[Na*]o to 70 mM by substitution with Li+, peak contraction at 1.0 and 1.5 Hz was depressed by

16!1.5o/o and 36;¡3olo. Depletion of [Na+]o using either choline chloride or sucrose resulted in a

very different situation, where the muscles were converted into a state where they were almost

completely insensitive to alterations in the rate of stimulation. Substitution of external Na+ with

choline chloride (n=4) depressed peak contraction by 2+0.2"/" and2.8+2o/o at 1.0 and 1.5 Hz,

respectively. Using sucrose to substitute for external Na+ ions (n= 19) decreased peak contraction

by 1+2"/o and 0.5¿3o/o.
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ÐESCtBSS[Oru

The aim of this study was to examine the contribution of sarcolemmal Na+-Ca2+ exchange

toward the interual-dependence of contraction in an intact preparation of mammalian ventricular

muscle. Combined with the parallel effect of [Na+]o reduction on the strength of contraction and

either steady-state cooling contracture or postrest contraction, the sensitivity of contraction to

inhibition of SR function subsequent to lowering [Na*]o suggests that the inotropic effect of this

intervention is due primarily to enhanced availability and release of Ca2+ from intracellular stores.

Changes in the strength of contraction which accompany alterations in the rate of stimulation in

the presence of low-[Na+lo solutions and the relationship of these changes to the availability of

Ca2* for release from the SR have revealed the requirement of the positive staircase of steady-

state contraction on a functional Na+-Ca2+ exchange mechanism. That the magnitude of steady-

state cooling contractures remained insensitive to stimulation frequency following the reduction of

[Na+]o to 70 mM suggests that a significant fraction of the rate-dependent increase of SR Ca2+

availability observed in 140 mM [Na*]o is related also to perturbations in the dominant mode of the

exchange process. The results also raise the possibility that net cellular gain of Ca2+ related to the

function of the exchanger may affect the strength of contraction during high-frequency stimulation

by either altering the trigger for intracellular Ca2+ release, or by making Ca2* available directly to

the myofilaments.

Effect of [Na+]o-reduction on steady-state contract¡on

The increase of steady-state contraction amplitude obserued in thís and other studies (Sheu

and Fozzard, 1982; Sutko, Bersand Reeves,1986; Bers, 1987; Pytkowski, lgBB; Horackova, t9B9)

following partial replacement of [Na+]o with either Li+ or sucrose could be brought about by a

number of cellular processes which affect specifically buffering of Ca2+ by the SR. These include

alterations of trans-sarcolemmal Ca2+ e>trusion during both relaxation of the twitch as well as

during the diastolic interval, kinetics of Caz+ transport within the SR, and the continual "leak" of
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Ca2+ which occurs from the release compartment of the SR into the myoplasm. As the Na+-Ca2+

exchange process has been found to mediate both the extrusion of myoplasmic Caz+ during

relaxation of contraction (Bridge et al, 1988; 1989; Bers and Bridge, 1989) and the loss of cellular

Ca2* from the SR into the extracellular space during the diastolic interval (Hilgemann et al, 1984;

Kitazawa,1984; Bers and Macleod, 1986; Sutko et al, 1986; Hilgemann, 1986a,b; Bridge, 1986;

Lewartowskiand Pytkowski, 1988; Berset al, 1987; 1989; Hryshko etal, 1989c), a reduction in the

driving force for the inward mode of the exchange process would be expected to lead to a net

cellular gain of Ca2* during steady-state stimulation. This would be particularly so if the leak

predominated during the diastolic interual, the duration of which is increased significantly following

the reduction of [Na+]o (Mitchell et al, 1984; Schouten and terKeurs, 1985; Bril and Man, 1989;

Horackova, 1989). A number of experimental obseruations from the present work agree with this

proposal, including the prolonged relaxation phase of contraction, and the inhibition of

myoplasmic Ca2+ e>ctrusion both preceeding the initiation of postrest cooling contractures (Fig.

27A) and following the termination of cooling in the paired cooling protocol (Fig. 278). As

mentioned above, in addition to Ca2+ entry across the sarcotemma, the amount of Ca2+ available

for release in response to stimulation is also affected by rate at which the release compartment of

the SR is replenished with Ca2+ during the diastolic interual (Lipsius et al, 1982; Fabiato, 19BSb;

London and Krueger, 1986; Meyers et al, 1988; Capogrossi et al, 1g88; Kort and Lakatta, lgBBb).

On the basis of both experimental evidence and modelling studies, Schouten et al (1987) have

suggested that the rate constant for unidirectional Ça2* transport between functional

compartments of the SR is strictly proportional to the volume ol Ca2+ located within the uptake

compartment. Our results agree with that proposal. As shown in Fig. 38, both the peak and rate of

mechanical restitution were enhanced after lowering [Na*]o to 70 mM in a manner similar to that

induced by increasing the stimulation frequency in 140 mM [Na+]o. Alterations in the transient

peak of the mechanical restitution curue can be explained by the 90% increase in steady-state

cooling contracture amplitude alone, which according to the above hypothesis (Schouten et al,

1987) should enhance the rate of Caz+ recirculation within a given period of time. An interesting
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observation, however, was that lowering [Na+]o also resulted in a second, more delayed,

component of restitution. lt is likely that this increase in the recirculating fraction of Ca2+ available

for release in the presence of low-[Na+]o solution simply reflects the added component of Ca2+

uptake resulting from the inhibition of sarcolemmal Caz* extrusion during the extended diastolic

interval (e.9., the inward mode of the exchanger).

A second possible mechanism which could also contribute to the rise of contraction amplitude

during perfusion with low-[Na+Jo solutions may be an accompanying shift of the reversal potential

for the Na+-Ca2+ exchange process (E*"c") during the action potential (Mullins, 1979; 1981;

Noble, 1984; 1986; Difrancesco and Noble, 1985; Hilgemann and Noble, 1987; Bers, 1987).

According to the equation EN"C"= 3ENa-2ECa (Mullins, 1979; Noble, 1986; Kimura et al, 1987), we

calculate that the reversal potentialfor the exchanger is approximately -12 mV, using values of 6

mM, 150 nM, 110 mM and 1.45 mM for ai*", ai*, e.o*u, aoo, respectively (Lee and Fozzard, 1975;

Sheu and Fozzard, 1982; Bers and Ellis, 1982; Brill et al, 1986; Boyett et al, 1987; Wang et al, 1988).

Reduction of [Na+]o to 70 mM would be expected to result in a proportionately smaller decrease

of ø'*" of 15-17o/o to -5 mM (Sheu and Fozzard,1982), with an accompanying increase of aiolo

-200 nM (Marban et al, 1980; Dahl and lsenberg, 1980; Bersand Ellis, 1982; Sheu and Fozzard,

1982). Under these conditions, E*"a" would be increased to -37.5 mV, with the greatest deviation

from E, during contraction taking place within the first 50 ms of the action potential (e.g., Egan et

al, 1989). Even with the accompanying reduction of action potential duration (Schouten and

terKeurs, 1985; Bril and Man, 1989; Horackova, 1989) and resting membrane potential (Sheu and

Fozzard, 1982) in response to lowering [Na+]o, an increase of approximalely 2OOo/o of the

theoretical quantity EN"c"tEn. during the first 5-50 ms of the action potential may significantly alter

the trigger for release of Ca2+ from intracellular stores (Leblanc and Hume, 1990). lf so, this

possibilitywould be tempered significantly by the decrease of peak /*" (Carmeliet, 1987) and rate

of rise of the action potential (Mitchell et al, 1984; Hume and Uehara, 198S) expected following

panial removal of [Na+]o. A decrease of membrane Na+ conductance of this nature would have

the effect of reducing overshoot of the action potential (Hume and Uehara, 1985; Leblanc and
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Hume, 1990), and hence the area defined by the term 8r""">8.. Although we have no

experimental evidence to support this proposal, Gruver, Katz and Messinneo (1990; see also

Carafoli, 1983) have demonstrated that the kinetics of the exchanger are sufficiently fast to account

for the necessary ionic fluxes required to alter the trigger for Ca2+ release from the SR, and the

subsequent rise of intracellutar [free Ca2+] (Leblanc and Hume, 1990). Moreover, inward currents

carried by the exchanger during the plateau and repolarization phases of the action potential

(Egan et al, 1989; Giles and Shimoni, 1989; Terrar and White, 1989) would be facilitated by

lowering external Na+ due to the accompanying increase of intracellular free Ca2+. There is a

good chance that th¡s effect would be significant in our experiments, as Giles and Shimoni (1989)

havedemonstrated that inward currents carried bythe exchanger (/o; see also Egan et al, 1989)

predominate in tissues possessing relatively well developed SR. Other, more circumstantial

evidence in support of this proposal comes from the large increase in strength of contraction that

follows the reduction of [Na+]o obserued in those species which do not possess a well developed

sarcotubular network, such as frog ventricle (Chapman and Neidergerke, 1970; Morad and

Cleeman, 1987), rabbit ventricle (Sutko, Bers and Reeves, 1986; Bers, 1987) or guinea-pig ventricle

(Pytkowski, 1988; Horackova, 1989). Additional evidence from the present work comes from the

observation that, despite marked differences in the interval-dependence of contraction in Type l,

Type lla and Type llb muscles in the presence of 140 mM [Na*]o, all three muscle sub-types

exhibited a significant inotropic respose to reduction of [Na+]o to 70 mM, and shared a nearly

identical frequencydependence once this effect had been established.

Effect of [Na+]o-reduction on the interval-dependence of contraction

Contr¡but¡on of SR Caz+ release: The present work suggests that the rate-dependent

increase of SR Ca2+ loading seen in this and other studies on mammalian ventricle (Gibbons and

Fozzard,1971; Kurihara and Sakai, 1985; Bouchard and Bose, 1989) likely reflects accompanying

changes of both the the dominant mode of the Na+-Ca2+ exchange process, and the integral of

the Ca2+ current per unit time, expressed as Q6"/min. An important obseruation in support of this



183

proposal is the insensitivity of rapid cooling contracture amplitude to changes in the preceeding

rate of stimulation in 70 mM, but not 140 mM, [Na*]o. The restoration of the positive force

slaircase after treatment with BAY K 8644 (1 uM) and the rate-dependent decrease of contraction

amplitude in the presence of similar concentrations of nifedipine suggests that, even in the

presence of an altered Na+ gradient, the strength of contraction is still proportional to quantitative

release of Ca2* from the SR (e.g., Figs. 24, 25 and 210). Further evidence in support of this

proposal comes from the effects of caffeine and ryanodine on the slope of the staircase response.

This was most evident in the presence of ryanodine, which unlike caffeine, does not inhibit uptake

of Ca2+ bythe SR (Bers etal, 1987; 1989; Bouchard et al, 1989). ln lowconcentrations, ryanodine

dramatically accelerates the loss of cellular Ca2* lHilgemann et al, 1984; Bers and Macleod, 1986;

Hilgemann, 1986; Bers et al, 1987) by binding to the SR Ca2+-release channel complex (Pessah et

al, 1985; Smith et al, 1985; lnuiet al, 1987; Laiet al, 1987) and converting the -96 pS Ca2+-release

channel into an open subconducting 56 pS state (Rousseau et al, 1987; Ashley and Williams,

1990). The effect of this cascade on intact muscle peformance is to effectively by-pass the

relatively slow rate of recirculation, making Ca2+ available for release in response to rhythmic

stimulation ín a manner inversely related tothe ínteryal between beats (Sutko and Willerson, 1980;

Bers et al, 1987; 1989; Bose et al; 1988a; Bouchard et al, 1989). On the other hand, caffeine

significantlyinhibits uptakeof Ca2+ bythe SR (Weberand Herz, 1968; Fuchs, 1969) in addirionto

converting the Ca2+-release channel complex into a fully open conducting state (Rousseau and

Meissner, 1989). As a result, buffering of intracellular [free C^z*l is effectively abolished in the

presenceof caffeine (Bridge, 1986;Bers etal, 1989; Hryshko etal, 1989a,c; Bouchard etal, 1g89),

which may explain the rate-dependent increase of resting tension in the caffeine, but not

ryanodine, experiments. As discussed by Bers (1987) an increase of resting intracellular [free

Ca2*l above a basal level of 50-100 nM, when added to a constant increment of Ca2+ during

stimulation, can contribute significantly to the rise of intracellular ¡free Ca2+] during contraction.

This effect would be substantially enhanced during high-frequency stimulation in the presence of

either caffeine or ryanodine due to (a) the reduced ability of the SR to retain its load of Caz+ during
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the diastolic interval, (b) the inhibition of SR Ca2+ uptake in the case of caffeine, or (c) the

inhibition of myoplasmic Ca2+ extrusion by the Na+-Ca2+ exchange process. The gradual

increase in the strength of contraction as the rate of stimulation is enhanced in this setting may

thus reflect the amount of Ca2+ normally sequestered into the SR during the diastolic interual,

pafticularly so in the presence of caffeine which abolishes steady-state rapid cooling contractures.

Contribution of sarcolemmal Na+-Ca2+ exchange: The data reported here suggest that, in

addition to alterations in the amount of Ca2+ released from intracellular stores (e.g., Figs. 24 and

25), that a sarcolemmal-related [Na+]o-dependent process is responsible for a large portion of the

rise of intracellular ¡free Ca2+l during high-frequency stimulation. Uncoupling of contraction

amplitude from the level of SR Ca2+ loading, such as that induced by lowering [Na*]o in canine

ventricle (Figs. 28 and 29), has been demonstrated previously only in cells exposed to conditions

favouring intracellular Ca2+-overload (Fabiato, 1972; 1975; Stern et al, 1983; Allen et al, 1985; Bers

and Bridge, 1988; Kort and Lakatta, 1988b), or in rat ventricular muscle bathed in normal

physiological solutions (Bouchard and Bose, 1989). To fully understand the mechanism by which

Na+-Ca2+ exchange helps mediate the rise of intracellular [free Ca2+] during contraction, it is

necessary to understand the apparent uncoupling of contractile strength from SR Ca2+ availability

in low-[Na+lo solution. The purpose of the experiments described in Figs. 01 through 40 was to

determine whether the exchanger might be affecting contraction during alterations of stimulus

frequency either in a direct fashion (Rich et al, 1989; Langer et al, lg8g), or indirectly, through an

intermediary cellular compartment such as the SR (Fabiato, 1985c; Leblanc and Hume, 1990).

Data from experiments designed to estimate the recirculating volume of Ca2+ available for

release in perfusion solutions with different ionic composition indicate clearly that a slowed rate

constant for Ca2+ transport within the SR is not limiting contraction at higher rates of stimulation.

Were this the case, postrest contractions would have restituted either more slowly or to a smaller

peak (Allen et al, 1976; Schouten et al, 1982; Stern et al, 19gg). As discussed above, enhanced

restitution of contraction at higher rates of stimulation in the absence of accompanying alterations
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of SR Ca2+ (e.g., Fig. 28) probably reflects the added component of Ca2* uptake due to inhibition

of the outward mode of the exchanger during the extended diastolic interual.

Comparatitue data obtained from experiments on Type I and Type ll muscles suggests that

although contraction amplitude is proportional to the release of Ca2+ from intracellular stores in

normal (Figs. 24 and 25) or low [Na*]o solutions (Fig. 40), the negative staircase of contraction

elicited in 70 mM [Na+]o does not reflect the absolute buffering capacity of the SR for Ca2+.

Othen¡uise, those muscles displaying poor postrest contractions fl'ype llb) should have produced a

contractile staircase with a slope which was greater than those preparations yielding strong

postrest contractions Clype l, Type lla). This did not occur, however, as all three muscle subtypes

produced contraction staircases with nearly identical slopes following part¡al reptacement of

[Na*]o, as well as steady-state cooling contractures which were uniformly insensitive to stimulus

frequency, and mechanical restitution curues which were incompat¡ble with Ca2+ transport rates

I imiting steady-state contraction.

The final possibility tested for the rate-dependent uncoupling of steady-state contraction from

apparent SR Ca2+ availability was an inhibition of Ca2+ release due to Ca2+-induced inactivation

of the Ca2+-release channel. This was a concern ín the present experiments for tlvo reasons. First,

because of the previous demonstration in skinned canine cardiac Purkinje fibres by Fabiato

(1985b) that an increase of bulk [free Ca2+] surrounding the SR beyond a pOa of 5.6 (5-10 ms

integration time) clearly inhibited the magnitude of Ca2+-induced release of Ca2+. Secondly, we

have found in past work on canine ventricular muscle that reducing the transmembrane driving

force for Na+ by either 50olo reduction of [Na+]o with equimolar sucrose substitution or apptication

of cardioactive steroids results in increased diastolic myofilament oscillations in the 0.3-10 Hz

range (Bose et al, 1987; 1988a,c), due to an increase in the frequency of spontaneous release of

Ca2* from the SR (Lappe and Lakatta, 1980; Lakatta and Lappe, 1981; Stern et al, 19g3). Similar

results have been obtained in rat ventricle with Li+ substituting for Na+ (Stern et al, 19gB). We

attempted to address this concern in the intact preparation by following the pattern of recovery for

extrasystolic contractions under conditions expected to increase or decrease diastolic intracellular
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llree Ca2+1. Table 5 shows that the amplitudes of both steady-state contraction and steady-state

cooling contracture were íncreased in a graded fashion as first [Ca'*]o was increased from 1.2Sr.o

2.5 mM, and then [Na*]o reduced from 140 to 70 mM. As was illustrated in Figs. 02 and 3T Íor

140mM [Na+¡o/z.smM ¡Ca2+]o solutions, the rate of Ca2+ recirculation within the longitudinal

tubules of the SR (and hence, the leak of Ca2+ from the release compartment into the myoplasm)

is increased in response to those conditions which augment steady-state cooling contracture

amplitude. Because the magnitude of steady-state cooling contracture and accompanying

contractions were enhanced moving from one test solution to the next, the intracellular free [Ca2*]

within the relatively restricled volume of the t-tubule would also be expected to increase to some

degree. However, with the exception of 140mM ¡rua+1o/e.SmM ¡Ca2+lo solution at 0.5 Hz

stimulation, increasing the intracellular Ca2* load within a given basic cycle length reduced the

time constant for the exponential recovery of ES contractions, opposite to the result predicted by

the Ca2+-inactivation hypothesis. Alternatively, increasing the rate of stimulation within a given

treatment solution resulted in a graded decrease in the recovery constant in all three perfusion

solutions, regardless of the directional change of steady-state contraction amplitude. Evidence in

favour of the Ca2+-inactivation hypothesis comes from the loss of significance of this trend after

switching from the 140mM [Na+]o/2.5mM [Ca2*]o solution to one containing 70mM

¡trta+lo/z.smM ¡Ca2+lo. There remains the possibility that this trend was affected by the significant

reduction of the excitation threshold for contraction in low-[*u*lo solution (200 ms), compared

with the 140mM [tla+¡o/z.smM ¡Ca2+]o solution (150 ms). lf so, this would be expected to

significantly slow the recovery of contraction throughout the range of test intervals studied. That

significance was demonstrated only for the 200 ms coupling interual (Fig. g4) suggests that the

small (-5 mV) hyperpolarization of the membrane (Sheu and Fozzard, 1982) and depressed

overshoot and upstroke velocity of the action potential (Hume and Uehara, 19g5) expected with

partial replacement of [Na+]o may have combined to depress membrane excitability enough to

account for this shift. Studies of the envelope of /a"-overshoot during premature excitations in

canine ventricular myocytes at similar coupling intervals to those used in our experiments (Iseng,



1-87

19BB) indicate that overshoot of trigger/a" peaks at -100 ms following repolarization to -80 mV.

Thus, a sufficient delay may have passed by 200 ms in the intact preparation bathed in 70 mM

[Na+]o for the increase of peak /a" to overcome depressed membrane excitability. This proposal is

supported by the trend towards faster recovery of ES contractions in TOmM [Na+¡o/Z.Smltlt

[Ca2*]o solution at basic cycle lengths of 1000 and 668 ms, despite the significant decrease of

contract¡on amplitude at all three cycle lengths at the 200 ms coupling interual. Although we can

not rule out for certain whether or not Ca2+ release is inhibited by a build-up of Caz+ within the

restricted cell volume of the t-tubule with this particular stimulation protocol, the bulk of evidence

suggests that this may not be the case.

ln the absence of strong evidence in support of reduced or inhibited Ca2+ release from the SR

in Na+-deficient solutions, possible alterations of Eru"c" during the action potential may help to

explain the d¡fferential sensitivity of steady-state contraction and rapid cooling contracture during

alterations of stimulation frequency. As discussed above, calculation of EN"c" (Eru"c": gENa- 2Eca)

for muscles bathed in 140 mM [Na+]o is -12.4 mV, when o'*u,o'*, Ao*" and aooare6 mM, 1S0

nM, 110 mM and 1.45 mM, respectively. Reducing [Na*]o to 70 mM was calculated to

hyperpolarize EN"c" by -15 mV to -37 mV. To explain the lack of correlation between SR Ca2+

availability and contract¡le strength it is necessary to invoke a second, independent, cellular

compartment from which Ca2* is either derived for contraction, or can othetwise influence the

release of Ca2+ from the SR. Leblanc and Hume (1990) have demonstrated that the kinetics of the

outward mode of the exchanger (E*"a">En.) are indeed fast enough to significantly influence the

magnitude of Ca2+ release from the SR in guinea-pig ventricutar myocytes. This observation may

have important implications to our results, due to the strong dependence of canine ventricular

muscle on intracellular release of Ca2+ for contraction compared with other mammalian species

(Fabiato, 1981; 1982; Bers, 1985; Stern et al, 19BB; Bers, 1989). Accordingly, increasing the

frequency of stimulation in 140 mM [Na+]o results in a graded increase of both steady-state

contraction and cooling contracture, which would be expected to elevate the level of diastolic

intracellular ¡free Ca2+l (Lee and Clusin, 1987; Lee et al, 1987). Assuming a minimal increase of



].8 B

diastolic a'*from 150 to 200 hM at 1.5 Hz stimulation, and an accompanying 30-35% increase of

4i*u to -B mM (Cohen et al, 1982; Boyett et al, 1987; Wang et al, 1988), the value calculated for

E*"c" is equal to -26.7 mV. ln the absence of stimulation, this constitutes a 115o/o increase of

EN"c". ln comparison, enhancing the rate of stimulation from 0.5 to 1.5 Hz in 70 mM [Na*]o would

result in a modest hyperpolarization of Eru"c"i the degree to which would depend on the value

chosen for ai*.lf diastolic intracellular [free Ca2+] does not change following an increase in

frequencyfrom 0.5 to 1.5 Hz (e.9., steady-state contraction decreases and cooling contracture

remains unaltered) and øi*" is increased by 25"/o to 6.25 rM, EN"c" will be equal to -55 mV,

Alternatively,if ai*is increased by as much as25o/o, EN"c" will increase only 30% to -50 mV. Thus,

increasing the rate of stimulation in solutions containing 70 mM [Na*]o results in a 30-45%

increase in the calculated E*""" value, compared to the 115% increase of this term in 140 mM

[Na+]o. A problem with this interpretatÍon is that opposite changes qualitatively occur in the

calculated reversal potental for the exchanger and the strength of contraction in low-[*¿*lo

solution, compared with the similar directional changes either going from 140 mM to 70 mM

[Na+]o or increasing the frequency of stimulation in the presence of 140 mM [Na+]o. As

demonstrated both mathematically (Mullins, 1979; 1981; Noble, 1986; Difrancesco and Nobte,

1985; Eisner and Lederer, 1985; Hilgemann and Noble, 1987) and experimentally (Kimura et al,

1986; Mechmann and Pott, 1986; Hume and Uehara, 1986a,b; Beukelmann and Wier, 19Bg; Egan

et al, 1989; Miura and Kimura, 1989), the direction of thermodynamic equilibrium for the exchange

process described by the reversal potential depends on the distribution of both ions across the cell

membrane, and not the exchange rate, nor its kinetics at a given time or voltage. Hence, shifts in

the reversal potential can not be compared quantitatively with the accompanying alterations of

contractile strength. Despite this, however, theoretical considerations of this nature do raise the

possibility that quantitatíve differences in transarcolemmal Na+ and Ca2+ movements during the

action potential may affect contraction either by directly altering the release of Ca2+ from

intracellular stores as shown by Leblanc and Hume (1990), or indirectly, perhaps by Caz+
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accumulating at the inner surface of the membrane and effecting a back gradient in the direction of

the myofilaments.

A final note regarding the applicability of results obtained with the ES/PES protocol described

in Figs. 32.34to the differential effect of [Na+]o-withdrawal on steady-state contraction and steady-

state cooling contracture, is the possibility that lowering [Na*]o with Li+ exerts an influence on cell

function separate from that obserued when external Na+ is replaced with sucrose. The data

shown in Fig. 40 demonstrates that reduction of [Na+]o with sucrose (or choline chloride), while

still abolishing the negative staircase, does not convert it into a negative direction as was obserued

with Li+substitution. One possibility is that Ca2* b¡nding to intracellular sites may be favoured by

sucrose-compared with Li+-substitution, as demonstrated previously in guinea-pig taenia coli

(Brading et al, 1980). An increase of intracellular Caz+ in this manner may help to overcome, or

perhaps even oppose, the result of inhibited sarcolemmal Na+-Ca2+ exchange. An alternate

possibility, is that Li+ may act in some unknown fashion to depress contract¡on in a frequency-

dependent manner. Matsuoka, Noma and Powell (1990) have shown that, by itself, complete

removal of [Na+]o by replacement with [Li+]o did not significantly affect peak /a" in guinea-pig

ventricular cells. However, they also found evidence to suggest that the potentiat¡ng effect of

intracellular oAMP on both /a" and epinephrine-induced inward creep (chloride) currents could be

markedly reduced by replacing [Na*]o with [Li+]o, which the authors suggested may have been

related to Li+-inh¡bition of adenylate cyclase or GTP-binding protein. Similar obseruations have

been made with respect to the frequency-dependence of /a" in frog ventricular myocytes, where

increasing the rate of stimulation from a holding potential of -40 mV markedly reduces the

amplitude of peak/a" (Schouten and Morad, 1990; see also Noble and Shimoni, 1981). This effect

was abolished by increasing the holding potential to -90 mV, and reversed by microinjection of

cAMP (25 uM) into the cell. The obseruation that this effect could be mimicked by inhibition of

phospodiesterase activity (theophylline 0.5 mM) suggests that gating of the Ca2+ channet may be

regulated during variation of stimulus frequency by accompanying alterations of cellular oAMP

content and breakdown. Although it is unknown to what degree such a mechanism may be
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involved in intact tissues, these results do offer a possible explanation for the discrepancy between

the amount of Ca2+ presumably available for release and the graded decrease of contractile

strength at higher rates of stimulation in 70 mM [Na+]o.
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Figure 24. Effect of stimulation frequency on steådy-state contraction (SSC), steady-state
rapid cooling contracture (RCC) and postrest contraction (PRC) in canine ventricular muscle.

Recordings are from 3 different muscles perfused with solutions containing 140 mM

[Na+]o/2.5 mM [Ca2+]o.
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Flgure 26. Averaged data from 10 preparations illustrating the frequency{ependence of
steådy-state contraction, steady-state rapid cooling contracture and postrest contraction in
canine ventricle. Following an increase in the rate of stimulation from 0.5 Hz to 1.0 and 1.5

Hz, steady-state contraction was incre¿sed to l8t4% and M+\Vo, while the equivalent

steådy-state cooling contractures and postrest conftactions were increased to l0+3% and

32+5%, and 15+8% and 30+5% at 1.0 and 1.5 Hz, repectively. Analysis of variance

(ANOVA) indicated that the increase of steady-state contraction was significantly greater

(P<0.05) than the accompanying increase of either steady-state cooling contracture or postrest

contraction.
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Flgure 26. Effect of lowering [Na*]o from 140 to 70 mM on developed tension in response

to electrical stimulation and rapid cooling in canine ventricular muscle. Top panel illustrates

the effect of lNa+]odepletion on peak developed and resting tension for a preparation

stimulated at 0.5 Hz. Arrows indicate the times at which the perfusion solution was replaced

with fresh Li+-containing solution (50% substitution). The effect of [Na+]odepletion on peak

rapid cooling contracture (middle panel) and postrest contraction amplitude (bottom panel) are

also shown. The mean increase of steady-state contraction, steady-state cooling contracture and

postrest conftaction was 91.5+4%,90+'l% and 110+8%, respectively.
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Ftgure 27. Effect of lowering [Na+]" from 140 to 70 mM on myoplasmic Ca2+ extrusion by

sa¡colemmal Na+{a2+ exchange in canine ventricular muscle. á/ Upper Panel: termination of

rhythmic stimulation at 0.5 Hz in 140 mM [Na+]o le¿ds to a time{ependent loss of cell Ca2+

seen as a decay of peak cooling contracture amplitude. Lower Panel: Inhibition of rest{ecay

following reduction of [Na+]o to 70 mM. B/ Paired cooling protocol. Lowering [Na+]" to 70

mM results in a decre¿se in the ability of the preparation to extrude Ca2+ during the process of

rewarming from 0-2"C back to 37oC.
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rapid cooling contracture (RCC) and postrest contraction @RC) in canine ventricular muscle

following the reduction of [Na+]o from 140 mM to 70 mM. Recordings were obtained from 3

different muscles perfused with solutions containing 2.5 mM [Ca2*jo.
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Flgure 29. Averaged data from 10 canine ventricular preparations illustrating the frequency-

dependence of steady-state contraction, steady-state rapid cooling confracture and posüest

contraction in 70 mM [Na+]o. Increasing the frequency of stimulation from 0.5 to 1.0 and 1.5

Hz significantly depressed the strength of steady-state conrraction by t6¡ll .5% and 36L3%.
Steådy-state cooling contracture was reduced by 2+5% and 7tl0% at simila¡ rates of
stimulation, whiie postrest contraction was increased significantly by l0+6Vo and lg+Z%,
respectively.
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Flgure 30. Tissue heterogeneity in the contractile properties of isolated canine ventricle

bathed in 140 mM [Na+]o. Top Panel: Example of a Type IIa control muscle displaying strong

postrest contraction and a negative stairc¿se in the presence of 140 mtr,t [Na+]o. Bottom Panel:

Representative Type IIå control muscle displaying poor postrest contraction and a negative

staircase in 14{ mM [Na+]o.
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Flgure 31. Effect of premature stimulation on contraction of canine ventricular muscle.

Typical tesponse of muscles bathed in solutions containing 140 mM [Na+]o/2.5 mv[Ca2+]o to
premature stimulation at coupling intervals ranging from 150-800 ms. Basic cycle length of
contractions preceding the ESÆES pair was 2ffi) ms, and the time constant for full recovery

of the extrasystolic contraction was 550 ms.
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Flgure 32. Averaged effect of altered frequency of stimulation on extrasystolic and post-

extrasystolic contraction in 140 mM [Na+]o12.5 rnM [Ca2*]o.Top Panel: Recovery curves for

extrasystolic contractions obtained at basic cycle lengths corresponding to steady-state

stimulation at 0.5 Hz (20ffi ms), 1.0 Hz (1000 ms) and 1.5 Hz (6ó8 ms). Each point was

obtained by dividing the amplitude of the ES contraction by the preceding steådy-state

contraction at individual coupling intervals. Bottom Panel: Effect of altering the basic cycle

length on the restitution of the following post-exüasystolic contraction. Points were obtained

by dividing the amplitude of the PES contraction by the amplitude of the final steady-state

contraction preceding the ESÆES pair.
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Figure 33. Averaged effect of altered frequency of stimulation on extrasystolic and post-

extrasystolic contraction in 70 mM [Na+]olL.s mM [Ca2*]o. See Fig. 3l for details of
stimulation protocol and analysis.
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Figure 34. [Na+]odependence of extrasystolic and post€xtrasystolic contraction in response

to altered stimulation frequency at constant [Ca2*]o. Difference contractions for ES (top panel)

and PES contractions Oottom panel) were calculated by subtracting the response in 70 mM

[Na*]" from the equivalent response in 14O mM [Na+]o. Paired t-tests were then conducted at

each coupling interval and basic cycle length to determine the points signifÌcantly different
from unity (P<0.0Ð. See text for resuls of the statistical analysis.
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Figure 36. Effect of altered frequency of stimulation on extrasystolic and post-extrasystolic

conüaction in 140 mM [Na+]o/1.25 mM [Ca2+]o. Each point was obtåined by dividing the

amplitude of the ES contraction by the preceding steady-state contraction at indiviciuai coupiing

intervals. Bottom Panel: Effect of altering the basic cycle length on the restitution of the

following post€xtrasystolic contractions. Points were obtained by dividing the amplitude of the

PES contraction by the amplitude of the final steådy-state contraction preceding the ES/PES

pair.
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Flgure 36. [Ca2+]odependence of extrasystolic and post-€xtrasystolic contractions in response

to altered stimulation frequency at constant [Na*]o. Protocols for data aquisition and analyses

were identical to those in Fig. 33. See text for results of the statistical analysis.
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Figure 38. Effect of stimulation frequency on mechanical restitution in canine ventricula¡

muscle bathed in 140 and 70 mM [Na+]o. Restitution curves were constructed by plotting the

amplitude of postrest contractions elicited at different rates of stimulation against steady-state

contraction amplitude at 0.5 Hz in the presence of l4O mM [Na+]o (top panel) and following

reduction of [Na+]o to 70 mM (bottom panel).
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Figure 39. Effect of ryanodine and caffeine on the negative force staircase in [Na+]odepleted
solutions. Following reduction of [Na+]o to 70 mM by equimolar sucrose-substitution (SUC),

subsequent addition of 3 mu caffeine (SUC/C) or 10 nM ryanodine (SUC/R) resulted in the

restoration of the positive staircase of steady-state contraction.
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Figure 40. Differential effect on frequencydependent contraction following reduction of
[Na+]o with equimolar substitution of fI-i+lo, lcholine chloride]o or [sucrose]o. Staircase

responses for steady-state contraction in solutions containing 140 mM [Na*]o and 70 mfø

[Na+]o (Li+-substitution) were identical ûo those shown in Figs. 24 and,28. Reduction of
[Na+]o with either [sucrose]o or [choline chloride]o rendered the preparations virtually
insensitive to alterations in the frequency of stimulation.



Table 6. Effect of ionic composition on the inotroplc state and rate constant 
?'08

for recovery of extrasystolic contraction in caníne ventricular muscle.

Treatment css Æccss tau P

(mN/mm2) (mN/mnÊ)

BCL2000 ms

2.50 [Ca]o/140 [Na]o 16i0.8 15t0.6 SCßtzZ 
O.3s

1.25 [Cajo/1a0 [Na]o 7.0+0.7 9.610.8 480+14

2.50 [Ca]o/1a0 [Na]o 16f0.8 15i0.6 ss1r42 
0,01

2.s0 [ca]o/ 70 [Na]o 3{¡+2.3 2610.5 4æt2o

(ms)

BCL 1000 ms

2.50 [Ca]o/140 [Na]o 1910.8 16.s+0.s

1.2s [Ca]o/1a0 [Na]o 7.710.s 10.510.1

2.50 [Ca]o/1a0 [Na]o 19t0.8 16.si0.s
2.s0 lCajo/ 70 [Na]o 28-0.2 25.8f0.8

BCL 668 ms

2.50 [Ca]o/1a0 [Na]o 2312.0 19.8i1.0

1.25 [Ca]o/1a0 [Na]o 8.4+0.4 11.5+1.0

2.50 [Ca]o/1a0 [Na]o æ+Z0 19.811.0

2.5o [Ca]o/70 [Na]o 21i0.8 24.512.0

450+22
0.5

460+18

448+19
0.02

3SlO+13

424!21

427+16

442t20

386t12
0.06

0.9

BCL= Basic cycle length for steady-state stimulation preceding ES/PES pair; C*= peak
steådy-state contraction; RCC""= peak steady-state rapid cooling contracture; tau= rate
constant of recovery (6.6%) for extrasystolic contraction; P= degree of significance from
paired-t test obtained by comparing tau values going from one test solution to the next within a
given BCL.
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INFLUENCE OF EXPERIMEh¡TAL DIABETES ON SARCOPLASMIC

RETICULUM FUNCTION IN HAT VENTRICULAR MUSCLE

SECTION 4
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SUMMARY

We examined whether the decrease in contractility in streptozotocin-induced diabetes in the rat

is accompanied by reduced or excessive loading of the sarcoplasmic reticulum (SR) with Ca2+.

Pooled SR Ca2+ content and fractional release on stimulation were estimated with rapid cooling

contracture (RCC) and twitch height measurements, respectively. lnterval-force relations were

studied to assess the ability of diabetic tissue to alter the relative contribution of SR Ca2+ for

contraction. Two months after injection w¡th streptozotocin, peak isometric contraction and

steady-state RCC decreased in parallel to -50olo of control values. The time to peak force

development during contraction as well as that needed for complete relaxation was prolonged to

156 and 161o/o in diabetes. Mechanical perturbations of this nature were obse¡ved in the presence

of both 1.25 and 2.5 mM [Caz*]o. A stepwise increase in the rate of stimulation from 0.2 to 0.s and

1.0 Hz resulted in a negative force staircase, the slope of which was identical in control and

diabetic animals in each [Ca2*]o tested. Postrest contractions and RCC elicited after variable test

interuals were significantly depressed following 0.2 and 0.5 Hz stimulation in diabetic muscles

perfused with 1.25 mM [Ca2+]o. This defect of SR Ca2+ availability was reversed by increasing the

stimulation frequency to 1.0 Hz or by elevating [Ca2*]o to 2.5 mM. The results suggest that the

marked reduction of developed tension in diabetic tissues was a consequence of depleted SR

Ca2* stores, rather than a result of chronic SR Ca2+ overloading. The maintained integrity of the

interval-force relation in the presence of diabetes, implies that the cellular mechanisms responsíble

for frequency- and time-dependent alterations in SR Ca2+ availability are not d¡sturbed at this stage

of disease.
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INTRODUCTIOru

Numerous investigations have been pefformed in an attempt to reveal possible cellular (Hamby

etal,1974; Haider eTal, 1977; Regan et al, 1981) and subcellular (Fein et al, 1980; Onji and Liu,

1980; Penpargkul et al, 1981; Nordin et al, 1985; Horackova and Murphy, 19BB) derangements in

streptozotocin-induced cardiomyopathy. Results from work on animal models of diabetes have

been complemented to a large degree by similar results obtained from diabetic patients exhibiting

signs of cardiovascular dysfunction (for review, see: Gotzsche, 1986; Dhalla et al, 19gS; Tahiliani

and McNeill, 1986). Although of a different nature, these studies have one thing in common in that

they point to a specific defect which appears to be related to Ca2+ metabolism within the

myocardial cells themselves. Reports of specific biochemical (lngebretsen et al, 1981; Lopaschuck

etal, 1983; Heyligeretal, 1987), mechanical (Fein etal, 1980; Penpargkul etal, 19g1;lngebretsen

et al, 1981) and electrophysiological (Fein et al, 1983; Nordin et al, 19BS) abnormalities have further

indicated that Ca2+ movements across sarcolemmal and sarcoplasmic reticulum (SR) membranes

are altered. One important point raised by these studies, is the issue of whether depressed

contractility associated with diabetes might be a result of altered loading of the SR with Ca2+.

Excessive accumulation of Ca2+ within the SR has been shown previously to reduce

contractility of multicellular (Fabiato, 1981;Allen et al, 19BS; Bers and Bridge, 19gg; Bose et al,

1988b) and single cell preparations (Fabiato, 1981; Capogrossi et al, 19BB; Stern et al, 19BB) of

cardiac muscle by increasing the probability and frequency of spontaneous Ca2* release from the

SR during diastole (Stern et al, 1985; Bose et al, 1988b; Capogrossi et al, 19BB; Stern et al, 1988).

This is peftinent to most in vitro studies of diabetes, as the rat has been reported to be the species

most dependent on SR Ca2+ stores for contraction (Fabiato,1982;1983; Bers, 198S) as well as

that most susceptible to spontaneous SR diastolic Ca2+ release (Stern et al, 19gg). Certain

mechanical and electrophysiological features associated with diabetes correlate well with

conditions of intracellular Ca2+ ([Ca2*]i) overload, most notably an increased predisposition to

ouabain-induced toxicity (Fein et al, 1983), enhanced probability of triggered electricalactivity and
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aftercontractions (Nordin et al, 1985) and increased series compliance in the contractile apparatus

(Regan eT al,1974;1981; Schaffer et al, 1989). lt is also possible that prolonged action potentials

recorded from diabetic ventricle (Fein et al, 1983; Nordin et al, 1985) may have a significant impact

on cellular Ca2* homeostasis. This is suggested by recent work on voltage clamped cardiac

tissues which has shown that increasing the duration of membrane depotarization can under

certain circumstances reduce [Na+]o-dependent cytosolic Ca2+ efflux and consequently affect

beat-dependent changes of ai*u (Brill et al, 1986; Boyett et al, 1987; Terrar and White, 1989), force

of contraction (Boyett et al, 1987; duBell and Houser, 1989), and the cytosolic Ca2+ transient

(duBell and Houser, 1989).

Despite the potential for intracellular Ca2+ overload in the presence of diabetes, a large body of

data does not support this hypothesis. Even though many preparations of intact diabetic ventricle

show reduced contractility (lngebretsen et al, 1980; Penpargkul et al, 1980) or sensit¡v¡ty to various

inotropic agents (Horackova and Murphy, 1988), others have described little change in resting

(Fein et al, 1980) and active tension (Fein et al, 1980; Takeda et al, 19gg; Muret et al, 1989;

Lagidac-Gossmann and Feuvray, 1990). Similar conflicting results have been reported for

measurements of resting membrane potential and action potential duration (Fein et al, 19g3;

Nordin et al, 1985; Horackova and Murphy, 1988), although these differences are likely a reflection

of the different experimental protocols used to study them. The reduced rate of rise and maximal

amplitude of action potentials recorded from multicellular diabetic preparations (Fein et al, 1983;

Nordin et al, 1985) suggests that membrale Ca2* conductance may in fact be reduced. This is

supported by the reduction in total 4sOa content of diabetic ventricular myocytes (Horackova and

Murphy, 1988) and the observation that net cellular Caz+ influx in a wide variety of experimental

conditions is markedly reduced in both acute and chronic diabetes (Bergh et al, 19gg; Tani and

Neely, 1988; Horackova and Murphy, 1988). Finally, important biochemical alterations in the

membrane of the SR coincident with diabetes, such as reduced activity of Ca2+-ATpase

(Penpargkul et al, 1980; 1981; Lopaschuck et al, 1980; Heylíger et al, 1997) and altered lipid
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composition (Lopaschuck et al, 1983), may in fact render this organelle ineffective as an

íntracellular Ca2* sink, even in the presence of normal concentrations of cytosolic Ca2+.

Quantitative changes in the strength of contraction which result from modification of the interual

between beats have been used extensively to model the subcellular mechanisms involved in force

production (for review, see Koch-Weser and Blinks, 1963; Morad and Goldman, 1973; Wohlfart and

Noble, 1982). These include changes in both the rate and rhythm of stimulation. ln particular,

postrest contraction has proven to be a reliable and highly sensitive assay for agents which perturb

SR Ca2+ release (Bers, 1985; Bose et al, 1988a; Kort and Lakatta, 19BBb; Bouchard and Bose,

1989), while modification in the rate of stimulation is associated with changes in contraction which

are sensitíve to both transsarcolemmal Ca2+ entry as well as SR Ca2+ loading per se (Gibbons

and Fozzard, 1971; Kurihara and Sakai, 1985; Bouchard and Bose, 1989). We have used both

these approaches to examine the functional ability of the SR to store and retease Ca2+ following

the induction of experimental diabetes with streptozotocin. Total SR Ca2+ has been estimated in

these preparations by the magnitude of rapid cooling contractures (Kurihara and Sakai, 19gS;

Bridge, 1986; Bers et al, 1987; 1989). The results suggest that both pooled SR Ca2+ stores and

fractional release into the myofilaments in response to an action potential are depressed in diabetic

ventricular muscle.
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lnduction of D¡abetes

Experimental diabetes was produced by injection of 65 mg/kg streptozotocin (Sigma Chemical

Co.) dissolved in citrate buffer (0.1 M) into the tail vein of 3-4 week old male Sprague Dawley rars

weighing 125-175 grams. Less than 1 ml of the streptozotocin solution was injected into each rat

within twenty minutes of its preparation, in a manner similar to that described by Like and Rossinni

(1976). All animals had continuous access to rat chow and were given water ad libitum. Onset and

progression of diabetes was estimated in the fírst few weeks after injection by oveft physical signs

including markedly enhanced water consumption and urine output, and reduced body weight.

Disease was confirmed on the basis of blood glucose measurement, which was determined by

injecting 25 ul of heparinized plasma into a glucose analyzer (Yellow Springs lnstruments) which

was calibrated prior to each experiment. Plasma glucose levels were markedly elevated in the

animals treated with streptozotocin in this study (1710.75 mM compared to 8.1+0.2S mM for

controls). Pairs of age-matched control and diabetic animals were used in the various experimental

protocols.

General Preparation

All animals in this study were killed by decapitation under light ether anaesthesia. Hearts were

quickly removed through a thoracotomy, pedused retrogradely through the aorta with ice-cold

Krebs-Henseleit (KH) solution, and pinned to the bottom of a dissection chamber containing fresh

KH solution. The KH solution had the following composition in mM: NaCl, 118; KCl, 4.7; CaCl, 2.5;

MgSOo' 1'2; RHzPO+, 1.4; NaHCO., 25; glucose, 11. The right ventricular lumen was exposed, and

thin free-running trabeculae (0.25-0.5 mm diameter) tied under a dissecting microscope with B-0

silk thread (Matuda). After removal from the heart, trabeculae were transferred to a muscle

chamber forming part of a two circuit parallel by-pass apparatus containing both 50 ml warmed



2]-5

(37oC) and 60 ml cooled (0-2oC) recirculating HEPES buffer. The ionic composition of the HEPES

buffer was (in mM): NaCl, 140; KCl,4.7; MgCl, 1.0; HEPES ([a-(2-hydroxyerhyt)-1-piperazine

ethanesulphonic acid)l),5; and glucose 10. Depending on the experimental protocot, ¡Ca2+¡o in

the bathing solution was either 1.25 or 2.5 mM. The preparation was equilibrated for 45-60 mínutes,

during which time the muscles were gradually stretched to the length permitting maximal isometric

force production (Ln."*). Field stimulation was provided by a stimulator (Grass model SD44)

connected to two platinum electrodes, at a voltage 50-75o/o greater than that needed for threshold

stimulation. HEPES buffer was chosen over KH because of the greater stability of [pH]o during

changes in temperature of the bathing medium in the recirculating apparatus. Solution pH

determined during recirculation by either standard glass pH electrode (Radiometer, Copenhagen,

Denmark) or pH/blood gas analyzer (lnstrumentation Laboratories, Lexington, Mass, USA)

indicated that the pH of the solutions at the two temperatures were within 0.2 pH (pH 7.3-7.5) units

of each other. ln three separate experiments, we observed no difference in the ¡nterval-force

relation in HEPES compared to KH buffer (P <0.0S).

Contraction Measurements

Force development in response to changes in the pattern of electrical stimulation was

measured with a force transducer (Grass model FT 03C) and recorded on a 4 channel pen

recorder (Grass Model 7). Frequency-force relations were obtained by comparing twitch

amplitudes in response to varying the frequency of rhythmic electrical stimulation in the range of

0'2 to 1.0 Hz. lt has been observed previously, that contractions elicited after brief periods of rest

are highly dependent on intracellular Ca2+ stores, rather than on the entry of extracellular Ca2+

during muscle activation (Bers, 1985). The amplitude of the first postrest beat and the ensuing

recovery of steady-state contraction are thus preferentially blocked by agents which ínhibit SR

Ca2+ storage or release such as ryanodine, caffeine, or SÉ+ ions (Bers, 1g8s; Kort and Lakatta,

1988b; Hryshko et al, 1989a,c; Bouchard and Bose, 1989) as opposed to drugs which alter steady-

state Ca2+ influx during stimulation such as Co2* or La3* (Bers, ig8s). The postrest response was
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determined in the present exper¡ments by comparing twitch amplitudes following resumption of

stímulation after brief rest interuals ranging from 30 To 240 seconds with those present prior to rest.

Once the effect of a given frequency of stimulation was established the entire range of rest interuals

was imposed intermittently on the muscle, yielding a family of rest response cuÌves at the different

drive rates. A minimum of 10 minutes was allowed for equilbration of the preparation at each new

frequency of stimulation prior to initiating a given set of rest intervals. Changes in the amplitude of

twitch contractions following modification of the stimulus interual have been expressed in two ways

throughout this study. Contractions were expressed in units of force normalized for muscle cross-

sectional area (mN/mm2¡ to permit an estimate of muscle contractility in the presence of diabetes.

ln addition, twitch amplitudes were also expressed as a percentage of those immediately

preceeding or following a given test beat, thus forming part of the interval-force relation.

Rapid Cooling Contractures

For these experiments, two sets of physiological solutions (37oC and 0-2oC) were maintained in

a two-circuit parallel by-pass system. Manual diversion of solutions from one parallel circuit to the

other allowed very rapid (< 1 sec) switching of bathing media at a flow rate of -40 ml/min. Rapid

cooling contractures were elicited both in the place of a regutarly driven beat (e.g., steady-state

cooling contracture), and after variable periods of rest. The protocol for obtaining cooling

contractures was identical to that described above for twÍtch contractions, including the two

methodsof data analysis. Previous studies by Kurihara and Sakai (1985), and Bridge (1986) have

indicated that rapid cooling of mammalian heart muscle results in contractures which presumably

reflect the degree of intracellular Caz+ loading. Contractures of this nature are thought to indicate

the amount of Ca2+ present within the SR, since (a) they are strongly affected by pharmacological

manipulationswhich alter SR Ca2+ loading and release (Bridge, 1986; Bers et al, 1989; Bouchard

et al, 1989), (b) remain unaffected by perturbations designed to alter Ca2* influx across the

sarcolemma during cooling (Kurihara and Sakai, 1985; Bridge, 1986), and (c) have a similar

species-dependence to that shown for postrest contraction (Bers, 1985) and spontaneous diastolic
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SR Ca2+ release (Stern et al, 1988). The large drop in sensit¡vity of the myofilaments for cytosolic

Ca2+ during cooling to 0-2oC (Harrison and Bers, 1989; 1990) suggests that a mass release of

Ca2* occurs from the SR, which probably reflects the majority of Ca2+ present within pooled SR

stores prior to cooling the preparation (Bers et al, 1989).

Statistics

Data are shown as the mean i S.E.M. Data analysis was performed with a two-way repeated

measures ANOVA to control for both the presence and duration of diabetes. The level of

significance used for all blocked experiments was P <0.05. When statistical significance was

demonstrated by ANOVA, Duncan's multiple range test was used to determine the source and

degree of significance within a given experimental treatment.
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Altered contractility of diabetic ventricular muscle

Peak contraction amplitude: Peak isometric force of contractions in response to steady-state

stimulation al. 0.2 Hz was used to quantitate changes in myocardial contractility in the present

streptozotocin-induced model of diabetes. Figure 41 illustrates the effect of four and eight weeks

diabetes on isometric contraction. The top panel shows superimposed contractions recorded from

muscles obtained from an eight week diabetic rat and a corresponding age-matched control

animal and illustrates the marked reduction in contractile force associated with diabetes. [Ca'*]o

in both series of experiments was 1.25 mM. The degree to which contractions were depressed in

the presence of diabetes depended on the duration of disease. The results of ten such experiments

are shown in Table 6. Although contractions were significantly depressed following both four and

eight weeks disease, the reduction in contractility was significantly greater in animals subjected to

the longer period of diabetes, as indicated in Tables 6 and 7.

The possibility that the difference in contractility between diabetic and control preparations was

retated to [Ca2+],-overload was investigated by repeating this and later protocols in both 1.2S and

2.5 mM [Ca2*]o. Previous studies have shown that the SR of rat ventricular muscle accumulates

enough Ca2* to be at or nearthe point of saturation at 2.5 mM [Ca'*]o (Fabiato, 1981; Schouten

et al, 1987) and thus more likely to manifest signs of spontaneous diastolic SR Ca2+ release

(Capogrossi et al, 1988; Stern et al, 1988). As indicated by the data given in Table 6, increasing

[Cut*]o from 1 .251o 2.5 mM had no effect on the degree of contractile depression at either stage

of disease. That is, contractions were diminished by the diabetic process to equal percentages in

1.25 and 2.5 mM [Ca2*]o,with a greater depression after eight weeks than four weeks within a

given [Ca2+]o.
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Twitch mechanics: Developmental effects of diabetes on time to peak tension and time for

complete relaxation during contractions are illustrated in Panel B of Fig. 41. We have found in

previous experiments that the time course of contraction is sensitive to changes in the duration of

both SR Ca2+ uptake and release (Bouchard et al, 1989). Thus, calculations herewere madefrom

experiments performed in 1.25 mM [Ca2+]o to avoid precipitation of mechanical oscillations due to

localized Ca2+ release from the SR at higher perfusate Ca2*. Although it appears that these do not

occur in untreated rat ventricle at rates of stimulation greater than 0.2 Hz (Kort and Lakatta, 1989b),

this effort was warranted due to the increased incidence of triggered activity and aftercontractions

reported in similar preparations per{used with solutions containing 2.5 mM Ca2+ (Nordin et al,

1985). The progression of diabetes through weeks four to eight was associated with a gradual

slowing of contraction and relaxation phases of the twitch. The top trace in Panel B shows the

contractile response of a muscle obtained from a four week control rat to rhythmic stimulation at

O.2Hz. The chart speed was increased afterthe first few contractions to highlight slight differences

in terminal relaxation in each trace. The middle and bottom recordings show representative

responses of muscles obtained after four and eight weeks diabetes, respectively. Arrows illustrate

the point at which relaxation was completed for each of the contractions. Compared with changes

in the time course of relaxation, the increase in time to peak tension took place more gradually and

was not readily apparent until eight weeks after the induction of diabetes. Averaged data illustrating

the dependence of these changes on the duration of diabetes in ten such experiments has been

provided in Table 6.

These obseruations are in good agreement with the previous description of slowed contraction

in an establíshed model of diabetes at varying [Ca2*]o (Fein et al, 1980; 1983), and appear to be

related to similar time-dependent shifts in myosin isozyme distribution (Dillman, 1980; Takeda et al,

1988; Schaffer et al, 1989) and Ca2+ uptake inferred from preparations of SR vesicles (Penpargkul

et al, 1981; Lopaschuck et al, 1983). The strong dependence of rat ventricular muscle on SR Ca2+

forcontraction (Fabiato, 1981; 1983; Bers, 1985) combined with the altered sensitivity of diabetic

ventricular preparations to inotropic agents exerting their effects by altering SR Ca2+ (Horackova
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and Murphy, 1988), suggest that pooled SR Ca2+ stores may be altered in diabetes. As past work

has suggested that rapid cooling contractures do not discriminate against different functional

pools of Ca2+ located within the SR (Kurihara and Sakai, 1985; Bridge, 1986; Bers et al, 1987;

1989), these were employed as a probe to test for time-dependent changes in total SR Ca2+

content accompanying d iabetes.

Rapid cool¡ng contractures: Representative responses of control and diabetic muscles to

rapid cooling are shown in Fig. 42. The control response to cooling illustrated in the top panel is

that of a four week control animal exposed to 1.25 mM ¡Ca2+lo. This age group was chosen for

comparison with four as well as eight week diabetic muscles because changes in force associated

with cooling in the older diabetic animals would be less likely to be different from younger age-

matched controls. Rapid cooling contractures were obtained in this series of experiments by

terminating rhythmic stimulation and eliciting a cooling contracture in place of a regularly driven

beat (steady-state cooling contracture). The top panel shows that rapid cooling induces a prompt

contractile response, which in the rat is greater than steady-state contraction. After reaching a

peak, force of contracture normally declines over the course of 30-40 sec, eventually returning to

the level of resting tension found prior to cooling. Upon rewarming, steady-state contraction is

gradually re-established over the next 60-90 sec. Similar results were obtained with nine other

muscles.

The amplitude of cooling contratures associated with diabetes is shown in the bottom panel of

Fig. 42. Pooled data for these and nine other sets of cooling experiments for this age group are

af so presented in Table 7. Peak cooling contracture magnitude was reduced by 50% in trabeculae

obtained from animals subjected to four weeks diabetes. This represents a slightly greater

depressant effect of diabetes on peak steady-state cooling contracture, compared with the

corresponding decrease in steady-state contraction. When [Ca2*]o was elevated to 2.S mM during

these experiments, the depressant effect of diabetes on steady-state cooling contracture was

significantly reduced. Values averaged from 10 experiments are shown in Table 7 and indicate that
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elevating perfusate Ca2* antagonizes the depressant effect of diabetes on SR Caz* loading, and

that this effect occurs independent of changes in steady-state contraction. A further reduction in

peak cooling contracture amplitude was obserued when the duration of diabetes was extended to

eight weeks. This is illustrated in the bottom Panel of Fig. 42, which also shows the lack of effect of

diabetes on the rate of rise of cooling contracture. The most noticable differences in contracture

profile following eight weeks diabetes were the marked slowing of relaxation, and the reduction of

peak contracture amplitude in both 1.25 and 2.5 mM [Ca'*]o. These values correlate well with the

corresponding decrease of steady-state contraction at the same stage of disease (53 and 56

percent for steady-state contraction and cooling contracture in 1.25 mM [Ca2+]o; 66 and 60

percent in 2.5 mM [ca2*]o).

RCC mechanics: ln addition to changes of cooling contracture peak, Fig. 42 also shows the

influence of diabetes on the time course of relaxation of steady-state cooling contractures. The

responses of all three muscles shown here were obtained at a stimulus frequency of 1.0 Hz.

Although as will be shown later, a range of frequencies was tested, recording rapid cooling

contractures at this frequency facilitates visual inspection of small changes in the rate of

contracture relaxation. ln the control muscles, relaxation of cooling contracture amplitude to 50o/o

peak contracture required 10.3+1.8 and 11.7+2.0 sec in 1.25 and 2.5 mM [C"'*]o respectively.

Four weeks of diabetes resulted in a significant increase in the time taken for relaxation, to

14.4+3.3 (P<0.05) and 16.911.9 (P<0.05) sec in 1.25 and 2.5 mM [Cat*]o.A comparison of

relaxation times associated with different rates of stimulation (0.2 to 0.5 and 1.0 Hz) revealed no

difference in the time course of relaxation in either the control or diabetic muscles. An analysis of

the time course for 75o/o relaxation yielded identical results. When the duration of disease was

prolonged to eight weeks, a further slowing of relaxation was obserued. Relaxation to 50% peak

cooling contraclure amplitude required 19.8+7.0 seconds in 1.25 mM and 23.4l].8 sec in 2.5 mM

[Ca2*]o (eight weekcontroltimeswere 11.0+1.1 (P<0.05) and 11.911.4 (P<0.05)sec). Similarto
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the results obtained after four weeks, relaxation times were not influenced by stimulus frequency in

either group.

lnterval-force relationship in diabetes

Frequency-force relations: The typical response of untreated rat ventricular trabeculae to a

progressive increase in the frequency of rhythmic stimulation from 0.2 to 0.5 and 1.0 Hz is depicted

in the top panel of Fig. a3., and in Figs. 44, 46, and 47 during later experiments. There was an

inverse correlation between peak isometric force development and the frequency of rhythmic

stimulation at a [Ca2+]o of 1.25 mM in four and eight week control animals. Changes in contraction

were not accompanied by a significant shift in either the time to peak tension or time for complete

relaxation, as shown in the inset of Fig. 434. The negative frequency-force relationship persisted

when the [C"2*]o was elevated to 2.5 mM. We found no significant differences in the contractite

response of four (n= 10) and eight (n= 10) week control rats to increasing frequency of stimulation

in the presence of either 1.25 or 2.5 mM [Cat*]o.

The effect of diabetes on staircase responses averaged from 10 experiments in each age group

are shown in panels B and C of Fig. 43. Although peak isometric force was progressively impaired

with increasing duration of diabetes (lable 6), no effect of disease was obserued on the frequency-

force relation after four weeks (middle panel; n=10) and eight weeks (bottom panel; n=10) of

diabetes. Similar to the control response, the negative ínotropic effect of stimulation was not

accompanied by a change in the time to peak of contraction or that requíred for complete

relaxation. This was also true when [Ca2+lo was elevated to 2.5 mM. lf the reduced contractility of

diabetic preparations described above were indeed a manifestation of enhanced spatial

summation of focal regions of SR Ca2+ release within stacked myocytes (Stern et al, 1983; 1988;

Bose et al, 1988b), then a decrease in the interval between evoked contractions would have been

expected to reduce the incidence of spontaneous contractile waves (Capogrossi et al, 1988). This

did not occur, however, as the slope of the frequency-force relation was not altered in the
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presence of four or eight weeks of diabetes. The equal depressant effect of íncreasing the rate of

electrical stimulation in control and diabetic preparations suggests that either the basal frequency

or the statistical probability of spontaneous contractile waves during diastole are similar in the two

groups.

After obtaining frequency-force relations for steady-state contraction, the protocol was then

repeated with steady-state rapid cooling contractures. Representative responses of a four week

control muscle and those for muscles obtained after four and eight weeks diabetes are shown in

Fig.44. For the control muscle bathed in 1.25 mM [Ca2+]o, the amplitude of peak steady-state

cooling contracture remained unaffected by increasing frequency of stimulation. The inability of

rapid stimulation to alter pooled SR Ca2+ occured even though the size of preceding steady-state

contraction was progressively diminished and was consistently observed in all ten control muscles

examined in each age group. This rather surprising discrepancy between pooled SR Ca2+ content

and fractional release of Ca2+ into the myofilaments is not observed in the vast majority of

mammalian species (Gibbons and Fozzard, 1971; Kurihara and Sakai, 1985; Bouchard and Bose,

1989) and appears to reflect the difference in intracellular Ca2+ handling in myocytes of the rat

(Ragnarsdottir et al, 1982; Schouten et al, 1987; Kort and Lakatta, 1988b; Shattock and Bers,

19Bg). Similar to the change in steady-state contraction, elevating [Ca2*]o to 2.5 mM had no effect

on peak cooling contracture at increasing rates of stimulation.

The influence of four and eight weeks diabetes on steady-state cooling contracture at different

rates of stimulation was similar to that observed for the twitch staircase response, as indicated by

the corresponding traces in Fig. 44. lncreasing the rate of stimulation in 1.25 mM ¡Ca2+lo resulted

in a decrease in steady-state contraction in both test groups, which again was not accompanied

by a similar decline of peak steady-state cooling contracture. The data provided in Table 7 lndicate

that increments in the rate of stimulation exerted no effect on the amplitude of peak steady-state

cooling contracture in all control and diabetic muscles studied and that this response was not

affected by changes of ¡Ca2+lo. Upon closer scrutiny, however, a significant difference was

revealed in the relationship between steady-state twitch and cooling contracture force at different
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frequencies of stimulation. These subtle differences may be important as they suggest that the

fraction of total cytoplasmic Ca2+ originating from the SR at different rates of stimulation may be

altered in diabetes. This possibility is suggested by calculation of the apparent SR Ca2+ "release

fraction" associated with a given conditioning interval. This was done by measuring the ratio of

peak steady-state contraction to peak steady-state rapid cooling contracture (SSC mN/mm2:SS

RCG mN/mm2¡. this analysis assumes that there is a single compartment of releasable Ca2+

within the SR and also, that this compartment represents a pool of Caz* that is distinctly separate

from other stores present in the SR (Stern et al, 1988). Compartmentalization of SR Ca2+ pools of

this nature is a feature of most recirculation models of intracellular Ca2+ handling (Morad and

Goldman, 1973; Wohlfart and Noble,1982; Bose et al, 1988a) and is supported by experimental

measurements of time- and beat-dependent changes of pooled SR Ca2+ loading and fractional

release in those species particulary dependent on SR stores for contraction (e.9., rat and dog;

Bers, 1985; Fabiato, 1981; 1985c; Bouchard and Bose, 1989). The scale is an arbitrary one, where

a value of 1.0 is equivalenl to the maximal release of Ca2+ possible from pooled SR stores (100%

total SR Ca2+ released into the myofilaments). An important limitation of this analysis is the

decrease in myofilament Ca2+-sensitivity reported to accompany rapid cooling of untreated

ventricular muscle (Harrison and Bers, 1989). As a result, force associated with cooling cannot be

compared directly with force of contraction (Bridge, 1986; Bers, 1989; Bers et al, 1989). However,

as it is likely that the drop in contractility related to cooling is a constant factor from one stimulus

frequency to the next, then scaling contraction in this manner may offer useful information with

regards to that fraction of cytoplasmic Ca2+ for contraction which was released from SR stores in

response to an action potential.

Figure 45 shows the result of calculations made from steady-state cooling contractures elicited

at the three test frequencies in both 1.25 and 2.5 mM [Ca2*]o. Data have been pooted from six

control muscles (solid lines) and six muscles obtained from rats subjected to eight weeks diabetes

(broken lines). The stimulation protocol is illustrated in the inset. As expected, the calculated

release fraction decreases with increasing frequency of stimulation in control muscles in the
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presence of 1,25 mM [Ca2+]o. Along with reduced steady-stateforce production (Fig. a0;Table 6)

this would imply that the quantity of Ca2+ released from the SR is reduced. The values calcutated

for fractional release at O.2Hz are very close to those predicted (0.75) by a mathematical model of

releasable Ca2+ specific for rat ventricular muscle (Stern et al, 1988). Following eight weeks

diabetes, the ratio between peak cooling contracture and steady-state contraction was significantly

altered. This resulted in correspondingly lower values calculated for the apparent release fraction

at 0.2 and 0.5 Hz. This decrement in presumed SR Ca2+ availability was overcome by stimulation

at 1.0 Hz in 1.25 mM ¡Ca2+lo (panel A) or at all 3 test frequencies by raising the perfusate Ca2* to

2.5 mM (panel B).

Postrest response: Previous studies have shown that resuming electrical stimulation after a

brief period of rest gives rise to contractions which are highly sensitive to drugs altering SR Ca2+

release (Bers, 1985). ln rat ventricle specifically, potentiated postrest contractions appear to be a

composite function of time- and beat-dependent recycling of Ca2+ within the SR (Orchard and

Lakatta, 1985; Schouten et al, 1987) combined with a small net cellular Ca2* gain through the

activity of the Na+-Ca2+ exchange process (Ragnarsdottir et al, 1982; Shattock and Bers, 1989).

As a final method of determiníng the functional ability of the SR to store and release Caz+ in the

presence of diabetes, postrest contractions and rapid cooling contractures were elicited at the

three test frequencies. Fig. 46 illustrates the response of an isolated trabecula obtained from a four

week control animal to a progressive increase in the duration of rest in 1.25 mM 1Ca2+lo. The top

panel shows that gradual lengthening of the rest interval from 30 to 120 and 240 sec has no effect

on the amplitude of the first postrest contraction. lncreasing the rate of stimulation to 0.5 and 1.0

Hz gradually augmented the amount of postrest potentiation (expressed as a percentage of

preceding steady-state contraction), but had no effect on the level of force development

associated with these contractions (e.9., the augmented postrest potentiation was a reflection of

decreasing steady-state contraction). lncreasing [Ca2*]o to 2.5 mM resulted in an increase in the

contractility of all ten control preparations studied, as shown in Table 6. Despite the augmented
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contract¡lity, the pattern of tension change following changes in the rate of stimulation was quite

similar to that obserued in 1.25 mM [Ca2+]o with respect to its frequency-dependence. Although

postrest potentiation was enhanced with increasing frequency of stimulation in 2.5 mM [Ca2+]o,

the magnitude of change was quantitatively greater in 1.25 mM [Ca2+]o, as illustrated in Fig. 48. A

second example of this ¡Ca2+1o-dependence is furnished by the absence of postrest potentiation

aT 0.2 Hz in 2.5 mM, compared with that present in 1.25 mM [Ca2+]o. These obseruations,

combined with the relatively small change in steady-state cool¡ng contracture following an increase

in peffusate Ca2* (see Table 6) are consistent with the proposal made earlier that intracellular

stores are probably at or near saturation in the presence of 2.5 mM ¡Ca2+lo.

The influence of diabetes on postrest contraction is shown in Figs. 47 and 48. The degree of

postrest potentiation associated with preparations of diabetic muscle decreased in parallel with the

duration of disease. Although as shown in Table 6, postrest force (expressed in mN/mm2) was not

yet affected afterfour weeks diabetes (n=10), the degree of postrest potentíation was significantly

depressed after 30 sec rest aÎ O.2 and 0.5 Hz steady-state stimulation in 1.25 mM [C"2*]o.

lncreasing the rate of stimulation to 1.0 Hz, or elevating [Ca2*]o to 2.5 mM abolished the apparent

defect in SR Ca2+ loading. When diabetes was extended to eight weeks (n=10), both postrest

potentiation (Fig. 47) and postrest force (l-able 6) were markedly depressed.

The data presented so far imply that even though pooled SR stores appear to be severely

depleted, the ability of diabetic preparations to retain Ca2+ during mechanical quiescence may

remain unaffected. ln this final series of experiments, rapid cooling contractures were elicited after

identical rest interuals to those just described to determine if the changes in postrest contraction

accompanying diabetes were related to similar alterations in pooled SR Ca2+ content. The

protocol for this experiment is shown in the top of Fig. 49. ln muscles obtained from four week

control animals, no difference was obserued in the amplitude of cooling contractures elicited

immediatelyfollowing steady-state stimulation and those elicited after30, 120 and 240 sec rest in

the presence of 1.25 mM [Ca2*]o.The similarity in peak steady-state and postrest cooling

contracture amplitude persisted when the rate of stimulation was increased from 0.2 to 0.S and 1.0
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Hz. Similar obseruations were made in all ten experiments when the perfusate Ca2+ was increased

to 2.5 mM or muscles from eight week control animals were examined (see also Table 7).

ln muscles obtained from 10 four week diabetic animals, peak force associated with rapid

cooling following 30 sec rest was significantly depressed in 1.25 mM ¡Ca2+lo, as described in

Table 7. Moreover, as was obserued for postrest contraction, this depression was again overcome

by increasing [Ca2*]o To 2.5 mM. A gradual increase in the rest interual prior to cooling had no

effect on the amplitude of postrest rap¡d cooling contracture for any combination of stimulus

frequency or [Ca2*]o investigated. When postrest cooling contracture was re-examined after eight

weeks diabetes (n : 1 0), no change was obserued in the amplitude of peak contracture in response

to changes in rest duration, rate of stimulation or [Caz+¡o. The only exception was that the marked

reduction of force development associated with postrest cooling contracture was present in both

1.25 and 2.5 mM [Ca2*]o.As was noted in earlier experiments on steady-state cooling

contractures, a significant interaction between steady-state contraction and postrest cooling

contracture existed. The degree of interaction was almost identical to that described in Fig. 45 for

both 1.25 and 2.5 mM [Ca2*]o. Hence, the calculated release fractions for muscles obtained from

six control and six diabetic animals, illustrated in Fig. 49, were virtually superimposable over those

shown earlier. Thus, the results of the postrest experiments are very similar to those obtained by

altering the frequency of rhythmic stimulation in all preparations of diabetic ventricle investigated.

Taken together, these obse¡vations suggest that the reduced contractility associated with eight

weeks of diabetes is a result of diminished intracellular Ca2* availability, as opposed to the end

result of chronic intracellular Ca2* overloading.
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This work was aimed at providing basic information about the cellular mechanisms underlying

the reduction in force development associated with certain models of diabetic cardiomyopthy. The

parallel reduction of both steady-såte contraction and steady-state rapid cooling contracture

suggests that pooled SR Ca2+ content and release of this Ca2* in response to an action potential

are progressively depressed following the induction of diabetes with streptozotocin. Changes in

the interval-force relationship, and the corresponding sensitivity of these contractile alterations to

[Ca2*lo, support this conclusion and would further suggest that modifications in the source of

activator Caz* for contraction may occur to compensate for the general decline in force producing

ability of the myocardium in diabetes.

Possible mechanisms underlying depressed force production

Underloading vs overloading of intracetlular Ca2+ stores: One of the purposes of this paper

was to examine if the negative inotropic effect of diabetes was due to chronic intracellular Ca2*-

overload. A general obseruation related to each series of experiments was that elevating [C"'*]o

from 1 .25 to 2.5 mM did not produce mechanical alterations in diabetic preparations which are

usually associated with conditions of [Ca2*¡,-overloading (e.g., aftercontractions, mechanical

alternans, or elevated resting tension). This included the insensitivity of the decrease in steady-

state contraction and rapid cooling contracture (fable 6 and 7), postrest contraction and cooling

contracture (Figs. a7 and 49), and slope of the frequency-force relation (Fig. 43) to changes in

perfusate Ca2*. Moreover, increasing [Ca2+]o from 1.25 mM to 2.5 mM uniformly reversed the

depressed contractility associated with diabetes at varying stages of disease. This may be an

important observation, as threshold ¡Ca2+1o for the occurence of spontaneous SR Caz+ release at

a steady-state frequency of 0.2H2 in isolated rat ventricular muscle is 1.9r0.03 mM (Capogrossi et

al, 1988). lt has been observed previously that an increase in spontaneous Ca2+ release from the
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SR results in impaired force development which is not accompanied by a similar decrease in the

amplitude of the cytoptasmic Ca2+ transient (Allen et al, 1985) or steady-state rapid coolíng

contracture (Bers and Bridge, 1988). The obseruation that depressed steady-state contractions are

almost always paralleled by a proportional decrease in steady-state cooling contracture is thus

inconsistent with this portion of the 1Ca2+1,-overload hypothesis. ln pretiminary experiments

performed on untreated rat papillary muscles, we have obserued that inducing [Ca2+1,-overload by

either partial replacement of [Na+]o with Li+, elevating [Ca2*]o, or administration of high doses of

ouabagenin substantially reduces the amplitude of postrest contraction, renders the muscles

insensitive to changes in the rate of stimulation, and consistently results in elevated resting tension

(Bouchard and Bose, unpublished obseruations). Although these results are preliminary and need

to be interpreted with caution, they are consistent with the finding that time-dependent restitution

of postrest contraction after terminating stimulation parallels the increase in the average frequency

of scattered light intensity fluctuations (SLIF) in resting rat ventricular muscle (Kort and Lakatta,

1988b; Shattock and Bers, 1989). Characteristic changes in the autocorrelation function (Stern et

al, 1985; Kort and Lakatta, 19884,b) or power spectrum (Bose et al, 1988b) of SLIF have been

shown to result from cumulative myofilament oscillations due to asynchronous release of Ca2+

from SR stores during diastole. lf the covariance in the restitution of SLIF and postrest contraction

are indeed due to an increase in the amount of Caz+ present within the release compartment

(Allen et al, 1985; Capogrossi et al, 1988), then elevating [Ca2*]o to 2.5 mM should be expected to

worsen cumulative myofilament oscillations due to an increase in the frequency of spontaneous

release (Capogrossi et al, 1988). This effect, however, was not obserued as the amplitude of both

postrest contraction and rapid cooling contracture was diminished more profoundly in 1.25 mM,

than ín 2.5 mM [Caz*]o.

Earlier reports have indicated that impaired steady-state contraction in the presence of SR Ca2+

overloading (Allen et al, 1985; Bers and Bridge, 1988) may be due, in paft, to an increase in the

"refractoriness" of the SR Ca2+ release channel effected by the preceding spontaneous contractile

wave (Fabiato and Fabiato, 1975; 1976; Fabiato, 1981). lt has been suggested (Capogrossi et al,
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1988), that one way to prevent spontaneous release from saturated intracellular stores is to reduce

the interval between evoked contractions. This maneuver has been found to decrease both the

incidence and frequency of spontaneous contractile waves in isolated rat ventricular myocytes

while leaving unaffected the SR Ca2*-dependent inotropic ceiling. lf the negative inotropic effect of

diabetes was due to an increase in the number of cells within a given muscle segment exhibiting

spontaneous Ca2* release, one might expect the slope of the frequency-force relation to be

significantly reduced, or even reversed, in a given [Ca2*]o (cf. Fig.1 of Capogrossi et al, 1988). The

similarities in the slope of the frequency-force relation between control and diabetic muscles,

combined with the insensitivity of the staircase response to [Ca2+]o in diabetic preparations,

provides additional evidence that the reduced force of contraction exhibited by muscles obtained

from diabetic animals may be due primarily to a fundamental depletion of pooled SR Ca2+ stores,

ratherthan a direct result of chronic [Ca2+],-overload. This conclusion is supported by the recent

obseruation of Tani and Neely (1988) that hearts from diabetic rats are more resistant to ischemia

and develop fewer signs of [Ca2+],-overload upon reperfusion than control hearts.

Changes external to the sarcoplasmic reticulum: ln addition to perturbation of intracellular

Ca2+ release, other mechanisms which are unrelated to Ca2+ handling by the SR may also be

involved in the negat¡ve inotropic effect of diabetes. Previous work has indicated that tissue

compliance is significantly elevated in response to chronic diabetes (Regan et al, 1974; 1981;

Schaffer et al, 1989). While this might be expected to reduce or perhaps even slow the

development of contraction in response to a given increase of myoplasmic Ca2+, it seems

reasonable to suggest that any existing alteration of the viscoelastic properties of the muscle fibres

accompanying diabetes would remain relatively stable from one stimulation frequency to the next.

This is suported by the fact that similar directional changes of baseline tension and twitch profile

were obserued during alterations in the rate and rhythm of stimulation in both groups. Numerous

other aspects of the data support that proposal, including: (a) similarities in the slope of the

frequency-force relations in control and diabetic muscles, (b) the insensitivity of the frequency-
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force relation to preceeding changes in the inotropic state of the preparation in either group

following alteration of [Ca2+]o, and (c) the much greater effect of diabetes on the time required for

complete relaxation of the twitch, compared with time to peak tension measurements. Although a

more general role for altered tissue compliance in depressing contractility can not be excluded on

the basis of the techniques employed in this study, the parallel reduction of steady-state

contraction with postrest contraction and steady-state cooling contracture throughout the various

manipulations of stimulation frequency and perfusate Ca2* suggest that changes in developed

tension accompanying diabetes in the present experiments are more strongly related to

perturbations of intracellular Ca2+ loading and release.

It could also be argued that the depressant effect of diabetes on steady-state contraction and

rapid cooling contracture amplitude may be secondary to a diabetes-related decrease in the

responsiveness of the myofilaments to Ca2*. This issue was recently addressed by Murat et al.

(1989) who demonstrated that maximal myofilament Ca2+ sensitivity of skinned subendocardial

ventricular fibres from diabetic rat hearts was modestly enhanced in a pCa range of 6.5-5.0, rather

than reduced. Although these experiments were conducted at 22oC and peak developed force

remained unaffected by 4-6 weeks of diabetes, this is the range in which the rise of intracellular free

Ca2+ would be expected to deviate during either an electrically-stimulated twitch (Fabiato, 1981;

Bers et al, 1989; duBell and Houser, 1989) or rapid cooling contracture (Bers et al, 198g; Harrison

and Bers, 1989), even after compensating for the depressant effect of diabetes. ln a similar

preparation to the one used in our experiments, it has been recently obserued (Lagidac-Gossmann

and Feuvray, 1990) that administration of 10 mM caffeine produces an equivalent inotropic

response in the presence or absence of diabetes. Although cefta¡nly not conclusive in this respect,

this result does suggest that the responsiveness of diabetic tissues to agents known to alter

myofilament Ca2+ sensitivity may be more or less intact. Consequently, a diabetes-related increase

of myofilament Ca2+ sensitivity would tend to underestimate the quantitative reduction of

contractility in the present experiments, and thus can not be responsible for the decrease of

steady-state contraction or rapid cooling contracture amplitude.
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Fractionat release of Ca2+ from SR stores: The results shown in Figs. 45,48 and 49 suggest

that the fraction of total cytoplasmic Ca2* for contraction released from SR stores may be

diminished in diabetes. The accuracy of these calculations depends on the assumption that the

reduction in Ca2+-sensitivity of the myofitaments during the process of cooling in diabetic ventricle

is not different from that of control muscles. On the basis of data obtained from skinned muscle

fibre experiments, it has been suggested by Harrison and Bers (1989) that the envelope of

rewarming spikes obserued when rapid cooling contractures are terminated prematurely at various

points in the time course of contracture appear to be due in part to a temperature-dependent

decrease of myofilament Ca2+ sensitivity. Values calculated for the pOa required for half maximal

tension in the rat (K.,r, values predicted by the Hill Equation) were 5.32 al36oC and 4.68 at 1oC,

both of which are temperatures relevant to cooling contractures in the present experiments. An

impoñant feature of this relationship is that the reported K.,r, values increase in a stepwise fashion

from 1-36oC, although the slope of this rise is slightly greater in the lower part of the curve (1-8oC;

Harrison and Bers, 1989). This suggests that even if myofilament Ca2+ sensitivitywere markedly

reduced in diabetes, as long as the basal temperature-dependence of the myofilaments on

cytosolic Ca2+ rema¡ned intact, then differences in calculated release fraction would represent a

significant alteration in the source of Ca2+ for contraction in the presence of diabetes. The parallel

and frequency-dependent dissociation of steady-state contractíon amplitude from steady-state

cooling contracture amplitude at either [C"2*]o in both control and diabetic muscles suggests that

this may be the case. However, this data cannot be taken as an indication of normal myofilament

temperature sensitivity, because such experiments necessitate time-gated measurements of the

effects of premature rewarming which were not performed in this study.

lf the temperature-dependence of the myofilaments to Ca2+ is enhanced or remains unaffected

by diabetes, then reduction of the apparent "release fraction" makes possible the conclusion that

other cellular processes are helping to maintain high levels of [Ca2+], during contraction. Likely

candidates for such compensation include: (a) transsarcolemmal Ca2+ entry during the Ca2*
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current /ca, (b) ATP-dependent Ca2+ pumps located in the membranes of the SR and sarcolemma,

and (c) the Na+-Ca2+ exchange process. Based on the obseruation that both sarcolemmal and SR

Mg2*-ATPase and Ca2*-Mg2*-ATPase activities are markedly depressed in diabetic animals

(Penpargkul et al, 1981; Lopaschuck et al, 1983; Heyliger et al, 1987), it is unlikely that altered

kinetics ol Ca2+ uptake by the SR are responsible for this extra [Ca2+1,. Previous studies have

shown that pharmacological inhibition of SR Ca2+ uptake is more likety to affect relaxation of the

twitch, as opposed to peak contraction amplitude (Bouchard et al, 1989). Fufthermore, the most

profound changes in cytoplasmic Ca2* due to reduced Ca2+ extrusion would likely occur too late

to affect peak [Ca2+],, which occurs -40 ms after stimulation (duBell and Houser, 19Bg). Although

membrane Ca2* currents have not yet been investigated in the presence of diabetes, the reduction

in the degree of membrane depolarization during the plateau of the diabetic action potential (Fe¡n

et al, 1983; Nordin et al, 1985) does provide some evidence in support of abnormal Ca2+ or K+

conductances. A reduction of peak /a" would be consistent with reports of reduced cellular total

Ca2+ content (Bergh et al, 1988; Tani and Neely, 1988; Horackova and Murphy, 19BB) and steady-

state rapid cooling contracture (this study), and may be related to the accompanying decrease of

resting membrane potential (Fein et al, 1983; Nordin et al, 1985) and cellular cAMP levels

(lngebretsen et al, 1981); each of which has the capacity to significantly alter the availability and

gating kinetics of membrane Ca2* channels. Based on these considerations, it seems reasonable

to suggest that cetlular Ca2* entry during depressed plateau voltages is either reduced or remains

unaltered in diabetes. lf the above assumptions are correct, this leaves the electrogenic Na+-Ca2+

exchange process as a possible means of maintaining or contributing to the rise of ¡Ca2+1, during

contraction. Recent work on voltage-clamped ventricular cells from a wide variety of species has

indicated that force of contraction can be increased independent of changes in pooled SR Ca2+

stores, presumably dueto quantitative changes in [Na+]o-dependent cytosolic Ca2+ efflux (Brill et

al, 1986; Boyett et al, 1987; duBell and Houser, 1989). This may be indirectly related to the reduced

Na+-K+ ATPase activity (Onji and Lui, '1980), elevated [Na*]i (Regan et al, 1981), decreased

resting membrane potential (Fein et al, 1983; Nordin et al, 1985), and prolonged action potential
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duration (Fein et al, 1983; Nordin et al, 1985) reported in diabetic animals. Furthermore, the high

degree of postrest potentiation in untreated rat ventricular muscle has been shown to be a

composite function of beat-dependent recycling of Ca2+ through the SR (Orchard and Lakatta,

1985; Schouten et al, 1987) combined with a small net cetlular Ca2+ gain during the course of rest

through the activity of the Na+-Ca2+ exchange process (Shattock and Bers, 1989). Thus, the

obseruation that the response of preparations obtained from control and diabetic animals were

identical to stimulation patterns designed to increase the time spent by the muscle in a depolarized

state (frequency-force relation), and gradual lengthening of the rest interval preceding the

resumption of electrical stimulation or rapid cooling suggests that stimulation-dependent changes

in the extent and direction of Na+-Ca2+ exchange may be relatively unperturbed at this stage of

disease.

ln summary, the positive correlation between the duration of diabetes and the marked reduction

in twitch force and slowing of contraction was demonstrated in both 1.25 and 2.5 mM ¡Ca2+¡o. The

decreased force of contraction was associated with a proporlional decrease of pooled SR Ca2+

content and release, assessed independently by rapid cooling contracture and postrest

contraction. The obseruation that diabetes-related defects of SR Ca2+ handling could be reversed

following an increase of [Ca2+¡o suggests that depressed contractions were the result of depleted

SR Ca2+ stores, and not the consequence of chronic [Ca2*],-overloading. The ability of diabetic

ventricular muscle to respond to changes in stimulus interval remained relatively intact, although

changes in the fraction of cytoplasmic Caz+ for contraction derived from SR stores suggest that

compensatory mechanism(s) may evolve to oppose the negative inotropic effect of diabetes.
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100 ms

100 ms

Ftgure 41. Influence of streptozoûocin-induced diabetes on the peak and time course of
isometric contraction. á,) Superimposed recordings of contractions elicited in response to

steady-state stimulation in 1.25 mM [Ca2+]o in Eabeculae isolated from eight week diabetic

( ø ) and age-matched control ( O ) rats. B/ Recordings of steady-state contraction at 0.2 Hz in

muscles obtained from fou¡ week control (top), four week diabetic (middle), and eight week

diabetic (bottom) rats. [Ca2+]o wÍrS 1.25 mM. Vertical line indicates time to peak contraction

in the control recording. Arrows illustrate the time required for complete relaxation for each

contfac"tion.
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Flgure 4?. Steady-state rapid cooling contracture in the presence of 1.25 mM [Caz+]". X/

Rapid cooling (< I sec) of a ventricular preparation isolated from a four week control rat hea¡t

produces a accompanying conhacture which relaxes gradually toward the level of resting

tension present before cooling. Following rewarming and the resumption of electrical

stimulation, steådy-state contraction is re-established over the next 6G90s. ^B/ Superimposed

cooling contractures obtained at 1.0 Hz stimulation from four week control (see top panel), and

four ( O ) and eight week ( ø ) diabetic muscles. Steady-state contractions have been scaled to

facilitate comparison of RCC profiles.
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Figure 43. Influence of diabetes on the frequency-force relationship. The inset shows the

effect of stimulus frequency on isometric contractions elicited from a trabecula obtained from a

four week control rat bathed in 1.25 mM [Ca2*]o. Average frequency-responses are

illustratated for muscies from four week control (top), four week diabetic (middle), and eight

week diabetic @onom) rats. Data are plotted for experiments conducted in 1.25 mM (dashed

line ) and 2.5 mM (solid line) [Ca2*]o.
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Flgure 44. Effect of stimulus frequency on steady-state cooling contracture. Typical recordings

obtained from four week control (A), four week diabetic (B), and eight week diabetic (Q rats.

All muscles were bathed in 1.25 mM [Ca2+]o and stimulated at 0.2H2 (top),0.5 Hz (middle),

and 1.0 Hz (bottom). Ve*ical callibration bars denote force development of 15, 8, and 6.5

mN/mm2 for panels,4-Ç respectively.
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F'lgure 46. Calculated 'rele¡se fraction' as a function of stimulus frequency. The stimulation
protocol is shown in the inset. Values were calculated by obtaining the ratio of peak steady-

state contraction to peak steady-state cooling contracture (SSC mN/mm2/SSRCC mN/mm2) at

the 3 test frequencies. The responses of 6 eight week control ( a ) and 6 eight week diabetic
( ø ) muscles to cooling have been averaged. Data shown for experiments performed in 1.25

mM (top) and 2.5 mM @ottom) [Ca2*]o. Note the partial restoring influence of increasing the
rate of stimulation or [Ca2+]o. Data are presented as the meaq¡S.E.M. of 6 experiments. x= p
<0.05.
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Ftgure 46. Postrest contractions recorded from a trabecula isolated from a four week control

rat bathed in 1.25 mM [Ca2+]o. Rest intervals of 30-240s were interpolated between trains of

steady-state stimulation at 0.2 (A), 0.5 (B), and 1.0 (C) Hz.
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Flgure 47. Influence of diabetes on postrest contraction. Representative recordings are

illustrated for muscles obtained from four week control (A), four week diabetic lB/, and eight

week diabetic (C)rats in the presence of 1.25 mM [Ca2+]o. Steady-state stimulation frequency

in these experiments was 0.2, 0.5 and 1.0 Hz and are arranged from top to bottom in each

panel.Vertical calibration bars at the top of each panel represent force production of 20,8, and

6.5 mN/mm2 for panels,{-Ç respectively.
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Flgure 48. Effect of stimulus frequency on postrest potentiation in eight week control ( w ) and

eight week diabetic ( À ) rats. As shown in the inset, contractions were elicited following a 30s

rest interval. The degree of postrest potentiation was estimated by calculating the difference

between the steady-state and postrest contractions at each test frequency @RC mN/mm2/SSC

mN/mmz) and comparing the values to those obtained at 0.2 Hz. Calculations were made from

the pooled data given in Table l. Each point represents the meånaS.E.M. of l0 experiments in

each group. *= P (0.05.
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Figure 49. Effect of stimulus frequency on postrest RCC. The inset illustrates the stimulation

prorocol, in which RCCs were elicited after a 30s rest interval. A) Data averaged from 6 eight

week control (a) and 6 eight week diabetic (w) rats. [Ca2*]o in these experimens was 1.25

mM. B/ Data obtained from the same muscles after increasing [Ca2+]o to 2.5 mM- Note that

increasing the rate of stimulation in 1.25 mM [Ca2+]o or elevating [Ca2*]o to 2.5 mM partially

restored depressed posüest RCC to the same degree as that observed earlier for postrest

contraction (Fig.8) and steady-state RCC (FiS.s).
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Table a. Effect of streptozotocin-induced diabetes on the peak and
tíme course of isometric contractíon in rat ventricular muscle.

[Ca]o 1.25 mM [Ca]o2.5 mM

4W CTL 4W DIAB 8W CTL 8W DL{B4W CTL 4W DIAB 8W CTL 8W DIAB

DT (mN/mm2)
A. SSC

0.2 4.6t0.5 2.910.3 6.4t0.77 s.0t0.29
P <0.05 <0.05

0.5 3.110.37 2.O+O.2 5.0+0.6 2.2+0.2P <o.os <o.os

11.311.1 5.7+0.6
<0.05

8.510.93 4.8+0.s
<0.05

6.0+0.6 3.3+0.45- <0.05

15.6+1.9 5.2+0.6- 
<0.01

12.9+1.5 4.3+0.47- 
<0.01

8.2+0.98 3.3+0.3- 
<0.05

1.0 2.310.3 1.5+0.16 s.6+0.4it 1.7+0.15
P <0.05- - 

<0.05
B. PRC

0.2
P

0.5
P

7.8+1.3 5.2+0.68 9.8+1.6 3.5+0.57- NS <0.05

8.3+1.4 5.4tO-7 9.4+1.6 3.4+0.56
NS - <0.05

1.0 8.7t1.7 S.B+0.7S 9.9+1.7 3.8+0.62P NS .o.o!- --

11.7+'t.9 8.9+1.2-NS
11.3+1.9 9.6+1.25-NS
10.4+1-7 9.2+1.2-NS

13.9+2.2 5.6+0.7- <0.05 -

13.8+2.2 5.4+0.75- <0.05

13.4+2.1 4.5+0.63
<0.05

TPT (ms) 82.4+2.4 87.2+4.8 æ.7+4.4 126.7+12
P NS - -<0.01 00+_00 00t00

NP
0ot0o 00+_00

NP

RT (ms) 14ot13 19517.9 140+6.7 227+22 O0+_OO 00to0 0ot0o 00+00P <0.01 <0.01 NP

DAA- SIzjrìduæd diâb€lic Eb; CTL= Agernstcñ€d mtols; DT- Doreå]p€d tofEsori; SSC= Stosdy€tals conÍactioo; pRC- poú€sl coflfætjon;
TPT-Trn€!opoâftlmsion; RT-TrnoftrcornplslsrdaÆtiffr;o2l.o-Fmqumcyofsrimhtin(Hz); Ns=Notr*gnifi€nç Np-Analyr¡srþlpodom€d;
valffi æ pffited as tho mffi * s.EM. cl 10 e¡psimonE; P %lE rcítr to mpsisors bstws€n diab€ttc arxr sgofiatcfì€d cofiùÞls,

NP
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Table 7. Effect of streptozotocin-induced diabetes on the peak and
time course of rapid cooling contracture ín rat ventricular muscle.

[Ca].1.25 mM

4W CTL 4W DIAB 8W CTL BW DIAB

[Ca]o 2.5 mM

4W CTL 4W DIAB BW CTL 8W DIAB

RCC(mN/mm2)

A. SS O.Z 16.st2.0 8.6+0.9 16.2t1.8 z.s+0.6 16.8+2.5 12.6+'1.6 21.5+2.3 8.8+0.7
NS <0.01

16.0t2.4 12.8+1.2 19.6t2.1 8.210.5
NS <0.01

1s.4t2.3 11.811.5 18.3t1.6 7.6+0.6
NS

p <0.05 <0.05

0.5 15.7t2.1 7.8t0.86 16.1 +1.6 7.0+0.63
<0.05<0.01P

1-0 M.stz.o z.Bto.B6 16.s+1.s 6.6+0.46P <0.01 - 
.o.oË <0.01

B. PR 0.2
P

0.5
P

16.712.0 9.2+0.83 16.5t1.s 7.4+0.51 17.1t2.0 11.4+0.85 20.311.8 8.6+0.6
<0.05 <0.05 <0.05 <0.01

1.0
P

15t1.75 8.1t0.6 16.711.5 7.0+0.5
<0.05 <0.05

13.4t1.6 9.310.7 17.3i-1.4 6.510.45
<0.05 <0.01

15.7t1.9 12.510.93 19.5t1.7 8.2+0.55
NS <0.01

15.6t1.8 12.3t1.0 19.011.7 7.610.52
NS <0.01

DIAB: STZ-induced diabetic rats; CTL= Age-matched controls;SS= Steady-state RCC; pR- postrest RCC;
0.2-1.0= Frequency of stimulation (Hz); NS= Not significant; Values are presented as the mean + S.E M.
of 10 experiments; P values refer to comparisons between diabetic and age-matched controls.
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The aim of the experiments described above was to identify and measure the contribution of

different cellular Ca2+ pools involved in raising the level of myoplasmic Ca2+ during contraction of

mammalian cardiac muscle. ln general, alterations in the rate and rhythm of stimulation resulted in

inotropic changes which were consistent with accompanying alterations both of time-averaged

Ca2* entry into the cell per unít time expressed as Qa"/min and shifts in the dominant mode of

the sarcolemmat Na+-Ca2+ exchange process. The precise strength and time course of

contraction during different patterns of electrical stimulation was demonstrated consistently to be

proportional to the magnitude of Ca2+ release from intracellular stores, independent of frequency-

dependent sarcotemmal Ca2+ movements mediated by Na+-Ca2+ exchange. Results obtained

from experiments in which [Na*]o was altered suggest that the exchange process can influence

the strength of contraction both in conceft with and independent of the amount oÍ Ca2+ available

for release from SR stores, and that this latter process may occur either by altering the trigger for

release or by affecting the myofilaments in a more direct fashion. Changes in the amount of Ca2+

sequestered by the SR at different rates of stimulation were found also to depend on both time-

averaged Ca2+ entry into the cell through dihydropyridine-sensitive Ca2* channels, and the

accompanying shift in the dominant mode of the exchange process. Finally, comparative data

obtained from different species implies that the degree to which sarcolemmal Ca2* entry via /a"

and Na+-Ca2* exchange (or inhibited efflux) influences contraction, via a frequency-dependent

interaction with the SR, may depend significantly on the absolute size of the intracellular

compaftment involved, and hence, the relative buffering capacity for intracellular [free Ca2*¡ within

a given species.
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A Working h{ypothesis of EG-Goupling for ñÆammalian Ventricle

ln order to facilitate a more complete understanding of the effect of altered stimulation

frequency on contraction of isolated cardiac muscle we have constructed a schematic working

hypothesis, or model. The model assumes that peak force during isometric contraction is

proporTional to the transient peak of intracellular [free Ca2+] during contraction. A signifícant

modification from the model described in the INTRODUCTION, is the inclusion of a third

intracellular compartment from which Ca2+ can be derived for contraction. The location of this

compaftment inside the cell but separate from the SR is in general similar to the rapidly-

exchanging "unsaturated fast pool" of Ca2+ described by Rich, Klassen and Langer (1988) orthe

"exchange compartment", Er(n) of Schouten, vanDeen, deTombe and Verveen (1987). However,

its identification near the release site of the SR stems from experiments conducted with both the

racemic form and purified enantiomers of the dihydropyridine Ca2+ channel agonist BAY K 8644,

and confirmed in laterwork exploring the role of the Na*-Ca2* exchange process on the interval-

dependence of contraction. Although our results do not allow a direct comparison with the

100 angstrom diffusion-restricted compartment discussed by Lederer, Niggli and Hadley (1990),

they do raise the issue of how the frequency-dependence of contraction is coupted to

accompanying sarcolemmal Ca2+ movements through voltage-gated channels and coupled

transport mechanisms, and whether or not Ca2+ released in response to stimulation and the

continual leak of Ca2* from the SR are occurring from the same Ga2*-channet complex within the

terminal cisternae.

A schematic representation of the cellular mechanisms coupling depolarization of the

membrane with contraction has been furnished in Fig. 50. Our data are consistent with the notion

that the force of contraction is strongly dependent on the kinetics of Ca2* movement between

distinct functional compartments within an intracellular space. As discussed in the

INTRODUCTION, the volume of Ca2+ taken up into the longitudinal tubules of the SR strongly

influences the amount of Ca2+ available for release through its effect on the rate of Ca2+ transport
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Flgure 60. Schematic 3+omparrnent model of the cellular mechanisms mediating the rise of

intracellular [free Caz+] during contraction of mammalian cardiac muscle. See following page

for legend.



247 c

Figure 50. Schematic S-compartment model of the cellular mechanisms mediating the rise of

intracellular [free Ca2+] during contraction of mammalian cardiac muscle. Distribution of total cell

Ca2+ available for contraction within 3 functional intracellular compartments, F.,, Frand Fa. F., and

F, represent the amount of Ca2+ present within the "Lrptake" and "release" compaftments of the

SR, whereas F, represents the volume of Ca2* present within a variable-site "exchange"

compartment. Assuming a constant state-conductance of the Ca2+-release channel, the rate of

flow of Ca2* from F., lo F, is defined by the Ìerm u and is directly proportional to the volume of

Ca2+ within F.,. The rate of Ga2+ leak from the release compartment F, is defined by the term B,

and is directly propottional to the conducting-state of the Ca2+-release channel (Open-

conducting>Closed-inactivated>Closed). The volume of Ca2+ in the uptake compartment F., is a

function of the instantaneous increase of cell Ca2+ during the flow of /au, represented by the term

du1, plus the volume contributed by the exchange compartment F., defined by du'. Unlike the

unidirection al Caz+ movements between F.', and F, Ca2+ is proposed to move both into and out of

F. during an individual cardiac cycle. Thus, the volume of Caz* present within this compaftment at

a given moment in time is equal to the product of the opposing tendency of Ca2+ to move into it

fr) unO Ca2+ exit from it fr). Junction of the SR with the sarcolemma occrlrs via the spanning

protein/ryanodine receptor complex, here labelled R-r. Dihydropyridine-sensitive Ca2+ channels

are labelled DHP-r. A small but significant fraction of these channels is physically linked with the

release channel of the SR at the spanning protein/ryanodine receptor complex. Hence, the model

predicts that the magnitude of Ca2+ release elicited by membrane depolarization is determined by

the volume of Ca2+ present within F, prior to depolarization, which is itself a function of the rates of

flow of Ca2* into it (u), and the rate of Ca2+ loss from it (B) during the preceding diastolic interval.
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during diastole. We have used the conceptualframework of Schouten et al (1987) and defined the

rate constant for Ca2+ transport from the uptake compartment (F.,) to the release compar-tment

(%) as u. The second main determinant of the volume of Caz+ present within F, aT a given time

interval, t, is the rate of Ca2+ loss into the restricted volume of the t-tubule, which we have defined

here as B. This time-dependent "leak" of Caz+ from SR stores has been demonstrated in almost

every mammalian species studied to date (Bers, 1983; 1989; Kurihara and Sakai, 1985; Bridge,

1986; Bose et al, 1988a; Bers et al, 1987; 1989; Hryshko et al, 1989a-c), with the single exception of

rat, which appears To gain tissue Ca2+ during the diastolic interval (Kort and Lakatta, 1gBBb;

Shattock and Bers, 1989). An ímpoftant aspect of the leak process is that in the absence of Ca2+-

overload, the path taken by Ca2+ on its way from the release compaftment to the extracellular

space (Lakattaand Lappe, 1981;Stern etal, 1983; Bers, 1983; Hilgemann etal, 1984; Hilgemann,

1986a,b; Bers and Macleod, 1986) does not include the myofilaments (Bose et al, 1988b; Hryshko

et al, 1989b; Bouchard et al, 1989). Once in the intracellular space, this Ca2+ is either pumped

back into the SR or extruded out of the cell by a combination of ATP-dependent Ca2+ pumps (not

shown for clarity) or by the fonvard mode of the Na+-Ca2* exchange process. Because of the

large electrochemical gradient for Na+, ^Lt*u, the forward mode of the exchanger will be the

dominant mode of operation in the equilibrium state (Mullins, 1979; 1981; Noble, 1986; Difrancesco

and Noble, 1985; Hilgemann and Noble, 1987), as E,.n will exceed EN"c" by several tens of millivolts

(assuming values for Na+ and Ca2+ activities close to those discussed in SECTION 3). This is

illustrated in the model as the larger scale depiction of the fonruard mode (E,"ntEru"c"), compared

with the reverse mode (E*u""tEr) of the exchanger. Taking into consideration the two opposing

process of recirculation and leak, the volume of Ca2* present aT F"(t) is thus equal to the rates of

flow of Ca2* into it (a) and the rate of Ca2+ loss from it (B). Added to this relationship is the

volume of Ca2+ present within the third companment, F.. This fraction of Ca2+ is similar

qualitativelyto the "exchange compartment" of Schouten et al (1987) or the "fast pool" proposed

by Rich et al (1988). A significant difference betvveen this "rapidly" exchanging compartment and

the previous two compartments described is that Ca2+ is transported both to and from it in a br'-
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directionalfashion, eachwith its own rate constant. Thus, thevolume of Ca2* presentwithin the

release compartment at a given time is strongly dependent on the dominant mode of the

exchanger, due to the dependence of dF2(t)/dt on the term (-u " Fr). The physical location of the

compartment has been depicted as very near the inner surface of the sarcolemma, although it is

highly probable that the precise nature and size of the compartment varies with distance from the

t-tubule. We propose that it is this cellular space which Ca2+ enters during the process of leak,

prior to its extrusion out of the cell. Conversely, Ca2+ enters into this companment from the "other"

direction through the reverse mode of the exchanger when EN"cutE. (Difrancesco and Noble,

1985; Hilgemann and Noble, 1987), or indirectly, during the flow of /a". The amount of Ca2+

contained within this compartment is also a function of the rafe of /oss oÍ Caz+ from it, and hence

any condition which retards Ca2+ e>drusion, such as prolonged depolarization of the membrane

(Brill et al, 1986; Boyett et al, 1987;Terrar and White, 1989) or reducing ^úl*u, would increase the

rate at which F., is replenished with Ca2* from this compartment, termed/.,. Removal of Ca2+ from

Fa, either by the fonruard mode of the exchange (E*"a">En,') or ATP-dependent pumps, opposes

the net gain of Ca2* in F.,, at the opposing rate constant, f2. As shown by Leblanc and Hume

(1990), if the volume of Ca2+ present within F. changes fast enough (<1-5 ms), the volume of

Ca2+ within the release compartment will decrease by a certain fraction, due to Ca2+-induced

release into the myofilaments. Thus, due to the close physical location of the exchange

compartment F3 to both the uptake comparlment (F.,) and the release compartment (Fr) at

different points on the longitudinal axis of the cell, Ca2+ movement both to and from this

companment can influence the recirculating fraction oÍ Ca2+ available for release trom Frboth in a

positive fi) 
"nO 

a negative (fr) fashion, depending to a large e)ûent on the dominant mode of

sarcolemmal Na+ -Ca2+ exchange.

Leak vs Release of Ca2+ from the SR: The time-dependent passive leak of Ca2+ from the

release compaftment of intact cardiac tissues (Bridge, 1986; Hilgemann, 1986a; Bers et al, 1987;

1989; Bouchard et al, 1989; Hryshko et al, 1989c) can be dramatically accelerated by application

of compounds which bind to the Ca2+-release channel complex and conver-t this channel into an
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open conducting (Rousseau et al, 1989; Bull et al, 1989) or subconducting state (Rousseau and

Meissner, 1987; Ashley and Williams, 1990). The racemic form of the dihydropyridine Ca2+ channel

agonist BAY K 8644 or the purified O enantiomer is unique in this regard because, in addition to its

known effects on sarcolemmal Ca2* conductance (Hess et al, 1984; Brown et al, 1984;Thomas et

al, 1984), it also markedly accelerates the loss of Ca2+ from the SR (Bose et al, 1987; 1988b;

Hryshko et al, 1989a,b; Bouchard et al, 1989; Saha et al, 1989; Saxon and Gainullin, 1990). As

discussed above, once this Ca2+ crosses the membrane of the SR into the myoplasm, it is either

extruded out of the cell or back into the SR. An imponant implication of the influence of BAY K

8644 on SR function is that the channels reputed to control Ca2+ retease in response to membrane

depolarization may be the same pores through which Ca2+ "leaks" from the SR during diastole. lf

so, then these channels may exist for the large majority of diastole in a closed-inactivated (or open-

subconducting) state (C/) with rapid state{ransition kinetic fluctuations, which may help explain

why increasing the rate of diastolic Ca2+ recirculation (u) reduces the rate constant for recovery of

extrasystolic contractions, or why application of ryanodine (Wier and Yue, 1986; Bose et al, 1988a)

or racemic BAY K 8644 (Hryshko, 1987) results in a situation where the strength of extrasystolic

contraction exceeds that of preceding steady-state contraction. This possibility has been

discussed by Cohen and Lederer (1988) who have also suggested that a small but significant

fraction of dihydropyridine and ryanodine binding sites are connected by spanning proteins at the

junctional face of the ttubule. Thus, state-transitions of those dihydropyridine-sensitive channels

attached to spanning proteins would affect the gating properties of the SR Ca2+-release channel,

and hence the volume ol Ca2+ available for release upon stimulation. Our data are cons¡stent w¡th

this interpretation, as well as with that of the restricted diffusion-limited space, from which the

macromolecular constituents of the ryanodine-receptor/junctional-SR complex exeft their

respective influences on cell function. An interesting aspect of the data obtained in low-Na+

solutions is that the leak of Ca2+ from the release compaftment, F, can augment the volume of

Ca2+ present within the uptake compartment (F.,) under conditions where the reverse mode of the

Na+-Ca2+ is inhibited, and that this occurs in the absence of significant changes of resting tension.
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Differences in the restitution of postrest contraction and post-extrasystolic potentiation in 140 and

70 mM [Na*]o suggest that reducing^LtNudoes not inhibit the rate o'f Caz+ leak (B), butthrough

its effects on F, and/., increases the volume of Ca2+ taken up into the uptake compartment. The

obseruation that significant diastolic myofilament oscillations can be demonstrated only when the

cell is overloaded with Ca2+ (Fabiato, 1972;1975; Lakatta and Lappe, 1981; Stern et al, 1983;

lshide et al, 1984; Allen et al, 1985; Bose et al, 1988b) is compatible with the conceptthat marked

shifts in the concentration of free Ca2+ in this diffusion-restricted space may take place without

significant activation of the myofilaments. Alternatively, the observation that application of either

ryanodine, caffeine or BAY K 8644 significantly prolongs contraction (to differing degrees) seems

to suggest that the path taken by Ca2+ during the process of leak may be different than that taken

during depolarization-ind uced release.

!nterval-dependence of contract¡on

Altered rhythm of stimulation: Figure 51 illustrates the effects of imposing a variable period of

rest on Ca2* movements within the SR of canine ventricular muscle. For clarity, only the uptake

and release compattments F., and F"are shown. ln panel 41, the primary routes of Ca2* entry and

exit from the cell are depicted along with the relative concentration of Ca2+ present within each

compartment, the latter of which is indicated by the shading density of the individual pools.

Resumption of stimulation, shown in panel 42, results in the release of Ca2+ from the release

companment into the myofilaments. During rhythmic stimulation, the cycle of contraction and

relaxation cont¡nues until a steady-state is established with respect to the fraction of Ca2+ available

for release from F, that present within the uptake companment, F' and their respective transport

and leak rate constants, u and B . tne precise value for the fraction of total Ca2+ released from F,

during the process of Ca2+-induced release of Ca2+ is unknown, with values estimated from

mathemat¡cal simulations of intracellular Ca2+ movements ranging from 0.75 (Capogrossi et al,

1988; Stern et al, 1988) to 1.0 (Schouten et al, 1987; Jorgenson et al, 1988; see also Bers et al,
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Flgure 51. Schematic representation of the effect of alterations in the rhythm of stimulation on

int¡acellular Ca2+ movements. The relative volume of Ca2+ present within functional uptake

(Fr) and release (F2) compartments is represented by the shading density during the different

stimulus conditions. See text for details.
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1989). Panel 81 illustrates the influence of artificially prolonging the diastolic interval on the

recirculating fraction of Ca2+. ln the absence of Ca2+ entry into the cell during the period of

mechanical quiescence, there is a net loss of cell Ca2*. This occurs at a rate deteimined by-8,

which can be measured experimentally as the slope of the time-dependent decay of postrest rapid

cooling contracture amplitude (Bridge, 1986; Bers et al, 1987; 1989; Hryshko et al, 1989c;

Bouchard et al, 1989) oras atime-dependent repletion of extracellular [total C"2*] (Hilgemann et

al, 1984; Hilgemann, 1986a,b; Bers and Macleod, 1986). However, due to the large volume of F.,

compared with that of Frin canine ventricle, the recirculating fraction of Ca2+ available for release

in response to stimulation increases up until the point at which Ca2* accumulation within the

release compaftment is exceeded by the time-dependent leak out of this compartment (see panel

81). For canine ventricular muscle stimulated at 0.5 Hz in 2.5 mM [Cu2*]o,the peak of mechanical

restitution is 120-sec. ln skinned canine cardiac Purkinje fibres bathed in solutions maintained at

22oC, Ca2+ has been demonstrated to reaccumulate in the release companment in a biphasic

fashion: the first, rapid, phase is complete by 750 ms, and a slower, more gradual, phase

completed by -16-sec (Fabiato, 1985b). Determination of the equivalent restitution of the Ca2*-

induced release of Ca2+ process indicated that the refractory period for channel reactivation was

-750 ms, after which the amplitude of intracellular Ca2+ transients elicited in this fashion restituted

quickly, becoming parallel in their time course with caffeine-induced transients after 3.5-sec. Due to

the Qlo of -4 for the time-dependence of channel reactivation (Fabiato, 1985b), ¡t seems

reasonable to suggest that both shot't-term (200-1000 ms) and long-term restitution (1-120 sec)

curves for intact preparations maintained at 37oC are a reflection of the kinetics of Ca2+ transporl

into and out of the SR. Hence, after 20 minutes of rest (82), the gradient for Ca2+ translocation

from F., to F, is negligible, and postrest contraction is markedly depressed.

The best example of the ability of Ca2+ translocation within the SR to support contraction

comes from the negat¡ve staircase in rat ventricular muscle. Here the relatively small changes of

pooled SR Ca2+ content do not account for the marked reduction of twitch force as the rate of

stimulation is progressively enhanced in the 0.2-2.0 Hz range. Close inspection of the differences in
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Ftgure 62. Effect of stimulation frequency on the recirculating fraction of Ca2+ available for

release in rat ventricular muscle. Each point \tras obtained by dividing contractions expessed as

a function of steady-state contraction at 0.2 tIz by the amplitude of rapid cooling contractures

expressed as a function of steady-state cooling contrach¡re amplitude at0.2 Hz. Points less than

unity reflect depressed contractions due to limited repriming of the rele¿se comparEnent with

Caz+ (greater change of contraction than accompanying cooling contracture), whereas those

points greater than unity reflect increases of contractile force due primarily to timedependent

replenishment of total SR Ca2+ content. Data was obtained in 140 mM [Na+]J1.25 mM

[Ca2+]o (n=3).
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the restitution curues for contraction and rapid cooling contracture amplitude shown in Fig. 52

indicates that the recirculating fraction of Caz+ available for release is reduced in a frequency-

dependent fashion. This process is completely overcome by allowing sufficient rest for repriming of

the release compaftment with Ca2+, which occurs as a composite function in ratventricle of both

Ca2+ recirculation (Ragnarsdottir et al, 1982; Schouten et al, 1987; Capogrossiet al, 1988) and net

cellular gain of Ca2+ via the reverse mode of Na+-Ca2+ exchange (Kort and Lakatta, 19BBb;

Shattock and Bers, 19Bg). The frequency-dependent reduction in the recirculating fraction of Ca2*

is likely related both to the extensive physical development of the sarcotubular network in the rat

compared to other species (Sommer and Johnson, 1979; 1981; Sommer and Jennings, 1986) and

the possibility that stimulation in rat ventricular muscle may be associated with a net cellular loss of

Ca2+ into the extracellular space via the fon¡vard mode of sarcolemmal Na+-Ca2+ exchange

(Shattock and Bers, 1989).

Altered frequency of stimulation: ln the working hypothesis discussed above, the

recirculating volume of Ca2+ available for release from ryanodine-sensitive stores was suggested

to be a function of a number of cellular processes which influence the kinetic parameters of Ca2+

movements both into and out of the SR (F1 + Fr), as well as those mediating Ca2+ movements

across the sarcolemma (/a" + Na+-Ca2+ exchange). At the present time there is little information

available regarding the relative role of rate-dependent changes in membrane Ca2* conductance to

these contractile phenomena. Even without distinguishing between "L-type" and "T-type" ç^2+

current, in response to an increase in the rate of rhythmic stimulation peak /"u per action potential

may be either reduced, in conjunction with depressed plateau voltages (Reuter, 1970; Simurda et

al, 1976; Mitchell et al, 1985; Mitra and Morad, 1986), increased (Noble and Shimoni, 1981; Mitra

and Morad, 1986; Lee, 1987; 1990; Schoutenand Morad, 1989), orremain unaltered (Mitchell etal,

1985; London and Kreuger, 198ô; Schouten and Morad, 19Bg). To explain the rate-dependent

increase of SR Ca2+ availability (Gibbons andFozzard, 1971; Kurihara and Sakai, 1985; Bouchard

and Bose, 1989) or release observed in similar situations (Fabiato, 1985c), it has been necessary to
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propose that net cetlular gain of Ca2* is due in part to an increase of the integral of time-averaged

Ca2* influx (Morad and Goldman, 1973; Allen et al, 1976; Bridge, 1986; Hilgemann and Noble,

1987; Lewartowski and Pytkowski, 1988). We have demonstrated that a significantfraction of this

increase of SR Ca2+ availability and release (30-35o/o) is due to sarcolemmal Na+-Ca2* exchange.

Thelink between the increase of intracellular [free C"t*] and uptake bythe SR is provided bythe

slrong retationship between myoplasmic Ca2+ levels and ATP-dependent Ca2* pump activity

fl'ada and Katz, 1983) and velocity (Froelich et al, 1978). We have obtained ample proof in suppott

of the proposal (Orchard and Lakatta, 1985; Schouten et al, 1987) that the rate of Ca2+

recirculation within pooted SR companments is directly proporlional to the volume of Ca2+ within

the uptake compartment. This was shown in experiments conducted on isolated canine ventricular

muscle bathed in 140 mM [Na*]o as a frequency-dependent ¡ncrease in both the peak and rate of

mechanical restitution, as well as peak post-eldrasystolic potentiation and recovery times required

for the preceding extrasystolic contractions. The equivalent response observed after lowering

[Na*]o to 70 mM indicates that the influence of pooled SR Ca2+ content on the mechanical

restitution curue is not limited to steady-state conditions. Thus, even in the absence of frequency-

dependent alterations of peak steady-state cooling contracture, the restitution curue is shifted up

and to the left by the increase of Ca2+ uptake by the SR during the extended diastolic interval.

The effect of increasing or decreasing the volume of Ca2+ within pooled SR compartments on

the recirculating fraction of Ca2+ (and hence the force of contraction) can be quite profound, and

may become apparent in subsequent beats within the millisecond range (e.g., Lipsius et al, 1982).

For example, we found that experimental manipulations which increase SR Caz+ content in rat,

canine and guinea-pig ventricular muscle uniformly reduced the time constant for recovery of

extrasystolic contractions at coupling intervals between 150-700 ms. The simplest model of

unidirectional Ca2* transport predicts that any condition which favours net cellular Ca2+ gain

would result in an increase in the volume of Ca2+ available for release upon stimulation. Hence an

increase of ¡Ca2+]o or reduction of [Na+]o increases Ca2+ uptake and release by the SR during

steady-state stimulation, and decreases the time constant for the exponential recovery of
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extrasystolic contraction. Data obtained from the present work suggests that differences in the

frequency-dependence of steady-state contraction, peak post-extrasystolic potentiation and

postrest potentiation, and rapid cooling contracture amplitude are all consistent with an increase of

Ca2+ uptake and release by the SR, tending toward saturation in 2.5mM ¡Ca2+1o¡zOmM [Na+]o

solution (e.9., frequency-dependence of post-extrasystolic potentiation is abolished, with a rank

order of 1.25mM ¡Ca2+¡o7t+omfrl ¡Na+lo>2.smM ¡Ca2+¡o7t+omtrlt [Na*]o> >2.smM

¡Caz+1o¡zOmW INa*]o). This relationship breaks down, however, when extrapolated to

pefturbations in the strength of contraction resulting from changes in the rate of stimulation. There

is no obvious explanation for why the relationship between contractile strength and the time

constant for recovery of the extrasystolic contraction becomes quantitatively uncoupled

subsequent to altering the rate of stimulation. ln the absence of strong support for inactivation of

the Ca2+-release channel (and assuming the recovery pattern of extrasystolic contractions is an

adequate measure of the recirculating fraction of Ca2+), this difference may be related to the

relatively unknown effects of altering the ionic composition on the frequency-dependence of action

potential configuration and the underlying currents.

An interesting observation made in SECTION 3 was that an increase in the apparent

recirculating fraction of Ca2+ can significantly reduce the time constant for recovery for

extrasystolic contraction while having no effect on the 150 ms refractory period for premature

excitation of the preparation. One possible interpretation of this result is that the release channel of

the SR has a minimum of three functional states seen from the frans-, or "inside", of the release

compar-tment: (a) a open fully-conducting state, (b) a closed refractory state, and (c) a closed-

inactivated (or partially-conducting) state. ln this simplified analysis, the open channel

configuration would conform to the state elicited by a rapid rise of intracellular [free Cu'*]

following depolarization of the membrane. Subsequent to the release of Ca2+, the channel would

occupy a closed-refractory state, during which time no fufther depolarization could elicit a Caz+

release. This period corresponded in our experiments to 150 ms, during which time no clearly

obseruable extrasystolic contraction could be elicited in the absence of drugs known to bind to
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dihydropyridine-sensitive Ca2+ channels or the junctional-SR/ryanodine receptor complex, despite

the production of action potentials displaying both potentiated and prolonged plateau phases

(Hryshko, 1987). Recent experiments by Nabauer and Morad (1990) have suggested that an

instantaneous release of approximately 25-50 uM intracellular [free Ca2*] by flash-photolysis of

DM-nitrophen activates a significant contraction in rat or guinea-pig cells, even if the light pulse

was applied immediately after or during a depolarization-induced contraction. Although this result

seems to provide evidence against Ca2+-inactivation of Ca2+-induced release of Ca2+ from the

SR, the applicability of this result to the control of in vivo Ca2+ release is hampered by the high

affinity of DM-nitrophen not onlyfor Caz* lKoof 3 x 10-e M), but also for M92* (cf. Fabiato, 1989).

Competitive binding of Mg2+ to DM-nitrophen would be expected to significantly lower the resting

intracellular [free M92+], as well as result in a large release of M92+ during flash photolysis. Thus,

although the 150 ms "refractory period" in our experiments may have been related to the restitution

of the action potential, its disappearance in the presence of BAY K 8644 or ryanodine (despite

differences in the inotropic state of the preparation) suggests that this 150-200 ms period may

correspond to the 750-800 ms refractory period for Ca2+-induced release of Ca2+ demonstrated in

skinned canine cardiac Purkinje fibres at 22oC (Fabiato, 1995b).

Data provided in Figs. 32-36 are consistent with the proposal that once the Ca2+-release

channel passes through its apparent refractory state (however brief), that it enters a closed-

inactivated state. We have tentatively labelled this a closed-inactivated, as opposed to an open-

subconducting, state because our pharmacological data suggests that repriming of the release

companment may not be the l¡miting factor in determining the strength of extrasystolic

contractions elicited in the 100-200 ms range. Wier and Yue (1986) have suggested that the mono-

exponential kinetícs of recovery for extrasystolic contraction may reflect either reaccumulation of

Ca2+ within the release compartment, or state-transition of SR Ca2+-release channels as a first-

order kinetic process. Our data suggest that both of these processes may be operant in intact

tissues, and while an increase in the amount of Ca2+ within pooled SR stores can lead to an

increase in both the rate and volume of recirculating Ca2+ available for release, the second
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process can not be altered in the absence of pharmacological interuention. Although no data is

presentlyavailable regarding the effects of BAY K8644 on the conductance and gating kinetics of

the -90 pS Ca2+-release channel (Meissner, 1986; Smith etal, 1985; Rousseau et al, 1987; lnuiet

al, 1987; Lai et al, 1987; Ashley and Williams, 1990), past work from this lab has indicated that 1 uM

BAYK8644 (Hryshko, 1987; Bouchard, Chauand Bose, unpublished) or10 nM ryanodine (Boseet

al, 1988a; Bouchard, Chau and Bose, unpublished) bolh abolish the period of time when

extrasystolic contractions are smaller than preceding steady-state contractions. This result may be

interpreted to suggest that enough Ca2* may be present within the release compartment (Fr) to

initiate significantly larger contractions than are observed in the absence of such agents. lf so, this

conclusion would be significantly tempered by the observation that both BAY K 8644 and

ryanodine markedly accelerateB, the rate at which Ca2+ is lost from the SR. The consequence of

increasing B in intact tissues is that the recirculating fraction of Ca2* at very short coupling

interuals would be increased, due to the increased rate of repriming of the release pool. Complex

gating properties of the SR Ca2+-release channel have been reported previously (Fabiato, 19gO;

1985a-c; Meissner; 1986; Lai etal, 1987; Bull et al, 1989; Ashleyand Williams, 1990) and differenr

kinetic models have been constructed to fit the increasingly complex gating kinetics of these and

other channels present within the membrane system of the junctional-SR (Wang et al, 19g9;

Coronado et al, 1989; Escande et al, 1989; Bull et al, 1989;Ashley and Williams, 1990). ln so far as

validating the present, rather simple, hypothesis is concerned, an impoftant theoretical limitation of

the protocol used in these experiments is that it does not permit an estimate of how long a

functional closed-inactivated state may last, as the shortest test interual in which cooling

contractures were elicited following termination of rhythmic stimulation was 1s sec. Future

experiments are needed to resolve this and other limitations discussed in the above analysis.



258

ln summary, the experiments described within this Thesis have illustrated the importance of

Ca2+ release from intracellular stores in mediating the rise of intracellular [free Cu2*] during

contraction. ln addition, contractile force was demonstrated to be related to the amount of Ca2+

located within a second intracellular "compartment", which was found to influence contraction both

in concert with and independent of the total volume of Ca2* present within pooled functional

stores residing within the SR. Alteration in the rate and rhythm of stimulation was associated with

changes in the force of contraction which could be explained by a combination of the

accompanying differences in SR Ca2+ uptake and release, and shifts in the dominant mode of

operation of the sarcolemmal Na+-Ca2+ exchange process. Cross-species experiments suggested

that the degree to which contractile force depends on the kinetics of Caz+ transport depends

strongly on the relative volume of the sarcotubular network within a given species. A O-

compartment modet of intracellular Aa2+ transport for mammalian ventricular muscle was

developed based on data from different mammalian species obtained both before and after

altering the ionic composition of the bathing media or in the presence or absence of drugs known

to affect various stages of the EC-Coupling cascade. This model was used sucessfully to attribute

contractile changes in a previously established model of cardiomyopathy to defective Ca2+

handling by the SR. Although some insight has been gained into the mechanisms controlling the

interval-force relation in mammalian ventricular muscle, more experiments are necessary to

elucidate (a) the precise role of sarcolemmal Ca2* entry through various voltage-gated Ca2+

channels in mediating the frequency-dependence of contraction, (b) the dependence of contractile

force on the amount of Ca2+ located within the poorly-defined exchange compartment, and how

sarcolemmal Na+-Ca2+ exchange influences contraction independent of the amount of Ca2+

available for release from the SR, and (c) the physical relationship between the "diffusion-restricted"

compartment of the junctional-SR/t-tubule and the contractile apparatus, as it appears that it is this

relatively small volume of the cell from which Ca2* appears to be both released from in response

to membrane depolarization and leaks out into during the diastolic interval.
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