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ABSTRACT

	

To determine features of the steady state [Ca2']-tension relation-
ship in intact heart, we measured steady force and intracellular [Ca21] ([Ca211,)

in tetanized ferret papillary muscles. [Ca211, was estimated from the lumines-
cence emitted by muscles that had been microinjected with aequorin, a Ca2+-
sensitive, bioluminescent protein. We found that by raising extracellular [Ca211

and/or by exposing muscles to the Ca21 channel agonist Bay K 8644, tension
development could be varied from rest to an apparently saturating level, at
which increases in [Ca211, produced no further rise in force. 95% of maximal
Ca2'-activated force was reached at a [Ca21], of 0.85 ± 0.06 AM (mean ± SEM;
n = 7), which suggests that the sensitivity of the myofilaments to [Ca21], is far
greater than anticipated from studies of skinned heart preparations (or from
previous studies using Ca2'-sensitive microelectrodes in intact heart) . Our
finding that maximal force was reached by ^-1 AM also allowed us to calculate
that the steady state [Ca2']i-tension relationship, as it might be observed in
intact muscle, should be steep (Hill coefficient of >4), which is consistent with
the Hill coefficient estimated from the entire [Ca2+ ];tension relationship derived
from families of variably activated tetani (6.08 ± 0.68; n = 7) . Finally, with
regard to whether steady state measurements can be applied directly toward
understanding physiological contractions, we found that the relation between
steady force and [Ca21], obtained during tetani was steeper than that between
peak force and peak [Ca21], observed during physiological twitches .

INTRODUCTION

The strength of contraction in heart muscle is intimately related to intracellular
free [Ca21] ([Ca2+];) . The traditional approach to characterizing the relationship
between force and [Ca2']i has been to measure the steady state [Ca2+]-tension
relationship in "skinned" cardiac muscle preparations in which the sarcolemma
has been rendered hyperpermeable (Winegrad, 1971), disrupted chemically
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(Endo and Kitazawa, 1978), or removed mechanically (Fabiato and Fabiato,
1975). [Ca2+ ] and other constituents thought to affect contraction can then be
controlled in the myofilament lattice.
By following this approach, considerable insight has been gained into the

relationship between [Ca2'] and force, but it has been difficult to determine
whether the findings obtained from skinned preparations can be extrapolated
directly to intact heart muscle . First, potential differences between the intracel-
lular constituents of intact and skinned muscle (Fabiato, 1982 ; Spedding, 1982)
could cause the steady state [Ca2+]-tension relation in skinned heart muscle to
deviate from that which exists in intact cells . The constituents in question include
pH, [MgATP2- ], and [P i ], as well as enzymes and cofactors that regulate phos-
phorylation of the inhibitory subunit of troponin ; all of these are believed to
affect the relationship between force and [Ca21] (Brandt et al ., 1982 ; Winegrad,
1984). Another possible limitation of the results from skinned preparations is
that the [Ca21j, transients of physiological contractions may be brief enough so
that in this case force and [Ca21j cannot be described by a steady state relationship .
We therefore investigated whether the steady state relationship between

[Ca21]i and force could be estimated from measurements of [Ca2+ ]i and force
obtained during rapid repetitive stimulation (tetanization) of intact ferret papil-
lary muscles. [Ca21], was estimated from the luminescence emitted by muscles
that had been microinjected with aequorin, a Ca2'-sensitive, bioluminescent
protein. In particular, we addressed the following questions : (a) Can force
development in intact muscle be varied from a resting level to the maximum
level that can be activated by Ca21?

(b) How do data obtained during steady
force development (tetanus) in intact papillary muscles compare with results from
skinned muscle preparations? (c) Does the [Ca2']i-tension relationship derived
from tetani predict the relationship between peak force and peak [Ca21], obtained
from twitches, as might be expected from data in skinned heart cells (Fabiato,
1981)?
Preliminary reports of this work have appeared (Yue et al ., 1985 ; Marban et

al ., 1985).

METHODS

Experimental Setup

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 " 1986

Hearts were excised from 8-12-wk-old English ferrets that had been anesthetized with
sodium pentobarbital (80 mg/kg, intraperitoneal) . Papillary muscles 0.60 ± 0.14 mm
(mean ± SD; n = 12) in external diameter were rapidly dissected from the right ventricle
and placed in a continuously perfused bath chamber. The septal end of the muscle was
held fixed by a hook, and the tendinous end was attached to a force transducer (model
BG-10, Kulite Semiconductor Products, Ridgefield, NJ). Two types of superfusion solu-
tions were used (Table I) . In three experiments, extracellular [Ca"] ([Ca"].) was increased
to as high as 72 mM by isosmotic substitution of CaC1 2 for NaCl in solution B. The
perfusate temperature was kept constant at 30°C by a Peltier device (Cambridge Ther-
mionic Corp ., Cambridge, MA) located beneath the bath . Muscles were stimulated at 0 .66
Hz during a 1-h recovery period (in 1 mM [Ca2+ ]o), after which 40-200 superficial cells
were pressure-injected with aequorin (purchased from J. R. Blinks, Rochester, MN) as
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described previously (Wier, 1980; Allen and Kurihara, 1980) . The preparation was
allowed to equilibrate for at least 1 h after the microinjection of aequorin, after which
time aequorin should have diffused throughout the cells (assuming a radial diffusion
coefficient of 1 x 10-" mz s' ; Campbell et al ., 1979) . A parabolic mirror was then
positioned above the muscle, the muscle length was adjusted to lmax, and an opaque box
was lowered over the bath to shield the preparation from external light during the
experiments .

Measurements

Luminescence from the preparation was conducted, via a Lucite light guide (6 mm diam),
to a photomultiplier tube (9893 B/350, EMI, Fairfield, NJ) located beneath the prepara-
tion . Photons were counted using an amplifier/discriminator (model 1121 A, Princeton
Applied Research, Princeton, NJ), stored in digital form as counts per second, and signal-
averaged (model 4203, Princeton Applied Research) when required to improve the signal-
to-noise ratio. Force signals were recorded simultaneously on magnetic tape (model 3964,
Hewlett-Packard, Co., Palo Alto, CA), and later converted to digital form .

Estimation of[Ca2+J ;

The method of estimating [Ca2+] ; was analogous to that discussed previously (Allen and
Blinks, 1978 ; Wier and Hess, 1984) . Briefly, luminescence signals, L (in counts per
second), were normalized by the maximal rate of light emission, L,nax (determined as

TABLE I
Composition ofSuperfusion Solutions

NaCl KCI MgCl2 NaHCO 3 HEPES Na2HP0, NaC2H 302 Glucose CaCl2
Solution A

	

92

	

5

	

1

	

20

	

0

	

1

	

20

	

10

	

1-10
Solution B

	

108

	

5

	

1

	

0

	

5

	

0

	

20

	

10

	

1-15

Solution A was equilibrated with 95% 02, 5% C02, resulting in pH 7.35 . Solution B was equilibrated with
100% 02, and pH was adjusted to 7.35. All values are millimolar.

described below) . The normalized light signal, termed the fractional luminescence (L/
L x), could then be used to obtain an upper-limit estimate of spatial-average [Ca 2+ ] ; by
referring to an in vitro calibration curve (Yue and Wier, 1985) . The curve we obtained
in this study by the method of Blinks et al . (1978) can be described by an equation of the
form :

_L

	

- (

	

1 + KR[Ca2+] ;

	

s
Lmax

	

1 + KT, + KR[Ca2+]; J'

with KR = 4.131 x 106 M- ' and KTR = 151 .7 determined in vitro (154 mM KCI, 2 mM
MgC12 , 5 mM PIPES, p1*7.2, 30°C) .
L��x was determined at the end of the experiment from the integral of light emitted

when the preparation was lysed with 4% Triton X-100 and exposed to saturating [Ca2+] .
Before normalizing a particular signal L, however, the Ln,ax estimated at the end of the
experiment was adjusted for aequorin consumption (10-15% for an entire experiment)
by taking into account the integral of all the light emitted from the time at which a
particular signal L was recorded to the end of the experiment (Wier et al ., 1983) .
Raw [Ca"]; signals, calculated point by point from unfiltered LIL,,a, signals with Eq. 1,

were filtered by a low-pass window filter (symmetric FIR digital filter) whose impulse
response was :
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Tetanization of Cardiac Muscle

RESULTS

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 - 1986

h(0) = 2fIf;

h(±k) ='in(1k `/') [0.54 + 0.46 cos(ak/M)],

where 2M + 1 sampled points were used to derive a single filtered point,f< was the cutoff
frequency, and f, was the sampling frequency (167-1,000 Hz) (Ziemer et al ., 1983) .

To enable tetanization of muscles, 5 jiM ryanodine, a plant alkaloid believed to inhibit
the release of Ca21 from sarcoplasmic reticulum (Sutko and Kenyon, 1983), was added to
the perfusate. After ^-20 min of exposure, drug effects reached steady state, and fused
tetani could be reliably elicited by rapid stimulation (10 Hz) with rectangular stimulus
pulses of long duration (40 ms) . An additional ^-30 min was allowed for equilibration
before starting experimental protocols . Bay K 8644 (300 nM), a Ca21 channel agonist
(Schramm et al ., 1983), was sometimes added to the perfusate to help produce maximally
activated tetani . Although caffeine also enables tetanization of heart muscle (Henderson
et al ., 1971 ; Forman et al ., 1972), ryanodine is preferable in that it does not appear to
alter the sensitivity of the myofilaments to [Ca 21] (caffeine effect, see Wendt and Stephen-
son, 1983 ; ryanodine result, see Fabiato, 1985a) . Bay K 8644 is also believed to leave
myofilament sensitivity to [Ca211 unchanged (Gross et al ., 1985) .
We confirmed that rapidly delivered extracellular current pulses of long duration did

not themselves produce luminescence in the experimental chamber .

Response ofMuscle to Rapid Stimulation After Exposure to Ryanodine
We found that ferret papillary muscles could be tetanized after exposure to
ryanodine, as first noted for cat myocardium by Strobeck et al . (1980) . Stimula-
tion for 2-4 s at 10 Hz rapidly produced a steady "plateau" of force (Fig . 1, top
trace) . Superimposable records were obtained when tetani were separated by
"rest" periods lasting 30-60 s (during which time single twitches were stimulated
at 0-0.66 Hz) . This stability allowed us to average luminescence signals from
several consecutive tetani to improve the signal-to-noise ratio . As shown in Fig .
1, aequorin luminescence and calculated [Ca 21], (middle and bottom traces,
respectively, derived from 32 responses) also reached a plateau during the
tetanus .
To determine the mean level of the signal during the plateau of the tetanus,

raw [Ca2+ ] ; signals (Fig. 1, bottom trace, points) were low-pass-filtered at 10 Hz
as described above (Fig. 1, bottom trace, solid curve) . This filtering did not
attenuate the peaks of the [Ca2+ ] ; twitch transients bracketing the tetanus as
shown .

Effect of Varying [Ca2+]o on the Cardiac Tetanus
In contrast to skeletal muscle fibers, we found that striking changes in the level
of force and [Ca2+ ]i reached during the plateau of tetani in ventricular muscle
could be produced by varying [Ca21]. . Resting force and [Ca2+] ; are shown in
trace 1 of Fig . 2, A and B. As [Ca2+]. was raised from 1 to 5 mM, a progressive
increase occurred in the magnitude of the steady levels of [Ca2+] ; (Fig . 2B, traces
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2-4) and force (Fig . 2A, traces 2-4) . When [Ca2+ ]o was raised even further (up
to 10 mM in solution A and up to 15 mM in solution B, Table 1), the level of
[Ca2+]i reached during the tetanus increased, whereas force was not enhanced
appreciably beyond the level in trace 4(records not shown) . Further anddramatic
increases in [Ca2+1,' but not in force, could be obtained by the addition of Bay K
8644, a Ca21 channel agonist, to the solutions with high [Ca2+]. (Fig . 2, A and B,
trace 5) . In this case, [Ca21], continued to rise slowly during the tetanus, but
force remained almost constant throughout the plateau at a level no greater than
that in high [Ca2+]o before the addition of the Ca21 channel agonist. Similar
findings were obtained in a total of seven muscles.

STRESS
(g/mm2)

0 ;

5x105

max
I liYr.Lrl
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0

FIGURE 1 .

	

Signal-averaged (32 sweeps) records of developed stress (top trace),
aequorin luminescence (middle trace), and [Ca2+1, (bottom trace) obtained from a
tetanized ferret papillary muscle in 6 mM [Ca2+ ]o. The unfiltered [Ca"];record
(calculated from unfiltered luminescence [middle trace]) appears as points in the
bottom trace. The filtered (10-Hz low-pass) [Ca2'] i record is the solid curve in the
bottom trace. Stimuli were delivered at the times indicated by the marks displayed
below the upper trace. Solution A was the perfusate. Preparation LD.

Maximum Ca2+-activated Force Is Reached

The results in Fig. 2 imply that steady force development in intact papillary
muscles can be varied from a resting level (trace 1) to the maximum level that
can be activated by Ca2+ (trace 5) . Four features of the results argue strongly
that maximal Ca2+-activated force was in fact reached.

(a) Within a single, highly activated tetanus, [Ca2+]i rose slowly throughout
most of the tetanus (Fig. 2B, trace 5), while force remained virtually constant
for >1 .5 s (Fig . 2A, trace 5) . The simplest interpretation is that force cannot
increase beyond this plateau level despite the continuing increase in [Ca21],

because maximal Ca2+-activated force has been reached. This interpretation
might be questioned if [Ca2+ ]i, derived from injected, superficial cells, is unrep-
resentative of the true [Ca2+1, throughout the muscle. In this case, one could
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argue that maximal Ca2+-activated force has not been reached; the rising super-
ficial [Ca 2+], would therefore be accompanied by increasing force development
in the outer layers of muscle . Since force measured from the entire fiber is
constant, we would be forced to postulate that [Ca2'] i and force are declining
deep in the fiber, at a rate just sufficient to offset the increasing force develop-

REL.
STRESS

0L

2s

[Ca2+]
I

FIGURE 2 .

	

Different steady levels of force and [Ca2+1, obtained at various [Ca2+] ..
(A) Stress normalized by the maximum stress derived from a Hill curve that was
fitted to the data (see panel C) . (B) [Ca z+ ] ; records after low-pass-filtering at 10 Hz .
The [Ca2+1" (in solution B) corresponding to the various traces was : (1) 1 mM,
unstimulated ; (2) 1 mM; (3) 3 mM ; (4) 5 mM; (5) 13 mM and 300 nM Bay K 8644 .
All records are the average of 2-24 responses . (C) Stress normalized relative to the
maximal force achieved plotted as a function of [Ca 2+], . Points are plotted from
records 1-5 and from five other tetani (not shown) . [Ca2+ ] ; and tension were
measured 1 s after the initial spike in [Ca 2+], (see text for details) . The solid curve is
a Hill function (text Eq . 2) with n = 5 .59 and K.,, = 0.46 1AM . Preparation 2TT.

ment in the outer layers . It seems implausible that this cancellation should be
fortuitously exact over the entire duration of the tetanus .

(b) Several tetani obtained at relatively high [Ca211') (with or without Bay K
8644) yielded a range of [Ca 21], greater than that in trace 4 (only the case in
trace 5 is shown in Fig . 2B, but all points are plotted in Fig . 2C) . However, the
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force attained in all of these tetani was nearly the same . Again, the simplest
interpretation is that maximal Ca2+-activated force has been reached. Alterna-
tively, one might argue that increases in force produced by the outer layers of
muscle were offset almost precisely, from one tetanus to the next, by decreases
in force development deep in the preparation. It is unlikely, however, that such
cancellation would result in the same level of net force produced by the entire
fiber for several tetani with different levels of superficial [Ca211, .

To verify that the phenomena described above represented a genuine satura-
tion of force with respect to [Ca21],, we varied [Ca21]0 over an even broader
range in three experiments, by isosmotic substitution of CaC12 (up to 72 mM)
for NaCl . The decrease in [Na'], would also be expected to augment [Ca21], via

A

B
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F
J
W
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cc 0 1
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1

	

.

0

	

5

	

10 (UM)
[Ca2*]

FIGURE 3.

	

Stress and [Ca2+ ] ; during highly activated tetani . (A) Records obtained
in modified solution B containing 1 jiM Bay K 8644, 93 mM NaCl, 10 mM CaC12
(a), 48 mM NaCl, 40 mM CaCl2 (b), or 26 mM NaCl, 55 mM CaCl2 (c) . (B) Points
represent the relation between force and [Ca2+]; at 1.5 s after the onset of tetani,
and include data from traces a-c in panel A (as labeled) . Records are derived from
the average of one to two sweeps. Preparation HOT.

Na/Ca exchange . Fig. 3 shows the results of a representative experiment . Panel
A shows tetani obtained in [Ca21]0 of 10, 40, and 55 mM. The plot of force vs .
[Ca2+ ]i reached in these (labeled a-c) and other tetani (panel B) indicates that
despite variations in [Ca21j, from ^-1 up to 10 uM, maximal tension did not
change (measurements made 1 .5 s after the onset of tetani). These results make
it even less plausible that the saturation of force could be explained artifactually
by the offsetting effects of rising force in superficial layers and declining force
deep in the middle of the muscle .

(c) The small fluctuations of [Ca21], about a steady mean level (synchronous
with stimulation pulses), which were sometimes evident during the plateau phase
of the cardiac tetanus (Fig . 2B), were accompanied by "ripples" in force at



230

	

THE JOURNAL OF GENERAL PHYSIOLOGY " VOLUME 87 - 1986

intermediate levels of [Ca21], (Fig . 2A, traces 3 and 4) . The high-gain display of
these signals (Fig . 4A, a, traces AC-coupled) indicates that force (solid line) and
[Ca21], (points) were closely correlated, both being approximately sinusoidal . The
cross-correlogram between these signals (Fig . 4B, a) demonstrates quantitatively
that the signals share a dominant frequency of 10 Hz, and that [Ca2+] ; leads force
by ^-20 ms. In contrast, there is no significant fluctuation of force to match
[Ca21], oscillations during the plateau of a highly activated tetanus (Fig . 2, A and
B, trace 5), as would be expected if the mean level of [Ca21], reached during a
tetanus were significantly greater at all times than the minimum required for
maximal Ca2+-activated force to be reached. This is demonstrated rigorously by
the high-gain AC-coupled display of these traces (Fig . 4A, b ; force, solid line ;

e

Ms

FIGURE 4 .

	

Temporal correlation of [Ca2+ ] ; and force fluctuations during the
plateau of tetani . (A) [Ca2+1, (points) and force (solid line) during the plateaus of
tetani 3 (a) and 5 (b) from Fig. 2 . The records were AC-coupled (i .e ., high-pass-
filtered [Ca2+] ; and tension with a cutoff frequency of 0.5 Hz). (B) Cross-correlo-
grams of [Ca2+ ] ; and the force records depicted in A. The abscissa shows r in
milliseconds .

[Ca2+1,' points), and by the flat cross-correlogram for these signals (Fig . 4B, b) .
These oscillations are distinct from myofilament-generated oscillations in force,
which occur at constant [Ca2+] (Fabiato and Fabiato, 1978a) .

(d) The average (± SEM) maximal stress (6 .41 ± 0.57 g/mm2, n = 12) compares
favorably with the maximal stress obtained from single, skinned cardiac cells
(11 .67 g/mm2 in Fabiato, 1981) after taking into account the ratio of cellular to
total volume (0.6 in Page, 1962; 11 .67 x 0.6 = 7 g/mm2

).

Activity-related Changes in Myofilament Sensitivity to [Ca2+];?

The results in Fig. 2 also suggest that contractile activity itself may alter the
relationship between force and [Ca2+1, . At intermediate levels of [Ca2+ ];, plateau
force declined gradually despite constant levels of [Ca2+]; (Fig . 2, A and B, traces
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3 and 4) . This can be explained by the proposition that sustained activation of
force induces a gradual rightward shift of an S-shaped [Ca2+ ]rtension relation-
ship, i.e ., a reduction of myofilament sensitivity to [Ca2+]; . Three aspects of the
results favor this hypothesis .

(a) The relationship between peak force and peak calculated [Ca2+], for the
post-tetanic twitch (Fig . 5, crosses) is slightly depressed compared with that for
the pre-tetanic twitch (Fig . 5, open circles; same preparation as in Fig. 2) . These
data favor a genuine reduction in myofilament sensitivity to [Ca21], , and are
inconsistent with mechanisms for declining force based solely upon sarcomere
length shortening during the tetanus.

(b) Tetanic plateau force declines primarily at intermediate [Ca21], (Fig . 2A,
traces 3 and 4), but is nearly constant at both low and high [Ca2+], (Fig . 2A,
traces 2 and 5) . This can be explained by a rightward shift of the [Ca2+ ];tension
relationship with only a small decline in maximum Ca2+-activated force: inter-
mediate force values are most sensitive to small shifts in the position of a sigmoid
curve along the [Ca2+]; axis . Among the factors capable of producing an activity-

CO
W

W

Q
WW
2

01T. .
0

	

1

	

2tym)
[Ca ]i

FIGURE 5 .

	

Relationship between peak stress and peak [Ca21], obtained from
twitches just before (0) and just after (+) tetani . Curves were fitted by eye.
Preparation 2TT.

related shift in myofilament sensitivity are P; and/or H+. The relatively small
decline in force during tetani at high [Ca21],

(e.g ., Fig. 3A) is not inconsistent
with accumulation of Pi or H+ as a mechanism for the more prominent decline
of force at intermediate [Ca21], ; these factors cause a considerable rightward shift
in the Ca2'-tension relation, in addition to depressing maximal force (Kentish,
1984 ; Fabiato and Fabiato, 1978b) .

(c) Since the rate of decline of relative stress (in 4-5 mM [Ca2+]o) did not
correlate with fiber diameter (P > 0 .40, n = 7), it is not likely that radial
inhomogeneities in extracellular ion depletion (Hilgemann et al ., 1983), p0 2 ,
stimulus current density, or [Ca21], contributed significantly to the decline in
plateau force.

Steady State Relationship Between Force and [Ca2+J;

To minimize the effects of the gradual shifts in myofilament sensitivity on our
estimate of the steady state [Ca2+]i-tension relationship, we related the wean
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levels of [Ca2'] i and force just 1 s after the initial spike of [Ca2+ ]i seen often at
the beginning of tetani (Fig . 2B, traces 2-5) . Since force relaxed completely in
<1 s when [Ca21], fell quickly at the end of rapid stimulation (Fig . 2, A and B,
traces 2-4), we reasoned that the memory of force for previous levels of [Ca21],

was<1 s. Hence, force measured at this time should reflect only the plateau level
of [C2+];and whatever small reduction in myofilament sensitivity to [Ca21],

might have occurred . Figs . 6 and 2 C show plots of steady force vs . [Ca21]i

for measurements made in this manner .
[Ca2+]-tension relations during tetani can be characterized not only by the

level of maximal Ca2+-activated force, but also by their relative steepness. The
conventional index of steepness is the coefficient derived from a best-fitting Hill
function (see Eq . 2), as illustrated in Fig. 6. The solid curve is a Hill function
fitted to the data by the Taylor series method of nonlinear least-squared error
estimation (Draper and Smith, 1981). The Hill coefficient in this case was 9.11,
[Ca21]i at half-maximal stress (K ,,z) was 0 .69 AM, and [Ca2' ]i at 95% maximal
stress (Cao.95) was 0.95 AM. The Hill coefficient in Fig. 2C was 5 .59, but this
may be less reliable since there are fewer points in the critical middle portion of

F
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FIGURE 6.

	

Estimate of the steady state relationship between [Ca2+] ; and force
obtained in intact heart muscle . The solid curve is the least-squared error fit of the
Hill equation to the data (see text for parameters) . Preparation MUSA.

the curve. The results obtained in a total of seven experiments are summarized
in Table 11 and Fig. 7 . The mean values expressed in Table 11 were derived
from curves fitted individually to the data of each experiment ; a single curve was
not fitted to data pooled from all experiments (which can artifactually decrease
the Hill coefficient, as noted by Brandt et al ., 1982). Such a [Ca2+];tension
relationship provides an attractive explanation for the observation that, although
small fluctuations of [Ca2+ ]i could often be observed in tetani corresponding to
all levels of mean [Ca211, (Fig . 2B, traces 2-5), corresponding fluctuations of
force were obvious only in tetani at intermediate levels of [Ca21]i (Fig. 2, A and
B, traces 3 and 4 only ; Fig. 4, a only) . Fluctuations in force are expected to be
small at low or high levels of [Ca21], (Fig . 2A, traces 2 and 5 ; Fig. 4, b), where
the slope of the estimated [Ca2+ ];-tension relationship approaches zero .
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TABLE II

Estimated Steady State Relationship Between Force and [Ca 21],

Maximum
Buffer

	

Ca2+-activated

	

Hill
solution stress coefficient KA Cao.9s

g/mm2

	

JAM AM

A

	

4.73±0.93 6.48±0.79 0.44±0.03 0.70±0.02
(n=3) (n=3) (n=3) (n=3)

B

	

6.97±0.59 5.78±1 .01 0.55±0.04 0.97±0.07
(n=9) (n=4) (n=4) (n=4)

A and B pooled

	

6 .41±0.57

	

6.08±0.68

	

0.50±0.04

	

0.85±0.06
(n=12) (n=7) (n=7) (n=7)

Results are expressed as means ± SEM. K% is the [Ca']; at which force is one-half
maximal, and Cao .9s is the [CaY*]; at which force is 95% of the maximum .

Comparison - ofRelationships Between Force and [Ca 21], Obtained from Tetani
andfrom Twitches

Can the relationship between steady force and [Ca2+ ]i derived from tetani predict
the relationship between peak force and peak [Ca21], obtained from twitches? In
Fig. 8, three distinct relationships are present : the curve for tetani (solid circles)
is shifted the most to the left, the curve for twitches after exposure to ryanodine
is slightly displaced to the right (open circles), and the curve for twitches before
exposure to ryanodine is shifted the most to the right (solid triangles) . Similar
results were obtained in a total of seven muscles.

Differences in the time course of [Ca211, signals corresponding to the three
modes of contraction may underlie the disparities in the relationships between
force and calculated [Ca21], shown in Fig. 8A. Representative force and calculated
[Ca211, signals for the different types of contraction are displayed in Fig. 8B.
Time to peak force and peak [Ca21], were typically 350 and 500 ms, respectively,
for twitches after ryanodine exposure, and 40 and 250 ms, respectively, for
twitches before ryanodine exposure . It appears that the slower the change in
[Ca2+ ] ; during twitch contraction, the closer is the correspondence between the
curves relating force and [Ca2+]; during twitches and at steady state.
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FIGURE 7 .

	

Estimates of the steady state [Ca2+ ];tension relationship from all mus-
cles in which complete curves were obtained (n = 7) . Different symbols correspond
to different preparations . The maximal stress used for normalization was that
obtained from the least-squared error fits of the Hill equation to the data in each
preparation .
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Relationship between [Ca2+ ] ; and force obtained during tetani and
during twitch contractions . (A) The filled circles represent the relationship between
steady force and [Ca 21], obtained from tetani as described in the text for Fig. 6. The
open circles and solid triangles are the relationships between peak force and peak
[Ca21], for twitches after and before exposure to ryanodine, respectively . (B)
Representative force (thick trace) and [Ca2+ ] ; (thin trace) signals from which the
graph in A was constructed (average of 12-16responses) . Top trace, tetanus ; middle
trace, twitch after exposure to ryanodine ; bottom trace, twitch before exposure to
ryanodine . [Ca 2 +]; records for the tetanus and ryanodine twitch were low-pass-
filtered at 10 Hz; the [Ca 2 ']i record for the physiological twitch was filtered at 30
Hz. Solution B was the perfusate . Preparation MCSS.

We have answered affirmatively the first question raised in the Introduction :
force can be varied in intact heart muscle from rest to the maximal Ca2+-activated
level. This allows us to proceed to consider the remaining questions .

Evidencefor Greater Myofilament Sensitivity to [Ca 2-1] in Intact Muscle Than in
Skinned Preparations

The finding that maximum Ca2+-activated force is attained by an apparent
[Ca2+], (from aequorin measurements) of ^-1 MM (Cao .95 = 0.85 ± 0.06 gM, Table
11) provides strong evidence that the myofilament sensitivity in intact muscle is
considerably greater than that observed in skinned fibers . We argue as follows .
For a muscle to develop maximal force, the [Ca 21]i within it must everywhere

exceed that required for maximal activation of the myofilaments . Thus, the
[Ca 2+ ]i required for maximal activation must be less than or equal to the spatial
average [Ca 21j, present during maximal force production . Our estimate of the
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[Ca"]; required for maximal activation (^-1 AM) provides an upper-limit estimate
of spatial average [Ca2']i at this point (Blinks et al ., 1982 ; Yue and Wier, 1985).
Hence, our results imply that the [Ca211i required for maximal activation to be
approached should be less than or equal to 1 AM.
A steady state [Ca2'1-tension relationship that approaches maximal force by

-1 AM would be shifted far to the left compared with the majority of curves
obtained in skinned fibers . Taking the data as originally reported, Cao.95 val-
ues from representative skinned muscle studies cluster around 10 AM (Martian
et al ., 1980), although one record from skinned dog Purkinje fiber yielded
Cap.95 = 1 .4 AM (Stern et al ., 1983, Fig. 9B). Nevertheless, all are shifted to the
right relative to our results. Hence, the evidence suggests that the myofilament
sensitivity to [Ca21], may be considerably greater in intact muscle than in skinned
preparations .

This suggestion is dependent on the accuracy of our estimate of [Ca"];, which
is based upon the use of a particular calibration curve obtained in vitro under
ionic conditions that are believed to mimic the intracellular environment. What
would happen to the major conclusions raised so far if there were a substantial,
unanticipated error in the calibration curve (e.g ., if ryanodine affects aequorin
luminescence ; Fabiato, 1985a)?
The determination of maximal force would still be valid, since it depends only

on the saturation of force with respect to [Ca2+ ];dependent aequorin lumines-
cence.
The factor that would be affected is the value at which maximal Ca2'-activated

force is reached. Nevertheless, it is unlikely that the substantial apparent differ-
ences in CaO.95 obtained from intact vs . skinned preparations could arise from
the use of an inappropriate aequorin calibration curve. Fig. 9 shows three
aequorin calibration curves obtained in vitro under very different conditions:
the solid line at the center is the curve that we have used in this study (Eq. 1),
the dashed curve at the left was obtained at 20°C in 0 MM MgCl2, and the
dashed curve at the right was obtained at 20 °C in 6 mM MgC12 (dashed
calibration curves are from Moore, 1984, and include pre-equilibration with
Mg21) . In order for our L/L�,a, data to have given a Cao.95 equal to one of the
closer values from skinned preparations (5.01 AM, Wendtand Stephenson, 1983),
the assumed calibration curve would have had to pass through the circle shown
in Fig. 9 . Such a curve would differ greatly from any that has been determined
for aequorin .

Implicit in Fig. 9 is the effect of another possible error, under- or overesti-
mation of Lmax . A 100% underestimation of LmaX (i .e ., a doubling of L/Lmax from
^-2.41 to 4.82 X 10-5) would change the value for Cao.9 5 from 0.85 to 1 .15 AM.
This effect is relatively small and would not influence the basic conclusions.
Hence, after consideration of potential errors in our estimate of [Ca21],' we

are still left with the conclusion that myofilament sensitivity to [Ca2+ ] ; appears to
be considerably greater in intact muscle than in skinned fibers . The source of
the discrepancy between our results and those in skinned preparations is not
clear at this time . It will be important to confirm our results with other [Ca2+] ;

indicators, as alternative methods become available. In addition, the considerable
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The Hill equation can be expressed:
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differencesamongthe results from various skinned fiber preparations themselves
should be investigated further.

Evidence That the Steady State [Ca2+J;Tension Relation Is Steep in Intact
Myocardium

If maximal Ca2'-activated force is approached by -1 AM and force is relaxed at
resting [Ca211,, we can set a lower limit on the steepness of the steady state
[Ca2+ ] i-tension relationship . In the analysis to follow, we show that the Hill
coefficient (used as an index of steepness) of the [Ca2+];tension relationship
should be >4 in our preparation .

FIGURE 9.

	

Aequorin calibration curves measured in vitro . The solid curve at the
center (obtained at 30°C and pH 7.2 with 2 mM MgC12 , 5 mM PIPES, 154 mM
KCI) was obtained and used in the present study. Thedashed curves were obtained
at 20°C at pH 7 .0 in 0 (left) and 6 (right) mM MgC12 (both in 5 mM PIPES, 150
mM KCl) (dashed curves are from Moore, 1984). The open circle represents a point
on the hypothetical calibration curve that would have been required for the data in
the present study to have given a Cao.95 value equal to one of the lowest of the
values for skinned heart muscle in the literature (Wendt and Stephenson, 1983).

_ [Ca2+]
S~

	

Kip + [Ca2+]n

	

(2)

where S� is stress normalized by maximal stress, n is the Hill coefficient, and K~,,
is the [Ca2+], required for S� = 0.5 . Our experimental results require that S� be
>0.95 for a [Ca2+]i of >1 PM. From Eq. 2, we have the following constraint on
the possible values of K,1, and n:

0.05263 > (K.1,)n,

where KI, is in micromolar units. This constraint is represented by the entire
region above the solid curve in Fig. 10 . A second requirement is that the muscle
be relaxed at resting [Ca2+ ] ; . Resting [Ca21j, in ferret papillary muscles has been
determined to be 0.26 AM using Ca2+-sensitive microelectrodes (Marban et al .,
1980). Thus, we assume that S� is <0 .05 for a [Ca2+], of <0.26,uM . From Eq . 2,
we have an additional constraint on the possible values of K-/s and n :
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19 < (K,,q/0.26)" .

	

(4)

This constraint is represented by the entire region above the dashed curve in
Fig . 10 . The shaded region represents the values of K.,, and n, which satisfy both
constraints (Eqs . 3 and 4) . By inspection of the shaded region, we see that the
Hill coefficient should be >4.
A more exact determination of the Hill coefficient depends on the accurate

measurement of the entire [Ca2']-tension relationship, including the steeply
ascending portion . The steady state [Ca2+ ] i -tension relationships that we have
determined suggest that the Hill coefficient is ^-6 (Table 11), but three factors
reduce the certainty of our direct determination of the Hill coefficient .

First, since the calculated [Ca2+] ; derives from superficial, injected cells,
whereas tension reflects the entire muscle, a nonuniform [Ca.211, throughout the
muscle could distort our determination of the steeply ascending portion of the
[Ca2+]i-tension relationship . Second, changes in myofilament sensitivity conse-
quent to activity would tend to displace the relationship to the right . Third, the

FIGURE 10 .

	

Estimates of the Hill coefficient for the [Ca 2+]i-tension relationship in
vivo. The solid curve represents a lower limit for the Hill coefficient, given the
constraint that 95% of maximal force is reached by a [Ca211, of 1 'UM. The dashed
curve represents a lower limit for the Hill coefficient, given the constraint that <5%
of maximal force is expressed at resting [Ca 2+], (0.26 gM) . The apex of the shaded
region is the lower limit for the Hill coefficient, given both ofthe above constraints .

sarcomere length probably became shorter as tetani were increasingly activated,
because ofthe presence of compliant damaged ends (Krueger and Pollack, 1975) .
This would tend to make our curves less steep than the true [Ca2+];tension
curve . Hence, we conclude that the Hill coefficient of the steady state [Ca2+]i -
tension relationship is >4, but we cannot be certain that it is necessarily ^ "6, as
suggested by the best fit to our data . It should be emphasized that the determi-
nations of maximal stress and of Cao.9a are not subject to these complications .
A Hill coefficient (n) of >4 is far larger than has been reported in most

skinned fiber studies in heart or skeletal muscle (see Chapman, 1983, for a
review of heart muscle and Brandt et al ., 1982, for a review of skeletal muscle) .
When special measures are taken to maintain sarcomere length constant in
skinned cardiac muscle, Hill coefficients as high as 5.4 have been found (Ter
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Keurs, H. E. D. J ., personal communication), although, as discussed above, the
sarconnere length was not constant in our preparation. Fabiato and Fabiato
(1978b, Fig. 1B, solid circles) and Stern et al . (1983, Fig. 9B) have reported
steady state [Ca"]-tension relations that, by our calculations, demonstrate an n
of >3 for heart muscle, while Moisescu (1976) and Brandt et al . (1982) have
reported n values of ^,4 and ^-5 .5, respectively, for skeletal muscle.
A Hill coefficient far greater than thenumber of Ca2'-binding sites on troponin

(three) is not necessarily unexpected, as recently clarified by Shiner and Solaro
(1984) . Since steady force generation during a tetanus approximates a system at
steady state, but not at equilibrium, the Hill coefficient for Ca2' activation of
force may be far greater than the number of Ca2'-binding sites on troponin that
are responsible for activation (Shiner and Solaro, 1984) . In light of this consid-
eration, our estimate of the Hill coefficient can be reconciled with the proposal
that only one of the three Ca2'-binding sites of troponin regulates the activation
of contraction (Robertson et al ., 1982). Furthermore, cooperative interactions
among neighboring troponin and/or actin molecules could make the [Ca2+ ];-

tension relation even steeper (Hill, 1983) . Finally, the existence of multiple
stationary states may also contribute to large Hill coefficients (Shiner and Solaro,
1982) .

Interpretation of the Differences Among the Relationships Between Force and
(Cal+J= Obtained During Tetani and During Twitches

Our results (Fig . 8) suggest that the slower the change in [Ca"];accompanying
twitch contraction, the more closely the relationship between peak force and
calculated [Ca2+ ] ; approaches the [Ca2+ ];tension relationship derived from tetani .
Fabiato (1985b, footnote 13) has found that the relationship between peak force
and peak [Ca21j, for fast transients in skinned skeletal muscle cells is shifted to
the right with respect to the steady [Ca2+]-tension relation, which is consistent
with our results. One explanation for our results is that as [Ca2+ ] ; transients
become briefer, there is insufficient time for force and [Ca21], to approach steady
state . Another possibility is that as [Ca21], transients rise anddecline more rapidly,
spatial gradients of [Ca21]i become more severe . [Ca21]i is certainly more likely
to be spatially uniform during the plateau of the tetanus than during phasic
twitch contractions (cf. Cannell and Allen, 1984). Then, if spatial gradients of[Ca"];

are present during twitch contraction, the calculated [Ca21], would over-
estimate spatial average [Ca21], (Yue and Wier, 1985), resulting in an apparent
rightward shift of the relationship between peak force and peak [Ca2+]; .

We are unable to distinguish between these two possibilities. Neverthe-
less, because of the first possibility, it is clear that agreement of the steady state
[Ca2']-tension relationship and the relationship between peak force and peak
[Ca21], for very slow twitches (e.g ., those resulting from Ca2+-induced release of
Ca" in skinned cells) cannot be taken as evidence that the steady state curve
would predict the relationship between peak force and peak [Ca2+ ]; for physio-
logical contractions as well (see Fabiato, 1981) .

Comparison with Previous Studies in Intact Muscles
Numerous investigators using Ca2'-sensitive microelectrodes (Marban et al .,
1980) or aequorin (Allen and Blinks, 1978; Allen and Kurihara, 1980; Allen and
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Orchard, 1983; Morgan et al ., 1983 ; Marban and Wier, 1984; Hess and Wier,
1984; Wier and Hess, 1984) have attempted to make inferences about the
[Ca2']-tension relation in intact heart muscle . However, [Ca2+]-tension relations
comparable to those in skinned muscle remained elusive because maximal force
was not achieved, and most of the relations obtained in intact heart were not at
steady state. The use ofvariably activated tetani may help fill this gapby enabling
the determination of maximal Ca2'-activated force at steady state in intact
myocardium. In particular, it should be possible to determine whether maximal
Ca2'-activated force is depressed by Pi accumulation (Kentish, 1984) in hypoxia,
or augmented by ,Q-adrenergic stimulation (Winegrad, 1984).
Measurements of [Ca2']i during contractures (Marban et al ., 1980 ; Marban

and Wier, 1984; Kort et al ., 1985) or during tonic tension (Wier and Hess, 1984)
have yielded fragments of [Ca2']-tension relations that do not appear to saturate
even at [Ca21], up to 10 AM, in contrast to our results showing saturation at a
[Ca21], of >_1 AM. There are two possible explanations for this discrepancy. First,
the phenomenon of an activity-related decrease in myofilament sensitivity to
[Ca211, (discussed above) would require that a higher [Ca2+]i be present for a
given level of contractile activation during a contracture lasting up to 40 min
than during a tetanus lasting <4 s. Second, the presence of spontaneous [Ca2+];

oscillations during tonic tension would linearize the apparent [Ca2+]-tension
relation and shift it to the right (Kort et al ., 1985). In the present study, the
situation is much improved because tetani are brief, and because ryanodine
minimizes spatiotemporal [Ca2+], inhomogeneity (Wier et al ., 1983 ; Eisner et al .,
1984 ; Kort et al ., 1985).
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