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Steady-State [Ca®*],-Force Relationship in Intact Twitching Cardiac
Muscle: Direct Evidence for Modulation by Isoproterenol and EMD 53998
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ABSTRACT We have developed a novel method for measuring steady-state force-[Ca?*]; relations in isolated, membrane-
intact rat trabeculae that are microinjected with Fura-2 salt. Twitches are markedly slowed after inhibition of phasic Ca?*
release and uptake from the sarcoplasmic reticulum by addition of cyclopiazonic acid and ryanodine. During relaxation of
slowed twitches, force and [Ca2*]; trace a common trajectory in plots of force versus [Ca?*],, despite very different histories
of contraction. The common trajectory thereby provides a high resolution determination of the steady-state relation between
force and [CaZ?*],. Using this method, we show that 1 uM isoproterenol, a B-adrenergic agonist, causes a rightward shift (Hill
function K, , increased from 0.39 = 0.07 uM to 0.82 + 0.23 uM, p < 0.02, n = 6) and a decreased slope (n,, decreased from
5.4 + 1,110 4.0 = 1.4, p < 0.02) of the steady-state force-[Ca®*], curve, with no change in maximal force (F,ox = 99.2 + 2.2%
of control). In contrast, 2 uM EMD 53998, a racemic thiadiazinone derivative, causes a leftward shift (K, ,, decreased from 0.42
+0.02 uM to 0.30 + 0.06 uM, p < 0.02, n = 4) with no change in slope of the steady-state force-[Ca?*), curve, accompanied
by a modest increase in maximal force (F.., = 107.1 * 4.6% of control, p < 0.02). To gain mechanistic insight into these
modulatory events, we developed a simple model of cooperative thin filament activation that predicts steady-state force-
[Ca®*), relationships. Model analysis suggests that isoproterenol decreases cooperativity arising from nearest-neighbor
interactions between regulatory units on the thin filament, without change in the equilibrium constant for Ca®* binding. In
contrast, the effects of EMD 53998 are consistent with an increase in the affinity of strong-binding cross-bridges, without
change in either the affinity of troponin C for Ca®* or cooperative interactions.

INTRODUCTION

The transduction of a transient rise in cytosolic calcium
concentration ([Ca®*],) into force and/or shortening is the
fundamental basis of cardiac contraction. Changing the
myofilament sensitivity to activator calcium is therefore a
key potential mechanism for physiological and pharmaco-
logical regulation of cardiac performance.

One salient example of physiological control concerns
B-adrenergic stimulation, which is known to increase the
strength of contraction and to accelerate the rate of relax-
ation (see Tsien, 1977, for review). Because B-adrenergic
stimulation also increases heart rate (Akahane et al., 1989),
the faster rate of force decline is critical to allow for com-
plete relaxation between beats. This accelerated relaxation
is caused in part by an increased uptake rate of activator
calcium into the sarcoplasmic reticulum (SR) (Tada and
Katz, 1982). Another proposed mechanism for the faster
rate of force relaxation is an enhanced Ca®* off-rate from
troponin C, as inferred from a rightward shift in the steady-
state force-pCa (—log,o([Ca®**]; )) curve measured in
skinned muscle (Puceat et al., 1990).

Apart from physiological control mechanisms, new
classes of pharmacological interventions may directly influ-
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ence cardiac contraction through alterations in the myofil-
ament sensitivity to [Ca®*];. Among these interesting agents
is EMD 53998 (EMD), a racemic thiadiazinone derivative
that has been reported to sensitize myofilaments to [Ca®*],,
as evidenced by a leftward shift of the force-pCa relation-
ship in skinned muscle (Beier et al., 1991). An increase in
myofilament sensitivity would produce an increase in de-
veloped tension without necessitating an increase in
[Ca®*];.

Although suggestive, the evidence for physiologically
and pharmacologically pertinent modulation of myofila-
ment sensitivity, obtained mainly from skinned cardiac
muscle preparations, remains indirect. Large differences
may be found between steady-state relationships determined
in skinned versus intact muscle (Yue et al., 1986; Gao et al.,
1994). This discrepancy makes it imperative to establish the
proposed sensitization or desensitization of myofilaments to
[Ca®*]; in intact muscle. Yet this is difficult to demonstrate
because force and calcium are normally changing rapidly
relative to each other, precluding determination of a steady-
state relationship.

One approach for estimating steady-state relationships
in intact preparations uses tetanic contractions to produce
a quasi-steady state between force and [Ca®*], With
aequorin as an indicator to estimate [Ca®*];, Okazaki et
al. (1990) used tetani to argue that isoprenaline, a -
adrenergic agonist, desensitizes myofilaments to [Ca®*];
in intact muscle. However, Yue et al. (1986) demon-
strated the existence of oscillations of both force and
[Ca®*); during tetanic contraction at submaximal levels
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of activation. Thus there may be spatial gradients of
activation within the muscle, thereby rendering it diffi-
cult to interpret results of this kind.

To overcome these limitations, we have developed a new
technique for measuring steady-state force-[Ca”*]; relation-
ships in intact cardiac muscle. We measured force and
calcium concentration in rat trabeculae during relaxation of
twitches that were dramatically slowed by disabling the SR
with cyclopiazonic acid (CPA), an agent that inhibits the SR
Ca®*-ATPase (Seidler et al., 1989), and ryanodine, a plant
alkaloid that blocks release of Ca®* from the SR (Sutko et
al., 1985). [Ca**]; was measured using Fura-2 salt, a fluo-
rescent Ca " -sensitive dye that was loaded into the muscle
by iontophoresis (Backx and ter Keurs, 1993). This provides
uniform loading of the entire muscle, thus avoiding one of
the major problems of aequorin.

We find that force and [Ca®*]; are both slowed to such a
great extent that they effectively reach steady state during
relaxation, as manifested by a unique relationship between
force and [Ca®*]; that is independent of the history of
contraction. This unique force-[Ca®*]; trajectory yields an
in vivo steady-state force-[Ca>"]; relationship. We use this
technique to show that in intact twitching cardiac muscle,
isoproterenol causes a pronounced rightward shift, and
EMD 53998 induces a clear leftward shift in the force-
[Ca®*]; relationship. These results provide the clearest ev-
idence yet for physiological and pharmacological modula-
tion of myofilament sensitivity to [Ca*]; in intact muscle.
Preliminary reports of this work have appeared as abstracts
(Dobrunz et al., 1993, 1994).

MATERIALS AND METHODS

Experiments were performed on right ventricular trabeculae from male
LBNF1 rats each weighing 150-200 g (Harlan, Indianapolis, IN). Anes-
thesia was induced using diethyl ether (J. T. Baker Chemical Co., Phil-
lipsburg, NJ), and the heart was rapidly excised. Retrograde perfusion with
a high K*-modified Krebs-Henseleit solution (described below) via the
aortic stump was used to flush blood from the heart and to arrest the heart
during dissection. A suitable trabecula was removed from the right ven-
tricle along with a small piece of the ventricular wall at the base and the
section of the atrioventricular valve where the trabecula inserted. The
muscle was mounted in the experimental chamber (solution described
below) and stimulated at 0.5 Hz for 1 h to allow equilibration. During that
time the muscle was gradually stretched to L ,,,, the length that maximized
developed twitch tension without causing an extensive increase in passive
tension. Although sarcomere length was not measured in these experi-
ments, L., corresponded to a measured sarcomere length of 2.2-2.3 um
in a parallel set of experiments. Importantly, internal shortening is minimal
(3-7%) in this preparation over this range of sarcomere lengths (ter Keurs
et al,, 1980), thereby facilitating straightforward interpretation of our
results despite the lack of dynamic sarcomere length control. Muscles were
2.11 * 0.63 mm in length at L__, (n = 12, mean * SD throughout), 193
* 53 um wide, and 84 * 28 um thick, with an average maximal tension
(Fmax) Of 118.2 = 26.5 mN/mm?, measured as described below.

The dissection and muscle chamber perfusion solutions were a modified
Krebs-Henseleit solution consisting of 119.5 mM NaCl, 5.0 mM KCl, 1.2
mM MgSO,, 19 mM NaHCO;, 2.0 mM NaH,PO,, and 10 mM glucose.
(All chemicals were obtained from Sigma Chemical Co., St. Louis, MO,
except as listed below.) The dissection solution contained an additional 10
mM KCI; the CaCl, concentration was 0.5 mM. The muscle chamber
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perfusion solution contained 0.5 mM CaCl, during the initial muscle
equilibration; the CaCl, concentration was altered throughout the experi-
ment, as described below. Solutions were bubbled with 95% 0,/5% CO,
(Puritan-Bennett, Linthicum Heights, MD), and pH was adjusted to 7.4.
Temperature was maintained at 22°C.

Fig. 1 shows a diagram of the experimental setup. The piece of ven-
tricular wall at the base of the trabecula was placed in a cradle (de Tombe
and ter Keurs, 1990) attached to a force transducer (BG-10, Kulite Semi-
conductor Products, Inc., Leonia, NJ). The piece of valve at the other end
of the trabecula was impaled on a pin attached to a fixed support (provided
by the arm of a Model 300B ergometer, Cambridge Technology, Cam-
bridge, MA). The muscle was field-stimulated via two parallel platinum
wire electrodes with supramaximal, monopolar pulses 12 ms in duration.
During the initial equilibration and the equilibration after Fura-2 loading,
the muscle was stimulated at 0.5 Hz; during the experimental protocol, the
stimulus rate was reduced to 0.2 Hz to allow full relaxation of the slowed
twitches between beats. The output of the Kulite transducer was filtered at
100 Hz (Model 902, 8-pole 3-dB Bessel filter, Frequency Devices, Hav-
erhill, MA), acquired digitally at a sampling rate of 1 kHz (DT2821, Data
Translation, Inc., Marlboro, MA) and stored by computer for analysis.

Ultraviolet light to excite the Fura-2 was supplied by a 75-W xenon arc
lamp (Oriel Corporation, Stratford, CT), which was band-pass-filtered at
340 nm, 358 nm, or 380 nm using band-pass filters (10-nm bandwidth,
Omega Optical, Brattleboro, VT) contained in a computer-controlled filter
wheel (model 77374, Oriel Corporation). Light was projected directly onto
a dichroic mirror (400DPLC, Nikon, Tokyo, Japan) and reflected through
the 10X objective of an inverted microscope (CK-2, Olympus Optical Co.,
Ltd., Tokyo, Japan) to illuminate the muscle. Emitted light was recorded at
510 nM (40-nM bandwidth band-pass filter, Omega Optical) using a
photomultiplier tube (R2693, Hamamatsu Photonics K.K., Bridgeport, NJ)
attached to the camera port of the inverted microscope. The resulting signal
was filtered at 100 Hz (Model 902, 8-pole 3-dB Bessel filter, Frequency
Devices) and sampled by an analog/digital board (DT2821, Data Transla-
tion) at 300 Hz to 1 kHz.

Fura-2 salt (Molecular Probes, Inc., Eugene, OR) was loaded into the
trabeculae via iontophoretic injection, as described by Backx and ter Keurs
(1993). Briefly, a micropipette containing 1 mM Fura-2 salt in 150 mM
KCl was used to impale the trabecula at one to three sites. The micropipette
holder was attached to the probe of a Microprobe system M-707A (World
Precision Instruments, New Haven, CT). Negative current (4—6 nA) was
passed into the (unstimulated) muscle, which caused Fura-2 to enter the
cell and diffuse throughout the preparation via the gap junctions. After
Fura-2 injection, the muscle was stimulated at 0.5 Hz and allowed to
equilibrate for 1 h, after which time the dye seemed to be uniformly
distributed.
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FIGURE 1 Block diagram of experimental setup.
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Autofluorescence was always measured before Fura-2 loading and often
measured again at the end by washing with a Ca**-free Krebs-Henseleit
solution containing 10-50 uM ionomycin (Calbiochem, La Jolla, CA) and 0.5
mM Mn?* to quench the Fura-2 fluorescence. We saw no detectable differ-
ence in the autofluorescence measured at the end of the experiment as com-
pared with that measured before loading the Fura-2. The ratio of the fluores-
cent signal elicited by illumination at 340 nM to that elicited by illumination
at 380 nM (after subtracting autofluorescence from each signal) is independent
of the dye concentration (Grynkiewicz et al., 1985); the ratio is converted to
[Ca?*]; using the equation (Grynkiewicz et al., 1985):

—R.
247 — p min

[Ca ]I dRmax —R (1)
where K}, is the apparent dissociation constant, R is the ratio of 340 nM to
380 nM fluorescence, R, is the minimum value of R obtained at zero
[Ca®*];, and R, is the maximum value of R obtained at saturating levels
of [Ca®*]; (5 mM). These calibration values were obtained as described in
Backx and ter Keurs (1993), resulting in R, = 7.72, Ry, = 0.25, K=
4.64 uM.

The protocols are summarized as follows. In four preparations, twitch
force and [Ca®*}; were measured before addition of CPA and ryanodine at
3-4 [Ca%*], in the range 0.5-1.5 mM. In 12 trabeculae, 50 uM CPA
(Seidler et al., 1989), and 1 uM ryanodine (Sutko and Willerson, 1980;
Sutko et al., 1985) were added to block the uptake and phasic release of
Ca®* from the SR. This greatly slowed twitch time course and also
prevented spontaneous contractions normally caused by calcium overload
at high [Ca®*],. After slowing of contraction time course, control twitch
force and [Ca®™); transients were measured at four to six levels of [Ca®*],
ranging from 0.5-6.0 mM. Afterward, maximum Ca®*-activated force
(Fnax) Was measured during tetanus induced by several seconds of
8-10-Hz stimulation with 5-ms pulses at 6.0 mM [Ca®*],. The perfusion
solution was then replaced with an identical solution (Krebs-Henseleit, 50
1M CPA, 1 uM ryanodine) at low calcium (0.5-1.5 mM [Ca®*],), and the
effect of either 1 uM isoproterenol (n = 6) or 2 uM EMD 53998 (n = 4)
was tested. EMD 53998 [5-(1-(3, 4-dimethoxybenzoyl)-1,2,3,4-tetrahydro-
6-quinolyl)-6-methyl-3,6-dihydro-2H-1,3,4-thiadiazin-2-1] was kindly
provided by Dr. M. Klockow, E. Merck Pharmaceuticals, Darmstadt,
Germany. The series of measurements of twitch force and [Ca®*); at
0.5-6.0 mM [Ca®*], was then repeated, and F,,,, was measured again.
Plots of twitch force versus [Ca*]; were superimposed for different
[Ca®*}], for both control and isoproterenol or EMD conditions. As ex-
plained below, the regions of these curves that overlap during the relax-
ation phase of the twitch at different [Ca®*], are interpreted as being in
steady state and were fitted with the Hill equation:

" Kip + G @

Hill functions were used only for purposes of approximate quantitation to
facilitate numerical comparison of curves and to enable statistical analysis.
We in no way imply that the Hill function provides an exact fit to the data;
in fact, there are small quantitative differences of the data from the
idealized Hill relation (see Fig. 4 B), but these minor deviations are
secondary to the major modulatory events described here. Numerical fits
were performed by holding fixed the experimentally determined F,,,,
(described above) and by varying the parameters K, (the [Ca®*]; that
corresponds to one-half the F,,.,, ) and ny (the Hill coefficient, an indication
of steepness of the curve). All results are presented as mean = SD.
Student’s two-tailed paired r-test was used to test for statistical differences
between control and isoproterenol or EMD for F..., K/, and ny, with
p < 0.02 considered significant.

EXPERIMENTAL RESULTS

Fig. 2 A shows twitch force and [Ca®*]; transients before
and after addition of 50 uM CPA and 1 uM ryanodine. Note
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FIGURE 2 Force (+) and [Ca®*); (*) versus time in an isolated rat
trabecula iontophoretically loaded with Fura-2 salt. (A) Force and [Ca®*],
0.5 mM [Ca®*],, before (Control) and after addition of 50 uM CPA and 1
pM ryanodine (CPA & Ryan.). Forces are normalized to F,,,,, measured
as described in the Methods section, except where noted. (B) [Ca®*]
transients, control and with CPA and ryanodine (from A), normalized to
same peak amplitude to illustrate prolonged time course with CPA and
ryanodine. Scale bar indicated 0.1 uM [Ca®*]; for trace with CPA and
ryanodine. (C) Force transients, control, and with CPA and ryanodine
(from A), normalized to same peak amplitude to illustrate prolonged time
course with CPA and ryanodine. Scale bar indicates 0.02 F/F,,,, for trace
with CPA and ryanodine. All experiments at 22°C. All panels from muscle
931201.

that the amplitudes of both force and [Ca*]; transients are
significantly reduced by CPA and ryanodine. Fig. 2 B shows
the [Ca®*]; transients from control and with CPA and ry-
anodine (from A) normalized to the same peak amplitude.
This illustrates the prolonged time course with CPA and
ryanodine. Likewise, Fig. 2 C shows normalized force tran-
sients from control and with CPA and ryanodine (from A),
revealing that the force time course is also slowed by CPA
and ryanodine.

Addition of CPA and ryanodine also enables tetanization,
which was used at high [Ca**], to measure F,,,, (Yue et al.,
1986). F,,,, was measured in each muscle to allow normal-
ization and to facilitate comparison between preparations.
Fig. 3 A shows a representative tetanus used to measure
Foax With force displayed in mN/mm?; all other figures
display normalized forces (F/F,,,,). Notice in Fig. 3 A that
[Ca®*]; continues to increase even though force is constant
or slightly falling. We found that addition of Bay K 8644
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FIGURE 3 (A) Force and [Ca®*); versus time during a typical 10-Hz 10 e
tetanus used to measure F,,,,, 6.0 mM [Ca**], with CPA and ryanodine. 08
Muscle 940510. (B) Typical [Ca?*]; and force transients at 3.0, 4.5, and g 08
6.0 mM [Ca?*], with CPA and ryanodine. Muscle 930812. E 04
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(Brown et al., 1984), caused a further increase in [Ca®*];
with no change in force, confirming that F, ., was indeed
measured (n = 2). Bay K 8644 has been shown not to alter
myofilament Ca>" sensitivity or F,,,, (Thomas et al., 1985).

At higher [Ca®*], the prolongation of time course is quite
dramatic. Fig. 3 B shows twitches obtained at three different
[Ca®*], in the presence of CPA and ryanodine. The [Ca**];
transients (noisy traces) and the force transients (smoother
traces) both demonstrate progressive slowing of the late
phase of relaxation (notice the different time scales between
Figs. 2 B and 3 B). Without the rapid removal of Ca>* from
the cytosol by the SR, [Ca**]; decline during twitch relax-
ation is most likely limited by the much slower rate of Ca®*
efflux across the sarcolemma. [Ca®*}; is thus changing
slowly enough to allow force and [Ca®*]; to reach steady
state during relaxation, such that force at any one time
depends only on the instantaneous [Ca**]; and not on the
history of contraction.

This is best illustrated by relating force and [Ca®*}; by a
plot of twitch force versus the [Ca®>*]; measured at that time.
Three such loops obtained at three different [Ca®*], are
superimposed in Fig. 4 A. The arrows indicate the direction
the loop is traversed during a twitch. Note that during the
later portion of the curves (which correspond to relaxation
and force decline), the curves fall along an apparently
unique trajectory, independent of contraction history. Be-
cause [Ca’*); and force can be uniquely related only at
steady state, we tentatively interpret the overlapping regions
of the curves in Fig. 4 A (redrawn in Fig. 4 B) as the
steady-state force-[Ca”*]; relationship. By contrast, force-
[Ca®*]; plots measured without CPA and ryanodine plots do
not follow a common trajectory, as the history of contrac-
tion varies. In fact, the force-[Ca®*]; loops are almost en-
tirely distinct from the measured steady-state relationship.

[Ca®"); (M)

FIGURE 4 Force-[Ca®*}; relationship derived from twitches slowed with
CPA and ryanodine. (A) Force versus [Ca®*]; loops from entire twitch at 3.0,
4.5, and 6.0 mM [Ca®*],. Symbols are used on smallest trajectory to indicate
time points: 4 occurs 0.3 s after stimulation, ¥ occurs 0.63 s after stimulation,
and A occurs 5 s after stimulation. Arrows indicate direction traversed during
twitch. (B) Steady-state force-[Ca*]; relationship consists of regions from A
where trajectories overlap. Dashed curve is best fit of Hill equation (see text)
to data, with K, = 0.48 uM and ny; = 6.9. Muscle 940503 for panels A and
B. (C) Entire force-[Ca®>*); loop measured in a different muscle before addi-
tion of CPA and ryanodine, and steady-state force-[Ca®*]; relationship.
Dashed curve indicates best fit of Hill equation (see text) to steady-state data,
with K, , = 0.43 uM and ny; = 6.0. Arrows indicate direction traversed during
twitch. Muscle 931113.

Fig. 4 C shows data from a different muscle in which one
such loop is superimposed upon its corresponding steady-
state relationship.

Because our force-[Ca>"]; relationships are not deter-
mined in a traditional manner (in which the occupancy of
the various molecular states is not changing), it is worth
considering how a virtual steady state arises despite the
decrease in force and [Ca®*];. The important feature is that
[Ca®"]; is probably changing slowly enough to become the
rate-limiting step in force decline. Therefore, the interme-
diate steps linking [Ca®*); to force can reach steady state
relative to the rate of Ca>* removal. Such a scenario is
plausible, given that the time constant for force decay in
response to a step decrease in [Ca®*]; is approximately 150
ms in cardiac muscle (Simnett et al., 1993), and force
declines with a time constant of >1 s in our slowed
twitches. Therefore it is quite likely that Ca®>* removal (not
thin-filament deactivation or cross-bridge kinetics) is the
rate-limiting factor. Plausibility aside, the key experimental
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support for our contention that our force-[Ca®*}; relation-
ships reflect steady-state behavior resides in the uniqueness
of force-[Ca"]; trajectories during relaxations. It might be
questioned whether twitches of the sort in Fig. 4 A are
sufficiently varied to prove that the fixed trajectory is truly
independent of contraction history.

To bolster the suggestion that the overlapping force-[Ca®"];
plots obtained during slow relaxation represent a unique tra-
jectory, we tested whether the relationship is altered by two
very different types of perturbations. Fig. 5, A and B, shows
force and [Ca"]; versus time for a twitch and 2-s tetanus. Fig,
5 C demonstrates that the relaxation phases of twitch and
tetanic force-[Ca®"]; loops are identical. Furthermore, Fig. 5 D
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FIGURE 5 Additional perturbation to test uniqueness of steady-state
force-[Ca®*]; curves derived as in Fig. 3. (B) [Ca®*], and force versus time
during a short tetanus (2 s of 10-Hz stimulus, 50-ms pulse duration, at 0.5
mM [Ca?*],); (C) relaxation phase of force-[Ca®*]; loop from tetanus in
B directly coincides with force-[Ca®*}; trajectories from twitch in A. Panels
A-C from muscle 940607. (D) Force-[Ca®*]; trajectories of relaxing
twitches coincide with discrete force-[Ca®*]; measurements (solid circles)
during 1-2 s of 10-Hz tetanic stimulation at three different [Ca®*],. Dashed
curve is Hill fit to twitch trajectories, subject to experimentally determined
maximal force, as in Fig. 3A. Muscle 940928.
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demonstrates that force-[Ca®*]; relations from relaxing

twitches agree entirely with discrete measurements derived
from plateaus of force and [Ca®*]; (solid circles) during 1-2 s
of tetanic stimulation at different [Ca®*],. The latter estimates
of the steady-state force-[Ca”*}; relationship emerge from the
traditional analysis of tetanic data (Yue et al., 1986; Gao et al.,
1994). An even more stringent test is illustrated in Fig. 6,
where muscle length is transiently decreased by 5% during
relaxation of a slowed twitch. Fig. 6, A and B, shows super-
imposed [Ca®*]; and force waveforms for twitches with and
without a length perturbation. When replotted as force-[Ca®"];
trajectories (Fig. 6 C), it is clear that the length change induces
a temporary displacement from the steady-state relationship
(deviation marked by solid arrow), as might be expected from
the interrelation between muscle length and myofilament
[Ca®*); sensitivity in skinned muscle (Fabiato and Fabiato,
1978a). The important new result comes with restoration of the
muscle to its initial length, whereupon the trajectory returns to
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FIGURE 6 Perturbation in muscle length to test uniqueness of steady-
state force-[Ca®*]; curves derived as in Fig. 3. (A) [Ca®*]; and (B) force
versus time during slowed twitch where length perturbation (specified by
dashed line) was applied. Length was decreased from 100% L, to 95%
L..x for a 300-msec pulse applied approximately 400 msec after the
stimulus; (C) trajectory deviates from steady-state curve during length
perturbation (start of deviation marked with solid arrow) but returns to
steady-state relationship after muscle is returned to original length (marked
with dashed arrow). All panels from muscle 940607.
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the measured steady-state relationship (dashed arrow marks
return to steady-state relationship within 300 ms of resetting
length to 100% L_,,,). Taken together, the results (Fig. 4 A,
Fig. 5, C and D, and Fig. 6 C) provide unequivocal evidence
that our force-[Ca®*]; relationships are unique and therefore
reflect genuine steady-state properties.

Having validated our method for obtaining in vivo steady-
state force-[Ca®*]; relationships, we investigated the effect of
B-adrenergic stimulation. Fig. 7 A shows the effects of 1 uM
isoproterenol on force and [Ca®*}; time course in this SR-
modified preparation. Note that peak [Ca**]; amplitude and
[Ca**]; transient duration are both augmented by isoprotere-
nol. Because SR Ca®* release does not contribute to [Ca®*];
here, the increased [Ca®"); is likely caused by B-adrenergic
enhancement of Ca*>* influx through sarcolemmal channels
(Bean et al., 1984). Fig. 7 B shows the steady-state force-
[Ca®*]; relationships obtained from this muscle during control
and isoproterenol-treated twitches. They demonstrate that
B-adrenergic stimulation produces a dramatic rightward shift
and a decrease in slope of the relationship, with no change in
Fpax- The dashed lines show fits of the Hill equations to this
data, normalized to F,,,, from control.

Both effects of isoproterenol were consistently observed, as
shown in Table 1 (n = 6). Isoproterenol increases X, , to 215
* 71% (p < 0.01) and decreases the Hill coefficient to 73 +
12% (p < 0.01) of the control values, with no change in F,,
(99 = 2% of control). The overall magnitude of the modulation
is illustrated graphically in Fig. 8, which shows curves gener-
ated by the Hill equation using the average parameters for the
six preparations. A similar effect was produced by addition of
1 mM 8-bromo-cAMP (L.E. Dobrunz and D.T. Yue, unpub-
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FIGURE 7 Effects of isoproterenol. (A) Force (normalized to F,,,) and
[Ca®*]; versus before and after adding 1 uM isoproterenol; (B) steady-
state force-{Ca”*]; relationship, before and after addition of 1 uM isopro-
terenol. Dashed curves are best fits of Hill equation (see text) to data, with
K, = 0.38 uM and ny = 6.5 for the control and K,,, = 0.63 uM and
ny = 5.8 with isoproterenol. * indicates experimentally measured F,,,,
from tetani as in Fig. 5 B. All panels from muscle 930702.
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lished data), a membrane-permeable analog of cCAMP. cAMP,
the second messenger involved in B-adrenergic stimulation
(Tsien, 1977), leads to phosphorylation of intracellular sites in
cardiac muscle, including troponin I (TnI) (Holroyde et al.,
1979; Ray and England, 1976).

We also investigated the effect of 2 uM EMD on the
steady-state force-[Ca®*); relationship. Typical force and
[Ca®™]; transients are shown in Fig. 9 A from twitches in
control and after addition of 2 uM EMD (EMD traces
indicated by arrows). Notice that EMD dramatically in-
creases the amplitude of twitch force and significantly pro-
longs the time course. However, the [Ca®*]; transient is
affected only minimally by EMD; there is no large increase
in peak [Ca**];, as would be expected if the inotropic effect
was caused by increased [Ca®*]..

Fig. 9 B displays steady-state force-[Ca®*]; relationships
obtained during control and EMD exposure. EMD causes a
clear leftward shift of this relationship, without an obvious
change in steepness. The dashed curves in Fig. 9 B show fits of
the Hill equation to this data, normalized to F,,,, measured in
control. Notice that EMD also increases F_,,.

EMD consistently produced a leftward shift of the force-
[Ca®*); relationship. Table 1 lists average K, and n,; from
four experiments, indicating that K, was decreased to
71 % 12% of the control (p < 0.02). However, there was no
significant change in the Hill coefficient (101 * 20% of
control). The F,_,, that the muscle was able to generate was
increased to 107.1 *+ 4.6% by 2 uM EMD. Although this
effect was relatively small in magnitude, it was consistent
and statistically significant (p < 0.005). The overall effects
of EMD are illustrated graphically in Fig. 10, which shows
the curves generated by the Hill equation and the average of
the Hill parameters for the four preparations.

QUANTITATIVE MODEL OF COOPERATIVE,
THIN-FILAMENT ACTIVATION

To articulate mechanisms involved in modulating myo-
filament calcium sensitivity, this section develops a sim-
ple model of thin-filament activation that explicitly in-
corporates the major proposed sources of cooperative
interactions in force development. Fig. 11 A diagrams the
dominant states of the fundamental regulatory unit (RU),
as well as allowable interstate transitions (solid arrows).
State U corresponds to an RU in which Ca®™ is not bound

TABLE 1 Summary of Hill equation fits to force-[Ca®*];
relationships with isoproterenol and EMD

Ky (M) ny
Control 0.389 + 0.069 5.39 +1.09
Iso 0.820 =+ 0.230* 405 + 1.37*
Control 0.421 = 0.019 5.98 + 0.59
EMD 0.302 = 0.061% 6.02 £ 1.07

*Statistically significant, p < 0.01.
*Statistically significant, p < 0.02.
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FIGURE 8 Summary of effects of 1 uM isoproterenol on force-[Ca®*];

relationship showing Hill curves generated from the average of parameters
from Hill equation fits to individual data sets, mean = SD, n = 6.

to troponin C (TnC), and in which Tm (tropomyosin) is
positioned to render actin inactive in relation to strong
myosin attachment. Ca*>* can bind to TnC, forming state
B, which is still inactive. However, the presence of bound
Ca’* biases Tm to shift conformation so as to render
actin reactive to strong myosin binding, as diagrammed
for state B*. In the reactive configuration, the entire RU
is assumed to be receptive to strong cross-bridge attach-
ment. For simplicity, B* in this formulation represents a
compound state in which substates, with (Bg;) and with-
out (Bg) strong myosin attachment, are considered to be
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FIGURE 9 Effects of EMD. (A) Force (normalized to F,,,) and [Ca®*];
versus before and after adding 2 uM EMD; [Ca2*]; curve with EMD crosses
the control and is indicated by arrows. Muscle 930818. (B) Steady-state
force-[Ca®*); relationship, before and after addition of 2 uM EMD. Dashed
curves are best fits of Hill equation (see text) to data, with K, , = 0.38 uM and
ny = 6.5 for the control and K, = 0.25 and ny = 6.5 with EMD. Muscle
940601. The unusual biphasic shape of the [Ca*]; transient during relaxation
in panel A (both control and with EMD) is sometimes seen in muscles with
CPA and ryanodine, especially at higher [Ca®*],. Although the exact cause is
unknown, we believe it reflects the different time courses of Ca®* binding to
TnC (early, more rapid phase of [Ca®*]; decline) and Ca>* extrusion across
the sarcolemma (late, slow phase of [Ca®*]; decline).
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FIGURE 10 Summary of effects of 2 uM EMD on force-[Ca’*]; rela-
tionship showing Hill curves generated from the average of parameters
from Hill equation fits to individual data sets, mean £ SD, n = 4.

in rapid equilibrium according to apparent strong-binding
cross-bridge (de)attachment rates f and g (Huxley, 1957;
but see Brenner, 1988). Hence, B{/BY = f/g. Likewise,
U* represents another compound, reactive state in which
Tm permits strong myosin binding, but no Ca®* is bound
to TnC in this conformation. UY; and U} are the actual
substates of U* that are distinguished by the presence or
absence of strong myosin attachment, respectively. Ugy/
U} = f/g by the rapid equilibrium assumption. Force is
therefore proportional to the total probability of reactive
units multiplied by the duty cycle for strong myosin
attachment ((U* + B*) * f/(f + g)). We only consider
strong, binding cross-bridges here because the experi-
ments measure force.

We were interested in obtaining quantitative solutions
for the steady-state relationship between occupancy of
the various states and [Ca®*];, a daunting challenge when
one considers a large, linear network of RUs that can
interact according to the cooperative mechanisms de-
scribed below (Fig. 11 C). For simplicity of solution, we
make the approximation that microscopic reversibility is
preserved across each of the four main transitions for
each unit, denoted by solid arrows in Fig. 11 B. This
approximation implies that the steady-state probabilities
of occupying various states are completely specified by
the equilibrium constants shown in Fig. 11 B, in which
the constants are formulated by considering states at the
end of arrows as products. Specifically, the following
ratios of steady-state probabilities are specified as:

U*U=K,*(1+flg) *y¥ =K, (32)
B/U = K, * [Ca?*]; (3b)
B*/B=K,*(1 +flg)* ¥ =K,
(30)
and
B*/U* = K, * [Ca?*], * Ky/K, Gd)

where K, and K, are affinity constants for transitions from
inactive to reactive forms, y and p are cooperativity factors
defined below, and K is the affinity constant for Ca®* binding
to TnC. The apparent affinity constants K, and Kj, constrain the



196 Biophysical Journal

A

UQT&STB
U rle | 1 11| B*

g U™M B*M

B K, * [Ca®;

C

B

a Q
-~ -
. B
by MY
]
2 8
+ +
T hadt
h
. a
X ¥

FIGURE 11 Model of steady-state cooperative force development. (A4)
Pictorial representation of model states and allowable transitions; (B)
equilibrium constants for allowable transitions; (C) example of model with
6 consecutive RUs to demonstrate meaning of p, the number of reactive
nearest neighbors (marked by *) of a given unit. Shown are possible
cooperative interactions when p = 0, p = 1, or p = 2. (D) State diagram
showing possible transitions for 2-unit model.

steady-state probability ratio between inactive and reactive
forms (U/U* and B/B*, respectively). The expressions for
these two terms can be derived from the definitions Ug/U = K,
y* and U*U = (U + UHU = (Us/U) 1 + U/UY).
Substituting the first definition into the rightmost expression
for the second definition yields U*/U = K, ¥ (1 + U¥/UY).
Because we assume that Uy; and Ug are in rapid equilibrium,
the parenthetical expression is (1 + f/g), yielding Eq. 3a. A
similar argument can be used to derive the expression for Kj,.

Volume 69 July 1995

Eq. 3d is required to conform with the requirements of micro-
scopic reversibility across each of the four main transitions, as
follows. Microscopic reversibility requires that

(Us/U) (BE/UY) (B/BY) (U/B) = 1

Hence, from Eq. 3a—c,
B?)/UE = Kc [Caz+]i Kb/Ka'

We are actually interested in an expression for B*/U*,
which is related to Bg/U3 by B*/U* = (B&US) [(1 +
BX/B&)/(1 + Ut/US)]. From the rapid equilibrium assump-
tion, By/Bg = U¥/U& = f/g, so that the parenthetical terms
cancel out. Hence, B*/U* = Bg/Ug, such that we have Eq.
3d. Eq. 3 forms the general foundation for solving the
model.

Cooperative interactions present a special challenge.
Their effects are explicitly manifest as variations in K and
K, as a function of the state of adjacent RUs and myosin
attachment. First, consider thin-filament interaction be-
tween adjacent Tm molecules. If both adjacent RUs are
inactive (p = O case in Fig. 11 C), then the steady-state
probability ratio between reactive and inactive states on the
specified RU are given by U/U* = K, = K*1 + f/g) and
B/B* = Ky, = K¥(1 + f/g). If one adjacent RU is reactive
(p = 1 case in Fig. 11 C), then tethering (Leavis and
Gergeley, 1984) between adjacent Tm molecules should
stabilize reactive versus inactive conformations of the spec-
ified unit by an interaction energy G; (<0), such that the
apparent affinity constants K, and Kj, should be increased
by a factor y' = exp(—GyRT) >1. If both adjacent RUs are
reactive (p = 2 case in Fig. 11C), then the net stabilization
of reactive versus inactive conformations corresponds to an
interaction energy of 2G;, such that apparent affinity con-
stants K, and K7, should now be increased over the p = 0
case by a factor y* = exp(—2Gy/RT) > 1. These interactions
gives rise to the p terms in Eq. 3a and c, where p enumerates
adjacent neighbors (0, 1, or 2) in the reactive configuration
(U* or B*). A second type of interaction arises from the
proposed stabilization of reactive versus inactive forms by
strong binding of myosin itself (Bremel and Weber, 1972).
Accordingly, the model does not permit direct transitions
from the myosin-attached substates, Uy; and By, to either U
or B. Although an RU is in U* or B*, transitions to U or B
may only transpire during that fraction of time spent in the
myosin-unattached substate (g/Af + g)).

With these properties in hand, we formulate a state diagram for
an entire linear network of RUs. Fig. 11 D shows an example for
a system with two adjacent RUs on the thin filament. States
between which transitions are allowed are connected with solid
lines and are associated with equilibrium constants that are com-
pletely specified in Eq. 3a—d. The steady-state behavior of such a
network can therefore be derived from the equilibrium solution to
the diagram. In practice, model systems with =9 RUs were
required before parameter estimates became independent of the
number of units in the model network, as might be expected in
vivo given an estimate of ~26 RUs per thin filament (Brandt et
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al,, 1987). The requisite network size seems reasonable, given the
experimentally determined force-[Ca>*; relations with Hill coef-
ficients of 4—6. Therefore, results from 9-unit networks were used
in the analysis in the Quantitative Model Results section to follow.

The steady-state solution to a linear network of RUs was
obtained by a simple numerical method. For a system of L
sequential RUs, each with four possible conformations (U,
B, U*, and B*), the number of system states in the model is
4%, The 2-unit model therefore has 16 states; the 9-unit
model that we actually used has 262,144 states. Analytical
solution of the network model proved too cumbersome. We
developed instead a string-handling computer program that
tallies all possible states of the regulatory network, as well
as all possible transitions.

Taking advantage of this list of states and transitions,
another portion of the program solves for the steady-state
probabilities of every state as follows. The equilibrium
assumption simplifies this task because the equilibrium
constant relating any two states is now the product of
equilibrium constants of transitions along any path connect-
ing the two states. The first task of the program is to
formulate the steady-state probabilities of every state in
terms of the probability of occupying the state containing all
Us. For example, in the simple 2-unit model in Fig. 11 D,
the procedure involves generating the following type of
equations for all states:

BU = K_ * [Ca®*]; * UU (4a)
BB = K, * [Ca?*], * BU (4b)
= (K. *[Ca®*])* » UU (4c)

where UU, BU, and BB indicate the steady-state probabil-
ities of the model occupying each of those states. The full
spectrum of equations that interrelate states in an arbitrarily
large network is incompletely represented by a 2-unit
model, owing to the limited number of nearest-neighbor
interactions. Instead, a 4-unit model suffices to illustrate all
the types of equations that relate the steady-state probabil-
ities of arbitrary conformations to that of the all U state
U...U (e.g., UU for 2-unit, UUUU for 4-unit model).

UBUU = K, * [Ca?*], * UUUU (5a)
UB*UU =K, *(1+ flg) * ¥ *UBUU, p=0  (5b)
= K, * (1 +flg) * K, *[Ca*], * UUUU  (5¢)

UB*BU = K_ * [Ca?*], * UB*UU (5d)
=K, * (1 + flg) * K2 % [Ca®* 2 * UUUU  (Se)
UB*B*U =K, * (1 +flg) *¥*UB*BU, p=1 (50
= Ki* (1 + flgl * yxKix[Ca"* = UUUU  (5g)

In Eq. 5b and 5f, p is not an additional parameter of the
simulation, but a condition depicting the number of reactive
(*) neighbors of the unit undergoing the transition. To
minimize the resulting edge effects of using a finite number
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of RUs, the unit on each end of a linear array treats the unit
at the opposite end as a neighbor. Hence, cooperative inter-
actions affect each RU equally.

The second step is to sum all formulae like those in Eq.
5. The resultant expression accumulates the probabilities of
all states and must therefore equal to unity. Because each
term in the sum contains model parameters multiplied by
U...U, the equation is trivially manipulated to express U...U
in terms of model parameters. Substituting this explicit
expression for U...U into expressions of the form in Eq. 5
yields the complete solution for the steady-state occupancy
of all model states. Relative force (F/F,,,,) is specified by
the weighted sum of the steady-state probabilities of all
states in which the weighting factor is the number of reac-
tive (force-generating) units in each state divided by L, the
total number of RUs (e.g., 0 for UU, 0.5 for UB*, and 1 for
B*B*). The calculation of F/F_,,, is repeated at 15 to 100
different values of [Ca®*]; to simulate force-[Ca®*]; curves
(Fig. 12 A and B).

QUANTITATIVE MODEL RESULTS

Fig. 12 A shows the model results for control versus 1 uM
isoproterenol; the solid lines show model predictions and
the dotted lines indicate Hill curves with parameters aver-
aged from fits to experimental data (Fig. 8). To fit the
control data, we could adjust four independent parameters:
K. v, K,(1 + f/g), and K, (1 + f/g). Note that K,, K,, f, and
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FIGURE 12 Model results, effects of 1 uM isoproterenol and 2 uM
EMD. Results are best fit of model to average Hill curves as in Fig. 8 or
Fig. 10. (A) Model results (solid lines) and Hill curves (dotted lines) for
control versus 1 uM isoproterenol. The fits incorporate values of 0.1 for
K1 + f/g) and 0.0001 for K*(1 + f7g), both for control and with
isoproterenol. (B) Model results (solid lines) and Hill curves (dotted lines)
for control versus 2 uM EMD. Parameter varied is f/g, the equilibrium
constant for strong-binding cross-bridges. The model fits were generated
by using the control values for K, and K,, and assuming they did not change
with EMD.
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g cannot be determined individually because the equations
for the network model invariably group these parameters
together as specified in the third and fourth terms above. As
a starting point for fitting control data, we bracketed K, the
Ca** binding affinity to TnC, between experimentally de-
termined values of 0.146 uM (Zot and Potter, 1987) and 0.4
pM (Tobacman and Sawyer, 1990). K,(1 + f/g) was ini-
tially set at 0.02, and K, (1 + f/g) was set at 0.2, to accord
with data of cooperative myosin S-1 binding to thin fila-
ments in skeletal muscle (McKillop and Geeves, 1991). y
was initially set at 5, in accordance with previous model
analysis of skeletal muscle activation (Hill, 1983). These
starting parameter values were then manually adjusted to
provide an adequate fit to the control cardiac data. One set
of satisfactory parameters is shown in the first row of Table
2, which gives rise to the solid curve relationship in Fig. 12
A, control. The main deviations from the initial parameter
estimates are in K (1 + f/g), and y. K,(1 + f/g) had to be
reduced to 0.0001 to prevent significant force development
at resting [Ca®*]; (=0.1 uM). The thin-filament, nearest-
neighbor interaction term, v, had to be increased to 81 to
account for the far steeper force-[Ca>*] relations measured
here in intact cardiac muscle instead of skinned skeletal
muscle.

Turning now to the interpretation of isoproterenol ef-
fects, we reasoned that because F,,, (which is propor-
tional to (1 + g/f)~') was unchanged by isoproterenol,
the ratio f/g must also be unchanged. To explain the
experimentally observed decrease in cooperativity (Fig.
8), v had to be reduced by 50%. Only by varying this
parameter could the steepness of predicted force-[Ca®*];
relations be altered sufficiently to account for the large
experimental effect. No additional changes in the other
parameters were required to account for the entire iso-
proterenol effect, including the experimentally observed
increase in K, ,,. This excellent fit is demonstrated by the
solid-curve model prediction in Fig. 12 A (isoproterenol),
derived from the parameter set in the second row of
Table 2. This simulation hints that reduction in nearest-
neighbor cooperativity (y) may be the primary mecha-
nism by which isoproterenol alters the force-[Ca®*]; re-
lationship, without directly altering the TnC Ca®*
binding affinity. This differs in principle from the mech-
anism proposed by Robertson et al. (1982), by which
phosphorylation of Tnl affects myofilament Ca®* sensi-
tivity by increasing the off-rate for Ca>* binding to TnC.
However, a decrease in <y from 81 to 44 as proposed by

TABLE 2 Model parameters: effects
of isoproterenol and EMD

Kx(1+flp) Ky(l+flg) K. (M) vy
Control 0.000100 0.100 0.36 81
Isoproterenol 0.000100 0.100 0.36 44
Control 0.000100 0.100 0.28 95
EMD 0.000136 0.136 0.28 95
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our model will indirectly lead the network as a whole to
manifest decreased Ca®* binding affinity, shifting the
[Ca®*]; for 50% binding from 0.38 uM to 0.72 uM.
Although it is widely accepted that B-adrenergic inter-
ventions such as isoproterenol lead to phosphorylation of
a unique site on cardiac Tnl (Solaro et al. 1976), the
mechanism by which this phosphorylation alters thin
filament regulation is still unknown. Holroyde et al.
(1979) showed that phosphorylation by cAMP-dependent
protein kinase leads to a decrease in the binding of Ca**
to TnC in skinned myofibrils.

Fig. 12 B shows the model analysis for control versus
2 uM EMD; again, the solid lines show the model results,
and dotted lines indicate the corresponding Hill curves
(from Fig. 10) generated by the experimentally deter-
mined, average Hill parameters. Because the Hill coeffi-
cient was not altered by EMD, the model cooperativity
parameter y was also not appreciably altered. The ob-
served leftward shift in the force-[Ca®*]; relationship
(decreased K ;) could therefore be explained by either an
increase in the Ca®* binding affinity K, (see Eq. 3b) or a
change in cross-bridge kinetics, f/g (see Eq. 3a and c).
However, a second constraint arises from the increase in
Fmax- Because F,, is proportional to (1 + g/f)~, this
also suggests that f/g is altered. Could a single change in
f/g explain both the leftward shift of the force-[Ca®*];
relationship and the increase in F,,,? Table 2 shows
model parameter values that gave the best fit for control
and EMD, respectively. With vy, K,, K,, and K_ un-
changed, a simple increase in f/g by 45% sufficed to
explain both observed effects of EMD. Increasing f/g
causes little increase in Ca** bound to TnC. The [Ca®*];
corresponding to half-maximal binding shifts minimally
from 0.41-0.30 M. Similarly, Solaro et al. (1993) found
no appreciable increase in the total binding of Ca®* to
TnC with up to 30 uM EMD.

The model results are consistent with EMD causing an
increase in affinity of strong-binding cross-bridges (Lei-
jendekker and Herzig, 1992; Strauss et al., 1992; Solaro
et al., 1993; Grob et al., 1993; Simnett et al., 1993). EMD
increases force in Tnl-depleted (Ca®*-independent)
skinned fibers (Strauss et al., 1992), further supporting a
direct effect on cross-bridges rather than on steps involv-
ing Ca®>* regulation. If the increase in f/g causes the
change in both K;, and F_,, (Table 2) as we have
proposed (Fig. 12 B), there are sufficient experimental
constraints to calculate f/g explicitly. The ratio of K,(1 +
J7g) in EMD versus control (Table 2) that is required to fit
the experimental effect can then be used to provide a first
constraint:

1.36 = (1 + fig)/(1 + f'/g"),

where the prime values refer to the EMD condition. The
ratio of F,,, in EMD and control (Fig. 10) constitutes a
second constraint:

Froanl Froax = 1.07 = (1 + g/H)/(1 + g'[f").
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The two constraints permit us to conclude that f/g is 3.7 in
the control and 5.3 with 2 uM EMD. We can then calculate
the cross-bridge duty cycle (1/(1 + g/f)) to be 0.79 in
control and 0.84 with EMD. These estimates are near the
values of 0.7-0.8, determined from the ratio of active
stiffness to rigor stiffness at F,,,, measured by Saeki et al.
(1991).

DISCUSSION
Summary of experimental results

By hindering SR function with ryanodine to block phasic
calcium release (Sutko and Willerson, 1980; Sutko et
al., 1985) and with CPA to inhibit SR calcium uptake
(Seidler et al., 1989), we were able to record force and
[Ca®*]; transients at very high [Ca®*],. Because the SR
no longer provided rapid removal of intracellular Ca®”,
the decline of the [Ca®]; transient (and therefore also the
force transient) was greatly prolonged. In fact, the
twitches were so slow that late relaxation force and
[Ca®*]; were in steady state. This was seen by superim-
posing force-[Ca®*]; loops recorded at different [Ca®"],
(Fig. 4 A). During late relaxation, force and calcium were
defined by a unique relationship independent of contrac-
tion history.

Using this technique, we found that isoproterenol, a
B-adrenergic agonist, caused both a rightward shift and a
decrease in the steepness of the steady-state force-[Ca®*];
relationship, as measured by an increase in K, the
[Ca®*]; that produces 50% of maximal tension, and by a
decrease in the Hill coefficient ny. In contrast, we found
that EMD, an agent that is proposed to sensitize the
myofilaments to calcium, caused a leftward shift in the
force-[Ca®*]; relationship as measured by a decrease in
K5, with no change in ny. Unlike isoproterenol, which
had no effect on the F,,, EMD caused an increase in
F

max-*

Appraisal of method for measuring
steady-state force-[Ca®*],

Most previous measurements of steady-state force-
[Ca®*); relationships in intact muscle relied on the pho-
toprotein aequorin to estimate [Ca®*),. This technique
has several drawbacks (see Blinks et al., 1982, for a
review), which can be avoided by use of iontophoreti-
cally-loaded Fura-2 (Backx and ter Keurs, 1993). Our
particular approach to determining steady-state force-
[Ca®*}; relationships in intact muscle offers several im-
portant advantages. During pharmacologically slowed re-
laxation, the [Ca®"]; is changing slowly enough so as not
to incur errors arising from potentially slow kinetics of
the indicator Fura-2 in vivo (Baylor and Hollingworth,
1988). This limitation of Fura-2 may lead to underesti-
mation of peak [Ca’*]; during normal twitches (Blatter
and Wier, 1990). In addition, multicellular preparations
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are most likely to behave uniformly during the slow
declining phase (late during relaxation), when [Ca®*]; is
changing gradually.

A second advantage is that our method produces a con-
tinuous force-[Ca®*]; relationship, with better resolution of
the curve shape. Traditional protocols using skinned muscle
usually obtain one force-[Ca®*]; data point per solution
[Ca®*]. Likewise, tetanic stimulation produces only one
data point per tetanus at different [Ca®*],. To obtain similar
resolution with tetanic stimulation would require such a
large number of points that preparation rundown might
preclude such an approach.

Third, our method provides excellent resolution in the
low [Ca®*]; range. Fura-2 provides very good resolution
at low [Ca®*]; (Grynkiewicz et al., 1985), in contrast to
aequorin (Blinks et al., 1982). In addition, force-[Ca®"];
curves measured during twitches at all [Ca®*], overlap at
low [Ca®*],, providing the greatest confirmation of the
observed force-[Ca®*]; relationship. Low [Ca®*]; occurs
at the tail end of twitch relaxation, where force and
[Ca®*]; are changing the most slowly and activation
should be very uniform. In contrast, tetanization at sub-
maximal calcium levels yields oscillations in both
[Ca**}; and force (Yue et al., 1986). Thus there may be
gradients of activation within the muscle that hinder the
interpretation of the results.

Fourth, twitches are less likely than tetanic contractions
to induce changes in intracellular pH and/or inorganic phos-
phate concentration. Changes in pH (Fabiato and Fabiato,
1978b) and inorganic phosphate (Kentish, 1986; Marban
and Kusuoka, 1987) alter the force-[Ca**]; relationship. To
reach a plateau of force and [Ca®*];, the muscle may some-
times require tetanization for more than 2-3 s, by which
time metabolic demands may shift the force-[Ca®*]; rela-
tionship by the aforementioned mechanisms (Fig. 3 A). This
scenario can result in an ambiguous tetanic force-[Ca®*];
that depends on the time point chosen for measurement of
force and [Ca®*]; (Okazaki et al., 1990; Hongo et al., 1993).
Our twitch method for gauging the steady-state force-
[Ca**); relationship can also suffer from analogous meta-
bolic problems if contractions are not elicited at a suffi-
ciently slow rate to ensure complete relaxation of
mechanical activity between stimuli.

A possible limitation to our method would arise if either
CPA or ryanodine alter myofilament calcium sensitivity. If
s0, the control force-[Ca**]; curves may already be shifted,
although the qualitative changes seen with isoproterenol and
EMD would still be valid. However, ryanodine has been
shown not to alter the steady-state force-pCa relationship
obtained in skinned muscle (Fabiato, 1985). Likewise, we
found that the steady-state curve obtained in twitches with
ryanodine alone did not differ from that obtained with both
ryanodine and CPA, which supports the assertion that CPA
does not alter myofilament calcium sensitivity. Using CPA
(in addition to ryanodine) to prevent SR calcium uptake
causes higher levels of [Ca**]; for a given level of [Ca®*],.
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This allows a greater portion of the force-calcium relation-
ship to be measured.

Relationship to previous experimental results

The rightward shift and decreased slope of the steady-state
force-calcium relationship we observed with isoproterenol pro-
vides a critical confirmation of previous results. Okazaki et al.
(1990) showed similar effects with isoprenaline in ryanodine-
tetanized ferret papillary muscles in which [Ca®*]; was mea-
sured using aequorin. Similarly, they observed no change in
F..x- However, the rightward shift that they observed has been
difficult to interpret, given the technical limitations pertaining
to the increasing phase of tetanic force-[Ca**}; relations (see
above and Yue et al., 1986). Our results indicate that isopro-
terenol does indeed produce a rightward shift of the force-
[Ca®*); relationship, most likely mediated through phosphor-
ylation of Tnl. We observed a similar rightward shift with 1
mM 8-bromo-cyclic AMP, arguing that cyclic-AMP-depen-
dent kinase phosphorylation is the key modulatory event. This
is in agreement with the results in skinned muscle, in which
phosphorylation of Tnl shifts the steady-state force-pCa rela-
tionship rightward (see Winegrad, 1984, for a review).

The leftward shift of the force-[Ca®*]; relationship and the
increase in F,,,, observed with EMD also agree with results
obtained in skinned muscle. In fibers from both porcine ven-
tricular muscle and failing human hearts, Beier et al. (1991)
showed a similar decrease in the calcium required for half-
maximal activation and an increase in the F,,, produced by
using EMD 53998. The positive enantiomer, EMD 57033, is
believed to be responsible for the Ca*-sensitizing effects of
EMD 53998, whereas the negative enantiomer, EMD 57439, is
reported to have phosphodiesterase inhibitory activity (Gam-
bassi et al., 1993; Lues et al., 1993). Using only the positive
enantiomer, Grob et al. (1993) showed a leftward shift in the
force-pCa relationship and an increase in F,,, in skinned
trabeculae from guinea pigs. In intact muscle, leftward shifts in
the relationship between peak twitch force and peak amplitude
of the aequorin transient were demonstrated (Lec and Allen,
1991); this effect has also been shown to be localized in the
positive enantiomer EMD 57033 (White et al., 1993). Al-
though not representing a steady-state relationship, those re-
sults are consistent with myofilament sensitization and the
leftward shift of the steady-state force-[Ca®*]; relationship
demonstrated here.

Cooperative model of thin filament activation

Previous kinetic models of thin filament activation have used
the proposal that seven actin monomers associated with a
single tropomyosin molecule act as a cooperative unit (Tawada
and Tawada, 1975; Hill et al., 1980; McKillop and Geeves,
1991). Our particular model formulation offers a number of
advantages for interpretation of experimental results like those
in this study. First, isometric force is an explicit output of our
model, whereas previous models were developed to predict
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outcomes of biochemical assays such as myosin subfragment 1
binding isotherms. Second, our equations are formulated in a
manner that facilitates numerical solution of steady-state be-
havior for large numbers of RUs linked by cooperative inter-
actions. This is an important advantage, given the challenge of
simulating experimentally determined force-[Ca®*}; relation-
ships with Hill coefficients near 6. In fact, solutions of 9
interacting RUs were required to obtain parameter estimates
that were independent of the number of units (see above).
Finally, our quantitative formulation articulates cooperative
interactions in a conceptually obvious and explicit format that
will facilitate calculation of nonsteady-state model behavior,
such as would be required to predict the properties of physio-
logical twitch contraction. For the sake of simplicity, in the
present study we have made equilibrium assumptions to enable
a simple numerical method for computation of steady-state
behavior; however, the form of our equations lends itself to
generalized solution by Monte Carlo simulation, without as-
sumptions about either equilibrium or steady state.

Our model provides a concrete framework for assessment
of different mechanisms that could modulate steady-state
force-[Ca®*); curves with pharmacological and physiologi-
cal intervention. The analysis emphasizes that modulation
in the response between force and [Ca®*]; is not limited to
the one-dimensional interplay between sensitization and
desensitization, but arises instead from a multidimensional
balance among Ca®* binding affinities, cooperative inter-
actions, and cross-bridge kinetics. Quantitative models, to-
gether with continued refinement of experimental con-
straints including Ca®* binding, may provide the specificity
to distinguish definitively among the possibilities.
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