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Force Kinetics and Individual Sarcomere Dynamics in Cardiac Myofibrils
after Rapid Ca®?* Changes

R. Stehle, M. Kruger, and G. Pfitzer
Institute of Physiology, University Cologne, D-50931 KdIn, Germany

ABSTRACT Kinetics of force development and relaxation after rapid application and removal of Ca®* were measured by
atomic force cantilevers on subcellular bundles of myofibrils prepared from guinea pig left ventricles. Changes in the structure
of individual sarcomeres were simultaneously recorded by video microscopy. Upon Ca?®* application, force developed with
an exponential rate constant k,cr almost identical to kg, the rate constant of force redevelopment measured during
steady-state Ca®* activation; this indicates that k.ot reflects isometric cross-bridge turnover kinetics. The kinetics of force
relaxation after sudden Ca®* removal were markedly biphasic. An initial slow linear decline (rate constant k) lasting for a
time £, Was abruptly followed by an ~20 times faster exponential decay (rate constant kgg, ). k. n is similar to ktg measured
at low activating [Ca® "], indicating that k, , reflects isometric cross-bridge turnover kinetics under relaxed-like conditions (see
also Tesi et al., 2002. Biophys. J. 83:2142-2151). Video microscopy revealed the following: invariably at t ,, a single
sarcomere suddenly lengthened and returned to a relaxed-type structure. Originating from this sarcomere, structural
relaxation propagated from one sarcomere to the next. Propagated sarcomeric relaxation, along with effects of stretch and
P; on relaxation kinetics, supports an intersarcomeric chemomechanical coupling mechanism for rapid striated muscle

relaxation in which cross-bridges conserve chemical energy by strain-induced rebinding of P,.

INTRODUCTION

Repeated cycles of Ca**-activated myofibrillar contraction
and relaxation underlie the mechanical performance of
heartbeats. Cross-bridges are the force-generating motors
behind the contractions. To obtain insight about the cross-
bridge kinetics during an activation-relaxation cycle, studies
of flash photolysis of caged Ca?* and caged Ca*>* chelators
have been carried out on skinned cellular (Araujo and
Walker, 1994, 1996) and multicellular heart muscle prepa-
rations (Zhang et al., 1995; Palmer and Kentish, 1997, 1998;
Simnett et al., 1998; Fitzsimons et al., 1998; Johns et al.,
1997, 1998, 1999, Kentish et al., 2001). It was found that,
upon Ca®* removal, isometric force decays as fast as or
faster than it develops upon Ca®" application (Palmer and
Kentish, 1998). Models, however, predict that the turnover
kinetics of cross-bridges are slower during relaxation than
during activation (Huxley, 1957; Brenner, 1988). This
raised questions about the origin of the rapid cross-bridge
kinetics after Ca®* removal, not only of cardiac muscle
(Palmer and Kentish, 1998) but also of skeletal muscle
(Hoskins et al., 1999). Early studies of post-tetanic relax-
ation in living skeletal muscle fibers revealed large changes
of fiber segment length and of mean sarcomere length (SL)
that begin at the onset of the final rapid force decay (Huxley
and Simmons, 1970; Edman and Flitney, 1982). The rapid
fall in tension was interpreted to arise from the give of
sarcomeres at the ends of the fiber causing rapid cross-
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bridge detachment (Huxley and Simmons, 1970). However,
it is uncertain whether inhomogeneous relaxation of sarco-
meres in intact fibers is caused by inhomogeneous uptake of
Ca’* into intracellular stores (Edman and Flitney, 1982;
Hoskins et al., 1999) or whether it reflects an intrinsic
contractile property of the sarcomere. Furthermore, there is
no information about relaxation on the single-sarcomere
level. Clearly, if length changes occur during relaxation on
the level of individual sarcomeres in the isolated myofibril-
lar structure, it is evident that cross-bridge kinetics would be
basically affected by the filament sliding even though the
preparation is held isometric.

In the experiments described here, force changes were
correlated with the length of individual sarcomeres during
tension development and relaxation induced by near instan-
taneous changes in [Ca®>*]. Myofibrils are ideal for this type
of investigation. Their architecture consists of a limited
number of sarcomeres, which allows to follow the behavior
of each individual sarcomere (Anazawa et al., 1992; Linke
et al.,, 1993). The short diffusion distances in myofibrils
ensure rapid equilibration with the surrounding solution.
We adapted the rapid solution change technique developed
by Poggesi and coworkers (Colomo et al., 1998) to an
apparatus that measures myofibrillar force by an atomic
force cantilever. The displacement of the atomic force can-
tilever is detected by an external laser beam, which is
independent of the microscope optics. This enables simul-
taneous recording of force transients and phase contrast
video images from which length changes of individual
sarcomeres can be analyzed.

We previously demonstrated that rapid Ca** removal
from isometrically contracting cardiac myofibrils induces
markedly biphasic force decays (Stehle et al., 2002). Here,
we elucidate the origin and the relation to cross-bridge
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kinetics of the two distinct phases of relaxation by investi-
gating force kinetics and sarcomere behavior during relax-
ation and comparing them with those measured during
activation. We then tested whether the strain generated in
the sarcomeres during contraction can be reconverted to
chemical energy during relaxation by the reversal of the
cross-bridge power stroke.

MATERIAL AND METHODS
Myofibrillar preparation and solutions

Myofibrils were prepared from left ventricles of the guinea pig as described
in a previous paper (Stehle et al., 2002). Standard relaxing/activating
solution contained either 3 mM K,Cl,Ca-EGTA (activating) or 3 mM
K,CL-EGTA (relaxing solution), 10 mM imidazole, | mM K,Cl,Na,Mg-
ATP, 3 mM MgCl,, 47.7 mM Na,CrP, 2 mM dithiothreitol, pH 7.0, at
10°C; final ionic strength (w) = 0.17 M. The concentration of P; was
measured by an assay kit (E-6646, Molecular Probes, Eugene, OR). The P;
contamination in standard solutions was 190 £ 30 uM (mean * SD).
Solutions containing less P; were produced by adding 1 mM methyl-
guanosine and 0.5 U/ml purine nucleotide phosphorylase, resulting in 15 =
4 uM free P;. To produce solutions with higher [P;] of the same ionic
strength, Na,CrP was replaced by P; in a molar ratio of 2:3.

Apparatus and experiments

On a rigid stage of an Olympus IX-70 microscope all manipulators holding
the chamber, the microtools, the laser, and the detector were mounted. The
force signal was obtained by microfocusing a single-mode coupled laser
beam with a 20-um spot size onto the back of a force modulation etched
silicon probe-type atomic force cantilever (Nanosensors, Wetzlar-Blanken-
feld, Germany) and then detecting the displacement of the reflected beam
by a detector (SPOT-9D, Polytec, Waldbronn, Germany) with an effective
amplification (displacement of laser on detector per cantilever displace-
ment) of ~2300. The cantilevers used here have improved performance:
5-50 times higher resonance frequency (~25 kHz in solution) and 5-10
times higher stiffness (2—4 uN/wm), compared with the microneedles used
previously to measure myofibril force (Cecchi et al., 1993; Fearn et al.,
1993). This improved performance allowed for highly time-resolved, iso-
metric measurements.

A droplet of myofibrillar suspension was placed in the chamber filled
with relaxing solution thermostated to 10°C. Bundles containing one to six
myofibrils were stuck at their ends to 1) the tip of a stiff tungsten needle
(5775, A-M Systems, Carlsborg, WA) that was motored by a piezoactuator
(P-821.20, Physik Instruments, Karlsruhe, Germany) to act as a length
driver and 2) a cantilever tip that had been precoated with a mixture (1:3
v/v) of silicon glue (3140 RTV Coating, Dow Corning, Midland, MI) and
2% nitrocellulose in amylacetate. Myofibril dimensions were determined,
and video microscopy was performed under phase contrast using either a
CellCam color camera (Phase, Liibeck, Germany) or an ORCA-ER camera
(Photonics, Hamamatsu City, Japan). Single myofibrils were 1.1 = 0.2 um
in width and 25-40 pum in length; bundles were =3 pum in width and
40—-110 pwm in length. Slack SL was 1.98 * 0.04 um (mean = SD). Before
activation, myofibrils were prestretched to a SL of 2.25-2.4 um. The
principle of rapid solution change was as described by Colomo et al.
(1998): two continuous laminar streams, one containing relaxing solution,
the other activating solution, were applied by gravitation pressure perpen-
dicular to the myofibril through a pulled and microforge-bent 6-style
capillary (TGC150-15, Clark Electromedical Instruments, Reading, UK).
The capillary was preadjusted to fully expose the myofibril to the stream of
relaxing solution. For activation/relaxation, the capillary was moved rap-
idly by a piezoactuator (P289.40, Physik Instruments). The time that
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elapsed from the capillary movement to the effective solution change at the
myofibril (dead time) was indicated by a single peak-like or sinusoidal-like
artifact in the force signal that resulted from transient deflections of the
laser beam. Video microscopy of flow profiles (Stehle et al., 2002) con-
firmed that this artifact lasts during the time the flow profile at the
cantilever is bent, i.e., during the time the solution interface passes the
myofibril. The delay of the artifact (5-30 ms) depended on the flow rate
adjusted by gravitation (20—50 cm H,0) and the distance from the pipette
tip to the myofibril (0.3—0.7 mm). The period of the artifact was similar
(£20%) to the adjustable time of actuator movement, which was set to
10-20 ms.

Data acquisition and analysis

Signal conditioning for movement of actuators, acquisition of force and
length signals, determination of individual and/or mean SL, and kinetic
analysis of force transients were performed with a PCI6110-E device and
self-written programs in LabView 4.0 (National Instruments, Austin, TX).
To determine ko1 Or krg, single exponentials (e.g., see Fig. 4 4) were
fitted to the transients by defining # = 0 for the fits at the end of the artifacts
described above. Similarly, to determine %, ;y, # 1n» and kzg;, a function
consisting of a linear and an exponential term (Stehle et al., 2002; e.g., see
Fig. 4 B) was fitted to the transients. Video images were quantitatively
analyzed by selecting a rectangular region of interest and integrating pixel
intensities to an intensity profile in AquaCosmos 1.3.0.1 (Hamamatsu
Photonics). Individual SL and mean SL values were then determined from
the profiles using the LabView built-in files (virtual instruments) peak
detector.vi and power spectrum.vi, respectively.

RESULTS

The average active force developed by cardiac myofibrils
at 10°C in standard solutions (see Materials and Meth-
ods) was 149 = 16 nN/um? (mean = SE; n = 36). This
is similar to values reported for frog atrial myocytes (149
nN/um? at 15°C (Colomo et al., 1997)) and to an earlier
report for single mammalian cardiac myofibrils (145
nN/um? at 20°C (Linke et al., 1994)). Myofibrils were
fully Ca®>" regulated as indicated by their low resting
tension (=5% of maximum Ca®*-activated force at
SL = 2.4 um) in relaxing solution. The pCa required for
half-maximal force generation and the Hill slope (nH) of
force-pCa relations (n = 12) averaged 5.57 = 0.03 and
3.8 £ 1.1, respectively.

Fig. 1 A shows force transients upon switching from pCa
7.5 to pCa 4.5 and back to pCa 7.5 (myofibrillar bundle
under standard conditions). Force development can be fitted
by a single exponential (rate constant k, 1), whereas force
decay is best described by two phases (magnified in Fig. 1
B): an initial slow linear decline of duration #; ; (and a rate
constant k ;y which is determined from the slope of the
slow linear decline normalized to the amplitude of the
overall force decay) is followed by a rapid exponential
decay (rate constant kg ). The means of the kinetic param-
eters are given in Table 1. The initial, slow, linear force
decay is not due to slow Ca®" removal, because ¢ is
strongly reduced by increasing the temperature and by in-
creasing [P;] (cf. Table 1). We previously showed that these
shapes in the force kinetics, i.e., monophasic exponential
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FIGURE 1 Force kinetics and sarcomere dynamics during a contraction-relaxation cycle of a myofibrillar bundle (18 sarcomeres; force per cross-
sectional area calculated from the mean diameter of 2.6 um = 180 nN/um?) from guinea pig left ventricle at 10°C. (4) Kinetics of force development upon
Ca** application. (B) Kinetics of force decay upon Ca*>* removal on an expanded time scale plotted together with the number of stretched, relaxed-like
sarcomeres (blue symbols) developing over time, as determined from images of the type shown in C, sampled in 40-ms intervals. Red lines in 4 and B are
best fits to force transients (black lines) giving the kinetic parameters indicated. (C) Phase contrast micrographs recorded at the times indicated after Ca?™*
application (lefi panel, top to bottom) and after Ca>" removal (right panel, bottom to top). The images shown were selected and arranged side by side to
illustrate the different sarcomere patterns observed during force development and force decay under similar transient force levels, indicated by the values
of relative force (related to maximum force) next to each image.

force development and biphasic force relaxation, are found To obtain insight into the origin of the biphasic nature of
ubiquitously in cardiac myofibrils from various species relaxation, sarcomeres were imaged by video microscopy
(Stehle et al., 2002). (Fig. 1 C) while recording the force transients shown in Fig.

Biophysical Journal 83(4) 2152-2161



Sarcomeric Relaxation in Myofibrils 2155

TABLE 1 Effect of activating [Ca®*], P;, and T on myofibrillar force kinetic parameters

Conditions* Force® kaor 571 kg (571 ki 571 tr o (MS) krer (571
Standard 1.00 (32) 1.62 + 0.08 (32) 1.52 £ 0.12 (15) 0.66 = 0.07 (32) 109 =5 (32) 10.9 + 0.4 (32)
pCa 5.88 0.17 = 0.08 (12) 0.51 = 0.05 (12) 0.53 £0.13(7) 0.58 = 0.21 (10) 49 = 7(12) 49 +0.6(12)
15 uM P, 1.09 = 0.03 (8) 1.68 = 0.12 (8) 1.70 £ 0.20 (4) 0.70 £ 0.19 (8) 151 =23 (8) 11.1 = 1.0(8)
5 mM P; 0.68 = 0.03 (9) 2.36 £0.14(9) 3.06 = 0.38 (4) 1.91 = 0.50 (7) 24 £5(7) 18.7 £2.3(7)
20 mM P, 0.39 = 0.02 (13) 3.95 +0.30 (13) 5.11 = 0.65 (6) ND 7x£2(11) 233 £27(11)
23°C 1.62 = 0.09 (11) 72 +0.6(11) 6.8 +0.9(7) 3.6 =0.5(11) 28 =3 (11) 273 = 1.7(11)

ND, not done.

*Conditions, unless otherwise indicated, refer to standard conditions: activating pCa = 4.5, [P;] = 0.2 mM, and 7 = 10°C. Values are means = SE (n).

fCa?"-activated force was normalized to standard conditions.

1, A and B. Throughout force development, sarcomeres in
the middle of the bundle shortened (on average by 9 + 4%;
seven videos), presumably because of end compliance.
However, no organized lengthening or shortening of indi-
vidual sarcomeres could be detected. The contrast between
sarcomeric bands decreased, not only because of I-band
shortening but also because of decreased sharpness in A-
bands and I-bands. During relaxation, no movements of the
sarcomeres were detected in the first two images, which
were collected 10 ms and 50 ms after the Ca®>" removal.
However, in the first image taken after initiation of the rapid
exponential force decay (¢ = 90 ms), a single sarcomere
started to lengthen (in this example, in the middle of the
myofibril). In the following image (r = 130 ms), its length-
ening was completed, and it assumed the contrast of a
relaxed sarcomere. Starting from this sarcomere, lengthened
sarcomeres successively appeared in both directions with
similar speeds of propagation. Fig. 1 B shows the number of
sarcomeres reassuming a typical relaxed appearance with
time. Whereas the propagation of relaxation from sarcomere
to sarcomere is rapid (mean rate ~ 15 s~ ! per sarcomere in
one direction), the overall structural relaxation takes much
longer to decay than force does.

The sarcomere behavior after Ca?* removal (shown in
Fig. 1 C) is observed in every video we collected under all
conditions (Table 1); i.e., 1) lengthening of the first sarco-
mere starts at #; ;y within the time error given by the interval
of image sampling (20—40 ms) and 2) lengthening propa-
gates sequentially from sarcomere to sarcomere during and
still after the exponential force decay. Lengthening started
preferentially in rather long sarcomeres but never directly at
the attached ends. In those bundles in which the homoge-
neity of sarcomeres was most preserved, which one of the
sarcomeres that lengthened first could change, depending
on which ones became the longest sarcomeres at the end of
the preceding Ca’>" activation. The formation of relaxed
sarcomeres and their systematic propagation are not a result
of inhomogeneous deactivation arising from Ca®>* gradients
in the solution flow, because 1) sarcomeres contract simul-
taneously during Ca®" activation and 2) force kinetics were
unaffected by changing the Ca®*-buffering capacity in ac-
tivating or relaxing solutions (Stehle et al., 2002). Instead,

the reason that lengthening initiates at a certain sarcomere
seems to be that it is mechanically weak.

Fig. 2 shows an example of quantitative length changes
occurring in individual sarcomeres after rapid Ca®" re-
moval. In addition to illustrating the most pronounced
lengthening of sarcomeres, the figure also shows some other
typical observations. 1) Sarcomeres that lengthen early in a
propagation are stretched beyond their resting SL, presum-
ably because of the strain exerted by the still contracting
sarcomeres. 2) Sarcomeres that lengthen later on in a prop-
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FIGURE 2 Length changes in individual sarcomeres and force decay
after rapid Ca®>* removal. A myofibril bundle consisting of 16 sarcomeres
(mean resting SL, 2.41 um; SD of individual resting SL, +0.05 wm) was
activated at pCa 4.5 for 5 s after which mean SL decreased to 2.15 wm and
SD of individual SL increased to =0.16 wm. Then, the pCa was reduced
to 7.5 at ¢ = 0 indicated in the figure. For clarity, only the SL changes of
three exemplary sarcomeres are shown: the first (V), the fourth (O), and the
seventh ([J) sarcomere starting to lengthen in one direction of the propa-
gation. Lengthening initiated near the middle of the myofibril. The seventh
sarcomere ([]) was equal to the second to last lengthening sarcomere. The
small circles superimposed on the force transient indicate its best fit, giving
the parameters k;py = 0.7 7%, t; = 0.078 s, and kgg; = 9.2 s~ Note
that the SL of the first sarcomere (V) starts to significantly increase at the
data point evaluated from the first video image sampled after 7, .
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FIGURE 3 Effect of small rapid length changes on cardiac myofibrillar
relaxation kinetics. (4) Force transients after step changes of 1% in
myofibrillar length applied to cardiac myofibrils at steady-state Ca’*
activation (dotted transients) or 10 ms after the Ca®>" removal (continuous
transients). Transients that sharply increase or decrease at # = 10 ms show
a response to rapid stretch or rapid release, respectively. Transients without
changes at # = 10 ms are the isometric controls. (B) Dependence of the time
of the tension shoulder (# ) on the amplitude of the length steps (positive
values are stretches; negative values are releases). (C) Dependence of the
rate constant of the exponential decay, kg, , on the amplitude of the length
steps. In B and C, the data of seven bundles are summarized (error bars
represent SE). For each bundle, the data of #, ; and kg, were normalized

Biophysical Journal 83(4) 2152-2161

Stehle et al.

agation shorten (presumably actively) after the onset of the
rapid force decay preceding their lengthening. 3) sarco-
meres which had completed lengthening all adopt very
similar lengths; i.e., among the lengthened sarcomeres the
SL becomes very homogeneous, which is a typical feature
of relaxed sarcomeres and suggests that the lengthened
sarcomeres are already fully relaxed while the other sarco-
meres are still contracting.

Quantitative analysis of individual SL from images of
seven videos revealed the following (not illustrated): at the
time when the first three sarcomeres in a myofibril had
lengthened to 2.55 = 0.08 wm (mean *= SD), force had
dropped to 25 = 3% of its initial value. This is lower than
the dynamic passive force at 2.55 wm SL (32 £ 4% of
Ca**-activated force), which was measured by stretching
myofibrils from slack SL, in relaxing solution, with about
the same speed (~4 um/s per sarcomere) at which the
lengthening of individual sarcomeres after Ca?" removal
had occurred. This is consistent with the idea that the
sarcomeres that became lengthened behave mechanically as
being fully relaxed. We therefore call the lengthened sarco-
meres relaxed and the others contracting, but note that this
refers to their structural and mechanical properties, not to
their state of activation.

Because the final mechanical relaxation of individual
sarcomeres begins when they lengthen, the effect of myo-
fibrillar length changes on relaxation kinetics was investi-
gated. Fig. 3 A shows that rapidly stretching a bundle
shortly after the Ca®* removal resulted in a transient tension
with initial phases (7, and 7,) similar to those observed
after applying such a stretch at steady-state Ca®" activation.
However, stretching the bundle after Ca®" removal caused
the rapid exponential force decay to start much earlier than
under isometric conditions. Rapid releases slightly in-
creased #; ;. Videos collected during this type of experi-
ment (not shown) reveal that 1) length steps first distribute
homogeneously to all the sarcomeres and 2) systematic
sarcomere dynamics of the type described for Figs. 1 and 2
initiated, as usual, at the time of the tension shoulders (# ;\)-
The dependences of 7, ; and kg, on the amplitude of the
length change are shown in Fig. 3, B and C, respectively.
Whereas kgp; is not much affected by either stretches or
releases, 7y is halved by stretching bundles ~7 nm per
half-sarcomere (Fig. 3 B). This suggests that straining cross-
bridges in a half-sarcomere by 7 nm, or even by less if
taking filament compliance into account (Piazzesi et al.,
1997), induces the rapid final relaxation of an individual
sarcomere.

to their value at isometric conditions and then averaged. The stretch
amplitude that reduces #, | to 50% of its value at isometric conditions, as
estimated by interpolating the individual relation of each bundle, averaged
0.61 = 0.04% of myofibrillar length, relating to 7.2 = 0.5 nm/half-
sarcomere (mean * SE).
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FIGURE 4 Effect of P; on myofibrillar force kinetics. Upper transients were recorded at standard conditions (the activating and relaxing solutions each
contained 0.2 mM P;); lower transients were recorded in the presence of 5 mM P; added to both solutions. The small circles indicate the fits to the transients,
giving the values of kinetic parameters indicated. (4) Ca®*-induced force development (switching from pCa 7.5 to pCa 4.5 at ¢+ = 0.5 s) and force
redevelopment during steady-state Ca®" activation at pCa 4.5 (starting at ¢+ = 3.5 s) after a period of active unloaded shortening induced by a
release-restretch maneuver (amplitude, 15% of /,; duration, 100 ms). Ca®" is removed (switching from pCa 4.5 to pCa 7.5) at t = 7 s. (B) Force decays

after a switch from pCa 4.5 to pCa 7.5 of a different bundle as in 4.

A basic feature of most cross-bridge models (e.g., Eisen-
berg et al., 1980; Pate and Cooke, 1989; Rayment et al.,
1993) is that cross-bridges generate force, i.e., strain, by a
power stroke that is closely associated with the reversible
release of P;, though not necessarily directly (Millar and
Homsher, 1990). Vice versa, as predicted by some models
(Eisenberg et al., 1980; Pate and Cooke, 1989), straining
force-generating cross-bridges by lengthening of individual
sarcomeres such as by external stretch might favor P; bind-
ing and power stroke reversal. To test this, the effect of P,
on myofibrillar relaxation was investigated. Fig. 4 4 shows
that increasing [P;] from 0.2 to 5 mM reduced the cardiac
myofibrillar force and increased k,-r and krg, the rate
constant of force redevelopment after a period of active
unloaded shortening. This result is in accord with P; reduc-
ing force by accelerating backward turnover kinetics of
cross-bridges from force to non-force-generating states. The
effects of [P,] on force transients after Ca®" removal are
shown in Fig. 4 B. The 5 mM P; increased k[, greatly
shortened 7, 1 and increased kg, . The means of force and
kinetic parameters at different [P;] are given in Table 1. The
most P;-sensitive parameter is #; ;. It increases by ~ 40%
when P; is reduced to 0.015 mM from the 0.2 mM contam-
ination in our standard solutions by a P; scavenging system.
Thus, P, like stretch (Fig. 3), preinitiates the lengthening of
the first sarcomere. At 5 mM P, & | and krg are increased
by similar amounts. Furthermore, high P; increases kg, and
the rate of the sarcomeric propagation (latter not shown) by
similar factors.

Previously we showed for cardiac myofibrils from vari-
ous species that under maximum Ca®" activations, k, -y and
krgr are similar in value (Stehle et al., 2002). Table 1 also

shows that k.. and krg are similarly affected by [Ca®"],

temperature (7), and P;. Whereas the value of 4  increases
at higher (mM) [P,] and 7, it is independent of the level of
Ca?”" activation preceding relaxation. Comparing k; 1, and
kggr With kg reflecting Ca®*-activated isometric cross-
bridge turnover kinetics, &y < kg << kppp, under all
conditions (Table 1) except at low partial Ca*>* activations
where krg becomes similar to &y .

DISCUSSION
Summary

Rapid, complete Ca*>* removal from isometrically held car-
diac myofibrils induces two distinct relaxation phases. Dur-
ing the first phase isometric conditions are maintained in all
sarcomeres and force decays with a rate constant (k ) that
is similar to the kg obtained at low Ca®" activations, i.e.,
near relaxed conditions. This indicates that & 1 predomi-
nantly reflects forward (g,,,) and backward (f,,,) turnover
of cross-bridges from force to non-force-generating states
with rate constants found under isometric conditions, and
this also implies that the rate constant defining formation of
force-generating cross-bridges (f,,,) is down-regulated to
relaxed-like steady-state values early after Ca?* removal.
The second phase begins with the rapid lengthening of a
single sarcomere indicating its mechanical relaxation. Inter-
ventions that favor the reversal of the cross-bridge power
stroke (increasing cross-bridge strain or [P,]) preinitiate this
phase. Subsequent rapid sequential propagation of sarco-
meric relaxation can be explained by an increase of f,,, in

Biophysical Journal 83(4) 2152-2161
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lengthening sarcomeres and an increase of g,,,, in shorten-
ing sarcomeres.

Force development kinetics

The rate constants of Ca>"-induced myofibrillar force de-
velopment (k1) obtained here are similar to those of frog
cardiac myofibrils (Colomo et al., 1998) and about two
times higher than those reported previously for skinned
trabeculae of the guinea pig (Palmer and Kentish, 1998). In
line with previous findings on trabeculae (Palmer and Ken-
tish, 1998), on rabbit psoas myofibrils (Colomo et al., 1998;
Tesi et al.,, 2000), and on cardiac myofibrils of various
species (Stehle et al., 2002), k,cp is similar to the rate
constant of force redevelopment (k) after unloaded short-
ening at steady-state Ca*>* activation. Because kg is gen-
erally held to reflect isometric cross-bridge turnover kinet-
ics (Brenner, 1988), this confirms previous interpretations
(Palmer and Kentish, 1998; Colomo et al., 1998; Tesi et al.,
2000; Stehle et al., 2002) that k,r is not limited by the
Ca**-induced switch-on of the thin filament. The effects of
Ca** and P; on isometric force (F) and force (re)develop-
ment kinetics (krg or kycp) given in Table 1 were fitted by
a two-state model (Brenner, 1988):

-

non-force-generating states force-generating states

o 3PP

Based on this model, ' is determined by cross-bridge turn-
over kinetics, i.e., F' « f,, /krg and kg = kact = fapp T
Zapp T Sapp> Where Ca’" regulates F only by modulating Japp
(Brenner, 1988) and P; reduces £ only by increasing f,,,.
Defining f,,, = 1.0 s~ ! at maximum Ca®" activation, app =
0s 'at15uM P, and Zapp = 0.5 s~ !, the theoretical k-F
relation (k = kg = kacr) predicted by this simple model
thereby never deviates more than 10% or 30% from the
measured k,cr or kpi in Table 1, respectively. Such a rate
modulation of F' is in agreement with the dependences of
kacr and kpg on Ca”>* and P; found in skinned cardiomy-
ocytes (Araujo and Walker, 1994, 1996; Brandt et al., 1998;
Tasche et al., 1999) and skinned trabeculae (Palmer and

Kentish, 1998; Wolff et al., 1995).

Mechanism of myofibrillar relaxation

The key to understanding cross-bridge kinetics after com-
plete Ca?" removal is to relate the kinetics of each of the
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two phases of force decay to those of force redevelopment.
In contrast to krg, kN 1S independent of the activating
[Ca®"] and similar to the k;x measured at low Ca®>" (Table
1), where the contribution of f,,, to kg becomes negligible
(Brenner, 1988). These results are consistent with two-state
models (Huxley, 1957; Brenner, 1988) if we make the most
simple assumptions that 1) f,,, is rapidly reduced by fast,
complete switch-off of the regulatory system after Ca®"
removal and 2) g,.,, and f,,,, do not change during the initial
slow linear relaxation phase. Force should then decay with
a rate constant g,,, + fo,, = krg — fopp as predicted by
force redevelopment kinetics. Indeed, subtracting 1.0 s~
(i.e., the value of f,,, defined above to account for the
increase in krg from low to high Ca’*) from the kg
determined at each [P;] (Table 1) gives similar values to the
obtained k. Together with the observation that sarco-
meres remain isometric during the initial slow relaxation
phase, this suggests that &, [ reflects cross-bridge turnover
kinetics determined by the same apparent rate constants
(.., Gapp T fapp) as during isometric force development
near relaxed-like conditions.

Modeling reveals that any slow reduction of f,,,, would
result in an initial lag phase during which force decreases at
lower rates than after complete inhibition of cross-bridge
reattachment. Kinetics observed with fluorescently labeled
fast skeletal troponin incorporated into skinned rabbit psoas
fibers (Brenner and Chalovich, 1999) and with cardiac
troponin complex in vitro (Dong et al., 1996) yield off-rates
of 15 s7! at 5°C and 20 s ' at 4°C, respectively. This
should manifest in a lag with a #,,, = 20 ms at 10°C in our
force transients. The current resolution of the transients does
not allow us to strictly confirm such a short lag at the
beginning of the slow phase of force decay. Nevertheless,
any transient maintenance of activation, whether arising
from a slow switch-off of regulatory proteins or from feed-
back of force-generating cross-bridges, cannot account for
the full period (up to 150 ms at low P,) of the slow phase.
High P; and external stretches almost eliminate this phase,
indicating that the tension shoulder at 7\ is not due to
cooperative thin filament inactivation, as also shown with
skeletal myofibrils (Tesi et al., 2002). Instead, at this time
the weakest sarcomere lengthens and myofibrillar force
abruptly starts to decay with a 10-20 times faster rate
(kreL)-

It is obvious from the sarcomere dynamics that take place
during the rapid exponential force decay that £y, cannot be
taken as a direct parameter reflecting unique cross-bridge
turnover kinetics in each sarcomere. Nevertheless, also to
account for the fast propagation rate of sarcomere relaxation
(13 += 1 s~ ' per sarcomere, mean = SE, evaluated from
analysis of seven videos performed at standard conditions),
cross-bridges must detach with apparent rate constants that
are at least one order of magnitude higher than 4, . There
is a need for a mechanism (relating cross-bridge kinetics to
the current state of the sarcomere) that can explain 1) the
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rapid relaxation of a single sarcomere, 2) the rapid propa-
gation from one sarcomere to the next, and 3) the observed
effects of stretch and P;.

We propose that the following steps take place when
relaxation propagates from one sarcomere to the next. 1)
The weakest sarcomere starts to lengthen and residually
attached cross-bridges become strained, whereupon they
reverse the power stroke and detach (rate constant f,,
becoming increased by strain). 2) The lengthening of the
weak sarcomere reduces the strain in neighboring contract-
ing sarcomeres, whereupon they actively shorten. 3) The
shortening increases the apparent rate of forward transition
of cross-bridges from force to non-force-generating states
(€app)> inducing rapid cross-bridge detachment. 4) After
some rapid detachment by forward kinetics, the remaining
cross-bridges can no longer sustain the average load, and the
shortening sarcomere turns to a weak sarcomere, thus be-
coming the next fully relaxed sarcomere (cf. step 1), and the
cycle (steps 1-4) is repeated. Rapidity of cross-bridge de-
tachment by both forward (cf. step 3) and backward (cf. step
1) turnover kinetics is required to account for the fast
propagation from sarcomere to sarcomere. Cross-bridge
models and kinetic evidence support these two pathways.

Faster cross-bridge detachment during active shortening
of sarcomeres was first proposed by Huxley (1957). The
rate constant for forward transition of cross-bridges from
force to non-force-generating states can increase up to
~100 times at unloaded shortening (Stehle and Brenner,
2000). MgADP, which is known to strongly inhibit active
shortening (Cooke and Pate, 1985), slows down relaxation
kinetics in cardiac trabeculae (Simnett et al., 1998) and in
skeletal myofibrils (Tesi et al., 2002). In cardiac myofibrils,
the addition of 2 mM MgADP caused the propagation of
sarcomeric relaxation to take frequent breaks between ad-
jacent half-sarcomeres, thereby strongly reducing kg, and
the mean propagation rate both by a factor of 4 (unpublished
data). However, it could be that activation by strongly
bound cross-bridges also contributes to the slower relax-
ation at high [MgADP]. Lu et al. (2001) showed that in the
presence of high [MgADP] strongly bound cross-bridges
become formed that increase both Ca®" sensitivity of force
development and cross-bridge attachment rates. Mainte-
nance of significant cross-bridge reattachment after Ca”*
removal at high [MgADP] would delay or slow down re-
laxation kinetics.

The acceleration of power stroke reversal by cross-bridge
strain is thermodynamically consistent and predicted by
models (Eisenberg et al., 1980; Pate and Cooke, 1989).
Cross-bridge detachment by strain-induced power stroke
reversal during lengthening of sarcomeres is consistent with
small external stretches strongly shortening # . The stron-
ger effect of P; on #; [ than on ki (see Table 1) is also in
line with cross-bridge detachment mediated by P; binding
being most pronounced at high strain, i.e., when the force
after Ca®" removal is still high. Thus, in the sub-millimolar
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range, P; seems only to affect the relaxation of the first or
first few sarcomeres; nevertheless, in the physiological
(millimolar) range it accelerates relaxation of most or all
sarcomeres. High [P;] had been also reported to increase the
rate constant of the rapid exponential force decay observed
after flash photolysis of the caged Ca®" chelator diazo-2 in
skinned cardiac trabeculae (Simnett et al., 1998). Interest-
ingly, the values of kyy; and their dependence on [P;] are
similar to those of k;, the rate constant of force decay after
a step increase in [P;] measured in cardiomyocytes (Araujo
and Walker, 1996). kp; is thought to probe the kinetics of the
power stroke reversal (Millar and Homsher, 1990; Araujo
and Walker, 1996; Tesi et al., 2000). The similarity of Ay,
and kgy; therefore suggests that the pathway probed by kyp;
is sufficiently fast to take place during the rapid relaxation
phase.

To summarize, during the rapid relaxation phase, within
an individual shortening sarcomere, cross-bridges detach by
more rapid forward turnover kinetics than under isometric
conditions; and then, while the sarcomere is lengthening,
cross-bridges detach by more rapid backward turnover ki-
netics than under isometric conditions. One intriguing con-
clusion from this mechanism is that the free energy intrinsic
to a myofibril can be partly conserved. The elastic energy
provided by cross-bridges in shortening sarcomeres is trans-
ferred by the filaments to the lengthening sarcomeres, thus
favoring cross-bridges to resume an ADP-P; state. This
enables them to perform a power stroke at the next activa-
tion without using fresh ATP.

Although the present study provides evidence for the first
time that sarcomeres relax sequentially, organized sarco-
mere behavior is also found under steady-state conditions.
Spontaneous oscillatory contractions (SPOCs), indicated by
oscillations of force and individual SL, had been observed
in cardiac myofibrils under partial Ca>* activations (Linke
et al., 1993). Ishiwata’s group found SPOCs in single skel-
etal myofibrils (Anazawa et al., 1992; Shimizu et al., 1992)
and skinned cardiac fibers (Fukuda and Ishiwata, 1999) also
to occur in the absence of Ca®" on condition that ADP and
P, were present. They also showed that SPOCs take place
even in the absence of regulatory proteins, indicating that
the occurrence of SPOCs is a phenomenon inherent to the
actomyosin motor itself (Fujita and Ishiwata, 1998). There-
fore, it is likely that SPOCs and the propagation of relax-
ation along the sarcomeres in a myofibril, which (as argued
above) occurs after the thin filament is already turned off,
result from the same intersarcomere chemomechanical
coupling mechanism and are not based on any regulatory
processes.

Extrapolation to relaxation kinetics in fibers

In myofibrils from fast skeletal muscle, similar clear-cut
biphasic force relaxation transients, as found here in cardiac
myofibrils with a similar ratio of k; /kgrgr =~ 1/20, have
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been observed (Tesi et al., 2002). Initial, slow, linear force
decays preceding a rapid exponential phase had been found
also in photolysis studies in skinned fast skeletal muscle
fibers (Rall and Wahr, 1998; Hoskins et al., 1999), but
transients are less markedly biphasic (k; n/kger =~ 1/3) and
exhibit less pronounced tension shoulders than in myofi-
brils. The rate constants of the rapid relaxation phase found
in all photolysis studies in skinned guinea pig trabeculae
(10-12 s~ " at 12°C (Johns et al., 1997, 1999; Simnett et al.,
1998)) except for one (3 s~ ' at 22°C (Palmer and Kentish,
1998)) are similar to the kg (11 s~ at 10°C) in our study.
However, a pronounced initial slow phase, as found here
with cardiac myofibrils, was not found in any of the studies
on skinned cardiac trabeculae (Zhang et al., 1995; Palmer
and Kentish, 1997, 1998; Simnett et al., 1998; Fitzsimons et
al., 1998; Johns et al., 1997, 1998, 1999; Kentish et al.,
2001). Technical reasons probably account for these differ-
ences: 1) the thicker the fiber, the more P; will accumulate
during the preceding contraction and then prematurely ini-
tiate the rapid relaxation phase; 2) because of the larger
number of sarcomeres in series in fibers, lengthening might
start at multiple sarcomeres and result in less sharp tension
shoulders; and 3) in myofibrils and skeletal muscle fibers,
sarcomeres are unidirectionally arranged, whereas in the
multicellular trabeculae, sarcomeres are less uniformly ori-
entated, and this might produce additional sarcomere inho-
mogeneity during contraction and preinitiate rapid noniso-
metric relaxation.

Laser diffraction on segments of living frog skeletal
muscle fibers revealed large, erratic changes in mean SL
(2—4% shortening, 6—12% lengthening, or simultaneous
lengthening and shortening indicated by splitting of the
first-order diffraction peak) during post-tetanic relaxation
(Edman and Flitney, 1982). Changes in mean SL (Edman
and Flitney, 1982) or segmental fiber length (Huxley and
Simmons, 1970) thereby invariably begin at the onset of the
final rapid exponential tension decay, in temporal correla-
tion with the lengthening of the first sarcomere in the
myofibril. After the photorelease of caged Ca** chelators in
skinned skeletal muscle fibers, smaller changes in mean SL
(*1.5%) had been observed (Hoskins et al., 1999) than in
living fibers. It has been argued that the changes in living
fibers result from inhomogeneous reuptake of Ca®* into the
sarcoplasmic reticulum and that the SL changes persisting
in skinned fibers do not alter cross-bridge turnover kinetics
(Hoskins et al., 1999). The present results challenge these
conclusions. As shown (Fig. 3 B), stretches of 0.6% in
myofibril length halve # . It is a matter of pure statistics
that the mean SL will greatly underestimate the maximum
length changes of individual sarcomeres, especially if only
a small fraction of sarcomeres lengthens as during the
beginning of the rapid force decay. The mean SL would be
little affected during whole relaxation, if the lengthening of
relaxed sarcomeres is compensated by the shortening of
contracting sarcomeres. Major changes in the mean SL will
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probably be detected at maximum overall variance in SL,
i.e., when approximately half of all sarcomeres become
lengthened. This takes place in cardiac myofibrils when
force drops to 3-5% of its initial value (Fig. 1 B), in
temporal correlation with mean SL changes in living fibers,
passing a maximum when force approaches zero (Huxley
and Simmons, 1970; Edman and Flitney, 1982). It is thus
possible that the sarcomere behavior described here occurs
in vivo.

In conclusion, sarcomere dynamics during striated mus-
cle relaxation should not be dismissed as inhomogeneous.
Instead, it appears to be a highly organized process that
combines prospective benefits for muscle function: intersar-
comeric chemomechanical coupling increasing the ener-
getic efficiency during a contraction-relaxation cycle and at
the same time accelerating mechanical relaxation. Rapid
relaxation of myofibrils is likely of physiological signifi-
cance in the heart to improve its diastolic function.
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