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ABSTRACT The stiffness of glycerinated rabbit psoas fibers in the rigor state was measured at various sarcomere
lengths in order to determine the distribution of the sarcomere compliance between the cross-bridge and other
structures. The stiffness was determined by measuring the tension increment at one end of a fiber segment while
stretching the other end of the fiber. The contribution of the end compliance to the rigor segments was checked both by
laser diffractometry of the sarcomere length change and by measuring the length dependence of the Young’s modulus;
the contribution was found to be small. The stiffness in the rigor state was constant at sarcomere lengths of 2.4 um or
less; at greater sarcomere lengths the stiffness, when corrected for the contribution of resting stiffness, scaled with the
amount of overlap between the thick and thin filaments. These results suggest that the source of the sarcomere
compliance of the rigor fiber at the full overlapping of filaments is mostly the cross-bridge compliance.

INTRODUCTION

The interaction of the myosin cross-bridge with the actin
accompanying ATP splitting is the key reaction for tension
generation in muscle (H. E. Huxley, 1969; A. F. Huxley,
1974; Eisenberg and Hill, 1978). To explore the mechani-
cal aspects of the interaction (Huxley, 1957; Civan and
Podolsky, 1966), Huxley and Simmons (1970, 1971) ana-
lyzed the isometric tension transient, which is produced by
active muscle when the muscle fiber is released or stretched
quickly. The first response in the transient is the elastic
tension decrease or increase during the release or stretch of
the fiber, which is followed by dynamic tension recovery to
the original level. To account for the transients, Huxley
and Simmons (1971) developed a “cross-bridge rocking”
model. The model assumed that the rocking of the cross-
bridge on the thin filament results in the stretching of a
series elastic element, which in turn provides the force of
the sliding between the thick and thin filaments. They
tentatively located the elastic element in the SII portion of
the cross-bridge in their model. Later work showed that
most of the compliance of active muscle is in the cross-
bridge (Ford et al., 1977, 1981).

As Huxley (1974) pointed out, the structure and the
nature of the cross-bridge compliance are not yet known.
With the final aim of elucidating them, we studied the
stiffness of fibers in the rigor state because it is much easier
to measure the rigor stiffness than to measure the “instan-
taneous” stiffness of active fibers. Because the distribution
of sarcomere compliance between cross-bridges and other
structures in rigor fibers is not known, we set out to
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measure it, as it appears to be important. Glycerinated
rabbit psoas fibers were used in the study. The stiffness was
determined by measuring the tension increment at one end
of a fiber segment of muscle while stretching the other end
of the fiber. In this article we will show that most of the
sarcomere compliance of rigor fibers originates in the
cross-bridge. A preliminary account of the work has been
reported (Tawada and Kimura, 1983).

MATERIALS AND METHODS

Fiber Preparation

Glycerinated rabbit psoas fibers were prepared by the following two
methods. In the first method, rabbit psoas fibers were initially glycerin-
ated at 4°C for 24 h in a 50% mixture of glycerol and a solution containing
5 mM phosphate buffer of pH 6.8 and 10 mM EGTA. After the
glycerination, the fibers were transferred into another 50% mixture of
glycerol and a solution containing 100 mM KCl, 10 mM EGTA, 5 mM
MgCl,, and 10 mM phosphate buffer of pH 6.8, and stored at —20°C.
This preparation will be referred to as fibers glycerinated in the rigor
state. In the second method, rabbit psoas fibers were initially “chemically
skinned” in a relaxing solution (150 mM K propionate, 5 mM EGTA, 5
mM phosphate buffer of pH 6.8, 3ImM Mg acetate, 3 mM ATP) at 0°C
according to the method of Eastwood et al. (1979). After the skinning for
24 h, the fibers were transferred into a 50% mixture of glycerol and the
same relaxing solution, and stored at —20°C. This preparation will be
referred to as fibers glycerinated in the relaxed state. Fresh skinned fibers
(before glycerination) were sometimes used for experiments. Glycerin-
ated fibers were used within 3 mo of preparation.

Apparatus and Procedure

Fig. 1 shows a schematic diagram of the apparatus. Generally, it was very
similar to that described by Gulati and Podolsky (1978), except that a
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FIGURE 1 Schematic diagram of the experimental setup used for
stiffness measurements. M, servo motor; T, force transducer; LPS, light
position sensor; DO I and 2, digital oscilloscopes (Nicolet Explorer II,
Nicolet Instrument Corp., Madison, WI); AL, length displacement; ASL,
sarcomere length change detected by LPS; AF, tension response by
muscle; PR, pen recorder for long time-measurements of tension; COM
S1G; command signal from a pulse generator.

servomotor with a displacement sensor was used instead of a displacement
transducer and diffraction from a helium-neon gas laser (Nippon Electric
Co., Ltd., Tokyo, GLG5220, beam size = 0.8 mm, A = 632.8 nm) was
used to monitor the change in the sarcomere length of muscle segments.

Force Transducer. A Norway force transducer (AE
801, Aksjeselskapet Mikroelectronikk, Horten, Norway) was used for the
measurement of tension in the fiber. A short attachment wire (0.1 x 4
mm, stainless steel) was cemented to the end of the beam of the
transducer and used for mounting a muscle fiber segment. The natural
frequency of transducer was 6.3 kHz in the air and 3.3 kHz in water.

Servomotor. Initially, we used a homemade servo sys-
tem, which was made of a voice coil of a speaker, as described by Delay et
al. (1979). The servo system was driven by a DC servoamplifier with a
feedback system. The linear compliance of the servo system at the tip with
feedback was 0.5 um/g.

We later used an optical scanner (G-100PD, General Scanning Inc.,
Watertown, MA) as a servomotor. The CCX-100 servo controller
(General Scanning Inc.) was used for the positional control of the
scanner. One end of an arm made of magnesium ribbon (22 x 2 x0.24
mm), which was made stiff by being coated with glue, was attached to the
shaft of the scanner motor. A short attachment wire cemented to the other
end of the arm was used for mounting a muscle segment. The compliance
of the arm at the tip was 3 um/g.

Command signals from a pulse generator were fed into the servoampli-
fier or into the scanner controller for changing the length of muscle
segment. The step time for the length change was set to 3 ms in the
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present experiment to circumvent difficulties due to mechanical oscilla-
tion of the motor arm and the transducer beam.

Laser Diffractometry. To detect small changes in
sarcomere length, the first-order diffraction line of laser light from a
muscle segment was focused on a light position sensor (United Detector
Technology Inc., Santa Monica, CA, SC-10) by a cylindrical lens. The
difference in signal from the two terminals of the detector was propor-
tional to the position of the centroid of the light of a diffraction line and
proportional also to the light intensity. Thus, the signal difference was
electrically divided by the sum of the signals from both terminals, so that
the normalized signal was independent of the light intensity. The detector
was calibrated for each experiment by a known movement of the detector.
The normalized signal was converted into the change in sarcomere length
with a programmable calculator.

General Procedure. Segments of a single fiber or a
small bundle of fibers were dissected out from glycerinated fibers in 50%
glycerol solution. Fibers glycerinated in the rigor state were dissected out
in the 50% glycerol (rigor) solution. Fibers glycerinated in the relaxed
state were dissected out in the 50% glycerol (relaxing) solution. Some-
times segments of a single fiber were dissected out from fresh *“chemically
skinned” fibers, which were not yet glycerinated, in the skinning
solution.

One end of a fiber segment was tied to the force transducer, and the
other end, to the servomotor, with surgical silk (No. 6-0, Nescosuture
Lab., Osaka, Japan) under a microscope. The tying was carried out in the
same solution used for dissection. Then the fiber segment was transferred
into relaxing solution (or sometimes into rigor solution) for rinsing. All
these procedures were carried out at low temperatures below 10°C unless
otherwise stated.

Solutions

Rigor Solution.
at 0 C), 5 mM EDTA.

80 mM KCl, 40 mM imidazole (pH 7.0

Relaxing Solution. 80 mM KCl, 40 mM imidazole
(pH 7.0 at 0°C), 5 mM Na,ATP, 2 mM MgCl,, 5 mM EGTA.

Contracting solution. 80 mM KCl, 40 mM imidazole
(pH 7.0 at 0 C), 2 mM Na,ATP, | mM MgCl,, 5 mM (EGTA +
CaEGTA) (pCa 5).

RESULTS

We determined the stiffness of glycerinated rabbit psoas
fibers in the rigor (or in the relaxed) state by measuring the
tension increment at one end of a fiber segment while
giving a quick stretch to the other end of the fiber
segment.

The tension and stiffness developed by a muscle when
the muscle goes into rigor depends on the condition of the
muscle before rigor, e.g., the composition of the solutions
used. Kawai and Brandt (1976) showed that fibers
entering rigor during maximum activation develop larger
tension and larger stiffness than those induced into rigor
with a minimum of activation. The dependence of the
stiffness on the rigor tension could be due to incomplete
removal of the slack in rigor fibers when the degree of
activation was small, i.e., when the rigor tension was small.
Therefore, we first studied how the rigor stiffness devel-
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oped by muscle fibers depends on the stress imposed on the
fibers, which was given either by the development of the
rigor tension in the fibers or by the manual stretching of
the fibers.

Fig. 2 shows the responses in tension of a fiber segment
to stretching in rigor. The tension increment induced by
the stretch decayed slowly with time. The rate of the
tension decay depended on the amplitude of the stretch: the
larger the amplitude, the faster the decay. The step time
for stretch in our experiments was set to 3 ms.

Fig. 3 summarizes the relationship of the tension incre-
ment to the amplitude of stretch under different stresses.
The muscle fiber used for obtaining the results in Fig. 3
was initially in relaxing solution and then transferred to
rigor solution. A small rigor tension (~0.1 kg/cm?) devel-
oped. Observation of the fiber segment under a microscope
showed that the slack of the fiber had not yet been

et
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FIGURE 2 Tension changes due to stretch of a single-fiber segment in
rigor. In each panel, the top trace shows the imposed length change and
the bottom trace, the tension response. The imposed length changes given
at one end of the fiber segment were 1.07% muscle length (top panel),
0.81% muscle length (middle panel), and 0.21% muscle length (bottom
panel). Muscle segment length = 0.35 cm; sarcomere length = 2.55 um.
13°C.
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FIGURE 3 Tension increment vs. stretch-length relations of a segment of
single fiber in rigor. Muscle segment length = 0.35 cm; sarcomere
length = 2.55 um; steady stress = 0.2 kg/cm? (A); 0.4 kg/cm? (0); 0.5
kg/cm’ (®).

completely taken out. After the development of the rigor
tension, the fiber was manually stretched to impose more
stress on the fiber. The tension produced by the manual
stretching began to decay very slowly with time, and the
decay almost stopped within !4 h. Then, a couple of short
quick stretches of different amplitude were successively
(with an interval of 1-2 min) applied to the fiber, and the
initial values of the resulting tension increments were
measured. To impose more stress, the fiber was manually
stretched again and the stiffness was measured under a
greater steady stress. The procedure was repeated. The
sarcomere length of the fiber did not change appreciably
when the steady stress was increased from about 0.1
kg/cm’ to greater values.

When the steady stress was small, the relationship
between tension increment and stretch amplitude was not
linear and the stiffness was small. With the increase of the
steady stress, the relationship of the tension increment to
the amplitude became less curved and the stiffness became
larger. Finally, when the steady stress was >0.5 kg/cm?,
the relationship became almost linear, the stiffness being
insensitive to the magnitude of the stress. Observing the
fiber under a microscope revealed that the slack seemed to
be taken out of the fiber segment just when the steady
stress was 0.5 kg/cm?. The slope of the final linear plot (®)
shows the saturating stiffness. Note that regardless of the
initial stress, for large enough stretches, the slope of the
tension increment—stretch amplitude relationships be-
comes linear and has a value equal to the saturating
stiffness. A similar finding was made by Giith and Kuhn
(1978; see their Fig. 6). The value of the steady stress
necessary for obtaining the saturating stiffness varied from
fiber segment to fiber segment but was ~0.3-0.6 kg/cm’.
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The average Young’s elastic modulus corresponding to the
saturating stiffness of 14 single fiber segments in rigor at
sarcomere lengths with full filament overlap was 2.5
(£0.1) x 10*kg/cm’ (SEM).

The saturating rigor stiffness of muscle did not depend
on the history of the rigor fiber. For example, a fiber
segment that had been glycerinated in rigor solution was
initially tied to the setup in rigor solution (without being
ever exposed to relaxing solution), and the saturating rigor
stiffness was determined. Then, the fiber segment was
transferred to relaxing solution and again back to rigor
solution, at 5°C. The same value for the saturating rigor
stiffness was obtained after the cycle. When the fiber
segment was transferred to rigor solution from relaxing
solution at higher temperatures, greater rigor tension
developed, but the steady stress necessary for obtaining the
saturating rigor stiffness was the same, as was the stiffness.
Because of the independence of the saturating rigor stiff-
ness of a muscle from the condition of the muscle before
measuring the rigor stiffness, we took the saturating rigor
stiffness as the true stiffness of the rigor fiber. Hereafter,
the saturating rigor stiffness will be simply referred to as
the rigor stiffness.

The rigor stiffness remained the same when pH was
varied from 7.0 to 7.4 or 8.5 in the presence of 80 mM
KCl + 40 mM buffer (imidazole at pH 7.0 or 74,
triethanolamine at pH 8.5) at 15°C. Reduction of ionic
strength by lowering the KCI concentration from 80 to 5
mM did not affect the rigor stiffness.

The rigor stiffness did not change when the concentra-
tion of free Ca** was varied from ~107° to 107> M.
Addition of free 1 mM Mg** or removal of a trace amount
of free Mg** by EDTA did not affect the rigor stiffness.

There was no appreciable difference in the rigor stiffness
between fresh skinned rabbit psoas fibers (before glycer-
ination) and fibers glycerinated in the relaxed or in the
rigor state at —20°C for 3 mo.

Small Contribution of End Compliance

The elastic property of muscle near the tying knots in a
fiber segment (end compliance) may be different from the
true elastic property of the muscle fiber. We checked the
contribution of end compliance to the rigor stiffness mea-
surement by studying the dependence of the Young’s
elastic modulus on the fiber segment length at full overlap
and also by laser diffractometry of the sarcomere length
change.

If there is no contribution of end compliance, the
Young’s elastic modulus of a fiber segment will not depend
on the segment length, because the modulus is a parameter
normalized with the length of a fiber segment. On the
contrary, if there is a contribution of end compliance, the
Young’s modulus will depend on the muscle length. From
the length dependence, we can evaluate the contribution of
end compliance, as discussed in Appendix A.

For the analysis, we determined the Young’s modulus of

596

fiber segments in rigor, starting with segments of ~1 cm in
length. Then, the length was reduced to 1/n, e.g., '5, by
cutting and reattaching and the Young’s modulus of the
shorter segments was determined. The ratio of the Young’s
modulus before the length reduction to that after the
length reduction was plotted as a function of », which is the
ratio of the original length to the reduced length. By
applying Eq. A4 given in Appendix A to the results
summarized in Fig. 4, we obtained 0.925 for 4 in Eq. A4.
This, together with Eq. AS means that 92.5% of a length
change applied at one end of a muscle segment (of ~1 cm
in length) goes to the sarcomere at the middle portion of
the fiber segment. Eq. A6 calculates that for a '4-cm
muscle segment, 86% of a given length change goes to the
central sarcomeres, and for a '4-cm segment, 80% of a
given length change goes to the sarcomeres.

Laser diffractometry of sarcomere length change gave a
similar value for the contribution of the end compliance
(Fig. 5). However, when the incident angle of the laser
beam was varied in a plane perpendicular to the long axis
of the fiber (< +11°), changes in the sarcomere length for
a fixed stretch length varied. The variation was relatively
large except at zero or small filament overlap. For exam-
ple, when a stretch of 0.5% muscle length was given to one
end of a fiber segment with full filament overlap (0.37 cm
long at the sarcomere length of 2.4 um) in rigor, and
changes in the sarcomere length for the stretch were
measured at six different incident angles (hereafter the
number of the angles will be referred to as N,), the aver-
age length change going to the sarcomere near the center
of the fiber segment was 85 + 13% (SD, N, = 6), although
the tension increment due to the stretch was nearly the
same each time. Thus, the actual length change given at
one end of the fiber segments, rather than the sarcomere
length change, was taken as the strain for the determina-
tion of the stiffness in this study. Inasmuch as the length of
fiber segments in our study was ~0.3-0.5 cm or longer, we
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FIGURE 4 Dependence of the Young’s modulus of rigor fibers on the
length of the fiber segments. E,, the initial Young’s modulus of a fiber
segment (~1 cm) at full overlap in rigor; E,, the Young modulus of the
fiber segment in rigor after its length reduction to 1/n of the original
length. The error bars show the standard error of the mean. Points
without error bar show single measurements.
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FIGURE 5 Response in sarcomere length (upper trace) to a length
change given at one end of a bundle of rigor fibers. The upper trace
actually shows a positional change of the first layer line of the laser beam
from the center of the fiber bundle. Note the relaxation of sarcomere
length due to an internal redistribution of sarcomere lengths which was
also found by Brenner et al. (1982). The positional change was converted
into a sarcomere length change by calculation (see Materials and
Methods). Muscle segment length = 0.365 cm; sarcomere length = 2.43
um. The bundle consisted of three single fibers.

found the contribution of end compliance in our study to be
small.

The contribution of end compliance appears to be
smaller in rigor fibers with smaller filament overlap. For
example, the average length change going to the sarco-
mere, which was determined by the laser diffractometry,
was 100 + 2% (SD, N, = 4) with a single fiber segment in
rigor with zero filament overlap (0.36 cm long at the
sarcomere length of 3.9 um). At 50% filament overlap (a
0.44-cm-long muscle segment in rigor at the sarcomere
length of 3.1 um), the average relative length change was
92 + 10% (SD, N, = 8). The standard deviation, except at
zero or small filament overlap, was too large for the laser
diffractometry to provide a precise expression for the
dependence of the relative length change on the filament
overlap, or on the fiber segment length at a fixed filament
overlap, in rigor fibers.

Dependence of Rigor Stiffness on the
Sarcomere Length

To determine the distribution of sarcomere compliance of
rigor fibers between cross-bridges and other structures, we
studied the dependence of the rigor stiffness on the sarco-
mere length.

Initially, the stiffness of a fiber segment in the rigor state
at a sarcomere length with full filament overlap was
determined, and the fiber was transferred to relaxing
solution. Stiffness in the relaxing solution (resting stiff-
ness) was also determined at the sarcomere length. After
stretching the fiber slightly to set a new sarcomere length,
we transferred the fiber from the relaxing solution to rigor
solution. Rigor stiffness at the new sarcomere length was
determined. By repeating the same procedure, we deter-
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mined both rigor and resting stiffness at various sarcomere
lengths. Because the rigor stiffness of a fiber segment
below the sarcomere length of 2.4 um (and above 2.1 um)
retained a constant value, the resting and rigor stiffness
values at other sarcomere lengths of the fiber were normal-
ized with the rigor stiffness at full overlap. Fig. 6 summa-
rizes the results.

Below the sarcomere length of 2.7 um in relaxing
solution, no resting stiffness was observed, but above this
sarcomere length, resting stiffness became prominent.
Above the sarcomere length of 3.0 um, the resting stiffness
took a constant value. The same resting stiffness was
retained even at sarcomere lengths far beyond the end of
the filament overlap (Fig. 6). This fact indicates that a
large part of the resting stiffness originates from some
parallel elastic components rather than the interaction
between cross-bridges and thin filaments in relaxed fibers.

Rigor stiffness was constant at the sarcomere lengths
between 2.1 and 2.4 um. Above the sarcomere length of 2.4
um, the rigor stiffness began to decrease with the decrease
of the overlap between thick and thin filaments (Fig. 6).
Finally, it reached the level of resting stiffness at the
sarcomere length of 4.6 um, suggesting that the elastic
property of the parallel elastic components in rigor solution
is the same as in relaxing solution. Thus, the resting
stiffness was subtracted from the rigor stiffness at each
measurement point and the corrected value of rigor stiff-
ness was replotted in Fig. 6. (). The slope of the corrected
rigor stiffness above the sarcomere length of 2.4 um is
fairly linear.
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FIGURE 6 Dependence of rigor and resting stiffness of a single fiber
segment on the sarcomere length. o, rigor stiffness; A, resting stiffness;
® = O — A at the sarcomere length of each measurement. The initial
length of the fiber segment was 0.30 cm. The length of the segment at a
new sarcomere length after stretch was measured and found to be the
same as (initial segment length) x (the new sarcomere length)/(the
initial sarcomere length). Broken line, assumed filament overlap (see
Discussion). 13°C.
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Dependence of Isometric Active Tension on
the Sarcomere Length

We measured active tension development by glycerinated
rabbit psoas fibers at various sarcomere lengths to compare
it with the dependence of rigor stiffness on the sarcomere
length. Since, in the time-course of the tension develop-
ment by the fiber, such “creep” as that observed with
active intact frog fibers (particularly at long sarcomere)
(Gordon et al., 1966; Ter Keurs et al., 1978) was not
observed, the final steady value of active tension was
measured at every sarcomere length. The sarcomere length
was determined by laser diffraction during measurements
of the active tension. Resting tension at each sarcomere
length was also measured in relaxing solution. Fig. 7
summarizes the results. The corrected rigor stiffness in
Fig. 6 was replotted in Fig. 7. The relative active tension
appears to scale with the corrected rigor stiffness.

Fig. 7 shows that the resting tension is small below the
sarcomere length of 2.6 um, but above this sarcomere
length, the resting tension begins to increase more steeply
with the increase of the sarcomere length, in correspon-
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FIGURE7 Dependence of active (0) and resting (A) tension development
on the sarcomere length. The data were collected from two segments of
single fiber and one segment of bundle of two fibers. The initial length of
the fiber segments was 0.24-0.27 cm. 14°C. The tension values were
normalized with the active tension at full overlap sarcomere length. The
sarcomere length was determined from the diffraction pattern from a
laser while muscle fibers were developing steady isometric tension.
Broken line, assumed filament overlap (see Discussion). Corrected rigor
stiffness (®) was replotted from Fig. 6.
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dence with the appearance of resting stiffness at the
sarcomere length of 2.7 um in Fig. 6. The resting tension is
relatively large in glycerinated rabbit psoas fibers. The
resting tension, which is greater at longer sarcomere
lengths, may stabilize the sarcomere length homogeneity
upon activation, as is evident from the crisp laser diffrac-
tion pattern from activated glycerinated rabbit psoas
fibers.

DISCUSSION

Cross-Bridge Compliance in Rigor Fiber

The main findings of our work are (a) that the rigor
stiffness is constant at sarcomere lengths between 2.1 and
2.4 pm, and (b) that the slope of the corrected rigor
stiffness above the sarcomere length of 2.4 um is fairly
linear. A similar relation to sarcomere length was found
with the isometric active tension of the same preparation.
These findings support the idea that the rigor stiffness that
we have measured resides in the cross-bridges as will be
discussed below. The relation of the isometric active ten-
sion to the sarcomere length in glycerinated rabbit psoas
fibers studied by Brenner (1980) also shows a break point
at a sarcomere length near 2.4 um.

Ford et al. (1981) studied the “instantaneous” stiffness
in active intact frog fibers. By analyzing the dependence of
the stiffness on the sarcomere length, they determined the
distribution of the sarcomere compliance between cross-
bridges and other structures such as thick filaments, thin
filaments, and Z-line (see their Appendix A). Their analy-
sis showed that most of the compliance in active frog
muscle fibers originates in the cross-bridges.

We applied their analysis method to the rigor stiffness,
assuming that the overlap between thick and thin filaments
in rabbit psoas fibers begins at the sarcomere length of 2.36
um and ends at the sarcomere length of 3.76 um. These
values were obtained from measurements showing that
rabbit thin filaments are longer than frog thin filaments by
2 x 40 nm (Page and Huxley, 1963; Ebashi et al., 1969),
and that the length of rabbit thick filaments is the same as
that of frog thick filaments (Huxley, 1963; Trinick and
Elliott, 1979). The theoretical overlap is shown by the
broken line in Figs. 6 and 7. The corrected rigor stiffness
nicely scales with the overlap.

Fig. 8 shows the relation to the sarcomere length of the
muscle compliance multiplied by the overlap between thick
and thin filaments. The compliance was obtained from the
stiffness (Fig. 6 [®]). Theoretically (see Appendix A in
Ford et al.,, 1981 and Appendix B in this article), the
calculated points will be on the horizontal solid line, if
100% of the sarcomere compliance is the cross-bridge
compliance and if there is no contribution of end com-
pliance. The effect of end compliance to the plot in Fig. 8 is
analyzed in Appendix B. Our experimental points are close
to the broken line. As shown in Appendix B, this means
that most (probably >80%) of the sarcomere compliance
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FIGURE 8 The relation of the relative compliance x filament overlap to
the sarcomere length. The compliance was obtained from the stiffness
shown by the closed circle in Fig. 6. See Appendix B for the explanation of
the lines.

at full overlap in rigor fibers is the cross-bridge com-
pliance.

Relations to Other Studies

Oosawa and his coworkers showed that the bending flexi-
bility of thin filaments (F-actin—tropomyosin—troponin sys-
tem) is increased by Ca** and the flexibility of thin
filaments decorated with heavy meromyosin is much more
increased by Ca** (Oosawa, 1977). Thin filaments in rigor
fibers seem to be relatively rigid as discussed above.
However, if the flexibility of thin filaments is assumed to
contribute to the rigor stiffness (Fujime et al., 1979), the
rigor stiffness will be smaller in the presence of Ca** than
in its absence. However, this was not the case as shown in
our work. Thus, the bending flexibility of thin filaments in
the overlapped and nonoverlapped regions has no signifi-
cant contribution to the rigor stiffness.

The Young’s modulus of the rigor stiffness at full
overlap was 2.5 x 10? kg/cm?®. If a correction is made for
the contribution of end compliance, the true rigor stiffness
may become 3 x 10 kg/cm?. This is ~40% of the Young’s
modulus obtained with active intact frog fibers by Ford et
al. (1977).

The relatively low value of the Young’s modulus of
glycerinated rabbit psoas fibers in rigor is not due to
denaturation of myosin in the fibers during glycerination;
we found that fresh “chemically skinned” psoas fibers
before glycerination gave the same stiffness. The low value
is not due to the 3-ms step (up to 1% muscle length in our
study); it has been found that the rigor stiffness does not
increase greatly as speed of stretch is increased from 1.5 to
0.15 ms for a 0.5% muscle-length change (M. Schoenberg,
personal communication). The value of the rigor stiffness
obtained by Schoenberg et al. (1983) is also very close to
our value. Thus, the difference of the stiffness may be due
to the swelling of skinned fibers, the differences in animals,
or the difference in state (rigor vs. contraction).
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In that most of myosin heads form bonds with actin in
rigor fibers of rabbit (Cooke and Franks, 1980; Lovell and
Harrington, 1981), as well as of frog (Lovell et al., 1981),
and fewer myosin heads form bonds with actin in active
intact fibers (Haselgrove and Huxley, 1973; Matsubara et
al., 1975), the true difference of the stiffness per a cross-
bridge will be larger if the same value for the cross-bridge
concentration in these two preparations is assumed.

Giith and Kuhn (1978) measured the “instantaneous”
stiffness of active fibers and the rigor stiffness, using
glycerinated rabbit psoas fibers. The Young’s modulus of
the rigor stiffness was slightly larger than that of the
instantaneous stiffness, and ~2 x 102 kg/cm’, which is
close to our value. The Young’s modulus of the rigor
stiffness obtained by Yamamoto and Herzig (1978) with
skinned frog fibers is ~6 x 10> kg/cm?, if the rigor tension
in their case is taken to be 30 N/cm?® (=3 kg/cm?), and is
about two times larger than our value. Thus, it is more
likely that the difference between our rigor stiffness and
the “instantaneous” stiffness of active frog fibers by Ford
et al. (1977) is due to differences in animals.

A similar study was made by Goldman and Simmons
(1977), using skinned frog fibers. They found that the
instantaneous stiffness of active muscle is 75% of rigor
stiffness. Because they do not give the absolute values of
fiber diameter in their paper, we cannot compare our value
with theirs.

Conclusion

In summary, the compliance of rigor fibers mostly origi-
nates in the cross-bridges. Inasmuch as the nature of the
cross-bridge compliance in rigor fiber is not the “rocking”
of the SI head bound to thin filaments (Naylor and
Podolsky, 1981; Cooke, 1981), the compliance could be
due to a shape change in SI (possibly near the joint
between SI and SII in view of no change in the angle of SI
binding), or in SII as assumed by Huxley and Simmons
(1971). The measurement of rigor stiffness is useful for
discriminating these two possibilities (see Kimura and
Tawada, 1984), because chemical modification techniques
can be more easily applied to rigor fibers than to active
fibers and because of the ease of stiffness measurement.

APPENDIX A

Estimation of End Compliance in a Muscle
Segment from the Dependence of the
Young’s Modulus on the Segment Length

In this Appendix, we consider segments of muscle fiber with a given

filament overlap.
The Young’s modulus of a muscle segment is given by
E = (AF/S)/(AL/L), (A1)

where L is the segment length; S, the cross-sectional area; AL, the applied
stretch length; AF, the tension increment generated by the stretch. Fig. 3
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FIGURE 9 Model of the end compliance distribution in a muscle
segment. (a) Fiber segment of the length of 2x + L. (b) Fiber segment
after the length reduction to 1/n of the original length. The cross-
sectional area is assumed to be the same throughout the entire length of
the segments. E and ¢ are the Young’s moduli of elasticity.

shows that glycerinated rabbit psoas fibers in rigor behave as a spring of
linear compliance. Thus, £ is constant.

If the compliance of a muscle segment is uniform along the fiber, E is
independent of the segment length at a fixed sarcomere length. On the
contrary, if the compliance of a muscle fiber segment near the tying knots
at both ends is different from the true compliance of the muscle, E will
depend on the segment length at a fixed sarcomere length. From the
length dependence of the Young’s modulus, we can evaluate the contribu-
tion of the end compliance.

For analysis, we assume a model for a muscle fiber segment comprising
the end compliance as depicted in Fig. 9. The model assumes that a
muscle fiber segment consists of three portions: two end-compliance
portions and a true-compliance portion. The model also assumes (a) a
constant length (A) for the end-compliance portion, (b) a constant
Young’s modulus (¢) for the end compliance, (¢) a constant Young’s
modulus (E) for the true compliance of the muscle, and (&) that both the
end compliance and the true compliance are linear. The apparent Young’s
modulus of a muscle fiber segment comprising the end compliance is
given by

E,= Ee(2\ + L)/(2\E + Le), (A2)
where the length of the muscle segment is 2\ + L.

The apparent Young’s modulus of the muscle fiber after 1/n reduction

of the length is given by

E, = Ee(2\ + X)/(2AE + Xe)
= Ee(2N + L)/[e(2\ + L) + 2M(E — €)n]),

(A3)

where the length of the shorter muscle segment is 2\ + X and X =
(2N — 2An + L)/n.
From Eqs. A2 and A3,

E,JE,=A+ (1 — An, (Ad)

where A4 = (2\ + L)/ (2AE + Le).
The ratio of the length change in the true-compliance portion to the

length change applied at one end of a muscle fiber segment is given by
Length-change ratio
= (AL/L)/[(2AX + AL)/(2\ + L)]
= O/E
=e(2N + L)/ (2NE + Le)
= A.

(A5)

600

For a fiber segment of 1/n of the original length,

Length-change ratio

= (AX/X)/[(2AN + AX)/(2A + X))
- E,/E

=A/[4 + (1 - An],

(A6)

where X = (2N — 2\n + L)/n.

The value for A can be obtained by back extrapolation of n to 0 in Eq.
Ad4. The contribution of the end compliance in a fiber segment or in a fiber
segment of 1/n of the original segment length can be calculated from Eqs.
AS and A6.

APPENDIX B

Contribution of End Compliance to the Plot
of Compliance x Filament Overlap vs.
Sarcomere Length

In Appendix A, we considered the case that the length of fiber segments
was varied while keeping a constant sarcomere length. Here we consider
the case that the length of fiber segments is varied by changing the
sarcomere length (while the segments are in relaxing solution).

In this Appendix, we use the following notations for the compliance
distribution in a fiber segment in rigor such as shown in Fig. 9:

C, compliance in the entire A portion (end compliance)

C, compliance in the entire L portion (sarcomere compliance).
The compliance in the entire fiber segment is
C=2C, + C. (B1)

The ratio of the length change in the true-compliance portion to the
length change applied at one end of a muscle fiber segment is given as

Length-change ratio
=(G/D/IQC. + C)/(2\ + L)]
=(2A/L + 1)/(2C,/C, + 1)
= A. (B2)
Eq. B2 corresponds to Eq. AS. From Eq. B2,
2C,/C, = (2A/L + 1)JA — 1. (B3)
We may assume that 2\/L « 1. We also assume that

A=1-02 (1=¢=0)

because the length-change ratio (A4) appears to be a decreasing function
of the filament overlap (¢) as shown in Results. Then, Eq. B3 becomes

2C,/C,=1/4 -1
=1/(1 - 0.2¢) — 1 (B4)
=~ 0.2¢.

C, is a function of the filament overlap (see Appendix A in Ford et al.,
1981). If we assume that the sarcomere compliance originates only in the
cross-bridges,

C: = Cr/¢v (BS)

where C. is a constant. Eqs. B4 and BS lead to
2C, = 0.2C.. (B6)
BIOPHYSICAL JOURNAL VOLUME 45 1984



From Eqgs. B1, B5, and B6,
Cro = (0.2¢ + 1)C.. (B7)

The normalized Eq. B7 is shown as a function of the sarcomere length by
the broken line in Fig. 8. Eq. B7 nicely fits the experimental points. The
broken line stands for the case that the sarcomere compliance in the L
portion is only the cross-bridge compliance and the length-change ratio is
0.80 at a full overlap sarcomere due to the end compliance. If there is no
contribution of the end compliance, C, = 0. Then, from Egs. Bl and BS,

C;¢ = C, = constant. (B8)
Eq. B8 is shown by the solid line in Fig. 8.

If the Z-line together with the cross-bridges contributes to the sarco-
mere compliance,

Cs = Cz + Cc/d) (B9)
where C, is the Z-line compliance.
Eqs. B1, B4, and B9 lead to
Co= 0.2¢°C, + (C, + 0.2C)¢ + C.. (B10)

Assuming C,/(C, + C,) = 0.2, i.e., the Z-line contributes 20% of the
sarcomere compliance with 80% contribution of cross-bridges at full
overlap, Eq. B10 was calculated and is shown in Fig. 8 (dots).

If thick filaments together with cross-bridges contribute to the sarco-
mere compliance,

C,=C(24 - 149) + C./¢, (B11)

where C, (2.4 — 1.4¢) is the thick-filament compliance (sec Eq. A10 in
Appendix A of Ford et al., 1981). Egs. B1, B4, and B11 lead to

Cr¢ = —0.28¢4°C,,; — 0.92¢°C,,
+ (24C,; + 02C)¢ + C.. (B12)

Assuming C,/(C,, + C) = 0.2, i.e., thick filaments contribute 20% of
the sarcomere compliance with 80% cross-bridge contribution at full
overlap, Eq. B12 was calculated and is shown in Fig. 8 (dots and
dashes).

If thin filaments together with cross-bridges contribute to the sarco-
mere compliance,

C, - C,(1.76 — 0.76¢) + C./¢, (B13)

where C,(1.67 — 0.67¢) is the thin-filament compliance (see Eq. A10 in
Appendix A of Ford et al., 1981). Egs. Bl, B4, and B13 lead to

Cio = —0.152¢4°C,
— 0.408¢°C, + (1.76C, + 0.2C.)¢ + C.. (B14)

Assuming C,/(C, + C,) = 0.2, i.e., thin filaments contribute 20% of the
sarcomere compliance with 80% cross-bridge contribution at full overlap,
Eq. B14 was calculated. The calculated line (not shown) would be
between the two lines of Eqs. B10 and B12 in Fig. 8.

Below the sarcomere length of 2.36 um, the extent of filament overlap
is constant while the sarcomere length is varied. Thus, the dependence of
the end-compliance contribution on the muscle segment length discussed
in Appendix A should be taken into account. However, since the length
change of a fiber segment when the sarcomere length is reduced from 2.36
to 2.1 pum is small (~10%), we may assume that the end-compliance
contribution is constant in the range of sarcomere lengths from 2.36 to 2.1
um. Under this assumption, we calculated C,; x ¢ below the sarcomere
length of 2.36 um by using Eqs. Bl and B4 and Eq. B13 with the second
term on the righthand side replaced with C,, and also assuming C,/
(C, + C.) = 0.2. The calculated values (relative) were 0.97 at 2.10 um,
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0.98 at 2.15 um, 0.99 at 2.22 um, and 1 at 2.36 um of sarcomere lengths.
These calculated values are slightly below the experimental points in Fig.
8. Since the standard deviation of the stiffness measurements with a single
fiber segment in rigor at full overlap is about 2% (N = 3), the difference
between the calculated and experimental values may be within experi-
mental errors.

Fig. 8 shows that 20% contribution of the Z-line to the sarcomere
compliance at full overlap clearly produces deviation of the line of the
compliance x (filament overlap) plot from the experimental points. The
deviation would be still visible even with 10% contribution of Z-line. Thus,
the contribution of Z-line to the sarcomere compliance appears to be very
small. A 20% contribution of thick or thin filaments to the sarcomere
compliance at full overlap does not produce significant deviation of the
line of the plot from the experimental points except at sarcomere
lengths >3.0 um. However, the deviation would be appreciably larger
when >30% contribution of thick or thin filaments at full overlap is
assumed. Thus, most (probably >80%) of the sarcomere compliance in
rigor fibers at full overlap appears to be the cross-bridge compliance.
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