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SUMMARY

1. The mechanism of the enhancement and the deficit of isometric force by slow
length changes in frog skeletal muscle was studied with the time-resolved X-ray
diffraction technique, using intense X-rays of synchrotron radiation.

2. When a tetanized muscle was slowly stretched by 4% from sarcomere lengths
2-3-2-4 ,um, the force rose to a peak during stretch and then decreased to a steady
level 10-15% higher than that immediately before stretch.

3. The intensity of the 1,1 equatorial reflection decreased nearly linearly during
stretch and then again increased after the completion of stretch, reaching a steady
level 12+5% (mean + S.D., n = 11) lower than that immediately before stretch. The
above 1,1 intensity change was roughly a mirror image of the force change.

4. The intensity of the 1,0 equatorial reflection showed no marked changes in
response to a slow stretch, except for an initial transient increase observed
occasionally.

5. If a tetanized muscle was slowly released by 4% from sarcomere lengths
2-3-2'4 ,sm, the steady force attained after the completion of release was lower than
that immediately before release.

6. The 1,1 intensity increased slightly during release, while the 1,0 intensity did
not change significantly.

7. The half-width of both the 1,0 and the 1,1 reflections did not change
appreciably in response to slow length changes.

8. Slow length changes always produced changes in the spacing between the
reflections as expected from the constant-volume behaviour of the myofilament
lattice.

9. These results indicate that a slow stretch produces disordering of the
myofilament lattice in such a way that the thin filaments are displaced from trigonal
positions in the thick filament lattice. The resulting increase in the overall repulsion
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forces between the filaments may lead to the enhanced isometric force after
stretch.

INTRODUCTION

In the preceding paper (Sugi & Tsuchiya, 1988), the force and the stiffness changes
in response to slow length changes were studied on tetanized single frog skeletal
muscle fibres to give information about the mechanism of the enhancement and the
deficit of isometric force after slow length changes (Abbott & Aubert, 1952; Deleze,
1961; Edman, Elzinga & Noble, 1978; Marechal & Plaghki, 1979). The most striking
result obtained in the above work was that, despite a marked enhancement of
isometric force after a slow stretch, the steady stiffness value attained after the
stretch was definitely smaller than that before the stretch, reflecting a decrease in the
myofilament overlap at the stretched fibre length. Since the stiffness of tetanized
muscle is generally taken as a measure of the number of the cross-bridges attached
to the thin filaments (Huxley & Simmons, 1973; Julian & Sollins, 1975), the above
result suggests that the enhanced isometric force is associated either with an
increased force exerted by each cross-bridge or with a recruitment of some force-
bearing mechanism other than the cross-bridges. On the other hand, the deficit of
isometric force after a slow release appeared to be associated with a decrease in the
force-generating capacity of individual fibre segments irrespective of whether they
shortened or remained isometric during the applied length changes.
The experiments to be described in this paper were undertaken to explore the

mechanism of the enhancement and the deficit of isometric force in more detail by
studying the effect of slow length changes on the force and the X-ray diffraction
pattern of tetanized frog skeletal muscle by the time-resolved X-ray diffraction
technique. By the use of intense X-rays of synchrotron radiation, it was possible to
record the intensity changes of the equatorial reflections with a time resolution of
50 ms. The results suggest that the force enhancement after a slow stretch is
associated with disordering of the myofilament lattice. Preliminary accounts of this
work have already appeared (Sugi, Tanaka, Kobayashi & Amemiya, 1984; Tanaka,
Kobayashi, Amemiya, Wakabayashi, Iwamoto & Sugi, 1986).

METHODS
Preparation
The sartorius muscle isolated from the bull-frog (Rana cate8beiana) was mounted vertically in an

experimental chamber with two Mylar windows to pass X-rays through the middle of the muscle.
The pelvic end of the muscle was clamped to a steel rod extending from a force transducer (type
UT, Shinkoh Co.; compliance, 1 1am/g; natural frequency of oscillation, 150 Hz), while the tibial
end was connected to an electromagnetic vibrator (type 200, Ling Dynamic Systems Ltd) with a
jeweller's chain. Muscles were continuously perfused with oxygenated Ringer solution (115 mM-
NaCl, 2-5 mM-KCl, 1-8 mM-CaCl2, pH adjusted to 7-2 by NaHCO3), the temperature of the solution
being kept at 5+0-1 °C with a thermo-electric device (Coolnix, Yamato Kagaku Co.). The initial
sarcomere length of the muscle was adjusted to 2-3-2-4 ,um by optical diffraction of He-Ne laser
light. The chamber contained a multielectrode assembly consisting of eight platinum wires
connected as alternate anodes and cathodes.

Time-re8olved X-ray diffraction technique
A focused and monochromatized X-ray beam of wavelength 0-155 nm was produced by a camera

designed by Amemiya, Wakabayashi, Hamanaka, Wakabayashi, Matsushita & Hashizume (1983)
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from the synchrotron radiation of the storage ring operated at 2-5 GeV and 65-105 mA. The camera
consisted of seven 20 cm long segments of totally reflecting curved silica mirror and a bent
triangular-shaped silicon crystal monochromator cut at 7-8 deg to the 111 planes (Wakabayashi,
Hamanaka, Amemiya, Tanaka, Wakabayashi & Hashizume, 1983). The specimen-to-detector
distance was 240 cm, and the beam sizes at the specimen and at the detector plane were 2 x 5 and
1-3 x 2-6 mm (vertical x horizontal) respectively. The intensity distribution of the X-rays scattered
perpendicular to the muscle long axis, i.e. the equatorial diffraction pattern was recorded by a
20 cm long, linear position-sensitive detector using a 400 ns internal delay line (Rigaku Denki Co.)
and an encoding digitizer (type 4202, LeCroy Research Systems) for position read-out. The signals
of one-dimensional patterns were stored as a function of time in a CAMAC memory (type 3588,
LeCroy Research Systems) linked to a computer (Micro- 11/F23, Automation System Research).
Unless otherwise stated, the memory was divided into 100 time segments of 256 channels, each
corresponding to a successive 50 ms time period of data collection.

General procedure
The muscle was tetanized with a 2-5-4 s train of 1 ms supramaximal rectangular current pulses

at 20 Hz. The muscle was first kept isometric, and when the full isometric force was developed, slow
constant-velocity stretches or releases (4% of the initial muscle length at 0-08-032 length/s) were
applied with the vibrator, the movement of which was sensed by a light beam-photodiode system
and controlled with a feed-back circuit. With the initial sarcomere length of 2-3-2-4, m, the
development of resting force by a 4% stretch only amounted to less than 2-3% of the maximum
tetanic force (2-3-2-8 kg/cm2). The length and force changes were observed with a storage
oscilloscope (type 5110, Tektronix Inc.), and also stored in the CAMAC memory together with the
X-ray data. Each muscle was tetanized 20 times at intervals of 30 s, and the fall in tetanic force
between the first and the last tetani was less than 20-25 %. Data over twenty tetani for each muscle
were accumulated in the relevant memory segments to obtain reasonable photon statistics in the
diffraction pattern. In some cases, such data from two to five different muscles were added and
averaged.

Data analy8i8
The integrated intensities of the 1,0 and 1,1 equatorial reflections for each of the 100 time

segments were obtained by measuring the area under the peaks of a diffraction pattern (see Fig. 2).
The background level under each peak was drawn by a second-order polynomial fitting; the
data points out of any reflection slopes were smoothed by calculating the 1, 2, 1 running average
(Podolsky, Onge, Yu & Lymn, 1976). The intensity of these reflections was taken as the mean value
of the intensities on the left and right sides of the diffraction pattern.

RESULTS

Effects of slow length changes on the equatorial reflections of tetanized muscle
Intensity changes of the equatorial reflections during the enhancement of isometric force

by slow stretches. Figure 1 shows the effect of a slow stretch (4% of the initial muscle
length at 0-16 length/s) applied to a tetanized muscle (initial sarcomere length,
2 3 ,um) on the force and on the intensity and the half-width of the 1,0 and 1,1
equatorial reflections. The initial isometric force development was associated with a
decrease in the 1,0 intensity and an increase in the 1,1 intensity as reported by many
authors (Huxley & Brown, 1967; Elliott, Lowy & Millman, 1967; Haselgrove &
Huxley, 1973; Amemiya, Sugi & Hashizume, 1979), and both intensities reached a
steady level during the plateau of isometric tetanic force. In response to the
subsequent application of slow stretch, the force rose to a peak during stretch and
then started to decay after the completion of stretch, approaching a steady level
higher than the steady force immediately before stretch. The above increase in
isometric force by a slow stretch despite a decrease in the myofilament overlap is
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known as the force enhancement by stretch (Abbott & Aubert, 1952; Deleze, 1961;
Edman et al. 1978; Sugi & Tsuchiya, 1988). The 1,1 intensity was found to decrease
nearly linearly during stretch and then started to increase again after the completion
of stretch, reaching a steady level lower than that immediately before stretch.
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Fig. 1. Effect of a slow stretch (4% of the initial length at 0 16 length/s) on the force and
on the intensity and the half-width of the 1,0 (@) and the 1,1 (0) equatorial reflections.
The muscle was tetanized for 2-5 s at 2-3 ,um sarcomere length. In this and subsequent
figures, the force is expressed as fraction or multiple of the steady isometric tetanic force,
and the intensity and the half-width of the equatorial reflections are expressed in
arbitrary units. Each plot represents an average of twenty tetani. Time course of stretch
and the period of stimulation are indicated under the force trace.

Examples of equatorial X-ray diffraction patterns from a tetanized muscle before
and during a slow stretch (4% at 0-08 length/s) are presented in Fig. 2. As shown in
Figs 1 and 2, the half-width of the 1,1 reflection did not change appreciably during
the changes in the 1,1 intensity in response to the applied stretch. The above
characteristic decrease in the 1,1 intensity followed by a partial recovery was roughly
a mirror image of the force changes during and after stretch. On the other hand, the
1,0 reflection exhibited no significant changes in response to stretch, except that it
occasionally showed a small transient increase in the intensity at the beginning of
stretch.
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Similar results were obtained on ten other muscles examined. The decrease in the
steady 1,1 intensity level after 4% stretches in a tetanized muscle was 12+5%
(mean +S.D., n = 11), while the increase in the steady isometric force after 4%
stretches ranged from 10 to 15%. These values appeared to be independent of the
stretch velocity at least in the range of velocities used (0-08-0-32 length/s).
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Fig. 2. Equatorial X-ray diffraction patterns of a tetanized bull-frog sartorius muscle
before (continuous line) and during (dashed line) a slow stretch (4% of the initial length
at 0-16 length/s). The former pattern was recorded at the plateau of isometric tetanus
(within 0-15 s before the beginning of stretch), while the latter pattern was recorded
during stretch (within 0-15 s before the completion of stretch). Each pattern is an average
of twenty tetani. The stretch was complete in 0-25 s. Vertical lines crossing the back-
ground level indicate the margin of the 1,0 and 1,1 reflections.

Intensity changes of the equatorial reflections during the deficit of isometric force by
slow releases. Figure 3 shows the effect of a slow release (4% at 0- 16 length/s) applied
to a tetanized muscle (initial sarcomere length, 24,um) on the force and on the
intensity and the half-width of the 1,0 and the 1,1 reflections. The force decreased
during release and started to increase after the completion of release to reach a
steady level lower than that immediately before release. The above decrease in
isometric force by a slow release despite an increase in the myofilament overlap is
known as the force deficit by release (Abbott & Aubert, 1952; Marechal & Plaghki,
1979; Sugi & Tsuchiya, 1988). The 1,1 intensity was observed to increase slightly
during release, though the increase was just barely perceptible in some cases. After
the completion of release, the 1,1 intensity tended to decrease with time to make it
difficult to determine the steady 1,1 intensity level. No significant change in half-
width of the 1,1 intensity was seen during the above changes in the 1,1 intensity. As
with slow stretches, the 1,0 reflection showed no appreciable changes in response to
slow releases, except that it tended to increase after the completion of release. Similar
results were obtained on seven other muscles.

Intensity changes of the equatorial reflections during isometric tetanus at different
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muscle lengths. Since the amount of overlap between the myofilaments changes as a
result of slow length changes, the effect of changing the initial sarcomere length on
the steady level of the 1,0 and the 1,1 intensities during an ordinary isometric tetanus
was examined by tetanizing a muscle isometrically at two different lengths, one at
2-3 ,um sarcomere length and the other at 2-4 ,sm sarcomere length. The muscle was
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Fig. 3. Effect of a slow release (4% of the initial length at 0 16 length/s) on the force and
on the intensity and the half-width of the 1,0 (@) and the 1,1 (0) equatorial reflections.
The muscle was tetanized for 2 5 s at 24 ,um sarcomere length. Each plot is an average of
twenty tetani. Time course of release and the period of stimulation are indicated under
the force trace.

tetanized 5 times at each length, and the intensity changes of the 1,0 and the 1,1
reflections were recorded with a time resolution of 200 ms. As shown in Fig. 4, the
steady level of both the 1,0 and the 1,1 intensities during an isometric tetanus did not
differ appreciably between the two different muscle lengths. This may be compatible
with the reports that the intensity ratio of the 1,0 and the 1,1 reflections changes only
slightly with small changes of the sarcomere length (Podolsky et al. 1976; Amemiya
et al. 1979). Similar results were obtained on two other muscles examined. These
results may be taken to indicate that the intensity changes of the equatorial
reflections in response to slow length changes cannot be simply explained as being
due to sarcomere length changes.
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Changes in the interfilament spacing during slow length changes. As can be seen in
Fig. 2, the position of both the 1,0 and the 1,1 reflections changed as a result of the
applied muscle length change, indicating the change in the interfilament spacing.
Slow stretches always produced an increase in the spacing between the reflections,
i.e. a decrease in the interfilament spacing, whereas slow releases always caused a
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Fig. 4. Effect of changing the initial sarcomere length on the intensity (I) changes of the
1,0 and the 1,1 reflections during the ordinary isometric tetanus at 2-3 ,um (E, A) and at
2-4 ,tm (0, *) sarcomere length. The muscle was tetanized for 2-5 s. Each plot represents
an average of five tetani. Force records at 2-3 ,um (a) and 2-4 ,tm (b) sarcomere lengths are
shown in the upper part.

decrease in the spacing between the reflections, i.e. an increase in the interfilament
spacing. These results are consistent with the fact that the myofilament lattice
volume remains constant when the sarcomere length in living relaxed muscle or
actively contracting muscle is varied (Huxley, 1953; Elliott, Lowy & Worthington,
1963; Amemiya et al. 1979).

DISCUSSION

Changes in the myofilament lattice caused by slow length changes
The equatorial X-ray diffraction pattern of frog skeletal muscle arises from the

hexagonal lattice of the thick and thin filaments, and has been studied intensively to
obtain information about the behaviour of the cross-bridges during contraction.
During isometric force development, the 1,0 intensity decreases while the 1,1
intensity increases (Figs 1 and 3, Elliott et al. 1967; Huxley & Brown, 1967;
Haselgrove & Huxley, 1973; Amemiya et al. 1979). As the 1,0 plane consists only of
the thick filaments while the 1,1 plane consists of both the thick and thin filaments
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in a ratio of 1:2, the above 1,0 and 1,1 intensity changes have been interpreted as
being due to the movement of X-ray scattering mass, i.e. the cross-bridges, from the
vicinity of the thick filaments to the vicinity of the thin filaments (Huxley, 1968).
The present experiments have shown that, in response to a slow stretch applied to

anI isometrically tetanized muscle, the 1,1 intensity showed a marked decrease which
was followed by a partial recovery, whereas the 1,0 intensity did not change
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Fig. 5. Diagram showinig the disordering of the myofilament lattice by stretch as a
possible cause of the enhancement of isometric force after stretch.

appreciably except for an initial small transient increase in the intensity observed
occasionally (Fig. 1). Since the marked intensity changes took place in the 1,1
intensity but not in the 1,0 intensity, the above effect of slow stretch cannot be
explained as being due to the movement of mass between the thick and thin filaments
or to the change in number of the cross-bridges attached to the thin filaments. A
characteristic feature of the 1,1 intensity change was that the half-width of the 1,1
reflection did not change significantly during and after the applied stretch (Figs 1
and 2).
A most plausible explanation for the 1,1 intensity changes based on the present

results is that a slow stretch applied to a tetanized muscle causes disordering of the
1,1 myofilament lattice without significant changes in the mean interfilament
spacing as shown diagrammatically in Fig. 5. Before stretch, the hexagonal
myofilament lattice is well ordered so that the thin filaments are located in trigonal
positions in the hexagonally packed thick filaments (A). When the muscle is
stretched, the thin filaments are displaced from their initial position without
significant change in their overall mean position in the thick filament lattice (B). The
above stretch-induced disordering of the myofilament lattice persists for the rest of
the tetanus, as indicated by the low 1,1 intensity level attained after the completion
of stretch (Fig. 1).
The effects of slow releases on the equatorial reflections, on the other hand, were

much less marked than those of slow stretches, though the 1,1 intensity occasionally
increased slightly in response to the applied release (Fig. 3), suggesting that the
position of the thin filaments in the thick filament lattice tends to be more ordered.
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At present, it is difficult to correlate this result with the decrease in the force-
generating capacity of the contractile system suggested in the preceding paper
(Sugi & Tsuchiya, 1988).

Possible involvement of the disordering of the myofilament lattice in the force
enhancement by stretch
Matsuda & Podolsky (1986) showed that the 1,1 intensity of relaxed skinned rabbit

psoas fibres decreased markedly at pH below 5 5, while the 1,0 intensity remained
constant, indicating that the thick filament lattice is more stable than the thin
filament lattice, in agreement with our interpretation of the present results (Fig. 5).
Their results also indicate that the thin filaments are positioned within the thick
filament lattice by electrostatic repulsion forces between the filaments. Since the
electrostatic force is inversely proportional to the square of the interfilament
distance, the stretch-induced displacement of the thin filaments from the trigonal
position in the thick filament lattice (Fig. 5) should result in an increase in the overall
repulsion forces within the whole myofilament lattice. As mentioned previously, the
myofilament lattice in a living muscle behaves as a constant-volume system. In the
constant-volume myofilament lattice system, the increase in the overall repulsion
forces between the filaments would result not only in an increase in the force required
to get them closer together (i.e. increased resistance to stretch), but also in an
increase in the force required just to maintain them in position (i.e. increased
isometric force). Thus, the increased lateral repulsion forces in the myofilament
lattice would be converted into an increment of steady isometric force, showing up
as the enhancement of isometric force after stretch. As discussed in the preceding
paper (Sugi & Tsuchiya, 1988), the above idea that the stretch-induced disordering
of the myofilament lattice causes the force enhancement after stretch can also
explain the enhancement of isometric force that occurs with decreased stiffness
(Sugi & Tsuchiya, 1988).
Edman (1979) showed that the velocity of unloaded shortening in tetanized frog

muscle fibres increased more than twofold at sarcomere lengths where the resting
force amounted to about 7% of the maximum tetanic force, indicating a marked
effect of prestretched parallel elastic component in accelerating the shortening
velocity. When the tetanized fibres were allowed to shorten under zero load after
they had been stretched or lengthened isotonically, the shortening velocity did not
differ significantly from that when they were allowed to shorten during an isometric
tetanus (Edman et al. 1978; Sugi & Tsuchiya, 1981). This implies that the increased
lateral repulsion forces in the myofilament lattice may tend to restore the thin
filament positions but tend not to cause an expansion of the myofilament lattice,
which leads to an active force development or active shortening when coupled with
the constant lattice volume mechanism. On this basis, the stretch-induced increment
of isometric force is passively maintained, and in a sense resembles the catch state
taking place in molluscan smooth muscle.
The isovolumic behaviour of the myofilament lattice no longer exists after

mechanical or chemical skinning of muscle fibres (e.g. Matsubara & Elliott, 1972).
Tanaka, Tanaka & Sugi (1979) measured the rate of ATP splitting in glycerinated
muscle fibres, and found that, over a wide range of sarcomere lengths studied, the
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rate of ATP splitting in Ca2"-activated fibres was higher after slow stretch than
before stretch, unlike living muscle fibres which show a markedly reduced ATP
splitting rate after stretch (Curtin & Davies, 1973). This seems to indicate that the
mechanism of force enhancement by stretch in living fibres is different from that in
skinned or glycerinated fibres.
As to the cause of the disordering of the myofilament lattice responsible for the

enhancement of isometric force after stretch, it may be that the strain on the thin
filaments produces non-uniformity of charge distribution along the thin filaments,
and this in turn disturbs the electrostatic equilibrium of the regular array of the
myofilaments. Matsubara & Yagi (1985) observed that the intensity of the 14f3 nm
meridional reflection of a tetanized muscle decreases by a slow stretch, suggesting
that the myosin heads spread out along the thick filaments. This might be attributed,
at least in part, to the disordering of the 1,1 lattice, since the heads attached to the
thin filaments would spread out in various directions as the thin filaments go out of
the trigonal positions in the thick filament lattice.
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