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The elementary force generation process probed by
temperature and length perturbations in muscle fibres from

the rabbit

Sergey Y. Bershitsky and Andrey K. Tsaturyan
The Randall Institute, King’s College London, London WC2B 5RL, UK

Single chemically permeabilized fibres from rabbit psoas muscle were activated maximally at
5—6°C and then exposed to a rapid temperature increase (‘T-jump’) up to 37 °C by passing a high-
voltage pulse (40 kHz AC, 0.15 ms duration) through the fibre length. Fibre cooling after the
T-jump was compensated by applying a warming (40 kHz AC, 200 ms) pulse. Tension and changes
in sarcomere length induced by the T-jumps and by fast length step perturbations of the fibres were
monitored. In some experiments sarcomere length feedback control was used. After T-jumps
tension increased from ~55 kN m ™ at 5—6 °C to ~270 kN m* at 36—37 °C, while stiffness rose by
~15%, suggesting that at a higher temperature the myosin head generates more force. The
temperature—tension relation became less steep at temperatures above 25°C, but was not saturated
even at near-physiological temperature. Comparison of tension transients induced by the T-jump
and length steps showed that they are different. The T-jump transients were several times slower
than fast partial tension recovery following length steps at low and high temperature (phase 2). The
kinetics of the tension rise after the T-jumps was independent of the preceding length changes.
When the length steps were applied during the tension rise induced by the T-jump, the observed
complex tension transient was simply the sum of two separate responses to the mechanical and
temperature perturbations. This demonstrates the absence of interaction between these processes.
The data suggest that tension transients induced by the T-jumps and length steps are caused by

different processes in myosin cross-bridges.
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Force in actively contracting muscle is generated by cross-
bridges, globular heads of myosin molecules protruding
from the thick filaments and forming transient links with
neighbouring actin filaments. It is generally assumed that
the cross-bridges act independently and asynchronously
(Huxley, 1957). Huxley & Simmons (1971) used sudden
perturbation of the length of a single contracting muscle
fibre to synchronize mechanical events in a significant
fraction of the cross-bridges attached to the thin filaments.
Fast partial tension recovery following a step release
(Huxley-Simmons phase 2) was considered to result from
a force-producing stepwise transition of the cross-bridges.
This transition, taking place on a millisecond time scale,
was assumed to be the universal mechanism of force
generation in muscle. However, other independent evidence
for stepwise transition is needed (Huxley, 1981).

A number of approaches were developed to perturb the
steady-state equilibrium in contracting muscle fibres
with the aim of investigating the mechanism of force
generation. In the temperature jump (T-jump) method the

temperature of a single muscle fibre is increased within a
fraction of a millisecond using either a pulse of powerful IR
laser (Davis & Harrington, 1987a,b, 1993; Goldman ef al.
1987; Davis & Rodgers, 1995a,b; Ranatunga, 1996) or Joule
heat (Bershitsky & Tsaturyan, 1985, 1995). A contracting
muscle subjected to a sudden increase in temperature
responds by a substantial increase in tension. The amplitude
and the time course of the T-jump tension transient
depend on the initial and final temperature. The time
course of the tension increase above its initial level is usually
fitted by the sum of two exponential components. The
faster of these components was considered to be associated
with phase 2 of the Huxley-Simmons transient (Goldman
et al. 1987; Bershitsky & Tsaturyan, 1988, 1992; Davis &
Harrington, 1993; Davis & Rodgers, 1995a; Ranatunga,
1996). The kinetics of phase 2 of the length step-induced
transient was shown to be dependent on the amplitude of
changes in sarcomere length (Ford et al. 1977; Linari et al.
1993), so it is essential to keep sarcomere length constant
during the tension transients or at least to monitor changes
in the sarcomere length. However, in previous studies
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Table 1. Composition of solutions (mm)

Relaxing Activating Dissecting
Na,ATP 5 5 5
EGTA 5 — 5
CaEGTA — 5 —
MgCl, 7 7 7
Creatine phosphate 22 20 —
CPK (mg ml™) 1 1 —
Cacodilicacid 100 100 —
Imidazole — — 20
KCl — — 110

The ionic strength of the relaxing and activating solutions was
200 mM. pH of all solutions was adjusted to 7.0 with KOH and HCL.
CPK, creatine phosphokinase. All chemicals were from Sigma.

exploiting the T-jump in muscle fibres, sarcomere length
was not controlled.

Here we report the results of experiments with permeabil-
ized muscle fibres from the rabbit, in which the T-jump-
induced tension transients were recorded simultaneously
with changes in sarcomere length and we compare these
transients with those induced by the length steps. In some
experiments, T-jump-induced tension transients were
recorded under sarcomere length feedback control.

Our main findings are the difference in the rate constants
of the tension transients induced by the length and
temperature perturbations and the absence of interaction
between these transients when they are applied rapidly one
after another. These findings suggest that the molecular
mechanisms involved in responses to the length and
temperature changes are different. Some results presented
here have been published in brief (Bershitsky & Tsaturyan,
1999).

METHODS

Muscle fibres

Dutch grey rabbits (3—3.5 kg) were killed in accordance with
Schedule 1 of the Animals (Scientific Procedures) Act (1986) by
intravenous injection of 100 mgkg™' sodium pentobarbitone.
Bundles of muscle fibres approximately 2 mm in diameter and
3 cm long were dissected from both the psoas major and psoas
minor muscles and tied to wooden sticks at slack length. Each
bundle was put into a 5 ml plastic tube filled with air-free storage
solution (containing (mm): 5 ATP, 6 MgCl,, 5 EGTA, 40 potassium
propionate, 80 imidazole and 50 % glycerol, pH 7.0 at 25°C) and
kept at —20°C for 24 h. After replacement of the solution, bundles
were stored at —20°C for up to 2 months. The bundles used
during the first week were additionally immersed in the storage
solution with 0-5—1 % (v/v) Triton X-100 for 1-2 h before use.

Single muscle fibres were dissected in the dissecting solution (see
Table 1) at 5-7 °Cwith fine forceps. A fibre was placed onto a piece of
a coverslip with a drop of the same solution and transferred to the
experimental trough. A 2 + 0-2 mm long fibre segment was glued
at 5°C to the nickel tube ends of the length motor and of the force
transducer with shellac dissolved in ethanol (~50 % w/v purified
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with centrifugation). Then the coverslip was removed and the
experimental trough was lifted up to immerse the fibre in the
relaxing solution at ~0°C. Sarcomere length was adjusted by
He—Ne laser diffraction (Fig. 1) to 2.4-2.5 ym and inspected
along the fibre. Only fibres where the sarcomere length deviation
was less than +0.1 #m of the mean value were used. Fibre width
and length were then measured in both solution and air in two
perpendicular directions with a dissecting microscope and right-
angle prism (Bershitsky & Tsaturyan, 1992,1995).

Mechanical set-up

A thermocontrolled experimental trough designed for Joule
temperature jump, a piezoelectric force transducer with a
resonant frequency of ~12 kHz, and a length motor providing
+50 pm steps within 0.12 ms have been described previously
(Bershitsky & Tsaturyan, 1992, 1995). Since the piezoelectric
transducer is unable to register steady force, a slack test of ~4 %
fibre length was applied to the fibre in the end of each frame for
recording the tension baseline. In some experiments, a force
transducer based on AE801 (SensoNor a.s., Horten, Norway)
strain gauge was used. Its resonant frequency was ~4 kHz.

Temperature-jump apparatus

The Joule temperature jump (T-jump; see Fig. 1) was produced by
a high-voltage 40 kHz AC pulse of 0.15 ms duration applied to a
muscle fibre suspended in the moist air of the experimental trough
at ~5°C as described previously (Bershitsky & Tsaturyan, 1992,
1995). This heated the fibre to a maximum of 40 °C. Continuous
monitoring of the pulse voltage and current provides a measure
of the pulse energy, which is proportional to the change in
temperature achieved in the T-jump. The overall accuracy of the
measurement was ~10 %, as estimated from control experiments
with thermosensitive dye (see below). In this study, the method
was supplemented with a warming-up electronic circuit to
maintain a nearly constant fibre temperature for 200 ms after the
T-jump. A 0.2 s duration, 40 kHz AC pulse of a smaller amplitude
was applied just after the T-jump pulse to compensate for heat
loss, so that temperature remained constant within arange + 10 %
of the T-jump amplitude.

Adjustment of fibre warming

The amplitude of the warming pulse was adjusted by monitoring
the temperature time course within a fibre. In a control
experiment, absorption of He—Ne laser light was recorded in a
muscle fibre immersed in relaxing solution containing 100 mm of
the thermosensitive Tris buffer (temperature coefficient of pK, for
the Tris buffer is ApK,/AT = —0-027 K; Bershitsky & Tsaturyan,
1992) and Bromthymol Blue pH-sensitive dye in saturated
concentration (both from Sigma Chemical Co., St Louis, MO,
USA). Alinear relationship was found between light absorption of
this solution measured with a photodiode and its temperature
monitored in the trough by a miniature thermometer within a
temperature range of 0—40 °C. The dye-relaxed fibre was suspended
in air at ~5°C and T-jumps to 30—35 °C were applied. Records of
changes in the fibre temperature obtained with this method were
rather noisy because of the short optical path in the fibre and light
scattering; however, the kinetics of cooling could be extracted
from these records (Fig. 2). The amplitude of the warming pulse
was adjusted to maintain the output light signal as constant as
possible for 200 ms after the T-jumps. When the T-jump
magnitude was changed, the warming pulse amplitude was scaled
proportionately. As shown previously, heat and vapour diffusion
from the fibre surface after a T-jump in air are the main cooling
mechanisms and the apparent rate constant of the fibre cooling
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is in inverse proportion to the square of the fibre diameter
(Bershitsky & Tsaturyan, 1992).

Sarcomere length measurements and control

A laser diffractometer (Fig. 1) consisting of a 5 mW He—Ne laser
and a position-sensitive photodiode (LSC/30D; United Detector
Technology, Hawthorne, CA, USA) was used for sarcomere length
monitoring and control as described previously by Burton &
Huxley (1995) and Bershitsky & Tsaturyan (1995). The length of
the central segment of the fibre illuminated by the laser beam was
about 1 mm. A feedback switching circuit, kindly provided by
Professors V. Lombardi and M. Irving, was used for the sarcomere
length control.
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Experimental protocols, solutions and data analysis

To activate the fibre, the relaxing solution surrounding it was
sucked out and the trough was filled with activating solution.
When fibre tension achieved a steady level at 0 °C, the trough was
moved down and the fibre remained suspended in air between the
tips of the electrodes attached to the motor and force transducer.
The tension in the fibre slightly increased because the temperature
of the surrounding moist air was ~5°C. After about 2 s, during
which time fibre tension and temperature settled, the T-jump was
applied. Then the trough was lifted and the fibre returned to the
activating solution. In total, the fibre was kept in activating
solution for 3—4 s in every activation. Finally, this solution was
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Figure 1. Block diagram of the experimental set-up

A segment of permeabilized single muscle fibre (F) was glued with shellac to the tips of nickel tube electrodes
attached to the force transducer (FT) and linear motor. The fibre was illuminated by a beam of a 5 mW
He—Ne laser for monitoring or feedback control of sarcomere length by detection of the position of the first-
order diffraction peak with a position-sensitive photodiode (LSC/30D; United Detector Technology,
Hawthorne, CA, USA). The other first-order peak was used for initial adjustment of sarcomere length by
projection on a calibration screen and visual observation of diffraction quality. The force transducer end of
the fibre was electrically connected to earth while the motor end was connected to the temperature jump
apparatus. A heating pulse generator (HPG), triggered externally, produced a 0.15 ms 40 kHz current pulse
and triggered the warming pulse generator (WPG). The warming pulse lasted up to 200 ms. The two pulses
were transformed into a high-voltage pulse of the shape shown in the inset and applied to the fibre suspended
in air. The amplitude of the T-jump was computed with a circuit consisting of an analog multiplier which
gave the product (power, W) of heating pulse current (a voltage drop on a 200 Q resistor, R,) and voltage
(after 400-fold attenuation with R,/R,). The power of the heating pulse was integrated to obtain the
temperature change (AT), proportional to energy (E) divided by the thermal capacity of the fibre. The
integrator was zeroed 100 ms before the T-jump to avoid an error due to a residual charge in the capacitor
(C)) and frozen immediately after the heating pulse was finished. Thus the energy of the warming pulse was
not taken into account for calculating the amplitude of the T-jump.



974 S. Y. Bershitsky and A. K. Tsaturyan

removed and the trough was washed twice with the relaxing
solution (for solution compositions see Table 1).

Activation of rabbit muscle fibres at low temperature preserves
their sarcomere structure and permits up to 30 activations (and
T-jumps) in each fibre before 15 % of initial tension is lost.

Changes in fibre tension (P), motor position (L) and sarcomere
length (SL), as well as amplitude of the T-jump were recorded
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Figure 2. Effect of warming up on temperature kinetics in
muscle fibre after temperature jump

The fibre was filled with a saturated solution of Bromothymol Blue
dye in relaxing solution with 100 mm of the highly thermosensitive
Tris buffer at pH 7.8. The fibre was suspended in air at ~6 °C and
the temperature jump was applied. To record instantaneous
temperature changes, the beam of a He—Ne laser illuminated the
fibre and light transmission was monitored with a photodiode.
Absorption of laser light by Bromothyol Blue in the fibre depends
on pH, which in turn depended on temperature that induced a
shiftin the pK, of Tris buffer. Traces show the output voltage of the
photodiode, which varies linearly with the temperature in the fibre.
The T-jumps applied at 0.15 s of the records were followed by a
warming-up pulse lasting for 0.2 s. A, without warming, T-jump
26.7 °C; B, optimal warming, T-jump 25.5 °C; C, over-warming,
T-jump 25.1 °C. Dashed lines are linear regressions through the
output signal during the warming pulse, i.e. in the range

0.15-0.35 5: —60.9°C 5" for A, —0.95°C 5" for Band 42.8°C s™' for
C. Fibre dimensions: 1.9 mm x 5280 um’; sarcomere length

2.4 pm.

J. Physiol. 540.3

with a four-channel data acquisition card, DAS-50 (Keithley
MetraByte Corp., Taunton, MA, USA) and then transferred to the
hard disk of a PC. Sampling rate was from 40 to 100 kHz per
channel. The typical duration of the records was 200 ms.

Tension traces were analysed with GIM software kindly provided
by Mr A. Drachev (A. N. Belozersky Institute of Physico-Chemical
Biology, M. V. Lomonosov Moscow University, Moscow, Russia).
This software incorporates the algorithm of multiexponential
curve fitting developed by Provencher (1976).

Two estimates of fibre stiffness, Sy = L X AP/AL and Sg =
SL x AP/ASL, were obtained using changes in tension (AP), total
fibre length (AL) and sarcomere length (ASL) induced by 1.5 kHz
sinusoidal oscillations of fibre length imposed by the motor.
Values of Sy and S, were obtained as follows. First, oscillatory
components of P, L and SL were found by subtracting traces
smoothed by a moving average over 0.67 ms, the period of length
oscillation from the raw data. Then these oscillatory components
were smoothed by calculating the square root of their squares.
Finally, oscillatory components AL, ASL and AP, rectified with a
moving average over a 0.33 ms period (i.e. a half-period of
oscillation), were calculated and then used to plot Sy; and Sy
traces.

RESULTS

Effect of sarcomere length change on tension
transients induced by T-jump

First, the effect of sarcomere length feedback control on
the characteristics of the T-jump-induced tension transients
was investigated. Figure 3 shows two pairs of experimental
records where tension transients were initiated by ~30°C
T-jumps. In the case where the local changes in the
sarcomere length were moderate and (rather importantly)
slow, clamping of the sarcomere length hardly affected the
amplitude and the time course of the tension rise
compared to the transient obtained under control of the
total fibre length, i.e. position of the moving part of
the motor (Fig. 3A). On the contrary, the time course of
the tension transient was very different from that at
constant sarcomere length if changes in the sarcomere
length were large and fast (Fig. 3B). These fast changes in
sarcomere length in the central segment of the fibre
indicate heterogeneity of its mechanical properties. They
were probably induced by damage occurring in the end
segments of the fibre after the T-jump. Note that, unlike
the time course, the final tension achieved after the
T-jump was practically insensitive to the changes in
sarcomere length.

Only those muscle fibres in which changes in the half-
sarcomere length after the T-jumps were less than 15 nm
and no fast component was present were used in the
experiments presented below.

T-jump-induced tension transients under
sarcomere length control

Since local changes in the sarcomere length affect the
tension responses to a fast increase in temperature (Fig. 3),
a series of experiments was done where T-jumps of different
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amplitudes were applied to fully activated fibres under
sarcomere length feedback control. The final tension and
time course of the transients depended on the amplitude of
the T-jump and were highly reproducible. Figure 4 shows a
series of T-jump-induced transients obtained in a muscle
fibre. Traces from the second and sixteenth activation, where
final temperatures were 32.1 and 33.2 °C, respectively, are
practically indistinguishable. A small fast tension drop
during the T-jump itself (see also Fig. 10A) was due to
thermal expansion of the fibre (Bershitsky & Tsaturyan,
1985, 1989, 1992; Goldman et al. 1987).

Temperature dependence of active tension in muscle

fibres

The dependence of maximal tension achieved after T-jumps
of different amplitudes on the final temperature is shown
in Fig. 5. The data (n = 34) were obtained from tension

Figure 3. Examples of the effect of changes in
sarcomere length on tension transients induced
by the T-jumps

A, traces (from top to bottom) are: temperature,
changes in total fibre length (in nanometres per half-
sarcomere, nm h.s.™"), changes in sarcomere length in a
central segment of the fibre, and tension. Transient 3
was recorded under sarcomere length feedback control,
final temperature 36.3 °C; transient 4 was taken under
total length feedback control, final temperature 36.1 °C.
B, traces (from top to bottom) are: fibre temperature,
changes in sarcomere length and tension. Both
transients 11 and 16 were recorded without sarcomere
length feedback control. Final temperature after the
T-jumps was 33.9 °C. Fibre dimensions:

A,1.96 mm X 5030 um? sarcomere length 2.44 um;
B,1.88 mm x 5130 um?, sarcomere length 2.40 pm.

T-jumps and length steps in muscle fibres

975

records in three single muscle fibres under sarcomere
length feedback control, including the fibre shown in
Fig. 4. It is seen that, under isometric conditions, there was
more than a fivefold tension increase when temperature
changed from ~5°C to a physiological level. The slope of
the relationship decreased slightly at higher temperatures;
it was 8.4 kN m K" at 6-25°C and 6.8 kN m > K" at
25-37°C. An apparent Q,, value for isometric tension was
2.16 in the temperature range of 6-25°C and 1.34 in the
range of 25—-37°C.

Time course of tension responses to temperature
jumps

Following the T-jump, tension rose more quickly at the
higher final temperature (Fig. 4). This could be seen more
clearly when each tension trace shown in Fig. 4 was
normalized for the amplitude of the tension rise (Fig. 6A).
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The half-time of the tension rise decreased 6.5 times
when final temperature increased from ~16 to ~33°C,
corresponding to an apparent Q,, of ~3.

Further comparison of the transients was made by
normalization of the half-time of tension rise for each trace
shown in Fig. 4 (Fig. 6B). Now the transients differ only in
the late slow phases while early phases coincide. It should
be noted that this late phase is very sensitive to the accuracy
of maintaining constant temperature after the T-jump,
which was achieved in our experiments by adjustment of
the warming-up pulse that compensated fibre cooling.

3001
A
0B~
o
6/
(o] Aof ’ Dd]
_ td
200 O/:\ A
« a0
£ Pl
£ &
S /'O":'
2 s
8 100 ’,’
] ,78a
td
td
/Q’
0 T T T T — T
0 10 20 30 40

Temperature (°C)

Following custom (Goldman et al. 1987; Tsaturyan &
Bershitsky, 1988; Bershitsky & Tsaturyan, 1992; Davis &
Harrington, 1993; Davis & Rogers, 1995b; Ranatunga, 1996,
1999), we tried to fit the time course with a sum of
exponential components using the algorithm of Provencher
(1976). This algorithm fits to find up to five exponential
components and, unlike many other programs, it also
provides a statistical estimation of the most probable
number of components in a trace. For our data, the
estimated number of exponential components varied from
one to four in the different transients and did not correlate

Figure 5. Temperature dependence of steady-state
isometric tension achieved with the T-jumps from
~6 °Cto different final temperatures

The data were obtained from 3 muscle fibres (shown by
different symbols and including the fibre shown in Fig. 4)
under sarcomere length feedback control. Amplitudes for

6 °C were obtained by averaging tension before the T-jump
in each fibre. The line is a third-order polynomial fit through
all data. Fibre dimensions: 2.06 mm X 4420 xm? sarcomere
length 2.4 #m;1.96 mm X 5030 gm’ sarcomere length

2.44 pym;2.16 mm X 5030 gm? sarcomere length 2.42 xm.
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directly with the amplitude of the T-jump, although for
small T-jumps the number of exponential components
was usually fewer. This made it impossible to compare the
kinetics of the transients and to determine how many
processes underlie the tension rise. Occasionally, for
two tension transients looking apparently identical, the
amplitudes and rate constants of the exponential com-
ponents obtained using this algorithm were significantly
different. For instance, the most probable number of
exponential components for traces 2 and 16 in Fig. 4,
which look very similar, was three and two, respectively.

To avoid problems of curve fitting, a more pragmatic
approach was used. The logarithm of the reciprocal values
of the time intervals )5, f,5 and £, ;s from the T-jump to
the moment when tension increase achieved 25, 50 and
75% of its full amplitude, respectively, were plotted
against reciprocal absolute temperature. The results of this
analysis of the time course of tension transients obtained

0+ T T )
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Figure 6. Normalized tension transients

A, the five tension transients shown in Fig. 4 are normalized to the
maximal amplitude of tension response at final temperature.

B, same traces as in A with time scale renormalized for half-time
(ty5) of tension rise. Trace numbers are shown next to each record
in A; t, 5 for traces 7, 11, 10, 3and 16 was 16.9, 12.9, 8.6, 5.3 and
2.6 ms, respectively.
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under sarcomere length control from three muscle fibres
are shown in Fig. 7. Linear regression lines for all three
time intervals measured were parallel. This suggests that,
for the whole set of pooled data, the time course of the
tension rise accelerated with temperature but traces
remained similar as is seen for an individual fibre (Fig. 6B).

Fibre stiffness during tension transient initiated by
the T-jump

Earlier, we found that a threefold tension rise induced by
the T-jump was accompanied by about 30 % increase in
fibre stiffness (Bershitsky & Tsaturyan, 1986, 1989). In the
present experiments the stiffness change during the
transient was measured in conditions where temperature
after the T-jump was stabilized with a warming-up pulse,
sarcomere length was monitored during the transient and
the data were recorded using a high-frequency precision
A-D converter (see Methods). For stiffness measurement,
a contracting muscle fibre was subjected to small
amplitude sinusoidal 1.5 kHz changes in length before and
during the transient, and changes in fibre tension and
sarcomere length were recorded. It was difficult to obtain a
good sarcomere length signal from a muscle fibre
suspended in air; only one in four fibres gave a reliable
signal during length oscillations. In a record from this
experiment, shown in Fig. 8, the T-jump was 23.5°C.
Tension (P) and changes in total length (L), and sarcomere
length (SL) were recorded at a sampling rate of 40 kHz per
channel; frequency of length oscillations was 1.5 kHz. The
increase in average tension from ~55 kN m* at ~6°C to
~240 kN m ™ at ~30 °C was accompanied by an increase in
the amplitude of oscillations of sarcomere length (ASL)

= ~e. o0 O
- . o -]
‘v 3 J &~\oo°
~ oS o
— ~~2 0 o
& e TR
% * AR o © ‘£9°\
c o O S Y
5 BT O
o s : lx o O
(0] I R ° &
- 2 8%~ ° . * S
E ] o Cme x
-5 o Tt RERREERY
o o 0% T ugoge i
o ° "”“fnﬂ\nn
1 T T T
32 33 34 35
-1 3 -1
T (100K

Figure 7. Arrhenius plot for the rate constants of the
tension transients induced by the T-jumps under
sarcomere length control recorded from the three single
muscle fibres used for the plotin Fig. 5

Apparent rate constants, 1/t,5 (O), 1/ty5s (X) and 1/t,,5 (O0),
correspond to reciprocal values of time intervals from the T-jump
to the moment when tension increase achieved 0.25, 0.5 and 0.75 of
its final level, respectively. Dashed lines are linear regression lines
for —logy(#;) (where t;is time intervals, f, s, f 5 OF %, 75) against
reciprocal absolute temperature (T) with slopes of —3.7, —3.68 and
—3.42 for t 5, ty 5 and t, 75, respectively.
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Figure 8. Stiffness changes in a muscle
fibre during a tension transient induced by
a23.5°CT-jump

A, traces (from top to bottom) are: fibre
temperature, changes in total fibre length, changes
in sarcomere length and tension. Sinusoidal
oscillations in fibre length had a frequency of

1.5 kHz. Sampling rate was 40 kHz per channel.

B, upper and lower traces are time courses of fibre

' 160 stiffness (S, and Sy ) during the temperature-

induced transient obtained with normalization
for changes in sarcomere length and total fibre
length, respectively. Procedure of stiffness
measurement is described in the text. Fibre
dimensions: 1.96 mm X 5030 gm? sarcomere
length 2.44 pm.
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Figure 9. Amplitude and phase analysis of the
tension and sarcomere length traces shown in
Fig. 8A

In A and B, 5 ms fragments of changes in sarcomere length
and tension induced by 1.5 kHz sinusoidal oscillations in
fibre length recorded during steady-state contraction atlow
(A, ~6°C; fourth to ninth millisecond) and high (B, ~30°C;
nintieth to ninty-fifth millisecond) temperature were fitted
with sinusoidal functions. Average tension was 55 kN m *in
Aand 240 kN m™in B. In C, Lissajous plots of the fitted
changes in tension (AP) and in sarcomere length (ASL) at
low and high temperature are drawn. Amplitudes of
sinusoidal oscillations in sarcomere length were 0.57 and
0.78 nm h.s.”' for A and B, respectively. Amplitudes of
tension oscillations and apparent stiffness (Ss;) were

13.7 kN m2and 28.7 MN mat low temperature (A) and
18.8 kN m*and 29.6 MN m*at high temperature (B),
respectively. The phase shift between changes in sarcomere
length and tension was 0.19 rad for A and 0.51 rad for B.
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and tension (AP), while the amplitude of sinusoidal
changes of the total fibre length (AL = 0.25% peak-to-
peak) remained constant.

Stiffness, estimated from changes in total fibre length (Sy;)
increased from 12 MN m™* at ~6°C to 15.5 MN m™* at a
final temperature of ~30°C, that is by ~309%, during a
4.5-fold rise in average tension. Therefore, even if Sy is
considered to be an appropriate measure of fibre stiffness,
its change after the T-jump was far too small compared to
the change in tension. However, when stiffness was
measured from the tension change normalized to the
change in sarcomere length, it was ~29 MN m™ both
before and after the tension transient and only dropped
temporarily during and just after the T-jump itself
(Fig. 8B). The nearly twofold difference between Sy; and
Ss1. can be explained by compliance of the fibre ends, which
reduces St but does not effect Sg;.

Figure 10

Tension transients (lower traces) and changes in total
fibre length (upper traces) and in sarcomere length
(middle traces) in two experiment where T-jumps of
about constant amplitude were applied to muscle fibres
35 (A) and 5 ms (B) after length steps of different sign and
amplitude. Initial temperature was ~5.5 °C. A, final
temperature 21.0 (trace 9), 22.1 (trace 10), 21.7 (trace 11),
21.8 (trace 13) and 21.9 °C (trace 15). Fibre dimensions:
1.80 mm x 4220 um?, sarcomere length 2.50 xm. B, final
temperature 26.3 (trace 20), 25.6 (trace 21) and 26.4°C
(trace 22). Fibre dimensions: 2.10 mm X 3340 um?,
sarcomere length 2.50 ym.
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Despite the fact that the increase in tension following the
T-jump is not accompanied by any significant change in
Ssi» one cannot a priori exclude the possibility that the
amplitude of changes in tension (AP), especially at higher
temperature, is underestimated due to a truncation of
tension changes. Such truncation may occur during the
oscillatory protocol if tension recovery is fast compared to
the time scale of the applied length changes (Huxley &
Simmons, 1971; Ford et al. 1977). Since recovery accelerates
with increased temperature (Ford et al. 1977), the truncation
can mask an increase in stiffness after the T-jump. To
account for the truncation, instantaneous changes in
tension (AP(t)) were plotted against changes in sarcomere
length (ASL(t)) before and at the end of the transient
induced by the T-jump. Since sarcomere length records
were rather noisy, both AP(f) and ASL(#) traces at low and
high temperature were fitted with sinusoidal functions,
where their amplitudes and phases were free parameters
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while the frequency was that of the motor oscillations
(Fig. 9A and B). The P(SL) Lissajous plots at different
temperatures were drawn using the fitted amplitudes and
phases (Fig. 9C).

After the T-jump, the amplitude of oscillations of both AP
and ASL increased, while the slope of the Lissajous plot
did not change significantly (Fig. 9). However, tension
truncation due to partial tension recovery was indeed
more pronounced at higher temperature, as seen from the
increased width of the Lissajous plot (Fig. 9C) and in the
phase shift (A@) between oscillations in sarcomere length
and tension (Fig. 9). This shift was 0.19 rad at 6°C and
0.51 rad at 30°C. As the simplest approximation, tension
truncation can be described by a process which is character-
ized by a single relaxation time constant (#,) of exponential
tension relaxation. In this case, tan(A¢) = 1/w t., where w
is the angular frequency of the oscillations so that the
stiffness measured at a certain value of frequency w, Sg; (w)
can be expressed as

Sst(@)/S51.(00) = 1/v/(1 + [wta] ),

where true instantaneous nontruncated stiffness S (00) is
the limit of S; (w) when w approaches infinity. In this case,

-1

3 A

Rate constant, ms

T T
4.5 -3.0 -1.5 0 1.5

Change in sarcomere length (nm h.s.'1)

Figure 11. Strain dependence of the rate constants for
the length step- and the T-jump-induced tension
transients shown in Fig. 10A on the amplitude of the
preceding length steps

Rate constants k; (V) and k, (A) were extracted from two-
exponential fit while apparent rate constant k,,, () was obtained
from monoexponential fit of the length step responses. The time
course of the T-jump response is characterized by reciprocal
halftime, 1/¢,5 (O, @), multiplied by 10 to see all points on the same
plot. The open symbols relate to the fibre of Fig. 10A, while closed
symbols relate to the fibre of Fig. 10B. The dashed lines are linear
regressions through the data points for 1/¢, 5. The continuous lines

show parabolic regressions for k;, k, and k,,,.
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Ss1(00) = 1.018S; (w) at 6°C and Sg; (00) = 1.123S5¢; (w) at
30°C or (see Fig. 9) 29.2 MN m? and 33.2 MN m,
respectively. This means that, with the above approxim-
ation, fibre stiffness corrected for tension truncation due
to fast tension recovery increased by ~15 % when tension
increased with temperature ~4.5 times.

Comparison between length- and temperature-
induced tension transients

If both sudden length steps and T-jump perturbations
result in force generation by the same elementary process,
itis probable that perturbation of one type will affect the
amplitude and/or the time course of force generation
induced by the other. According to Huxley & Simmons
(1971), force generation after a length step is accompanied
by a shift in equilibrium between those attached cross-
bridges which do and do not generate force in favour of
those that do. Therfore, the fraction of the cross-bridges
capable of producing a power stroke has to decrease until
the cross-bridge ability to make a new step after the
transient is recovered. In intact frog muscle fibres, this
delay for recovery, or ‘repriming’, was found to be ~10 ms
at 4°C (Lombardi et al. 1992). In rabbit muscle fibres at
6 °C this process seems to be longer, judging by the fact
that the duration of the Huxley-Simmons phases 3 and 4 is
much longer (see, for example, Fig. 13) compared to frog
muscle. If a T-jump is imposed soon after a length step,
before the ‘repriming’ takes place, the amplitude of the
tension transient induced by the T-jump should decrease
compared to that in isometric conditions. On the other
hand, since the T-jump leads to a rise of mean force
produced by a cross-bridge, this rise also has to be
accompanied by a transition of the cross-bridges to a force-
generating state(s). According to the Huxley-Simmons
theory (1971), this transition should reduce the number of
cross-bridges able to participate in the tension response to
the length step applied after the T-jump. Therefore, if a
length step release (shortening) precedes the T-jump, the
perturbation is expected to recruit more cross-bridges into
force-generating states and lead to a reduction in the
number of cross-bridges capable of generating force in
response to the second perturbation. In a series of
experiments with four muscle fibres, the length steps were
applied shortly before the T-jumps. Tension transients
induced by these double perturbations are shown in
Fig. 10. In Fig. 104, an activated fibre was subjected to step
changes in total length by —1.37 to +0.21 % (minus and
plus indicate fibre release or stretch, respectively) applied
35 ms before T-jumps of 15.0-16.1°C leading to a final
temperature of 21.0-22.1°C under total length control.
Figure 10B shows results of another experiment where the
delay between the steps and the T-jumps of ~20°C was
5 ms. The final tension reached after the T-jump does not
depend on the preceding length change, while tension just
before the T-jump varies significantly. Therefore, during
the tension transient induced by the T-jump, the cross-
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bridges ‘forget’ the state distribution induced by imposed
length change. This demonstrates that at least the late
phase(s) of the T-jump transient is accompanied by cross-
bridge detachment and reattachment to ‘new’ actin sites.

The strain dependence of the parameters describing the
tension transients induced by the length steps and
T-jumps in the experiment shown in Fig. 10 is illustrated
in Fig. 11. Tension transients induced by the length steps
were fitted either by one () or two (Y, A) exponentials.
Independently of the number of exponential components
used for the fitting, the rate constants increased with the
amplitude of fibre release and decreased after stretch, as
first found by Huxley & Simmons (1971). However, the
time course of the transients initiated by the T-jump
(expressed as the reciprocal of the time taken for tension to
reach half its maximal increment, 1/f,5) slowed down
slightly with the amplitude of the release and thus differed
from the mechanical transients. The time course of the
tension transients induced by the T-jumps is about an
order of magnitude slower than that induced by the length

Figure 12. Effect of the time of application of
length steps on the T-jump-induced tension
transients

Step releases of 0.5 % fibre length were applied to a
contracting muscle fibre at different times before (A,
traces 7 and 8) and after (B, traces 10—13) the T-jumps. In
A, the release was applied 30 ms (trace 7) and 5 ms

(trace 8) before the T-jump. Final temperature was 25.0 °C
intrace 7,25.2°Cin trace 8 and 24.9 °C in isometric
trace9. B, the release was applied 1 (trace 10), 3 (trace 11),
5 (trace 12) and 10 ms (trace 13) after the T-jumps. Final
temperature was 24.9 (trace 10), 24.7 (trace 11),24.3
(trace 12) and 24.3 °C (trace 13). The trace numbers
indicate the order in which they were recorded. Isometric
trace 9 is shown in both A and B. Fibre dimensions:

2.12 mm x 5280 pm?, sarcomere length 2.50 pm.
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steps (Fig. 11). This difference in the rate constants and
strain independence of the T-jump-induced transients
demonstrates that the processes underlying these transients
are probably different.

The possible interaction of length step- and T-jump-
induced tension transients was also checked with another
protocol used in the experiments with three muscle
fibres. In the experiment shown in Fig. 12, a 0.5 % release
of the fibre length was applied to an activated muscle
fibre at different moments before (Fig. 12A) and after
(Fig. 12B) the T-jumps of 18.3—19.0 °C (final temperature
of 24.3-25.0°C). In trace 9, the T-jump was applied in
isometric conditions.

To extract T-jump responses from complex transients,
tension responses to 0.5 % decreases in fibre length were
separately recorded at 0 and 25.0°C in the same fibre
(Fig. 13, ‘cold’ and ‘hot’ traces, 6 and 7, respectively). Then
the ‘cold’ tension response to the step release was
subtracted from tension traces 7 and 8 of Fig. 12A and the
‘hot’ response was subtracted from traces 10, 11,12 and 13

A =
€ ot : . ,
I -
-~ 20,
[7/]
3< o :
£ “97
= .20 8
2001
P
E
z
=3
£ 100-
S _ 9 |
& I
'_ ﬂ
7 8
0 . . : . . ,
0 20 40 60 80 100 120
Time (ms)
B
0 T '

AL (%)

ASL
(nm h.s’ 1)
o

2004

100

Tension (kN m)

0 20 40 60 80 1BOﬁ

Time (ms)

120



982
A . 10,
‘v
L
N & =
7 7
<
-104
200 hot (7)
«— 150-
'E
p4
3
& 100
&
}_
cold (6)
50 -
) +————am—mT—— 1" .
0 20 40 60 80
Time (ms)
B
100 —
= 3
Nv
ﬁc
£.2 50 -
5 2
-}
o
0 20 40 60 80
Time (ms)

of Fig. 13B to extract pure T-jump tension responses. The
results of the subtraction are shown in Fig. 14.

After these subtractions, traces split up into two distinct
sets, one where the length steps preceded the T-jump
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Figure 13. Mechanical transients in muscle fibre
induced by fast length releases at low and high
temperature

The fibre was the same as that in Fig. 12. The low-
temperature transient was recorded when the fibre was in
solution at 0 °C, the high-temperature transient was
recorded 80 ms after the T-jump when temperature in the
fibre was 29.3 °C and the tension achieved steady state
(same trace 7 as in Fig. 12).

(Fig. 14, traces 7 and 8) and another where the length steps
were applied after the T-jump (traces 10—13). Note that
the isometric trace 9 belongs to the second set, where the
length step followed the T-jump. Within each group, the
amplitude and time course of the trace are practically

Figure 14. T-jump-induced tension transients
extracted from combined transients by
subtraction of mechanical transients induced by
length step release

Three-exponential fittings of the tension transients
induced by length step releases at low and high
temperature shown in Fig. 14 were subtracted from the
complex transients shown in Fig. 13 and offset up by the
value of elastic response. The fits were used instead of the
transients to reduce noise and to have extrapolations
longer than the records. The fit of low-temperature
mechanical transient (trace 6 in Fig. 13) was subtracted
from traces 7 and 8 in Fig. 12, while the fit of high-
temperature transient (trace 7 in Fig. 13) was subtracted
from traces 10—13. Isometric trace 9 was not changed.
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indistinguishable. The difference between the two sets of
traces can probably be explained as follows. When the
length steps were applied after the T-jumps (traces 10—13),
temperature responses were extracted from combined
transients by subtracting ‘hot’ mechanical responses
obtained at the same post-T-jump temperature. In contrast,
at lower temperatures ‘cold’ length step-induced responses
were subtracted from complex tension transients (traces
7-8), where temperature changed after the length steps.
Two other experiments, including one where a series of
6—7 and 21-22°C T-jumps were applied, gave essentially
the same results as that shown in Fig. 14. The experiments
with length step changes applied after the T-jumps again
demonstrate no interaction between processes initiated by
fast perturbations in length and temperature of muscle fibre.

DISCUSSION

Ford et al. (1977) and Linari et al. (1993) showed that
constancy in the sarcomere length after applying length
steps is necessary for the correct determination of the time
course of mechanical tension transients. The traces in
Fig. 3 show how a constant sarcomere length is also essential
for determining the time course of tension transients
induced by T-jumps. Otherwise, shortening in the central
part of the fibre due to end lengthening can significantly
slow down the changes in force.

Temperature dependence of active isometric tension
Figure 5 shows the temperature—tension relation obtained
with T-jumps of different amplitude under sarcomere
length feedback control from three muscle fibres.
I[sometric tension increased from ~55 kN m ™ at 5-6 °C to
~270 kN m™ at 32—36°C, i.e. about fivefold. Taking into
account that the cross-sectional area of muscle fibres
increases during permeabilization by 44-50% (Godt &
Maughan, 1977; Linari et al. 1998), isometric tension at
near-physiological temperature in our experiments
(Figs 4 and 5) would correspond to ~400 kN m™
(270 kN m X 1.47) in intact muscle fibres. The slope of
the temperature—tension curve decreases slightly at
temperatures above 20—25°C, but even at near-physio-
logical temperatures the curve is far from saturation.

Although all fibres in our experiments produced similar
tensions at 20—35°C, there was a rather wide variety of
pre-T-jump tension at 5-6°C, from 50—60 (Figs 4 and 8)
to 100—120 kN m™* (Figs 10 and 12). This variation in low-
temperature tension affects the tension—temperature
relation, which for some fibres can be less steep than that
shown in Fig. 5. However, even then, no saturation at
higher temperatures was observed.

Although active tension is much less sensitive to disorder
in sarcomere length than the time course of the T-jump-
induced tension transients (Fig. 3), permeabilized rabbit
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muscle fibres may develop less tension if activated by
addition of Ca** at high temperature. For example, tension
at ~30°Creported by Goldman et al. (1987) and by Zhao &
Kawai (1994) was 63 and 78 %, respectively, of that found
in the present paper, while tension at 10—15°C was very
similar (Fig. 5). However, the high-temperature tension in
our experiments was similar to that obtained from fibres
activated at low temperature and then warmed up to
35-40°C for 50—60 s (Ranatunga, 1990) or quickly
transferred to a solution bath preheated to 30 °C (Pate et al.
1994).

Low isometric tension reported at higher temperatures is
probably a consequence of heterogeneity in sarcomere
length, which occurs during Ca*" activation of the fibre.
Sarcomeres into which Ca** diffuses quickly contract and
stretch others where Ca’" diffuses more slowly. The
heterogeneity is more pronounced at higher temperatures
because contraction velocity is much more sensitive to
temperature than diffusion time. As a result of this
heterogeneity, the length of many sarcomeres is either
shorter or longer than the region where the thin and thick
filaments fully overlap (Goldman & Simmons, 1984). Active
tension in this case is less than that during true isometric
contraction at optimal sarcomere length. Sarcomere
disorder at higher temperatures was eliminated in our
experiments by use of the sarcomere length feedback
control and partially prevented in the experiments of
Ranatunga (1990) and Pate et al. (1994), where fibres were
activated atlow temperatures and then quickly heated.

Tension loss during high-temperature activation leads to
apparent saturation of the tension—temperature relation at
higher temperatures due to underestimation of high-
temperature tension. Our data presented in Fig. 5, as
well as the data of Ranatunga (1990), show much less
saturation than temperature—tension curves reported
earlier (Stephenson & Willams, 1985: Goldman et al.
1987). However, some authors did not find significant
saturation of the curve up to 30°C, even using high-
temperature activation (Zhao & Kawai, 1994).

Nature of tension—temperature relationship:
number of attached cross-bridges or force per
cross-bridge

A T-jump from 5-6 °C to near-physiological temperature
leads to a fivefold tension rise (Figs 4 and 5). This tension
rise could result from an increase in the number of cross-
bridges interacting with actin (as is the case during the
onset of active contraction in an intact muscle) or from an
increase in the average force produced by a cross-bridge,
or both.

To estimate whether the number of attached cross-bridges
changes when tension produced by a muscle fibre increases
with temperature, fibre stiffness was monitored during the
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T-jump-induced tension rise. The use of stiffness for
estimating the number of attached cross-bridges is not
straightforward and a number of factors must be taken
into account. There was an apparent increase in the
amplitude of the tension oscillations after the T-jump and
in stiffness (Sy;) estimated from the changes in total fibre
length (Fig. 8). However, if the changes in sarcomere length
in the central part of the fibre were used for the stiffness
measurements, corresponding stiffness (Ss;) remained
practically constant despite the approximately fourfold
increase in tension (Fig. 8). Goldman et al. (1987) also
reported constancy or even a slight decrease of the in-
phase stiffness detected by using 0.5 kHz length oscillations
and white-light diffraction measurement of the sarcomere
length following ~5°C T-jumps. In our experiments,
sarcomere stiffness (Sg;, ~30 MN m ?) was about twice as
great as that measured with changes in the total length (Syy,
12-16 MN m?, Fig. 8) and, in contrast to Sy, did not
increase with temperature. Some increase in St; with
temperature was also observed in our earlier work
(Bershitsky & Tsaturyan, 1989) and in the experiments of
Zhao & Kawai (1994). This difference between Sg; and Sy,
shows that about half of the fibre compliance was in the
end segments of the fibre, which were not illuminated by
the beam of the He—Ne laser. This end compliance is
probably nonlinear and decreases with increasing tension,
so that at the higher temperature, when tension is higher, it
contributes less to fibre compliance. As a result, Sy (the
reciprocal of the compliance) increases with temperature
while true sarcomere stiffness (Sg; ) remains constant.

It was thought for a long time that instantaneous fibre
stiffness was directly proportional to the number of cross-
bridges attached to actin, since the thin and thick filaments
appeared to be much stiffer than the cross-bridges (Huxley
& Simmons, 1971; Ford et al. 1981). However, more
recently compliance of the filaments was found to be about
the same as that of the cross-bridges (Huxley et al. 1994;
Wakabayashi et al. 1994; Higuchi et al. 1995; Linari et al.
1998; Bordas et al. 1999).

Assuming that during active isometric contraction
filament compliance is equal to compliance of the cross-
bridges and using the theory of Ford ef al. (1981), one can
estimate that a 15 % increase in instantaneous (corrected
for truncation) stiffness (Ss;) with temperature corresponds
at most to ~35 % increase in the number of attached cross-
bridges. Even this upper estimate of the stiffness increase is,
however, much too small to account for the approximately
fourfold rise in tension following a 24 °C T-jump (Fig. 8).
Therefore, when fibre tension increases by 4.4 times,
force per attached cross-bridge increases by at least
4.4/1.35 = 3.3 times.
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Recently, Kawai et al. (2000) found a constant force per
cross-bridge in the temperature range of 20—35 °C using
the optical trap technique with myosin S1. They observed
that at elevated temperature the number of actin—-myosin
bonds per length of actin filament in the absence of
nucleotide increased and that active force in the presence
of ATP increased. However, it remains unclear whether
the number of actively force-generating cross-bridges in
the presence of ATP increases with temperature in the
same proportion as the number of rigor cross-bridges. It is
also difficult to compare these in vitro data with those
obtained from single muscle fibres due to essential
differences in the mechanical conditions. Since the bead
attached to an actin filament was held by the optical trap
1—4 pum away from the myosin-coated surface, an unknown
fraction of the total length of the actin filament was in
contact with myosin. Besides, the experimental system
unavoidably causes a significant transverse force pulling
an actin filament away from the myosin-coated surface
and thus breaking actin—-myosin bonds. These factors may
also explain the surprisingly low estimate of cross-bridge
force (0.08-0.3 pN) obtained by Kawai et al. (2000).

On the basis of our observations and estimations shown
above, we conclude that an increase in temperature shifts
the equilibrium of attached cross-bridges in favour of
force-generating states and significantly increases the
average force produced by attached cross-bridges rather
than recruiting more myosin heads into interaction with
actin.

Time course of the T-jump transients

The tension response to the T-jumps shows an
instantaneous tension drop due to thermal expansion
followed by a tension rise above the pre-T-jump level. At
constant fibre length its thermal expansion is equivalent to
a step shortening that induces elastic tension drop. The
tension transient after a T-jump is a superposition of the
responses to the shortening and to the T-jump itself. It is
important to estimate the contribution of the step
shortening and T-jump components in this complex
response. In our experiments, the amplitude of the tension
drop was usually less than 5% of pre-T-jump tension for
~25°C T-jumps. Even for small, 8-10°C T-jumps the
drop did not exceed 8% of the amplitude of the tension
rise. A more pronounced tension drop was found in laser
T-jump experiments. Goldman et al. (1987) observed
tension drop by 3—15% of the pre-T-jump tension or by
15-50% of the difference between the pre- and post-
T-jump tension for 1.5-7.0°C T-jumps. Estimations
based on the records presented by Davis & Harrington
(1993) show that the tension drop during ~5°C laser
T-jumps in their experiments was 5-8 % of pre-T-jump
tension or 15—17 % of the tension increment. The large
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tension drop during laser T-jumps may result from
thermal expansion of the T-clips and hooks holding the
fibre ends, while in the Joule T-jump only the fibre itself is
heated (Bershitsky & Tsaturyan, 1992). For this reason, in
our experiments the contribution of the mechanical
response to thermal expansion was very small compared to
the tension rise induced by the T-jump itself.

The time course of the tension rise following a T-jump is
usually fitted by a sum of several exponential components.
The number of components varies in different publications
from two (Bershitsky & Tsaturyan, 1986, 1988, 1992;
Goldman et al. 1987) to three (Davis & Rodgers, 19954;
Ranatunga, 1996) or four (Davis & Rodgers, 1995b).
However, our data show that there is a question of
reliability of exponential fitting of the T-jump-induced
tension transients. It is not clear whether the rate constants
and amplitudes are reproducible when the T-jumps are
repeated several times. In our experiments, tension
transients themselves were highly reproducible (Fig. 4),
but the rate constants, amplitudes and even the most
probable number of exponential components varied for
transients that looked similar.

Since exponential fitting was not reliable, we measured the
half-time of the tension rise induced by the T-jump. The
half-time decreased with final temperature with a Q,, of
~2.6 (Fig. 6). The time for the tension rise of the transient
to achieve 25 and 75 % of its maximal value also accelerated
with final temperature with a Qy of ~2.6 and ~2.4,
respectively. This shows that all phases of the tension rise
induced by the T-jump (except perhaps for the very slow
component) accelerate with temperature in approximately
equal proportion, although the transient itself was not
monoexponential. There are two possible sources of error
in determining the kinetics of the late phases of the tension
transients induced by Joule T-jumps. As we discussed
previously (Bershitsky & Tsaturyan, 1992), fibre ends cool
down after the T-jump due to heat diffusion towards the
cold metal electrodes. At these cooled ends, sustainable
isometric tension is less than in the warmer central part of
the fibre so that the central part shortens, stretching the
ends although the total fibre length is constant. In the
experiments reported here, the sarcomere length feedback
control provided constancy of sarcomere length in the
central part of the fibre, eliminating the contribution of
the cooling fibre ends. Accuracy in the maintenance of a
constant temperature after the T-jump also affected the
late phases of the tension transient.

Length step and T-jump transients

The tension transients induced by a sudden change in
length of actively contracting muscle fibres are different
from those induced by fast increases in temperature.
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The reciprocal half-time of the T-jump-induced tension
transients was always severalfold less than the rate
constants of the fast tension recovery following the length
steps (Fig. 11). Also, the time course of the T-jump
transients appears to be strain independent, while length
step transients accelerate with the extent of fibre release
(Fig. 11; Huxley & Simmons, 1971; Ford et al. 1977, 1985).
All our attempts to reveal any interaction between the two
transients have failed. Changes in amplitude of the length
steps applied before the T-jump did not affect the time
course of the response to the T-jump transients (Fig. 11). If
length steps were applied after the T-jumps, the complex
responses could be decomposed into pure mechanical and
T-jump responses without any interaction between them
(Fig. 14).

A distinct difference between transients induced by the
length steps and T-jumps was also found in the time-
resolved X-ray diffraction experiments with single
permeabilized skeletal muscle fibres (Bershitsky et al.
1997). Length perturbations induce a decrease in the
intensity of the M3 meridional X-ray reflection arising
from ~14.5 nm axial repeat of the crowns of myosin heads
on the thick filaments, but not in the equatorial reflections
or the first actin layer line (Huxley ef al. 1981, 1983; Irving
et al. 1992; Lombardi et al. 1995; Bershitsky et al. 1997)
showing axial, but not radial or azimuthal motion of the
myosin heads. In contrast, the T-jump induced a significant
decrease in the intensity of the (1,0) equatorial reflection
and increase in the intensity of the first actin layer line and
M3 reflection (Bershitsky et al. 1997; Tsaturyan et al.
1999). This demonstrates that the tension rise after the T-
jump is accompanied by a substantial azimuthal motion of
the myosin heads.

The data presented here, together with the results of time-
resolved X-ray diffraction experiments, demonstrate that
tension transients induced by length steps and T-jumps
are of different nature and that the molecular processes
responsible are most probably also different.

Implications for mechanism of muscle contraction

It was suggested about 30 years ago that muscle force is
produced by a tilting movement of the myosin heads
attached to actin (Reedy et al. 1965; Huxley, 1969). On the
basis of recent in vitro data, Holmes (1997) put forward a
molecular version of the ‘swinging lever arm’ hypothesis.
He assumed that force generation occurs by a tilting of the
‘lever arm’ (‘neck’ or light chain-binding domain of the
head) with respect to its catalytic (and also actin-binding)
domain while the actin—-myosin interface does not change.
Significant tilting of the lever arm upon nucleotide binding
was shown wusing different experimental techniques
(Burmeister-Getz et al. 1998; Suzuki et al. 1998; Houdusse
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et al. 1999, 2000; Shih er al. 2000). Axial displacement of
the distal end of the ‘lever arm’ associated with the tilting
was estimated to be in the range of 5-12 nm.

Evidence for change in the orientation of the myosin
S1 catalytic domain with respect to actin during the
actin—myosin interaction comes from several studies.
Three-dimensional reconstruction of the electron micro-
graphs of contracting asynchronous insect flight muscles
(Taylor et al. 1999) shows that the myosin head can roll
azimuthally and axially along the actin filament and may
provide a ~5 nm axial movement in addition to the lever
arm tilting. Veigel et al. (1999) found that one-headed
myosin I produces actin displacement in two distinct
~5.5 nm steps, which are probably associated with two
different conformational changes in the actin—S1 complex.
Recently, Molloy et al. (2000) reported that in an in vitro
assay myosin heads obtained by chymotryptic digestion of
muscle myosin II produce a working stroke significantly
longer than that predicted by the ‘swinging lever arm’
hypothesis. This suggests that some movement distinct
from the neck tilting can take place (H. E. Huxley, 2000).
Our finding that tension responses to step changes in
muscle length and temperature have different properties
and are therefore associated with different molecular
processes also suggests that there are at least two different
conformational changes which can affect force produced
by myosin heads.

It is, however, not trivial to propose a molecular scheme
that can explain the observed difference in the time course
and strain dependence between tension transients induced
by the length steps and T-jumps and the absence of any
visible interaction of these transients. Recently, based on
our T-jump data, A. F. Huxley (2000a,b) suggested a
model where a myosin head can undergo two different
force-generating transitions. The first transition is associated
with a tilting of the lever arm with respect to the catalytic
domain (A, = A, and B, — B, transitions). Another
transition is associated with a rolling movement of the
head along actin, from the A-states where the catalytic
domain has rotational azimuthal degree of freedom
around the fibre axis to the B-states where actin—myosin
binding is stereospecific. These transitions, A; — B, and
A, = B,, are accompanied by a rolling movement of the
head with a rigid body and also induce some axial
movement of the distal end of the lever arm. If the 1 — 2
transitions are fast and temperature insensitive while the
A — B transitions are slower and sensitive to temperature,
this model can explain most of the results presented here,
as well as the increase in the intensity of the first actin layer
line upon increase in temperature found in the X-ray
diffraction experiments (Bershitsky et al. 1997; Tsaturyan
et al. 1999). However, it is still not quite clear whether the
strain independence of the tension responses to the T-jumps
found here (Fig. 11) can also be described by this model.
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