
Skeletal muscle that is stretched during activity responds

with a rapid rise of force that reaches a maximum after which

the force remains essentially constant or, if the muscle is

stretched beyond its optimal length, increases slowly during

the remainder of the stretch period. This phenomenon,which

is referred to as ‘force enhancement during stretch’ (Edman

et al. 1978) has been investigated in several studies in the

past, both in whole muscle (Fenn, 1924; Abbott & Aubert,

1952; Hill & Howarth, 1959; Cavagna & Citterio, 1974) and

in single fibre preparations (Sugi, 1972; Edmanet al. 1978;

Julian & Morgan, 1979). The amplitude of the force recruited

during stretch has been shown to increase with the velocity

of stretch, and a plot of the enhanced force against the

stretch velocity shows the well-known ‘negative’ branch of

the force—velocity relationship in skeletal muscle (Katz,

1939; Aubert, 1956; Edman, 1988). Force enhancement

during stretch most probably represents the increased strain

of attached cross-bridges as the sarcomeres are forcibly

extended (Edman et al. 1978, 1981; Lombardi & Piazzesi,

1990) and the recruited extra force disappears within 2—3 s

after the end the stretch ramp at low (•2°C) temperature.

This component of force enhancement should be clearly

distinguished from the long-lasting increment of force that

appears when the muscle is stretched beyond its optimal

length during stimulation. This increment of force, referred

to as ‘residual force enhancementafter stretch’ (Edman et al.

1978), is velocity independent. It increases with the

amplitude of stretch and remains throughout the stimulation

period. Recent evidence would seem to show that the

residual force enhancement after stretch is attributable to

‘tension creep’ due to redistribution of sarcomere length that

occurs as the muscle is stretched above optimal length

(Edman & Tsuchiya, 1996).

The present investigation has been aimed at further

characterizing the force enhancementduring stretch, i.e. the

force held by the muscle after the steep rise of force during

stretch. Previous evidence suggests that the attainment of

maximum force during stretch marks the point at which the

cross-bridges are no longer able to withstand the pull and

therefore start to slide along the thin filament (Edmanet al.

1978, 1981; Flitney & Hirst, 1978; Lombardi & Piazzesi,

1990). The amplitude of force enhancement during stretch
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1. Single fibres isolated from the anterior tibialis muscle ofRana temporaria were tetanized

(0·9—1·8°C) while a marked (•1mm) segment was held at constant length by feedback

control. Force enhancement was produced by applying a controlled stretch ramp to the fibre

segment during the tetanus plateau, the steady force reached during stretch being used as a

measure of the maximum force that the myosin cross-bridges can hold before they detach.

2. The amplitude of force enhancement during stretch did not vary in proportion to the

isometric force as the sarcomere length was changed, maximum force enhancement being

attained near 2·4 ìm sarcomere length compared with 2·0 ìm for the isometric force.

3. The influence of fibre width on the force enhancement—sarcomere length relationship was

evaluated by normalizing force enhancement to the tetanic (pre-stretch) force in this way

allowing for the differences in myofilament overlap at the various lengths. The amplitude of

force enhancement (normalized to the tetanic force) increased by approximately 70% as the

relative width of the myofilament lattice was reduced from a nominal value of 1·05 at a

sarcomere length of 1·8 ìm to 0·85 at a sarcomere length of 2·8 ìm.

4. Changes in fibre width equivalent to those produced by altering the sarcomere length were

produced by varying the tonicity of the extracellular medium. Force enhancement,

normalized to the control isometric force at each tonicity, exhibited a width dependence that

agreed well with that described in the previous point. Stretch ramps applied to frog skinned

muscle fibres during calcium-induced contracture likewise resulted in a greater force

enhancement during stretch after reducing the fibre width by osmotic compression.

5. The results suggest that the strength of binding of the myosin cross-bridges, unlike the

isometric force, varies with the lateral distance between the myofilaments.
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can thus be presumed to be proportional to the number of

attached cross-bridges and the strength by which the

bridges are attached to the thin filament. The following

report quantifies the relationship between force enhancement

during stretch and sarcomere length in frog muscle based on

experiments in which a marked segment of an isolated

muscle fibre was kept under strict length control. The results

provide evidence that thewidth of the myofilament lattice is

an important determinant of the force recruited during

stretch.

METHODS
Intact muscle fibres

Preparation and mounting. Experiments were carried out

according to procedures approved by the Animal Ethics Committee

of the University of Lund. Single fibres were isolated from the

anterior tibialis muscle of Rana temporaria. The frogs had been

stored at +4°C for at least 7 days before use and were killed by

decapitation followed by destruction of the spinal cord. The fibres

were mounted horizontally in a temperature-controlled Perspex

chamber between two electromagnetic pullers of the type previously

described (Edman & Reggiani, 1984). One of the pullers (motor 1)

was used for segment-length control, the other (motor 2) served to

assist in shortening the segment below slack length (see further

below) so as to keep the selected segment within the domain of the

photodiode array during the shortening. The moving arm of motor 2

was provided with a force transducer (AE801, Akjsjeselskapet

Mikroelektronikk, Horten, Norway) to which one end of the fibre

was attached. The tendons were held in aluminium clips of the type

described previously (Edman & Reggiani, 1984), and the fibre was

continuously superfused with solution. The temperature of the

bathing solution was constant to within 0·2°C in a given

experiment but ranged from 0·9 to 1·8°C within the whole series of

experiments. The Ringer solution had the following composition

(mÒ): NaCl, 115·5; KCl, 2·0; CaClµ, 1·8; NaµHPOÚ + NaHµPOÚ

(total concentration), 2·0; pH 7·0. The fibres were normally dissected

the afternoon before the experiment and were kept in Ringer

solution at +4°C overnight.

In some experiments the tonicity of the extracellular medium was

varied using the following solutions. The osmotic strength of these

solutions (given in parentheses) is expressed as a multiple of the

value for the normal Ringer (R) (for calculation see Edman &

Hwang, 1977). (i) Normal Ringer solution (1·00R): for composition

see above. (ii) Hypotonic Ringer solutions (0·62R and 0·81R): the

same composition as (i) except for NaCl which was reduced to 69·3

and 92·4 mÒ, respectively. (iii) Hypertonic Ringer solutions (1·22R

and 1·44R): the same composition as (i) plus 50 and 98mÒ sucrose,

respectively. Fibre length, sarcomere length and cross-sectional

area were determined as described by Edman & Reggiani (1984).

For the evaluation of the present results it was of interest to

determine the changes in relative fibre width that occurred in

association with altered sarcomere length and altered tonicity of

the extracellular medium. Based on this information it was possible

to estimate the corresponding changes in the side distance between

the thick and thin filaments by using data from X-ray diffraction

studies concerning the 1,0 lattice spacing and the thickness of the

actin and myosin filaments. Since an intact muscle fibre maintains a

constant volume as its length is changed the relative width of the

fibre could be readily determined at the different sarcomere lengths

using the width at 2·0 ìm sarcomere length as unity (Elliottet al.

1963; Huxley, 1969; Millman, 1998). Changes in relative fibre width

induced by altering the tonicity within the range 0·81R—1·22R

were previously determined in frog intact muscle fibres (Edman &

Hwang, 1977). Two perpendicular diameters were measured at ten

equally spaced sites along the fibre at ²500 magnification and a

mean value of the cross-sectional area was derived for each fibre

after equilibration in the different osmotic media. The solutions

used by Edman & Hwang (1977) had the same composition as the

corresponding solutions in the present study. The earlier

measurements of the relative fibre width are therefore applicable

also to the present experiments.

Stimulation. The fibre was stimulated transversely by rectangular

current pulses of 0·2ms duration delivered via two platinum plate

electrodes that were placed symmetrically, approximately 4mm

apart, on either side of the preparation. The stimulus strength was

15—20% above the threshold. A train of pulses of appropriate

frequency (usually within the range 16—22 Hz) was used to produce

a fused tetanus of 0·5—1·0 s duration. The pulse frequency was

adjusted to be just sufficient to give complete mechanical fusion in

the individual fibre at the sarcomere length considered. The fibre

was tetanized at regular, 2 min intervals throughout the experiment.

Segment length recording.The length of a discrete segment of an
intact muscle fibre was recorded during tetanic stimulation using the

surface marker technique previously described (Edman & Reggiani,

1984). The segment was delineated by two opaque markers of

letterpress (Edman & Lou, 1990) that were attached to the upper

surface of the fibre in the muscle chamber, the relative position of

the markers being recorded by means of a photodiode array

(Fairchild CCD133, Fairchild Corporation, Mountain View, CA,

USA). An analog circuit provided a signal that was proportional to

the change in distance between the two markers, i.e. to the change in

length of the marked segment. The accuracy of this measurement

was better than 0·2% of the segment length. The time resolution

was 40 ìs. A digital display (3½ digit voltmeter) continuously

indicated the actual length of the segment.

The segment length signal was used for feedback control of the

electromagnetic puller (motor 1). By this approach the overall

length of the fibre was continuously adjusted to keep the segment

at a predetermined length during contraction (segment length

clamp). The switch-over to segment length control of the puller was

made just before the start of stimulation and the puller was kept in

the ‘segment length control’ mode until the end of the linear phase

of relaxation. A controlled length change of the segment was

achieved by altering the reference level in the feedback loop for the

puller by a voltage ramp of selected speed and amplitude. This

approach was used in the present study for applying a stretch ramp

during the tetanus plateau and also, in studies below slack fibre

length, for allowing the segment to pre-shorten actively during the

early phase of the tetanus. During the latter manoeuvre a second

puller (motor 2), operating from the opposite end of the fibre, was

employed to assist in the shortening as described earlier.

Stretch ramps. The stretch ramp was applied at the beginning of

the plateau of an isometric tetanus. The amplitude of the stretch

ramp was approximately 20 nm per half sarcomere (HS) which was

sufficient to delineate the transition between the initial steep phase

of tension rise and the subsequent ‘plateau’ phase of force

enhancement during stretching (Fig. 1). The velocity of the stretch

ramp was approximately 210 nm HS¢ s¢, i.e. high enough to cause

maximal force enhancement (seeFig. 7 in Edman, 1988). The force

recorded after completion of the initial tension rise was used as a

measure of the force enhancement during stretch (b, Fig. 1). In

cases of unevenness of the force record (due to underdamping and

minute jerkiness of the puller movement during length clamping in
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combination with high fibre stiffness) the mean force during the

short plateau phase of force enhancement was measured.

Skinned muscle fibres

Segments of single fibres isolated from the semitendinosus muscle

of the frog were chemically skinned following essentially the same

procedure as previously described (Ekelund & Edman, 1982).

Segments of single fibres were isolated while the muscle was

immersed in a high-potassium solution containing 100mÒ KCl,

2 mÒ EGTA and 10mÒ NaHµPOÚ + NaµHPOÚ, pH 7·0. The

isolated fibre segments were first treated for approximately 1 h at

+4°C in an extraction solution containing 30% (vÏv) glycerol,

2 mÒ EGTA and 10mÒ NaHµPOÚ + NaµHPO4, pH 7·0. After a

brief rinse in the high-potassium solution the fibres were placed in a

relaxing solution (see below for composition) containing 0·5% (wÏv)

Brij 58 for 15—20 min. The fibre segments were then stored in

relaxing solution at 0°C until used for experimentation later on the

same day. Before use small aluminium foil clips were attached to

each end of the segment as described in detail by Ekelund &

Edman (1982).

The fibres, aluminium clips attached, were mounted horizontally in

a Perspex chamber between two stainless-steel hooks attached to a

force transducer and an electromagnetic puller, respectively. The

length of the fibre segment was adjusted to give a resting sarcomere

length of approximately 2·2 ìm as measured by the laser diffraction

technique (Ekelund & Edman, 1982). The force transducer and

puller were both similar to those used for intact muscle fibres (see

above). To ensure that the fibre did not alter its position during the

experiment the side parts of the aluminium foil clips were folded

tightly around the hooks. Furthermore, two thin nylon threads

were tied around the aluminium foil on the puller side. Four

identical, jacketed muscle chambers, each having a volume of 4ml,

were located in a Perspex block that could be lowered and translated

so that any of the chambers could be used for immersion of the fibre.

A rapid and complete exchange of solution around the fibre could be

achieved in this way. The temperature was maintained constant

to within ± 0·2 °C for any given experiment and varied between

2·0 and 3·0°C for different experiments. Measurements of fibre

diameter were performed to the nearest 2·5 ìm using a Zeiss stereo

microscope while the fibre was mounted in the experimental chamber

and submerged in relaxing solution (see below).

Solutions. Relaxing solution had the following composition (mÒ):

KCl, 120; MgClµ, 6·05; EGTA, 2; ATP, 5·5; creatine phosphate,

20; imidazole, 10; pH 7·0.

Contracture solution had the same composition as relaxing solution

except that EGTA was increased to 4mÒ and 3·93 mÒ CaClµ was

added to provide 10 ìÒ calcium ion concentration. For estimation

of [Ca¥] the stability constants given in Table 1 of Edman &

Ekelund (1982) were used. A calcium conditioning solution was used

to raise the free calcium concentration in the fibre to a sub-threshold

level (1—2 ìÒ in different experiments) immediately before the

contracture solution was introduced. Apart from the low Ca¥

concentration of the calcium conditioning solution the composition

of the latter solution was identical to that of the contracture

solution. Polyvinylpyrrolidine (PVP) K30 (40000 molecular weight)

was added (with no other adjustment) to the relaxing, calcium

conditioning and contracture solutions in order to change the

osmotic pressure and to reduce the myofilament lattice width. The

concentration of the polymer in the bathing solution was 6% (wÏv).

Statistics

Student’s t test was used for determination of statistical significance.

All statistics are given as means ±s.e.m.

RESULTS

Intact muscle fibres

Variation of sarcomere length and fibre width. Single
muscle fibres of the frog were stimulated to produce a 1 s

fused tetanus while a marked segment was held at constant

length throughout the contraction as described in Methods.

When the tetanic force had reached its plateau value the

length-controlled segment was slowly stretched, the stretch

ramp having an amplitude of •20 nm HS¢ and a velocity

of 210 nm HS¢ s¢. Figure 1 shows typical records from

such an experiment carried out at a resting sarcomere

Force vs. sarcomere length and fibre widthJ. Physiol. 519.2 517

Figure 1. Force and displacement records from a length-controlled segment of frog muscle fibre
subjected to stretch on the plateau of a fused tetanus

Upper trace, force; middle trace, segment length calibrated in ìm sarcomere¢; lower trace, change of

puller position as required to adjust the segment length. Note the rapid rise of force after the onset of

stretch ending at a breakpoint of the force myogram after which the force remains quite constant during

the rest of the stretch ramp. Stretch amplitude at the breakpoint of the force myogram is approximately

8 nm HS¢. a, isometric force; b, measured force enhancement.



length of 2·20 ìm. In accordance with previous results

(e.g. Edman et al. 1978, 1982; Julian & Morgan 1979;

Lombardi & Piazzesi, 1990; Edman & Tsuchiya, 1996),

stretch of the length controlled segment led to a rapid rise

of tension to a breakpoint after which the tension remained

high during the remainder of the stretch period. After the

end of the stretch there was a biphasic fall in tension: an

initial steep drop in force that reduced the enhanced force to

about half its maximal value followed by a slow decay phase.

The increase in force during the stretch ramp is most likely

attributable to strain of myosin cross-bridges that are in

contact with the thin filaments. The following experiments

were performed to investigate if this rise of force (b, Fig. 1)

bears the same relationship to sarcomere length and filament

overlap as does the isometric tetanic force (a, Fig. 1).

Measurements like those shown in Fig. 1 were therefore

carried out in individual fibres at different sarcomere lengths

within the range 1·7—3·1 ìm with five or six recordings at

each length. Figure 2 illustrates records from a given fibre

derived at 1·8, 2·2 and 2·8 ìm sarcomere length. For

measurements below slack length (Fig. 2A) the contraction

was initiated, under segment length control, at 2·00 ìm

sarcomere length. Soon after the onset of tension rise the

reference level for the segment length clamp was altered to

allow the segment to shorten and develop maximum tetanic

force at a pre-set length. A stretch ramp was thereafter

applied to the segment in the same way as performed above

slack fibre length. As is readily seen in Fig. 2 the force

enhancement during stretch did not change in proportion to

the isometric force as the sarcomere length was altered. For

example, increasing the sarcomere length from 1·80 to

2·20 ìm (Fig. 2A and B) caused only a small rise of the

tetanic force whereas the force enhancement during stretch

was markedly potentiated. Conversely, an increase in

sarcomere length from 2·20 to 2·80 ìm (Fig. 2B and C) led

to a marked decrease in isometric force but only to a

moderate reduction of the force enhancement during stretch.

Figure 3A shows the amplitude of tetanic force and the

amplitude of force enhancement during stretch in relation to

sarcomere length between 1·7 and 3·1 ìm based on data

from one muscle fibre. In accordance with previous results

(Edman & Reggiani, 1987) the relationship between tetanic

force and sarcomere length recorded in a short length-

clamped segment had a smooth rounded shape with a

maximum close to 2·00 ìm sarcomere length. The length

dependence of the force enhancement during stretch, on

the other hand, differed markedly from that of the plain

isometric force. The force enhancement during stretch

increased with sarcomere length above 1·8 ìm and reached

maximum amplitude at approximately 2·4 ìm sarcomere

K. A. P. Edman J. Physiol. 519.2518

Figure 2. Records from a length-controlled segment of a muscle fibre illustrating force
enhancement during stretch at three different sarcomere lengths

Upper traces, force. Lower traces, segment length calibrated in ìm sarcomere¢.

Figure 3. Tetanic force and force enhancement during stretch in relation to sarcomere length

A, measurements of tetanic force (1) and force enhancement during stretch (0) recorded from the same

length-controlled segment of a single muscle fibre. Mean values of five or six repeated recordings at each

sarcomere length; error bars (if exceeding symbols) indicate s.e.m. B, force enhancement during stretch

normalized to the tetanic force recorded at respective sarcomere length.



length. At this point the force enhancement during stretch

can be seen to equal the isometric force (Fig. 3A), i.e. the

stretch led to a doubling of the force held by the fibre during

the tetanus plateau. With further increase in sarcomere

length the force enhancement during stretch gradually

decreased in size.

In Figs 3B and 4 the force enhancement during stretch is

expressed as a fraction of the control isometric force recorded

at the various sarcomere lengths in this way normalizing the

force output to the amount of filament overlap at each

sarcomere length (see further Discussion). Figures 3B and 4

demonstrate that there was a steady increase of force

enhancement during stretch, relative to the isometric force,

as the sarcomere length was changed from approximately

1·8 to 2·8 ìm. This finding strongly suggests that the width

of the myofilament lattice is an important determinant of

the force enhancement during stretch. The values given

above the abscissa in Fig. 4 indicate the estimated changes

in fibre width as the sarcomere length is altered, the width

existing at 2·0 ìm sarcomere length being used as a standard.

In calculating the change in fibre width the myofilament

lattice was assumed to maintain a constant volume within

the range of sarcomere lengths considered (see Elliottet al.

1963; Huxley, 1969; Millman, 1998). The results show that a

decrease in relative fibre width below the value (1·05) existing

at 1·8 ìm sarcomere length led to a steady increase of the

normalized force enhancement during stretch. Maximum

force enhancement was attained near 2·8 ìm sarcomere

length at which point the relative fibre diameter was

estimated to be 0·85 of the value at 2·0 ìm sarcomere length.

The mean force enhancement during stretch calculated for

data points between 2·60 and 2·84 ìm sarcomere length in

Fig. 4 was 65% greater (P < 0·001) than the mean value

derived between 1·70 and 2·05 ìm sarcomere length.

Varied tonicity. In an attempt to further explore the width

dependence of the force enhancement during stretch,

experiments were performed in which the diameter of the

fibre was altered by varying the tonicity of the bathing

medium while the sarcomere length was kept constant at

2·00 or 2·10 ìm. The osmotic strength was varied within

the range 0·62—1·44 of the osmolality of normal Ringer

solution (1·00R), hypotonicity being produced by reducing

the sodium chloride concentration of the Ringer solution and

hypertonicity by addition of sucrose (see Methods).

An increase in tonicity from 0·62R to 1·44R led to a steady

reduction of the tetanic force (Fig. 5A) and to a corresponding

augmentation of the force enhancement during stretch

(Fig. 5B). The two effects matched each other remarkably

well such that the total force held by the fibre during stretch,

i.e. the sum of tetanic force and force enhancement, remained

nearly constant over the whole range of tonicities studied

(Fig. 5C).

The amplitude of force enhancement during stretch,

expressed as a fraction of the isometric force, is plotted

against tonicity in Fig. 6 using the data shown in Fig. 5.

The values given above the abscissa show, for comparison,

the relative width of the fibre at the different tonicities. For

this calculation the following information was used. The

relative width of the fibre in 0·81R and 1·22R solutions has

previously been measured to be 1·05 and 0·93, respectively,

the measurements being normalized to the value derived in

normal Ringer (Edman & Hwang, 1977). It has previously

been demonstrated that the width of a frog muscle fibre

varies like an osmometer over a wide range of osmotic

strength (Millman et al. 1981; Takemori, 1990). Thus

assuming a linear relationship between fibre width and

tonicity within the entire range studied the relative fibre

width in the 0·62R and 1·44R solutions can be estimated to

be 1·11 and 0·86, respectively.

The influence of tonicity on the force enhancement during

stretch, as displayed in Fig. 6, bears a striking resemblance

to the effect of altered sarcomere length (cf. Fig. 4). In
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Figure 4. Force enhancement during stretch (normalized to tetanic force) related to sarcomere
length and fibre width

Pooled data from seven experiments similar to that illustrated in Fig. 3B. The relative fibre width at

different sarcomere lengths is indicated above the abscissa (for calculation, see text).
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Figure 5. Influence of tonicity on tetanic force and force enhancement during stretch

A, relationship between tetanic force and tonicity of the extracellular medium. B, force enhancement

during stretch vs. tonicity. C, total force (the sum of a and b in Fig. 1) held by the length-controlled fibre

segment during stretch at different tonicities. Force in diagramsA—C is expressed as a fraction of the value

derived in normal (tonicity 1·0) Ringer solution. Data points in the three diagrams are mean values of five

or six recordings from a given fibre segment at each tonicity. Open and filled symbols represent data from

two experiments.

Figure 6. Force enhancement during stretch (normalized to tetanic force) related to tonicity and
fibre width

Tonicity and relative fibre width (indicated above the abscissa) are expressed as a fraction of the values in

normal Ringer solution (see further text). Data refer to the same experiments as inFig. 5.



common for these two interventions is the change in fibre

width indicated above the abscissa in the two diagrams.

As can be seen, the force enhancement during stretch

(normalized to the control isometric force) increased by a

factor of 1·7—2·0 as the relative fibre width was reduced

from 1·05 to 0·85 either by changing the tonicity from

0·81R to 1·44R (Fig. 6) or by increasing the sarcomere

length from 1·8 to 2·8 ìm (Fig. 4). These results, taken

together, strongly suggest that the width of the myofilament

lattice is an important determinant of the force that is

recruited over and above the isometric tension when a

muscle fibre is stretched during activity.

Skinned muscle fibres

The above conclusion that the amplitude of force

enhancement during stretch is related to the myofilament

lattice width was further tested in experiments on skinned

muscle fibres. Segments of frog semitendinosus muscle

fibres, chemically skinned as described in Methods, were

contracted isometrically (fixed-fibre ends) by exposure to

10 ìÒ Ca¥. When maximum force had been attained

(‘active’ sarcomere length approximately 2·0 ìm), a stretch

ramp (amplitude, •50 nm HS¢; speed, 130—170 nm HS¢

s¢) was applied to the fibre segment in a manner similar to

that used on the intact fibres. Two contractures with stretch

were first performed in standard solutions and another two

contractures with stretch were thereafter carried out in the

same fibre segment in the presence of 6% PVP (see

Methods). A time period of 5 min was allotted to allow the

fibre to equilibrate in the PVP-containing medium before a

contracture was initiated (cf. Tsuchiya, 1988). Immersion of

the fibre in the polymer solution reduced the fibre diameter

to 0·70 ± 0·02 (n = 19, P < 0·001) of the control value.

Reimmersion of the fibre in the PVP-free control solution

fully restored the fibre width. Figure 7 shows records from a

representative experiment. In accordance with earlier

reports (Metzger & Moss, 1987; Tsuchiya, 1988), the rate of

rise of force and the total amplitude of the contracture

(Fig. 7C) were both increased in the presence of 6% PVP,

the mean increase of the contracture amplitude being

1·18 ± 0·05 (n = 19, P < 0·001) of the control. The measured

isometric force per fibre cross-sectional area in the PVP

solution was 95 ± 7 kN m¦Â (n = 19).

Similar to the situation in the intact fibres, stretch of the

skinned fibre during contracture caused an initial steep rise

of force followed by a second, less steep phase during the

remainder of the stretch ramp (Fig. 7B and D). Compared to

the intact fibres the transition between the two phases of

tension rise during stretch was less distinct in the skinned

Force vs. sarcomere length and fibre widthJ. Physiol. 519.2 521

Figure 7. Example records illustrating force enhancement during stretch in skinned muscle fibre
contracted in the presence and absence of PVP

Calcium-induced contracture in standard solution with no PVP (A and B) and in the presence of 6% (wÏv)

PVP (C and D). A and C, force records on a slow time base. B and D, force enhancement during stretch (end

portions of traces inA and C) shown on faster time base. a, measured isometric force; b, force enhancement.

Force scales: percentage of isometric force recorded inA.



preparation and there was a more pronounced rise of force

during the second phase in this preparation. Both these

features of the force response to stretch in the skinned fibre

are most likely attributable to a less uniform distribution of

the length change compared with the intact muscle fibre

(see further Edman & Tsuchiya, 1996). The amplitude of

force enhancement during stretch (b, Fig. 7) amounted to

0·45 ± 0·05 (n = 19) of the isometric force (a, Fig. 7) in the

control solution. This response to stretch accords well with

that observed in intact muscle fibres at short sarcomere

lengths and in hypotonic solution, i.e. under conditions

where the width of the myofilament lattice is relatively large

(compare Figs 3B and 6). The amplitude of stretch required

to complete phase b was not significantly different in the

absence and presence of PVP, the measured amplitudes

being 14·8 ± 0·8 and 14·9 ± 1·0 nm HS¢, respectively.

In accordance with the results obtained with the intact

fibres the force enhancement during stretch, measured at

the end of the steep phase (b, Fig. 7B and D), increased

proportionally more than the isometric force as the fibre

was compressed in the presence of 6% PVP. The force

enhancement during stretch, normalized to the isometric

force in the same contraction, was 23·1 ± 3·6% (P < 0·001,

n = 19) greater than the corresponding value measured in

the absence of PVP. The total force measured at the end of

the steep phase, i.e. the sum of isometric (pre-stretch) force

and force enhancement, was 19·1 ± 3·2% (P < 0·001,

n= 19) greater in the PVP solution than in the control.

The changes in fibre width induced in the skinned fibres only partly

fell within the range of changes studied in the intact fibres. The

skinning procedure can be presumed to increase the fibre diameter

by a factor of 1·3 (Maughan & Godt, 1979). The relative width of

the fibres in the control solution was thus considerably larger than

the largest width studied in the intact fibres (see Figs 4 and 6). The

30% reduction in fibre width in the PVP solution (see earlier) would

restore the relative width to approximately 0·9, i.e. to a point mid-

way on the curve relating force enhancement during stretch and

fibre width in Fig. 4.

DISCUSSION

When skeletal muscle is stretched during a tetanus there is

an initial rapid rise of force ending at a breakpoint after

which the tension remains constant or, if the stretch is

applied above slack length, continues to rise slowly during

the remainder of the stretch period. Evidence has recently

been presented to show that the second, slow phase of

tension rise represents ‘tension creep’ resulting from sarco-

mere non-uniformity that develops during the course of the

stretch (Edman & Tsuchiya, 1996). In the present study the

amplitude of force enhancement was measured soon after

the end of the rising phase, i.e. at a point during the stretch

ramp where the development of sarcomere non-uniformity

is negligible (see further Edman & Tsuchiya, 1996). The

velocity of stretch was high enough to cause maximal, or

near-maximal, force enhancement. The force recorded under

these conditions may therefore be regarded as the force-

bearing capacity of the contractile system, i.e. the maximum

force that the bridges can hold before they detach and start

to slide along the thin filament during continued stretch.

During the stretch ramp the bridges are likely to undergo

repeated detachment—reattachment cycles (Lombardi &

Piazzesi, 1990) and, if the stretch is sufficiently fast, the

bridges will reach a point where the attachment to the thin

filament is forcibly disrupted. According to this view the

force enhancement recorded here may reflect the binding

strength of the cross-bridges. It should be pointed out in

this connection that the force measured during stretch also

includes strain of ‘new’ cross-bridges that are recruited

during the stretch phase. This additional force is likely to be

small, however, as may be inferred from the fact that a

stretch ramp like that used in the present study results in

only a small (•10%) increment of fibre stiffness (Sugi &

Tsuchiya, 1988; Lombardi & Piazzesi, 1990). Furthermore,

with the small amplitude of stretch used in the present

study, the recruitment of passive force during stretch is

insignificant within the range of sarcomere lengths studied.

Recent evidence suggests that the thick and thin filaments have a

finite stiffness that is comparable to that residing in the cross-

bridges (Huxley et al. 1994; Kojima et al. 1994; Wakabayashi et al.

1994; Higuchi et al. 1995). The nature of the filament elasticity is

still incompletely known, i.e. whether the elasticity is Hookean and

whether it is uniformly distributed along the filaments or merely

involves the free portions of the filaments outside the overlap region.

The filament compliance is small and may increase the overlap zone

by no more than •2 nm HS¢ as a length-clamped fibre segment

develops maximal tetanic force. No account of filament compliance

has therefore been made in evaluating the force—length relations in

this study. The existence of filament compliance does, however,

impose some uncertainty in measurements of cross-bridge stiffness.

If the filament compliance has the characteristics of a Hookean

spring acting in series with the the cross-bridges, a change in cross-

bridge stiffness will be underestimated by using the total sarcomere

stiffness as an index. For example, if the filament compliance were

to account for 30% of the sarcomere compliance (assuming that the

myofilament compliance is linear), a 10% increase in sarcomere

stiffness would in reality correspond to a 15% increase in cross-

bridge stiffness. Further information on the mechanical properties

of the myofilament elasticity is required to settle this point.

The force enhancement during stretch exhibits a sarcomere

length dependence that is markedly different from that of

the isometric force. The results show that, whereas the

tetanic force is steadily reduced as the sarcomere length is

increased above 2·0 ìm, the force enhancement during

stretch increases to a maximum at 2·4—2·5 ìm and thereafter

diminishes in amplitude with further increase in sarcomere

length. The nature of the isometric force—length relationship

needs to be considered first.

The relationship between tetanic force and sarcomere

length, based on measurements in short (ca 0·5 mm) length-

controlled segments (Fig. 3A) has a smooth shape without

formation of a distinct plateau: the isometric force increases

continuously as the sarcomere length is reduced from an

extended length towards 2·0 ìm, below which point force

declines again. These features of the length—tension relation
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have been described and evaluated in considerable detail

before (Edman & Reggiani, 1987). It was demonstrated that

the length—tension relationship, including the features

described above, can be fitted well with a model in which

maximum force is proportional to the length of overlap

between the thick and thin filaments if allowance is made

for some variation in filament overlap within the myofibrillar

sarcomeres (for details, see Edman & Reggiani, 1987). The

shape of the length—tension relationship has furthermore

been found to be only slightly (Bagniet al. 1990), or not at all

(Edman & Andersson, 1968; April & Brandt, 1973), affected

by osmotic interventions that alter the myofilament lattice

width. There is thus good reason to believe that the length of

filament overlap, rather than the width of the myofilament

lattice, is the main determinant of the isometric force. This is

in line with the view (see later) that the bridge arm (the

myosin S2 fragment) runs essentially parallel with the fibre

axis at the fibre widths encountered above optimal length.

The present results provide evidence that the force recruited

during stretch, contrary to the plain isometric force, is

sensitive to changes in myofilament lattice width. This was

demonstrated by normalizing the force enhancement during

stretch to the control (pre-stretch) isometric force. By this

procedure the force enhancement during stretch becomes, in

effect, normalized to the length of filament overlap according

to the foregoing discussion, i.e. to the number of active cross-

bridges at each sarcomere length. Any influence of sarcomere

length on the normalized value of the force enhancement is

therefore attributable to the concomitant change in fibre

width or to some other variable that changes with sarcomere

length. Stienen et al. (1992) have demonstrated that the

amplitude of force enhancement during stretch varies with

the calcium ion concentration at submaximal activation levels

in skinned muscle fibres. It is unlikely, however, that altered

calcium sensitivity would underlie the width dependence of

the force enhancement by stretch observed in the present

study on intact fibres. The present measurements were

made during the plateau phase of a fused tetanus, i.e. under

conditions where the contractile system can be presumed to

be maximally activated (see Caputoet al. 1994).

Since a muscle fibre maintains a virtually constant volume

as the sarcomere length is changed (Elliott et al. 1963;

Huxley, 1969; Millman, 1998), the relative fibre width could

be estimated at each sarcomere length investigated. The

results show (Fig. 4) that, within the range of fibre widths

existing between 1·8 and 2·8 ìm sarcomere length, there is

an inverse relationship between the normalized force

enhancement during stretch and fibre width. Assuming that

the 1,0 lattice spacing in frog muscle is 38 nm at 2·0 ìm

sarcomere length (Matsubara & Elliott, 1972; Millman,

1998) and the diameter of the thick and thin filaments are

12 and 7 nm (Huxley, 1963), respectively, the side spacing

between the thick and thin filaments can be estimated to

decrease by 5·3 nm, from 17·2 to 11·9 nm, as the sarcomere

length is increased from 1·8 to 2·8 ìm. This decrease in

lattice spacing was associated with a 65% increase in the

normalized value of force enhancement during stretch

(Fig. 4).

The conclusion that force enhancement during stretch is

dependent on the myofilament lattice width within the

range studied in the intact muscle fibres was corroborated

by similar measurements on skinned muscle fibres. In these

experiments the sarcomere length, and therefore the number

of active cross-bridges, was kept constant while the width of

the fibre was reduced by osmotic compression in the

presence of polyvinylpyrrolidine (PVP). It is pertinent that

the total force, i.e. the sum of isometric (pre-stretch) force

and force enhancement, increased as the fibre width was

reduced. This strengthens the view (see further below) that

the force by which the cross-bridge is attached to the thin

filament during stretching becomes greater as the lateral

spacing between the filaments is reduced within the range

covered in this study. The width dependence of the force

enhancement during stretch improves the bridges’ ability to

resist stretch at greater sarcomere lengths. In this way the

ability of muscle to withstand stretch will remain fairly high

even when the muscle is elongated beyond its optimal length

where the number of attached cross-bridges is reduced.

Force enhancement during stretch related to
cross_bridge function

It is generally assumed that myosin cross-bridges go through

several states of attachment during a working cycle and that

each new step leads to progressively stronger binding of the

bridge to the actin unit and to further production of force

(Huxley & Simmons, 1971). As pointed out above, it is

reasonable to assume that the tension recorded after the

breakpoint of the force myogram during stretch represents

the force by which the myosin bridge is held by the actin

filament. The bridge attachment exhibits a viscous behaviour

in that the amplitude of force enhancement, i.e. the force

required to disrupt the bridge connection, increases with the

stretch velocity approaching a maximal value at velocities

greater than 200 nm HS¢ s¢ (Edman, 1988; Lombardi &

Piazzesi, 1990).

The viscous behaviour of the contractile system during

stretch has been simulated by Lombardi & Piazzesi (1990)

using a kinetic cross-bridge model. In their program the

bridges become ‘forcibly’ detached in a strained (force

bearing) state by making the dissociation rate constant(s)

progressively larger as the extension of the cross-bridges is

increased at higher speeds. The number of attached cross-

bridges in the model could be kept constant at different

velocities of stretch, in accordance with actual stiffness

measurements in intact muscle fibres (see earlier), by

increasing the association rate constant appropriately. The

general shape of the stretch velocity—force relationship could

be simulated well by the model used by Lombardi & Piazzesi

(1990), but the stretch velocity required to produce maximal

force enhancement was greater than that recorded in an

intact fibre. Related models for simulating the enhancement

of force during stretch were later presented by M�ansson

Force vs. sarcomere length and fibre widthJ. Physiol. 519.2 523



(1994) and Burmeister Getz et al. (1998). However, the

molecular basis of the viscous behaviour of the contractile

system during stretch still remains obscure.

Recent progress in the study of the molecular structure of

actin and myosin (Rayment et al. 1993) has opened up the

possibility of elucidating the interaction between the myosin

head and the actin filament in considerable detail. Based on

information on the 3D structure of the two proteins, models

of the actin—myosin interaction have been proposed to

explain the structural changes of the cross-bridge during a

working cycle. Positively charged residues of the S1 portion

of the myosin molecule are thought to make sequential

attachments to negatively charged actin sites, and two or

more interaction sites between the myosin head and the actin

moieties may be formed in this way. According to molecular

dynamic calculations presented by Diaz Bãnos et al. (1996)

each new binding site will lead to a stronger attachment

between the two molecules and to a greater force output of

the bridge thus supporting the basic assumptions of the

multi-step cross-bridge model that was originally advanced

by Huxley & Simmons (1971) and later used in modified

versions.

The present results suggest that the active force produced by

a cross-bridge is not a simple function of the strength by

which the bridge is attached to the thin filament. This is

indicated by the finding that the two properties are affected

differentially by a change in lattice width. Thus, whereas

the force producing capability of the bridge is found to be

largely independent of the lateral distance between the

thick and thin filaments (see earlier), the apparent binding

strength, measured from the axial force required to

disconnect the bridge, is markedly sensitive to changes of

the myofilament lattice width within the range of fibre

widths encountered between 1·8 and 2·8 ìm sarcomere

length. The molecular mechanism underlying the width

dependence of the cross-bridge binding force is unknown

at the present time and requires further work for its

clarification. It is of interest to note that the myosin head

(approximately 17 nm long and 6 nm wide, Elliott & Offer,

1978; Rayment et al. 1993) is large enough to span the

entire gap between the thick and thin filaments near slack

fibre length (side-to-side distance 17·2 nm at 1·8 ìm sarco-

mere length, see earlier), and it is reasonable to presume that

the attitude of the myosin head will change as the spacing

between the filaments becomes narrower at longer sarcomere

lengths. The available space for the myosin head will indeed

become drastically reduced as the sarcomere length is

increased. For example, at 2·8 ìm sarcomere length the side-

to-side distance between the thick and thin filaments can be

estimated to be merely 11·9 nm (see earlier). The tighter

packing of the filaments at greater lengths can be presumed

to increase the effective area over which the actin and

myosin molecules are able to interact. This may increase the

opportunities for bond formation between the two structures

and thus lead to a firmer attachment of the bridge.

A contractile change that has features in common with the

force enhancement during stretch is the potentiation of

force development induced by phosphorylation of the

myosin regulatory light chains (Metzger et al. 1989; Levine

et al. 1996). Myosin light chain phosphorylation leads to a

conformational change of the S1 unit that increases the

mobility of the myosin heads making them more easily

available for interaction with the actin moities than when

unphosphorylated. Interestingly, the potentiation of force

resulting from myosin light chain phosphorylation can be

substituted by decreasing the the lateral distance between

the thick and thin filaments, either by increasing the

sarcomere length or by osmotically compressing of the

myofilament lattice (Levine et al. 1996). It remains to be

explored, however, whether phosphorylation of the myosin

regulatory light chains also leads to increased force

enhancement during stretch that would indicate a stronger

attachment of the myosin bridges to the thin filament as

discussed above.

Effects of tonicity on isometric force and force
enhancement during stretch

The present study provides further insight into the effects of

altered tonicity on isometric force and force enhancement

during stretch in intact muscle fibres. In accordance with

previous observations (M�ansson, 1989, 1994; Piazzesi et al.

1994) hypertonicity of the extracellular medium leads to a

decrease of the tetanic force and to an increase of the force

enhancement during stretch while the opposite is true for

hypotonicity which increases tetanic force and reduces

force enhancement during stretch. The change in contractile

force induced by tonicity may be attributed to altered force

output of the individual cross-bridge. The latter change is

most probably effectuated by the altered intracellular ionic

strength, since the active force produced by the bridge is

little affected by the fibre width (see earlier). In accordance

with this view earlier experiments have demonstrated that

altered tonicity does not change the instantaneous stiffness

of the muscle fibre to any significant degree (M�ansson, 1994;

Piazzesi et al. 1994) suggesting that the number of attached

cross-bridges remains essentially constant.

It is of particular interest to note that the total force during

stretch, which most probably reflects the strength of binding

of the myosin cross-bridge, remains virtually constant over

the wide range of tonicities studied (Fig. 5C). A change in

tonicity leads both to a change in fibre width and to altered

intracellular ionic strength and these two interventions

affect the binding strength of the myosin cross-bridge in

opposite ways. A decrease in fibre width may, according to

the foregoing, be expected to increase the binding strength,

whereas the concomitant increase in intracellular ionic

strength will have the opposite effect (e.g. Brenner, 1990).

The present results suggest that the two effects cancel one

another out resulting in a nearly unchanged total force

during stretch as the tonicity is varied.
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