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Summary

It has been assumed that force enhancement in single was observed in 28 out of the 29 tests. Moreover, the force
fibres of skeletal muscles only occurs on the descending, produced for stretch experiments finishing at optimal fibre
and not the ascending or plateau region, of the length always exceeded the force obtained for an isometric
force—length relationship. This assumption has been contraction at optimal length. We conclude from these
based, however, on theoretical considerations or isolated results that steady-state force enhancement occurs
experiments, in which neither stretch conditions nor fibre systematically on the ascending limb of the force—length
lengths were optimized for force enhancement. Therefore, relationship, and that the steady-state force in the
the purpose of this study was to investigate the residual, enhanced state can easily exceed the maximal isometric
steady-state force enhancement following active stretch in force of the fibre.
single muscle fibres of frog on the ascending limb of
the force-length relationship. Twenty-nine stretch
experiments on ten single fibres from the lumbrical muscle Key words: force enhancement, muscle mechanics, single fibre,
of the frog Rana pipienswere carried out on the ascending striated muscle, cross-bridge theory, force production, fRapa
limb of the force—length relationship. Force enhancement pipiens.

Introduction

It is well accepted that the residual, steady-state isometrit979b; Herzog and Leonard, 2000), and in which sarcomere
force following active stretch of a muscle or fibre on thelengths are assumed to be unstable (Hill, 1953) and non-
descending limb of the force—length relationship is greater thamiform in length (Julian and Morgan, 1979b; Morgan, 1990,
the purely isometric force at the corresponding length (Abbott994; Allinger et al., 1996). Therefore, force enhancement has
and Aubert, 1952; Edman et al.,, 1978, 1982; Julian anHeen associated frequently with the occurrence of instability
Morgan, 1979b; Herzog and Leonard, 2000; Lee and Herzognd the associated non-uniformities in sarcomere lengths
2002). This phenomenon is referred to as force enhancemdgdulian and Morgan, 1979a,b; Edman et al., 1982; Morgan,
following stretch (Herzog, 1998), and its origin remains1990, 1994; Edman and Tsuchiya, 1996; Morgan et al., 2000).
unknown. According to the sarcomere length non-uniformity theory,

Force enhancement is known to increase with increasinigrce enhancement can only occur on the descending, but not
magnitudes of stretch (Abbott and Aubert, 1952; Edman et athe ascending limb of the force—length relationship for two
1978, 1982), but is independent, or at least very insensitive, teasons: (i) the ascending limb has a positive force—length
the speed of stretch (Edman et al.,, 1978, 1982; Sugi arslope, therefore sarcomere lengths are stable and non-
Tsuchiya, 1988). One of the crucial ideas regarding theniformities cannot occur, and (ii) even if sarcomere length
mechanisms associated with residual force enhancemembn-uniformities occurred on the ascending limb (i.e. some
following stretch has been the suggestion that forcesarcomeres would be shorter and some longer than the average
enhancement does not occur in regions where the actiVength), the sarcomeres that would be shorter than average
isometric force increases with increasing muscle/fibre lengthwould have a decreased force potential compared to the
i.e. the so-called ascending limb of the force—lengtraverage sarcomere length (Gordon et al., 1966). Therefore,
relationship (Edman et al., 1978, 1982; Julian and Morgargnly a decrease, but not an increase, in force could result from
1979b). Rather, force enhancement has been thought to ocaarcomere length non-uniformities on the ascending limb of the
only on the so-called descending limb of the force—lengtliorce—length relationship.
relationship, a region in which the active isometric force Recently, Herzog and Leonard (2002) showed a small, but
decreases with increasing muscle/fibre length (Abbott andonsistent force enhancement on the ascending portion of the
Aubert, 1952; Edman et al., 1978, 1982; Julian and Morgariprce—length relationship in the cat soleus. However, their
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result may have been caused by a few fibres of the whole Stimulation (Grass S88, Grass Instruments, West Warwick,
muscle that might have been on the descending limb of thel, USA) was given through two parallel platinum wire
force—length relationship, while the whole muscle exhibitecelectrodes on either side of the fibre mounted in the
properties associated with the ascending limb of thexperimental chamber. Square pulses (@s4duration) were
force—length relationship. In order to answer the question afelivered with an amplitude 25% above the voltage that
whether force enhancement can occur on the ascendipgoduced maximal force (range: 50-90 Each fibre was
portion of the force—length relationship, experiments on théested individually to induce a completely fused tetanic
single fibre level were needed. Thus, the purpose of thisontraction with the lowest stimulation frequency possible
study was to investigate the residual, steady-state fordeange: 23-2%1z).
enhancement following active stretch in single fibres of frog
on the ascending limb of the force-length relationship. Initial procedures
Based on results obtained with whole muscle, we After determining the optimal voltage for stimulation, the
hypothesized that there would be a small but consistent fordibre was left to twitch every 9for at least 3énin. The fibre
enhancement on the ascending, positive slope, of theas then visually inspected for signs of damage. The
force—length relationship, provided that stretch conditionsnagnitudes of the twitches after the conditioning period were
were optimized. If so, the steady-state forces followingcompared to the initial twitch values to examine the quality and
stretch should exceed the purely isometric forces at optimaiability of the fibre. If any decrease in force was observed, the
fibre length, if the fibre was stretched from some initialfibre was discarded at this point.
length on the ascending limb of the force—length relationship
to the optimal fibre length. Experimental procedures
An experimental force—length curve was determined for
, each fibre using & contractions to define the ascending limb,
Materials and methods the optimal length, and the descending limb of the
Muscle preparation force—length relationship (Gordon et al., 1966; Morgan et al.,
Single fibres {l=10) were dissected from the lumbrical 2000). The length at which the greatest active force was
muscle of the frogRana pipiensSchreber. Care was taken to obtained was defined as 0% (optimal length), and was
ensure that all fibres were free of any debris from dead adjacesdsociated with an average sarcomere length oftrd.in
fibres. Treatment of the animals, and all experimentahccordance with results of length-clamped (Gordon et al.,
procedures, were approved by the University of Calgary'd4966) and fixed-end single fibre preparations (Lutz and Rome,

committee for the ethical use of animals in research. 1994). Lengths below 0% were defined as the ascending limb,
_ and were designated with negative length values (i.e. a length
Experimental setup of —10% refers to a fibre length that is 10% smaller than

The tendons of the dissected fibres were gripped with smadiptimal length), and the corresponding average sarcomere
T-shaped pieces of aluminum foil as close to the fibre aengths were assumed to change proportionally with fibre
possible. The fibres were mounted in an experimental chamblength. A rest period of 5-@in was given between
between a force transducer (Sensonor AE801, SensorOnentractions to avoid fatigue of the fibre. For the remainder of
Technologies Corp., Sausalito, CA, USA) and a servomotdhe experiment, isometric reference contractions at the optimal
length controller (Aurora Scientific, Aurora, ON, Canada). Thdength were systematically used to check if force remained
chamber was filled with Ringer’s solution (NaCl Ihfwol, constant throughout testing. If the force dropped more than
KClI 3mmol, CaCt 3mmol, NabPQOs 2mmol, NaHCQ 2% between adjacent reference contractions, or if the
20mmol, pH7.5). The temperature was controlled at ~8°Creference force decreased by a total of 10% or more of the
(range: 6—10°C) during all experiments. initial maximum isometric force at any point during testing,

+—————— 4758 ————>
0%

Fig. 1. Representation of the time course of stimulation for 5%
the experimental stretches. Here, 0% length refers to the ~10%
length at which active maximal isometric force was -109
obtained (average sarcomere length aboupfhlLutz %, -159
and Rome, 1994). The fibres were activated at an initig —209
length for 1s (sufficient for the force to reach the maximat™  15-»e

isometric force at that length), then stretched 10% of fibre
length to the final length in 0.25(40%s1). The fibre was
then held at this final length for another 4s7&ufficient
time for steady-state isometric force to be established;
Edman et al., 1982). Time

0.25s
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the fibre was immediately discarded, and the results wengassively to the initial length.{), where they were stimulated
eliminated from analysis. for 1s, which was sufficient time for the force to reach
After determining the force—length relationship and themaximal isometric force (e.g. Edman et al., 1978, 1982; Julian
optimal length, isometric contractions (square pulsesm8.4 and Morgan, 1979b; Edman and Tsuchiya, 1996). Fibres were
duration, 6s stimulation train), were performed at lengths ofthen stretched to the final length)(at a speed of 40% of fibre
0%, —5%, —10%, —15% and —20%; i.e. on the ascending limlengths™? (i.e. in 0.25s), where they were held activated for
of the force—length relationship (average sarcomere length ahother 4.75 (Fig.1).
approximately 2.1, 2.0, 1.9, 1.8 and [u#, respectively).
Then, three active stretches were performed along the Data analysis and statistics
ascending limb of the force—length relationship from lengths The active forces recorded at 3¥after the stretch were
of —10% to 0% (optimal length), —15% to —5%, and —20% taised for statistical analysis, when force had reached a steady-
-10% (Fig.1). For the stretch tests, fibres were shortenedtate level (i.e. the stretch test force—time traces were parallel
to the isometric reference force—time traces, e.g. Edman et al.,
A 1982). Parallelism was evaluated by fitting a linear regression
FE (7.5%) line through the data points for the 8.period preceding the
instant at which force enhancement was evaluated. The slopes
for both the isometric reference and the stretch contractions
i f S T were determined and evaluated for differences using a
repeated-measures analysis of variance (RM-ANOVA)
(P<0.05). Comparisons of forces at 3&after stretch with
the isometric reference forces at the corresponding lengths
were made by one-way RM-ANOVA, followed by contrasts
chosena priori when indicated. A level of significance of

P<0.05 was used for all analyses. Results are shown as means
FE (3.3%) + SEM.

0.1 mN

A4

Results

Ten fibres were tested using stretches beginning at initial
lengths of —10% and —15%, and nine fibres were tested
beginning at an initial length of —20%. For all ten fibres tested
beginning at lengths of —10% and —15%, and eight out of the
nine fibres tested beginning at —20%, the steady-state forces
following active stretch were greater than the purely isometric
reference contractions at the corresponding lendth,
(Fig. 2A—C). There was no evidence of any passive forces in
any of the reference or stretch contractions. Furthermore, there
was no evidence of passive force enhancement as reported
previously when single fibres were stretched while activated
on the descending limb of the force—length relationship
1s (Herzog and Leonard, 2002; Rassier et al., 2003).

In many cases, the steady-state forces following active
________ stretch were greater than the isometric reference forces at

L
f / optimal fibre length (Fig3). For the tests beginning at a
Lj———————f e - length of —10% and finishing at 0% (optimal) length, all ten
fibres showed force enhancement that exceeded the isometric
Fig.2. Typical experiment, conducted with one fibre. (A-C) Twoforce at optimal length by 4.9+0.9%, with a range of
isometric force traces with the fibre at the initial length (i, bottomg g8_10.9%. For the tests beginning at a length of —15%, eight
trace), and the final length (f, middle trace), as well as the stretcf) i of the ten fibres showed force enhancement exceeding the

contraction from the initial to the final fibre length (s, top trace). Inforce at optimal length. The mean force enhancement for

A, the final length corresponds to the optimal length for force o .
development; i.e. at this length, the purely isometric force Wa;hese tests was 4.5:0.9%, and they exceeded ,the, maximal
4+1.0%. For the tests beginning at a

maximal. Note that the steady-state force enhancement is greater tHngetriC for((:)e by 2. .
any of the isometric forces, although only by a small amount in c€ngth of —20%, the mean force enhancement was 2.0+0.6%,

Initial lengths: —10%, —15% and —20% for A, B and C, respectively@nd the steady-state forces following active stretching never
Stretch speed was 40% of fibre length and stretch amplitude was exceeded the purely isometric reference force at optimal
10% of fibre length in all cases. length.

0.1 mN

FE (2.4%)

v

0.1 mN
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1.1

Fig.3. Mean ascending limb portion of the force—length 1.05-
relationship (gray circles, solid line) and steady-state forces
(mean =1 sp.) following stretch tests (black squares,§ 14
connected to initial lengths by broken lines) in lumbrical fibresg
Forces were normalized with respect to the maximal isometre 0-957
force (dotted line) for comparison across fibres. Fibre lengtts 0.9
were normalized relative to the optimal fibre length (0%), i.e3 '
the length at which the isometric force was greatest. Note tkEt 0.85-
steady-state force enhancement for stretches beginning at
lengths —10 and —15% produced average forces greater than 0-8
the isometric force at optimal length (0%). Optimal average 0.75

sarcomere length was based on Lutz and Rome (1994), who ~ g 20 _15 ‘10 -5 o 5
demonstrated that maximal force in single frog fibres for fixed-

end contractions (as produced here) correspond to an average

sarcomere length of 2iim. The remaining average sarcomere , ,

Length change (% fibre length)

lengths were calculated proportionally to the fibre length 16 1.7 18 1.9 2.0 2.1 2.2
change. Sarcomere length (um)
Discussion 0.2um per sarcomere (about 10% of fibre length) in their

In the search for mechanism(s) of force enhancement, twaingle fibres from frog Rana temporarip semitendinosus
ideas have played a crucial role in researchers’ thinking. Thgheir figure 4A). However, they argued that this force
first of these ideas was that force enhancement was said to moithancement was transient and decayed rapidly, and was not
occur on the ascending limb of the force—length relationshipyisible if the fibre was held for 4 $following the stretch (their
the second, that the forces associated with force enhancemégure 6A). However, the evidence for this latter statement was
could not exceed the purely isometric forces at a muscle dmased on a stretch of 0.08 per sarcomere, which
fibre length at which the maximal active isometric force wagorresponds to only about 4% of fibre length. Therefore, it
observed. These two ideas were used in support of the so-callegems quite possible that Edman et al. (1978) might have found
sarcomere length non-uniformity theory. This theory states thaimilar results as shown here, had they performed systematic
force enhancement following active muscle/fibre stretching istretch experiments with greater stretch amplitudes on the
associated with the development of non-uniformities imascending limb of the force—length relationship.
sarcomere lengths (e.g. Julian and Morgan, 1979b; Zahalak, There are a number of studies in which residual force
1997; Morgan et al., 2000), and that these non-uniformities aenhancement has been observed following stretch of whole
caused by sarcomere length instability (Hill, 1953; Gordon emuscles (Abbott and Aubert, 1952; Herzog and Leonard, 2000,
al., 1966) that occurs on the negative slope of the force—leng#®02; Herzog et al., 2003). However, the observed force
relationship, the descending limb, but not the positive slopegnhancement may have been caused by some fibres that were
the ascending limb of the force—length relationship (e.g., Hillalready on the descending portion of the force—length
1953; Allinger et al., 1996). relationship, while the majority of fibres were still on the

However, it has been shown that stretch-induced, steadgscending limb. This scenario would be associated with
state force in single skeletal muscle fibres can exceed tlascending limb behaviour of the whole muscle, and
isometric force at optimal length. Herzog and Leonard (20023imultaneously explain why force enhancement was relatively
and Rassier et al. (2003) found evidence for the recruitment sMall in these studies. Here, we observed small, but consistent,
a passive elastic element that contributed to the forctorce enhancement on the ascending limb of the force—length
enhancement. They suggested that possibly this ‘passive forgdationship in single fibres. This result implies that sarcomere
enhancement’ may account for the steady-state forces abolemgth non-uniformities may develop on the ascending portion
the isometric reference force at optimal fibre lengths. In thef the force—length relationship, in contrast to what has been
present study, no passive forces were observed in any test, dodnd experimentally (Julian and Morgan, 1979b; Morgan,
no passive force enhancement either. However, this does nt90, 1994), and has been predicted theoretically (Allinger et
preclude that passive force enhancement may cause the steaaly- 1996).
state isometric forces following stretch to exceed the purely The mean force enhancement (about 3-5%, with peak values
isometric forces at optimal length. In contrast to longreaching about 10%) for the stretch protocols used here are
muscle/fibre lengths, the passive force enhancement at shartich smaller than what has typically been observed on the
lengths would have to disappear in this scenario, and thudescending limb of the force—length relationship (Abbott and
would not be directly observable. Aubert, 1952; Edman et al., 1978, 1982; Julian and Morgan,

Edman et al. (1978) showed force enhancement above th®79b; Herzog and Leonard, 2000). Thus, it might be argued
forces obtained at optimal length for stretch magnitudes dhat force enhancement on the ascending limb is not important
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for practical applications. However, from a mechanistic poinEdman, K. A. P., Elzinga, G. and Noble, M. I. M.(1982). Residual force

of view, the results of this study are significant, because theyenha_ncement after stretch of contracting frog single muscle fibr&en.
h h ic f h . btained fib Physiol 80, 769-784.
show that systematic force enhancement is obtained at fi E%man, K. A. P. and Tsuchiya, T(1996). Strain of passive elements during

lengths at which sarcomere length non-uniformity cannot force enhancement by stretch in frog muscle finie®hysiol. Lond490.
contribute to the total force enhancement. Therefore, force 1 191-205. _ o

h b . d with h h .Gordon, A. M., Huxley, A. F. and Julian, E. J.(1966). The variation in
enhancement may be gssougte with yet an_Ot er mechanisiyometric tension with sarcomere length in vertebrate muscle fibres.
that has not been considered in the past, or might be caused bighysiol. Lond 181, 170-192.

passive elements whose effect disappears with deactivation Hgrzog, W. (1998). History dependence of force production in skeletal
muscle: a proposal of mechanismisElectromyogr. KinesioB, 111-117.

short, but not Iong, muscle fibres. Herzog, W. and Leonard, T. R.(2000). The history dependence of force
production in mammalian skeletal muscle following stretch—shortening and
Conclusions shortening—stretch cycled. Biomech33, 531-542.

Th . I but t ti teadv-state f Herzog, W. and Leonard, T. R.(2002). Force enhancement following
ere 1s a small, ut systematic, steady-state Torce stretching of skeletal muscle: a new mechanidniExp. Biol 205 1275-

enhancement on the ascending limb of single fibres from frog 1283.

that can exceed (for specific stretch conditions) the maximélerzeg. W., Schachar, R. and Leonard, T. R(2003). Characterization of
the passive component of force enhancement following active stretching of

isometric forces obtained at optimal fibre length. This force gyeletal muscled. Exp. Biol 206 3635-3643.
enhancement is difficult to reconcile within the framework ofHill, A. V. (1953). The mechanics of active musdkoc. R. Soc. Lond. B

the sarcomere length non-uniformity theory, and it was not 141 104-117. . .
iated with . in th . £ foll WinJuhan, F. J. and Morgan, D. L.(1979a). Intersarcomere dynamics during
associated with an increase In the passive force follo 9 fixed-end tetanic contractions of frog muscle fibdesPhysiol. Lond293

stretch of activated fibres. Therefore, it is not related in an 365-378.

obvious way to the passive force enhancement, as observedg@n. F- J. and Morgan, D. L. (1979b). The effects of tension on non-
uniform distribution of length changes applied to frog muscle fihtes.

long mL'JscIe. gnd fibre Iengths._ Nevertheless, sarcomere lengthppysiol. Lond293 379-392.
non-uniformities and/or passive force enhancement cannate, H. D. and Herzog, W.(2002). Force enhancement following muscle

be completely excluded as factors contributing to the total stretch of electrically stimulated and voluntarily activated human adductor
. ollicis. J. Physiol. Lond545, 321-330.
force enhancement observed here. However, there exists tIh§z, G. J. and Rome, L. C.(1994). Built for jumping: the design of the frog

possibility that force enhancement on the ascending limb of themuscular systenScience263 370-372.

force—length relationship may be caused by a mechanism oth¥éergan, D._ L. (1_990). New insights into the behavior of muscle during active
. h lengtheningBiophys. J57, 209-221.
than those associated with force enhancement on t%rgan, D. L. (1994). An explanation for residual increased tension in
descending limb. striated muscle after stretch during contractixp. Physial 79, 831-838.
Morgan, D. L., Whitehead, N. P., Wise, A. K., Gregory, J. E. and
Proske, U.(2000). Tension changes in the cat soleus muscle following
slow stretch or shortening of the contracting musélePhysiol. Lond
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