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Summary

The effects of length trajectory on the mechanical power
output of mouse soleus and extensor digitorum longus
(EDL) muscles were investigated using the work loop
technique in vitro at 37°C. Muscles were subjected to
sinusoidal and sawtooth cycles of lengthening and
shortening; for the sawtooth cycles, the proportion of the
cycle spent shortening was varied. For each cycle frequency

during sinusoidal work loops. Maximum power outputs of
92 W kg (soleus) and 247 W kgt (EDL) were obtained by
manipulating the length trajectory. For each muscle, this
was approximately 70% of the maximum power output
estimated from the isotonic force—velocity relationship.

We have found a number of examples suggesting that
animals exploit prolonging the shortening phase during

examined, the timing and duration of stimulation and the
strain amplitude were optimized to yield the maximum
power output. During sawtooth length trajectories, power
increased as the proportion of the cycle spent shortening
increased. The increase in power was attributable to more
complete activation of the muscle due to the longer
stimulation duration, to a more rapid rise in force resulting
from increased stretch velocity and to an increase in the
optimal strain amplitude. The power produced during
symmetrical sawtooth cycles was 5-10% higher than

activities requiring a high power output, such as flying, jet-
propulsion swimming and vocalization. In an evolutionary
context, increasing the relative shortening duration
provides an alternative to increasing the maximum
shortening velocity ¥max) as a way to increase power
output.

Key words: muscle mechanics, power output, skeletal muscle, length
trajectory, mouse.

Introduction

The ability to perform mechanical work and power is adeclines (Altringham and Johnston, 1990; Swetal. 1993).
fundamental function of skeletal muscle. Numbers of previoublet work performed per cycle decreases with increasing cycle
studies have assessed this ability under isotonic or isovelocifsequency. An optimal cycle frequency exists because the work
conditions. However, many muscl@s vivo produce power performed at high frequencies declines disproportionately to
during repetitive contractions that are not adequately describéke increase in cycle frequency (Josephson, 1993).
by these measurements. As a result of this problem, The effects of varying the length trajectory are not usually
investigators have more recently studied muscles duringpcluded in these studies, most of which have used sinusoidal
repeated cycles of contraction using the technique illustratddngth trajectories (e.@ltringham and Johnston, 1990; Swoap
in Fig. 1, which has been variously called the cyclical work oet al. 1993; Syme and Josephson, 1995). This choice of a
work loop technique (Josephson, 1993). The strength of thestandard trajectory provides a convenient comparative
studies is that they simultaneously integrate many of the factofimmework for examining the performance of different
that determine muscle performance, including effects that armauscles, and for some muscles provides an accurate
difficult to model with current information, e.g. activation representation of thm vivo strain cycle, e.g. fish swimming
events, shortening-dependent deactivation and the effects @oughlinet al. 1996) and insect flight, within the resolution
prestretch. Usually, in the absenceirotvivo data, the timing of the available data (Gilmour and Ellington, 1993; Chan and
and duration of stimulation, and the strain amplitude, ar®ickinson, 1996; Josephson and Ellington, 1997). Where the
selected to maximize the net power output at a particular cyckdrain deviates from sinusoida, vivo recordings of changes
frequency. Cycle frequencies appropriate to the muscle®m muscle length can be used to replicate the natural
normal activity patterns are usually selected. Such experimentsechanical cycle vitro (Marshet al.1992; Marsh and Olson,
have revealed that muscles generate maximum power outpl®94; M. Girgenrath and R. L. Marsh, unpublished results).
at a particular cycle frequency, above and below which poweBuch studies clearly demonstrate the importance of using
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Fig. 1. lllustration of the work loop technique. (A) The top panel shows a record of the sinusoidal length trajectory toewhicsctle was
subjected, at a cycle frequency of 5Hz. Five cycles are shown. In the centre panel, the force produced by a mouse saeukemoisge
this length trajectory is illustrated. The bars show the period during each cycle when the muscle was stimulated; stegaftatidmis before
the start of shortening and continued for 65 ms. The lower panel shows the instantaneous power produced during eachk;ycAéofatemt

as the product of force and velocity. The muscle used had a mean fibre length of 8.0 mm at the starting length optimatddugtmniljp,

a wet mass of 5.3mg and produced a maximum isometric tetanic stress of 2820 [ByrRlot of force against strain to produce a series of
work loops for the data shown in A at 5Hz. The work loops are anticlockwise in direction and therefore represent net qisifive w
maximum net power output was 46.4WkgThe arrows represent the star} @nd end () of stimulation.P, isometric stressPg, maximal
isometric stress during tetanic contractionat

realistic length changes. For example, Marsh and Olson (199dyration. The mouse soleus and EDL muscles were not chosen
found that, although the scallop adductor muscle producefdr this study because they are likely to undergo any of these
similar average power during sinusoidal and natural cycles, tHength trajectories vivo. In fact, muscles during running may
distribution of instantaneous power for each cycle was vergroduce little mechanical power (Robegtsal. 1997). Instead,
different. the results presented here provide the opportunity to examine

An unusual length trajectory has recently been described systematically the effects of length trajectory on two well-
the calling muscles of two species of tree frogs (Sarbadhikaigharacterized mammalian muscles that are predominantly
and Marsh, 1995; Girgenrath and Marsh, 1997). The straieither fast- or slow-twitch. We hypothesized that the
cycle in these muscles has an asymmetrical sawtooth shap@hancement of power seen in the frog muscles during
with shortening lasting longer than lengthenirig. vitro  asymmetrical sawtooth cycles is a general feature of skeletal
recordings indicate that these muscles generate approximatehuscle, rather than a specific adaptation of the high-frequency
twice as much power during simulated natural cycles comparezilling muscles of these animals.
with sinusoidal cycles (M. Girgenrath and R. L. Marsh, The proportion of different fibre types found in the same
unpublished). Josephson (1989) developed a simpleuscles inthe same species of animal varies depending on the
mathematical model which predicted that the power output dftrain, sex and age of the individual. For our results to be
muscles performing sinusoidal cycles would be 80-90% ofomparable with future studies, we felt that it was necessary
that during symmetrical sawtooth cycles, but he did noto characterize the fibre type composition of the muscles used
consider asymmetrical cycles. in our experiments.

In the present study, we investigated the effects of strain
trajectory on the net mechanical power output of mouse
extensor digitorum longus (EDL) and soleus muscles. Two
types of strain cycle were used: sinusoidal and sawtooth or Muscle mechanics
‘triangular’ (where shortening and lengthening occurred at a Female white mice (strain ICR, Taconic) aged between 4
constant velocity). For the sawtooth cycles, the duration ofind 7 weeks were used in all of the experiments. The mean
shortening was varied as a proportion of the total cycldody mass was 26.1+0.4 j<£41).

Materials and methods
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Animals were killed by cervical dislocation, and the limbsproduction and a control power output. Cycle frequencies of 5
were removed. From each leg, either the soleus or EDL muscéad 11 Hz were used for soleus and EDL, respectively. We
was carefully dissected out at room temperatureselected the duration of the train of stimuli and the strain
(approximately 23°C), in oxygenated Ringer's solutionamplitude that yielded the maximum power output. Muscle
(composition after Daut and Elzinga, 1989). One muscle wdgngth was controlled by SuperScope Il (Version 2.1) software
used immediately, while the other was pinned at approximatelgperating in a Macintosh lici computer. Force and length were
resting length and stored at room temperature, in oxygenategnplified and recorded by a 12-bit A/D converter with a
Ringer’s solution. sampling frequency of 5kHz. The starting length found to be

The muscle being used was suspended vertically in a flowoptimal for work production was used in all subsequent
through Perspex chamber filled with circulating, oxygenateéxperiments and was definedlLasA period of approximately
Ringer’s solution at 37 °C. For both muscles, an aluminium foib min was allowed between each set of work loops to allow
clip was attached to the distal tendon, as closely as possibletime for the muscle to recover.
the muscle fibres without causing damage. This was used toTo determine the effects of strain trajectory on muscle power
secure the muscle to the lever of an ergomeitera light-  output, one of four strain patterns was used at each cycle
weight silver chain. The muscle was secured to the base of thequency studied: sinusoidal (sin), sawtooth with 25% of the
chamber by clamping a small piece of bone, attached to theycle spent shortening (saw25%), sawtooth with 50% spent
short proximal tendon, using a stainless-steel clip. The muscihortening (saw50%) and sawtooth with 75 % spent shortening
was left for at least 30 min to thermoequilibrate and to recoveisaw75%) (Fig. 2). Additional strain trajectories (saw85% and
from the dissection. saw95%, abbreviated using similar notation) were performed at

Muscle force and length were recorded using a servaycle frequencies of 5Hz (soleus) and 11Hz (EDL). At most
controlled ergometer (Cambridge Technology Inc., seriefrequencies, the muscle was subjected to five cycles of work in
300B). The ergometer was calibrated to yield a length stegach contractile run. At the lowest frequencies, the number of
response time of 1.2ms to a 1V, 30Hz square wave. cycles was reduced to one or two to limit fatigue. Work per

After recovery, the muscle length that produced maximuneycle was calculated by integrating force with respect to length,
twitch force (w) was determined using a series of isometricand net power was calculated using an average of the work
twitches. The muscle was activated using supramaximal
stimuli (1 ms pulse width), deliveradga parallel platinum plate
electrodes and amplified using a direct current power amplifier.
The electrodes ran the full length of the muscle to ensure
uniform activation. A series of isometric tetani was used to
ascertain the fusion frequency of the muscle (typically 150 Hz
for soleus and 250 Hz for EDL) and also the optimum length
for the production of maximum tetanic fordaef). Twitches
were characterized by measuring the latency of activation, the
time to half-peak force, the time to peak force, the time to half-
relaxation and the time to 90% relaxation; tetani were
characterized by measuring the time to half-relaxation. A
period of 1 min was allowed between twitches, and 5min was
allowed between tetani, for metabolic recovery.

Following the isometric optimization of length and
stimulation parameters, the work loop technique (Josephson,
1985) was used to measure the mechanical power output (Fig.
1A,B). Cyclical length changes were imposed on the muscle,
symmetrically about the muscle’s starting length. The muscle
was activated by supramaximal electrical stimulation such that
force was developed during the shortening part of the cycle.
By plotting force against length, an anticlockwise ‘work loop’
was produced, the area of which represented the net work
performed by the muscle (Fig. 1B). Multiplying this by the
cycle frequency gives the net power output averaged over the
whole cycle. Based on Jamesal. (1995), we chose a range
of cycle frequencies for each muscle over which positive Time (s)

power could be produced during sinusoidal strain cycles. Thewrig 2. Examples of some of the length trajectories to which muscles
frequencies were 1-9Hz for soleus and 3-17Hz for EDLwere subjected. (A) Sinusoidal (sin); (B) sawtooth with shortening for
Initially, a series of control sinusoidal work loops was25% of the cycle (saw25%); (C) saw50%; (D) saw75% (abbreviated
performed to determine the optimum starting length for worlusing a similar notation).
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generated in loops 3-5 (work generated in the first loop weactivity (i.e. types | and lla ) and those containing very low
used at low frequencies). At each cycle frequency, the phase 8DH activity (type IIb).

stimulation, the duration of stimulation and the strain amplitude The demonstration of myofibrillar ATPase was based on the
were chosen to give the highest power outputthiese were methods of Padykula and Herman (1955) and Chayen and
optimized work loops. A series of preliminary experiments wagitensky (1991). Sections were immersed for 7 min at 37 °C in
carried out to determine systematically the approximate optimain alkaline preincubation solution of 0.2 n@Iblycine and
parameters for power production for all of the different cycled.018 molt1 CaCb, buffered to pH 9.4. This was followed by
frequencies and length trajectories. Using these as a startimgubation for 20 min at 37 °C in a reaction medium containing
point, each parameter was finely tuned to yield the maximur®.018 moltl CaCh, 0.1 molr?! Tris and 2.7 mmolft ATP
power output for an individual muscle during the main(pH9.4). Slides were then washed in three changes of 1%
experiments. In order to monitor the decline in muscleCaChb solution, incubated in 2% cobalt chloride solution for
performance, control sinusoidal runs were carried out evergmin, rinsed in three changes of 0.1 md(lris, and placed in
fourth or fifth run. We assumed a linear decline in muscla 1% solution of ammonium sulphide for 30 s. After rinsing in
performance between the control runs and corrected oulistilled water, sections were mounted in Aqua-mount. Fibres
experimental runs to account for the expected decline in powshowing high alkaline ATPase activity were assumed to be fast
output. Muscle preparations were discarded if the control powér.e. types lla and IIb); fibres showing low activity were
output declined below 80 % of the initial power output. assumed to be slow (type I).

Force—velocity characteristics were determined for a number For both EDL and soleus, positive and negative staining
of muscles using after-loaded, isotonic tetanic contractionsvere recorded in a sample of approximately 300 fibres from
Muscle length was set to 1105 and the muscle was each muscle section. By combining the results from the two
maximally stimulated and allowed to shorten across the plateataining techniques, the proportions of each fibre type were
of the force—length relationship. Tetani were performed atletermined. The application NIH Image (Version 1.57) was
regular intervals to allow correction for the decline in muscleused to digitize a sample of muscle fibres from each section in
force. A hyperbolic-linear regression equation (Marsh andrder to determine the relative cross-sectional areas occupied
Bennett, 1986) was fitted to the data using the non-linear curvby each fibre type.
fitting routine in the application Igor (Version 3.0,

WaveMetrics), and the maximum velocity of shortenivigaf)

estimated by extrapolation to zero force. Results
All results presented are mean * standard error of the mean
Fibre length determination (s.e.M.), for five replicates, unless stated otherwise.
To determine the mean fibre length relative to the muscle’s
optimum length, muscles were fixed in 10 % neutrally buffered Isometric properties

formalin solution overnight atlo. The connective tissue  Table 1 summarizes the mechanical and physical properties
holding the fibres together was then digested in 30 % nitric aciof mouse soleus and EDL muscles. The maximum isometric
solution in saline until the fibres fell apart. Digestion wastetanic stresse®o for the two muscles were similar and
arrested by replacing the nitric acid solution with onecomparable to previously measured values (e.g. Luff, 1981;
containing 50 % glycerol in water. Muscle fibre lengths werelamest al. 1995). The force rise-time was approximately half
determined using an eye-piece graticule, calibrated using as long in EDL as in soleus muscle.
stage micrometer. The effects of starting length on isometric twitch and tetanic
force are shown in Fig. 3. The length at which twitch force was
Histochemical analysis maximal () was approximately 8 % longer than that yielding
Muscles to be fibre-typed were frozen in 2-methylbutanepeak tetanic forcel(e). Similar results have been found in
chilled in liquid nitrogen. Each sample was stored#°C  other muscles, where the optimum length for maximum twitch
until required for staining. Transverse sectiongutOthick  force is usually 5-10% longer than for the tetanus (Rack and
were cut from each muscle block using a cryostat and mount&tlestbury, 1969; Close, 1972).
on slides. After thawing for 10min at room temperature,
sections were stained for succinate dehydrogenase (SDH) or ~ Work loops using different length trajectories
myosin ATPase activity (with an alkaline preincubation). The muscle length which yielded the maximum work output
Sections stained for SDH activity were incubated for 30 mirduring control loopsl{p) was the same as that at which peak
at 37 °C in a solution of 0.1 mofi phosphate buffer (pH7.6), tetanic force was measured (Fig. 3). For both muscles, this
0.1molf! sodium succinate and 0.61 mntlInitroblue was, on average, 7% less thhg. Similar findings have
tetrazolium (after Nachleet al. 1957). After rinsing in distilled  previously been reported for a crab respiratory muscle
water, slides were briefly (1-2 s) immersed in a 0.1 % aqueoidosephson and Stokes, 1989) and rat papillary muscles
solution of safranin, rinsed again in water, and air-dried(Laylandet al.1995).
Finally, the sections were mounted in Aqua-mount. Fibres For each of the strain patterns used for both soleus and EDL,
were classified dichotomously into those containing high SDihere was a distinct, optimal cycle frequency at which net
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Fig. 3. The effects of starting length on twitch force, tetanic force and work output for individual mouse soleus (A) anyl [lEByafBtions.
Soleus: mass 5.2 mg; mean fibre length 8.4 mim;dasometric stress 25.7 N cth EDL: mass 7.0 mg; mean fibre length 6.4 mrgaisometric
stress 19.0 N cnd.

Table 1.Isometric and isotonic properties of soleus and EDL Table 2.Maximum power output measured for soleus and

muscles EDL muscles using different length trajectories
Soleus EDL Net power Cycle Strain
_ output frequency amplitude
Po (Ncn?) 26.9:0.7 (18)  24.3%0.8 (23) w kp_l) (gz) y ((y‘;) "
Twitch:tetanus ratio 0.12+0.01 (18) 0.11+0.01 (23) 9 max
Latency (ms) 1.6+0.1 (18) 1.3+0.1 (23) Soleus Sinusoidal 51.3+1.8 3.3 18 0.18
Twitch half-rise time (ms) 4.3+0.2 (18) 2.3+0.1 (23) saw25% 28.7+1.3 2.3 +6 0.18
Twitch rise time (ms) 16.2+0.4 (18) 7.3+0.2 (23) saw50% 54.56+2.3 3.5 +8 0.19
Twitch half-relaxation time 23.0+£1.0 (18) 9.1+0.4 (23) saw75% 76.4+£3.7 4.1 +11 0.20
(ms) N
: N EDL Sinusoidal ~ 132.2+7.7 8.8 +6 0.15
TV\Z::?S) 90 % relaxation time 58.5+2.6 (18) 25.5+1.3 (22) saw25% 82 746.1 5.2 +6 0.18
: L saw50% 141.7+7.2 8.8 +6 0.15
Te(tr?]r;l)c half-relaxation time 41.6+2.3 (15) 12.5+.4 (20) saw75% 196.749 5 94 +8 0.14
MUsc:e lmas;sh(mg) 958-501(;.21%8) 1077'2302'22(23) V, velocity of shortening¥max maximum velocity of shortening
MEZE ?ib?gg?eng;r%r)) 0;35 (18) 0 5‘5' (23) as predicted from the force—velocity cur¥&Vmax reported for the
0, . ) : . : . X .
|1 h h h I . Th
Vinax (LS ) 6.00.3 (4) 14.140.8 (4) sinusoidal length trajectory is the mean shortening velocity e

P/Po at maximum power
V/Vmax at maximum power
Wimax (Wkg™1)

Power ratio Wmax'PoVmax

0.38+0.02 (4)

0.22+0.01 (4)
126.4+8.0 (4)
0.08+0.002 (4)

0.44+0.01 (4)

0.26+0.01 (4)
372.4+31.6 (4)

0.12+0.004 (4)

trajectories were either sinusoidal on sawtooth (see text and Fig. 2).

Values are means s£.M., N=5.

sinusoidal strains were 51.3W#g for soleus and
132.2Wkg? for EDL muscle. Power output was found to
mean fibre lengthlo, the muscle length at which cyclical power increase for both muscles as the proportion of the cycle spent
output (and tetanic force) are maxim#l; velocity of shortening; shortening increased (Fig. 4).

Viax maximum velocity of shortening as predicted from the \yhen shortening duration was extended beyond 75% at
force-velocity curveMWmax maximum isotonic power output. The o4y encies nearly optimal for each muscle, power output rose
power ratio was calculated after conversioMfax, VmaxandPoto ¢ iher The maximum power outputs obtained during cyclical
S.1. units (W, N and nt3) for a unit volume of muscle. .

Values are means ¢em. (N). contractions were 92 W K4 (soleus at 5Hz) and '247 W‘rég '
(EDL at 11 Hz) using saw85% and saw95% strain trajectories,
respectively. This represented approximately 70% of the

power output was maximal (Fig. 4). Maximum power outputanaximum isotonic power output for each muscle (Fig. 5).
ranged from 29 W kg (saw25%) to 79 W kgf (saw75%) for The cycle frequency yielding the maximum power output
soleus, and from 83 WKg (saw25%) to nearly 200WKY increased as the proportion of the cycle spent shortening
(saw75%) for EDL. The power outputs produced duringncreased (Fig. 4; Table 2). A cycle frequency of 5.2Hz
sinusoidal and saw50% cycles were similar, although for bothielded the maximum power output for EDL performing
muscles power was typically 5-10% greater during theaw25% cycles, and this increased to approximately 9.4 Hz
sawtooth trajectory. The net power outputs obtained usingsing a saw75% cycle (Fig. 4; Table 2). There was a smaller

Po, maximal isometric stress during tetanic contractionspat.,
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Fig. 4. Mechanical power output of mouse soleus (A) and EDL (B) preparations as a function of cycle frequency for diffexedt e&mgih
trajectories. Data represent mean.etm., N=5. The lines are fourth-order polynomials, fitted using a least-squares regression.

difference between the optimal cycle frequency comparingelow or above this optimum (Fig. 6A). An optimum strain
saw50% with saw75% length trajectories than there waamplitude for power output has been reported in many different
comparing saw25% and saw50% cycles (Fig. 4; Table 2). Theuscles and seems to be a general feature of all muscles
relationship was less clear for soleus and was very dependddbsephson and Stokes, 1989). The optimum strain amplitude
on the curve-fitting procedure used; however, a similar trendias found to increase as the proportion of the cycle spent
is observed. For soleus, the optimum cycle frequency increasstortening increased (Fig. 6A).

from 2.3Hz (saw25%) to 4.1Hz (saw75%) (Fig. 4; Table 2; We also noted that, as the cycle frequency increased, the
estimated from the fitted polynomial regression). optimal strain amplitude, the optimal stimulation duration and

For each strain trajectory, there was an optimal straithe work measured per cycle all decreased as in previous work
amplitude. Net power output declined at strain amplitudetoop studies (Josephson, 1993; Jaetesl. 1995).

Work loop shapes differed greatly between sinusoidal and
sawtooth length trajectories (Fig. 7). However, the overall
Isotonic power shape of the work loops produced using sawtooth cycles with

(EDL) differing proportions of shortening did not change
300 — dramatically. Sinusoidal work loops had highest forces at the
EDL peak length (and also at the minimum length at low cycle
frequencies) (Fig. 7). Sawtooth work loops at low cycle
frequencies tended to attain peak force midway through
shortening. At higher frequencies, the force was much lower
at the end of shortening, presumably because the muscle was
deactivating and relaxing (Fig. 7).

200 —

_| Isotonic power
(soleus) Soleus Force—velocity muscle properties compared with cyclical
contractions

A hyperbolic—linear equation was fitted to the force—velocity
O data obtained during afterloaded contractions (Marsh and
! ! ! ! ! ! Bennett, 1986). Extrapolation of this equation to zero force was
0 0.2 0.4 0.6 0.8 10 used to obtain estimates of the maximum shortening velocity
Proportion of cycle spent shortening Vmax Of the muscle fibresVmax for soleus was 6.0s™ and
Fig. 5. The effects of the proportion of the cycle spent shortening omaxfor EDL was 14.1s7%, whereL is fibre length (Fig. 8;
the power output of the soleus operating at 5Hz and the EDU@ble 1). In determiningmax we did not correct for the angle
operating at 11 Hz. Data represent measg#. (five muscles). The Subtended between the muscle fibres and the long axis of the
maximum isotonic power output (see Table 1) of each muscle iBwscle. The error caused by this omission is less than 0.1 %
indicated by the horizontal, broken line. for these muscles (Close, 1964). From the force—velocity

Power output (W kg™
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frequency of 5Hz during saw25%, saw50% and saw75% length trajectories (see Fig. 2) is plotted as a function of strain @pgliade.
effects ofV/Vimax on power output using the same data as plotted M/¥max was estimated using individu®l values and the mea¥max
Symbols represent means£.m. for five muscles; the lines are third-order polynomials, fitted using a least- squares regression.

relationship, the instantaneous power output was estimated 5d4z and 9% of the shortening duration at 17Hz (Fig. 8).

be 126.4 Wkg! in soleus and 372.4WK§in EDL (Table 1).  Forces developed during sinusoidal work loops did not exceed

The velocity at which power was maximal was W3z and the force—velocity relationship by more than 10 %.

0.26Vmax in soleus and EDL, respectively (Table 1). The

stress at peak isotonic powey, was 0.38 N ciT? (soleus) and Fibre typing

0.44Ncn12 (EDL) (Table 1). The results from the histochemical staining are shown in
During sinusoidal work loops, the muscles were found tdable 3. Soleus contained approximately equal numbers of fast

operate close to the force—velocity curve during only part obxidative glycolytic (FOG, type Ila) and slow oxidative (SO,

the shortening phase of the length cycle (Fig. 8). As cycléype 1) fibres; however, owing to the differences in size

frequency increased, the muscles operated on theiretween these two fibre types, the SO fibres occupied 65.6 %

force—velocity curves for a smaller proportion of theof the physiological cross-sectional area of the muscle fibres.

shortening duration. For example, soleus at 1 Hz operated dme EDL contained similar numbers of type Ilb and lla fibres

the force—velocity curve for approximately 80% of thebut, owing to their larger size, the type llb fibres occupied

shortening duration, whereas at 9 Hz this proportion decreaséd.4 % of the fibre’s cross-sectional area.

to 14% (Fig. 8A). EDL operated close to the force—velocity

curve for approximately 55% of the shortening duration at . ,
Discussion

Muscle performance in relation to previous studies and fibre
type composition

A number of parameters of muscle performance measured

in this study differ slightly from those measured previously for

Relative Relative mouse muscle. For example, although we measured similar or

Table 3.Fibre types of soleus and EDL muscles based on
histochemical demonstration of succinate dehydrogenase and
alkaline myosin ATPase activities

Fibre type nu?;/ob)er pro?;);non slightly higher stresses compared with those found by Luff
(1981), our values fo¥max (6.0L s and 14.1 s71 for soleus
Soleus Type | 47.2+1.6 (6) 65.6+2.0 (6)  and EDL, respectively) were somewhat lower than those
Type lla 52.8+1.6 (6) 34.4%2.0 (6) measured by him (81651 and 16.3 s™1 for soleus and EDL,
Type lib 0 0 respectively). Luff's (1981) estimates of maximum isotonic
EDL Type | 0 0 power are correspondingly higher than ours. However, the
Type lla 46.4%2.0 (6) 32.6+2.0 (6) values measured in the present study for average mechanical
Type IIb 53.6+2.0 (6) 67.4%2.0 (6) power during sinusoidal work loops were 30-50 % higher than

those previously measured (Jameésil. 1995).
Values are means £eM. (N). Unfortunately, evaluating these differences is difficult
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Fig. 7. Work loops plotted for different strain trajectories (see Fig. 2) over a range of cycle frequencies for (A) soleu&Bhd (B
muscle. Isometric stres®d) and optimum muscle lengti.d) are as follows. (A) 1Hz: 29.4Nc# 10.0mm; 5Hz: 28.8 N cm,
9.0mm; 9Hz: 29.0Ncn#, 10.0mm. (B) 5Hz: 25.1 Ncm, 10.5mm; 11 Hz: 24.6 Ncmi, 10.0mm; 17 Hz: 25.1 Ncr4, 10.5mm. The
period for which the muscle was stimulated is shown (bold line) at each cycle frequency for the sinusoidal strain trajectatipiis
for other I/eng/;tr} trajef:tories is not illustrated for clarity).
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P Soleus 16 EDL//,

Velocity (L s
Velaity (L s9)

|
0 0.2 4 0.6 0.8 1.0

ce (P/Pg)

04 0.6
Force (P/Pg)

Fig. 8. Force—velocity relationships generated during after-loaded isotonic, tetanic contractions for mouse soleus (A) Bhchaszle( A
hyperbolic—linear function (Marsh and Bennett, 1986) has been fitted to the data based upon mean values for tha, @astattgfrom
four muscles for each plot, open circles). Force—velocity data during sinusoidal strain cycles have been superimposedesndioeifp
relationship. Arrows indicate the direction of the loop.

because previous authors have not reported the fibre typéthough his model did not consider activation and deactivation
composition of the muscles used. Not surprisingly, our resultsvents. In most cases, force was highest during sinusoidal
confirm that the soleus of the mouse is predominantly sloweycles at the start of shortening, which is consistent with
twitch (type 1) and the EDL is predominantly fast-twitch force—velocity effects. However, the force during saw50%
oxidative (type lIb). However, even though the fibre typecycles exceeded that during sinusoidal cycles throughout most
distribution of these muscles is generally the same, previoud shortening (Fig. 7).
studies reveal differences that are probably due to strain, sexThe power output of both soleus and EDL increased at any
and age. For example, Haidd al. (1989) found a lower given cycle frequency as the proportion of shortening
percentage of the cross-sectional area of the soleus occupiedreased from saw25% to saw75% (Fig. 4; Table 2). The
by slow-twitch fibres than we did, but found a larger crosspower output at the optimal cycle frequency also increased,
sectional area of the EDL occupied by type Ilb fibresby approximately 2.5-fold, as the proportion of the cycle
Substantial age (Wirtet al. 1983) and sex (Stickland and spent shortening increased from saw25% to saw75% (Fig. 4;
O’Shaughnessy, 1994) differences in fibre type compositiofiable 2). Results from a more limited data set at a single
have also been documented. We suggest that future studiescgtle frequency indicated that power output increased up to
the contractile properties of the muscles of laboratory animaks shortening duration as high as 85-95% of the cycle
recognise this variability and document fibre type compositioluration. Several factors promote the production of power as
to facilitate comparisons. the proportion of the cycle spent shortening increases.
First, work is maximized at an optimal ratio #fVmax

The effects of length trajectory on muscle power output which is dependent on length trajectory (Fig. 6B) and cycle

Power was maximal at a distinct optimal cycle frequencyrequency (G. N. Askew and R. L. Marsh, unpublished
(Fig. 4). Above and below this frequency, power declinedobservations). As the proportion of shortening increases at a
Similar findings have been reported for many other musclgsarticular cycle frequency, the strain amplitude must be
studied using the work loop technique (for example, Stokemicreased to maintain an optim@lVmax (Figs 6, 7, 9). For
and Josephson, 1988; Altringham and Johnston, 1990; Swoagample, the optimal strain amplitude for mouse soleus
et al. 1993; Jame®t al. 1995). When the proportion of the operating at 5Hz increased from +3 % using saw25% to +9 %
cycle spent shortening was held constant at 50 %, changinging saw75% strain trajectories. Work is the integral of force
from a sinusoidal to a sawtooth length trajectory had only avith respect to length; therefore, increasing the optimal strain
small effect on the power output. These results are consisteanplitude enhances the power output of the muscle.
with the predictions of the simple model of Josephson (1989), Second, during a cyclical contraction, a muscle must be
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0.4 — output. Greater activation is particularly important at high
cycle frequencies, where incomplete activation reduces the
work output during shortening, and partial activation into
lengthening requires work to re-stretch the muscle owing to

saw'75% the brief shortening period (Josephson, 1985

/ Finally, if the strain amplitude during shortening is

saw50% optimized, increasing the proportion of the cycle spent

0.2 — shortening results in an increase in the velocity of stretch

imposed on the muscle. To maximize the power output of the

muscle, the muscle is stimulated during lengthening, such that
forces are high at the onset of shortening. From plots of force
with respect to time (Fig. 9), it can be seen that the rate of rise
of force increased with stretch velocity. Similarly, during rapid

stretches of tetanically contracting muscles, force rises more

rapidly at higher velocities of stretch (Edman al. 1978;

Lombardi and Piazzesi, 1990). Reducing the time required for

force development increases the net power output of the

0.10 —| muscle.

0.3 —

Force (P/Pg)

saw25%

01—

/\>§ Power compared during cyclical contractions and isotonic
shortening

Maximal power derived from the force—velocity relationship
presumably represents the maximum instantaneous power
output of the muscle, but this does not represent the average
power output that the muscle can generate during cyclical
~0.05— % contractions (Josephson, 1993). Average power output

saws0% measured during sinusoidal work loops has been found to be

/e sANT5% approximately 30% of the isotonic power (Stevens, 1993;
aw25% Marsh and Olson, 1994). However, we have found that, by
saw50% stimulation manipulating the length trajectory to one where a greater
saw75% proportion of the cycle was spent shortening, the average

! ! ! ! ' power output obtained can be increased dramatically. For
0.20 0.25 0.30 0.35 0.40 example, the soleus muscle generated 72% of its isotonic

Time () power output using a saw85% length trajectory and the EDL

Fig. 9. Force and length trajectories for the soleus muscle operatiﬁene"jlted 66% c.)f Its isotonic power O.Utpm u§|ng a saw95%
at 5Hz. The upper panel shows force developed during cyclic ngth pattern (Fig. 5). It may be possible to I_ncrease powgr
contractions using different sawtooth length trajectories (see Fig. 2Putput somewhat above these values, as we did not determine
Below, the strain during three different length trajectories is showrfhe optimal cycle frequency for these length trajectories.
and the strain amplitude yielding maximum power is also illustratedHowever, on the basis of measurements for other length
The duration of stimulation is illustrated by bars in the lower panelfrajectories (Fig. 4), these cycle frequencies are likely to be
broken lines have been extended to the upper panel. Isometric streslose to optimal.

Lo and muscle mass were 27.6N€m10.0mm and 5.0mg,

respectively. Work performed per cycle was 15.53Kgaw75%), Optimal cycle frequency for maximum power output

11.2Jkg* (saw50%) and 4.5 Jk§ (saw25%). For each cyclical length pattern used, there was an optimum

cycle frequencyfgpy) at which power was maximal, but the

optimal frequency was influenced by the length trajectory. The
activated and then deactivated. In order to maximize poweamptimal frequency and maximum power output of EDL were
output, the muscle should be activated as it approaches itensiderably greater than those of soleus (Fig. 4). The EDL
maximum length during the lengthening phase of the cycle (generated higher levels of work at a given cycle frequency than
process facilitated by stretch, see below) and should hée soleus because of its more rapid activation and deactivation
largely deactivated before shortening ends (Figs 7, 9). Thienetics and highe¥max As the proportion of the cycle spent
time available for activation and deactivation increases as ttghortening increasedppt also increased (Table 2; Fig. 4),
proportion of the cycle spent shortening increases, allowingecause the muscle was able to perform more work at a
the stimulation duration to be increased. The muscle iparticular cycle frequency and, as a result, the
therefore able to generate higher forces as a result of mopewer—frequency relationship shifted to higher frequencies
complete activation (Figs 7, 9), thereby increasing its powefFig. 4; Table 2).

0.05 —

saw25%

Strain
o
|
\

-0.10 —
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Work loop shape also for the EDL, show that the muscle operates largely on or

Work loop shapes varied among the different strairbelow the force—velocity curve. One hypothesis which would
trajectories and also between the two muscles studied. Durirgplain the force enhancement noted by other authors is that
sinusoidal work loops, force rose towards the end oénergy stored is in series elastic elements, including cross-
lengthening as a result of activation of the fibres, reaching laridges and connective tissue elements, prior to shortening.
maximum at or shortly after the muscle’s maximum lengthUsing frog tibialis anterior muscles, Iwamogd al. (1990)
Force then declined during shortening as velocity increaseéhund that when force was ramped down fr@mto zero,
consistent with force—velocity effects. At low cycle muscles operated above their steady-state force—velocity
frequencies, force sometimes rose again as velocity decreagethtionship. However, they also noted that these effects could
towards the end of shortening. However, at higher cyclée explained by the release of elastic strain energy from the
frequencies, force continued to fall late in the shortening perioseries elastic component of the muscle (Iwanebtal. 1990).
because stimulation was stopped earlier in the cycle to avoldterestingly, in the scallog\rgopecten irradiansadductor
continued force production during lengthening and a reductiomuscle, where there is no tendon, force is produced
in net power output. The EDL, being a faster-contractingpredominantly on or below the force—velocity relationship
muscle (Table 1), was active throughout much of shortening aturing cyclical contractions (Marsh and Olson, 1994). In fish
all of the cycle frequencies studied, resulting ii-shaped muscle, despite the huge enhancement of force above the
work loops (Fig. 7). The soleus produced thdsshaped work force—velocity curve, the average cyclical power output of
loops only at low cycle frequencies. At higher frequencies, theaudal myotomes during C-starts is relatively low because
muscle was only activated for part of the shortening phase amonsiderable work is absorbed during stretching prior to
the loops were more ‘triangular’ in shape (Fig. 7). shortening (Franklin and Johnston, 1997). Also consistent with

Sawtooth work loops at low cycle frequencies tended tohe above hypothesis, Stevens (1993) noted that force
attain peak force midway through shortening (Fig. 7). At thesenhancement above the force—velocity relationship increased
low cycle frequencies, where optimal strain amplitudes weréhe earlier the muscle was stimulated before peak length. The
highest, the peak in force is consistent with the effects of thearlier in the lengthening phase that a muscle is stimulated, the
length—force relationship (Fig. 3). At higher frequencies, thenore negative work will be performed, which could potentially
force was much lower at the start and end of shortening, whebe stored elastically and released during the subsequent
the muscle was still activating and relaxing (Fig. 7). Again forshortening period. According to this hypothesis, the
the EDL, forces tended to remain higher throughout much differences between our results and those of Stevens (1993)
the shortening phase of the strain because less of the cycle veasild be explained if there was greater compliance in the
taken up with activating and deactivating the muscle compareduscles used by Stevens (1993), but we have no direct
with the soleus (Fig. 7). evidence of this difference.

The force—velocity trajectory during dynamic contractions Relationship tdn vivo performance

The extent to which mouse soleus and EDL muscles operateThese experiments have clearly demonstrated that the net
on their force—velocity curves during dynamic contractiongpower output of skeletal musclasvitro can be increased by
was examined by superimposing force and velocity recordeidcreasing the proportion of shortening in the cycle (Fig. 4).
during sinusoidal work loops onto force—velocity curvesWe have shown that this improved performance occurs at all
measured during after-loaded isotonic, tetanic contractionsycle frequencies and in both fast- and slow-twitch muscles.
(Fig. 8). Previous work has shown that the isotonic curv&his leads to the intriguing conclusion that the performance of
provides an approximate upper boundary to the force—velocity reciprocating, muscularly driven system that requires high
trajectory (Marsh and Olson, 1994). During activation andnass-specific power output can be improved by powering only
deactivation, the muscle produces submaximal force anohe phase of the cycle. Clearly, the advantages that are offered
operates below the force—velocity curve (Fig.8). As theéby extending the shortening phase cannot be used in all
proportion of the cycle spent activating and deactivating isystems involved in cyclical workin vivo, because
lowest at low cycle frequencies, muscles were found to operatsorphological and biomechanical constraints may make it
for longest on their force—velocity curves at these frequencieadvantageous to spend equal times shortening and lengthening.

Other studies have suggested that, during dynamiEor example, swimming in fish is powered by equally sized
contractions, muscles may produce forces substantially highetuscles that create alternate bending of the trunk.
that those predicted from the force—velocity relationshipNevertheless, we have found a number of examples that
Recently, it has been reported that the force generated durisgggest that animals exploit prolonging the shortening phase
in vitro simulations of C-starts in an Antarctic fislotothenia  to improve power output.
coriiceps is 10 times greater than that predicted from the Many tree frogs make loud calls during the breeding season
force—velocity relationship (Franklin and Johnston, 1997)in order to attract mates. The power required to produce the
Stevens (1993) found that forces generated by mouse soletall is provided by contraction of the internal and external
exceeded the force—velocity relationship by as much as 30 %blique muscles, which forces air over the vocal chords. Air is
However, our data presented here for the same muscle, arefurned to the lungs by the passive recoil of the distended
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vocal sac. During such calls, the external oblique muscles of indirect flight muscles in the fruit flprosophila virilis. J. exp.
shorten for 60 %Hyla chrysoscelisand 75% K. versicolo) Biol. 199, 2767-2774.

of the |ength Change Cyc|e (Sarbadhikary and Marsh’ 1995:;HAYEN, J. AND BITENSKY, L. (1991) Practical Histochemistr,y
Girgenrath and Marsh, 1997 vitro measurements of power second edition. pp. 164—_166. Chic_hester: John Wiley & Sons.
output during sinusoidal trajectories and simulaitedvivo CLosE, R. 1. (_1964). Dynamic proper_tles of fast and slow muscles of
cycles revealed that, for battyla species, the external oblique the rat during developmeni. Physiol., Lond173 74-95,

| Id ¢ Wi h duri ﬂ?LOSE, R. 1. (1972). Dynamic properties of mammalian skeletal
muscies could generate over twice as mucn power auring emusclesPhysioI. Rev52, 129-197.

natural cycles (M. Girgenrath and R. L. Marsh, unpublisheg ., D." 3., Vaipes, L. ano Rome, L. C. (1996). Muscle

observations). length changes during swimming in scup: sonomicrometry
Scallops propel themselves using jets of water formed by the verifies the anatomical high-speed cine technigueexp. Biol.

closure of their two valves when the adductor muscle contracts.199 459-463.

Opening is powered by energy stored in the hinge ligamemaut, J. AND ELzINGA, G. (1989). Substrate dependence of energy

during closing. During swimmingArgopecten irradians metabolism in isolated guinea-pig cardiac muscle: a

performs cyclical contractions during which the adductor Microcalorimetric studyd. Physiol., Lond413 379-397.

muscle shortens for 56 % of the length change cycle (MarsfPMAN, K. A. P., BziNGa, G. anp NoBLg, M. I. M. (1978).

and Olson, 1994): irChlamys hastatawhich operates at a Enhancgment of mechanical performance t_)y stretch_ during tetanic

hi . contractions of vertebrate skeletal muscle fibde®hysiol., Lond.
igher frequency and higher power output, the adductor muscle

) 281, 139-155.
shortens for 65% of the strain cycle (Maethal. 1992). FRANKLIN, C. E.AND JOHNSTON I. A. (1997). Muscle power output

During slow, flapping flight in most birds and bats, the yuring escape responses in an Antarctic fishexp. Biol.200,
downstroke generates the lift required to support the body 7093-712.
weight of the animal. The upstroke is much more lightly loade@imour, K. M. anb ELLINGTON, C. P. (1993)In vivolength changes
because the wings are drawn in close to the body, and thisin bumblebees and thie vitro effects on work and powed. exp.
phase is powered by much smaller antagonistic muscles.Biol. 183 101-113.
Kinematic data (Tobalske and Dial, 1996) and, more recently3IRGENRATH, M. AND MARsH, R. L. (1997).In vivo performance of
sonomicrometry recordings (A. A. Biewener, personal trunk muscles in tree frogs during calling. exp. Biol 200,
communication) show that, during slow flight in the pigeon,Hj’lelﬁloFiwLER W. M., k ASrescH R. T.. Larson, D. B
th?rgivc\)”r:im%kee \?VZCEEI\?: ng?)?ls/fr;tfe??h\gn%ysz:i:li;’:lsing theSHARMAN, R. B., TaAYLOR, R. G.AND ENTRIKIN, R. K. (1989). Effect

. ) . . of hind-limb suspension on young and adult skeletal muscle. 1.

proportion of the cycle time _sp_ent shortening, muscle power \oimal mice Exp. Neurol 103 68—76.
output can be increased. This increase occurs over the Wh@{gayoro, H., Sicava, R. AND Sucl, H. (1990). Force—velocity
range of cycle frequencies that we studied, both above andrelation of frog skeletal muscle fibres shortening under
below that yielding maximum power output and for both continuously changing load. Physiol., Lond422, 185—202.
predominantly slow- and fast-twitch muscles. At cycledaves, R. S., ATRINGHAM, J. D.AND GoLDsPINK, D. F. (1995). The
frequencies belovibpt, power output can also be increased by mechanical properties of fast and slow skeletal muscles of the
increasing the Operating frequency_ However’ even at the mouse in relation to their Iocomotory functioh.exp. Biol.198
lowest cycle frequencies that we studied, the power output of 491-502. _ _
the saw75% cycles was higher than the maximum pOWe]psuszsoN R. K. (198%®). Mechanical power output from striated

. . . . muscle during cyclical contractions. exp. Biol.114, 493-512.
during sinusoidal cycles. At cycle frequencies abfaye the Joseprson R. K. (198%). The mechanical power output of a

power output cannot be mcreas_‘ed by Increasing frequency, an ettigoniid wing muscle during singing and flight.exp. Biol 117,
manipulating the length trajectory is the only known 357 39

mechanism by which power can be dramatically increased. Bysepnsoy R. K. (1989). Power output from skeletal muscle during
changing the length trajectory in this way, muscles may be ablelinear and sinusoidal shortening.exp. Biol.147, 533-537.

to operate at higher cycle frequencies than would be possibleserHson R. K. (1993). Contraction dynamics and power output of
using symmetrical strain cycles. In an evolutionary context, skeletal muscleA. Rev. Physiob5, 527-546.

increasing the relative shortening duration is an alternative t#serHsoN R. K. anD ELLINGTON, C. P. (1997). Power output from
increasingVmax. The possible influence of altering the length @ flight muscle of the bumblebegombus terrestris|. Some

trajectory on endurance and efficiency remains to be explored.flezaltgrelszzog the dorso-ventral flight muscle. exp. Biol.200,

. JosepHsoN R. K. anD Stokes, D. R. (1989). Strain, muscle length
This work was supported by grant AR39318 awarded by the 4 work output in a crab muscle.exp. Biol 145, 45-61.

NIH to R.L.M. LAYLAND, J., YOUNG, |. S.AND ALTRINGHAM, J. D. (1995). The length-
dependence of work production in rat papillary musitiestro. J.
exp. Biol.198 2491-2499.
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