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Minimal shortening in a high-frequency muscle
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Summary

Reducing the cost of high-frequency muscle
contractions can be accomplished by minimizing cross-
bridge cycling or by recycling elastic strain energy.
Energy saving by contractiie minimization has very
different implications for muscle strain and activation
patterns than by elastic recoil. Minimal cross-bridge
cycling will be reflected in minimal contractile strains and
highly reduced force, work and power output, whereas
elastic energy storage requires a period of active
lengthening that increases mechanical output. In this
study, we used sonomicrometry and electromyography to
test the relative contributions of energy reduction and
energy recycling strategies in the tailshaker muscles of
western diamondback rattlesnakes Crotalus atroy. We
found that tailshaker muscle contractions produce a mean
strain of 3%, which is among the lowest strains ever

recorded in vertebrate muscle during movement. The
relative shortening velocities Y/Vmax) of 0.2-0.3 were in
the optimal range for maximum power generation,
indicating that the low power output reported previously

for tailshaker muscle is due mainly to contractile
minimization rather than to suboptimal V/Vmax. In

addition, the brief contractions (8-18ms) had only
limited periods of active lengthening (0.2-0.Bhs and

0.002-0.035%), indicating little potential for elastic energy
storage and recoil. These features indicate that high-
frequency muscles primarily reduce metabolic energy
input rather than recycle mechanical energy output.

Key words: tailshaker muscle, rattlesnakiptalus atrox muscle
contraction, elastic recaoil, cross-bridge, biomechanics.

Introduction

Sustaining high-frequency muscle contractions involvesnuscles using energetic measurements, work loop experiments
substantially reducing the metabolic energy cost peand strain recordings (Casey and Ellington, 1989; Chan and
contraction. This can be accomplished by forming only @ickinson, 1996; Gilmour and Ellington, 1993; Josephson,
limited number of cross-bridges per contraction (for examplel973, 1985). Although muscle strain has not yet been measured
see Conley and Lindstedt, 1996; Marsh, 1990; Rome et aln vivo in vertebrate muscles contracting at very high
1999), or using energy-saving mechanisms such as elasfrequencies, several lines of evidence suggest that these
recoil (for example, see Biewener, 1998; Huxley andcontractions involve minimal strains produced by only one or
Simmons, 1971), or both mechanisms. Although these energiwo cross-bridge cycles per contraction. For example, muscle
saving strategies are not mutually exclusive, contractiléibres can generate work vitro at very low strains of 0.5%
minimization has very different implications for muscle strainand very high contraction frequencies (@ in rattlesnake
and activation patterns than does elastic recoil. For exampl&ilshaker muscle and 28 in toadfish swimbladder muscle;
minimal cross-bridge cycling will be reflected in minimal Rome et al., 1996). Tailshaker muscle and swimbladder muscle
contractile strains and highly reduced force, work and poweuse very little energy and generate very low forces, work and
output (Conley and Lindstedt, 1996, 2002; Rome et al., 1999power (Conley and Lindstedt, 1996; Moon et al., 2002; Rome
whereas elastic energy storage requires a period of isometgt al., 1999). Modelling of the key sources and sinks for ATP
contraction or active lengthening that dramatically increaseis active muscle indicates that the major factor keeping the cost
mechanical output (Cavagna et al.,, 1994; Lindstedt et alaf contraction low is a small number of cross-bridge cycles per
2001). The relative contributions of these strategies focontraction (Conley and Lindstedt, 2002). These results argue
reducing the cost of high-frequency contractions can be testattongly for minimal cross-bridge cycling during high-
with direct measurements ah vivo muscle strain and frequency contractions. However, direct measurements of
activation. muscle shortening are needed to determine whether high-

Minimal cross-bridge cycling has been determined in insedrequency contractions in vertebrate muscle involve truly
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minimal strains produced by only 1-2 cross-bridge cycles péhen transferred it into a Rubbermaid® container. The tail and
contraction. rattle passed out horizontally through a hole in the side of the
One major consequence of minimal strains and cross-bridg®ntainer and were able to move freely. The tail was secured
cycling may be that the resulting low forces and low workin place by Velcr8 tape wrapped around the body just anterior
output limit power output. However, because power igo the cloaca, and the tape around the body bonded to
proportional to contraction frequency, very high frequenciegsomplementary tape lining the hole in the container. This
may compensate for the limited work per contraction angbrevented the tail from being pulled into the container during
still generate high power. At moderate to high contractiorthe experiments.
frequencies, muscle power is typically optimized whenever the Rattling frequency is temperature-dependent (Chadwick
relative shortening velocityM{Vmax the ratio of actual to and Rahn, 1954; Martin and Bagby, 1972). We used a
maximal shortening velocity) is between 0.2 and 0.3 (Askewhermocouple placed in the cloaca to measure each animal’s
and Marsh, 1998; Hill, 1938; Rome and Lindstedt, 1997)body temperature as it was controlled over a range of 10-30°C
Therefore, one indicator of contractile minimization would beby circulating temperature-controlled water through tightly
low power output, but despite high contraction frequencies ancbiled copper tubing in the bottom of the container. We varied
optimalV/Vmax We have previously reported high frequenciesthe starting temperature and direction of temperature change
of contraction and low power output in rattlesnake tailshaketheating or cooling by approximately 5°C per hour) for each
muscle (Conley and Lindstedt, 1996; Moon et al., 2002)animal, and collected data at 10, 20 and 30°C.
although we were unable to relate the low power to suboptimal
V/Vmax Or to contractile minimization becausevivo muscle Muscle mass and anatomy
strains and shortening velocities were not yet known. Direct Three major tailshaker muscles insert directly onto the bony
measurements of muscle shortening can be used to test whetbkaker element in the base of the rattle without any measurable
low power output derives mainly from suboptiméVmax or  tendons (Clark and Schultz, 1980; Czermak, 1857; Martin and
from truly minimal strains. Bagby, 1973; Zimmerman and Pope, 1948). We used external
Another major consequence of minimal strains and minimaineasurements to determine the volume of the tail around the
cross-bridge cycling in high-frequency muscle contractionsailshaker muscles, and then subtracted 15% to account for
may be limited potential for elastic energy storage and recoihon-muscle components such as vertebrae, blood vessels and
For example, the low work and mechanical efficiency ofscent glands; this adjustment for non-muscle components was
rattlesnake tailshaker muscle contractions suggest limitelased on measurement from magnetic resonance images of
energy savings by elastic recoil (Moon et al., 2002). A simpl&ivo tail anatomy (Moon et al., 2002). This method gives a
model of contractile energetics also indicates that energyore accurate measure of tailshaker muscle mass than by
recycling is not necessary to account for the low cost oéstimating it as a function of body mass, as in Schaeffer et al.
contraction (Conley and Lindstedt, 2002). Elastic strain energ{l996), because tailshaker muscle mass appears to be
can only be stored in muscle or connective tissue duringonserved even when body mass changes. We then converted
periods of isometric or eccentric contraction (Biewener, 1998&he volume into mass by assuming a muscle density of
Cavagna et al., 1994; Lindstedt et al., 2001). Therefore, the06g ml-1,
duration of isometric or eccentric contraction is an indicator of
the potential for energy savings by elastic energy storage and Muscle strain and shortening velocity
recoil. Limited isometric or eccentric contraction would We measured muscle strain using sonomicrometry, in which
indicate little potential for elastic energy storage and recoil. a pair of small piezoelectric crystals is implanted in each
In the present work, we used sonomicrometry andnuscle. The crystals use the time delay between the
electromyography to record tailshaker muscle strains antlansmission and reception of ultrasound pulses to measure
activation patternsin vivo during rattling in western muscle length as it changed during contraction. We implanted
diamondback rattlesnakeé3rotalus atrox Our specific goals pairs of 0.75mm sonomicrometer crystals in alignment with
were to test the hypotheses that (1) the high-frequendyie muscle fibres by first making a 2m#n incision in the skin,
contractions of tailshaker muscle involve minimal strains, (2yhen puncturing the epimysium with the tip of a 16-gauge
suboptimaNM/Vmaxdoes not explain the low power output, andneedle, and then inserting the crystals into the muscles where
(3) the high-frequency contractions involve little isometric orthey cross the joint between the last caudal vertebrae and the
eccentric contraction and therefore have little potential foshaker element in the base of the rattle. After crystal
strain energy storage and recoil. implantation, the incisions were sealed with surgical glue.
Crystals were implanted in the lateral muscle in every snake,
and also in the dorsolateral muscle and the inferior part of the
ventrolateral muscle in some snakes.
Animals and handling For data collection, the sound velocity in muscle was set to
We used 10 western diamondback rattlesnaBestalus  1540m s-1, which is most accurate at ZD (based on data
atrox Baird and Girard from southern Arizona. To handle afrom Goss et al., 1978, 1980; Sonometrics Corporation, 2001).
shake, we first drew the snake up into a clear acrylic tube afthe velocity of sound in muscle changes with temperature,

Materials and methods
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however, with a @ of 1.025 (based on Goss et al., 1978,sample. To determine whether the three tailshaker muscles
1980). Therefore, to correct for differences in sound velocitgould be analyzed together, we first used analysis of variance
in muscle at different temperatures, lengths measured@t 10 (ANOVA) to test for differences in strain among the three
were reduced by 2.5%, and lengths measured @ 8@&re  muscles. In these analyses, the dependent variables were strain,
increased by 2.5%. We were unable to measure resting mussleortening velocity, anil/Vimayx, the independent variable was
lengths and temperature-induced changes in the velocity afiuscle identity (dorsolateral, lateral, ventrolateral), and the
sound in tailshaker muscle directly because the snake®variates were contraction frequency and muscle mass. We
typically rattled whenever we moved to start recording data.chose to use frequency rather than temperature as an
For analysis, the signals were digitized at 1Bz0with a  independent variable because it varies as a direct function of
Sonometrics TRX Series 4 sonomicrometer (Sonometricemperature and it better accounts for variation in muscle
Corp., London, ON, Canada) with a distance resolution ofunction.
0.024mm. The muscle length signals were digitally smoothed The ANOVA results showed that the dorsolateral muscle
using a 3-point moving average. A ninth order polynomialkhortened less and more slowly than the other two muscles,
curve-fitting algorithm was used on some signals from whichwvhich did not differ from each other in these variables.
sequences of a few data points had been dropped during sig@ainsequently, we pooled lateral and ventrolateral muscle data
acquisition. and then used multiple regressions to test for the effects of
From the digitized signals we measured the times antwitch frequency on muscle strain. We did not compute
muscle lengths at the points of activation, maximum length angtgressions for the small number of data points from the
minimum length. We then calculated contraction frequencydorsolateral muscle. Because the ANOVA results also showed
muscle strain (shortening distance divided by the restinthat shortening variables were size-dependent, we included
length; presented here as a percentage), average shortenimgscle mass as an independent variable along with contraction
velocity from peak to trough (in muscle lengths per secondrequency. The dependent variables in the regression analyses
L s and activation phase (as a percentage of contractiomere muscle strain, shortening velocity aff¥imax. Values are
cycle). At each temperature, we used our shortening velocityiven as means «p.
data along withWmaxand Qo values from Rome et al. (1996)
to compute the relative shortening veloci/Vmax which is

the ratio of actual shortening velocity)(to maximum Results
shortening velocity \{max). The 10 snakes used in this study averagech®®4range =
730-1160mm) in snout to vent length, 420 (range
Muscle activation =173-911g) in body mass, and 6g(range = 2.7-11.6) in

We recorded electromyograms (EMGs) simultaneously withailshaker muscle mass. Three major tailshaker muscles insert
the muscle length changes. For the EMG recordings, we usédectly onto the bony shaker element in the base of the rattle
bipolar hook electrodes made from Cr@& diameter without any measurable tendons. Rattling frequency was
insulated stainless steel wire (California Fine Wire; GroveR7—64Hz over a temperature range of 10-30°C, which
Beach, CA, USA). The electrodes had Ini# bipole spacings indicates that contraction periods were 16/87
and 1-2nm bare tips, and were inserted into the muscle
with 23-gauge hypodermic needles. The EMG signals were Muscle strain
amplified with an A-M Systems differential AC amplifier  Tailshaker muscle strain was approximately sinusoidal, with
Model 1700 (A-M Systems, Carlsborg, WA, USA). The contralateral muscles shortening out of phase with each other
amplifier gain was 1000 with a bandwidth of 10-500and (Fig.1). Strains were very small and averaged 3.1+0.95%
a 6CHz notch filter. Although some of the EMG spikes (mean #s.p.) for the lateral and ventrolateral muscles over all
occurred in the range of &z, the waveform of each spike temperatures. The average strain of 1.5% in the dorsolateral
was much higher than 6@z and was not severely attenuatedmuscle was significantly lower than that of the other two

by the notch filter. musclesF=8.2, d.f.=2P=0.001). Muscle shortening increased
slightly with temperature and twitch frequency (Fg.
Statistical analyses Tablesl, 2).
For every individual snake and tailshaker muscle, we
selected three consecutive contractions from each of three Shortening velocity

different rattling bouts at each temperature, and then computedShortening velocity averaged 2.8+1.51 for the lateral
mean values for strain, shortening velocity a¥tVmax and ventrolateral muscles over all temperatures, and increased
Therefore, each data point analyzed here represents a meabstantially with temperature and twitch frequency (Tables
value for nine contractions by a single muscle at a singlg, Fig.3). In the dorsolateral muscle, the mean shortening
temperature. Prior to the statistical analyses, we inspected platslocity of 1.4L st was significantly lower than for the other

of the strain data to be sure that the slopes of strain againsto muscles§=8.3, d.f.=2,P=0.001).

contraction frequency for each individual had the same polarity In the lateral and ventrolateral muscles, mean relative
and similar magnitude as the overall slope for the entirghortening velocity \(/Vmay was 0.26+0.07 over all
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scle length (mm)

Fig.1. Sinusoidal strain (thick black lines) and§
activation patterns (thin grey lines) in the lateral
tailshaker muscle of a western diamondback
rattlesnakeCrotalus atroxrattling at 30°C and 5Biz.

Data for the right side (top) and left side (bottom)
muscles show different lengths because the distance
between sonomicrometry crystals varied slightly, not
because the muscles have different resting lengths or
strains.
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temperatures, increasing to 0.31+0.06 at 30°C. In the
dorsolateral muscle, the averagé/Vimax of 0.19 was
significantly lower than for the other two musclds=3.8,
d.f.=2,P=0.03).

Muscle activation

Tailshaker muscles were activated by a single, or
occasionally a double, EMG spike (Fig. Muscles were
activated 4.6ns (at 10°C) to 2.4ns (at 30°C) before reaching
maximal stretch. Therefore, the contraction on one side of the
tail appeared to involve a maximum of 0.5% (at 10°C) and
1.2% (at 30°C) active stretching by the contralateral muscles.
This active lengthening, called eccentric contraction, is
necessary for the storage of elastic strain energy, and it may
dramatically increase muscle force exertion per unit energy
consumed. However, because there is a delay between

Crotalus atrox The multivariate regression results are given incontraction (cross-bridge formation), some of the time between

Table2.

excitation and the onset of shortening does not involve actual

Tablel. Mean strain patterns of tailshaker muscles during rattling in 10 western diamondback rattleSnatedss atrox

Temperature (°C) Increase
(ratio of 30°C to 10°C)
Variable 10 30 values
Twitch frequency (Hz) 27+4.6 64+5.3 2.4
Muscle strain (%) 2.5+0.8 3.7£0.9 15
Shortening velocityl(s™) 1.3+0.3 4.5+0.9 35
V/Vmax 0.22+0.05 0.31+0.06 14

Values are mearsip.
L sl=muscle lengths per second.

V/Vmax=ratio of actual to maximum shortening velocitax taken from Rome et al. (1996).
Muscle strain and shortening velocity results are from the lateral and ventrolateral muscles only, whereas twitch fréopreraly tisree

muscles combined.
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Table2. Regression results for changes in lateral and 6
ventrolateral tailshaker muscle strain with increasing twitch .,
frequency in western diamondback rattlesnaRestalus atrox —~ 51 °
Muscle Shortening g
strain velocity > 44
(%) (LsD VIV max 3
Frequency slope 0.03** 0.08** 0.002** %: 31
Muscle mass slope 0.21* 0.18* 0.01** g
Intercept 0.52 —2.1** 0.09* Q 2
Adjustedr? 0.38 0.77 0.38 S
OverallF 9.9%* 50.6** 9.9%* 11
*Significant atP<0.05. 0 X X X X X X X
*“*Significant atP<0.01. 0O 10 20 30 40 50 60 70 80
Slope values for independent variables are unstandardised part Contraction frequency Hz)
regression coefficients.
LsI=muscle lengths per second. Fig. 3. In vivo shortening velocities of the lateral and ventrolateral
V/Vmax=ratio of actual to maximum shortening velocMsaxtaken  tailshaker muscles during rattling in western diamondback
from Rome et al. (1996). rattlesnake<Crotalus atrox The multivariate regression results are
N=30. given in Table2.

Each slope indicates the bivariate relationship between th

dependent variable and the particular independent variable when t.._

other independent variable is held constant at the mean. For examp¥€&locity should produce a corresponding one to one decrease

when muscle mass is held constant, contraction frequendy contraction period, and hence a one to one increase in

significantly affects muscle strain with a slope of 0.03. rattling frequency. However, shortening velocity increases
more (3.5 times) from 10° to 30°C than does twitch frequency
(2.4 times), which accelerates the rattle faster but does not
appear to limit its maximal displacement.

contraction. Assuming excitation—contraction delays ofds4
at 10°C and 1.8ns at 30°C (based on data for an analogous Are muscle strains minimal?
high-frequency muscle; Josephson, 1973), tailshaker muscleThe 2-4% strains of tailshaker muscle contractions are
contractions actually involved only On2s and 0.002% active among the lowest ever recorded in vertebrate muscle during
lengthening at 10°C, and only % and 0.035% active movement (Conley and Lindstedt, 1996, 2002; Rome and
lengthening at 30°C. Lindstedt, 1998; Rome et al., 1996). These low strains explain
the low work and power of rattling reported by Moon et al.
. , (2002). Although tailshaker muscle contractions are nearly
Discussion isometric, they are quite different from isometric contractions
Rattle motion in typical skeletal muscles, in which substantial cross-bridge
Contractile strains were very small in all three tailshakecycling produces large forces. In contrast to these typical
muscles, but the strains and shortening velocities varied amorgpmetric contractions, tailshaker muscle contractions generate
the three muscles. The differences in strain and shorteningry low forces (Moon et al., 2002), which suggests that cross-
velocity among the muscles may explain the dramatic rattlbridge cycling is very limited.
twisting that we reported previously (Moon et al.,, 2002). The extremely low costs of contraction in sound-producing
Twisting appears to be produced by the lateral andhuscles, including tailshaker muscles, indicate that
ventrolateral muscles shortening more and faster than ttapproximately 10% of available cross-bridges form and
dorsolateral muscle, thus pulling the ventral half of the rattleindergo only one cycle per contraction (Conley and Lindstedt,
ahead of the dorsal half. 2002). One cross-bridge cycle comprises a truly minimal
Tailshaker muscle strain increases slightly with contractiowontraction. Do the small strains in tailshaker muscle
frequency, but rattle displacement decreases (Moon et atontractions reflect minimal cross-bridge cycling? It is possible
2002). Rattle motion must therefore be ballistic: muscldo estimate the number of cross-bridge cycles required to
contraction accelerates the rattle but does not limit how far firoduce the observed muscle strains if the sarcomere length
moves. Instead of being limited by muscle strain, rattleand compliance are known. For example, if the sarcomere
displacement is limited by the timing of contralateral muscldength in tailshaker muscle is approximately 2™ (Clark and
contraction and perhaps by tissue stiffness. Ballistic motio&chultz, 1980), then muscle strains of 0.025-0.037 correspond
is also indicated by the relationship between contractioto half-sarcomere strains of 30-dvh. If a cross-bridge stroke
frequency and shortening velocity. If rattle motion wereis 20nm (Ishijima et al., 1996) and stiffness is moderately high
limited by muscle strain, then an increase in shorteningwhich appears to be the case; Martin and Bagby, 1973), then
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the observed muscle strains would be truly minimal, with onlfimited in the tailshaker muscles that we measured. At low
1-2 cross-bridge cycles per contraction. The minimal crossontraction frequencies, nearly all of the apparent eccentric
bridge cycling explains the low force and cost of tailshakecontraction can be accounted for by the excitation—contraction

muscle contractions. coupling (ECC) delay. In contrast to tailshaker muscle
activation 0.7-3% of the cycle before the onset of shortening,

Is low muscle power best explained by contractile some mammal and bird muscles that recycle substantial
minimization or by suboptimal Vid:? amounts of strain energy are activated 14—29% of the cycle

Power is the rate at which work is done by muscle, and it i;m advance of shortening (Biewener, 1998). Although the
proportional to the frequency of contraction. Muscle power isnoderate passive stiffness (see @igpf Martin and Bagby,
optimized when the relative shortening velocitf\(nay) is  1973) and the limited eccentric contraction (0.002—0.035%)
between 0.2 and 0.3 (Askew and Marsh, 1998; Hill, 1938may enhance force output and allow some strain energy to be
Rome and Lindstedt, 1997). Therefore, a major indicator oftored and recycled, the low mechanical efficiens¥10%6;
contractile minimization would be low power output, butMoon et al., 2002) suggests that energy recycling is
despite high contraction frequencies and optii&hax considerably less than 11%. Limited strain energy recycling

Although the contraction frequencies of tailshaker are veryapproximately 10%) also occurs in the high-frequency
high, power output is very low (mean of 3\Ckg muscle at  contractions ofDrosophila flight muscles (Dickinson and
30°C; based on data from Moon et al., 2002). Is the low powdrighton, 1995), and in the limb muscles that produce rapid
due to contractile minimization or to suboptim&Vmax? In accelerations in small mammals such as kangaroo rats
our previous study (Moon et al., 2002), we were unable t@Biewener et al., 1981).
relate the low power to suboptimélVmax or to contractile It is possible to estimate the potential range of energy
minimization becausé vivo muscle strains and shortening storage if tailshaker muscle is assumed to act as a simple
velocities were not yet known. In this study, we measited spring that obeys Hooke’s Law (Alexander, 1988): strain
and usedVmax and Qo values from Rome et al. (1996) to energy#x/2, where strain energy is in Joulésjs muscle
determine tha¥//Vmaxvaries between 0.2 (at 10°C) and 0.3 (atforce in N (derived from Moon et al., 2002), ards the
30°C) in tailshaker muscle. These values conform to thenagnitude of active lengthening in m from this study. The
optimal range for maximum power generation (Askew andstrain energy can then be divided by the energy used to shake
Marsh, 1998; Hill, 1938; Rome and Lindstedt, 1997), whichthe rattle (from Moon et al., 2002) to estimate energy
indicates that suboptima/Vimax is not the primary cause of recycling. The muscles on one side of the tail are stretched
low power output by tailshaker muscle. Instead, the minimaby the force from the contralateral muscles. We estimated
strains involving only one or two cross-bridge cycles peistrain energy storage and recoil using the amount of active
contraction limit muscle force, work and power, despite highengthening after accounting for the ECC delay, and
contraction frequencies and optimelf'Vmax These results assuming that the muscles are stretched by maximal force.
support the hypothesis of contractile minimization in tailshakelnder these conditions, tailshaker muscle could store and
muscles. recycle 9.&610°J or 0.04% of the energy required to rattle

at 10°C and up to 5807J or 0.78% at 30°C. Thus,
Do high-frequency contractions involve elastic recoil?  although this model greatly simplifies the muscle mechanics,

The lack of measurable tendons in the tailshaker muscié supports the inference that energy storage is very limited
segments that we measured indicates limited structurah tailshaker muscle.
potential for elastic strain energy storage outside the muscle Third, this very limited energy storage and recoil is
compared to muscles that have long tendons. Howeveguantitatively consistent with a simple model of contractile
elasticity may occur in other connective tissues or irenergetics (Conley and Lindstedt, 2002). The energetic
cytoskeletal elements such as titin molecules and the crossnalysis showed that the major factor keeping the cost of
bridges themselves (Huxley and Simmons, 1971; Lindstedt ebntraction low is a small number of cross-bridge cycles per
al., 2002; Reich et al., 2000). contraction; energy recycling is not necessary to account for

There are three lines of evidence that there is little potentighe low cost of contraction.
for storing and recycling elastic strain energy in tailshaker
muscle. First, if energy recycling were important in tailshaker ~ Energy recycling versus energy reducing strategies
muscle contractions, then it should produce high apparent Muscles that recycle elastic strain energy typically exert
efficiencies. However, the mechanical efficiency of tailshakehigh forces that produce large joint displacements, do
muscle is very low, 0.3-11%, which indicates that energyonsiderable work, and appear to have high efficiency
recycling is limited (Moon et al., 2002). (Biewener, 1998; Ettema, 1996; Heglund and Cavagna, 1987;

Second, eccentric contraction (active stretching), oMinetti et al., 1999; Roberts et al., 1997; Woledge et al., 1985).
isometric contraction together with stretching in a tendon, i$n contrast, synchronous muscles that contract at very high
required for storing elastic strain energy in muscle (Biewenefrequencies appear to be ‘energy reducers’ rather than ‘energy
1998; Cavagna et al., 1994; Lindstedt et al., 2001). Howeverecyclers’' (Conley and Lindstedt, 2002). Rattlesnake tailshaker
there are no measurable tendons and eccentric contractionnisiscles sustain high-frequency contractions with low
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metabolic energy use by contracting with minimal strains and compilation of empirical ultrasonic properties of mammalian tissdies.

by generating very low forces, work and power (Conley and Acoust. Soc. Anéi4, 423-457. - g
Lindstedt. 1996. 2002: Moon et al.. 2002). Th featur Goss, S. A, Johnson, R. L. and Dunn, F1980). Compilation of empirical
indstedt, , ; Moon et al,, ). These features i asonic properties of mammalian tissuesJiiAcoust. Soc. An68, 93-

indicate that tailshaker muscles, and perhaps other high-10s.

frequency muscles, primarily minimize cross-bridge cyclingHeglund. N. C. and Cavagna, G. A(1987). Mechanical work, oxygen
. . consumption, and efficiency in isolated frog and rat muggte.J. Physiol.
and reduce metabolic energy input rather than recycle ;53 cop-c29.
mechanical energy output. Hill, A. V. (1938). The heat of shortening and the dynamic constants of
muscle.Proc. Roy. Soc. B26, 136-195.
. . . Huxley, A. F. and Simmons, R. M(1971). Mechanical properties of the cross
Animals were collected under Arizona Game and Fish bridges of frog striated musclé. Physiol. Lond218 59P-60P.

Department permits and were studied with IACUC approvalishijima, A., Kojima, H., Higuchi, H., Harada, Y., Funatsu, T. and
For help with this work, we are grateful to George Good, Jay Yanagida, T. (1996). Multiple- and single-molecule analysis of the

.. L . actomyosin motor by nanometer-piconewton manipulation with a
Meyers, Kiisa Nishikawa and Mike Tu. Peter Aerts and microneedle: unitary steps and forcB&phys. J.70, 383-400.
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