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Summary

Biologists have traditionally focused on a muscle’s ability  potentials per cycle, with the timing of the action potentials
to generate power. By determining muscle length, strain such that the burst usually began shortly after the onset of
and activation pattern in the cockroach Blaberus shortening. Imposing upon the musclen vitro the strain,
discoidalis we discovered leg extensor muscles that operate stimulus number and stimulus phase characteristic of
as active dampers that only absorb energy during running. running generated work loops in which energy was
Data from running animals were compared with absorbed 25Wkg™) rather than produced. Simulations
measurements of force and power production of isolated exploring a wide parameter space revealed that the
muscles studied over a range of stimulus conditions and dominant parameter that determines function during
muscle length changes.We studied the trochanter-femoral running is the magnitude of strain. Strains required for the
extensor muscles 137 and 179, homologous leg muscles oimaximum power output by the trochanter-femoral
the mesothoracic and metathoracic legs, respectively. extensor muscles simply do not occur during constant,
Because each of these muscles is innervated by a singleaverage-speed running. Joint angle ranges of the

excitatory motor axon, the activation pattern of the muscle
could be defined precisely. Work loop studies using
sinusoidal strains at 8 Hz showed these trochanter-femoral
extensor muscles to be quite capable actuators, able to
generate a maximum of 19-25Wkd (at 25°C). The
optimal conditions for power output were four stimuli per
cycle (interstimulus interval 11ms), a strain of
approximately 4%, and a stimulation phase such that the
onset of the stimulus burst came approximately half-way
through the lengthening phase of the cycle. High-speed
video analysis indicated that the actual muscle strain
during running was 12 % in the mesothoracic muscles and
16% in the metathoracic ones. Myographic recordings

coxa—trochanter—femur joint during running were 3—4
times greater than the changes necessary to produce
maximum power output. None of the simulated patterns of
stimulation or phase resulted in power production when
strain magnitude was greater than 5%. The trochanter-
femoral extensor muscles 137/179 of a cockroach running
at its preferred speed of 20cm¥ do not operate under
conditions which maximize either power output or
efficiency. In vitro measurements, however, demonstrate
that these muscles absorb energy, probably to provide
control of leg flexion and to aid in its reversal.
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during running showed on average 3-4 muscle action cockroachpBlaberus discoidalis

Introduction

Muscles involved in locomotion are commonly regarded asSyme and Stevens, 1989) and, in particular, ballistic activities
actuators that do work and generate mechanical power. As Hilich as jumping (Lutz and Rome, 1994).
stated in 1950 ‘Each muscle is designed for maximal power Of course, muscles can serve functions in addition to acting
and efficiency in its important range of speed’. Strong suppords force, work and power generators. Musculo-skeletal
for the view that muscles function in the ranges of speedsomplexes can also act as springs that store and return energy
frequency, force, position on the length—tension curve oor as damping elements that absorb energy (Zajac, 1989).
temperature that generate maximum power output comes froAithough often acknowledged, evidence supporting the
a variety of studies on swimming (Roreeal. 1988, 1993), functioning of musculo-skeletal complexes as control
running (Jamest al. 1995), flying (Stevenson and Josephsonglements, stabilizers and energy transfer units during
1990), sound production (Romet al. 1996), sensing locomotion is scarce. However, reports of musculo-skeletal
(Josephson and Stokes, 1994), pumping blood (Laydaatl  complexes acting as more than simple power generators during
1995; Syme, 1993), breathing (Altringham and Young, 1991locomotion are emerging as the technology allows us to mimic
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in vivo conditions or to make direot vivomeasurements. For (Blaberus discoidalis for several important reasons.
example, Tu and Dickinson (1994) have discovered that som@ockroaches run in a manner surprisingly similar to other
fly muscles actively absorb energy to control steering. Robertegged animals. The mechanical energy generated to move 1g
et al. (1997) have shown that, during running, theof body mass over 1 m (Full and Tu, 1990, 1991), the mass-
gastrocnemius muscle—tendon complex of turkeys functions apecific mechanical energy produced to swing the limbs (Kram
an active spring generating force, but produces very littlet al. 1997), whole-body ground reaction force patterns (Full,
power. Fish may use caudal muscles to transmit energy989; Full and Tu, 1990, 1991) and even relative leg spring
generated more anteriorly to their tail fin (van Leeuwtal.  stiffness are indistinguishable from data on bipedal runners and
1990; Altringhamet al.1993; Johnstoet al.1995; Videler and  hoppers and on quadrupedal trotters (Blickhan and Full, 1993).
Hess, 1984; Wardlet al. 1995). Interestingly, even though three legs of the cockroach sum to
It is becoming increasingly evident that, to understandunction as one leg of a biped or two legs of a quadruped, each
muscle function in a multiple muscle system, at least two datag pair of a cockroach functions in a different way (Etll.
sets are desirable for each muscle. First, the capacity of ti®91, 1995). The front (prothoracic) pair of legs only
muscle should be determinedvitro and in simulation under decelerates the insect during the stance phase, while at the
a wide range of stimulation pattern, strain and activation phassame time the hind (metathoracic) pair of legs only accelerates
These data would produce a functional space of the potentitile animal forward. The middle (mesothoracic) pair of legs
performance of the muscle. Second, measurements of realizedrks much like human legs, since they first decelerate and
muscle function are essential in as many behaviors as possiktleen accelerate the body during a step. This separation of leg
either in vivo or underin vitro conditions mimicking the function could make cockroaches a unique model for
muscle’s functiorin vivo. demonstrating a muscle’s full range of function. We began our
The present study addresses both potential and realizetlaracterization of muscle function by examining homologous
function. First, we characterized a muscle’s potential tanuscles in each of the three leg pairs.
generate mechanical power by using the work loop method The exoskeleton of arthropods makes the determination of
originated by Boettinger (1957) and Machin and Pringle (1960nusculoskeletal strain and the recording of electromyograms
on asynchronous flight muscle and extended by Josephs@MGSs) relatively simple. The origins of individual muscles
(1985, 1993) to synchronous muscle. We imposed cyclican be precisely located on the exoskeleton and used for
length changes on a semi-isolated muscle while measuriregcurate EMG electrode insertion. The exoskeleton also
force and then searched for the optimal muscle length, straiprovides a rigid surface for the placement of markers that are
stimulation phase and pattern. We also produced computerisible during high-speed videography. The joint we selected
simulated work loops to estimate the potential for muscle workcoxal-trochanteral-femoral joint) is a simple joint with one
over a broader parameter space. Second, we estimated tlegree of freedom. Joint angles can be related unambiguously
muscle’s realized function during locomotion. We usedo musculo-apodeme length. Since arthropod apodemes are 40
videographic analysis, dissection and simulation to determin@mes as stiff as mammalian tendons (Ker, 1977; Full and Ahn,
the actual strain experienced by the muscle. Electromyographl®95), joint angles can also be directly related to muscle
recordings gave us the pattern with which the muscle wdength.
activated by neural input during locomotion. Using the work Most importantly, we chose insect leg muscles (muscles 87,
loop technique with realized strain and stimulation pattern, w&37 and 179) because they are innervated by a single motor
tested the frequently proposed hypothesis that muisclego, axon (Pipa and Cook, 1959), which allows precise definition
during locomotion, operate near the conditions that result inf both the duration and pattern of neural input. Muscles of
the generation of maximum mechanical power ouitpwitro.  most systems examined thus far have many motor units, and
To explore the possible diversity of muscle function in aEMG recordings give information on the duration of the input,
multiple muscle system, we chose to examine constanibut not on the pattern of activation (number of arriving
average-speed running. Constant, average-speed runningirigoulses or intervals between impulses), for individual motor
characterized by accelerations of the body or center of massits.
being matched by nearly equal decelerations over a completeFinally, a large number of parameters affect the mechanical
stride. Energy absorption, storage and transmission by thmwer of muscle. Dealing with this multidimensional
musculo-skeletal system during running can be as important aarameter space can be a major difficulty in work loop studies.
energy production (Alexander, 1988; Cavaghal.1977). In  Limits on experimental time and deterioration of the
contrast, substantial accelerations during swimming or flyingreparation generally prevent full analysis of all possible
are resisted by the medium and can require substantial musgermutations of parameter values (Josephson and Stokes,
power production, while decelerations can be assisted by ti®94). Fortunately, Full and Ahn (1995) have developed a
medium. Selecting running as the locomotor mode, as opposétree-dimensional musculo-skeletal model of the legBof
to swimming or flying, might increase the probability of discoidalisitself. To best define the muscle’s potential and its
discovering a wider range of diversity in muscle functionin vivo point of operation during running, we complemented
(Alexander, 1997). our experimental studies with work loop simulations of its
We chose to study dynamically running cockroacheparameter space.
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Materials and methods The video tapes were digitized and analyzed using a motion
Muscles analysis system (Peak Performance Technologies, Inc.) to
obtain the time course of coxal-trochanteral-femoral angle

Blaberus discoidaliswere obtained as adults from a ) I
commercial supplier (Carolina Biological Supply Co., PO Boxchanges for each of the three legs on one side of the animal’s

187, Gladstone, OR 97027, USA). The cockroaches werddy: , _
maintained in the laboratory in large, closed containers where The refationships between coxal-trochanteral-femoral angle
they had free access to food (dried dog food) and water. TH&Id muscle length were determined empirically using a

muscles selected for study were anterior extensor muscles gffferent set of animals from those filmed during running, but
137 and 179 (notation of Carbonell, 1947). These ar8f COmparable body mass. Reference spots, positioned

homologous muscles in the pro-, meso- and metathoraciimilarly to those used in video-taping, were painted on each

segments, respectively. They originate on the proximal coxdfg of one s'ide of a narcotized (chilled) an!mal. The thor'acic
margin and insert on the trochanter. They extend the coxaregments with the attached legs were then isolated and pinned,

trochanteral-femoral joint and thus depress the femur. Each $gntral side up, in a dissecting dish. The femur of the marked
these muscles, together with their associated posteri&‘de was left free to rotate about the coxal-trochanteral-femoral
depressor muscles (muscles 86, 136 and 178), is innervatedIBipt: A small window was cut through the coxal exoskeleton

a single excitatory axon (Pipa and Cook, 1959), and there fg_/erlying the muscle insertion to expose a characteristic
no inhibitory innervation (Pearson, 1972; Pearson and Ilefigmented spot on the muscle apodeme. The muscle reference
1971). length was taken as the length of the muscle when its moment

arm was perpendicular to the long axis of the coxa. This length
Muscle strain during running was the distance between the medial insertion of the muscle
An animal was immobilized by chilling, and white referenceand the pigmented spot on the apodeme measured after
markers were painted on the ventral surface of the legs of omeljusting the coxal-trochanteral-femoral angle such that (1) a
side to aid in measurement of joint angles. Three spots weliae joining the ventral condyle (i.e. hinge point) of the coxal-
placed on each leg: one on the proximal coxa just medial tvochanteral-femoral joint and the insertion of the muscle
the ventral condyle (i.e. hinge point), one on the trochante(marked by a slight depression on the trochanter) was
and one on the distal end of the femur (see Fig. 1). After theyerpendicular to (2) a line drawn between the coxal-
had recovered from immobilization, the animals were allowedrochanteral condyle and the ventral condyle of the joint
to run in a glass-bottomed trough approximately 65cm lon@petween the coxa and the thoracic body segment (Fig. 1).
and 25cm wide. S-VHS video recordings were made of th€hanges in muscle length were determined by measuring,
running animals using a high-speed video system (NAC HSMising an ocular micrometer (resolutionj20), changes in the
400) at 200fieldsd. The animals were video-taped from distance between the pigmented spot on the muscle apodeme
below, using a front-surfaced mirror, to obtain a ventral viewand the medial edge of the hole in the exoskeleton made to

Fig. 1. The relationships between coxal-
femoral joint angleff) and muscle length

in pro-, meso- and metathoracic limbs.
The dark spots on the limbs are the
positions of the reference points used in

measuring joint angle. The locations of < 125 125y Meso 1257 o Meta
the muscles studied are shown as shaded < 120 120+ 120+
regions ir_1 the drawings._ T_he different % 115 115+ 115} S
symbols in the graphs indicate results £ o
. : I L 110¢ 110+ 110
from different animals. No significant g
effect of individual was found, so the g 105f 105 1051 b YO
data points were treated as independent. 2 100 100t 100t
See text for the definition of reference o5l . . . g5l . ) s . g5l : s ‘ )
length. Equations for the regression lines 25 50 75 100 125 25 50 75 100 125 25 50 75 100 125

are given in the text. Joint anglef (degrees)
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expose the spot. Changes in muscle length were determinedSgtecifically, ifLj andt; were the muscle length and frame time
a number of coxal-trochanteral-femoral joint angles as definefdr the video frame taken immediately before the muscle length
by the painted spots on the legs. The relationship between joirdached the calculated mid-lengthm) during muscle
angle and muscle length was determined for six pro-, mestengthening, and ifj+1 andti+1 were the corresponding length
and metathoracic muscles, three from male and three froand time for the following frame, then the mid-length time (the
female animals. In general, the relationship between joint angtéme of cycle onset) is given by (ti+1—ti)x(Lm—Li)/(Li+1-Lj).

and muscle length was linear for the range of joint angles likely

to occur during running (Fig. 1). The specific relationships Recording muscle action potentials
between muscle length, as a percentage of the reference Recording electrodes were implanted into the coxal
length and joint angl€}, measured in degrees, were: depressor muscles of the animals while they were immobilized.
Insulated silver wires, 50m in diameter and cut to a length of
= — 2= ,
Lprothoracic= 122.9-0.248  (r*=0.86), approximately 30cm, were heated at one end in a flame to
Lmesothoracie131.6—0.3213  (r2=0.84), remove the insulation and to melt the end of the wire to form
a small ball. A hole, slightly smaller than the silver ball, was
Lmetathoracic136.9- 0.35@  (r2=0.90). gntly

made through the coxal exoskeleton with a sharpened insect

These data are consistent with values obtained from a thregin. The hole was positioned directly over the origin of the
dimensional musculo-skeletal model (Full and Ahn, 1995)muscle. The ball at the end of the wire was forcibly pushed
These equations were used to convert the time course tirough the hole and then gently pulled back to engage the ball
changing joint angle, determined from the video recordings, tagainst the inside edge of the hole. The wire was then fixed to
muscle strain. the coxa, the dorsal tergum and the prothoracic shield using

Muscle length changes had broad maxima and minimbw-melting-point dental wax and a small, heated probe.
(Fig. 2), so it was difficult to define precisely a length cycleRecording electrodes were placed in the muscles of the
based on the times of successive maximum lengths oelevant pro-, meso- and metathoracic legs.
minimum lengths. Mid-length times, which could be measured A reference and a ground electrode, each made of thin,
with some precision, were used to establish the boundaries ofiinsulated silver wire, were inserted separately through the
a cycle. Mid-length was defined as the mean of the maximumhorsal exoskeleton into the first abdominal segment, waxed in
and minimum lengths attained in a cycle. Mid-length time (i.eplace, and then brought forward to the pronotal shield, where
cycle start or end time) was determined by linear interpolatiothey were again waxed in place. The electrode wires from the
between the times corresponding to the measured length valubsee muscles, and from the reference electrode and the ground
immediately  bracketing the calculated mid-length.electrode, were fixed together with model cement to form a
single, long tether. The combined mass of the wires and the
wax used to fix them to the animal averaged 60.1N+d.1),
which was less than 2% of the mean body mass (3N#6)
of the animals from which successful recordings were

110 _W obtained. Muscle action potentials (MAPS) recorded from the

running animals were amplified 100 times at a bandwidth of
100 T

120 — Prothoracic

= | r I ; | T | 3Hz to 1kHz and were recorded with an FM data recorder
2 150 — Mesothoracic (TEAC XR-700). A pulse generator provided coded out.put
% ) which was stored on both the FM recordings and the video
o 110 tapes of running animals to allow synchronization of EMG and
% video signals.
£ N
€ 100 . , . | . | 1 Isometric force
= 120— Metathoracic Animals were immobilized by chilling and mounted, ventral
side up, in a Lucite holder that restrained the body and
110 provided a platform to which the meso- or metathoracic coxae
could be firmly attached using fast-setting, epoxy cement. The
contractile properties of muscle 87 of the prothorax were not
100+ ' I ' I ' [ ' I examined because this muscle was found to be inactive during
0 100 200 300 400

running (Fig. 3). A small piece of the proximal trochanter and
Time (ms) the attached muscle insertion was dissected free from the leg.
Fig. 2. Muscle length and muscle action potentials (MAPS) in aMus?le forlc.e was mgasured with atrgnsducer Construpted frqm
running animal. The muscle lengths were calculated from measurédiPair of silicon semi-conductor strain gauges (see Fig. 4.4 in
joint angles during running using the linear relationship determined/iller, 1979). A small hook, fashioned from a sharply bent
between joint angle and muscle length (Fig. 1). The filled circlesnsect pin, was fixed to the transducer. The hook was slid
indicate the time of occurrence of MAPs during these recordings. around the muscle apodeme between the muscle and the
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Pro Table 1.Size of trochanter-femoral extensors 137
W’W«W (mesothoracic) and 179 (metathoracic)Bléberus
discoidalis
Meso Mass Length  Arex 10°
(mg) (mm) (cnm?)
Male

Mesothoracic=11) 2.54+0.98 4.32+0.45 5.54+1.79
Metathoracic {=11) 2.87£0.65 4.48+0.65 6.20+1.76

Meta
Female
Mesothoracicl)=10)  2.78+1.31 4.34+0.55 6.16+2.23
| 5mV Metathoracic K=12) 3.12+1.17 4.52+0.47 6.80+2.05
100ms Values are given as mearss.
Fig. 3. Electromyogram (EMG) recordings from '[rochan’[er-femoralan-irr:i(ilsmesomorac'C and metathoracic muscles came from different

extensor muscles 87 (prothoracic, Pro), 137 (mesothoracic, Mes
and 179 (metathoracic, Meta) Bfaberus discoidalisiuring rapid
running. This segment of the recording from the prothoracic channt
includes a single large action potential amid low-amplitude
background activity probably originating from adjacent muscles.

The mean mass of the 22 male animals was 2.73+£0.51g; that of
the 22 female animals was 3.69+0.66 g (meam.

from four cockroaches. The muscles were weighed as bilateral
pairs, fixed in 70% ethanol for several days, rehydrated and

attached piece of cuticle to link the muscle to the transducereweighed. The mean weight of these muscle pairs after
The transducer was mounted in a manipulator which allowefixation and rehydration was 95.1+1.1 % (measeim., N=16
adjustment of muscle length. Measurements were made withuscle pairs) of that before fixation. The weights of the
the muscle at it vivolength as judged by the position of the experimental muscles were therefore multiplied by
muscle insertion relative to that of surrounding structures. 1/0.95=1.05 to obtain the expected mass of the muscle before

The exoskeleton was removed from over the appropriatiixation. The cross-sectional area of the muscles used was
thoracic ganglion. Nerve 5, which includes the motor axon testimated as the ratio of muscle mass to muscle weight (a
the muscle, was exposed and sectioned near the ganglion. Thascle density of 1 gmcriwas assumed). The mass, length
nerve was stimulated with 0.5ms shocks at approximatelgnd area of the muscles used in this study are summarized in
twice threshold. The stimuli were delivered through a suctioffable 1.
electrode over the cut end of the nerve. The stimuli were single )
shocks, trains of 2-6 stimuli at 10 or 11ms interstimulus Mechanical work output
intervals, and tetanic bursts at 100-200Hz for 300 msGeneral methods for obtaining work loops
Stimulus trials were repeated regularly at 30s intervals. The Animals were dissected and mounted as described above for
nerve and the muscle were moistened periodically with inseébrce measurements except that the strain gauge was attached
saline (composition given in Becldt al. 1960). Muscle to the moving arm of an ergometer. The basic design of the
temperature was monitored with a thermistor probe placedrgometer is given in Malamud and Josephson (1991). The
adjacent to the muscle. The output of the temperature probeference length of the muscle was determined following
provided the input signal to a servosystem which held thexposure of the apodeme but before the trochanteral
muscle temperature constant at 25 °C by adjusting the intensigxoskeleton and its attached muscle insertion were dissected
of a microscope lamp whose beam was directed at the muscleee. The muscle was subjected to a series of trials consisting
Mechanical responses were collected using an analog-tof 4-5 repetitions of cyclic strain and phasic stimulation in the
digital converter and stored on magnetic disks. strain cycle. Control signals to the ergometer for sinusoidal

At the end of an experiment, the muscle was fixed with 70 %train were generated by a purpose-built sine-wave generator;
ethanol while it was still attached to the strain gauge. Ethanelon-sinusoidal strain trajectories were produced by a computer
fixation both stabilized the muscle length, so that it did notvhich transmitted stored files through a digital-to-analog
change when the muscle was released from the transducer, adhverter. Values of developed force and muscle length were
simplified dissection of the muscle from its cuticularcollected with an analog-to-digital converter and analyzed on
attachments. The length of the dissected muscle was measurkag. The work output per cycle was determined as the area of
after which the muscle was stored in 70% ethanol. Aftethe loop formed by plotting muscle force against muscle length
several days in ethanol, the muscle was rehydrated overnighwer a full cycle (Josephson, 1985). The third cycle of each
in insect saline and weighed. The loss of muscle weightial was used for analyzing work output. Muscle temperature
associated with fixation and rehydration was determined in was maintained at 25°C. At the end of each experiment, the
set of control muscles. Mesothoracic muscles 137 and 138 antlscle was fixed in ethanol and its length, mass and area were
metathoracic muscles 178 and 179 were removed bilateraljetermined as described above.
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Optimum parameters for work output N=12, 1trialmirtl). Frequently during this period there was

An inconveniently large number of parameters affect théome decline in the performance of the preparation, and the
mechanical power output of a muscle undergoing periodi@ower output after many trials was less than that expected from
length change and phasic stimulation. The relevant parametétdresh muscle. Therefore, a new set of muscles was used to
include cycle frequency, the resting length of the muscle, thdetermine the maximum power output during sinusoidal strain.
pattern and amplitude of the cyclic strain imposed on théh these determinations, the conditions were set from the
muscle, the number of stimuli per cycle, the phase and patteBginning at the mean values for optimal number of stimuli per
in which these stimuli are delivered, the muscle temperaturéycle, muscle length, strain and stimulus phase determined as
and the particular cycle chosen for analysis (Josephson, 1989gscribed above. A trial giving work loops at the optimal
One goal in this study was to determine the maximum powd¥arameters was followed by a trial in which work output was
that might be obtained from a muscle under conditions similsfi€termined under conditions simulating those during running.
to those during rapid running. To make the task manageab|@, the Iatter, the muscle was held at the Iength that had been
some of the parameters were set at values similar to those tigtermined to be the mean length during running and subjected
pertained during running. The muscle temperature was held & the strain pattern, stimulus number and stimulus phase found
25°C. The cycle frequency was 8Hz and the interstimulu& pertain during running.
interval when there was more than one stimulus per cycle WaS namic simulation of work during runnin
11ms. The pattern of strain imposed on the muscle was’ L 9 . 9 _ .
sinusoidal, as has been the case in many preceding work loop/V& conducted a sensitivity analysis using a dynamic
studies. The variables whose effects on work output wergmulation to estimate the muscle’s capacity in a wider
evaluated were the number of stimuli per cycle, the muscle@rameter space. We used a three-dimensional model of the
resting length, the strain amplitude and the stimulus phase. Metathoracic leg dlaberus discoidaligFull and Ahn, 1995)

The number of stimuli per cycle was increased progressivef§nd the modified Hill-type muscle model of Zajac (1989). We
from one to five in different sets of trials with some |mpqsed the freql_Jency and the strain pattern observed during
preparations and, in an equal number of preparationéunning at the animal’s preferred speed (20Thfsequency
decreased progressively from five to one. The followin Hz) on muscle 179. We varied the pattern of stimulation (1-6

approach was used to identify the optimum parameters f AP_s With_a constant 11 ms _interstimulus inte_rval), the phase
work output with a given number of stimuli per cycle. valuyesOf stimulation and the am_plltude of th_e strain pattern._ The
were estimated for the muscle length and the cyclic strain th¥@!ues for the muscle variables used included: a maximum
might be optimal for work output. Using these estimatedSometric force of 0.14N, an optimal length of 3.3mm, an
optimal values for length and strain, the stimulus phase waPodeme slack length of 0.7mm (Full and Ahn, 1995), a
varied systematically from trial to trial in steps of Maximum contraction velocity of 5musclelengthssnd

approximately 5% (one full cycle = 100 %; 0% phase defined@mping of 1 N's m (estimated from Daniel, 1995; Meyhofer

as the time at mid-length during lengthening) until the®nd Daniel, 1990). Damping was modeled as a velocity-
optimum phase for those conditions was found. Next, usinfePendent component which decreased active and passive
this optimum phase and the estimated value for optimal musciBuscle fiber force. The effect of damping was linearly
length, the cyclic strain was varied systematically in steps diroPortional to the magnitude of shortening velocity. We
0.02mm (approximately 0.4% of the muscle length) todenerated 594 simulated work loops, each of which yielded
determine the optimum strain. If the value determined for@/ues for both work and power.

optimum strain differed by more than one step from that

originally estimated, the value for optimum stimulus phase was Results

redetermined using the newly identified value for optimal Muscle strain and activation pattern during running
strain and the estimated value for optimum length. Next, usin

the values determined for optimum stimulus phase and cyclitn® sample set

strain, the muscle length was varied systematically from trial Recordings of leg position and EMG activity from trials in
to trial in steps of 0.1mm (approximately 2% of musclewhich the animals ran rapidly and straight without bumping
length) in order to find the optimal muscle length. If the valudnto the walls, and in which there were clean EMG recordings
determined for optimal muscle length differed by more tharffom pro-, meso- and metathoracic muscles, were obtained
one step from that initially estimated, the whole procedure folfom six animals out of a starting set of nine. Four of the
determining optimal phase, strain and muscle length waghimals were females (mean mass 3.86+0.51¢g; mea. )+

repeated, starting with the identified values for optimum lengt@nd two were males (2.60g and 3.16 g). The data set presented
and strain. is based on two runs from each of five animals and one run

from the sixth animal. Two adjacent stride cycles were

Maximum power output and realized power during running analyzed in each run, except for one run which included only
The procedures for identifying optimum stimulus phasea single complete metathoracic cycle. Thus, the data set
strain and mean muscle length for each of 1-5 stimuli per cyclacludes a total of 11 runs with 22 mesothoracic and 21
were time-consuming (mean time 140+18 min, measint,  metathoracic cycles. The mean stride duration of the cycles
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Table 2.Characteristics of the stride cycles analyzed 20 Mesothoracic Metathoracic
Mean g 154 i
Cycle muscle Total Shortening £ 104 4
duration length strain duration g 5 - i
(ms) (%RL)  (%RL)  (%cycle) ? —_— ————
Mesothoracic  125.8422.8 104.742.8 12.0+1.5 60.416.30 § 20 - N=86 . N=60
(N=22) o g 154 B . B
3 - .
Metathoracic ~ 126.2+25.3 104.4+3.4 16.4+2.8 60.0+8.6 <§’: 3 1(5) i ]
(N=21) ° -
> 0 T T 1 T 1 I I T 1
. 0O 20 40 60 80 1000 20 40 60 80 100
Values are given as mears®. Ph y I
RL, reference muscle length (see text). ase (% cycle)

Fig. 4. The average strain trajectory (% strain) during running cycles

vzed imately 125 Table 2 hich i from mesothoracic and metathoracic muscles, and the distributions
analyzed was approximately ms (Table 2), which is ‘of muscle action potentials (MAPS) in the strain cydiis the total

stride frequency of 8 Hz. The range of stride frequencies in th, ,ber of MAPS.

whole data set was 5.9-12.3Hz. The mean speed w

approximately 20cntd, very near the animal's preferred

speed (the most frequent speed selected by the animal durilyscle action potentials

spontaneous running or running with minimal prodding). There were between one and seven muscle action potentials
. per cycle in meso- and metathoracic muscles (Fig. 3). The
Muscle strain mean number of MAPs per cycle was 3.9+1.6 (me&p3

Length changes in the prothoracic muscle were small anfdr mesothoracic muscles and 2.9+1.9 for metathoracic ones.
variable, and muscle action potentials were rarely recordetihere was a positive correlation between the number of MAPs
during running (Figs 2, 3). Since prothoracic muscle 87 doeger cycle and cycle duration in both meso- and metathoracic
not appear to be important in high-speed running, thenuscles (Fig. 5; Spearman rank correlation; metathoracic leg,
prothoracic limb muscle will not be considered further. p=0.47, P=0.030; mesothoracic leg=0.68, P=0.002). The

To estimate the work done by the muscle during runningnean MAP interval was 10.9+3.9ms (mears.nd) in
we generated a typical muscle strain trajectory for a stridmesothoracic muscles and 11.4+5.8 ms in metathoracic ones.
cycle which could be used in work loop studies. Because theuccessive MAP intervals through a burst were of reasonably
cycles varied in duration, it was not appropriate to create eonstant duration, except that the last intervals were sometimes
‘typical’ cycle by simply averaging values of relative musclesubstantially longer than preceding intervals (Fig. 6).
length at equal times after cycle onset. If this were done, the
values for muscle length at long times after cycle onset woul
be determined entirely by the lengths of those muscles of tt 8r
set with longer cycle durations, with no contribution at all
from cycles that ended sooner than the time being considere
To compensate for different cycle lengths, we converte:
times through a cycle into cycle phase. Values for muscl
length were calculated at equal intervals representing 2% «
the total cycle duration. The expected muscle length at eac
of these points was estimated using the muscle lengtt
calculated from the joint angles captured from high-spee
video recordings. Since the video frames did not occur at 2 ¢
intervals throughout the cycle, it was necessary to estima

® Mesothoracic
O Metathoracic @]

6 L L Je)
7
000 o
e

Number of MAPs per cycle
SN
T

the expected muscle length at each of the time points. Th 0 ! L f
was performed by linear interpolation between measure 50 100 150 200
values (from video recordings) at times bracketing the Cycle duration (ms)

desired pomt.,AII muscle lengths were expressed as frgcthll';ig 5. The relationship between the duration of a stride cycle and the
of the muscle’s reference length. The mean length trajectol

d ined in thi bvi | . idal. with “number of muscle action potentials (MAPs) per cycle in the set of
etermined in this way was obviously non-sinusoidal, wit ‘cycles analyzed in detail in this study. Values from mesothoracic

longer shortening phase (60 % of the cycle) than lengtheniry, scies (dashed line) have been raised slightly on the abscissa, and
phase in both meso- and metathoracic muscles (Fig. those from metathoracic muscles (solid line) lowered, in order to
Table 2). The total strain through a cycle was greater ireduce overlap between symbols. Regression equations: mesothoracic,
metathoracic muscles (mean 16.4%) than in mesothoracMAPs=0.051¢y2.5, r=0.52; metathoracic, MAPs=0.04{—3.2;

ones (12.0%; Table 2). r?=0.42, wherecyc=cycle duration in ms.
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Fig. 7. Isometric contractions of a mesothoracic muscle in response
to 1-6 stimuli (bottom trace) at interstimulus intervals of 10ms and
- to a tetanizing burst at an interstimulus interval of 5 ms.

10 -

Interspike interval (ms)

mesothoracic and six metathoracic muscles. Half of the
- mesothoracic and half of the metathoracic muscles were from
males, the other half from females. Three twitches and one
0 ! ! 1 ! L tetanic contraction were examined from each preparation. The
0 1 2 3 4 5 6 contractile parameters of the three twitches were averaged to
Interval number obtain the mean values for each preparation.
Fig. 6. Intervals between action potentials in the running cycles. In Contractile propertle_s were not 5|gn_|flcantly different in
one cycle from a mesothoracic (Meso) muscle and in five fronf"€SO- and metathoracic muscles, and in muscles from males
metathoracic (Meta) muscles, there was only a single muscle actigfld from females (Table 4). Twitch durations, measured from
potential (MAP) and therefore no interstimulus interval. The value®nset to 50% relaxation (25°C), were approximately 60 ms,
shown are the mean durations for intervals of a burst, plotted aswéhich is approximately half the duration of a single stride.

function of interval number. Lines join symbols from mesothoracicTwitch tension was only approximately 20 % of the maximum
and metathoracic muscles in which the bursts had a common numhetanic tension (Fig. 7; Table 4).
of interstimulus intervals. The symbols are coded according to the

sample size in each set. Note that there was little change WWork output using sinusoidal strain
interstimulus interval through a burst, with the exception of two sets The relationships between the number of stimuli per cycle
in which the terminal MAPs came, on average, after a rather Iong d . .. s

delay. nd the optimal conditions for maximizing work per cycle were

nearly identical in meso- and metathoracic muscles (compare

Figs 8 and 9). The number of stimuli had a significant effect
MAPs occurred during the shortening phase of the

muscle, largely in the first half of shortening (Figs 2, 4). The
mean onset time of MAP bursts occurred at a cycle phase
32.0+t4.4% (mean #s.0.) in mesothoracic muscles and

Muscle 137 (mesothoracic)

33.1+7.6 % in metathoracic muscles. € 100} S 15¢
The features of a ‘typical’ stride cycle during running, .E 80l /(}\% € 110}
derived from the measurements of muscle strain and activatic g 60 | /§ S
pattern, are summarized in Table 3. 2 0 % = 105
~ I >
Muscle contractile properties and work output < 20t §/ % 100+
Isometric contractions = 0 1 2 3 4 5 O 95 55 4 5
Isometric contraction kinetics were measured in six g 25 S
THEN sab ot
Table 3.Characteristics of a typical stride cycle used in work s 10 % % 3 %/
loop experiments E ol E 2
Mesothoracic  Metathoracic %_ 0+ %_ 1
o — L 1 Il Il 1 o L 1 d il L
Frequency (Hz) 8 8 5 1 2 3 4 5 0 1 2 3 4 5
Mean muscle length (% RL) 104.7 104.4 Number of stimuli per cvele
Cyclic strain (% RL) 12.0 16.4 percy
Stimuli per cycle 4 3 Fig. 8. Relative work output, optimum muscle length, optimum
Interstimulus interval (ms) 11 11 stimulus phase and optimum strain as functions of the number of
Stimulus onset, phase in cycle (%) 32 33

stimuli per cycle for mesothoracic muscled=6) subjected to
sinusoidal strain at 8Hz and stimulated with bursts of stimuli at an

RL, reference length (see text). interstimulus interval of 10 ms. Vertical bars indicatestm.
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Table 4.Isometric contractions in trochanter-femoral extensor muscl&atferus discoidalis

Twitch
Onset to 50% Onset to 90 % Twitch tension/
Rise time relaxation relaxation Tetanic tension tetanic tension
(ms) (ms) (ms) (Ncrrd) (%)

All (N=12) 27.6+£3.5 61.5+8.5 126.4+48.1 17.4+3.4 20.3+6.7
Sex

Males (N=6) 27.0£3.5 61.9+7.3 132.8+57.2 15.6+£1.6 20.0+8.6

Females=6) 28.3+3.7 61.2+10.3 120.0+41.6 19.2+3.7 20.6+x4.8
Leg

Mesothoracic=6) 27.0£3.0 61.4+9.1 122.1+37.5 19.1+2.7 17.0+£3.2

Metathoracic =6) 28.3+4.2 61.6+8.7 130.7+60.4 15.7+£3.2 23.5+7.9

Values are given as mearsb.

on maximal work per cycle (Kruskal-Wallis; metathoracic leg,d.f.=4, P=0.97). The optimal number of stimuli per cycle was
corrected H=22.5, d.f.=4, P<0.001; mesothoracic leg, similar to the number of action potentials stimulating
correctedH=23.4, d.f.=4,P<0.001). The work per cycle was mesothoracic muscles during running (approximately four
maximal at four stimuli per cycle and declined with either amerve impulses and resulting muscle action potentials per
increase or a decrease in the number of stimuli per cycle fronycle; Table 3) and somewhat more than the mean number of
this number. The optimum stimulus phase declinedction potentials stimulating metathoracic muscles per cycle
substantially with increasing number of stimuli per cycle(approximately three; Table 3). The optimal muscle length at
(Kruskal-Wallis; metathoracic leg, correcteld24.3, d.f.=4, maximal work output (105.7 % for the mesothoracic muscles,
P<0.001; mesothoracic leg, correctell=24.9, d.f.=4, 104.2% for the metathoracic counterparts) was similar to the
P<0.001), whereas the optimal strain increasednean muscle length during running. In contrast, the optimal
(Kruskal-Wallis; metathoracic leg, correcteld12.0, d.f.=4, phase at four stimuli per cycle (3.5% and 1.3% for the
P=0.018; mesothoracic leg, correctell=12.4, d.f.=4, mesothoracic and metathoracic muscles, respectively) was
P=0.014). The optimal length declined slightly, but notapproximately 30% less than, or more than a quarter of a cycle
significantly (Kruskal-Wallis; metathoracic leg, correctedearlier than, the actual activation phase during running. The
H=2.45, d.f.=4,P=0.66; mesothoracic leg, correcteld0.49, optimal strains for meso- and metathoracic muscles (4.2 % and
3.9%, respectively) were also quite different from those
actually experienced by the muscles while running (12.0 % and

Muscle 179 (metathoracic) 16.4%; Table 3)

75; 100l g 115 The maximal power outputs for meso- and metathoracic
>E_< 80l /Q\% £ 110l muscles given in Table 5 were not significantly different
g col /% S (P>0.1, two—tailedt-tgst). The mesothoracic_ and metath_oracic
S a0 % e 105—{)\%\%_%,*% results prese_nted in T_a_b_le 5 were obtame_d from dlffere_nt
= " / 2 100l groups of animals. In initial experiments with metathoracic
5 20¢ § = muscles, performed with the same group of animals as those
= o0 1 2 3 4 & O 95 53 4 & giving the mesothoracic results in Table 5, the maximum
g 25 _ S 5 power was even more similar in mesothoracic and
@ 20} % < 4 metathoracic muscles (the metathoracic maximum power was
% 151- \ '% 2 19.5+10.2Wkg!, mean #s.0., N=6). An experimental error
s F £
IS " £ Table 5.Work output of mesothoracic and metathoracic
g- _(5) o g ; o trochanter-femoral extensor musclesBtdberus discoidalis
1 2 3 4 5 1 2 3 4 5 Maximum power, Power during
Number of stimuli per cycle sinusoidal strains  simulated running
(Wkg™) (Wkg™)
Fig. 9. Relative work output, optimum muscle length, optimum -
stimulus phase and optimum strain as functions of the number « Mesothoracici=6) 19.0£5.8 —23.7£1.9
stimuli per cycle for metathoracic muscles=6) subjected to  Metathoracic Ki=6) 29.0£13.2 —25.4%22.9

sinusoidal strain at 8Hz and stimulated with bursts of stimuli at al )
interstimulus interval of 10 ms. Vertical bars indicateetm. Values are given as mearss.
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A B large and negative (Table 5). Work loops from simulated
<] 2.7Jkgl 4 3.5Jkg? running were also more complex in shape, and more variable
" l from preparation to preparation, than were those obtained

under conditions maximizing work output (Fig. 10). In some
| | preparations, during simulated running, the main clockwise

S AVAVAVAVANEE loop was flanked by a small, counterclockwise loop at the long
length end, or the short length end, or at both ends.

U — — Strain

Mesothoracic Metathoracic
C 21D ¢ 3Jkgl Dynamic simulation of work during running
~_ —3.5Jkg? < s Simulations showed a very narrow parameter space for
y p p
Strain power production (Fig. 11). The parameter space included

)
| . ‘10% power production which corresponded with the measured
Strain - .
W /\/\N\/\/— values from work loop experiments, despite the fact that the
| 2 simulation used the actual strain pattern rather than the
| swessp_ppnn_ f2oNem? 2 e
PV NS SV UV — sinusoidal pattern employed to determine maximum power
100ms output in the actual muscle (Fig.11B). The simulation
Fig. 10. Muscle force and work loops from a mesothoracic and Qreletedd energy abgorptlohn for ';[;Aepcondlkt]lons ngto?e actu'al
metathoracic muscle (muscle mass 1.56 and 2.81 mg, respectivelﬁ?‘j‘.“s?e urlng] .ru.nnlng (t re_e . S, .p ase ; 0 Str,am
A and B are from muscles subjected to sinusoidal strain and tHaMplitude 16%; Fig. 11C). With increasing strain, and with
conditions found optimal for work output at 8Hz and with movement of phase away from mid-lengthening, the
interstimulus intervals within bursts of 11 ms (mesothoracic musclemagnitude of energy absorption increased with the number of
strain 4.2% of reference length, mean muscle length 106% ahuscle action potentials per cycle. The absolute values of the
reference length, four stimuli per cycle at 11ms, stimulus phassimulation output tended to underestimate the power output
3.5%; metathoracic muscle: strain 3.8 %, length 104 %, four stimulhnd to overestimate energy absorption. We suspect that
per cycle at a phase of 1.3%). C and D are from muscles subjectediltﬁproved parameter estimates (e.g. activation pattern and
the strain trajectory and activation conditions that pertained duringnaximum contraction velocity) together with a consideration
running (strain trajectories those of Fig. 4; stimulus conditions glverF)f time-dependent effects (e.g. shortening deactivation, stretch

In Table 3). The upper continuous trace in each panel is muscaectivation) could increase the accuracy of the simulation
strain (%), the lower continuous trace is stress (NELmArrows y ’

indicate the direction of the work loop.

Discussion

The major leg muscles of the cockroach only absorb energy
marred the determination of work from metathoracic muscleduring constant, average-speed running at the animal's
during simulated running in the initial series, so it was latepreferred speed, despite the fact that these muscles are quite
repeated with a different group of animals. A slightly highercapable of generating power under different conditions and
value resulted for maximum work output. The mean power foperhaps during other behaviors such as wedging into crevices.
the first and second groups taken together was 24.3% kg
Thus, the maximum power output of the cockroach leg muscles Muscle activation pattern during running — indications of

is of the order of 19-25WKk§ at 25°C, with no obvious alternative function

difference between meso- and metathoracic muscles. In the present study on the cockro&ihberus discoidalis
EMG activity was monitored at the animal’'s preferred speed

Work during running in trochanter-femoral extensor muscles (137 and 179; Figs 2,

The principle difference between the work loops obtaine®). The preferred speed is approximately one-third of the
from muscles operating under conditions that maximized worknaximum speed of 60 crig(Full and Tu, 1990). Surprisingly,
output and those from the muscles under conditions thabhe number of muscle action potentials (MAPS) actually
simulated running was that the former were entirelydecreased as cycle or stride frequency increased (Fig. 5), with
counterclockwise and the latter were mostly clockwiseonly minor changes in the interstimulus interval (Fig. 6). A
(Fig. 10). A clockwise work loop indicates that muscle forcedecrease in activity with an increase in speed is unexpected.
is higher during lengthening than during shortening. Therefor&he comparable trochanter-femoral extensor muscles of the
more work is required to extend the muscle than is generatethaller, faster American cockroaebriplaneta americanare
by it during shortening, and work is absorbed rather thaboth innervated by a single, fast motor axom, that exits
produced over a cycle. In only one of the 12 muscles of Tableterve 5r1 in the mesothoracic ganglion and innervates muscles
was the net work output positive during loops simulatingl37/136 (Becht, 1959; Pearson and lles, 1971; Pipa and Cook,
running, and here (a metathoracic muscle) the net positived959). A homologous fast axon from the metathoracic
work was very small (0.44 Jkcycle1=3.5Wkg?1). In most  ganglion innervates 179/178. Pearson (1972) showed that the
preparations, the power associated with simulated running wéasst motor axon Pis active only during fast walking and
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Fig. 11. Power space for muscle 179. The color plots show power generation or absorption calculated for the entire pararobtausga
strain, stimulation phase and number of stimuli using a dynamic computer model. The actual running kinematics (spekB2cstride
frequency) were entered into the three-dimensional musculoskeletal model to generate muscle strain. The amplitude adsjairetsangl
adjusted to vary the magnitude of muscle strain. Stimulation phases 0 and 100 represent mid-lengthening. A, B, C, D,dvaguaivErsh
generation or absorption by muscle 179 with one, two, three, four, five and six muscle action potentials (MAPS) per cytilelyeResl
areas represent the parameter area for power production. The border between red and yellow represents the conditionh theinusdie
behaves as a spring with little net power production or absorption. All other colors represent the parameter space wkele dhbsarhs
energy. The asterisk represents the conditions used by the amimiab during preferred-speed running (three MAPs; 33 % phase; 16 %
strain). The plus sign represents the conditions that generated maximum power output in simulation (two MAPs; 10% phds&nB.5% s

These conditions are very similar to the conditions that generated maximum power output in the isolated muscle expednaesitaigsidal
strain pattern (four MAPSs; 1.3 % phase; 3.8 % strain).

escape in the American cockroach. Therefore, we anticipated Activation of muscles 137 and 179 during running occurred
that, in Blaberus discoidalis power-generating extensor just after the beginning of extension and the stance phase (near
muscles innervated by a fast axon would at least maintain the80 % phase; Figs 2, 4). MAPs were recorded well into the
activity at high speeds. A reduction in burst duration bystance phase. Although no data are available from the
decreasing the interstimulus interval would not be unexpecte@imerican cockroach on the phase offiling, activity for D,
because stimulation duty cycle could then remain constant #se slow motor axon, begins just before extension (Delcomyn
cycle duration decreased with speed. However, a reduction and Usherwood, 1973). Power-generating muscles used in
the number of MAPs from four to one would probably lead taerrestrial locomotion are often activated during the swing
a decrease in force production (Fig. 7). Yet, ground reactiophase, before touchdown (Gosl@w al. 1981; Gregoret al.
forces do not decrease with speed or frequency (Full and Tu988; Nicolopoulos-Stournaras and lles, 1984; Priluttksl.
1990). Interestingly, the function of the trochanter-femorafl996a,b; Robertset al. 1997) for at least two reasons. First,
extensor muscles does not appear to be resolved even in thechanical events lag behind EMGs, and the extent of lag
American cockroach, since Delcomyn and Usherwood (1973)Jepends on the rate of muscle force development and the
could not detect any activity inf@uring rapid walking. elasticity of the musculo-tendon complex. A muscle must be



1008 R. J. FJLL AND OTHERS

activated before the onset of shortening if it is to producéemoral extensor muscles & discoidalisis approximately
substantial work during early shortening. Second, activéwice as long as that from equivalent muscleB.iamericana
stretch may play an important role in the storage of elastiand in both species the twitch duration, measured from onset to
strain energy (Altringham and Johnston, 1990; Cavagna, 1973¢ % relaxation, closely matches the half-cycle duration during
Edmanet al. 1978; Komi, 1984). Early activation increasesrapid running. The twitch rise time B. discoidaliswas 28 ms
muscle stiffness and facilitates storage of strain energy ifTable 4); that ifP. americands 13.5ms (Usherwood, 1962).
tendons and cuticle. Maximum power output of the extensorhe twitch duration, to 50% relaxation, was 62msBin
muscles in the present study was attained with activatiodiscoidalisand the half-cycle duration, at 8 Hz, was 63 ms; the
beginning during muscle lengthening bathvitro (Figs 8, 9;  twitch duration inP. americands 23.8 ms (Usherwood, 1962)
phases near 5%) and in simulation (Fig. 11). and the half-cycle duration is 20-25ms. In the limb muscles of
Little or no activity was observed in muscle 87, which is thdizards, as in the leg muscles of cockroaches, there is agreement
prothoracic leg muscle homolog to muscles 137 and 179 of tHeetween the twitch duration of limb muscles and the half-cycle
meso- and metathoracic segments (Fig. 3). €ull. (1991)  duration during running. In the lizarB8psosaurus dorsaliand
showed that the prothoracic leg functions to slow the bod$celoporus occidentalithe twitch duration, from onset to 50 %
down during a step. Perhaps some of the force can be produagethxation, of muscles used in running is nearly the same as the
by a passive, strut-like function (Hughes, 1951) rather than biyalf-cycle duration during sprinting at temperatures up to 25°C
active muscles. WheBlaberus discoidalisuns at its fastest (Marsh and Bennett, 1986; Marsh, 1990; Johredcal. 1993).
speeds, we predict that the prothoracic legs may play an evetowever, there is divergence, with the twitch duration
smaller role. The American cockroach runs on only four or twdecoming relatively shorter, between twitch duration and half-
legs at high speeds without touching down on the prothoracitycle duration at higher temperatures. The point to be made is
legs at all (Full and Koehl, 1993; Full and Tu, 1991). that a twitch from a cockroach extensor muscle (or from a lizard
The reduction of activation with speed, the late phase dimb muscle) is short enough to fit largely within the shortening
activation and the lack of activation in the prothoracic leg$alf-cycle during locomotion. In fact, shortening deactivation
indicate that the anterior trochanter-femoral extensor musclesill probably shorten the effective duration of a twitch during
of Blaberus discoidalisare not the major power generatorsrunning relative to the isometric twitch duration and the half-

during running. cycle duration (Josephson and Stokes, 1989; Rome and Swank,
_ _ _ 1992). The work from the cockroach muscles during running is
Muscle contractile properties — a role in control? negative not because of the inescapable limitations in muscle

The contractile properties of the anterior trochanter-femoratinetics, but because the muscles are activated multiply in each
extensor muscles iBlaberus discoidaligpoint to a possible cycle rather than once, as in a twitch, and because of the large
role in the control of leg movement. The twitch/tetanus tensiostrain experienced by the muscles.
ratio inBlaberus discoidalisvas rather low, approximately 0.2
(Table 4; Fig. 7). For comparison, the equivalent mesothoraciExtensor muscles as capable power generators — work output
muscle in the faster-running American cockro®efiplaneta using sinusoidal strain
americanahas a twitch/tetanus ratio of 0.67—0.83 (Usherwood, Trochanter-femoral extensor muscles 137 and 179 of the
1962; Becht and Dresden, 1956). The twitch/tetanus ratio of @ckroachBlaberus discoidalisvere capable actuators able to
tergocoxal muscle, a muscle that is both a leg muscle andganerate a power of 19-25W#dTable 5). It is important to
flight muscle, from the locusSchistocerca gregariais  note that this range of power output is in no way unusual. The
approximately 0.6 (Malamudet al. 1988). The low maximum power output of the cockroach extensor muscles is
twitch/tension ratio in the extensor muscleBfdiscoidalis equivalent to that from several vertebrate and invertebrate
indicates the potential for greater control of force. Varying theskeletal muscles measured at similar temperatures (28W kg
stimulation pattern (i.e. the number of muscle action potential®r fish myotomal muscles at 20 °C, Rome and Swank, 1992;
or the interstimulus interval) allows a finer gradation in force35W kg for frog sartorius muscle and 29 Wigfor toad
development than would be true were the twitch/tetanus ratigartorius muscle at 20 °C, Stevens, 1988, 1993; 27Wfkg
higher. Although their twitch tension is relatively low, therat diaphragm muscle at 29°C, Stevens and Syme, 1989;
maximum isometric stress dlaberus discoidalismuscles 35Wkg? for moth flight muscle at 25°C, Stevenson and
137/179 (17.4Ncr; Table 4) falls well within the wide Josephson, 1990).
range reported for invertebrate and vertebrate muscles As expected from the low twitch/tetanus ratio, the number
(2-80 N cmiZ; mean 24 Ncr?; Full, 1997; Josephson, 1993). of stimuli per cycle had a considerable effect on force

Blaberus discoidaligs a slower runner than the more familiar development and therefore power output Blaberus
American cockroacReriplaneta americanaDur values for the discoidalisextensor muscles. Increasing the number of stimuli
stride frequency during running B discoidalisitmean 8Hz, per cycle from one to four increased power output by fivefold
maximum 12 Hz) are approximately half those reportedPfor (Figs 8, 9). The greatest power outputs occurred with four
americanaduring rapid running (20-25Hz, Delcomyn, 1971; MAPs per burst. Five stimuli per cycle did not increase power
Full and Tu, 1991). Presumably related to the slower operatingutput because the increased force during shortening is
frequency, the time course of twitches from the trochantercompromised by greater energy loss during relengthening.
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The optimum phase of stimulation onset Biaberus in the running animal do not operate under conditions which
discoidalistrochanter-femoral extensor muscles occurred frommaximize power output or efficiency. At the preferred running
midway through lengthening to near the beginning of musclepeed ofBlaberus discoidaliof 20cms? (frequency 8 Hz),
shortening, depending on the duration of stimulation. Théhese muscles absorb energy at a rate of approximately
optimum phase decreased with increasing stimulus duratid?s W kg (Fig. 10, Table 5). What is not clear is how wide a
(Figs 8, 9). To attain maximum power, muscles had to beange of parameters results in energy absorption and where the
stimulated earlier in the lengthening phase (from 20% to 0 %ansitions between absorption and production lie in the
phase) as force production was increased by increasing themplex, multi-dimensional parameter space which includes
number of stimuli per cycle. A similar shift is found in the muscle strain, stimulus phase and stimulus pattern. These are
simulated data (Fig. 11 going from A to C). These data confirmdifficult questions to answer with physiological measurements.
the extremely problematic nature of attempting to predicMany data points are needed to chart the parameter space
muscle function from EMG activity alone. In the Americanadequately. The performance of the muscle preparations
cockroach, Delcomyn and Usherwood (1973) showed that, aeclines with time and intensity of testing, which limits the
the highest speeds of locomotion, the electrical activity of theumber of data points obtained from a single muscle. As a
slow extensor motor axonsbegan before the leg was half- means to bypass the limitations imposed by the fragility of the
way through flexion. They concluded that at high speeds of leguscle preparations, we used a dynamic computer simulation
movement much of the energy output of the muscle woulffom a three-dimensional musculo-skeletal model (Full and
seem to be expended in overcoming inertia in reversing th&hn, 1995) to explore the parameter space more broadly.
direction of the leg movement. Although this may be true in Dynamic simulation of the muscle’s capacity reveals a
the American cockroach with faster twitch muscle, the sameonsistent pattern illustrating the dependence of energy
reasoning applied tBlaberus discoidalisvould result in an  production and absorption on stimulus pattern, stimulus phase
erroneous conclusion because of its slower muscles. In faetnd strain (Fig. 11). It is obvious from the simulation that the
activating Blaberus discoidalistrochanter-femoral extensor production of net positive work from muscle 179 is only
muscles 137/179 midway through lengthening is required tpossible in a small part of the parameter space. Power
generate the greatest power, not to absorb energy. production (red areas in Fig. 11) primarily results when the

The strain of muscles 137/179 that resulted in the greatestimber of stimuli is less than four, stimulus phase ranges from
power production was approximately 4 % bithvitro (Figs 8, the beginning of muscle lengthening until shortly after the
9) and in simulation (Fig. 11). Optimal strain increased withonset of shortening (90-100% and 0-20 %) and strain is less
the number of stimuli per cycle, but the magnitude of thehan 5%. These are very near the conditions we discovered for
change was small. An optimum strain amplitude ofmaximal power output using the actual muscle even when we
approximately 4-5% is relatively low, but not unusual at thiemployed simple, sinusoidal strain patterns (Figs 8, 9, 11B).
operating frequency. It is similar to that of the flagellum Trochanter-femoral extensor muscles are more likely to
abductor muscle in a crab (5.7% at 10Hz; Josephson armtbsorb energy than to produce it within the relevant parameter
Stokes, 1994) and the wing elevator of a katydid (5.5% apace in which we found they operate (all non-red areas in
25Hz; Josephson, 1985), greater than that measured in mé3g. 11). Large parameter spaces showing energy absorption
insect asynchronous flight muscles (<1-3 %; Josephson, 199negative work) have been measured in fish myotomal muscle
Gilmour and Ellington, 1993; Chan and Dickinson, 1996), butvhen phase is varied (Janetsal. 1996; Johnson and Johnston,
less than that of many other skeletal muscles (approximately991). In the cockroadBlaberus discoidalisa greater number
10%,; Stevens, 1988; Stokes and Josephson, 1988; Josephebrstimuli, phases shifted away from mid-lengthening, and
and Stokes, 1989; Syme and Stevens, 1989; Altringham atarger strains favor energy absorption (Fig. 11). Even though
Johnston, 1990; Altringham and Young, 1991; Jaeteal. particular ranges of each of these parameters can favor energy
1995). A 4% amplitude of strain iBlaberus discoidalis absorption, the dominant parameter that determines function
corresponds to a joint angle change of approximately 12 ° (Figluring running appears to be the magnitude of strain. No
1). Joint angles of the coxa—trochanter—femur joint duringpattern of stimulation or phase can result in power production
preferred-speed running average 3-4 times the chandfethe magnitude of strain is greater than 5%. Strain must be
necessary for the greatest power output (angles fagreater than 5% if stride length is to be adequate at the
mesothoracic legs 43.5-86.5°; range 43.0°; and foanimal's preferred speed. Stride length sets the joint angles
metathoracic legs 35.7-105.9 °; range 70.2°; Kead.1997;  through which the legs must move, thus determining strain.
Fig. 1). Data from the present study demonstrate that straii@ynamic coupling of segment mechanics prevents large
required for the maximum power output by the trochanteradjustments in stride length, joint angles and strains at a given
femoral extensor muscles 137/179 simply do not occur duringpeed, whereas we imagine that alterations in stimulus phase
constant, average-speed running. and in stimulus pattern could be made more easily. The

simulation predicts that increases in strain should result in
Extensor muscles as active dampers for control — work duringreater energy absorption (Fig. 11). Tu and Dickinson (1994)
simulated running measured such a relationship for blowfly steering muscle.

Clearly, trochanter-femoral extensor muscles (137 and 179) All else being equal, an increase in strain (=shortening
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distance) could result in an increase in positive work. Howevemnervation, it is likely that muscles 178 and 179 have a similar
an increase in strain without a concomitant decrease in cycfanction. Muscles 178 and 179 together constitute 28 % of the
frequency increases strain rate. An increase in contractidntal extensor muscle mass in the metathoracic leg. The
velocity results in force reduction during shortening due to @stimated combined force of these muscles nearly equals the
muscle’s force—velocity relationship. This same force—velocitywalue of the largest extensor muscle (177c; Full and Ahn,
function actually results in elevated forces during thel995). Calculations show that the energy absorbed by these
relengthening period. Both of these effects, greater forcesxtensors is more than sufficient to bring a leg in the swing
during lengthening and less force during shortening, arphase to a halt at the position of maximum flexion (Ketm
apparent in our simulation and result in substantial amounts af. 1997).
energy absorption. Despite the evidence that trochanter-femoral extensor
The expanded view of muscle capacity afforded bymuscles (137 and 179) are activated by a fast motor axon at
simulation (Fig. 11) indicates that we should not be surprisethe beginning of the stance phase, they do not operate at
by energy absorption of extensors, but that we should expegtaximal power output or efficiency during preferred-speed
it in instances in which there are relatively large strains coupledinning. These muscles function as active energy absorbers or
with typical muscle force kinetics. Our Hill-based simulationdampers. In addition to being power generators, muscles have
does not include all the history-dependent effects on musclseen shown to be part of active springs (Alexander, 1988;
mechanics (see Sandercock and Heckman, 1997), such Resbertset al. 1997; Biewener and Baudinette, 1995) and both
shortening-induced inactivation (Ekelund and Edman, 1982p produce and to absorb energy over a cycle, possibly allowing
Edman, 1980) or extra tension following an active stretclenergy transfer (Prilutsket al. 1996a,b). However, we are
(Edmanet al. 1978, 1982). These time-dependent effectaunable to find conclusive evidence pointing to another muscle
further shape the force trajectory. Shortening deactivation maysed solely as an active energy absorber during terrestrial
reduce the work done by a muscle during the later parts of thecomotion. Perhaps the only muscle discovered thus far with
shortening phase (Fig. 10D). However, as demonstrated ingasimilar role is the steering muscle of the blowfly which, at
crustacean muscle (Josephson and Stokes, 1989), shortenifiggbeat frequencies, can only absorb energy and functions in
deactivation can also reduce the work required to re-extendtlae control of aerodynamic yaw torque during flight (Tu and
muscle after it has shortened and, in this way, increase the r®ickinson, 1994). We agree with Daniel (1995) when he stated
work per cycle. Similarly, it is to be expected that stretchthat ‘The idea that some energy dissipation is needed for
activation can increase the work output early in shortening, bifynamic stability has not been examined in detail for any
it may also increase the work required to re-extend the musdécomotor system and deserves additional attention’.
and thus may reduce net work over a full cycle. The overall
effect of shortening deactivation and stretch activation on we would like to thank G. Lauder for his technical
power output will depend on the rate constants governing theggsistance and for the use of equipment. This research was
processes and the frequency components in the muscle lengf{ipported by NSF Grant PYl DCB 90-58138 to R.J.F., NSF
changes. Grants IBN-9104170 and IBN-9603187 to R.K.J. and an ONR

The advantage or disadvantage of energy absorption lgrant NOOO14-92-J-1250 ASSERT Award to A.N.A.
trochanter-femoral extensors remains speculative. Muscle 179

in the metathoracic leg and muscle 137 in the mesothoracic leg
may function to control leg flexion and aid in its reversal.

Pe_rhaps this fqncthn IS. morg Important |n.a Spraned_pOSturg&iLEXANDER, R. McN. (1988). Elastic Mechanisms in Animal
a_nlmal that swings its I|m_bs in a more horizontal pIan_e than in MovementCambridge: Cambridge University Press.
birds and mammals with upright stances. In birds and c,\per, R. McN. (1997). Optimum muscle design for oscillatory
mammals, gravity can assist the return of limbs to the vertical yoyementsJ. theor. Biol.184 253—259.
resting position, whereas swinging limbs parallel to the ground tringHam, J. D.AND JoHnsToN I. A. (1990). Modelling muscle
may require more active braking and control of position. power output in fish). exp. Bial 148 395-402.
Evidence that active energy absorption is a desigALTRINGHAM, J. D., WARDLE, C. S.AND SwmiTH, C. I. (1993).
characteristic of these muscles may in all likelihood be difficult Myotomal muscle function at different locations in the body of a
to find, particularly if the muscle is serving a dual function. swimming fish.J. exp. Biol.182, 191-206.
Still, the low twitch/tetanus ratio of these cockroach muscle§LTRINGHAM, J. D.AND YOUNG, I. S. (1991). Power output and the
and the increase in activation at slower running speeds arefrequency of_oscnla_ltoryworkln_ mammalian diaphragm muscle: the
consistent with a role in control. Many stimuli are required t effects of animal sizel. exp. Biol 157, 381-389.

. - - ECHT, G. (1959). Studies on insect musclBgdr. Dierk. 29, 1-40.
activate the mu_scles fully, thus gllowmg better gradatl_on O ECHT, G. AND DResDEN D. (1956). Physiology of the locomotory
muscle force. Finally, the capacity for energy absorption in

) muscles in the cockroacNature177, 836—837.
these muscles appears to be substantial. Muscles 178 and B{Q,;; G, Hovie, G. anp UsHerwoon P. N. R. (1960).

are both innervated by the same axom),(nd their serial Neuromuscular transmission in the coxal muscles of the cockroach.
homologs (136 and 137) in the mesothoracic segment areJ. Insect Physiol4, 191-201.
similarly innervated by a common axon. Given their commorBieweNer, A. A. AND BAUDINETTE, R. V. (1995)In vivomuscle force
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