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Summary

The way in which muscles power steady swimming
depends on a number of factors, including fibre type and
recruitment, muscle strain, stimulation pattern and
intensity, and the intrinsic mechanical properties of the
muscle fibres. For a number of undulatory swimming fish
species, in vivo studies have shown that muscles at
different positions along the body are stimulated during
different phases of the strain cycle. Moreover, some
intrinsic contractile properties of the muscles have been
found to vary according to their position along the body.

We report the first results on the mechanical properties
of the red and white muscles of an anguilliform swimmer,
Anguilla anguilla. Small preparations (0.147-1.335mg dry
mass) were dissected from positions at fractions of 0.2, 0.4,

with the longitudinal position from which the fibres were
taken. We also measured power and work output during
contractions under conditions approximating those used
in vivo (cycle frequency, 1 Hz; strain amplitude, £10%._o,
where Lo is the length giving maximum isometric force).
During these experiments, work output was affected by
stimulation phase, but did not depend on the longitudinal
position in the body from which the muscles were taken.
Our results indicate that red and white eel muscles have
uniform properties along the body. In this respect, they
differ from the muscle of most non-anguilliforms, in which
muscle kinetics varies in a systematic way along the body.
Uniform properties may be beneficial for anguilliform
swimmers, in which the amplitude of the travelling wave

0.6 and 0.8 of total body lengthEL). We determined the
time to 50% and 100% peak force and from the last
stimulus to 50 % relaxation for isometric contractions; we
measured the sarcomere lengths that coincided with situ
resting length. None of these quantities varied significantly

can be pronounced over the entire body length.

Key words: European eehAnguilla anguilla swimming, muscle
mechanics, red muscle, white muscle, kinetics, power, work.

Introduction

Undulatory swimming fish use a backward-travelling wavefrom different longitudinal positions to generate force, work
of lateral curvature to propel themselves through the wateand power? Experiments on isolated muscle (white muscle,
This mechanical wave corresponds to the occurrence @fg. Altringham et al., 1993; Curtin and Woledge, 1996; James
rhythmic, nearly sinusoidal, changes in length in the swimmingt al., 1998; Johnson and Johnston, 1991; red muscle, e.g.
muscle fibres. Observations of intact swimming fish (Fig. LAltringham and Johnston, 1990; Coughlin, 2000; Rome et al.,
have shown that the phase of electromyographic (EMG)992; pink muscle, e.g. Coughlin and Rome, 1996) have shown
activity relative to the sinusoidal movement of the musclehat the power output from muscle is strongly dependent on
fibres varies systematically along the length of the fish. At thetimulation phase during sinusoidal movement. When stimulus
rostral end of the fish, EMG activity starts just before the timghase is varied at constant stimulus duty cycle and movement
at which the muscle fibres begin to shorten. EMG activity startBequency, an optimum phase can be identified at which
progressively earlier in muscle fibres closer to the caudal emdaximum power is produced; at higher or lower phases, power
of the fish, i.e. stimulation starts earlier in the stretch part obutput is lower. This relationship is found in both fast- and
the movement cycle. This pattern seems to be consisteslow-twitch fibres (Curtin and Woledge, 1993a; Curtin and
among several species, including fish with different swimmingVoledge, 1993b). Thus, stimulus phase is an extrinsic factor,
styles and body shapes. imposed on the muscle of a swimming fish, that determines

How does this pattern influence the capacity of axial muscleow much power the muscle contributes to locomotion.
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Fig. 1. Phase of onset of electromyographic (El 0

activity recorded at different locations along Skipjack tunat
body of fish during steady swimming. Fr .5 Pacific bonitc?
published data, we calculated phase as the time § Camp?

the start of shortening to the start of EMG acti\ ‘g -104 Rainbaw trout#
expressed as a percentage of the cycle time (se & Atlantic madkereP
3). 1Skipjack tunaKatsuwonus pelamiged muscl O _15 Pacific mackeref
(Shadwick et al., 1999)2Pacific bonito Sardc E Largamouth bass’
chiliensis slow-twitch muscle (Ellerby et al., 200 & -20/ Scup?

Scarp Cyprinus carpio red muscle (van Leeuwen @ Lamprey?

al., 1990); 4rainbow trout Oncorhynchus mykis & -25 American edP
slow muscle (Hammond et al., 199&Atlantic American edil
mackerel Scomber scombrused muscle (Ward -30

and Videler, 1993);5Pacific mackerelScombe
japonicus red muscle (Shadwick et al., 19¢
“largemouth basMlicropterus salmoidesed muscle
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Fraction of body length

(Jayne and Lauder, 199%kcupStenotomus chrysopsed muscle (Rome et al., 1998ampreyLampetra fluviatilis(Williams et al., 1989);

10American eelAnguilla rostrataswimming at BLs™, red muscle (Gillis
red muscle (Gillis, 1998BL is body length.

, 1998}1American eelAnguilla rostrataswimming at 0.7BLs™,

Stimulus duty cycle and strain pattern are other examples 29 .
extrinsic factors that influence power. § —— Saithe’
Experiments on isolated muscle have also shown that amol g 2.0 Sculpin?

fish, as among other animals, the intrinsic properties of thw —=— Trout3
muscle fibres vary widely. In other words, when an identica:é 15 e scup?
extrinsic challenge is imposed (stimulus and strain pattern), tF o

contractile response depends on the source of the muscle. = ;| —— Soup®
fast white fibres and slow red fibres are the most obvioug ™ —e— Scup®
examples of fibres with different intrinsic properties. However% 05 —o Eel
intrinsic properties also vary even within one fibre type, fas@x *-°] s
or slow. In addition, there is clear variation in the intrinsic o~ Eel

properties of fibres from different locations along the length o
the body in some, but not all, fish species. The most common
reported differences in fish muscle are in the kinetics o
isometric '[\NI'tC.heS or tetani. As the exampleS in Fig. 2 showFig_ 2. Time required for relaxation of force of muscle fibres isolated
there are .Str'kmg differences !n the duration of rela'xat|on' (th‘from different locations along the length of the fish. We calculated
time required for force to decline after the end of stimulation)ejaxation times as multiples of the relaxation time for the muscle
In species in which variation is found, muscle fibres from th¢rom the rostral end of the fiskTime from twitch stimulus to 90 %
caudal end take longer to relax. Altringham et al. (Altringhanrelaxation of white muscle from saitRellachius virengAltringham

et al., 1993) and Rome et al. (Rome et al., 1993) discuss hcet al., 1993)2time from last stimulus to 50 % relaxation after a brief
variations in intrinsic properties are matched to the extrinsitetanus of fast fibres from short-horned sculiptyoxocephalus
factors operating in the fish, resulting in enhanced musciscorpius(Johnston et al., 1993ftime from twitch stimulus to 90 %
performance compared with what could be achieved witrelaxation of slow fibres from tro@ncorhynchus mykigslammond

uniform intrinsic properties. In the case of the sathBachius et al., 1998)*ime for relaxation from 90% to 10% of force after a

virens (Altringham et al.,, 1993), the slower relaxation of brief tetarllu_s of red muscl_e from sc8enotomus chrysoi&ome et
0 - S - al., 1993):5time for relaxation from 90 % to 10 % of force after a brief
caudal muscle ensures that it is active while it is being

. . . ‘tetanus of red muscle from sc@penotomus chrysogSwank et al.,
lengthened and, thus, because of its stiffness, that it can aC'(1997);€'time from twitch stimulus to 90% relaxation of red muscle

an effective transmitter of power. In the case of SCUlom scupStenotomus chrysogSwank et al., 1997}time from last

Stenotomus chrysop®ome et al., 1993), the variation in stimulus to 50% relaxation after a tetanus of red fibres from eel

relaxation time contributes, along with other factors, tc(Anguilla anguillg this study). Values are means.em., N=3-6. See

enabling net positive work to be done by muscle at all locatiorFig. 5A and text8Time from twitch stimulus to 50% relaxation of

along the body. white fibres from eelAnguilla anguilla this study). Values are means
Experiments such as those discussed above have rsEM., N=6-15.See Fig. 5B and text.

previously been reported for isolated muscle from anguilliforn

swimmers, in which the travelling wave of curvature may beemployed (D’Ao(t and Aerts, 1999). In spite of the pronounced

pronounced and of large amplitude along the whole length dfifference in the appearance of the mechanical wave, the

the body during some of the many different swimming modeselative timing between the onset of activation and the

0
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Fraction of body length
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beginning of shortening in anguilliform swimmers (lamprey 0% Lo+10%
and eel) is similar to that in carangiform swimmers (see Fig. 1 A
In this paper, we address two questions (i): how doe g
. . . c
stimulus phr?\ge influence power output from |solated.§el musc —o5%% 25% 75%Lo |2
under conditions resembling those seéervivo and (i) are g
there differences in the intrinsic properties of muscle isolate Definition i
from different positions along the body that could influence th of phages
v
power output? 50% Lo-10%
Materials and methods /\ /\
. ) —20%\/ —10%\/
Preparation of the fibre bundles
Live European eelsAnguilla anguilla L., ranging from
0.440 to 0.675m in total body lengtiBL), were bought 5
. . +10%
commercially and housed in freshwater tanks (temperatui 0% \/ o\/
of the recirculating water, 12°C) in the animal house a Phases and durations
University College London for several days before the stai apdied during experiments

of experiments. Animals were killed by an overdose of ) , , . . , _
anaesthetic (MS-222, 3-aminobenzoic acid ethyl ester SingFlg. 3. Strain and stimulation pattern during the sinusoidal strain
followed by decapita,tion and pithing of the brain ané Spinaexperiments. Strain was constant.at10 %, wherelg is the length

cord. Thin slices of red and white swimming muscle Weregiving maximum isometric force. Stimulation duration was 0.4s (0.4

. . . cycle) and was given at four different phaseX) %,-10 %, 0% and
dissected from one side of the fish and transferred to tr+10%. Phase is the time from the start of shortening to the time of

laboratory in cold saline. the first stimulus, expressed as a percentage of cycle duration.
The in situ fibre length was measured in 10 out of 18
experiments. The skin was removed from the intact side of the A custom-designed data-acquisition program (written in
fish, and fibre lengths were measured using the eyepiedBewDac, Keithley) was used to control stimulation and motor
graticule in a dissecting microscope. The maasitu fibre  arm position and to record force and motor arm position.
length, 3.92+1.19mm N=10, mean z*sp.), was not
significantly different {test for dependent variable:0.09) Experimental protocol
from the Lo deduced from the length/tension curve Our aim was to gather data from red and white fibres taken
(4.13+1.32mm,N=10, mean 1s.0.; Lo is the length giving from four positions along the fish, 0.2, 0.4, 0.6 andB0.8n
maximum isometric force). one case, we used red fibres from all four body positions in the
Small preparations for the experiments on contractilssame fish (body length 0.550 m), and in another case we used
properties were obtained by further dissection under saline.
These preparations contained a bundle of parallel fibre  Table 1.Preparations ofAnguilla anguillamuscle fibre
attached at either end to a patch of myosepta. Care was tak bundles used in the work experiments
to make these preparations in such a way that all fibres wou -
. . Position M Lo
remain parallel and stretch equally when the preparation aSgipre type %) (mg) (mm)
whole was stretched. The patches of myosepta on either si
of the preparation were clamped and glued (using cyanoacrylR&d 20 0.360+0.058\=2) 3.27+0.58 =2)
glue) in aluminium foil clips that allowed the preparation to be 40 0.592 Nfl) 3.7 Nfl)
mounted in the experimental apparatus. gg 0 2835+3040(\5I'>_E31'1?=2) 2 o?ﬁg 5\16_ ;1)=2)
During transport, dissection and experiments, the fibres we R T

kept in saline solution containing (in mmol): NaCl, 150; White 20 0.360+0.058N=2) 3.27+0.58 =2)
KCl, 2.6; MgCh, 1.0; sodium pyruvate, 10.0; CaCR.7, 40 0-79810-234Nf5) 4-78’—'0-55’6'f5)
NaHPQy, 0.7; NaHPQy, 2.7 (pH 7.20 in equilibrium with air). 60 0.523£0.061N=3) 4.7620.48 (=3)

80 0.417+0.050N=2)  2.70%0.411=2)

Experimental apparatus . L _ . »
. . Position indicates approximate longitudinal position as
The e?(perlmental apparatus consisted of a bath (percentage of total body lendBh (the tail tip would be 100 %).

recirculating, aerated saline (20.07@) the bath, one end  \ mass of the experimental preparation with as much of the non-
of the preparation was attached to a motor (Cambridgfibre material removed as possible.
Technology, Inc., model 300B) and the other was kept in Lo, the fibre length corresponding with maximal isometric 400 ms
fixed position attached to a strain-gauge force transducer. Tltetanic force (for the red fibres) or isometric twitch force (for the
fibre preparation was electrically stimulated (Digitimer, modewhite fibres). The sarcomere lengthslat measured using lase
DS7) via two platinum wire electrodes in the bath. The diffraction, are given in Fig. 4.
duration of each stimulus pulse was 1 ms. Values are mean &p.
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Fig. 4. Sarcomere lengths from different locations along the bod
length. Sarcomere lengths were measured by laser diffractiol
Values are means &t.Mm. for six fibres randomly selected from the
fibre preparation concerned. 1-3 fibre preparations were measure
(A) Red fibres; (B) white fibres.

white fibres from all four positions in the same fish (body
length 0.586 m). Ten additional experiments were performe
in which we studied fibres from only one or two longitudinal
positions per fish (see Table 1 for an overview). Sample kineti
data for one additional red fibre preparation (mass, 0.613m
Lo, 2.58 mm) taken from OBL are added in Fig. 2 and Fig. 5,
but this preparation has not been analysed further.

Isometric contractions: supramaximal stimulation dnd

After the fibre preparation had been mounted in the
experimental apparatus, the following protocol was used. (i
The stimulation current was adjusted to give maximal muscl
force. This supramaximal stimulus strength was used durin

A
05+ Red fibres .
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* + + +
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© o o o
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Fig. 5. Time from first stimulus to 50% and 100% peak force and

the rest of the experiments. (i) The length/force relationShi'time from last stimulus to 50% peak force during relaxation in

was investigated by varying the distance between the tWisometric stimulations. Each point is the mean of observations made
clips at the ends of the preparation and measuring isometion one fibre preparation. +, time to peak forcetime to 50 % peak
force. We used 400 ms tetani at a stimulation frequency dorce; O, time to 50% relaxation. (A) Results from eight red fibre
20Hz for the red fibres, and twitch stimuli for the white preparations using tetanus stimulation. Regressions: for time to 50 %
fibores. The length giving maximum isometric force was takeipeak force,y=(0.174+0.017)+(0.02+0.08) r>=0.067, P=0.535; for
asLo. (iii) The fusion frequency was determined with 400 mstime to 100 % peak forcg=(0.459+0.010)+ (0.01+0.0¢x, r?=0.091,
tetani atlLo by increasing the stimulus frequency in steps ofP?=0-460; for time to 50% relaxatiop(0.281+0.039)+(0.07+0.0x)

10Hz starting with 20Hz. Fused tetanus was attained ¢
60-90 Hz for the red fibres and at 70-110Hz for the whit
fibres. A slightly higher stimulation frequency (usually

for

to 100%

r2=0.140,P=0.360, wherey is time in seconds anxlis fraction of
body length. Values are meanss£m. (B) Results from 13 white
fibre preparations using twitch stimulation. The lines are regressions:

. . . - 7 for time to 50% peak forcey=(0.039+0.011)+(0.0002+0.00
100 Hz) was used to obtain supramaximal tetani of red fibre >_q 550 P:O.406£' = M 02)

peak force,

There was a 3min rest period between tetani. (iv) Recording—(9.075+0.020)+(0.0003+0.0004)r2=0.055, P=0.441; for time to

relaxation, y=(0.170+0.054)+(0.0009+0.0014) r2=0.066,
that used in the sinudoidal strain experiments (see belowp=0.395.

were made of isometric tetani with a stimulation pattern likesg oy
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Fig. 6. Red fibre preparations: work
loops (forceversuslength change) Q_WZO%_,
during movement at 1Hz and with
a stimulation duty cycle of 0.4 at
four different stimulation phases, as

I»:ﬁ
shown in the diagrams on the left.
Fibres were taken from four Q_vm%_,
different positions along the body, Il
as shown in the diagram at the
bottom.BL, body length. The scale
for the different work loops is given
on the left of the loop: vertical, %%_, M
10mN; horizontal, 0.1mm. The |
arrow on each work loop indicates
the movement direction. The sign in
the loop indicates whether the net
work was positive or negative. The +10% 2
ripple on the force recordings from L
0.2 and 0.8L, whereBL is body
length, is noise from the recording
circuit. It is prominent in these
recordings because these muscle
preparations were small and
therefore produced low active force. ] )
All recordings are from fibre Fibre location
preparations from the same eel. 0.2BL 04BL 06BL 0.8BL

AL
R

Stimulation phase

Three isometric tetani were recorded &f, with  the time at which fibre length was longest to the start of
supramaximal stimuli at tetanic fusion frequency and with atimulation. Phase is expressed in units of percentage of cycle
duration of 400 ms. There was an interval of 600 ms withoutluration. The following phases were use®0 % (stimulation
stimulation between these tetani in a set (1000 ms cycle arstiarting 200 ms before maximal lengthjl0% (stimulation
duty factor of 0.4, as in the sinusoidal strain experiments, sestarting 100ms before maximal length), 0% (stimulation
below) and a rest period of 3min between the sets of tetantarting at maximal length) and +10% (stimulation starting
to allow complete recovery of the fibre preparation. Isometrid00 ms after maximal length) (Fig. 3). These phases were
tetani were also recorded at fibre lengthsLef1l0% and chosen because they span the whole range of phase

Lo+10%. (deduced from Grillner and Kashin, 1976). Before and after
_ _ _ _ the sinusoidal strain experiments, control recordings were
Sinusoidal strain experiments made in which the fibres were moved but without stimulation.

Next, experiments were performed in which the fibre lengtiThe passive force output was subtracted from the total force
was varied sinusoidally (at a frequency of 1Hz) around output during stimulation experiments to obtain the active
with a standard amplitude of +101%. This value was chosen force.
because it is within the range recorded by D’Aodt and Aerts
(D’Aodt and Aerts, 1999) and matches what we calculated, , )
using the method of D’Ao(it and Aerts (D’Ao(t and Aerts, Analysis of the recordings
1999), from observations at the middle of the body ofsometric kinetics
swimming Anguilla anguilla(Grillner and Kashin, 1976). In During isometric tetani, some white fibre preparations
our experiments, three cycles of movement with stimulatiorshowed a period of slow increase in force following the initial,
were recorded. The stimulation duty factor was 0.4 (thus, thiaster increase in force. We assume this phenomenon to be
fibores were stimulated for 400ms in each 1000 ms cycle)creep’ (Gordon et al., 1966; Julian et al., 1978; Edman and
which corresponds with electromyographic data forReggiani, 1984) and used an extrapolation method based on
swimming Anguilla anguilla(Grillner and Kashin, 1976). In that of Gordon et al. (Gordon et al., 1966) to correct for it. The
the American eelAnguilla rostrata Gillis (Gillis, 1998) force near the end of stimulation was linearly extrapolated back
observed shorter duty factors, typically between 0.2 and 0.8 the start of stimulation. Similarly, the rapidly rising force
We used supramaximal stimuli at tetanic fusion frequency andear the beginning of stimulation was linearly extrapolated
at four different stimulus phases. The stimulus phasérward. The point of intersection of the two extrapolations
(indicating the relative timing of the stimulation and was taken as the peak force corrected for creep. We measured
movement) was defined as the time interval measured frothe time from the first stimulus to the corrected peak force, the
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Fig. 7. Red fibre preparations: superimposed time courses of power (thick line) and cumulative work (thin line) during ohmoyelaent

at 1 Hz. Stimulation with a duty factor of 0.4 was given at four different stimulation phases, as shown in the diagranet.oRiltihes! were
taken from four different positions along the body, as shown in the diagram at the IBitidsody length. The power scale is shown on the
left axis and the work scale on the right axis. All recordings are from fibre preparations from the same eel.

time from the first stimulus to 50 % of the corrected peak forcef force and length change. Power as a function of time was
and the time from the last stimulus to 50 % relaxation (i.e. t@alculated as the product of instantaneous force and velocity.
50 % of peak force).
Post-experiment measurements on the fibre bundles

Sinusoidal strain experiments After experiments, preparations were fixed in ethanol, and

We scaled the recorded forces to the maximal force duringp was measured while the preparation was still clamped at
isometric tetani of the same preparation. This gave thkp in the experimental apparatus. After removing the fixed
information needed to address the questions asked in thiseparation from the apparatus, the clips and as much non-fibre
study. The absolute values of force were not normalized fanaterial as possible were removed. The fibres were teased
preparation size because the methods we had in place fapart, dried at room temperature for approximately 1 day and
quantifying cross-sectional area could not take account of thgeighed on a microbalance. The sarcomere length of fibres
following variables. (i) The amount of fat within the musclefrom some of the preparations was measured by laser
tissue, which varied considerably between the individual fiskliffraction (see, for example, Cleworth and Edman, 1972).
we used and, from visual inspection during dissection, we
judged that its contribution to the total cross-sectional area
was not negligible. (ii) The proportion of live fibres (and
consequently, the cross-sectional area of contracting fibres) Red fibre preparations
probably varied among muscle preparations, and this value The massl.oand sarcomere length of the red fibres are given
could not be obtained using our protocol. in Table 1 and in Fig. 4A. Sarcomere lengthLatdoes not

The work and power produced during the second cycle afhow a clear relationship with the position along the body and
movement were assessed from work loops (i.e. feezsus averages 2.3m (two-tailed t-tests revealed no significant
displacement plots) and from the recordings of the time courgdifferences, except between @R and 0.8BL, P=0.04).

Results
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Fig. 5A shows times to 50% and 100% peak force A

(measured from the first stimulus) and the half-relaxation tim ,

(measured from the last stimulus) measured in isometric teta 4T  Redfibres

at Lo. Values do not show a clear and systematic relationshi 3l

with position along the body. Regression analysis showed th

none of the slopes was signficantly different from zero (se 2T Q\

legend to Fig.5). Analysis of variance indicated that the 11 /

variance between positions was not significantly greater the ’§ \

‘within position’ variance. For comparison with other species £ o0+ \

the values for half-relaxation times were normalised to th %‘ 1

mean value for 0.BL. Mean values is.e.M. are plotted in = T \

Fig. 2. The results are more like those of trout and sculpin, fc 24

which relaxation time is similar in fibres from all body

positions, than those of saithe and scup, for which relaxatic 3T

is much slower in fibres from the caudal end of the fish. 4 , , , ,

Sinusoidal strain experiments 20 0% 7 0%
The work produced in the sinusoidal strain experiments an QU D‘U QW QW

the influence of phase and muscle position can be estimated

constructing work loops for all four longitudinal body 4 B

positions and all four stimulation phases (Fig. 6). As can b White fibres

seen from these examples, work loops from experiments wit 3+

the same stimulation phase, but with fibres from differen

positions, tend to be very similar in shape. In contrast, wor 2T B

loop shape changes drastically when the stimulation pha: © 11 %\

changes. Red fibres from all body positions produce ne :5; \

positive work at stimulation phases-#0%,-10% and 0%, < OT

whereas with fibres from all body positions net work was § a4

negative with a stimulus phase of +10%. This phase is n

likely to be usedn vivoduring steady swimming (see below). 2T

The effect of stimulus phase is not surprising, but the fact th: 3l

the work loops differ so little between positions contrasts witt

results from muscles of carangiform fish. -4 ' '
Like the work loops, Fig. 7 shows that power curves (and —20% —10% +10%

hence, the cumulative work) are strongly affected by QU AU QU Qv

stimulation phase, but show little dependence on the positic

in the body from which the muscle fibres came. Power curve Stimulation phase
from a stimulation phase 220 % typically consist of a stage
at the beginning of stimulation when the muscle is being
stretched and power is negative. This is followed by a stage Fig. 8. Net work in one cycle of movement at 1 Hz with a stimulation
high positive power output, and the net effect is positive worlduty factor of 0.4 at four different stimulus phases. Different colors
for one complete cycle. At a stimulation phase-b® %, the refer to results for different muscle preparations. Net work is
amount of negative power is very small and there is large nexpressed relative to the average work for that fibre preparation over
positive work over one cycle. At stimulation phases of 0% ana@ll phase conditions applied. (A) Results for six red fibre
+10 %, negative power results from the muscle being stretch¢Preparations; (B) results for six white fibre preparatidis. body

while force is still being produced during relaxation. Note tha'e"9th-

300 ms is the typical value for the half-relaxation time from ar

isometric tetanus (see Fig. 5A). For a complete cycle oThis corresponds to phases recordé&d vivo using
movement, there is a small net positive work output at a@lectromyography (Gillis, 1998), where EMG activity typically
stimulation phase of 0%, and net negative work at a phase sfarts between phases-df9 % and-3 % (i.e. between 20 ° and

+10 %. 80° in the phase units used by Gillis, 1998).

The cumulative work curves (Fig. 7) can be used to calculate Fig. 8A summarizes the values for net work per cycle for all
the amount of positive and negative work producedhe red muscle preparations. Each value is scaled to the mean
progressively during one cycle and the net work per completealue for the fibre preparation concerned. In general, work is
cycle. It is clear that muscles from all positions deliver nehighest at stimulation phases-df0 %. In some cases, net work
positive work at stimulation phases-#0%,-10% and 0%. at a phase 0f20% is lower as a result of some negative work

-= 02BL -o- 04BL -=- 0.6BL 0.8BL
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Fig. 9. White fibre preparations:

work loops (forceversuslength '10%4>
change) during movement at

1Hz and with a stimulation duty

factor of 0.4 at four different

stimulation phases, as shown in

the diagrams on the left. Fibres 0%

were taken from four different -
positions along the body, as

shown in the diagram at the

bottom. BL, body length. The

scale for the different work loops +10%

is given on the left of the loop: -
vertical, 10mN; horizontal,

0.1 mm. The arrow on each workstimulation phase
loop indicates the movement
direction. The sign in the loop
indicates whether the net work
was positive or negative. All ] )
recordings are from fibre Fibre location

preparations from the same eel. 0.2BL 04BL 06BL 0.8BL
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at the beginning of stimulation as the muscle starts deliverin§inusoidal strain experiments

force while it is being stretched. At a phase of +10%, net Fig. 9 shows work loops that give a qualitative view of the
negative work is produced because of the large portion afork done by the muscle fibres during a complete cycle of
negative work resulting from the muscle being stretched whilghovement. In general, net positive work is produced at all four

it is exerting considerable relaxation force (Fig. 7). stimulation phases. Clearly, the shape of the work loops
o . obtained with different stimulation phases differs widely. The
White fibre preparations work loops from fibres taken at different body positions are

The mass andlp values of the fibres are given in Table 1. strikingly similar when the fibres operate under the same strain
Fig. 4B shows that sarcomere lengths lai were not and stimulation conditions. In agreement with the isometric
significantly different in fibres from different body positions results, these results indicated that there are no, or only subtle,
(all combinations of body positions tested, two-taitadst, systematic differences in muscle properties along the body
0.28<P<0.94). length. Fig. 10 depicts power and cumulative work done

Fig. 5B shows times to 50% and 100 % peak force (timeluring one cycle of movement. These curves show the same
from first stimulus) and the half-relaxation time (time from lasttrend as the work loops. In addition, it can be observed that, in
stimulus) measured in isometric tetaniLat As was the case general, substantial negative power production is only
with red fibres, the values do not show a clear and systematibserved at stimulus phases e20% and +10%. At
relationship with position along the body. Regression analysisitermediate stimulus phases, a little negative power is
showed that none of the slopes was significantly different frorproduced and relatively high net positive work per cycle can
zero (see legend to Fig. 5). Analysis of variance indicated thée expected.
the variance between positions was not significantly greater Fig. 8B summarizes the values for net work per cycle for all
than ‘within-position’ variance. These results suggest that théhe white muscle preparations. Each value is scaled to the mean
kinetics of isometric force production does not vary along the@alue for the fibre preparation concerned. In general, work is
length of the fish or that any variations are small and subtléighest at stimulation phases -af0% to 0%. At a phase of
For comparison with other species, the values for half-20%, net work is lower because of the negative work done
relaxation times were normalised to the mean value fdl0.2 during part of the cycle, i.e. the muscle starts delivering force
Mean values is.e.m. are plotted in Fig. 2. As with eel red when it is being stretched during the beginning of the
fibres, the results are more like those for trout and sculpin, fatimulation. At a phase of +10%, little or no net work is
which relaxation time is similar in fibres from all body produced because of the large amount of negative work
positions, than those of saithe and scup, for which relaxatioresulting from the muscle being stretched while it was exerting
is much slower in fibres from the caudal end of the fish. considerable relaxation force (Fig. 10).
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Fig. 10. White fibre preparations: superimposed time courses of power (thick line) and cumulative work (thin line) durindeoofe cyc
movement at 1 Hz. Stimulation with a duty factor of 0.4 was given at four different stimulation phases, as shown in theatiapeaes.
Fibres were taken from four different positions along the body, as shown in the diagram at the bottom. The power scalerigtsihdsin
axis and the work scale on the right axis. All recordings are from fibre preparations from the sBinebedly length.

Discussion shortening rather than a difference in the intrinsic contractile

These results show that the contractile properties of both rgmoperties of the muscle fibres. This can be related to eel and,
and white swimming muscle from the éeiguilla anguillado  more generally, to anguilliform behaviour. Eel swimming is
not depend significantly on their location along the bodycharacterised by a very wide range of swimming styles
length. Isometric kinetics do not differ and, more importantly(Videler, 1993), including backward undulatory swimming
during sinusoidal strain experiments (relevant toitheivo  (D’Aolt and Aerts, 1999), forward and backward escape
regime), muscles from different locations behave similarlyresponses, snake-like manoeuvering between vegetation and
when they operate under similar conditions. crevasses and terrestrial crawling. D’Ao(t and Aerts (D’Aodt

In vivo, however, the stimulation phase does differ betweeand Aerts, 1999) and D’Aolt (D’Aodt, 1999) have shown that
locations, and our results have shown that in the anguilliforrmuscle strain varies greatly between forward and backward
swimmer, as in carangiforms, stimulus phase has a strorsgyvimming, and it is to be expected that still other extrinsic
impact on the development of force and power. The stimulushallenges are imposed upon the muscle fibres during various
phases applied ranged frof@0 % to +10 %. This covers more other types of locomotion. Homogeneous (‘unspecialised’)
than the range of phases recordedsivo for eels, in which muscles are probably most suited to deal with the varying
EMG activity typically starts between phases-40 % and demands associated with the wide repertoire of movement
-3% (corresponding to 20° and 80°, respectively; Gillis,associated with the axial system of anguilliforms.
1998b). Hence, we conclude that in the eel, as in the scupln this context, the variation in intrinsic muscle properties
(Rome et al, 1993) and macker8icomber japonicus along the length of the body that occurs in several species other
(Shadwick et al., 1998), muscle fibres perform net positivéhan eel can be seen as a regional specialisation that enhances
work at all body positions. The results from the present studghe performance of a specialised swimming type. However,
show that an essential determinant of eel muscle function basttds benefit may be gained at the expense of flexibility in
on body position is the relative timing of neural activation andgwimming style.
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