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INFLUENCE OF CYCLE FREQUENCY, MUSCLE STRAIN AND MUSCLE LENGTH ON
WORK AND POWER PRODUCTION OF RAINBOW TROUT ( ONCORHYNCHUS

MYKISS) VENTRICULAR MUSCLE

CLAIRE L. HARWOOD*, IAIN S. YOUNG AND JOHN D. ALTRINGHAM
School of Biology, University of Leeds, Leeds LS2 9JT, UK

*e-mail: C.L.Harwood@leeds.ac.uk

Accepted 3 July; published on WWW 10 September 1998
This study investigates the effects of cycle frequency,
strain and length on work and power output of isolated
rainbow trout ( Oncorhynchus mykiss) ventricular
preparations using the work loop technique. These effects
are discussed in the context of the whole heart using
analogies with heart rate, stroke volume and end-diastolic
volume.

Power output was dependent on cycle frequency,
increasing threefold beween 0.3 and 1.1 Hz. The frequency
for maximum power output was approximately 1.1 Hz,
corresponding to the frequency for maximum power in
perfused heart experiments.

The length for maximum work production (Lopt) was
found to be the same as the length for maximum isometric

force production (Lmax). The decline in net work at lengths
greater than Lopt/Lmax was attributed to an increase in
passive work (the work done on an unstimulated muscle)
or to hysteresis and to a large increase in lengthening work.

The strain yielding maximum work decreased with
increasing frequency. This is discussed in the context of the
decline in stroke volume observed at increased heart rates
in vivo.

Muscle strain in intact hearts paced at 0.3 Hz was
±11.9 % (23.8 % peak to peak), a value similar to the
optimum strain at 0.3 Hz in vitro (±12 %).

Key words: muscle, heart, rainbow trout, Oncorhynchus mykiss,
power, work, work loop, strain, frequency, length.
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There are several distinct differences between the heart
fish and mammals in those factors determining cardiac outp
Fish increase their cardiac output primarily by increasi
stroke volume rather than heart rate. The highest heart r
achieved by fish are approximately 2.0 Hz, excluding tun
which have an exceptionally modified myocardium an
unusually high heart rates (Farrell, 1991). End-systolic volum
in fish is much lower than in mammals: normal contractio
appears to empty the ventricle almost completely. In rainb
trout, for instance, the ejection fraction is usually close 
100 % (Franklin and Davie, 1992). However, at high aor
pressures, this falls, the heart does not empty completely 
stroke volume decreases. Farrell et al. (1989) showed that
stroke volume in isolated rainbow trout hearts declined w
increased contraction frequency. This can be interpreted in 
ways. Either ventricular filling is compromised at high hea
rates because of a reduction in filling time or the decline
stroke volume is due to the myocardium failing to sustain t
same cyclic length changes at higher frequencies.

The Frank–Starling law of the heart states that there i
positive relationship between chamber volume and stro
work. Myocardial power output is the product of stroke wo
and heart rate. Consequently, measurements of myocar
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power output are particularly useful because they represen
index of integrated cardiac performance. Power output h
previously been determined in intact fish heart preparatio
using echocardiography (Franklin and Davie, 1992) a
pressure and flow measurements (Keen and Farrell, 19
Farrell et al. 1996). While providing substantial information
about the properties of the working intact heart, these stud
yield only limited information about the mechanical propertie
of fish cardiac muscle. Recent studies (Layland et al.1995a,b,
1997; Syme, 1993; Syme and Josephson, 1995) have use
work loop technique (Josephson, 1985) to investigate 
relationships between myocardial power output, strain a
frequency in mammals and amphibians. These studies m
analogies between strain and stroke volume and betw
shortening work and stroke work to show how the mechani
properties of the myocardium influence the function
characteristics of the heart as a whole. We used the work l
technique to investigate the mechanical properties of isola
ventricular muscle preparations from rainbow trou
Oncorhynchus mykiss. The effect of cycle frequency on work
and power output was investigated by exercising t
preparations over a physiological range of frequencies. Str
was varied systematically during these experiments to see h



2724

al
nd
n

m

sus
d.
en
he
uld
ir,
e
as

ch
ven
tial
as
ed
yer

ct
 20
en

tor,

ce.
e
art
 by
. A
 of
d
ors
 at
s

two
e
nt

he
e

dle

ss
 in
 to
se
d
5

and
h

C. L. HARWOOD, I. S. YOUNG AND J. D. ALTRINGHAM
it interacted with frequency in determining work and pow
output and how it might influence cardiac output.

We found that fish myocardium is unusually stiff a
physiological lengths. This agrees with the observation of la
amounts of connective tissue throughout the myocardiu
(Sanchez-Quintana et al. 1995, 1996). The elastic and
viscoelastic properties of the myocardium will have a lar
effect on its mechanical properties. We examined the relat
contributions of shortening, lengthening and passive (hystere
work to the net work output of the muscle. We aim to determ
how the elastic elements of the heart influence its performa
and whether they might function as a spring, storing elastic str
energy during the cardiac cycle. Unlike most skeletal musc
the heart does not have a direct antagonistic muscle to re-ex
it. In fish, atrial filling is attributed to both the residual venou
pressure and the negative pericardial pressure (vacu
developed during ventricular contraction, whereas ventricu
filling is accomplished solely by the pressure developed by at
contraction (Farrell and Jones, 1992). The high stiffness of 
myocardium would appear to be a great disadvantage, resis
ventricular filling. However, the disadvantages of a st
ventricular wall might be outweighed by the advantages 
substantial elastic energy storage.

Marsh and Olson (1994) and James et al. (1995) found
that maximum work output in skeletal muscle is attained 
work loop studies using strains very close to those obser
in vivo. Myocardial strain in the intact fish heart has n
previously been measured. The trout ventricle is pyramid
in shape, with a triangular base rostrally and the apex situa
caudally. Superficial muscle fibres run parallel along each
the vertices of this pyramid. We determined muscle stra
from video recordings of markers attached to the epicard
surface along the ventral vertex. These strains were compa
with optimum strains determined in our work loop study. On
question we aim to address in this study is why the eject
fraction declines at higher heart rates in fish (Franklin a
Davie, 1992). If this is caused by compromised myocard
muscle contraction and relaxation at higher heart rates, 
would expect to see a decline in optimum strain wi
increasing frequency. In addition to addressing the
specific questions, we aim to establish the basic mechan
properties of rainbow trout ventricular muscle prior to furth
studies, including the use of measured in vivo strain
waveforms.

Materials and methods
Fish origin and maintenance

Female rainbow trout [Oncorhynchus mykiss(Walbaum)]
(383±14 g, N=19; mean ± S.E.M.) were purchased from
Glasshouses Trout Farm, North Yorkshire, UK. They we
held for up to 12 weeks in indoor, 2 m diameter fibreglass tan
containing filtered, recirculated aerated water. The wa
temperature was maintained at 12–15 °C. The trout w
exposed to a 16 h:8 h light:dark photoperiod and were f
commercial trout pellets ad libitum.
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Determination of epicardial deformation

Trout were killed by a sharp blow to the head, and the spin
cord and brain were destroyed. The heart was removed a
placed in a Petri dish filled with oxygenated Ringer’s solutio
(composition in mmol−1: NaCl, 124.1; KCl, 3.1; CaCl2, 2.5;
MgSO4, 0.9; Tes sodium salt, 11.8; Tes free acid, 8.2; sodiu
pyruvate, 5.0; pH 7.8±0.05 at 15 °C) chilled to 10 °C. A
stainless-steel cannula was inserted through the sinus veno
into the atrium and secured using silk surgical suture threa
The cannula was then attached by silicone tubing to the op
barrel of a 50 ml syringe that acted as a header reservoir. T
syringe was secured to a clamp stand so that its height co
be adjusted. Ringer’s solution was pumped into the reservo
where it was bubbled with 100 % oxygen before entering th
heart at a constant flow rate. The temperature of the Ringer w
maintained at 15±0.5 °C. The position of the heart was su
that the intact bulbus arteriosus pointed upwards and so, e
though the output was not cannulated, there was an iner
afterload. The coronary circulation was not cannulated, but 
the Ringer was pumped out of the bulbus arteriosus it flow
back over the perfused heart and kept the compact la
irrigated and oxygenated. Farrell et al. (1996) found that, in
fish weighing less than 750 g, the thickness of the compa
layer was less than 1 mm. Since oxygenated perfusate has
times the oxygen partial pressure of venous blood, oxyg
diffusion into the compact layer should be adequate.

The heart was paced at 0.3 Hz using a Grass S48 stimula
which delivered 2 ms duration supramaximal stimuli via two
stainless-steel electrodes in contact with the epicardial surfa
Two small strips of white paper (approximately 0.4 mm wid
× 7–8 mm long) were attached to the ventral vertex of the he
(the region between the bulbus arteriosus and the apex)
viscous forces. The markers were separated by 12–20 mm
video camera was positioned so that the centre of its field
view corresponded to a point midway between an
perpendicular to the two markers to avoid measurement err
due to parallax. The motion of the markers was recorded
50 frames s−1. The height of the syringe (filling pressure) wa
adjusted (Farrell et al.1989) until there was no further increase
in stroke volume, as observed by the distance between the 
markers. The heart did not increase in size during th
experiment, and the strain amplitude remained consta
indicating that the stroke volume was stable throughout. T
position of each marker was determined on every fifth fram
for five consecutive heart beats chosen at random in the mid
of a series.

Isolated muscle preparation and apparatus

Rainbow trout were killed as described above and their ma
was recorded. The heart was quickly excised and rinsed
oxygenated Ringer’s solution at 10°C. It was then transferred
a shallow dissecting tray with a transparent, elastomer ba
(Sylgard 184, Dow Corning) and immersed in oxygenate
Ringer’s solution. The heart was pinned out, using small (2
gauge) hypodermic needles, through the bulbous arteriosus 
each of the lateral walls, avoiding the region from whic
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preparations were taken. The atrium was then removed.
reduce inter-preparation variability, strips of muscle (<1m
wide) were always taken from the ventral vertex of the heart (
same region that was filmed). Preparation thickness was red
by removing as much of the spongy layer as possible, leav
mainly the compact layer (for preparation dimensions, see Ta
1). Each end of the preparation was tied to a figure-of-eig
shaped platinum link by 5-0 gauge braided silk suture thr
(Davis and Geck). During dissection, the Ringer’s solution w
changed frequently and allowed to warm up gradually 
approximately 15°C. The muscle preparations were mounte
a Perspex flow-through chamber, circulated with oxygena
Ringer’s solution by a peristaltic pump. The temperature w
maintained at 15±0.5°C throughout the experiment, since p
cardiac performance has been found to occur at approxima
15°C in rainbow trout (Farrell et al.1996). The platinum link at
one end of the muscle was attached to a fixed hook and the 
end was attached to a force transducer (AME 801, Senso
Horten, Norway). The preparation was stimulated to produc
twitch, using a 2ms supramaximal stimulus delivered by t
parallel platinum wire electrodes lying either side of it. Th
output from the force transducer was amplified and the twi
force was displayed on a digital storage oscilloscope (Go
DSO 1604). The muscle length was increased until the pas
force rose to just above zero (less than 0.1mN) in order to 
up the slack in the preparation. The preparation was then lef
1h before experimentation to allow recovery from dissection

Determination of the length for maximum isometric force

The muscle length was adjusted to an initial slack len
where zero passive force was measured. Length was meas
at 20× magnification using a stereo-microscope with an eyepi
graticule. Muscle length was increased in steps of 0.2mm u
a micromanipulator. When the length was increased, pas
force increased; 5min was allowed at each new length 
passive force to decline to a stable value. A twitch was elici
and the peak twitch force and passive forces were recorde
each new length. Active force was calculated as the peak tw
force (total force) minus the passive force. The length w
increased until active force had reached a peak and then st
to decline. Active force was plotted against muscle length
determine the length for maximum force production (Lmax).
Cardiac muscle does not usually work on the descending l
of the force–length curve (Allen and Kentish, 1985) and is pro
to damage at longer lengths. To avoid overstretching, the mu
length was only increased until Lmax could be determined
unambiguously. Isometric measurements were made using
screen cursors on the oscilloscope. Measurements of maxim
twitch force (Ptw), the times from the stimulus to half-pea
twitch force (t0.5a) and peak twitch force (tp) and the times from
peak force to 50% (t0.5r) and 90% (t0.9r) of peak force during
relaxation were made from the twitch records.

Determination of the frequency for maximum work and pow
production

In work loop experiments, one end of the preparation w
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attached to a force transducer and the other to a servomo
After Lmaxhad been determined, muscle length was reduced
95 %Lmax (L0). The physiological length range for mammalian
cardiac muscle is 87.5–100 %Lmax(Brusaert and Paulus, 1977).
On the assumption that fish cardiac muscle operates within 
same range, experiments were performed at 95 %Lmax to avoid
damage to the preparation. The preparations were subjecte
sinusoidal length changes about the starting length (L0), and
the amplitude of the length change was expressed as ±%L0.

Stimulation was applied at selected phases of the strain cy
Phase was expressed in degrees, where 0 ° denotes L0 during
lengthening and a complete strain cycle is 360 °. Experime
were carried out over a range of cycle frequencies (0.3–1.3 H
within the physiological range of heart rates found in trou
(0.3–1.5 Hz; Priede, 1974). At each frequency, the leng
change (strain) and stimulus phase were manipulat
systematically to achieve maximum net work. Net work wa
calculated as the difference between the work needed 
lengthen the muscle and the work performed by the mus
during shortening. Force was plotted against length to give
series of loops, and net work was calculated as the area of
loop formed between the lengthening and the shortening wo
Power output is the rate at which work is done and w
calculated by multiplying the net work done during one cyc
by the cycle frequency. At frequencies of 1.1 Hz and abov
the muscle failed to relax completely during the second cyc
therefore, five strain cycles were performed in eac
experimental run and work was measured as the average
cycles 3 and 4. For consistency, this protocol was perform
at all frequencies in this part of the study (for a full explanatio
see Fig. 3 and associated text). A 5 min recovery period w
allowed between runs. Contraction duration measureme
were made from force records during work loop cycles usin
on-screen cursors on the oscilloscope. Contraction durat
was measured as the time from the stimulus until the force f
to its initial baseline value.

Effect of work loop number

This protocol was used to determine the number of wo
loops to which a muscle must be subjected to give 
representation of sustainable work. At the end of ea
work–frequency and power–frequency experiment, the mus
was subjected to 300 length change cycles at either 1.0
1.3 Hz using the strain and phase parameters yieldi
maximum work output for these frequencies.

Determination of length for maximum work output

Lmax was determined using the protocol described abov
Work was measured over a series of muscle starting leng
that were varied in small increments within the rang
80–105 %Lmax. The preparations were subjected to a series 
work loop cycles at 1.0 Hz. Power production at 1.0 Hz wa
not significantly different from that at 1.1 Hz, the frequency fo
maximum power output. The strain (±8 % of starting length
and stimulus phase (30 °) parameters that were found to
optimal at 1.0 Hz were used throughout the experimen
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Fig. 1. A typical recording of muscle length from the anterior vertex
of a rainbow trout heart. The frequency of contraction is
approximately 0.3 Hz. The change in length has been normalised to
the maximum excursion, which has been assigned a value of 100 %.
Strain is measured as the difference between the maximum and
minimum excursion for each contraction.
Because the strain was held at a constant percentage oL0

(±8 %), absolute strain increased with increasing start
length. Lengthening work (the work done on the muscle
stretch it) and shortening work (the work output from th
muscle during shortening) were determined and record
separately. At 1.0 Hz, the muscle relaxes fully during loop
all experiments to determine the effect of length on work we
carried out at 1.0 Hz. Therefore, four cycles were performed
each experimental run with a 5 min rest between runs, 
work was measured as the average work of cycles 2 and 3
Results for a full explanation).

Determination of the dynamic passive properties, dynami
stiffness and resilience

Work cycles were also performed in which the muscle w
not stimulated. The work recorded during these cycles
referred to as passive work. These loops generated by
unstimulated muscle are clockwise, showing that the wo
done on the muscle to stretch it is greater than the w
returned during shortening. Passive work (or hysteresis) w
calculated as the area between the shortening and lengthe
limbs of the passive loop. Resilience was determined as 
amount of energy returned during relaxation as a proportion
the amount of energy put into the system during extension.
ideal elastic element would have a resilience of 100 %. W
calculated dynamic stiffness in both active and passive lo
by calculating the difference between maximum and minimu
force and between maximum and minimum length in ea
work loop cycle and then dividing the change in force by t
change in length (Josephson, 1997). This was performe
each increment in muscle length during the determination
the length for maximum work.

Controlling for muscle deterioration

All muscles were monitored for any deterioration or increa
in net work by performing a series of control cycles after eve
third experimental run. To avoid a bias being introduced in
the results, the order in which the muscles were subjecte
different frequencies was varied from experiment 
experiment. Control runs were carried out at the first cy
frequency used during the work–frequency, power–frequen
experiments. Similarly, the order in which the muscle leng
was changed was varied during work–length experiments 
at 1.0 Hz), and control runs were carried out at the first start
length tested. Correction of the net work per cycle was ma
by assuming that it declined or increased linearly betwe
consecutive control runs. Similar corrections have been app
in other work loop studies (e.g. Marsh and Olson, 199
Layland et al.1995a,b). Muscle activation and relaxation time
between the first and last control runs were not significan
different (P<0.05) and the shapes of the loops were consist
over time. This suggests that any deterioration was due 
decline in force rather than to a change in muscle kine
properties (Altringham and Young, 1991). Preparations w
discarded if the force declined to less than 75 % of its init
value.
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Conclusion of experiment

Upon completion of the experiment, the preparation wa
removed from the chamber and the platinum links were cut aw
with the aid of a stereo-microscope. The muscle was blotted
laboratory tissue and weighed. The volume of the muscle w
determined gravimetrically (i.e. volume = mass/density
assuming a muscle density of 1060kgm−3. Isometric stress was
calculated as muscle force divided by muscle cross-sectio
area, and mass-specific work and power were calculated.

Data acquisition and statistics

The stimulation frequency and magnitude of the leng
change imposed on the preparation together with the phase
stimulation were controlled using a PC microcomputer. Forc
and length data were captured and analysed on-line using
house software. A Student’s t-test (Sigmastat statistical software,
SPSS) was used to compare the work output from different loo
within a series of 300 strain cycles and the muscle activation a
relaxation times between the first and last control runs.

Results
Epicardial deformation

Five consecutive hearts beats from each of three hearts w
analysed. The mean strain was found to be 23.8±0.86 % of 
maximum length (mean ±S.E.M., N=3). Fig. 1 illustrates
epicardial strain as a function of time for a typical hear
Shortening was more rapid than lengthening, and there wa
broad plateau at maximum length. There was no appar
variation in strain amplitude with time.

Isometric experiments

Results from isometric experiments are summarised in Tab
1. The maximum isometric stress of rainbow trout ventricula
muscle was found to be 22.00±0.83 kN m−2 (mean ±S.E.M.,
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Table 1.Muscle mechanical (isometric and dynamic)
properties, at Lmax, of rainbow trout ventricular preparations 

Muscle wet mass (mg) 4.27±0.20 (19)
Muscle length at Lmax (mm) 7.65±0.20 (19)
Muscle diameter at Lmax (mm) 0.82±0.02 (19)
tp at Lmax (ms) 437.4±7.4 (19)
t0.5aat Lmax (ms) 136.5±3.9 (19)
t0.5r at Lmax (ms) 400.4±10.7 (19)
t0.9r at Lmax (ms) 586.3±14.1 (19)
Peak active force at Lmax (mN) 11.61±0.49 (19)
Peak stress at Lmax (kN m−2) 22.00±0.83 (19)
Passive force:active force ratio at Lmax 0.92±0.03 (19)
Maximum net work (J kg−1) (at 0.6 Hz) 1.42±0.13 (9)
Maximum net power (W kg−1) (at 1.1 Hz) 1.27±0.08 (9) 

Values are means ±S.E.M. (N).
Lmax, muscle length for maximum isometric force production; tp,

time from stimulus to peak twitch force; t0.5a, time from stimulus to
half-peak twitch force; t0.5r, time from peak force to 50 % peak force;
t0.9r, time from peak force to 90 % peak force.
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Passive stress
‘Active’
dynamic
stiffness

‘Passive’
dynamic
stiffness

All data (N=19)

Active

Passive

Fig. 2. Active (peak twitch stress or the total stress minus the passive
stress) and passive isometric stress at different muscle lengths for the
combined data set (N=19). Data points for the same data set are
shown in the inset. Isometric data were collected both during
preliminary experiments and during work and power experiments.
Combined values of stress are standardised to the stress obtained at
the muscle length for maximum isometric force production (Lmax).
The lines are second- and third-order polynomial regressions fitted to
the data using least-squares regression. Dynamic stiffness is defined
as the ratio of the change in force to the change in length. Active
dynamic stiffness was derived from active work loops and passive
dynamic stress from passive (hysteresis) loops. All values are means
± S.E.M., N>6.
N=19). Fig. 2 shows the active and passive force–len
relationship for 19 ventricular preparations. Active isometr
force rose rapidly with increasing length to an optimum leng
and then started to decline. Passive force rose steeply 
length, increasing beyond active force at approximately Lmax.
The curves and the data points for the same combined dat
are shown in the inset in Fig. 2.

Fig. 2 also shows the relationship between dynamic stiffn
(active and passive) and length. Like stress, dynamic stiffn
increases with increasing length. Active dynamic stiffne
increases more rapidly with length than does passive dyna
stiffness up to approximately 100 %Lmax, at which point it
appears to begin to plateau. This corresponds to the lengt
which the muscle begins to develop progressively less fo
during contraction on the descending limb of the force–leng
relationship.

Work loop experiments
Changes in work with work loop number

Fig. 3 illustrates the effect of work loop number on net wo
production. At 1.0 Hz, net work declined after the first cyc
and continued to decline until cycle 23, when work started
recover (Fig. 3). By cycle 299, net work had recovered to
plateau at a value close to the mean work for cycles 2 an
A t-test showed no significant difference between the me
work of cycles 2 and 3 and the work of cycle 299. The me
work of cycle 299 was always lower than the initial value f
cycle 1. Similar results were obtained at all frequencies bel
1.0 Hz. When the muscle was subjected to 300 cycles of w
at frequencies of 1.1 Hz and above, the results were a l
different. At 1.3 Hz, the force during the first cycle was hig
but the muscle did not relax before the second cyc
consequently, net work output in cycle 2 was very low (Fig. 3
The mean work of cycles 3 and 4 was not significantly differe
from the work of cycle 299.
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In work–frequency experiments, which cover the whol
frequency range from 0.3 to 1.3 Hz, the muscle was subject
to five cycles and sustainable work output was estimated as 
mean work from cycles 3 and 4. Work–length experimen
were all carried out at 1.0 Hz. Because the muscle relaxed fu
during loop 2 at 1.0 Hz and below, there was no need to subj
the muscle to more than four work loop cycles, and work wa
calculated as the mean of loops 2 and 3.

Cycle frequency, work and power

Fig. 4 illustrates the work–frequency and power–frequenc
relationships. Maximum net work was 1.42±0.13 J kg−1 at a
cycle frequency of 0.6 Hz. Net work output first increase
between 0.3 and 0.4 Hz, then remained almost consta
between 0.4 and 0.8 Hz, after which it declined. Mechanic
power output also showed a marked dependence on cy
frequency, increasing with increasing cycle frequency up to
maximum of 1.27±0.08 W kg−1 at 1.1 Hz. The frequency for
maximum power output occurred at higher frequencies than f
maximum work.

Stimulus phase and muscle strain

Stimulus phase and strain were varied with cycle frequen
to achieve maximum mechanical work output. Optimum
stimulus phase decreased with increasing cycle frequen
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1.0 Hz

1.3 Hz

Work loop number

N
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 w
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k 
(J

kg
-1

)

Fig. 3. The net work production (means ±
S.E.M., N=4) over a series of 299 cycles at
1.0 Hz (filled circles) and 1.3 Hz (open
circles). Work loop cycles were carried out at
the cycle frequency, strain and stimulus phase
yielding maximum power output determined
during preliminary experiments. Mean net
work from every cycle between cycles 1 and
14 is shown for 1.0 Hz and between cycles 1
and 17 for 1.3 Hz; after this, every fifth cycle
is plotted. Cycle 2 at 1.3 Hz, which produces
particularly low net work, is labelled (2). The
inset illustrates the similarity in work loop
shape at 1.3 Hz between cycles 3, 4 and 299.
from 100 ° at 0.3 Hz to 1 ° at 1.3 Hz. To maximise net wo
production, it was necessary to decrease strain with increa
cycle frequency; from ±12 %L0 at 0.3 Hz to ±8 %L0 at 0.9 Hz
and above. Fig. 5 shows records of force and strain plot
against time. Increasing values of strain correspond to mu
lengthening, decreasing values correspond to contraction. 
time from the onset of the twitch until the force declined 
zero was taken to be the duration of contraction.

Contraction duration decreased with increasing cyc
frequency from 0.82±0.01 s at 0.3 Hz to 0.58±0.01 s at 1.2 H
W
or

k 
(J

kg
-1

)

Fig. 4. The effect of cycle frequency on work and
power. All values are means ±S.E.M., N=5–9). The
lines are third-order polynomials fitted to the data
using a least-squares regression. Representative work
loops are illustrated above, arrows indicate the
direction of travel and the stimulus timing is indicated
by a black dot.
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However, because shortening duration decreased w
increasing frequency proportionately more than contractio
duration, the contraction period became a progressively larg
proportion of the total cycle period. Maximum work outpu
was obtained when the phase of stimulation was altered so t
force was generated predominantly during shortening. Th
maximum work achievable at 0.3 Hz was obtained using 
stimulation phase of 100 °. Force was developed over on
approximately half the shortening period and work wa
consequently relatively low. The contraction duration an
Frequency (Hz)

P
ow

er
 (

W
kg

-1
)

0.3 Hz
±12%

0.6 Hz
±10%

0.8 Hz
±10%

1.2 Hz
±8%
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Fig. 5. Muscle strain (dashed-dotted line)
and force (solid line) records from the
third and fourth cycles at four frequencies
covering the physiological range. The
arrows indicate stimulus timing (given in
degrees). The solid vertical lines between
the strain curve and the horizontal axis
delineate the shortening phase of the
cycle. The shaded region indicates the
duration of contraction by the muscle. L0,
muscle starting length.
shortening period were approximately equal at 0.8 H
However, work output varied little between 0.4 and 0.8 H
because optimisation of the stimulation phase ensured tha
muscle generated force during most of the shortening per
At high cycle frequencies, contraction duration was found
be longer than the shortening period such that force w
developed during both the lengthening and shortening pha
of the strain cycle. Force development during lengthen
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Fig. 6. Shortening work, lengthening work, net work and pass
work at different muscle starting lengths. The numbers of replica
are indicated in parentheses; all values are means ±S.E.M. The lines
are second- or third-order polynomials fitted to the data using a le
squares regression. Lmax, muscle length for maximum isometric forc
production.
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increases the work done to re-extend the muscle, decreas
net work. At 1.2 Hz, maximum work was achieved when th
muscle was stimulated at 10 ° and generated force during m
of the lengthening (doing negative work and resistin
lengthening) and all the shortening period.

Work–length relationship

The length about which the muscle was oscillated had
marked effect on the shape of the work loop produced and 
net work output. Fig. 6 illustrates the effect of length on th
components of work. The length for maximum net work outp
(Lopt) was the same as the optimum length for isometric for
production. Shortening work, lengthening work and passiv
work all increased with increasing muscle starting length. A
102 %Lopt, lengthening work increased beyond net work an
net work started to decline.

Fig. 7 shows the effect of length on net work and resilien
(the amount of energy returned during relaxation as 
percentage of the work done during the lengthening of
passive muscle). Representative active and passive work lo
are also shown. The resilience of trout myocardium increas
with length, from less than 40 % at 80 %Lmax to approximately
75 % at 95–105 %Lmax. This shows an increase in the amoun
of the work done in lengthening the myocardium bein
returned during shortening at lengths producing close 
maximum net work.

Discussion
Maximum isometric stress

The maximum isometric stress for most vertebrate a
invertebrate skeletal muscles lies between 150 and 400 kN m−2

(Josephson, 1993). In contrast, cardiac muscle is highly aero
and has a lower fractional myofibrillar volume than skelet

ive
tes
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Fig. 7. Resilience and net work plotted against muscle
starting length L0. All values are means ±S.E.M., N>6.
Lmax, muscle length for maximum isometric force
production. Typical work loops are illustrated at the
top. Cycle frequency is 1.0 Hz; strain is ±8 % and
stimulus phase is 30 ° (indicated by a black dot on the
work loop). The upper, active loop is
counterclockwise, and the area represents net positive
work. The lower passive loop is from a cycle under the
same conditions but without stimulation. This loop is
clockwise, and the area represents net energy loss or
hysteresis. Arrows indicate the direction of travel.
muscle, and stresses are low (Huxley, 1961). However, 
lower isometric stresses cannot be explained simply 
differences in myofibrillar volume and must lie in part i
differences in the cross-bridges themselves (Huxley, 196
The maximum isometric stress found in this study w
22.00±0.83 kN m−2. This is substantially higher than value
found in previous studies: 1.6±0.33 kN m−2 at 12 °C and 0.2 Hz
stimulation frequency (Shiels and Farrell, 1997) an
4.1±0.2 kN m−2 (at 75 % of peak length) at 10 °C (Gesse
1996). Frog ventricular muscle has a reported stress
51 kN m−2 (21–23 °C) (Layland et al. 1995) and rat papillary
muscle has a reported stress of 46.7 kN m−2 (37 °C) (Syme,
1993), approximately twice that found for rainbow trout in th
study. Myofibrillar densities of 47 % have been recorded in 
myocardial cells of brown trout (Salmo trutta) ventricles
(Yamauchi and Burnstock, 1968) compared wi
approximately 60 % in mammalian species (Barth et al.1992).
This could only partly explain the twofold difference betwee
the stresses we found for rainbow trout cardiac muscle 
mammalian and amphibian myocardium. The remaini
inequality must be due to differences in the contractile prote
between these classes of animal.

The effect of repeated work cycles

The protocol used was chosen primarily to establish whet
a small number of work cycles could provide usef
information about the steady-state operation of the heart. 
have established that the mean work from cycles 2 and 
frequencies below 1.0 Hz and the mean work from cycles 3 
4 at higher frequencies provide a good index of the sustaina
work that a muscle can produce. The close similarity in lo
shape between these cycles supports this supposition and
suggests further investigation of myocardial dynamics us
the
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this protocol. The effect of repeated work cycles in itself ha
raised further questions. The reduction in work from cycles
to 25 was due largely to a reduction in force. Maximum forc
declined with work to approximately cycle 25 and the
recovered towards a plateau. The muscle was always fu
relaxed before the next cycle (with the exception of cycle 2 
higher frequencies), indicating that impairment of relaxatio
rate was not the main reason for the decline in work. The init
high work output may be due to post-rest potentiation, whic
is commonly seen in cardiac muscle and has been attributed
increased Ca2+ release from the sarcoplasmic reticulum (Bers
1985). Ventricular strips from rainbow trout demonstrat
pronounced post-rest potentiation after 5 min of quiescence
15 °C (El-Sayed and Gesser, 1989). The magnitude of t
potentiation effect increases at higher frequencies, as seen
ventricular strips from the skate (Driedzic and Gesser, 198
The sarcoplasmic reticulum in fish heart is particularly spar
(Santer, 1985), which is taken as evidence that it plays 
insignificant role in the activation of contraction. This would
seem contrary to our observations under these conditions a
would merit further investigation.

The work–frequency relationship

The maximum work output of 1.42 J kg−1 is close to that for
mammalian papillary muscle at 37 °C (1.91 J kg−1; Layland et
al. 1995a). Interestingly, the ratio of myofibrillar fractional
volume between fish and mammalian cardiac musc
(47 %/60 %=0.78) is very similar to the ratio of work outpu
(1.42 J kg−1/1.91 J kg−1=0.74). This seems at odds with the
observation that myofibrillar fractional volume cannot explai
the difference in stress between mammalian and fi
myocardium.

The similarity in work output, despite the large difference i



2731Mechanical properties of trout ventricular muscle

ow
ing
in

s

ed
ile
ill
lt
le
in
 the
ps
ly
g
in

all
ges

s
 to
e

ac
ce
nt

ip
le
 of

 of

ase
rce,
ork
d
ed
ed

oth
to

 to

on-
operating temperatures, suggests significant tempera
compensation; this compensation being for stress-determi
rather than for rate-determined processes as shown in prev
studies (Johnston and Altringham, 1989). The power outpu
rainbow trout ventricle (1.27 W kg−1) is much lower than that
of rat papillary muscle (8.62 W kg−1; Layland et al. 1995a).
This difference can be reconciled by the lower frequency
which maximum power output is obtained. We shall consid
this below.

Maximum work output varies with cycle frequency, but no
in a linear manner. We found that the highest values 
maximum work were obtained between 0.4 and 0.8 Hz. 
0.3 Hz, force is developed for only approximately half th
shortening period, compared with almost all the shorten
period between 0.4 and 0.8 Hz. Consequently, at 0.3 Hz, 
distance that the muscle shortens while it is developing fo
is only half of the imposed ±12 % strain (i.e. half of 24 % tot
strain, or 12 %). In Fig. 5, we can see that the muscle devel
a similar force at 0.6 Hz to that at 0.3 Hz but throughout t
entire shortening period. The optimum strain in this case
±10 %, so that the muscle develops force over a grea
distance (20 % of total strain) and more work is performed

At frequencies higher than 0.8 Hz, the contraction durati
becomes progressively longer than the shortening period, 
force is developed during lengthening. This increas
lengthening work. Because net work is shortening work min
lengthening work, any increase in lengthening work results
a decrease in net work. These results agree with previ
studies on rats and frogs (Layland et al. 1995a; Syme, 1993)
in which net work production was found to be maximal at
frequency where the contraction duration was the same as
shortening period. There are many similarities in the propert
of vertebrate cardiac muscle, not least that the duration
contraction cannot normally be increased by increasing 
number of stimuli. It is not surprising, therefore, to find th
the frequency for maximum work output across these clas
of animals is largely determined by contraction duration.

Optimum strain

The pyramidal shape and complex fibre orientation in t
rainbow trout ventricle make it difficult to relate preparatio
strains directly to changes in ventricular volume. However
is useful to consider this relationship in general terms. Stro
volume and muscle strain are related. The ejection fraction
rainbow trout is normally close to 100 % (Franklin and Davi
1992), but falls at high aortic pressures as end-systolic volu
increases. Farrell et al. (1989) also found that stroke volume
declined at high heart rates. We report that the strain 
maximum work output decreases with increasing frequency
strain is related to stroke volume (Layland et al.1995a,b, 1997;
Syme, 1993; Syme and Josephson, 1995), then this declin
optimal strain could explain the observed decline in stro
volume at high heart rates (Farrell et al. 1989; Franklin and
Davie, 1992).

Previous work loop studies have found that optimis
muscle strains correspond very closely to those observedin
ture
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vivo (Marsh and Olson, 1994; James et al. 1995). In our
perfused heart experiments, the ventral vertex of the rainb
trout heart was observed to be shortening and lengthen
along its axis by 23.8 % at a frequency of 0.3 Hz, giving a stra
of ±11.9 %L0. This corresponds extremely well to the optimum
strain of ±12 % found in our work loop study at 0.3 Hz.

The strain for maximum work output in rainbow trout wa
±8 %L0, higher than the value of ±5 %L0 for rat papillary
muscle (Layland et al. 1995a), but lower than that in frog
ventricular muscle (greater than ±13 %L0; Syme, 1993). This
may be related to the way in which cardiac output is regulat
in different animals. Mammals tend to increase heart rate wh
maintaining the same stroke volume. Cardiac output w
increase proportionately, i.e. a doubling of heart rate will resu
in a doubling of cardiac output. In contrast, fish cardiac musc
displays a ‘negative staircase effect’ where increases 
contraction frequency cause a decrease in the duration and
force of contraction (Driedzic and Gesser, 1988). Perha
constrained by this, fish control their cardiac output primari
by increasing stroke volume, which involves increasin
myocardial strain. However, because volume increases 
proportion to the cube of the increase in length, relatively sm
changes in muscle strain can produce relatively large chan
in stroke volume and hence in cardiac output.

The effect of myocardial length on force and work

The force–length relationship for trout myocardium wa
found to be very steep. Reducing muscle length from 100 %
70 %Lmax reduced force development to less than 10 % of th
maximum. However, it has been shown in mammalian cardi
muscle that changes in myofilament overlap have less influen
on muscle force than activation effects, i.e. length-depende
changes in Ca2+ release or Ca2+ sensitivity of the myofibrils
(Allen and Kentish, 1985). The steep force–length relationsh
in rainbow trout suggests that activation of the contracti
elements is length-dependent. Furthermore, the time course
the twitch (both t0.5r and t0.9r) increased with length. This may
also indicate an increase in myofilament sensitivity to Ca2+.
Twitch duration may increase at longer lengths as a result
increased Ca2+ binding and slower Ca2+ dissociation from
troponin (Allen and Kurihara, 1982).

At lengths above 100 %Lmax, myofilament overlap and the
number of active cross-bridges decrease, there is an incre
in hysteresis and a massive increase in passive muscle fo
as seen by the increase in lengthening and passive w
(Fig. 6). Net work increased initially, reached a maximum an
then started to decline as lengthening work approach
shortening work. These results are similar to those obtain
from rat papillary muscle (Layland et al. 1995b) and frog
ventricular muscle (Syme and Josephson, 1995), where b
dynamic active and dynamic passive force were shown 
interact to determine net work output.

Rainbow trout ventricular muscle exhibited very high
passive forces that increased with muscle length; from close
zero at 65 %Lmax to more than 90 % of active force at Lmax.
Cardiac muscle contains more connective tissue, and n
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C. L. HARWOOD, I. S. YOUNG AND J. D. ALTRINGHAM
activated preparations are known to be much stiffer th
skeletal muscle (Spiro and Sonnenblick, 1964). Rainbow tr
ventricular muscle was found to be much stiffer than r
papillary muscle. The passive-to-active force ratio at Lmax was
double that found in rat (0.92 compared with 0.48). Why ha
a very stiff myocardium given that a stiffer muscle requir
more force to extend it? Is some of the energy used to ext
the muscle returned during shortening? To act as a us
energy store, a spring must be sufficiently stiff so that 
appreciable amount of energy can be stored by its norm
deformation and a large proportion of this energy must 
recovered during recoil. It has been suggested t
intramyocardial connective tissue prevents overstretching
the myocardial cells and confers viscoelastic properties on 
heart (Robinson et al. 1988). Titin, connecting the thick
filaments to the Z-line, represents a considerable para
elastic element in cardiac muscle (Allen and Kentish, 198
Further connective tissue, in the form of coiled perimysi
fibres, is abundant in the myocardium of pyramidal-shap
hearts (Sanchez-Quintana et al.1996).

Josephson (1997) used the indices of dynamic stiffness 
resilience to examine the possible energy-saving elas
mechanisms in bumblebee (Bombus terrestris) flight muscle.
Dynamic stiffness was defined as the ratio of the change
force to the change in length, and resilience was determine
the amount of energy returned during relaxation as a propor
of the amount of energy put into the system during extensi
An ideal elastic element would have a resilience of 100
Josephson (1997) found that passive dynamic stiffness
bumblebee flight muscle became larger than active dyna
stiffness at long muscle lengths. He explained this appar
reduction in stiffness during muscle activation by arguing th
the passive stiffness had an element that was associated 
muscle activation, presumably in the cross-bridges. In card
muscle, we find that the active dynamic stiffness is higher th
the passive dynamic stiffness between 60 and 105 %Lmax.This
shows that dynamic stiffness is not decreased by mus
activation and could be accounted for by the connective tis
structures within the myocardium. The resilience of rainbo
trout myocardium varies with length, from less than 40 % 
80 %Lmax to approximately 75 % at 95–105 %Lmax. More
energy is returned at muscle lengths producing close 
maximum work. Without elastic storage, the energy expend
by the atrium in refilling the heart would be lost. With elast
storage, over the length range yielding close to maximu
work, up to 75 % of the energy used to refill the heart could
returned during ventricular contraction.

The power–frequency relationship

The frequency for maximum power output occurred at 1.1
(15°C), higher than the frequency for maximum work. Th
corresponds to a heart rate of 66beatsmin−1. Farrell et al.(1996),
using an in situ heart with an intact pericardium, found ‘pea
cardiac performance’ at approximately 70beatsmin−1 (1.17Hz)
at 15°C. In the present study, power output increased w
frequency to a maximum and then decreased. However, isom
an
out
at

ve
es
end
eful
an

al
be
hat
 of
the

llel
5).
al
ed

and
tic

 in
d as
tion
on.
%.
 in
mic
ent
at
with
iac
an

cle
sue
w
at

to
ed
ic
m

 be

Hz
is

k

ith
etric

force declines with increasing stimulation frequency in man
teleost ventricles, including that of trout (Driedzic and Gesse
1985). The dynamic properties of muscle are apparent only wh
it is allowed to shorten or has a strain cycle imposed upon
Active lengthening can lead to enhancement of force (e.g. Edm
et al. 1978), and shortening can cause muscle deactivati
(Ekelund and Edman, 1982). These dynamic properties partia
offset the effects of increasing stimulation frequency observ
under isometric conditions (Altringham and Johnston, 1990).

We found an increase in the rate of decline in muscle for
at higher frequencies. This could be explained by shorteni
deactivation and is important when we consider the dynam
of ventricular filling. Isometric studies show an increase in th
rate of force development and of relaxation with frequenc
(Shiels and Farrell, 1997). However, the same study show
that force remains high for almost the entire interpulse interv
From isometric results alone, we would expect either th
ventricular refilling is particularly rapid or that it occurs agains
a substantial ventricular pressure caused by maintain
myocardial activity. Ventricular filling is believed to be driven
only by atrial contraction (Farrell and Jones, 1992); th
contraction of the atrium forces blood into the ventricle an
increases its volume. Shortening deactivation would cause
increase in the rate of decline of ventricular activity and redu
the amount of work required during refilling. Shortening
deactivation is seen as a more rapid decline in force duri
shortening at higher cycle frequencies. Therefore, there is
reduction in the subsequent lengthening work. This allows n
work output to be maintained at high contraction frequenci
and, in turn, an increase in myocardial power output.

We would like to thank Chris Smith and John Oughton fo
technical help, Stuart Pickersgill for the care of the anima
used in this study and Glasshouses Trout Farm for the fr
delivery of the fish. We would also like to thank two
anonymous referees for their constructive comments. C.L.
is supported by a BBSRC Studentship. I.S.Y. is supported 
a BBSRC research grant.

References
ALLEN, D. G. AND KENTISH, J. C. (1985). The cellular basis of the

length–tension relation in cardiac muscle. J. molec. cell. Cardiol.
17, 821–840.

ALLEN, D. G. AND KURIHARA, S. (1982). The effects of muscle length
on intracellular calcium transients in mammalian cardiac musc
J. Physiol., Lond. 327, 79–94.

ALTRINGHAM, J. D. AND JOHNSTON, I. A. (1990). Scaling effects on
muscle function – power output of isolated fish muscle-fibre
performing oscillatory work. J. exp. Biol.151, 453–467.

ALTRINGHAM, J. D. AND YOUNG, I. S. (1991). Power output and the
frequency of oscillatory work in mammalian diaphragm muscle: th
effects of animal size. J. exp. Biol. 157, 381–389.

BARTH, E., STÄMMLER, G., SPEISER, B. AND SCHAPER, J. (1992).
Ultrastructural quantification of mitochondria and myofilaments i
cardiac muscle from 10 different animals species including man.J.
molec. cell. Cardiol. 24, 669–681.



2733Mechanical properties of trout ventricular muscle

w

at

f

t:

t

.

ic

tal

d

BERS, D. M. (1985). Ca influx and SR Ca release in cardiac mus
activation during postrest recovery. Am J. Physiol. 248,
H366–H381.

BRUSAERT, D. L. AND PAULUS, W. J. (1977). Loading and performance
of the heart as muscle and pump. Cardiovasc. Res. 11, 1–16.

DRIEDZIC, W. R. AND GESSER, H. (1985). Ca2+ protection from the
negative inotropic effect of contraction frequency on teleost hea
J. comp. Physiol. B 156, 135–142.

DRIEDZIC, W. R. AND GESSER, H. (1988). Differences in
force–frequency relationships and calcium dependency betw
elasmobranch and teleost hearts. J. exp. Biol. 140, 227–241.

EDMAN, K. A. P., ELZINGA, G. AND NOBLE, M. I. M. (1978).
Enhancement of mechanical performance by stretch during teta
contractions of vertebrate skeletal muscle. J. Physiol., Lond. 281,
139–155.

EKELUND, M. C. AND EDMAN, K. A. P. (1982). Shortening deactivation
of skinned fibres of frog and mouse striated muscle. Acta physiol.
scand. 116, 189–199.

EL-SAYED, M. F. AND GESSER, H. (1989). Sarcoplasmic reticulum,
potassium and cardiac force in rainbow trout and plaice. Am. J.
Physiol. 245, R599–R604.

FARRELL, A. P. (1991). From hagfish to tuna – a perspective 
cardiac-function in fish. Physiol. Zool. 64, 1137–1164.

FARRELL, A. P., GAMPERL, A. K., HICKS, J. M., SHIELS, H. A. AND

JAIN, K. E. (1996). Maximum cardiac performance of rainbow trou
(Oncorhynchus mykiss) at temperatures approaching their uppe
lethal limit. J. exp. Biol. 199, 663–672.

FARRELL, A. P. AND JONES, D. R. (1992). The heart. In Fish
Physiology, vol. 12A, The Cardiovascular System(ed. W. S. Hoar
and D. J. Randall), pp. 1–88. San Diego: Academic Press.

FARRELL, A. P., SMALL , S. AND GRAHAM, M. S. (1989). Effect of heart
rate and hypoxia on the performance of a perfused trout heart. Can.
J. Zool. 66, 2368–2373.

FRANKLIN , C. E. AND DAVIE, P. S. (1992). Dimensional analysis of the
ventricle of an in situperfused trout heart using echocardiograph
J. exp. Biol. 166, 47–60.

GESSER, H. (1996). Cardiac force–interval relationship, adrenaline a
sarcoplasmic reticulum in rainbow trout. J. comp. Physiol. B 166,
278–285.

HUXLEY, H. E. (1961). The contractile structure of cardiac and skele
muscle. Circulation 24, 328–335.

JAMES, R. S., ALTRINGHAM, J. D. AND GOLDSPINK, D. F. (1995). The
mechanical properties of fast and slow skeletal muscles of 
mouse in relation to their locomotory function. J. exp. Biol. 198,
491–502.

JOHNSTON, I. A. AND ALTRINGHAM, J. D. (1989). Muscular energetics
and environment in ectotherms. In Energy Transformations in Cells
and Organisms(ed. W. Wieser and E. Gnaiger), pp. 71–80
Stuttgart, New York: Georg Thieme Verlag.

JOSEPHSON, R. K. (1985). Mechanical power output from striate
muscle during cyclic contraction. J. exp. Biol. 114, 493–512.

JOSEPHSON, R. K. (1993). Contraction dynamics and power output 
skeletal muscle. A. Rev. Physiol. 55, 527–546.
cle

rts.

een

nic

on

t
r

y.

nd

tal

the

.

d

of

JOSEPHSON, R. K. (1997). Power output from a flight muscle of the
bumblebee Bombus terrestris. II. Characterization of the
parameters affecting power output. J. exp. Biol. 200, 1227–1239.

KEEN, J. E. AND FARRELL, A. P. (1994). Maximum prolonged
swimming speed and maximum cardiac performance of rainbo
trout, Oncorhynchus mykiss, acclimated to two different water
temperatures. Comp. Biochem. Physiol. 108A, 287–295.

LAYLAND , J., YOUNG, I. S. AND ALTRINGHAM, J. D. (1995a). The effect
of cycle frequency on the power output of rat papillary muscles in
vitro. J. exp. Biol. 198, 1035–1043.

LAYLAND , J., YOUNG, I. S. AND ALTRINGHAM, J. D. (1995b). The length
dependence of work production in rat papillary muscles in vitro. J.
exp. Biol. 198, 2491–2499.

LAYLAND , J., YOUNG, I. S. AND ALTRINGHAM, J. D. (1997). The effect
of adrenaline on the work- and power-generating capacity of r
papillary muscle in vitro. J. exp. Biol. 200, 503–509.

MARSH, R. L. AND OLSON, J. M. (1994). Power output of scallop
adductor muscle during contractions replicating the in vivo
mechanical cycle. J. exp. Biol. 193, 139–156.

PRIEDE, I. G. (1974). The effect of swimming activity and section o
the vagus nerves on heart rate in rainbow trout. J. exp. Biol. 60,
305–318.

ROBINSON, T. F., GERACI, M. A., SONNENBLICK, E. H. AND FACTOR, S.
M. (1988). Coiled perimysial fibers of papillary muscle in rat hear
Morphology, distribution and changes in configuration. Circulation
Res. 63, 577–592.

SANCHEZ-QUINTANA , D., GARCIA-MARTINEZ, V., CLIMENT, V. AND

HURLE, J. M. (1995). Morphological analysis of the fish hear
ventricle: myocardial and connective tissue architecture. Annl.
Anat. 177, 267–274.

SANCHEZ-QUINTANA , D., GARCIA-MARTINEZ, V., CLIMENT, V. AND

HURLE, J. M. (1996). Myocardial fiber and connective tissue
architecture in the fish heart ventricle. J. exp. Zool. 275,
112–124.

SANTER, R. M. (1985). Morphology and innervation of the fish heart
Adv. Anat. Embryol. Cell Biol.89, 1–99.

SHIELS, H. A. AND FARRELL, A. P. (1997). The effect of temperature
and adrenaline on the relative importance of the sarcoplasm
reticulum in contributing Ca2+ to force development in isolated
ventricular trabeculae from rainbow trout. J. exp. Biol. 200,
1067–1621.

SPIRO, D. AND SONNENBLICK, E. H. (1964). Comparison of the
ultrastructural basis of the contractile process in heart and skele
muscle. Circulation Res. 15 (Suppl. 2), 14–36.

SYME, D. A. (1993). Influence of extent of muscle shortening an
heart rate on work from frog heart trabeculae. Am. J. Physiol. 265,
R310–R319.

SYME, D. A. AND JOSEPHSON, R. K. (1995). Influence of muscle length
on work from trabecular muscle of frog atrium and ventricle. J. exp.
Biol. 198, 2221–2227.

YAMAUCHI , A. AND BURNSTOCK, G. (1968). Electron microscopic
study on the innervation of the trout heart. J. comp. Neurol. 132,
567–588.


