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Summary

To understand better how scup can swim twice as fast as carp with its red
muscle, we measured the mechanical properties of red muscle bundles in scup.
The values of the mean maximum velocity of shortening (V.. at 10°C
(3.32muscle lengthss™") and at 20°C (5.55 muscle lengthss™'; Qo=1.69) were
nearly the same as those in carp. Isometric force, however, was approximately
50% greater (183kNm~2% Q=1.08). The maximal power generation was
correspondingly about 50 % greater in scup than in carp (71 Wkg ™' at 10°C and
134 Wkg™' at 20°C; Q,,=1.88). The larger power output of its muscle may be
important in the faster swimming of the scup. In addition, the fact that scup use a
less undulatory style of swimming means that, when they are swimming twice as
fast, their red muscle shortens at the same velocity (V) and with the same V/V, .«
(0.37, i.e. where maximum power is generated) as that of carp.

The importance of V/V,, is further shown by the comparison of scup
swimming at different temperatures. The 1.69-fold higher V,,,, at 20°C than at
10°C enables scup to swim with a 1.67-fold faster V at 20°C. Thus, at both 10°C
and 20°C, red muscle is used only over the same narrow range of V/V ..
(0.17-0.37), where experiments on isolated muscle suggest that power and
efficiency are maximal. Therefore, V/V ., appears to be an important design
constraint that limits the range of velocities over which muscle is used in vivo, both
at different temperatures and in fast- and slow-locomoting species.

Introduction

Some animals move slowly while others move rapidly. It is generally thought
that faster animals have faster muscles. In the previous paper (Rome et al. 1992)
we showed that scup can swim approximately twice as fast with their red (slow
oxidative) muscle as can carp. From these results alone, we might expect that the
maximum velocity of shortening (V,,x) of the scup muscle would be approxi-
mately twice as fast as that of carp muscle.

Further kinematic analysis showed that, because scup employ a less undulatory
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style of swimming, the highest V (velocity of muscle shortening during loco-
motion) at which the red muscle is used during swimming is the same in both carp
and scup (Rome et al. 1992). If animals use their muscles over the same range of
V/Vimax (0.2-0.4) as suggested by Rome and colleagues (Rome et al. 1988,
1990a,b; Rome and Sosnicki, 1990), then we would expect V., of the scup and
carp to be nearly the same.

In this paper we measure the influence of temperature on V., and power
production in scup and compare these results with those for carp. This gives us the
opportunity to evaluate the adaptations necessary for some species to swim rapidly
and to explore further the importance of V/V,,, as a design constraint of muscular
systems.

Materials and methods

The muscle mechanics apparatus and the techniques for dissection, mounting,
muscle mechanics, histology and histochemistry have been previously described in
detail for carp (Rome and Sosnicki, 1990). The apparatus and techniques are
described only briefly here, except where some important modifications have been
made.

Preparation

Scup (Stenotomus chrysops L.), 19-23 cm long, were killed with a blow to the
head and the scales were scraped off. Unlike carp, there was sufficient fat between
the skin and muscle so that the skin could be removed without damaging the
preparation. Bundles of about 200 fibres (approximately 0.5mm thick) were
removed from above the midline of the fish at the level of the dorsal fin, dissected
at 4°C under a stereomicroscope, and tied to the servomotor arm and force
transducer, as in Rome and Sosnicki (1990).

Solutions

Dissection was carried out in a Ringer’s solution containing (mmol1~"): NaCl,
132; K(l, 2.6; CaCl,, 2.7; imidazole, 10; sodium pyruvate, 10; MgCl,, 1; pH7.7 at
15°C, based on Altringham and Johnston (1990). Force-velocity experiments
were carried out in this Ringer’s solution containing 1mmoll™" caffeine and
1073 gml™! eserine, which results in a high level of activation of the muscle bundle
(see Results).

Experimental apparatus

A Cambridge Technology 300S servosystem was electronically linked to a
Cambridge Technology model 400 force transducer (natural frequency 2 kHz)
permitting length steps in under 1ms and clamping forces in about 7ms. The
experimental apparatus was controlled by an Analog Devices D/A, A/D board
(RT-815) installed in an IBM-AT. The preparation was activated by bipolar
capacitative discharge stimulation through bright platinum plate electrodes
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running the full length of the bundle. All force and length signals were recorded
and stored using a Nicolet 4094 digital oscilloscope.

Measurement of V... of red bundles

Vmax Was approximated by extrapolating the force-velocity curve (determined
from force clamps) to zero load. A hyperbola was fitted to the data for loads
between about 0.05P; and 0.8P;, where P, is isometric tension (Rome and
Sosnicki, 1990).

At low loads, length changes were measured over a 5ms period starting about
7ms after the release. At higher loads, length changes were measured over a
longer period (up to 70 ms) to permit a significant length change. Measurements in
this case started about 10 ms following release.

Protocol

The experiments were started at a length corresponding to a sarcomere length of
2.10£0.02 um (£s.e., N=8), as measured in the bundles after fixation (up to 6 %
shrinkage may have occurred during fixation; Rome and Sosnicki, 1991). The
temperature was set at either 10°C or 20°C, and the force<velocity curve was
determined. The muscle was stimulated every 90s [100 pulses per second
(pulsess™') for 450 ms at 10°C and 200 pulsess~' for 300 ms at 20°C]. Sarcomere
length and fibre length were measured from Epon-embedded sections following
the mechanics experiments.

Measurement of active cross section and determination of fibre types

In another set of bundles, we measured the force generated per cross section of
muscle fibre and determined the fibre type. The bundles were embedded in
gelatin, frozen and sectioned as in Rome and Sosnicki (1990). To differentiate the
cross-sectional area occupied by the muscle fibres from that of fatty and connective
tissue, sections were processed for routine haematoxylin and eosin (H & E) and
modified Gomori-trichrome staining. The cross-sectional area of the red muscle
bundles was measured using a digitizing tablet. To determine whether the bundle
was homogeneous in fibre type, histochemical reactions for myosin Ca**-ATPase
and succinic dehydrogenase (SDH) were performed as in Rome and Sosnicki
(1990).

Results

Because the scup red muscle bundles behaved similarly to those of carp, we used
the types of analyses described previously (Rome and Sosnicki, 1990).

Morphology of red muscle bundle

The histology and histochemistry of the scup red bundle were similar to those of
carp (see Figs 1 and 2 in Rome and Sosnicki, 1990, for sample micrographs). H &
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E and Gomori-trichrome staining of frozen cross sections showed a large amount
of connective and fatty tissue among the red muscle fibres. Only about 43+3 %
(*s.E., N=5) of the cross section was occupied by the muscle fibres. The red
muscle also had a large amount of fatty tissue located beneath the skin, around the
connective tissue that forms the myosepta and between the muscle fibres. The
fatty and connective tissue, which forms a structural matrix for the muscle fibres,
may protect the red muscle because it can be forced to undergo large strains when
the white muscle is active (Rome and Sosnicki, 1990, 1991). The length of the red
muscle bundles and their fibres, measured from semi-thin Epon-embedded
longitudinal sections, varied between 3.2 and 4.8 mm when normalized to a
sarcomere length of 2.10 um (the sarcomere length of unfixed red muscle in a
straight fish).

The histochemical reactions performed on the cross sections of the muscle
bundles showed that they contained only the red (slow) muscle fibre type. Thus,
routine myosin Ca**-ATPase reaction after the alkaline preincubation at pH9.4
(inhibition of the slow fibre type) showed no activity. After acid preincubation at
pH 4.5 (inhibition of the fast fibre types), every muscle fibre within the bundle had
a uniform dark staining intensity. The high SDH reaction rate observed in every
muscle fibre is indicative of a dense distribution of intermyofibrillar mitochondria,
typical for a slow fibre type with a high oxidative capacity.

Activation of the red bundle

At 20°C, the bundle could be well activated by high-frequency stimulation.
Fig. 1D shows that nearly maximal tension is achieved at approximately
200 pulsess™'. On average, the ratio of force generated at 500 pulsess™' to that
generated at 200 pulsess™' was 1.04. As Fig. 1B,D shows, there was significant
reduction in force at lower stimulation frequencies and the twitch—tetanus ratio
was low (0.16+0.02, s.E., N=5). The observation that force generation could be
abolished by the addition of 10~®mol1™" curare suggested that the fibres were
being indirectly activated by acetylcholine (ACh) released from the nervous tissue
contained within the bundle. As in Rome and Sosnicki (1990), we reasoned that
the effectiveness of ACh might be improved by use of 1 mmol1~! caffeine (a twitch
potentiator) and eserine (an acetylcholinesterase inhibitor). Addition of these
compounds did result in a small, but significant, increase in force generation
(Fig. 1C). On average, force generation in plain Ringer was 0.88%0.03 (%s.E.,
N=7) of that generated in Ringer containing eserine and caffeine. The effect of
eserine was saturable. It was maximal between 5 and 10 ygml™" and increased
amounts did not cause an increase in force generation. In fact, force generation in
bundles exposed to high eserine concentrations appeared to decline rapidly. The
force per cross-sectional area of muscle fibre (determined from frozen sections)
during stimulation in caffeine and eserine was 183+31kNm™2 (£s.E., N=5).

At 10°C, the twitch—tetanus ratio was larger (30-55 %) than at 20°C (Fig. 1A).
Accordingly, a much lower stimulation frequency was necessary to achieve a given



Mechanics of red muscle of scup 285

A 10°C B 20°C C With and without eserine at 20°C

Ringer’s solution plus
caffeine and eserine

SmNI

0.5s

Ringer’s solution

Normalized force

0.0 N n 1 2 1 1 n 2
1 35 10 30 S0 100 300 500
=
§ Stimulation frequency (pulsess™')
=

Fig. 1. Force—frequency relationship of scup muscle. (A,B) A twitch and a tetanus in
normal Ringer of a scup red muscle bundle at 10°C and 20°C, respectively. (C) Tetani
at 20°C in both normal Ringer and Ringer containing caffeine (1 mmol1~") and eserine
(107%gml~"). Note that force is slightly greater, but relaxation time is greatly
prolonged. (D) Normalized force as a function of stimulation frequency (note

logarithmic scale) at 10°C and 20°C. Tetani in A~C were performed at 200 pulsess™".

level of activation. For instance, at 10pulsess™"

generated at 200 pulsess~! (Fig. 1D).

, the force was 70% of that

Mechanics of red muscle bundles

Seven to fourteen data points were used to generate the force—velocity curve at
each temperature. More contractions (15-25) were actually performed, but many
had to be discarded because of inappropriate servo gain. The preparation,
however, was extremely stable. The ratio of P, generated at the beginning of a run
to that at the end showed complete stability at both temperatures (1.015+0.025,
N=4 at 10°C and 1.016+0.007, N=5 at 20°C). The length records showed some
curvature while shortening against constant force (Fig. 2). This curvature can be
accounted for in part by the lower isometric force at the shorter length caused by
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Fig. 2. Force clamps in a red muscle bundle. Length (A) and force (B) records are
shown for three force clamps at heavy, moderate and light loads. The bundle was
released 210 ms into the contraction after steady isometric force had been reached. The
arrows signify the beginning of the measurement period. The resting tension shown on
the force record is that measured at the initial length. At the muscle length at which the
lightest load was clamped, the passive tension was about one-tenth of that shown. The
bundle length at a sarcomere length of 2.10 um was 3.25 mm.

shortening deactivation. In addition, as the muscle shortened, the resting force
decreased, thereby increasing the active load that had to be maintained. To
minimize these effects, we measured the initial velocity immediately following the
stabilization of force (denoted by the arrows in Fig. 2; see Materials and methods).

Force—velocity curves were well-fitted by a hyperbola not constrained to pass
through Py=1 (Fig. 3). At zero velocity, the unconstrained curves extrapolated to
the load axis (Pg) at values greater than 1. At 10°C, P§ was 1.47+0.12 (£s.E.,
N=8) and at 20°C P§ was 1.57+0.13 (*s.E., N=8).

The influence of temperature on the mechanics of red muscle bundles

The V.« values at 10°C and 20°C are shown in Table 1. The mean V., at 10°C
was 3.32muscle lengthss~' (MLs™!) and at 20°C it was 5.55MLs ™. The mean
Qo was 1.69. The force—velocity curves had similar shapes at both temperatures as
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Fig. 3. The influence of temperature on the mechanics of red muscle bundles. The
mechanical power and force generation are shown as a function of shortening velocity
for a red muscle bundle at 10°C (@) and 20°C (A). At 10°C, V ,,,, (maximum velocity
of shortening)=3.16MLs™" (musclelengthss™"), a/PF(Hill constant)=0.36 and P}
(extrapolated load at zero velocity)=1.11, whereas at 20°C, V.,=5.24MLs™!,
a/ P§=0.32 and P§=1.24. /* was 0.99 at both temperatures. The curve for power is
calculated from the force—velocity curve. Isometric force was 8.5mN at 10°C and
9.7mN at 20°C. Bundle length at a sarcomere length of 2.10 um was 3.88 mm.

illustrated by a/P§ and Wi/ (PoX Vinax) values of 0.25+0.04 (+s.., N=8) and
0.128+0.005 (£s.E., N=8), respectively, at 10°C and 0.25%0.01 (+s.e., N=8) and
0.132+0.005 (£s.E., N=8), respectively, at 20°C.

The mean Qo for Py was 1.08. Based on the 183kNm™2 value at 20°C, this
would give a Py value of 169 kN m~2 at 10°C. The mean Q,, for maximum power
generated (W,,,,) was 1.88.

We could not determine the Wy, kg™ of the fibres directly (see Rome and
Sosnicki, 1990). Instead, we obtained Wonax kg‘1 of the fibres by multiplying the
mean (P/PyX V)max determined for one group of bundles (nos 1-8; Table 1) by the
(Po)/m? (isometric force) determined on another group (nos 9-13), as in Rome
and Sosnicki (1990). The W onax kg‘] of the fibres at 10°C was 70.9%£8.1 (+s.E.,
N=38) and at 20°C it was 134+13 (*s.E., N=8).

Discussion
Activation of scup red muscle

Bundles of red muscle from scup behaved very similarly to carp bundles (Rome
and Sosnicki, 1990) except that, in scup, nearly maximal tension was achieved with
normal Ringer. The observation that force generation was terminated upon
addition of curare suggests that the muscle cannot be directly activated; instead,
activation is achieved by release of ACh from nervous tissue within the bundle.
Recent work by Johnson et al. (1991) on additional species suggests that this is a
common property of preparations from fish whose muscles are polyneuronally
innervated.
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The observation that such a high frequency was necessary at 20°C to generate
the highest force suggests that the fibres are not capable of producing action
potentials, but that they undergo junctional potentials (Rome and Sosnicki, 1990).
The force—frequency relationship at 10°C, however, is fairly similar (high
twitch—~tetanus ratios, high force at relatively low frequencies) to those reported at
low temperatures for other fish muscles that produce action potentials (Altr-
ingham and Johnston, 1988; Curtin and Woledge, 1988). This response may be a
result of the ACh from a single stimulation in scup being more effective than in
carp (perhaps owing to differences in ACh release or breakdown).

Two lines of evidence suggest that our procedures resulted in a relatively high
level of activation of the red bundles. First, the force-enhancing effect of eserine
was saturable and neither increased stimulus strength nor higher stimulation
frequency could increase force generation. Second, the value of 183kNm™2 at
20°Cis larger than we observed in carp (Rome and Sosnicki, 1990) and larger than
values found for other slow twitch muscles (150-160 kN m ™~ in rat soleus at 20°C;
Claflin and Faulkner, 1985; Ranatunga, 1984).

Mechanics of scup red bundles: influence of temperature and comparison with
carp

We found that the force-velocity characteristics of the red muscle bundle of
scup were similar in many respects to those of carp as well as those of other
species. For instance, at high loads, velocities exceeded those predicted by a
hyperbolic fit constrained to pass through Py=1, as in frog fibres (Edman et al.
1976; Julian et al. 1986). Our extrapolated values of P§ of 1.48 at 10°C and 1.57 at
20°C agree well with those (1.2-1.5 ) previously determined for frog, carp and
other fish (see Rome and Sosnicki, 1990).

The V.« values obtained for scup were very similar to those of carp
(3.55MLs™! at 10°C and 5.71MLs~! at 20°C; Rome and Sosnicki, 1990).
Mechanical power output in the scup was considerably higher, however, because
of the 50% higher force per cross-sectional area (183kNm™2 in scup vs
123kNm~2 in carp at 20°C).

The Qg values found for the mechanical properties of the scup red muscle are
similar to those found for other muscles. The Q,q of force production is the same
as that found for frog muscle between 10°C and 20°C (3.55MLs™ " at 10°C and
5.71MLs~! at 20°C; Rome and Kushmerick, 1983). The Qo for V., was very
similar to that for carp. The Qo for maximum power production is within the
range of values previously reported between 10°C and 20°C (Bennett, 1984) but is
considerably higher than that in carp. The reason is that carp, unlike scup, have a
flatter force—velocity curve [as measured by Wia/(PoX Vinax)] at low tempera-
tures than at high ones. Scup have higher W,/ (PoX Vimax) values than the frog
(see Rome and Sosnicki, 1990), for instance, and this may be important in enabling
them to generate the requisite power to move rapidly.

How scup locomote with different muscle temperatures
In the previous paper (Rome et al. 1992), we showed that, in the middle and
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posterior positions of the scup, the velocity of shortening of the red muscle at a
given swimming speed is nearly the same at 10°C and 20°C. In this paper, we have
shown that the V.« of colder muscle is lower, which means that for any given
shortening velocity the force per cross-sectional area at 10°C is lower than that at
20°C. Because fish’s muscle must generate the same total power (force X velocity)
at a given swimming speed, their muscles must generate the same total force.
Rome and co-workers proposed (Rome et al. 1984, 1985; Rome, 1990) that the fish
do this by recruiting more muscle fibres at lower temperatures (a mechanism
termed ‘compression of the recruitment order’). The quantitative electromyogra-
phy (EMG) analysis in the previous paper (Rome et al. 1992) supports this theory
as well. Thus, even though force per cross-sectional area is lower at 10°C, by
recruiting more fibres, the fish’s muscle can generate the same total force.

We can now attempt to quantify this relationship. The ratio of the number of
fibres (or cross-sectional area) recruited at 10°C to that at 20°C would be the
inverse of the ratio of force generation per cross-sectional area at 10°C to that at
20°C. This ratio depends on the velocity at which the muscle is shortening. At
10°C, 1.23 ML s~ is the fastest at which the red muscle can shorten before the fish
would start to recruit its white muscle (Rome et al. 1992). At this velocity (Fig. 4),
the red muscle generates a force of 55.7+3.4kNm~2 (+s.e., N=8) (0.33P). At
20°C, however, while shortening at 1.23 MLs™", the muscle generates a force of
110+7.7kNm™2 (+s.e., N=8) (0.60Py). Therefore, to generate the same total
force, the fish at 10°C would have to recruit 1.97 times more fibre cross section
than at 20°C. Although intriguing, this calculation should be viewed with some
caution. First, it assumes that, during locomotion, the fibres are similarly activated

Fig. 4. Influence of temperature on mechanical properties of scup red muscle and on
their use during swimming. This figure shows the average (see note below) force—
velocity and power—velocity curves of scup red muscle at 10°C (A) and 20°C (B) (the
dotted portions of the curves were not covered by these experiments and are fitted by
eye based on previous results). As muscle shortening velocity during steady swimming
was independent of temperature, we have placed the swimming speed axis on the
graph as well (from Rome ez al. 1992). Thus, during steady swimming, the curves
provide the power, force and muscle shortening velocity as a function of swimming
speed. The stippled regions represent the muscle shortening velocity during steady
swimming with red muscle. The dotted vertical lines at each temperature represent
transition swimming speeds at each temperature (see Rome ez al. 1990a). At slower
swimming speeds than that of the left-hand line, the scup use ‘burst-and-coast’
swimming with red muscle or use their pelvic fins. At higher swimming speeds than that
of the right-hand line, the white muscle is recruited and the scup use burst-and-coast
swimming. For each temperature, V/V ., at the transition points is given. The curves
were defined by the following coefficients based on the eight muscle bundles in Table 1:
Vmax=3.32MLs™!, a/P§=0.25 and P}=1.325 at 10°C and V,,,=5.55 MLs™!,
a/P§=0.24 and P§=1.45 at 20°C. Note that the coefficients were chosen so that the
curves above gave the best fits to important average parameters (e.g. maximum power,
force at a given V). Hence, they differ somewhat from the average coefficients (a
hyperbolic curve having the average coefficients, may be skewed and may not
accurately represent the average shape).
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at both temperatures. Second, this value would be very different in regions of the
fish in which the muscle is active during lengthening rather than shortening.

The value of 1.97 is considerably larger than the value of 1.53 calculated for carp
(Rome and Sosnicki, 1990). The value in carp is smaller because at low
temperatures carp muscle has flatter force—velocity curves than at high ones,
thereby reducing the number of additional fibres required at low temperatures. In
scup, the force—velocity curves are similarly curved at both temperatures.

V/V jpax during swimming: comparison with carp and influence of temperature
Our previous studies on carp (Rome et al. 1988, 1990a; Rome and Sosnicki,

Muscle velocity (MLs™")

0 80

Swimming speed (cms™ ')

Fig. 4
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1990) showed that they used their red and white muscle over a narrow range of
V/Vmax values (0.17-0.36). Because scup can swim nearly twice as fast with their
red muscle as carp, we anticipated that the maximum value of V (at which the red
muscle was used) as well as V., would be twice those of carp, hence maintaining
V/Vmax- We found, however, that, because of a less undulatory style of swimming,
as well as a smaller gear ratio (i.e. SL vs A/R), scup have the same V while
swimming at 80cms ™' as carp do swimming at 45cms™" (Rome et al. 1992). In this
study, we found that, rather than scaling with maximum swimming speed, V.«
scaled the same way as maximum V (i.e. it was nearly the same in scup as in carp).
Hence, despite a twofold difference in swimming velocity, both scup and carp are
designed to use their muscle over the same range of V/V ..

Thus, as seen in the comparison between scup and carp, fast muscle is not a
necessary adaptation for fast locomotion. By modifying kinematics and biomech-
anical elements, a large change in swimming performance can be achieved without
a change in V.. Adopting a less undulatory type of movement might also be an
effective technique for reducing drag. Drag appears to be further reduced in scup
(compared to carp) by greater streamlining (e.g. folding fins within the body
profile). From this study, we also know that one useful muscle adaptation is that
scup muscle can generate about 50 % greater power per kilogram of fibre than carp
muscle because of its larger force generation. Another possible adaptation would
be a faster rate of activation and relaxation in scup than carp (i.e. its muscle has to
operate at higher oscillatory frequencies; Altringham and Johnston, 1990), but this
was not addressed in this study. It should be noted that, by not adopting these
adaptations, carp can maintain steady swimming at lower swimming speeds than
scup (i.e. 10 vs 20cms™" at 10°C and 15 vs 30cms™! at 20°C), which may be
important to their lifestyle.

Muscle fibre recruitment within individual scup at different swimming tempera-
tures is also set by V/V ... This is shown in Fig. 4. At both temperatures, scup use
their red muscle only over the same narrow range of V/V ., (0.17-0.37 at 20°C
and 0.22-0.37 at 10°C). The 1.69-fold increase in V,,,, at 20°C enables the scup to
swim with a 1.67-fold higher maximum V (and thus with a 1.5-fold faster swimming
speed).

V/V ax: an important design constraint of muscle

The results of this study add to the considerable previous evidence that V/V .
is an important design constraint in the function of muscle during locomotion.
That is, animals are designed so that they use their muscle fibres only over a
narrow range of V/V .. values (about 0.17-0.36) where we have found that
maximum power is achieved. Furthermore, this is the same range of V/V.,
values over which near-optimal efficiency is achieved. Although we have made no
energetic measurements on scup, recent ones on dogfish muscle (Curtin and
Woledge, 1991) show that, over the full range of V/V .. values of 0.17-0.36,
efficiency is at least 90 % of its maximal value. This is true despite the observation
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that maximum efficiency is found at a lower V/V ., (approximately 0.17) than is
maximum power (approximately 0.33).

To achieve a full range of movements, animals recruit fibre types with different
Vmax values and different orientations so that the active fibres operate over the
optimal range of values. By using a comparative approach, we have shown in three
separate comparisons that fibres are used over the same narrow range of V/Vmax
(0.17-0.37): first, in different fibre types within the same animal (carp; Rome et al.
1988); second, in one fibre type at different temperatures (carp; Rome and
Sosnicki, 1990; Rome et al. 1990a, scup; this study); and third in the comparison
between fast-swimming scup and slow-swimming carp.

In a fourth case, scaling within mammals, an examination of a size range from
rats to horses suggests that muscle fibres are being used at the same V/V .., (Rome
et al. 1990a). For technical reasons, however, we cannot determine precisely what
this value is. Thus, in very different situations, given the speed at which the
animals locomote, they vary V..., fibre orientation and the kinematics of
movement so that V/V,.., is maintained over the range of highest mechanical
power output and efficiency.

Other design considerations

The data from this study provide further evidence that myofilament overlap is
also an important design constraint. During steady sustainable swimming, scup use
their red muscle exclusively. In the previous paper (Rome er al. 1992) we observed
that the maximum sarcomere length excursion was 0.24 um and this was centred
around 2.10 um (i.e. 1.98-2.22 um). If scup have the same myofilament lengths as
carp (Sosnicki et al. 1991), this would suggest that these movements are achieved
without significant decrement in force (Rome and Sosnicki, 1991). Thus, animals
adjust three design parameters (fibre orientation, myofilament lengths and the
kinematics of movement) during evolution such that the muscle fibres being used
always operate at near maximal myofilament overlap and force generation.

The importance of V/V ., (and to a lesser extent myofilament overlap) should
be viewed in the broader context of the full range of muscle movements. First,
there is some evidence that, towards the tail region of fish, the red muscle is
primarily performing lengthening contractions rather than shortening contractions
(Williams et al. 1989; van Leeuwen et al. 1990). Second, V/V ., is important only
in muscles that are actively shortening (i.e. mechanical power and efficiency are
only defined for shortening muscle). Finally, even in muscle that primarily
undergoes active shortening, the muscle must still shorten and lengthen and
activate and relax in a cyclical manner which affects power output (Josephson,
1985; Altringham and Johnston, 1990).

Nonetheless, V/V .« still appears to be maintained between fairly narrow
bounds. This may be understood from the following considerations. First, fish
must generate positive mechanical work to overcome the force of drag and only
shortening muscle can produce positive mechanical work. Second, the design
requirements of power-generating muscle are probably more stringent than those
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of lengthening muscle (i.e. lengthening muscle generates high forces while
requiring little energy and in many cases in nature is even replaced by tendon).
Thus, it appears that the design parameters for muscle (e.g. V,.,) are primarily set
for effective shortening. And finally, although factors such as activation and
relaxation kinetics and shortening deactivation are no doubt important for power
output, these effects are superimposed on the rate at which the myofilaments
move past one another, which is probably the major determinant of power and
efficiency.

It is vitally important to try to reproduce in vitro the exact length changes and
stimulation pattern the muscle undergoes in vivo. This will help us evaluate the
importance of other design parameters as well as defining new constraints. In
addition, it will enable us to prove conclusively that muscle is actually active during
lengthening and, if so, to see if the muscle is specially designed for this function.
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transporting some of the scup used from Woods Hole to Philadelphia. This
research was supported by grants to L.C.R. from NIH (AR38404), University of
Pennsylvania Research Foundation and University of Pennsylvania BRSG.
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