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In general, QlO(l5-30 "C) values for V max were
in the range 1.8-2.0 for all warm water species
studied except Skipjack tuna. V max for the internal
red muscle fibres of Skipjack tuna were much more
temperature dependent (QlO(l5-30"C)=3.1) (P<
0.01) than for superficial red or white muscle
fibres. The proportion of slower red muscle fibres
in tuna (28% for 1 kg Skipjack) is 3-10 times high-
er than for most teleosts and is related to the tuna's
need to sustain high cruising speeds. We suggest
that the 8-10 °C temperature gradient that can ex-
ist in Skipjack tuna between internal red and white
muscles allows both fibre types to contract at the
same speed. Therefore, in tuna, both red and white
muscle may contribute to power generation during
high speed swimming.

Summary. Single fast fibres and small bundles of
slow fibres were isolated from the trunk muscles
of an Antarctic (Notothenia neglecta) and various
warm water marine fishes (Blue Crevally, Carangus
melampygus; Grey Mullet, Mugil cephalus; Dol-
phin Fish, Coryphaena hippurus; Skipjack-tuna,
Katsuwonus pelamis and Kawakawa, Euthynuus af-
finis). Fibres were chemically skinned with the non-
ionic detergent Brij 58.

For warm water species, maximum Ca2+-acti-
vated tension (P 0) almost doubled between
5-20 °C with little further increase up to 30 °C.
However, when measured at their normal body
temperatures, p 0 values for fast fibres were similar
for all species examined, 15.7-22.5 N .cm-2. Ca2+-
regulation of contraction was disrupted at temper-
atures above 15 °C in the Antarctic species, but
was maintained at up to 30 °C for warm water
fi"h

Introduction

Myosins from cold-water fish are unstable and sus-
ceptible to aggregation on isolation compared to
those prepared from tropical species (Connell
1961; Johnston et al. 1974). The greater suscepti-
bility of myosin A TPase from Antarctic fish to
thermal denaturation has been correlated with an
increased enzyme activity at low temperatures and
reduced free energy of activation relative to myosin
A TPase from warmer water species (J ohnston and
Walesby 1977, 1979). Previous studies of tempera-
ture compensation of contraction have dealt with
the properties of isolated proteins in solution (see
Clarke 1983, for a review). The extent to which
the mechanical nronerties of muscles of animals

Unloaded (maximum) contraction speeds
(V max) of fibres were determined by the "slack-
test " method. In general, V max was approximately

two times higher in white than red muscles for
all species studied, except Skipjack tuna. For Skip-
jack tuna, V max of superficial red and white fibres
was similar (15, 7 muscle lengths. s -1 (Lo. s -1 )) but

were 6.5 times faster than the V max of internal red
muscle fibres (2,4 :t 0.2 Lo's -1) (25 °C),

V max for N. neglecta fast fibres at 0-5 °C
(2-3 LO'S-l) were similar to that of warm water
species measured at 10-20 °C. However, when
measured at their normal muscle temperatures, the
V max for the fast muscle fibres of the warm water
species were 2-3 times higher than that for N. neg-
,prfn-
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ter for June-July, 24-28 °C. All fish were fed a diet of sprats
and chopped squid. Species studied were Skipjack tuna (Kat-
suwonus pelamis, 8 fish, 1.2:]:0.2 kg, 39.8 :]:0.4 cm); Kawakawa
(Euthynnus affinis, 5 fish, 3.2:]:0.4 kg, 51.2:]:1.1 cm); Dolphin
fish (Coryphaena hippurus, 1 fish, 11 kg, 120 cm); Grey mullet
(Mugil cephalus L., 6 fish, 1,137:]:164g, 41 :]:2 cm) and Blue
Crevally (Carangus melampygus Wakiya, 5 fish, 304:]:21 g,
25:]: 1 cm).

Choice of preparation. Both fast and slow muscle fibres are
polyneuronally innervated in most teleosts often with as many
as 15-20 motor-endplates per fibre (Bone 1978; Johnston
1983a, Q). Dissection of small fibre bundles inevitably results
in a variable proportion of damaged and inexcitable fibres.
Such preparations produce relatively low tetanic tensions on
electrical stimulation (Flitney and Johnston 1979). Single
skinned fibre preparations from fish produce much higher max-
imum tensions in the range reported for skinned preparations
from other vertebrate muscles (Altringham and Johnston 1982).
For frog fibres, maximum isometric tensions are somewhat
lower for skinned than intact preparations, whereas maximum
contraction velocities are similar (Julian 1971; Edman and
Hwang 1977). Skinned fibres have therefore been chosen as
the most suitable preparation for comparative studies of muscle
mechanics in fish.

Experimental protocol. Fish were stunned by a blow to the head
and pithed. Strips of red and white muscle were dissected from
2-3 myomeres half way along the length of the trunk. In the
case of the tuna species, both superficial and internal deep red
muscle were sampled (Fig. 1). Subsequent dissection was car-
ried out under silicon oil (BDH MS 550) in a 2 mm deep glass
trough. Single red and white fibres were isolated from a 20-
30 fibre bundle dissected from a single myotome. Fibre lengths
in the region sampled were 1.8 cm for Grey mullet and
0.8-1.0 cm for all other species studied. Single fibre segments,
90-100 ~m diameter and 1.3-3.2 mm length, were transferred
directly to the apparatus usingjewe1lers' forceps. A thin coating
of oil remained on each fibre and helped prevent dehydration
during the 15-30 s required to transfer and mount fibres.

from widely different thermal environments are
similar is unknown. There is evidence to suggest
that the thermal dependence of biochemical sys-
tems in vitro does not reflect that of more highly
organised systems in vivo. For example, MgCa-
A TPase activity of Sculpin (Myoxocephalus scor-
pius) fast muscle myofibrils increases 8-fold be-
tween 0.5 and 20 °C, compared with an increase
of only 2.5-fold for unloaded (maximum) contrac-
tion speed (V max) (Johnston and SideI11984).

The present study was undertaken to ~xamine
the thermal dependence of muscle contraction
speeds at the two extremes of body temperature
found among fishes. Notothenioid fishes are re-
stricted to South Polar seas (DeWitt 1971), and
have a number of adaptations, such as glycopro-
tein antifreeze molecules, which enable them to live
at sub-zero temperatures (Clarke 1983). At the
other extreme, tuna species are highly specialised
tropical and sub-tropical scrombroids that are able
to maintain elevated red muscle temperatures
which are especially dramatic during periods of

high speed swimming.
Elevated muscle temperatures are achieved us-

ing retia mirabilia as counter current heat ex-
changers to conserve metabolic heat (Carey and
Teal 1969; Stevens and Neill 1978). Stevens and
Neill (1978) have reported that for Skipjack tuna,
aerobic metabolism can produce internal red mus-
cle temperatures 10 °C above ambient water tem-
peratures during periods of burst swimming.

Tuna have substantially higher metabolic rates
than other fish (Stevens and Neil11978) and a
number of special adaptations for high speed
swimming including the adoption of ram ventila-
tion and variouS morphological features to reduce
drag, such as caudal peduncle finlets, eye fairings,
and slots for the dorsal fins (Magnuson 1978 ;
Sharp and Pirages 1978). Therefore, a second ob-
jective of this study was to determine if adaptations
for high speed swimming were also reflected in
higher muscle contraction velocities.

Measurement of contractile properties. Muscle fibres were
mounted with the aid of a binocular microscope and then chem-
ically skinned with 1% Brij 58 (polyoxyethylene 20 cetyl ether)
dissolved in relaxing solution. Relaxing solution contained
20 mM imidazole-HCI, 110 mM KCI, 3.0 mM MgCI2, 5 mM
EGTA (ethyleneglycolbis p-aminoethylether N,N'-tetraacetic
acid), 10 mM phosphocreatine, 2.5 mM ATP, pH 7.2 at 20 °C.
Crystalline creatine phosphokinase ( > 20 units. ml- I, Sigma
Chemical Co, Poole, England) was added to all incubation solu-
tions just prior to experiments. In all experiments, pH was al-
lowed to vary freely with temperature. Imidazole was choseIl
as the buffer since it has a LlpH/LIT curve similar to that re-
ported for blood and tissue from many fish species (Reeves
1977). Activating solutions were prepared by addition of a 1 M
volumetric solution of CaCI2 to yield a final concentration of
4.0--5.0 mM. Ionic compositions were determined using an iter-
ative computer programme written in BBC Basic, based on
that described by Fabiato and Fabiat.o(1979). The programme
was modified to correct for changes in ionic composition with
alterations in temperature and pH (stability constant CaEGT A/
Ca. EGTA=8.89 x 101° at 22 °C). Total ionic strength of the
activating solution was 0.17 M, free concentrations of Ca2+,
Mg2+ and MgATP were 5-15 ~M, 0.50--0.54 mM and
2.31-2.52 mM, respectively. Ca2+-concentrations required to
give maximally activated concentrations at each temperature
were determined in a series of preliminary experiments.


