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Thermal acclimation and muscle contractile properties in cy-
prinid fish. Am. J. Physiol. 259 (Regulatory Integrative Comp.
Physiol. 28): R231-R236, 1990.—After several weeks of cold
acclimation, the swimming performance of some fish is in-
creased at low temperatures and decreased at high tempera-
tures. The temperature compensation of locomotory activity
involves changes in central patterns of muscle fiber recruitment
and in the properties of the peripheral nervous system and
muscle tissues. In some freshwater fish belonging to the family
Cyprinidae, including the goldfish (Carassius auratus), the com-
mon carp (Cyprinus carpio), and the roach (Rutilus rutilus),
the intrinsic contractile properties of muscles are modified by
thermal acclimation. Parameters that can be altered by tem-
perature acclimation in both fast and slow muscle fibers include
isometric twitch contraction time, maximum force production,
and unloaded shortening speed. The molecular mechanisms
responsible for these changes in contractility are discussed.
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FRY AND HART (5) determined the effects of acute
changes in temperature on the maximum cruising speeds
of goldfish acclimated to various temperatures. Swim-
ming performance was found to increase at low temper-
atures and to decrease at high temperatures in cold-
compared with warm-acclimated fish (Fig. 1). The mech-
anisms underlying temperature compensation of swim-
ming performance are complex and involve changes in
the central and peripheral nervous systems, muscles, and
other tissues (8, 13). The present article reviews what is
known about the underlying mechanisms in the family
Cyprinidae (order Cypriniformes). Cyprinid fish are of
particular interest, because in a number of species the
contractile properties of muscle are modified by thermal
acclimation.

Myofibrillar ATPase Activity

Johnston et al. (16) acclimated goldfish (Carassius
auratus L.) to either 1 or 26°C for 2 mo. At 1°C, the Mg>*
Ca®*-myofibrillar adenosinetriphosphatase (ATPase) ac-
tivity from fast myotomal muscle was found to be 2.8
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times higher for 1°C- than for 28°C-acclimated fish.
ATPase activities were more similar at 15°C, resulting
in a higher apparent activation energy for myofibrils
from warm- than cold-acclimated goldfish (21.9 and 14.3
kcal/mol, respectively). This experiment provided the
first evidence that the contractile properties of fish mus-
cle could be modified by thermal acclimation. The kinet-
ics of thermal denaturation of the ATPase were also
investigated (Fig. 2). Preincubation of myofibrils at 37°C,
in the absence of substrate, resulted in an initial activa-
tion of ATPase activity before its denaturation. Myo-
fibrils from warm-acclimated fish were found to be less
susceptible to denaturation and showed a much more
marked initial activation phase than myofibrils from
cold-acclimated fish (Fig. 2).

Similar changes in ATPase activity with thermal ac-
climation have been reported for other cyprinid species,
including common carp (Cyprinus carpio L.), roach (Ru-
tilus rutilus L.), and tench (Tinca tinca) (10). These
changes take less than 4 wk to complete and are totally
reversible (Fig. 3). They do not occur in starved fish in
which protein synthesis has been reduced to a very low
level (11).

' Changes in Mechanical Properties

The use of skinned fiber preparations enables the
effects of thermal acclimation on contractile properties
to be investigated independently of any changes in nerve
and/or membrane properties. Because the composition
of the solution surrounding the myofilaments can be
manipulated, it is also possible to investigate directly the
effects of altering Ca** concentration and pH. Maximum
isometric tension and contraction speeds of fish fibers
are relatively insensitive to changes in pH within the
physiological range (pH 7.2-7.7) (21). Johnston et al.
(18) acclimated common carp to either 7 or 23°C for 2
mo [12:12 h light-dark cycle (12:12 LD)]. Muscle fibers
from 7°C-acclimated fish showed a rapid decline in ten-
sion and failed to relax completely after maximal acti-
vations at 23°C. In contrast, fibers from warm-accli-
mated fish relaxed completely at 23°C; maximum iso-
metric tensions at this temperature were 64 kN/m? for
slow and 209 kN/m? for fast muscle fibers.

Maximum isometric tension at 7°C was 1.3 (slow fi-
bers) and 2.0 times higher (fast fibers) for 7°C- than
23°C-acclimated carp (18). In another study on Crucian
carp (Carassius carassius), the volume density of myo-
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contractions, although they have slightly lower absolute
tensions than detergent skinned fiber preparations.
Crockford and Johnston (3) used this preparation to
investigate the effects of acclimating fish to a narrow
range of temperatures. The use of freeze-dried fibers
enabled all the fish to be killed at the same time. Fish
held at 12-15°C were transferred over 3—4 days to either
2,5, 8, 11, 15, or 23°C (12:12 LD). Fish acclimated to 2
and 5°C stopped feeding after 3 and 6 wk, respectively.
At an experimental temperature of 0°C, maximum iso-
metric tension (P,) and V., were 2 and 3-times higher
in fish acclimated to 11 than to 23°C, respectively. How-
ever, at 0°C, similar values for both parameters were
found for fish acclimated to 2, 5, 8, or 11°C, with values
for 15°C-acclimated fish being intermediate between
those for 11°C- and 23°C-acclimated fish (Fig. 5). For
acclimation temperatures in the range of 2-11°C, P, and
Viuax €xhibited near-perfect compensation. However, at
23°C, Vmax was 1.8 times higher, and P, was 1.4 times
higher than at 2°C, consistent with a partial capacity
adaptation over the entire thermal range studied.

Expression of Myofibrillar Protein Isoforms

Myosin has a similar subunit composition in all ver-
tebrates and contains two heavy chains (MHC) and four
light chains (MLC). The heavy chains form a coil over
their COOH-terminal halves and then separate to form
globular heads containing one alkali light chain (MLC1
or MLC3) and one MLC2 light chain, which can be
phosphorylated. The MHC composition is thought to be
the major determinant of contraction speed in mamma-
lian (24) and amphibian muscles (20). We have recently
purified MHC from the fast and slow myotomal muscles
of common carp acclimated to 8 and 20°C. MHCs were
digested with either Staphylococcus aureus V8 protease
or chymotrypsin (Fig. 7). These proteases cleave the
carboxylic acid groups of aspartate, glutamate (V8 pro-
tease), tyrosine, phenylalanine, and tryptophan (chy-
motrypsin). Although different peptide maps were ob-
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Acclimation temperature

= Experimental temperature (°C)
tained for fast and slow muscle MHC, no differences
were found with thermal acclimation (Fig. 7). However,
using Northern blot analysis Gerlach et al. (6) found
that a 7-kb DNA probe specific for carp fast muscle
MHC hybridized more strongly to mRNA from warm-
than cold-acclimated carp. Thus hybridization results
suggest that the expression of this MHC isoform RNA
can be modified by thermal acclimation.

The apparent molecular weights of MLCs in the com-
mon carp in order of decreasing isoelectric point (pl) are
MCL1 25,000, MLC2 16,500, and MLC3 20,000 (3).
Myofibrils from 8°C-acclimated carp contained an extra
band on isoelectric focusing gels with a pl between that
of MLC2 and MLC3 (Fig. 8). The cut out band comi-
grated with MLLC3 on 13% sodium dodecyl sulfate-poly-
acrylamide gels having a molecular weight of 20,000 (3).
This extra band was not due to contamination of the
sample with other fiber types, since it was also observed
in single fast fibers (3). Densitometric scans showed that
the ratio of MLC1 + MLC3 + extra band/LC2 was
around 1 in both cold- and warm-acclimated fish, sup-
porting the idea that it is indeed a light chain. The

Acclimation temperature,
= Experimental temperature (°C)

MLC3/MLC1 ratio shows considerable interspecific var-
iation in fish fast muscles and was significantly lower in
8°C- than in 20°C-acclimated carp (3). These findings
are of interest in relation to recent evidence that MLC3
content can modulate the maximum contraction speed
of rabbit muscle fibers (7). MLC1 and MLC3 are pro-
duced by alternate transcription from a single gene by
different modes of splicing of mRNA (22). Thus altera-
tions in MLC composition need not involve changes in
gene expression.

Muscle Recruitment Patterns

As swimming speed increases, there is a sequential
recruitment of slow, intermediate, and fast twitch muscle
fibers in myotomes of the carp (17). Rome et al. (25)
investigated the effects of temperature on muscle fiber
activity in fish acclimated to 15°C. They found that the
speed at which fast fibers were first recruited in 16- to
20-cm fish decreased from 46 cm/s at 20°C to 26 cm/s at
10°C. Thus the reduced power output of the slow muscle
at 10°C is compensated for by the recruitment of faster
contracting fiber types. After several weeks of acclima-
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FIG. 6. Isometric twitch contraction times recorded from a nerve-
fast muscle preparation from abdominal myotomes of common carp
(C. carpio). Fish were acclimated for a minimum of 2 mo to either 8°C
(open bars) or 20°C (shaded bars), and experiments were performed at
both temperatures for each population. A: typical force records. B: half
times for twitch activation (a) and relaxation (r) in ms. [Adapted from
Fleming et al. (4).]
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FIG. 7. SDS-polyacrylamide peptide (156%) maps of myosin heavy
*hains electrophoretically purified from fast and slow myotomal muscle
f common carp acclimated to 8 and 20°C digested with either Staph-
Vlofoccus aureus V8 protease (A) or chymotrypsin (B) and silver
‘tﬂl{led, All experimental methods were as described in Ref. 3. Accli-
Dation temperature and muscle types were as follows. Samples I and

3,20°C fast muscle; 2 and 7, 8°C fast muscle; 3 and 6, 20°C slow muscle;
and 5, 8°C slow muscle. Arrowheads indicate regions of difference
%tween fast and slow muscle peptide mans.

recruited (26). Changes in the central patterns of muscle
fiber recruitment with thermal acclimation reflect a re-
modeling of the swimming muscle. In cyprinids (14) and
numerous other families of freshwater and marine fish
(19) there is an increase in the relative proportions of
slow twitch fibers in the myotomes with cold acclimation.
The hypertrophy of slow muscles enables the power
requirements of cruising speeds to be met by the more
economical aerobic fiber types. Interestingly, changes in
the intrinsic contractile properties of muscle fibers with
thermal acclimation have so far only been demonstrated
in cyprinids and may not be widespread among teleosts.
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