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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.

times higher for I°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 accliD;lation. The kinet-
ics of thermal denaturation of the A TPase were also
investigated (Fig. 2). Preincubation ofmyofibrils at 37°C,
in the absence of substrate, resulted in an initial activa-
tion of A TPase 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 A TPase activity with thermal ac-
climation have been reported for other cyprinid species,
including common carp (Cyprinus carpio L.), roach (Ru-
titus rutitus 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).

temperature acclimation: skeletal muscle: mvofibrillar nrot.einR

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.
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Myofibrillar A TPase Activity

Johnston et al. (16) acclimated goldfish (Carassius
auratus L.) to e.ither lor 26°C for 2 mo. At 1°C, the M~+
Ca2+-Iriyofibrillar adenosinetriphosphatase (ATPase) ac-
tivity from fast myotomal muscle was found to be 2.8

This paper was presented at the symposium entitled "Influence of
Temperature on Muscle and Locomotor Performance" held in two
parts: at the Spring Meeting of the Federation of American Societies
for Experimental Biology, New Orleans, Louisiana, March 19-24, 1989,
and at the meeting of the International U nion of Physiological Sciences,
Helsinki. Finland. July 9-14.1989

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 Ca2+ 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/m2 for
slow and 209 kN/m2 for fast muscle fibers.

Maximum isometric tension at rc 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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FIG. 4. Negative log of Ca2+ concentration (pCa)-tension relation-
ship of detergent-skinned slow fibers isolated from myotomal muscles
of common carp acclimated for 2 mo to either 7 or 23°C (12:12 light-
dark cycle). Composition of activating solutions was adjusted to give a
range ofpCa values from 4.5 to 8.0, a pMg of 2.50, a pMgATP of 2.25,
and an ionic strength of 180 mM. In calculating concentration of ionic
species, an appropriate correction was made for pH and temperature.
Sarcomere length was measured by laser diffraction and set to 2.3 JIm.
Curves were fitted to experimental data using equation P/Po = (c/k)"/
[1 + (c/k)"], where n is Hill coefficient, k is Ca2+ concentration required
to generate maximum tension, cis Ca2+ concentration, and P /P o is
tension relative to maximum. All parameters were obtained by linear-
izing data from each fiber using Hill equation (2). A: typical isometric
force record at 15°C, illustrating experimental protocol. Transfer of
fiber bundle (50 JIm diameter) into either activating (upper arrows,
pCa) or relaxing solutions (R) is indicated. B: effects of temperature
on pCa-tension relation at pH 7.6, 15°C (circles), 0°C (squares). C:
effects ofpH on pCa-tension relation at 15°C (pH 7.0 circles, pH 7.6
squares).

Fleming et al. (4) used a nerve muscle preparation
from common carp to investigate the effects of;thermal
acclimation on the twitch contraction kinetics of fast
myotomal muscle. Cooling 20°C-acclimated preparations
from 20 to 8°C, resulted in a two- and threefold increase
in the half times for twitch activation and relaxation,
respectively (Fig. 6). At 8°C, both parameters were sig-
nificantly faster in 8 than 20°C-acclimated preparations,
indicating a partial capacity adaptation in twitch con-
traction times. Muscle fibers undergo cyclical contrac-
tions during swimming, and power output is determined
by the amplitude of the length changes, the number and
timing of nerve impulses, and by the period of each cycle
(12). Altringham and Johnston (1) have recently deter-
mined the power output of fish fast and slow fibers
undergoing oscillatory work. They found that when all
other parameters were optimized the cycle frequency for
maximum power output was inversely correlated with
twitch contraction time. Because only a partial capacity
adaptation is observed in twitch contraction times, it is
likely that maximum power output would be shifted to
lower tail-beat frequencies in cold-acclimated fish. In
this connection, it is interesting to note that for both
rainbow trout and large mouth bass the tail-beat fre-
quency required to swim at a given speed increases with
decreasing acclimation temperature, suggesting the re-
cruitment of faster contracting muscle fibers (27).

The average diameter of myofibrils is lower in cold-
than in warm-acclimated goldfish (23). Reduced diffu-
sion distances from the sarcoplasmic reticulum (SR) to
the contractile filaments, together with an increased rate
of cross-bridge cycling, provides at least part of the
explanation for the observed reductions in twitch acti-
vation times in cold-acclimated fish (Fig. 6). In common
carp, the faster relaxation of twitch tension in the mus-
cles of cold-acclimated fish is probably related to changes
in the density and/or properties of Ca2+ pumps in SR.
At 8°C, Ca2+-ATPase activity was 60% higher for SR
vesicles from 8°C- than from 20°C-acclimated carp. The
volume and surface densities of SR in carp fast muscle
fibers was found to be unchanged by thermal acclimation
(4). In contrast, a higher density of SR was found in
cold-acclimated than warm-acclimated goldfish (23).~

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 0) and V max 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, Po and
V max exhibited near-perfect compensation. However, at
23°C, V max was 1.8 times higher, and Po 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 (MLCl
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 Band 20°C. MHCs were
digested with either Staphylococcus aureus VB protease
or chymotrypsin (Fig. 7). These proteases cleave the
carboxylic acid groups of aspartate, glutamate (VB pro-
tease), tyrosine, phenylalanine, and tryptophan (chy-
motrypsin). Although different peptide maps were ob-
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FIG. 8. Ultrathin polyacrylamide isoelectric focusing gel with ex-
tended gradient between pH 2.5 and 5.5 of myofibrils isolated from fast
myotomal muscle of common carp. Gel was stained with Coomassie
Brilliant Blue. All experimental methods were as described in Ref. 3.
a: 20°C-acclimated carp muscle; b: 8°C-acclimated carp sample; mlc3c,
myosin light chain extra band present in 8°C-acclimated samples.

tion to 10°C, the maximum cruising speed of carp in-
creases relative to acutely cooled fish (9). This is corre-
lated with a rise in the speed at which fast fibers are first
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.

a r a r a r a r

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 (15%) 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-

"/0coccus aureus V8 protease (A) or chymotrypsin (B) and silver
ltained. All experimental methods were as described in Ref. 3. Accli.
nation temperature and muscle types were as follows. Samples 1 and
J, 20°C fast muscle; 2 and 7, 8°C fast muscle; 3 and 6, 20°C slow muscle;
I and 5, 8°C slow muscle. Arrowheads indicate regions of difference

Jetween fast and slow muscle nentide mans.
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