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Summary

Chapter 1.

1. Studies on the anatomy, fibre types, innervation,

mechanics, energy supply and recruitment patterns of teleost

myotomal muscle are described. Phenotypic plasticity to

changes in environmental factors and exercise are discussed.

Chapter 2.

1. The activities of adenylate kinase (AK), citrate

synthetase (CS), creatine phosphokinase (CPK), hexokinase

(HK), lactate dehydrogenase (LDH) and pyruvate kinase (PK) in

the myotomal muscle were studied in three species of fish

with widely differing locomotory habits; mackerel (Scomber

scombrus L), cod (Gadus morhua L) and bull-rout

(Mvoxocephalus scorpius L).

2. The white myotomal muscle was studied in mackerel, cod and

bull-rout, the red muscle in mackerel and cod only. The white

muscle was sampled from the caudal region in all three

species and from the rostral region in the mackerel and cod.

The red muscle was sampled caudally in both the mackerel and

cod, and rostrally in the mackerel only.
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3. There was considerable inter-specific variation in the

enzyme activities. All three species had well-developed

anaerobic glycolytic pathways in the white muscle, but

mackerel white muscle had an LDH activity four times that in

bull-rout and seven times that in cod. Cod had a CPK activity

twice that of the other two species. In the red muscle the

difference in LDH activity observed in the white muscle was

not apparent, but the PK and AK activities in mackerel were

twice as high as those in the cod.

4. The relative differences in enzyme activities between the

red and white muscle varied between species. LDH activity was

similar in cod red and white muscle, but was six times higher

in mackerel white than red muscle. CPK activity was a four¬

fold higher in white than red muscle in the cod, but only

two-fold in mackerel. Both species showed a decrease of about

an order of magnitude in CS activity from red to white

muscle.

5. Enzyme activities in the rostral and caudal myotomes were

compared. Significant differences were only observed in the

LDH and PK activities of the white muscle of cod and

mackerel. Activities were higher caudally in comparison with

the rostral samples in both species. In cod the hypaxial

rostral and epaxial rostral samples also showed significant

differences in the activities of these enzymes, with higher

levels in the epaxial samples.
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6. This study demonstrates that enzyme activity profiles vary

between species with differing ecologies and that differences

also occur in the enzyme activity profile of white muscle in

a single species depeding upon its anatomical location. This

is the first evidence of variation of enzyme activities

within a single muscle type in a single species.

Chapter 3.

1. The number of nerve endplates on white muscle fibres from

different myotomes in the cod (Gadus morhua L) were examined

histochemically.

2. There was a significant difference in the density, and

hence spacing, of the end-plates from the rostral and caudal

myotomes in the white muscle. Rostrally the spacing was

0.60mm, whereas caudally it was 0.74mm. There was no

significant difference in the spacing of the end-plates in

fibres taken from the same part of the same myotome in cod of

different sizes, ranging from 20-43.5cm, which sugests that

new end-plates are developed on fibres as they grow.

3. The implications of these findings are discussed in terms

of the co-ordination and integration of swimming movements

and the different roles of the rostral and caudal myotomes in

generating the locomotory wave.
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Chapter 4.

1. Carp (Cvprinus carpio L) were acclimated to either 2°C,

5°C, 8 °C, 11°C, 15°C or 23°C. These temperatures were

achieved in 2-3 days from 15°C. The condition and

hepatosomatic indeces were determined for each group of fish.

The activities of LDH and CS were measured in the red and

white muscle and liver, and the activities of CPK were

measured in the red and white muscle only. The concentrations

of glycogen and triglycerides were measured in the red and

white muscle and liver.

2. The hepatosomatic index ranged from 1.92 at 15°C to 0.96

at 23°C. The hepatosomatic index of the 23°C acclimated fish

is significantly lower than that of the 8°C, 11°C and 15°C

acclimated fish. The condition index ranged from 3.33 at 5°C

to 2.76 at 23°C. Although there appeared to be a slightly

declining trend in condition index as the acclimation

temperature rises, the only significant difference was

between the 23°C group and the 2°C and 5°C groups.

3. Measured at 15°C the 8°C fish had the lowest activities of

LDH and CPK. CS activities were higher in the 8°C fish,

significantly so in the red and white muscle.

4. Measured at the acclimation temperatures of the groups LDH

and CPK showed no difference in activity from that expected

due to an acute change in temperature. Q^q values for
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physiological processes which show no compensatory

adaptations to changes in temperature fall between 2 and 3.

The Qio's f°r LDH and CPK fell within this range. However, CS

activity at 8°C was similar to that at 23°C, which was taken

to indicate a capacitative response to temperature

acclimation.

5. Glycogen concentrations showed a peak in the 8°C group,

which can be attributed to a compensatory response, whereas

triglyceride showed a peak at 11°C, which may be an

indication of changes preliminary to a capacitative response

occurring.

6. These results are discussed with respect to acclimatory

processes. At 2°C and 5°C responses typical of resistance

adaptation occurred. At 8°C capacitative adaptation occurred,

which indicates that both capacitative and resistive

adaptations can occur in the same species. The results also

suggest that there is a threshold temperature between 8°C and

11°C at which capacatative compensatory mechanisms are

entrained in the carp.

Chapter 5.

The interspecific variation in the enzymes of energy supply

in the myotomal muscle, the heterogeneity of a fibre type and

the effects of temperature and growth are discussed with

respect to other work in these fields. Proposals are made for
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the directions future investigations might take to elucidate

the reasons for this plasticity of muscle fibre phenotypes

and to establish its impact on the locomotion of fish.



Chapter l. General Introduction

1.1 Swimming

The study of locomotion and its underlying physiology is a complex

task in fish, a considerable amount of work has been done, and an

extensive literature exists on the subject. There are problems in

trying to determine exactly what is happening because of the

difficulties in studying the physiological and hydrodynamical

properties of the fish while it is moving, and of observing and

recording the movements of the fish. However, van Leeuwen, Lankheet,

Akster and Osse (1990) have recently, and successfully, managed to

relate recuitment patterns and strain fluctuations to locomotion in

the carp using a combination of synchronised electomyography and

cinematography, electron microscopy and modelling.

At the macroscopic level swimming has been related to body structure

and form (eg Videler 1981; Wainwright 1983; Webb 1984); the physical

restraints placed upon the fish by its morphology and environment

(Bainbridge 1958; Bainbridge 1960; Bainbridge 1962; Videler and Weihs

1982; Wardle 1975; Wardle and Videler 1980); and behaviour (Videler

1981; Wardle 1985). Consideration of the contributions to locomotion

of various factors, including different fibre types, muscle

mechanics, innervation and energy supply, has been made. These

studies often use certain critical variables, such as exercise,

depletion, hypoxia, temperature and growth to elucidate the

contribution of the underlying factors. This work has been well

reviewed (Bone 1978a; Johnston 1981; Johnston and Altringham 1991).
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Fish typically move forwards in one of three ways; by moving the

trunk and caudal fin, by using extended median or pectoral fins, or

by using shortened median or pectoral fins (Breder 1926). The first

way, using lateral undulations of the body and caudal fin, can be

further divided into carangiform, typified by scombroids,

anguilliform, typified by the eels, and ostraciform, which is

virtually restricted to the boxfish, Ostracion (Breder 1926).

1.2 Anatomy

1.2.1 Organisation of the mvotomal muscle

In fish the skeletal muscles of the trunk are arranged in segmental

units, or myotomes, with one pair per vertebra (Nursall 1956). These

myotomes are divided dorsoventrally, with one on each side of the

fish. In teleosts the myotomes are arranged in a complex W shape to

form a series of overlapping cones, with the apeces of the dorsal and

ventral cones pointing rearwards and the middle cone forwards

(Wainwright 1983); the development of this arrangement is at its most

intricate in the higher teleosts, shown in figure 1.1a (Alexander

1969). The asymmetrical shape of the myotome may assist in preventing

flexion of the trunk in the vertical plane (Bone 1978a). The muscle

fibres vary in their orientation in each of the myotomes, with the

trajectories of the fibres in each cone opposed to the acute angle

the cone makes with the body axis and also a helical arrangement of

muscle fibre trajectories (Alexander 1969), with the deepest fibres

having the greatest deflection from the long axis of the fish (figure

1.1b). As the radius of curvature in the myotome is least adjacent to
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Figure 1.1. Anatomical arrangement of the trunk muscle in teleosts.
a. Simplified diagram of the myotomal shape in a teleost,
showing a mid-trunk and caudal myotome (After Nursall 1956).
b. Teleost muscle fibre trajectories, i. Cross-section
showing helical arrangement of the muscle fibres (caudo-
rostral view), ii. Lateral and iii. Dorsal transparent views
of the helices (After Alexander 1969) .

c. Cross-section of a teleost in the post-coelomic region
showing the arrangement of the septa (After Wainwright
1983).
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Figure 1.1
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the vertebral column, and greatest at the skin, the result of this

complex orientation is that all of the fibres in one myotome can

shorten a similar amount during flexion of the body (Alexander 1969).

With the exception of the first (rostral) and last (caudal) myotomes

the muscle fibres insert at both ends into sheets of flexible

connective tissue that seperate the myotomes, the myosepts. These

sheets are perpendicular to the axis of the vertebral column but

there are other sheets of connective tissue, the major ones of which

are attached to and bisect the flexible, but incompressable,

vertebral column in the vertical and horizontal planes - the vertical

median septum and the main horizontal septum respectively. Then there

are the epaxial and hypaxial septa lying between the two main septa

dorsally and ventrally, and perpendicular to the vertical median

septum (figure 1.1c). The myotomes are connected to these septa and

to the skin (Wardle and Videler 1980).

Carangiform and anguilliform swimming is the result of a series of

contractions of the myotomes on alternate sides, starting with those

behind the head and ending where the last myotome inserts onto the

tail. Two theories have been postulated for the timing sequence of

myotomal contractions: 1. Simultaneous contractions along the entire

length of the body on alternate sides; 2. Sequential contraction,

with thick myotomes at the front of the fish shortening during the

peak thrust of the tail blade while the thinner myotomes at the rear

generate stiffness to transmit these forces and reposition the tail

for the next cycle (Wardle 1985) .



Recently however, Williams, Grillner, Smoljaninov, Wallen, Kashin and

Rossignol (1989) have shown in trout that the activation of the

contractile elements occurs as a travelling wave, but that the long

duration of the burst in the rostral region, coupled with the EMG

wave's high velocity of propagation, produces some of the elements of

a standing wave, in that the majority of the myotomal musculature is

active at the peak of caudal fin velocity.

The differing synchronisation of activation and contraction,

depending on the location of the myotome, results in the rostral

myotomes producing positive work, or thrust, and the caudal myotomes

producing negative work, or stiffness (van Leeuwen et al 1990; Wardle

1985). This is because the rostral fibres are activiated after the

stretch phase is complete, allowing the length change to occur that

generates thrust, whereas the caudal fibres are activated during the

stretch phase and so become stiff.

The amplitude of the lateral undulations of the body is smallest at

the cranial end and largest at the tail in the subcarangiform

swimming shown by the cod (Videler and Wardle 1978). The longitudinal

force generated at the tail is higher than that generated at the

head, for two reasons: firstly, the caudal inclination is larger and,

secondly, the tail traverses a greater distance (Webb 1984) . The

locomotory speed at any particular frequency of tail beat is directly

dependent upon the amplitude (maximum of 1/5 body length, measured

from the tip of the snout to the posterior extremity of the tail) of

the tail beat (Bainbridge 1958; Videler and Wardle 1978).
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1.2.2 Muscle fibre types

The myotomes of fish contain distinct layers of muscle, described as

red or white (Stirling, 1875). In many species these have been

identified as slow and fast twitch muscle fibre types respectively

(Johnston, Davison and Goldspink 1977; Johnston, Frearson and

Goldspink 1972). This division into zones has proved very useful as

it allows studies to be made on 'pure' samples of fibre types.

However, it must be borne in mind that this dichotamous segregation

of types is an over-simplification as Akster (1981), Davison,

Goldspink and Johnston (1976) and Korneliussen, Dahl and Paulsen

(1978) have demonstrated the existance of a third type, the pink or

intermediate, located between the red and white in three species of

fish. In fact there is a discontinuous spectrum of fibre types (Bone

1978a) - four discrete fibre sub-types have been identified in the

eel, Anguilla rostrata (Hulbert and Moon 1978), the mackerel, Scomber

scombrus (Gillerman 1980), the rainbow trout, Salmo gairdneri

(Johnston, Ward and Goldspink 1975), and the stickleback,

Gasterosteus aculeatus (Kilarski and Kozlowska 1983); five in the

carp Cyprinus carpio (Akster 1983), and the dogfish, Scvliorhinus

canicula (Bone, Johnston, Pulsford and Ryan 1986); and seven types in

the cod, Gadus morhua. two in the superficial red, two in the

intermediate pink and three in the deep white (Korneliussen et a_l

1978) .

The distribution of red and white muscle in the myotomes varies from

species to species, but typically the red fibres form a thin,

superficial sheet or wedge adjacent to the lateral line (Hudson
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1973), shown in figure 1.2 and, normally, the red muscle has the

greatest proportional cross-sectional area in the caudal region of

the fish. For Gadus merlangus the proportion of red muscle to white

muscle is 2% at 0.35% of the body length from the snout, 11.7% at

0.66% and 14.3% at 0.79% (Greer-Walker and Pull 1975). However, the

relative proportion of red to white muscle at a given point varies

from species to species and is linked to the ecology of each species.

Greer-Walker and Pull (1975) sampled 84 species and demonstrated that

red muscle contributes very little (c 1%) to myotomal cross-sectional

area in a sedentary species, whereas free swimming pelagic species

can have as much as 30%. A direct relationship has been established

between the proportion of red muscle present and the ability to

sustain swimming (Mosse and Hudson 1977). In addition, Smialowska and

Kilarski (1981) examined the fibre diameters in nine species of

Antarctic fish. They found that the red fibres vary in diameter from

the rostral to caudal regions of the fish, with the larger diameter

fibres caudally. Conversely, the white fibres have a larger diameter

in the rostral region.

The large bulk of normally inactive white muscle is not a hinderance

to the fish, due to more or less neutral buoyancy, and this bulk is

located towards the rostral region of the fish. The largest width of

myotome and white fibres with the greatest diameter are located in

myotome 12 in the cod (Greer-Walker 1970). The 'spare' power offered

by the white muscle is utilised at increasing speeds; 3% at 1/8

speed, 10% at 1/4 speed, 30% at 1/2 speed and 100% at maximum speed

(Wardle and Reid 1977; Wardle and Videler 1980).
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Figure 1.2. Diagrammatic representation of the distribution of fibre
types in the post-coelomic region of four species of teleost.

a. Cod (After Greer-Walker 1970).
b. Carp (After Akster 1985).
c. Skipjack tuna (After Johnston 1981).
d. Brook trout (After Johnston 1981).
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The fibre types in the locomotory muscle of fish have been examined

by many workers at several levels of organisation, and this wealth of

information has also been frequently reviewed (Bone 1978a; Johnston

1981; Johnston and Altringham 1991; Morgan and Proske 1984). Although

the fibre types can have characteristics ascribed to them these can

vary between species (Bone 1978a; Mosse 1979) and within species

(Mosse 1979), but the following is a generalised overview of the two

main types.

1.2.2.1 Red fibres

The red fibres have smaller diameters (George and Stevens 1978); are

well supplied with capillaries (Eggington and Johnston 1983; Johnston

1982; Johnston and Moon 1981; Nag 1972; Salamonski and Johnston

1982); contain 10-30 times more mitochondria than the white muscle,

sometimes more, in some fish, than the most active mammalian muscle

(Eggington and Johnston 1983; George and Stevens 1978; Johnston and

Moon 1981; Nag 1972; Salamonski and Johnston 1982); and have

extensive sarcoplasmic reticulum (Hess 1970; Patterson and Goldspink

1972). The red fibres have thick Z lines (Akster 1985) and a well

defined M band (Hess 1970; Patterson and Goldspink 1972) with a low

density of myofibrils (Eggington and Johnston 1983, Salamonski and

Johnston 1982).

The red fibres are largely dependent on the relatively slowly

activated aerobic pathways for generating ATP (Egginton and Johnston

1983; George and Stevens 1978; Johnston et al 1977; Johnston and Moon

1981; Nag 1972). The red fibres have a high level of myoglobin
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(George and Stevens 1978) and utilise substrates stored outside the

muscle fibres themselves (Hochachka and Somero 1984; Pritchard et al

1971; Johnston and Goldspink 1973a; Stryer 1981), although they do

have high levels of intracellular lipid and glycogen (Eggington and

Johnston 1983; George and Stevens 1978; Nag 1972). The red fibres are

resistant to fatigue at sub-maximal work loads (Barets 1961) and use

lipid as their main source of energy (George and Stevens 1978).

The red fibres are multiply innervated and are mainly involved in low

speed swimming and sustained locomotory activity (activity over 200

minutes duration, Beamish 1978), determining the top aerobic swimming

speed (Goldspink 1980), although they are active at all speeds

(Hudson 1973). The red fibres are the first type to be recruited

during swimming (Bone 1978a).

1.2.2.2 White fibres

There is considerable heterogeneity in the white fibre population

(Johnston and Moon 1981). Generally the white muscle fibres have

charateristics at the other end of the spectrum from the red fibres.

They have larger diameters (George and Stevens 1978) , are poorly

supplied with mitochondria and capillaries (Eggington and Johnston

1983; Johnston and Moon 1981; Nag 1972; Salamonski and Johnston 1982)

and have high levels of intercellular glycogen, which is their main

source of energy (George and Stevens 1978; Johnston and Moon 1981).

The white fibres are polyneuronally innervated in all the higher

teleosts (Bone 1978a). There is higher density of myofibrils

(Eggington and Johnston 1983, Salamonski and Johnston 1981) and
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myosin ATPase activity is about three times higher in white than red

muscle (Johnston et aJL 1972).

1.3 Innervation

1.3.1 Pattern of innervation

Vertebrate skeletal muscle is innervated in one of two ways,

described as either focal or distributed, depending upon the pattern

of nerve terminals on the muscle fibre. Focal innervation, in which

one axon innervates a single endplate on a muscle fibre, is found in

fast muscle, whereas distributed innervation is considered to be

typical of slow twitch or tonic muscle fibres (Bone 1964; Hess 1960;

Hess 1965; Proske and Vaughan 1968; Zenker and Anzenbacher 1964).

Some fish have both forms of innervation, and sharks have a form of

focal innervation with two innervating axons, inserting onto either

end of the muscle fibre (Bone 1964). The distributed innervation of

muscle fibres can be divided into two categories: polyneuronal, where

several axons supply the same fibre, and multiple end-plate where the

same axon produces several end-plates on one fibre (Hudson 1969a) .

The red muscle fibres in all fish muscle have distributed innervation

(Altringham and Johnston 1988b; Bone 1964; Bone 1978a; Johnston 1981;

Morgan and Proske 1984) . However, the innervation of the white muscle

fibres in fish varies in a way that is of particular interest. In

some teleosts (gonorynchiformes, clupeiformes and anguilliformes) and

other primitive fish (chondrosteans, dipnoans and elasmobranchs)

focal innervation by one or two axons occurs at the myoseptal end (or
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ends) of the fibre (Barets 1961; Best and Bone 1973; Bone 1964; Bone

1972; Bone 1978a; Ono 1983), conversely the majority of teleosts

(acanthopterygians and paracanthopterygians) have distributed

innervation - this distributed innervation of white muscle is unique

in vertebrates (Altringham and Johnston 1981; Barets 1961; Bone

1978a; Hudson 1969b; Johnston 1981; Johnston 1985a; Johnston and

Bernard 1982; Kilarski and Kozlowska 1983).

There is evidence for the independent origin of distributed

innervation of white fibres in several teleost orders (Ono 1983), so

the selective pressure must be high for its development. Both focal

and distributed innervation are seen in the stomiiformes, which

suggests that they are a transitional form between the advanced and

primitive fish (Bone and Ono 1982).

The reason for this development of distributed innervation in fast

muscle remains obscure, despite recent close scrutiny (Altringham and

Johnston 1981; Altringham and Johnston 1988a; Altringham and Johnston

1988b; Archer, Altringham and Johnston 1990; Johnston and Altringham

1991; Mos, Maslam and Armee-Horvath 1988; Westerfield, McMurray and

Eisen 1986) .

The spinal nerves run through the myosepta and branch out to cover

the surface of the myotome in a network which ensures that every

fibre receives several nerve terminals (Barets 1961, Bone 1964). It

has been shown that the distributed innervation in teleosts is the

result of branching of an axon to produce several nerve endings on

one muscle fibre (multi-terminal), rather than several axons
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innervating one muscle fibre (polyneuronal) (Altringham and Johnston

1989, Westerfield et al 1986). Westerfield et al (1986) have shown

that considerable precision of innervation is present, as one

identifiable primary and up to three identifiable secondary

motoneurones can impinge on a fibre - innervating fibres in discrete

sections of the myotome.

Distributed innervation does not seem to confer any unique properties

on the muscle fibre (Altringham and Johnston 1988b), as the firing of

one of the 2-5 axons innervating a fibre can cause an action

potential and an all-or-nothing twitch (Altringham and Johnston

1988a, 1988b, Westerfield et al 1986), similar to the response of

focally innervated muscle fibres. However, distributed innervation

has been correlated with the recruitment of fast muscle at low speeds

(Bone 1978a, Johnston 1981) and the capillary and mitochondrial

densities are higher than in those fibres with focal innervation

(Johnston and Moon 1981, Johnston et al 1983) - it is possible that

this allows the teleost to have a graded mechanical response for

finer control of locomotion (Altringham and Johnston 1988b).

1.4 Muscle mechanics

1,4.1 Contractile properties

The contractile properties of a fibre are determined by its

contractile proteins and the force developed by a muscle is

proportional to the myofibrillar cross-sectional area (Goldspink

1985).
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As might be expected, there are differences in the mechanical

properties of the major fibre types (reviewed by Bone 1978a; Johnston

1981; Johnston and Altringham 1991; Morgan and Proske 1984). It is of

interest that white fibres with either distributed or focal

innervation have similar isotonic contractile properties, except that

the former have a shorter twitch contraction time (Johnston and

Altringham 1988). However, the contractile properties can vary

between species, in which they may be related to locomotory style,

and to the size of the specimen (Altringham and Johnston 1990).

In chemically skinned muscle fibre preparations, from a wide variety

of species, the maximum force generated by the white muscle is about

three times that in the red, the maximum contraction velocity is up

to twice as fast and the maximum power output is four to six times

higher (Altringham and Johnston 1982; Johnston and Brill 1984;

Johnston and Harrison 1985; Johnston and Salamonski 1984, Moerland

and Sidell 1986). The difference in tension is greater than can be

accounted for by the difference in myofibrillar volume density alone,

so it is possible that the tension per myofibril is higher in the

white muscle than in the red (Altringham and Johnston 1982).

Using live muscle preparations (Akster, Granzier and ter Keurs 1985b;

Granzier, Wiersma, Akster and Osse 1983), the white muscle has been

shown to have shorter contraction and relaxation times but to fatigue

faster - it is adapted for quick, short duration activity or fast

twitches. The red muscle is slower but can sustain its activity - it

is adapted for slow contractions. Pink fibres fall between these two

extremes.
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The possibility for the adaptation of the contractile proteins in

muscle has been extensively studied (for reviews see Goldspink 1985;

Swynghedauw 1986). The change from embryonic to adult isomyosins is a

good example of developmental adaptation. Size also has the effect of

reducing the myofibrillar ATPase activity and contraction velocity in

larger animals (Close 1972). The reduction in sarcomere contraction

velocity in larger animals is offset by the greater length of a

fibre, and hence sarcomere number, of their muscles. This is a

compromise to prevent the increases in power available from the

muscle fibres exceeding the constraints set by the mechanical

tolerances of the bones and tendons (Goldspink 1985). This phenomenon

of scaling of contractile properties has been demonstrated in fish,

where there is a fixed relationship between muscle activity and the

wave of curvature during steady swimming: the maximum frequency of

tail-beat (proportional to contraction velocity, Wardle 1975)

decreases with increasing body size (Altringham and Johnston 1990;

Bainbridge 1958) .

1.4.2 Membrane systems and their effect on muscle mechanics

Alexander (1969) has calculated that teleost white muscle only

shortens by 2-3% Lq• If this is the case then the properties of the

cellular and sub-cellular membranes could make a significant

contribution to the rate of tension development. This has been

demonstrated by Pette, Muller, Leisner and Vrbova (1976) in

experiments designed to show changes in contractile properties, from

fast to slow muscle type, due to chronic low-frequency stimulation.

They showed a decrease in contractile speed in the first two weeks of
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the experiment and claim this was due to a progressive reduction in

the sarcotubular systems. These membrane systems, including the T-

tubules, terminal cisternae and sarcoplasmic reticulum, are less

extensive in red fibres when compared with white fibres (Nag 1972),

and Eisenburg and Salmons (1981) have shown that, in rabbits, the T

system does decrease to levels typical of red muscle after two weeks

low frequency stimulation, passing through a continuous spectrum

between the two distinct types. Heilmann and Pette (1979) have

demonstrated that the proteins of SR change in muscles which have

been stimulated chronically at low-frequencies.

In contrast with the broad differences described by Nag (1972), the

most consistant variation between the white and red fibre types in

the head muscles of carp and perch is the extent of contact between

the T system and the sarcoplasmic reticulum (Akster, Granzier, Osse

and Terlouw 1985a; Akster et al 1985b). The degree of contact is

correlated with contraction velocity (Akster et al 1985a,b).

1.5 Energy supply

During muscular contraction ATP is hydrolysed. Cells do not store

large amounts of ATP and so this compound has to be almost

simultaneously resynthesised at the same rate as it is utilised

(Hochachka 1985). Depending on the type and function of the muscle

there tends to be an emphasis on either aerobic or anaerobic

metabolism to supply ATP and, in fact, the two are mutually exclusive

(Bilinski 1974) . However, phosphagen hydrolysis is used to meet the

initial demand for ATP.
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1.5.1 Phosphaqen hydrolysis

In fish this pathway is fuelled by phosphocreatine and the catalytic

enzyme is creatine phosphokinase (Hochachka 1985). Phosphogen

hydrolysis is ideal for supporting burst swimming as it has the

highest power output of any pathway. However, phosphagens have a low

maximum level of storage and can therefore only support work for very

short periods - so the pathway supplies energy for very short

duration burst swimming.

1.5.2 Anaerobic metabolism

Anaerobic glycolysis is the typical fermentation pathway for energy

supply in fish, and it is second only to phosphagen hydrolysis in

power output (Hochachka 1985). Its major fuel is glycogen and full

glycolytic activation is usually preceded by phosphagen hydrolysis.

However, anaerobic glycolysis is time-limited, due to a build up of

toxic end-products, and so sustained work must be supported by

aerobic pathways.

1.5.3 Aerobic metabolism

The fuels for aerobic metabolism can be carbohydrates (glycogen and

glucose), fats, proteins or amino acids. These can be stored in the

muscle (glycogen and triglycerides) or elsewhere. The molar yields of

ATP from these fuels are one or two orders of magnitude higher than

those from phosphagen hydrolysis or anaerobic glycolysis and so have

obvious advantages for supplying energy for sustained work (Hochachka
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1985). The rate at which aerobic pathways can supply ATP is limited

by the ability of the respiratory and circulatory systems to supply

the necessary substrates for metabolism.

1.5.4 Energy supply in the different fibre types

Measurements of the maximal activities of non-equilibrium (usually

flux generating) enzymes can provide information on the potential

carbon flow through different pathways, and also insights into their

principle fuels (Newsholme, Zammitt and Crabtree 1978) . For example,

hexokinase and carnitine palmitoyltransferase activities provide

quantitative measures of glucose and fatty acid oxidation,

respectively (Newsholme and Paul 1983).

The red muscle in fish has a high capacity for carrying out the

process of oxidative phosphorylation of carbohydrates, fats and amino

acids to form ATP using the tricarboxylic acid cycle and the

respiratory chain. The high capacity of the red muscle for aerobic

metabolism is aided by an abundant blood supply, high levels of

myoglobin and and abundant supply of mitochondria (Eggington and

Johnston 1983; George and Stevens 1978; Johnston and Moon 1981; Nag

1972; Salamonski and Johnston 1982).

The red muscle has a greater ability to store triglycerides (Love

1970) and glycogen is present in higher amounts than in the white

muscle (Johnston and Goldspink 1973a,b). The oxidation of fatty acids

in the mitochondria supplies the major part of the energy requirement

during slow swimming (Bilinski 1974). As the red muscle has a high
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capacity for this process it is able to sustain a continuous, low

energy effort. Enzymes with typically high activities in red muscle

are cytochrome oxidase, succinic dehydrogenase, citrate synthetase,

hexokinase, fumarase and malate dehydrogenase (Hochachka 1985), and

hydroxyacyl CoA dehydrogenase (Johnston and Moon 1980a,b).

The white muscle typically has high activity levels of creatine

phosphokinase and anaerobic glycolytic enzymes, such as lactate

dehydrogenase and pyruvate kinase (Hochachka 1985). The levels of

these enzymes in some fish, such as the scombroids, can reach very

high levels (Suarez, Mallet, Daxboeck and Hochachka 1986). In the

white muscle glycolysis leads to an extensive conversion of pyruvate

to lactate, whereas in the red muscle pyruvate is subjected to

complete oxidation. The energy supply of white muscle is therefore

suited to providing for a short, high demand for effort, such as in

burst swimming for prey capture or escape.

The ratio of enzyme activities in red and white muscle can vary

between species, for example in Salmo qairdneri the lactate

dehydrogenase activity in white muscle is almost five times higher

than in red, whereas in Cyprinus carpio it is only 10% higher

(Johnston 1977). The activities of enzymes in the white or red muscle

have been linked to the ecology of many species, in terms of activity

patterns, depth of occurence, tolerance of anoxia or geographical

location, among others (Childress and Somero 1979; Dunn and Johnston

1986; Johnston 1977; Johnston et al 1977; Johnston and Harrison 1985;

Siebenaller 1984; Siebenaller, Somero and Haedrich 1982; Suarez et al

1986; Sullivan and Somero 1980).
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Enzyme activity in a particular tissue can vary within a species, for

example changes in metabolic requirements during growth are met by

changes in enzyme activity, as shown by a change in emphasis from

oxidative to glycolytic enzyme activity in the early larval life of

three families of fish (Hinterleitner, Platzer and Wieser 1987). The

families studied were the Corcegonidae, Salmonidae and Cyprinidae,

all of which demostrated a decrease in citrate synthetase activity by

a factor of up to 4.4, with an increase in lactate dehydrogenase

activity of 2.55 to as much as 14.6 times.

A more dramatic example of an intraspecific change in enzyme

activity was seen as the result of vertical migration during the

breeding cycle of Sebastolobus altivelis. a deep-sea teleost in which

citrate synthetase (CS) and LDH activity fell by factors of 13 and

1.4 respectively - an effect which was linked to the low metabolic

rate of the adults (Siebenaller 1984). Hinterleitner et al (1987)

also showed that the degree of change was family specific. A positive

scaling relationship between body size and glycolytic enzyme activity

has been shown in 13 species, in which CS activity showed an inverse

relationship (Somero and Childress 1980).

1.6 Muscle fibre recruitment

It has been firmly established that there is a sequence, or

hierarchy, of muscle fibre recruitment in teleost fish (reviews Bone

1978a; Bilinski 1974; Johnston 1981).
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Bone (1964) discussed the location of the fibre types and deduced

that the red fibres, being located superficially in the trunk

musculature, are optimally placed for maximum mechanical advantage.

Bone (1964) also suggested that the gradation of movement obtained

from the red muscle might be the result of varying motor impulses,

whereas the white muscle might achieve gradation by recruitment of

motor units.

The evidence for recruitment patterns comes from EMG, biochemical and

morphological data. The red muscle is active at all speeds and is the

only muscle active below 1.1-1.5 body lengths s-1 in many species of

teleost (Brill and Dizon 1979; Davison et al 1976; Freadman 1979;

Greer Walker 1971; Greer Walker and Pull 1973; Johnston et al 1977;

Johnston and Moon 1980; Rayner and Keenan 1967; Rome, Loughna and

Goldspink 1984). Pink muscle, when present, is recruited at speeds

greater than 1.5 body lengths s~l (Davison et al 1976; Johnston et al

1977) and white at speeds greater than 2-2.5 body lengths s-1 in the

carp (Davison et al 1976; Johnston et al 1977) and Pollachius virens

(Johnston and Goldspink 1973a). A conclusion drawn from this work is

that there is a relationship between speed of contraction of a muscle

fibre and the locomotory speed at which that fibre is recruited.

However, the speed at which the white muscle is recruited shows some

interspecific variation and some correlation to mode of life

(Freadman 1979; Johnston and Moon 1980a; Johnston and Moon 1980b;

Rome et al 1984). It is worth noting that the performance in body

lengths s_1 drops with size, due to a decrease in the frequency of
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the tailbeat, but the actual velocity increases as the body is longer

(Bainbridge 1960; Wardle 1975).

It is apparent that the white muscle is recruited at slower speeds

than might be expected. The evidence for this comes from EMG's,

biochemical analysis of metabolite levels before and after

sustainable exercise and hypertrophy of both the red and white muscle

after chronic slow swimming (Greer Walker 1971; Greer Walker and Pull

1973; Hudson 1973; Johnston et al 1977; Johnston and Goldspink 1973a;

Johnston and Moon 1980a, Johnston and Moon 1980b; Pritchard, Hunter

and Lasker 1971; Wokoma and Johnston 1983). It has been suggested

that the white muscle may be able to operate aerobically at these low

speeds (Johnston and Moon 1980b). However, it does seem that most

teleosts derive much of their energy, even for continuous swimming,

from anaerobically derived glycolysis. An exception are the tunas,

where deep red muscle is specially adapted and used for high speed

cruising (Johnston 1981).

1.7 The effects of temperature on fish locomotion

Temperature has a large influence on the rates of biochemical

reactions, typically reducing the rates by two to three fold for

every 10°C drop in temperature. It follows from this that changes in

temperature, particulary downwards, can have potentially disastrous

effects on the performance of ectothermic animals. They are faced

with the problem of requiring the same power to move at the same

speed, irrespective of temperature, despite a reduction in the

available power. The effects of temperature on many aspects of fish
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locomotion have been studied and reviewed often (Fry and Hochachka

1970; Johnston 1985b; Johnston and Altringham 1988; Johnston and Dunn

1987; Rome 1986; Wardle 1980).

Various aspects of the effects of temperature on locomotion in fish

are of interest, for example the evolutionary adaptation of a species

to a thermally extreme environment, such as a geothermal hot spring

(above 40°C), or to the antarctic sea (-1.9°C) or to the benthos.

Another aspect is the ability of a species to adapt to a thermally

fluctuating environment on a short term basis. This fluctuation may

be the result of location, such as tidal estuaries, rock pools and

other shallow waters; seasonal variations; or the demands placed on

the fish by migration, foraging and so forth and can be as much as

20—30°C. The ability to adapt to a changing environment by modifying

rate processes in order to maintain function is termed capacity

adaptation, whereas the modification of the upper or lower lethal

limits to allow normal function to be maintained is termed resistance

adaptation (Precht 1958).

1.7.1 Adaptation to different temperatures

Adaptation to temperature can occur at many levels of organisation

(Hazel and Prosser 1974) and is termed acclimatisation if it occurs

in nature, or acclimation if it is incurred under precise laboratory

conditions.

The effects of temperature acclimation are complex, involving changes

in the nervous system, muscles and other tissues, and can take from
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seconds to weeks to occur (Hazel and Prosser 1974; Johnston and Dunn

1987; Newsholme and Paul 1983; Sidell 1983; Rome 1986). These have

been studied at a variety of levels of organisation using several

different species of fish, and, again, have been reviewed extensively

(Fry and Hochachka 1970; Hazel 1984; Johnston 1985b; Johnston and

Dunn 1987) .

1.7.2 Swimming, muscle recruitment and ultrastructure

1.7.2.1 Swimming

Low temperature has the effect of reducing maximum swimming speed by

increasing the contraction time and decreasing the mechanical power

output of the red muscle fibres, so the white fibres have to be

recruited earlier, at lower speeds, to compensate for the loss of

power in the red fibres (Rome 1986; Rome et al 1984; Rome et aJ 1985;

Sisson and Sidell 1987; Wardle 1980).

A reduction in body temperature from 20°C to 10°C caused the white

fibres to be recruited at 1.4, rather than 2.6, body lengths s-1 in

carp 16-20cm long (Rome et al 1984). These effects are not

necessarily the same for the red and white muscle as their energetics

of contraction are different (Johnston and Altringham 1988).

1.7.2.2 Recruitment

The compression of recruitment order is the initial effect of a

reduction in temperature, and so the fish has a lower power output,
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fatigues sooner and suffers a reduced sustainable swimming speed

(Rome 1986; Rome et al 1984). However, in some fish - notably

cyprinids and salmonids - after a period of time (measured in weeks),

locomotory performance can be modified by temperature acclimation so

that performance, at cold temperatures, in cold acclimated fish is

better than that of warm acclimated fish; the opposite holds true for

warm temperatures (Fry and Hart 1948; Heap and Goldspink 1986; Rome

et al 1985). This sort of compensatory response is termed capacity

adaptation. Other species exhibit resistance adaptation and become

dormant (Crawshaw 1984; Crawshaw, Lemons, Parmer and Messing 1982).

1.7.2.3 Muscle ultrastructure

There are various effects of temperature on the ultrastructure of the

muscle. Exposure of the striped bass, Morone saxatilis. to cold

temperature resulted in an increased volume density of mitochondria

in the red and white muscle, leading to hypertrophy of the red muscle

and extensive intracellular reorganisation (Eggington, Ross and

Sidell 1987; Eggington and Sidell 1986; Eggington and Sidell 1989).

This was reflected in the red, pink and white muscle of the crucian

carp (Johnston and Maitland 1980) and also in the carp, with a two to

three fold increase in mitochondrial volume density and capilliary

supply, along with reduced diffusion distances in both red and white

muscle. In spite of these modifications the capilliary surface area

to each mitochondria remained the same (Johnston 1982). In goldfish

there was an increase in the mitochondrial volume, especially in the

red muscle (Tyler and Sidell 1984) and in the surface area of the

sarcoplasmic reticulum tubules as a result of acclimation to cold
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temperatures and an invasion of the myofibrillar mass. These would

both enhance the rate of uptake of calcium and so allow the rates of

relaxation to be similar at warm and cold temperatures (Penney and

Goldspink 1980).

In some species there is a shift, particularly in the pink and red

fibre types, to a more aerobic metabolism as well as a significant

increase in the number of red and pink fibres as a result of cold

acclimation, this has been demonstrated in the goldfish (Johnston and

Lucking 1978; Sidell 1980) and the striped bass, in which a 60%

increase in the cross sectional area of the red muscle was observed

(Jones and Sidell 1982).

It is of note that in some species white muscle shows the ability to

change its character, becoming more oxidative at low temperatures

(Johnston, Sidell and Driedzic 1985).

1.7.3 The effect of temperature on biomechanics and biochemistry of

contraction

1.7.3.1 Mechanics

There is an extensive literature on the effects of temperature on the

contractile properties of muscle in the lower vertebrates (for

example Bennett 1984; Bennett 1985; Hill 1938; Johnston and Gleeson

1984; Renaud and Stevens 1984) and, of particular interest in this

study, fish (Altringham and Johnston 1982; Altringham and Johnston

1985a; Altringham and Johnston 1985b; Altringham and Johnston 1985c;
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Altringham and Johnston 1986; Brill and Dizon 1979; Fleming,

Crockford, Altringham and Johnston 1990; Johnston and Altringham

1985; Johnston and Altringham 1988; Johnston and Brill 1984;

Johnston, Fleming and Crockford 1990; Johnston and Salamonski 1984;

Johnston and Sidell 1984; Langfeld, Altringham and Johnston 1989;

Moerland and Sidell 1986; Rome and Sosnicki 1990; Wardle 1980).

In general muscle performance does not acclimate with temperature

(Bennett 1985; Johnston and Altringham 1988; Moerland and Sidell

1986). However, acclimation to cold temperature improves the

mechanical performance and economy of the contractile processes of

cyprinid muscle at low temperatures (Altringham and Jonhston 1985c;

Heap, Watt and Goldspink 1987; Johnston et al 1985; Yamawaki and

Tsukuda 1986). An increase in economy after temperature acclimation

to 7°C was seen in chemically skinned fast fibres from the carp when

compared with those from fish acclimated to 23°C, when both

populations were measured at 7°C (Altringham and Johnston 1985). The

cold acclimated fibres generated more force (123.1 kN m~2) and

produced more work per ATP hydrolysed - ATP turnover per myosin head

per second was lower at 1.85 ATP S^-1 s-1; compared with 97.2 kN m~2
and 2.84 ATP S^-1 s-1 for those acclimated at 23°C.

Fish which have evolved in cold regimes have markedly increased

economy of contraction when compared with those from warmer waters

(Johnston and Altringham 1988). In the short term timescale

contraction time in the white muscle is increased when the

temperature drops (Wardle 1980).
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Skinned fibre preparations allow the effects of temperature

acclimation on contractile properties to be examined independently of

any changes in the nervous or membrane systems. In parallel with the

experiments to be described in this report, a study of muscle fibre

mechanics was made using a freeze-dried preparation of skinned muscle

fibres (Crockford and Johnston 1990).

Measured at 0°C, near perfect compensation was exhibited for maximum

isometric tension (P0) and maximum contraction velocity (Vmax) over

the range 2°C-11°C. Similar values were found for P0 and Vmax from

fish acclimated to 2°C, 5°C, 8°C and 11°C, and these were 2 to 3

times higher than the values from 23°C fish, with those from 15°C

fish intermediate between the 11°C and 23°C groups (Crockford and

Johnston 1990).

Measured at 23°C in all the groups, Vmax was 1.8 times higher and P0

was 1.4 times higher than Vmax and P0 measured at 2°C, which is

consistent with a partial capacity adaptation across the whole range

studied (Crockford and Johnston 1990). This was in agreement with a

previous study, using chemically skinned fibres, of fish acclimated

to 7°C and 23°C by Johnston et al (1985).

Partial capacity adaptation was also seen in the twitch contraction

kinetics of a nerve muscle preparation from 7°C and 23°C acclimated

carp used by Fleming, Crockford, Altringham and Johnston (1990).

So, muscle fibres from cold acclimated fish, particularly cyprinids,

show improved mechanical performance at low temperatures, including
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isometric twitch contraction time, maximum force production and

unloaded shortening speed (Johnston, Fleming and Crockford 1990).

Ultrastructural and biochemical information has suggested some ways

that these effects are achieved.

1.7.3.2 Contraction biochemistry and ultrastructure

The activity of myofibrillar ATPase has been correlated with

contraction velocity (Barany 1967) and environmental temperature

(Johnston and Walesby 1977; Johnston and Walesby 1979; Johnston,

Walesby, Davison and Goldspink 1975).

Some species do show an acclimatory response to cold temperatures by

increasing myofibrillar ATPase activity in cold acclimated rather

than warm acclimated muscles, especially at low measurement

temperatures in goldfish and carp fast myotomal muscle (Crockford and

Johnston 1990; Heap, Watt and Goldspink 1986; Johnston et al 1986;

Johnston, Davison and Goldspink 1975; Penney and Goldspink 1979;

Sidell 1980), goldfish slow myotomal muscle (Sidell 1980) and

goldfish fin muscle (Heap, Watt and Goldspink 1987). Other species do

not have this ability (Moerland and Sidell 1986; Sidell and Johnston

1985; and Sidell et al 1983).

This acclimatory response in myofibrillar ATPase offers a means of

maintaining locomotory efficiency across a wide range of

temperatures, but there is a penalty, as the response is achieved at

the expense of lower thermal stability (Johnston et al 1975) and

enthalpy of activation (Johnston 1979).
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It seems that only polyploid species have this ability to acclimate

with a compensatory response (Heap, Watt and Goldspink 1985; Sidell

and Johnston 1985; Somero 1975) and then only some of these, most of

which are cyprinids (Heap, Watt and Goldspink 1985; Johnston, Fleming

and Crockford 1990; Penney and Goldspink 1981). As mentioned above, a

similar kind of acclimatory response is shown in the contractile

properties of the myotomal muscles in these fish (Johnston et al

1986) .

Sidell et al (1983) have shown low temperature sensitivity in the

myofibrillar protein complex of the mummichog (Fundulus heteroclitus)

across an unusually wide range of temperatures. This can be linked to

the large fluctuations in temperature that this species normally

experiences due to the tide. However, it seems that this lack of

acute sensitivity precludes an acclimatory response, and so the

mummichog becomes torpid at low temperatures.

Cold acclimation lowered the volume density of the myofibrils in the

fast muscle of crucian carp (Johnston and Maitland 1980), and reduced

the average diameter of the myofibrils in goldfish (Penney and

Goldspink 1980), which could reduce the calcium diffusion distance

(Penney and Goldspink 1980). This reduction in calcium diffusion

distance, and the 60% increase at low temperatures in microsomal

Ca2+-ATPase activity with cold acclimation (Fleming, Crockford,

Altringham and Johnston 1990), would help to reduce relaxation time

at low temperatures.
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1.7.4 Metabolism

The effects of temperature on metabolism is one of the most studied

aspects of ectothermic biology, with reviews by Fry and Hochachka

(1970); Hazel and Prosser (1974); Hochachka (1971) ; Johnston (1983);

Johnston (1985b); Johnston and Dunn (1987); Newsholme and Paul

(1983); Sidell (1983); Somero (1978).

In temperate fish a reduction in temperature of the water leads to

either dormancy or a homeostatic response which offsets the effect of

lowered temperature. Although this may lead to an increase in

performance of cold acclimated fish their active metabolic rate is

still below that of the warm acclimated fish (Johnston and Dunn

1987) .

However, when assayed at an intermediate temperature oxygen

utilisation is higher in cold rather than warm acclimated fish

indicating a higher metabolic rate (Fry and Hochachka 1970; Rome et

al 1985) .

In those species that do acclimate there is an increase in aerobic

enzyme concentration (Johnston et a^ 1985; Johnston and Wokoma 1986;

Jones and Sidell 1982; Kleckner and Sidell 1985; Shacklee,

Christiansen, Sidell, Prosser and Whitt 1977; Sidell 1980; Smit, van

den Berg, kinje-den Hartog and Rozing 1974), mainly as the result of

the increase in mitochondrial density mentioned above (Johnston and

Maitland 1980) . Although this response increases the capacity for

aerobic ATP production over a cooled, non-acclimated animal, it does
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not match the activities of the enzymes from the warm acclimated

animal at its normal temperature.

There is also an increase in the concentration of energy stores in

cold acclimated fish. For example, glycogen concentration is over two

times higher in 2°C than 28°C crucian carp (Johnston and Maitland

1980) and the volume density of lipid droplets is 15 times higher in

5°C than 25° striped bass (Eggington and Sidell 1986).

There does not seem to be a consistant change in the enzymes

associated with glycolysis or phosphocreatine hydrolysis as a result

of acclimation to temperature (Johnston et al 1985; Kleckner and

Sidell 1985; Shacklee et aJL 1977; Sidell 1980).

The increase in mitochondrial density has been recorded, not only in

the muscle, but also in the brain, gill tissue and liver. Acclimation

affects hepatosomatic index (Jankowsky, Hotopp and Seibert 1984;

Stone and Sidell 1981), concentration of energy reserves and the

glucose and fatty acid catabolism in the liver. Acclimation patterns

in liver do not necessarily reflect the acclimatory response of the

whole animal. The effects of temperature acclimation in liver at a

metabolic level may well vary due to a range of factors (Johnston and

Dunn 1987) and could depend on the precise temperature at which the

fish are kept during the experiment, as this may initiate a winter

dormancy response rather than acclimation (Lemons and Crawshaw 1985;

Walsh, Foster and Moon 1983) or another seasonal response such as

gametogenesis (Moerland and Sidell 1981).
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1.7.5 The effects of exercise, hypoxia and depletion on muscle and

liver metabolism.

It must be borne in mind that the alterations in fish, both in terms

of morphology and energy storage, may not be attributable to

temperature alone, but may be also indications of biological

condition brought on by exercise, depletion or other seasonal

response as a result of the change in environmental temperature; they

may also be due to other changes in the environment associated with

the change in temperature, such as salinity, pH, hydrostatic pressure

and oxygen availability. This is particularly the case with liver

(Johnston and Dunn 1987) and muscle (Jones and Sidell 1982). For

example, Moerland and Sidell (1981) proposed that the decrease in

utilisation of lipids at higher temperatures may allow temperature-

induced partitioning of lipids into gametogenesis.

Temperature can have an effect on the activity of fish, either by

inducing dormancy or torpor at lower temperatures, or by increasing

spontaneous activity or inducing torpor at higher temperatures.

Typically, sustained activity in teleosts results in a sequential

depletion of glycogen with increased swimming speed, starting rapidly

in the red muscle, then the white muscle and eventually, if at all,

in the liver (Salmo gairdneri - Black, Connor, Lam and Chiu 1962;

Parkhouse, Dobson and Hochachka 1988; Gadus morhua - Beamish 1968;

Trachurus symmetricus - Pritchard et al 1971; Pollachius virens -

Johnston and Goldspink 1973a, review Love 1970). Lipids are used

slowly and only in red muscle, being depleted only after a lengthy

period of exercise (Pritchard et al 1971).
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Hypoxia could be induced by raising the temperature, as oxygen is

less soluble at warmer temperatures. Hypoxia can have a major effect

in reducing the glycogen content of both the muscles and the liver in

some fish. In flounder (Platichthvs flesus L) there is a significant

fall in muscle and liver glycogen (J0rgensen and Mustafa 1980), and

in the african lungfish (Proptopterus aethiopicus) there is a

significant fall only in the liver (Dunn, Hochachka, Davison and

Guppy 1983), whereas in the crucian carp there is no significant

change in either tissue (Johnston 1975). It is possible that the

actual change in concentration is the same magnitude as in the other

species but the fall in concentration may be insignificant in the

crucian carp because the levels of glycogen in this species are so

high. It is also possible that the high level of glycogen in carp

muscle and liver may be an adaptation to hypoxia.

Many fish undergo natural depletion in the winter (Love 1970). This

can be as the result of a lack of food, torpor or dormancy, and

migration, or a combination of these factors. Liver and muscle are

effected soon after the onset of depletion, and glycogen is among the

first energy reserves to be utilised (Love 1970). In gadoids,

glycogen from liver and white muscle, and lipids from the liver, are

mobilised simultaneously in response to starvation. Liver lipids are

exhausted first, and at this point red muscle glycogen begins to

decrease (Beardall and Johnston 1985; Black and Love 1986). It

follows that the hepatosomatic index can be effected by depletion. In

the plaice (Pleuronectes platessa) glycogen depletion is more marked

in the white muscle, whereas the red muscle shows little change,

except in lipid content (Johnston and Goldspink 1973b).
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Chapter 2. Phenotypic and interspecific variation in enzyme activity

in fish locomotorv muscle.

2.1 Introduction

It has been suggested that the differing ecologies, including

locomotory activity, migration, temperature and depth of occurence

among others, of different species of fish determine the enzyme

activity profiles in their myotomal muscle (Mosse 1979, Sullivan and

Somero 1980). An enzyme activity profile is an expression of the

relative activities of all or some of the enzymes involved in energy

supply in the muscle type.

The skipjack tuna (Euthvnnus pelamis L) and the black marlin (Makaira

nigricans Wakiya), which are both constantly moving, fast pelagic

swimmers from the scromboid family, have enzyme activities in their

red and white muscles which indicate very high glycolytic capacities

(Guppy, Hulbert and Hochachka 1979; Suarez, Mallet, Daxboeck and

Hochachka 1986 shown in tables 2.1 and 2.2). Conversely the demersal

antarctic fish Notothenia neglecta (Nybelin) has white muscle that has

a high creatine phosphokinase (CPK) activity of 474 nmoles substrate

utilised min-1 g wet wt-1 , but only a modest glycolytic capacity of

59.8 /imoles substrate utilised min-1 g wet wt-1 (Dunn and Johnston

1986 table 2.1), similar to that found in other antarctic fish

(Johnston and Harrison 1985) and fish species found at depth

(Childress and Somero 1979; Siebenaller, Somero and Haedrich 1982;

Sullivan and Somero 1980). Further, it has been suggested that CPK
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Table2.1.Comparisonofenzymeactivitiesofwhitemyotomalmuscleinninespeciesoffish,(/xmolemin1g1 wetwt)

Bull-rout
Cod

Mackerel

Marlin

Skipjack

Carp

Lungfish

Trout

N.neglecta

Enz\°C

10°C

10°C

10°C

25°C

25°C

15°C

25°C

15°C

1°C

LDH

227

76/142

670/853

2697

5492

166

257

347

60

PK

43

15/35

305/405

1105

1295

116

99

147

6

AK

108

158/185

175

947

119

CPK

236

426

196

837

516

237

1013

474

CS

2.15

0.8

1.85

2.7

2.1

1.8

3.2

HK

ND

ND

ND

0.78

0.14

0.59

trace

Ref

1

2

3

4

5

6

Theabovetableshowsdatafromavarietyofassaytemperatures,whichshouldbeallowedforinany comparison.Theyaretheenvironmentaltemperaturesoftheparticularspecies. Refs.1.Suarezetal1986;2.Guppyetal1976;3.Chapter4inthisthesis&Johnstonetal1985;4.Dunne al1983;5.JohnstonandMoon1980b;6.DunnandJohnston1986.



Table2.2.Comparisonofenzymeactivitiesofredmyotomalmuscleinsixspeciesoffish,(/nmolemin1g1we wt)

Cod

Mackerel

Marlin

Skipjack

Carp

Trout

Enz\T°C

10°C

10°C

25°C

25°C

15°C

15°C

LDH

98

126

617

514

85

200

PK

34

77

316

195

79

AK

26

40

CPK

116

99

1434

554

173

CS

8.9

20

18

21

16

31

HK

0.39

0.64

1.2

0.32

Ref

1

2

3

5

Theabovetableshowsdatafromavarietyofassaytemperatures,whichshouldbeallowedforinany comparison.Theyaretheenvironmentaltemperatureoftheparticularspecies. Refs.1.Suarezeta_l1986;2.Guppyetal1976;3.Chapter4inthisthesis&Johnstonetal1985;5. JohnstonandMoon1980.



activities are highest in animals capable of high burst speeds

(Hochachka 1985).

In a study of 28 different species of fish Sullivan and Somero (1980)

have also shown that there was a high degree of interspecific

variation in enzyme activity, which was dependent not only upon depth

of occurrence, but also upon differences in feeding habits and

locomotory performance. They showed an interspecific variation, of as

much as 20-fold, in LDH, PK, MDH and CS activities at any given depth.

Another approach that has given indications of the relative importance

of different enzyme pathways in muscle metabolism is the study of

lactate production. Anaerobic glycolysis provides the main energy

supply for contraction in the fast muscle of many teleost fish (Guppy

et al 1979; Johnston 1985b). Blood lactate concentrations of 59 mmoles

kg-1 have been recorded after strenuous activity in salmonids (Black,

Bosomworth and Docherty 1966), which contrasts with the situation in

some antarctic fish which show little or no increase in either plasma

or muscle lactate following exercise to exhaustion (Davison, Forster,

Franklin & Taylor 1988; Dunn and Johnston 1986). Measurements of

muscle enzyme activity profiles indicate that burst swimming in these

antarctic species is largely dependent on phosphagen metabolism (Dunn

and Johnston 1986; Johnston 1987; Johnston and Harrison 1985).

The first aim of this study was to investigate further the variations

in the profiles of enzyme activity in the energy supply pathways of

teleost fish muscle. The three species selected were marine teleosts

from a temperate region, with contrasting swimming styles and activity
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patterns. The effects of variables such as temperature, depth of

occurrence and season were minimised by taking fish from the same

location at the same time of year.

Akster, Granzier, Osse and Terlouw (1985a), Johnston and Altringham

(1991); van Leeuwen, Lankheet, Akster and Osse (1990); Love (1970) and

Wardle (1985) have proposed that muscle fibres have different roles in

swimming, depending upon their location. The concentration of glycogen

varies significantly in the rostral and caudal myotomes of relaxed cod

(Gadus morhua L), with higher levels caudally (Fraser, Dyer,

Weinstein, Dingle and Hines 1966). The muscle fibres also vary in

morphology from the rostral myotomes to the caudal myotomes of cod,

for example the white fibres have the largest diameter in the twelfth

myotome from the head (Love 1970), and the red fibre diameter

increases slightly towards the tail (Greer-Walker 1970).

Akster, Granzier and ter Keurs (1985b) have suggested that the white

muscles of perch (Perca fluvitalis L) not only form a greater

proportion of the muscle bulk, but are likely to be faster than the

same muscles in carp (Cyprinus carpio L), and they relate this to the

perch's vigorous predatory habit. They have suggested that the

difference in contractile speed is based on a more extensive T system

/Sarcoplasmic reticulum contact in the white muscle of the perch.

Wardle (1985) used a portable transducer to show that the twitch

contraction time at the head of the cod is twice as fast as those at

the tail. This was then related to the diameters of the fibres at

various locations (thicker at the rostral part of the body) and to the

frequency of stimulation, to form a model of how a fish swims at a
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steady speed. The model is that each myotome is responsible for, and

specialised to deal with, a particular part of the tail sweep during

steady speed swimming. More specifically that the rostral region

generates thrust, while the caudal region generates stiffness to

transmit the thrust to the tail, and also repositions the tail for

each cycle. Van Leeuwen et aJL (1990) have substantiated this proposal

in a study of the recruitment patterns and strain fluctuations in carp

red muscle, in which the stiffness in the caudal myotomes is the

result of negative work being produced due to the particular

synchronisation of stimulation, contraction and stretch of the muscle

fibres.

This evidence suggests that there is a possibility of, and mechanism

for, variation of enzyme activity profile within a given fibre type.

There is qualitative histochemical evidence that this variation of

enzyme activity profile occurs in carp white muscle, with three sub¬

types being identified (Ogata 1958a; Ogata 1958b).

The second aim of this current study was to determine whether there is

any variation in enzyme activity profile in teleost myotomal muscle as

a result of its anatomical location. Comparisons were made between

rostral and caudal myotomes, and between fibres from dorsal and

ventral locations in the same myotome. White muscle was examined in

cod (Gadus morhua L) and mackerel (Scomber scombrus L); red muscle was

examined in the mackerel only.
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2.2 Materials and Methods

2.2.1 Sampling

The species studied were chosen for their different swimming

behaviours. The mackerel (Scomber scombrus L) is an active,

epipelagic, migratory predator (Wheeler 1969). It is a "stayer"

(Boddeke, Slijper and van der Stelt 1959), or cruising specialist

(Webb 1984) which ram-ventilates, is highly streamlined, and

negatively bouyant, and so is obliged to swim continuously to respire

and generate lift (Magnuson 1970). The cod (Gadus morhua L) is a

demerso-pelagic predator (Wheeler 1969). It can be described as a

generalist (Webb 1984) as it has no particular specialisations for

acceleration, cruising or manouvering. Cod have relatively modest

sustained swimming speeds, although some populations undertake a long

spawning migration. The bull-rout (Mvoxocephalus scorpius L) is a non-

migratory, relatively sedentary, demersal "sit-and-wait" predator

(Wheeler 1969). Its lateral area is increased by large median fins

which suggests that it is specialised for acceleration by maximising

thrust (Webb 1984). The massive head, necessary for engulfing the

demersal prey types, precludes a streamlined profile (Webb 1984).

Fish were caught in St Andrews Bay, Fife, Scotland, during August-

September 1986. The mean weights and standard lengths were:

mackerel: 478 ± 9 g, 35 ± 3 cm

cod: 279 ± 5 g, 33 ± 2 cm

bull-rout: 205 ± 3 g, 19 ± 0.6 cm

(mean ± SD mean, six individuals/ species).
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They were maintained for a maximum of 24 hours at the ambient sea-

water temperature (10-12°C) prior to sampling. The fish were stunned

with a blow to the head, cervically sectioned and pithed. Samples of

red and white myotomal muscle weighing 0.5-1 g were dissected from the

sites shown in figure 2.1. The white muscle was taken from a deep

position, away from the epaxial cleft, to prevent contamination by

other fibre types (Gillerman 1980; Korneluissen, Dahl & Paulsen 1978).

Only the most superficial layer of red muscle was taken as it is known

to be predominantly composed of slow muscle fibres. All the samples

were rapidly frozen and stored in liquid nitrogen (-196°C) prior to

analysis.

2.2.2 Tissue preparation

Tissue was minced with scissors and homogenised using a sintered glass

homogeniser in six volumes of ice-cold extraction buffer containing

(in mmoles l-1): Tris-HCl, 50; EDTA, 5; MgCl2, 2; dithiothreitol

(DTT), 1; pH 7.5 (at 1°C). DTT was omitted from the extraction medium

used to assay citrate synthetase (CS) activity.

The resulting homogenates were filtered through glass wool and the

filtrate stored on ice before being used for enzyme activity

measurements.

Measurements of enzyme activity were performed with appropriate

controls (usually substrate deletion) at 10 ± 0.5°C, using a Cecil

CE599 dual-beam spectrophotometer fitted with constant temperature
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Figure 2.1. Bull-rout, cod and mackerel showing the sites from which
the muscle samples were taken.
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cells. Metabolites and coupling enzymes were obtained from Sigma Ltd

(Poole, Dorset, UK).

The assay mixtures had the following compositions (mmoles l-1):-

Adenylate kinase (AK; EC 2.7.4.3): Imidazole-HCl, 75; MgCl2, 5; KCl,

100; NADH, 0.15; phospho(enol)pyruvate, 1; AMP, 2; excess lactate

dehydrogenase and pyruvate kinase; pH 7.4 at 10°C.

Phospho(enol)pyruvate initiated the reaction.

Citrate synthetase (CS; EC 4.1.3.7): Imidazole-HCl, 75; MgCl2, 5; KCl,

100; acetyl-CoA, 0.3; 5,5' dithio(bis) 2-nitrobenzoic acid, 0.1;

oxalacetate, 0.5; pH 8 at 10°C. Oxalacetate initiated the reaction.

Creatine phosphokinase (CPK; EC 2.7.32): Imidazole-HCl, 75; MgCl2, 5;

KCl, 100; glucose, 20; ADP,1; AMP, 10; NAD+, 1; phosphocreatine, 35;

excess glucose-6-phosphate dehydrogenase from Leuconostoc

mesenteroides; pH 7.4 at 10°C. Phosphocreatine initiated the reaction.

Hexokinase (HK; EC2.7.1.1): Imidazole-HCl, 75; MgCl2, 5; KCl, 100;

EDTA, 0.8; NAD+, 1; ATP, 2; glucose, 10; excess glucose-6-phosphate

dehydrogenase from Leuconostoc mesenteroides; pH 7.4 at 10°C. Glucose

initiated the reaction.

Lactate dehydrogenase (LDH; EC 1.1.1.27): Imidazole-HCl, 75; KCl, 100;

NADH, 0.15; pyruvate, 1; pH 7.4 at 10°C. Pyruvate initiated the

reaction.

47



Pyruvate kinase (PK; EC 2.7.1.40): Imidazole-HCl, 75; MgCl2, 5; KC1,

100; NADH, 0.15; ADP, 5; phospho(enol)pyruvate, 2.5; excess lactate

dehydrogenase; pH 7.4 at 10°C. Phospho(enol)pyruvate initiated the

reaction.

The enzymes were chosen as relevant markers for specific pathways - AK

for adenylate phosphorylation; CS for the carboxylic acid cycle; CPK

for phophocreatine hydrolysis; HK for glycogenolysis; LDH for

anaerobic glycolysis and PK, also for anaerobic glycolysis.

All results were expressed as jumoles substrate utilised min-1 g wet

wt-1. Data were compared using unpaired, two-tailed t-tests with a

significance level of P<0.05.
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2.3 Results

The activities of the enzymes studied are given in tables 2.3 and 2.4.

The results will be considered in three ways: firstly by an

interspecific comparison of each muscle type; secondly by comparing

the red and white muscle in each species; and thirdly as a comparison

of a muscle type within a species.

The white muscle in all three species (table 2.3 and figure 2.2) had

very low activities of HK, which indicated a negligible capacity for

aerobic glucose utilisation. All three species had well developed

anaerobic glycolytic pathways, however there was a considerable

interspecific variation in the relative activity of a pathway. The

mackerel showed a very highly developed LDH pathway, with an activity

four times that of bull-rout, and seven times that of cod; this is a

typical trait of scromboid species. Conversely the cod had a CPK

activity that was twice that of the two other species. An indication

of the relative importance of the different anaerobic pathways was

given by the ratios of CPK activity to LDH activity in the caudal

myotomes of the three species. These were 2.92 for cod, 1.04 for bull-

rout and 0.23 for mackerel.

In the red muscle of cod and mackerel (table 2.4 and figure 2.3) the

reliance on aerobic pathways is more obvious, as expected, although

the HK and CS activities in mackerel are twice as high as those in the

cod. The marked interspecific differences in LDH and CPK activity of

white muscle is not apparent in the red muscle, although PK and AK in
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Table 2.3. Enzyme activities in the white myotomal muscle of bull-
rout, cod and mackerel at 10°C. (/mole min~i g-1 wet wt; mean±SD; n=6)

Enzyme Location Bull-rout Cod Mackerel

LDH R 76 ± 20* 670 ± 71*
C 227 ± 35 142 ± 39 853 ± 51
H 117 ± 28@

PK R 15 ± 6* 305 ± 25*
C 43 ±7 35 ± 13 405 ± 74
H 28 ± 10@

AK R 158 ± 23 153 ± 13
C 108 ± 7 185 ± 17 175 ± 20
H 145 ± 23

CPK R 426 ± 84 195 ± 25
C 236 ± 17 414 ± 47 196 ± 22
H 371 ± 39

CS R 0.71 ± 0.13 1.77 ± 0.29
C 2.2 ± 0.9 0.8 ± 0.2 1.85 ± 0.28
H 0.99 ± 0.290

HK all ND ND ND

Table 2.4. Enzyme activities in the red myotomal muscle of cod and
mackerel at 10°C. (/zmole min-1 g~l wet wt; mean ± SD; n=6)

Enzyme Location Cod Mackerel

LDH R 117 ± 32
C 98 ± 14 135 ± 13

PK R 79 ± 12
C 34 ±4 74 ± 13

AK R 43 ±7
C 26 ±7 37 ±8

CPK R 80 ± 25
C 116 ± 11 108 ± 15

CS R 19 ±2
C 8.9 ± 1.2 21 ±2

HK R 0.54 ± 0.2
C 0. 39 ± 0.07 0.74 ± 0.15

R= Rostral, C= Caudal, H= Hypaxial, ND= Not Detectable
* Significantly different, p<0.05; two tailed unpaired t-test between
rostral and caudal myotomes.
@ Significantly different, p<0.05; two tailed unpaired t-test between
epaxial and hypaxial muscle.
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Figure 2.2. Histogram of the maximum enzyme activities (/imole/min/g
wet wt), measured at 10°C, in the caudal white myotomal muscle of
bull-rout, cod and mackerel.
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Figure 2.3. Histogram of the maximum enzyme activities (/xmole/min/g
wet wt), measured at 10°C, in the caudal red myotomal muscle of cod
and mackerel.
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the mackerel is still higher - about double - that of cod. The CPK:LDH

ratio was 1.18 for cod and 0.8 for mackerel.

The relative differences between the red and white muscle also varied

between species. In the cod LDH activity was similar in the red and

white muscle, whereas in mackerel the LDH activity was six times

higher in the white. CPK activity showed a four-fold increase, from

116 ± 11 to 414 ± 47 /imol min-1 g_1 wet wt, red:white in cod, but only

two-fold in the mackerel, from 108 ± 15 to 196 ± 22 /zmol min-1 g-1 wet

wt. Both species showed a decrease of an order of magnitude in CS

activity from red to white muscle (8.9 + 1.2 to 0.8 ± 0.2 /imol min-1

g-1 wet wt for cod and 21 ± 2 to 1.85 ± 0.28 /imol min-1 g-1 wet wt in

mackerel).

The effect of anatomical location was only significant in the LDH and

PK activities of cod and mackerel white muscle. The variation was

significant between the rostral and caudal myotomes in both species,

with an increase in activity caudally - more markedly so in the cod.

In cod there was also an increase from dorsal to ventral fibres. No

significant differences were found in the red muscle of mackerel, or

between aerobic or immediate energy supply enzymes in either muscle

type.
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2.4 Discussion

2.4.1 Interspecific variations in enzyme activity profiles

The immediate energy source for contraction in fast muscle fibres is

phosphocreatine and, during strenuous exercise, the activation of 5'

AMP aminohydrolase provides additional ATP via the adenylate kinase

reaction (Hochachka 1985). However, observations of free swimming fish

have shown that maximum speed decreases exponentially over the first

few seconds activity (Bainbridge 1962). Strenuous activity of longer

than a few seconds duration requires the activation of anaerobic

glycogenolysis and results in the accumulation of lactic acid (Bennett

1978) . In vitro measurements of enzyme activity have been widely used

to provide an index of the maximum potential flux through different

metabolic pathways (Kacser and Burns 1980; Newsholme and Paul 1983).

Measurements of enzyme activity provide evidence for considerable

interspecific variation in the importance of glycogen as fuel for

burst swimming.

The three species of fish examined in this study have widely differing

swimming behaviours and this is reflected both in the activity

profiles of their enzymes of energy supply and in the proportion and

distribution of their muscle fibre types.

In mackerel, the requirement for sustained activity is met largely by

the red muscle, which forms a high proportion - 18.8% - of the

myotomal muscle bulk, compared with a mean of 8.5% in 84 marine

species (Greer-Walker and Pull 1975). The correlation between red
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muscle and sustained activity has been demonstrated in freshwater fish

by Boddeke et al (1959) and in marine fish by Greer-Walker and Pull

(1975) and Mosse and Hudson (1977). This is only the case for fish

which primarily use lateral undulations of the trunk for locomotion -

fish which primarily use their pectoral fins do not show this

relationship (Lin, Dobb and de Vries 1974). However, it is possible

that the white muscle of mackerel could also be used during prolonged

swimming, and George (1962) has proposed a mechanism by which energy

could be supplied in this case. White muscle could metabolise fats;

depletion of the intracellular fat stores, and hence fatigue, could be

reduced by the rotation of motor units at sub-maximal speeds. The

results from the current study are consistent with this hypothesis, as

they have shown a relatively high oxidative capacity in the white

muscle. This phenomenon of high oxidative capacity in the white muscle

is not confined to the mackerel, as the white muscle of some other

pelagic species is functionally and structurally adapted for sustained

aerobic activity, including increased vascularisation, mitochondria

and oxidative enzyme activities (Mosse 1979). Also trout and carp

white fibres utilise aerobic pathways for the production of energy for

contraction (Johnston and Moon 1981).

In the present study the enzymes of anaerobic glycolysis have very

high levels of activity in the white muscle, which has been observed

in other species; these species include rainbow trout (Johnston 1977),

skipjack tuna (Guppy et al 1979) and pacific blue marlin (Suarez et al

1986) .
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The red muscle of mackerel also has relatively high titres of LDH and

PK activity, which are similar to the levels found in the white muscle

of other species (table 2.1). It is possible that lactate is

transported to the gills, kidneys, liver and red muscle for metabolism

(Bilinski and Jonas 1972; Bone 1975) to prevent a rapid, toxic build¬

up in the white muscle. This could be a particular problem in the

mackerel due to its high anaerobic glycolytic activity - the high

levels of activity in the red muscle would allow the lactate to be

metabolised quickly, preventing toxic levels being reached. Further

evidence for this hypothesis comes from Dawson, Goodfriend and Kaplan

(1964), who showed that the LDH isozyme present in red muscle differs

from that in white as it contains more of the H (heart) type subunits.

They also suggest, with Bilinski (1974), that lactate is a major

substrate for aerobic metabolism in red muscle.

All of these factors - the high proportion of red muscle, the high

levels of anaerobic glycolytic enzymes in both muscle types, the

ability of white muscle to utilise fats (Bilinski 1974; George 1962)

and the red to use lactate - indicate that the myotomal muscle of

mackerel is tuned to the species' sustained high speed swimming

behaviour.

In contrast, other species have fast muscles with glycolytic enzyme

activities which are similar, or lower, than those in the slow fibres

of scromboids and trout, and have generally high activities of

immediate energy supply enzymes (table 2.3, Dunn and Johnston 1986;

Johnston and Harrison 1985; Sullivan and Somero 1980). They presumably

rely less on glycogen and more on phosphogens as fuel for burst
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swimming, which would tend to reduce endurance at high speed. The cod

and the bull-rout, used in this study, are typical members of this

group. An extreme example of this pattern of energy supply is observed

in the antarctic teleost Notothenia neglecta. Fast fibres in this

species have CPK activities at 0°C which are similar, and LDH

activities which are almost two orders of magnitude lower, than those

in skipjack tuna at 25°C (Dunn and Johnston 1986; Guppy et al 1979).

Although species with this pattern of energy supply are generally less

active than mackerel, they exhibit diverse swimming styles and

behaviour patterns, including the "sit-and-wait" predation of the

bull-rout and the cyropelagic antarctic fish Pagothenia borchgrevinki,

(Davison et al 1988) .

To look at the cod in particular: it has a similar proportion of red

muscle to white when compared with the mackerel - 17% for cod and

18.8% for mackerel (Greer-Walker and Pull 1975). However, it does have

lower activities of CS and HK in the red muscle, and CS in the white

(table 2.3 & 2.4), probably because the cod has a lower requirement

for sustained swimming than the mackerel. Apart from behaviour there

are two physiological reasons for this lower requirement. Firstly the

cod has a swim-bladder, so it can be neutrally bouyant, with no need

to generate lift (Alexander 1972). Secondly, the cod does not ram

ventilate.

The anaerobic glycolytic activity of cod white muscle is relatively

low, however, the phosphagen hydrolysis pathway, represented in this

study by CPK, seems to be very highly developed (table 2.3). When cod

move at speeds greater than two lengths per second they employ a
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"kick-and-glide" type of swimming (Videler 1981). This is more

hydrodynamicslly efficient than continuous swimming, requiring less

energy (Videler and Weihs 1982). The energy for this kind of periodic

swimming may, therefore, be supplied by a combination of PCr

hydrolysis and anaerobic glycolysis, with recovery achieved during the

glide phase. Rotation of the white muscle motor units (George 1962;

Hudson 1973) would also add to the time available for each unit to

recover. So the high CPK activity could be utilised during the

prolonged swimming phase, as well as giving a large burst swimming

capability for escape, or for prey capture.

Of the three species studied the sedentary bull-rout has the least

requirement for sustained swimming, which is reflected in the very low

proportion of red muscle in the myotomes - 5.7% (Greer-Walker and Pull

1975). The relatively high CS activity in the white muscle (table 2.3)

might be a compensation for this, providing sufficient energy for the

species' sustained swimming requirement. This is a phenomenon seen in

fish with a low proportion of red muscle. The sedentary nature of this

species is reflected in the modest enzyme activities in the white

muscle, with no particular pathway being favoured.

2.4.2 The effect of anatomical location of the muscle on enzyme

activity profile.

There is a growing body of evidence that different parts of the

myotomal muscle perform different functions depending upon their

longitudinal location in the fish (Johnston and Altringham 1991; van

Leeuwen et al 1990; Wardle 1975). At low speeds the caudal region is
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the principle source of propulsion (Love 1970), and in many fish,

including the cod, the bulk of the red muscle is confined to this area

(Fraser, Mannan and Dyer 1961). In free swimming fish, muscle fibres

behind the head contract almost isometrically, whereas those towards

the tail shorten by up to 6% of their resting length (Hess and Videler

1984). The phase relation between mechanical and electrical activity

also changes systematically between rostral and caudal myotomes

(Grillner and Kashin 1976; van Leeuwen et al 1990). In comparison with

the rostral myotomes those located caudally in cod have a higher

concentration of glycogen (Fraser et al 1966) and the caudal myotomes

in the roach (Rutilus rutilus L) have two-fold higher levels of

accumulated lactate for periods (up to one hour) of swimming at

intermediate speeds (Wieser, Koch, Drexel and Platzer 1986). The

current study has shown an increase of up to 50% in the activity of

the anaerobic glycolytic enzymes in the caudal white muscle of two

species, the cod and the mackerel.

An explanation for this is that a low speeds the red muscle provides

the main muscular effort (Boddeke et al 1959; Greer-Walker and Pull

1975; Love 1970; Mosse and Hudson 1977). As the swimming progresses

from low, sustained speeds to higher, prolonged speeds the mainly

anaerobic white muscle will be recruited (Johnston, Davison and

Goldspink 1977), starting in the caudal regions, with recruitment

moving towards the head, until at high speeds all of the muscle bulk

is used. At these speeds the phenomenon proposed by Wardle (1985), of

thrust coming from the rostral region and stiffness caudally, would

apply. In order to check this hypothesis it is necessary to know the

pattern of electrical and contractile activity in the myotomal muscle,
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which van Leeuwen et al (1990) have done for carp red muscle. They

have created a model in which the rostral fibres are activated after

stretching, so that they produce positive work, or thrust, whereas the

caudal fibres are stimulated during stretch so that they produce

negative work, which would lead to the stiffness Wardle (1985)

proposed.

The current study has shown that CPK activity is at the same level in

different regions of the white muscle. It has a low reserve of fuel,

but it is the fastest source of energy and is used at high work loads

(Dawson, Gadian and Wilkie 1980; Johnston 1982). This would be during

rapid acceleration and at top speeds, when all of the muscle is

recruited and so the CPK activity levels could be even throughout.

The current study provides the first evidence of variation in enzyme

activities within a single muscle type in a single species. These

variations will have an effect on any interspecific comparisons, or

comparisons with other studies of the same species. To avoid this care

must be taken to define the anatomical region used for sampling.

Temperature also has a dramatic effect on the apparent enzyme activity

in a tissue, so either an arbitrary standard must be chosen, or the

normal environmental temperature of that species must be used. These

factors must be bourne in mind when examining the results from other

studies.

In conclusion, it has been demonstrated that the activity profiles of

some enzymes vary between species with differing ecologies, and that

differences also occur in the enzyme activity profiles of white
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teleost muscle as a result of anatomical location.
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Chapter 3. A quantitative histochemical study of the peripheral

innervation of cod white mvotomal muscle: The effects of muscle

function and growth on end-plate numbers

3.1 Introduction

The innervation of epaxial muscle in fish is described as either

focal or distributed, depending upon the pattern of nerve terminals

on the muscle fibre. The two forms of innervation in fish white

muscle have different effects upon the fibres that they supply.

Focal innervation in fish is characterised by one or two axons

inserting onto an endplate at the myoseptal end (or ends) of a muscle

fibre (Barets 1961; Best and Bone 1973; Bone 1964; Bone 1972; Bone

and Ono 1982). In those fish in which focal innervation occurs the

white muscle is used exclusively for brief bursts of high speed

swimming (Bone 1966; Bone, Kicenuik and Jones 1978). One suggestion

is that focal innervation is an adaptation for maximum power output

(Best and Bone 1973).

Distributed innervation is characterised by a muscle fibre having

several endplates along its length and can occur as the result of

either nerve endings coming from several axons (polyneuronal) or

because an axon has branched to produce several nerve endings (multi-

terminal) . It was suggested (Altringham and Johnston 1988b) that

there might be a spectrum ranging from almost purely polyneuronal

(Mvoxocephalus scorpius - Hudson 1969a,b) to almost completely multi-

terminal (zebrafish - Westerfield, McMurray and Eisen 1986) but later
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work by Altringham and Johnston (1989) on Mvoxocephalus scorpius has

suggested that the multi-terminal situation is the case. The precise

functional significance of distributed innervation in fish white

muscle is still not clear, although the selective pressure for it

amongst the advanced teleosts must be high, as several,

phylogenetically separate groups have evolved it in parallel (Ono

1983) . Distributed innervation has been linked to the greater

involvement of white muscle with sustained activity in these fish

(Johnston and Moon 1980a; Johnston and Moon 1980b), and could give

sufficiently fine motor control to extend the range of swimming

speeds over which fast fibres are recruited. This may be possible

because the system has extensive motor unit overlap, combined with

the potential for modulating fibre tension development (Altringham

and Johnston 1981; Altringham and Johnston 1988a; Bone 1978a; Hudson

1969b; Johnston 1981; Johnston 1983). The evidence for this comes

from electromyographical studies which show this recruitment pattern

(Johnston and Moon 1980b) and ultrastructural examination showing up

to eight-fold higher mitochondrial volume densities in the white

fibres of species with distributed innervation than white fibres with

focal innervation (Bone 1978a; Bone 1978b; Johnston and Maitland

1980; Kryvi 1977). However, mechanical experiments have shown that

polyneuronal innervation confers no unique properties on the fast

fibres themselves (Altringham and Johnston 1988a; Altringham and

Johnston 1988b).

The preceding chapter has shown that there are significant

differences between some enzyme activities in the white muscle fibres

from the rostral and caudal regions of the cod, which adds to the
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increasing body of data that emphasises that these areas serve

different roles in locomotion (Johnston and Altringham 199?; van

Leeuwen, Lankheet, Akster and Osse 1990; Love 1970; Wardle 1985;

Wells, unpublished results). The first aim of this study was to

determine if the innervation of a muscle fibre type in fish also

varies as a result of its anatomical location.

Considerable work has been performed on the effects of development

and growth on muscle innervation in higher vertebrates (Atsumi 1977;

Bennett and Pettigew 1974a; Bennett and Pettigew 1974b; Brown, Jansen

and van Essen 1976; Srihari and Vrbova 1978), but little has been

done on fish, (Archer, Altringham and Johnston 1990; Mos, Maslam and

Armee-Horvath 1988). This subject is of interest in advanced teleosts

due to the existence of distributed innervation in their fast axial

musculature, and also because they increase their muscle bulk

throughout their lives.

Fish can increase their muscle bulk in two ways, one is by increasing

fibre dimensions laterally, the other, in some species and unlike

higher vertebrates, is by increasing the number of fibres (Goldspink

1985; Greer-Walker 1970; Weatherly and Gill 1985). This increase in

fibre numbers can also be achieved in two ways, either by splitting

differentiated fibres, or by recruitment and development of the

interstitial myoblasts, as demonstrated by Nag and Nursall (1972).

Splitting fibres will cause a decrease in the number of end-plates on

a fibre; the recruitment from the myoblasts will require the new

fibres to be innervated, which is a situation that is not frequently

found in vertebrates, other than as a response to denervation. If the
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end-plate density is important then, in both cases, it will be

maintained by either proliferation from the existing axon (multi-

terminal) or by de novo innervation (polyneuronal).

The second aim of this study was to examine the effect of growth on

the innervation of white muscle fibres from fish. This would give an

indication of the importance of end-plate density in muscle fibres

that have distributed innervation, and whether further end-plates are

added throughout the growth of a fish. This is of particular interest

as the establishment of innervation is not normally seen in mature

vertebrates outwith pathological conditions.
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3.2 Materials and methods

3.2.1 Sampling

Cod were obtained from Glasgow University Marine Laboratory,

Millport, Great Cumbrae, in the Firth of Clyde and from St Andrews

Bay, Fife, during July and August 1987, and used within 1-3 days of

capture. Three groups of fish were used. The small fish (2 animals)

ranged from 20-21 cm, the medium fish (4 animals) from 25-30 cm and

the large fish (3 animals) from 40-43.5 cm.

The study on the effect of anatomical area was conducted on the

medium-sized group (three animals), samples being taken from myotomes

in the areas shown in figure 3.1. The muscle samples for the

comparison between different sizes of fish were taken from the

rostral region.

3.2.2 Preparation

Small strips of deep white muscle were tied to cocktail sticks, with

the myotomal length being set at that measured when the fish was

lying flat on the bench. Preterminal axons and neuromuscular

junctions were stained using the techniques described by Koelle and

Friedenwald (1949) and Naik (1963).

The strips were fixed at 5°C in 10% formalin/0.1 mole l-1 acetate

buffer at pH5.2 for two hours and then washed in distilled water for

one hour. The incubation in acetylthiocholine solution was for 12
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Figure 3.1. Anatomical locations of muscle sampl
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Figure 3.1



hours at 37°C. This solution had the following composition: 0.2ml

2.5% CUSO4, 0.2ml 3.7% glycine, 8.8ml 1 mole l-1 acetate buffer and

0.8ml of the supernatant from spinning 15mg acetylthiocholine in

0.75ml H2O, to which had been added 0.3ml 2.5% CUSO4, at 6g for 30

minutes.

After washing the strips were stained in 1% ammonium sulphide for 40

minutes, washed again and cleared overnight in glycerol. The strips

were then carefully teased to give whole single fibres, which were

mounted in glycerol on microscope slides. Measurements were taken

directly through an optical microscope.
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3.3 Results

Figures 3.2-3.6 show photomicrographs of typical fibres from the

rostral region in each size group, and from the caudal region in the

25-30 cm group. The diversity of the fine structure of the endings is

apparent and both multi-terminal, with between two and four end-

plates per axon, and polyneuronal innervation are demonstrated.

Table 3.1 shows the means and standard errors of the numbers of

endplates per fibre and per mm, and of the separation distances of

the endplates.

The numbers of end-plates found on these deep rostral fibres (7-13

range) is similar to those also found on cod deep fibres (14.8 ±2.5)

by Altringham and Johnston (1981), on cod hypaxial fibres (10-20) by

Archer et al (1990), in bull-rout (14 mean, range 8-22) by Hudson

(1969b) and in the tench, Tinea tinea L, (8-20) by Johnston and

Bernard (1982).

The mean distances between end-plates in the medium-sized cod (25-

30cm) from this study is 0.60mm rostrally, and 0.74mm caudally, which

are comparable with about 0.42mm from the rostral hypaxial myotomes

of cod of a similar size (Archer et al 1990) and 0.64mm (range 0.09-

2.05) from bull-rout (Hudson 1969b).
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Table 3.1. The means and standard deviations of the numbers of

endplates per fibre, the number of endplates per mm, and of the
separation distances of the endplates, for cod (Gadus morhua L).

Fish size, sample
location & number

endplates/fibre endplates/mm separation
mm

SMALL (20-21 cm)
rostral (n=40) 7.15 ±0.22 § 1.64 ±0.05 0.61 ±0.02

MEDIUM (25-30 cm)
caudal (n=60)
rostral (n=80)

3.85 ±0.11*
9.09 ±0.29*@

1.36 ±0.04*
1.67 ±0.04*

0.74 ±0.02*
0.60 ±0.01*

LARGE (40-41 cm)
rostral (n=60) 12.97 ±0.27 @ 1.64 ±0.03 0.61 ±0.01

* Significantly different, p<0.01; two tailed unpaired t-test between
caudal and rostral myotomes

@ Significantly different, p<0.01; two tailed unpaired t-test between
different size groups
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Figure 3.2. Photomicrograph montage of a typical myotomal muscle fibre
from a 43.5cm cod showing 14 nerve endings.
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Figure 3.3. Photomicrograph of three nerve endings on a single fibre
showing polyneuronal innervation by two axons.
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Figure 3.4. Photomicrograph of a single axon providing two nerve
endings on each of two muscle fibres.
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Figure 3.5. Photomicrograph showing fine detail of a single axon
ending on a muscle fibre.
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Figure 3.6. Photomicrograph showing four nerve endings on a single
fibre showing multiterminal innervation by one axon.
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Figure 3.6
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3.3.1 Innervation related to anatomical location

The number of end-plates and their density were significantly higher

(236% and 125% respectively, p<0.01) in the muscle fibres of the

rostral myotomes when compared with those from the caudal myotomes

(table 3.1). This is illustrated by figure 3.7, which is a histogram

of nerve endings per millimetre for the rostral and caudal areas in

three cod of 25-30 cm.

3.3.2 Effects of growth

The total number of end-plates on fibres from the rostral myotomes

was significantly higher (p<0.01) as a result of growth (178% from

20cm to 40cm body length), which maintained the end-plate density,

with an insignificant (p>0.05) 1% decrease in density after a 2 fold

increase in body length (table 3.1). This is shown graphically by the

line in figure 3.8, which is a plot, for each of the fish, of the

mean number of endplates per fibre against the mean fibre length for

the rostral fibres. The correlation coefficient for this line is

0.99, with an endplate density of 1.73 per mm, comparable with a mean

of 1.65 ± 0.01 per mm calculated from the data.

Figure 3.9 is a graph of mean fibre length (mm) of the rostral fibres

plotted against the total body length of each of the fish. Fibre

length is directly proportional to body length (r=0.90).
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Figure 3.7. Histogram of the number of nerve endplates per
millimetre for each muscle fibre, showing the difference between the
rostral and caudal samples. Results are taken from 20 fibres from each
area from each of three cod of 25-30cm.
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Figure 3.7
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Figure 3.8. Graph of number of endplates per muscle fibre (mean ±
SE, n=20) plotted against muscle fibre length (mean ± SE, n=20), in
millimetres, from each of nine cod. The muscle fibres were taken from
the rostral area. The correlation coefficient is 0.99.
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Figure 3.8

Number of endplates

Fibre length (mm)



Figure 3.9. Graph of muscle fibre length (mean ± SE, n=20), in
millimetres, plotted against the standard length, in centimetres, for
each of nine cod. The correlation coefficient is 0.90.
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Figure 3.9
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3.4 Discussion

3.4.1 Heterogeneity of white fibres

The innervation of a muscle fibre varies according to its location,

both in this study, in comparison with the work by Archer et al

(1990) (figure 3.10) and also in that performed by Altringham and

Johnston (1981), who showed that in cod there is a significantly

higher number of end-plates on superficial white muscle fibres when

compared with deep white fibres from the same myotome (17.88 ± 2.13

and 14.79 ± 2.48 respectively). The reason for this is not clear as,

although electromyography has shown that different areas of white

muscle are recruited as swimming speed increases, there is not yet

any evidence for a preferential recruitment sequence in the white

muscle (Johnston and Moon 1980b).

One of the functions of distributed innervation could be the

integration of contraction. Fish increase swimming velocity by

increasing the frequency and amplitude of tail movement (Bainbridge

1958). The frequency depends upon the timing of contraction and

amplitude is a result of the proportion of musculature contracting at

any one time. The motor program compiled by the central nervous

system to control this, and to meet the specific requirements of the

different fibre types (Roberts 1981), might be facilitated by the

complex neural circuitry available through distributed innervation.

Polyneuronal innervation would give the widest range of contractile

responses (Hudson 1969b) and may also guarantee synchronous muscle

firing for the escape response (Ono 1983).
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Figure 3.10. Histogram of endplate spacing (mean ± SE, n=60), in
millimetres, related to the anatomical location of sampling for white ;
myotomal muscle in cod. The values for rostral epaxial and caudal
fibres are from three cod of 25-30cm. The value for the rostral

hypaxial white muscle is from cod in a similar size range derived from
Archer et al 1990.
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It is possible that, as there are fewer muscle fibres caudally, the

requirement for integration is less, so there are fewer end-plates,

hence the reduction in end plate density seen in this study.

Interestingly, the number of axons also diminishes towards the tail

(Barets 1961), which would lead to a straight-forward reduction in

end-plates if purely polyneuronal innervation was occuring, as Hudson

(1969b) suggested. However, the answer is not as simple as this as

Altringham and Johnston (1989) have shown, using electrophysiological

techniques, that multi-terminal innervation is more predominant as a

fibre is innervated by only about 4-6 axons and that pre-terminal

branching accounts for the numbers of endplates (8-20) found on the

muscle fibres of the bullrout. These results are similar to those

found in the zebrafish by Westerfield et a_l (1986) . Pre-terminal

branching of axons occurs most frequently on adjacent muscle fibres

in the cod, but some does occur on the same fibre (Altringham and

Johnston 1981 and this study), which means that multi-terminal

innervation is present in cod.

However, the solution is not as simple as this as the caudal region

is used at all swimming speeds. In goldfish there are two sorts of

motor neurons found throughout the axial musculature, one innervating

only white muscle, the other innervating both red and white muscle;

this latter type is predominant caudally (Fetcho 1986). Do both types

innervate all white fibres, or do they serve separate populations?

There is no conclusive EMG data in the literature about the

recruitment and stimulation patterns of the front and rear of fish

which can be used in conjunction with the present study, although
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Love (1970) and Videler (1985) suggest that the muscle at the rear of

the fish is recruited at lower speeds, and has a different function

at higher speeds, than that at the front, which has lately been

corroborated by Johnston and Altringham (199?) and van Leeuwen et al

(1990) . Videler (1985) proposed that the fibres in the caudal region

contract more slowly than those rostrally, and that their function at

higher swimming speeds is to generate stiffness. Van Leeuwen et al

(1990) investigated recruitment patterns and strain fluctuations in

the slow muscle of carp and have suggested a model for muscular work

during continuous swimming. In this model net positive work is

produced in the rostral myotomes, whereas net negative work is

produced caudally, with a transition between the two states in the

intermediate myotomes. This model would produce the state of

stiffness in the caudal region for the transmission of thrust to the

water suggested by Wardle (1985).

The study of enzymes of energy supply in the last chapter also

implies that the white fibre population is not homogeneous, and

Altringham and Johnston (1981) concluded that variations in membrane

properties could lead to functionally separated populations, although

they discounted the possibility of distinct white fibre populations

existing in terms of innervation.

3.4.4 The effects of growth

The results from this study indicate that differentiated, functional

muscle fibres can have further nerve endings inserted on them, as

well as new muscle fibres being innervated de novo in physically
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mature animals. This is one of the first demonstrations of this kind

innervation occuring for non-pathological reasons in a mature

vertebrate. Like Archer et al (1990) and Mos et al (1988), this study

found that muscle fibre length increased in a linear fashion with

total fish length (figure 3.9) and that the number of endplates also

increased with length (table 3.1). However, unlike Archer et .al

(1990) and Mos et al (1988), who found that endplate number was not

linearly related to fibre length, and that endplate separation

increased with fibre length (a Vfibre length - Mos et aJL 1988) , the

endplate number in the rostral epaxial fibres used in this study

increased linearly with fibre length (figure 3.8), so that the

endplate spacing was independent of fibre length and fish length

(figures 3.11 and 3.12). Why there is a difference between the

studies of Archer et al (1990) and Mos et al (1988) and this one is

not clear, but the answer may be phylogenetic in the case of Mos et

al (1988) as they used species other than cod, and anatomical in the

case of Archer et al (1990) who used hypaxial muscle from the

abdominal wall rather than epaxial muscle. It is possible to question

the contribution of the muscle of the abdominal wall to locomotory

power as it is a relatively thin sheet rather than the robust mass of

the epaxial myotomes and this might influence the innervation.

Both forms of distributed innervation (multiple nerve and multiple

end-plate) have been observed in all of the size classes used in this

experiment. It is not known which is occurring as the result of

growth, although the work of Altringham and Johnston (1981,1989),

Eggington and Johnston (1986), Hudson (1969b) and Westerfield et al

(1986) suggest that it is probably branching of existing motoneurons,
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Figure 3.11. Graph of endplate spacing (mean ± SE, n=20), in
millimetres, plotted against muscle fibre length (mean ± SE, n=20), in
millimetres, for each of nine cod. The correlation coefficient is
0.27.
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Figure 3.11

Endplate spacing (mm)

0 4 6
Fibre length (mm)

8 10



Figure 3.12. Graph of endplate spacing (mean ± SE, n=20), in
millimetres, plotted against the standard length, in centimetres, for
rostral muscle fibres from each of nine cod. The correlation
coefficient of the line is 0.14.
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Figure 3.12
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rather than production of new axons which produces the increase in

end-plate numbers on the muscle fibres. As the maintenance of either

the density or spacing of the endplates seems to be important, and as

the fibre numbers are increasing with growth (Greer-Walker 1970) it

is possible that once again the integration of contraction in the

myotomes is being maintained.

3.4.6 Conclusions

1. The innervation of the white muscle varies as a result of its

anatomical location in the cod. The number of endplates is greater in

the rostral fibres, as is the endplate density. This may be the

result of heterogeneity in the white fibre population due to the

different roles of the anatomical regions in swimming.

2. The number of endplates on a fibre increases with growth, but the

endplate density and hence the endplate separation, remains the same,

possibly to maintain integration of contraction.
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Chapter 4. The adaptation of the energy supply metabolism of the

skeletal muscle and liver in the carp (Cyprinus carpio L) as a

result of temperature acclimation.

4.1 Introduction

The initial response of most ectotherms to a change in temperature is

a change in metabolic rate - as temperature decreases so does the

metabolic activity (Johnston and Dunn 1987). However, numerous

eurythermal organisms, including many fish species, maintain their

biological functions at a relatively constant level while being

subject to a seasonally variable thermal environment (Goldspink 1985;

Johnston and Dunn 1987). The homeokinetic behaviour of these

organisms carries an implicit demand for temperature compensation in

their energy metabolism.

Fish normally show one of two responses, defined by Precht (1958), to

large, long-term (weeks or months), changes in temperature. One

response is resistance adaptation, where there is a shift in the

upper or lower lethal limits, without a change in rate at a given

temperature, which alters the range of temperature over which normal

function is maintained - there is no compensation. The range of

temperature can be large (Fry and Hochachka 1970), but torpor is

often induced when the limits of the range are reached (Crawshaw,

Lemons, Parmer and Messing 1982; Walsh, Foster and Moon 1983). The

other response is capacity adaptation, in which rate processes are

modified to compensate for temperature effects over the normal

thermal range of the animal.
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The process of adaptation to environmental change is termed

acclimatisation if it occurs in nature, or acclimation if it occurs

under laboratory conditions (Hazel and Prosser 1974). Resistance and

capacity adaptation are not mutually exclusive responses as

acclimated largemouth bass (Micropterus salxopides) could maintain

similar levels of spontaneous activity between 7°C and 30°C, but

entered torpor at lower temperatures (Lemons and Crawshaw 1984).

One way of achieving a compensatory response when locomotory

performance has been affected by temperature acclimation is by major

remodelling of the skeletal muscle (Johnston and Lucking 1978).

Johnston and Lucking (1978) showed an increase from 8.3% to 12.5% in

the area of aerobic fibre types - mainly due to an increase in fibre

numbers - in goldfish. Sidell (1980) corroborated this idea by

showing that, based on the biochemical constituents of the epaxial

muscle, the proportion of oxidative fibres rose in cold acclimated

fish.

At the ultrastructural level, significant increases in the

mitochondrial volume density due to cold acclimation have been

reported in slow fibres in the elver, Anquilla anquilla. (Eggington

and Johnston 1984) and in the fast and slow fibres in crucian carp

(Johnston 1982; Johnston and Maitland 1980), goldfish (Tyler and

Sidell 1984) and the striped bass, Morone saxatilis. (Eggington, Ross

and Sidell 1987; Eggington and Sidell 1989), as well as a two to

three fold increase in capilliarisation in the red and white muscle

of crucian carp (Johnston 1982).
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Many of these morphological changes, such as the remodelling of the

muscle or the modifications to the ultrastructure, lead to an

increase in oxygen consumption after cold acclimation (Smit, van den

Berg, kinje-den Hartog and Rozing 1974). Smit et al (1974) showed

that, at any given temperature between 15°C and 30°C, whole goldfish

acclimated to 15°C, and homogenates of their red and white muscle,

had higher rates of oxygen consumption than those acclimated to 30°C.

The same result was found for liver homogenate from goldfish at the

same temperatures by Kanungo and Prosser (1959).

Several reviews have been produced on the effect of temperature on

energy metabolism in muscle (Fry and Hochachka 1970; Hazel and

Prosser 1974; Johnston and Dunn 1987; Newsholme and Paul 1983, Sidell

1983). The essence of these reviews is that maximal enzyme activities

measured in vitro can provide information on the relative capacities

of the different metabolic pathways in vivo.

Generally the effect of capacity adaptation, due to acclimation to

cold temperatures, on muscle enzyme activities is an increase in the

activities of those enzymes involved in the aerobic production of ATP

and fatty acid utilisation, as might be expected from the increases

in mitochondria and oxygen consumption.

For example, Johnston, Sidell and Driedzic (1985) found that in carp

acclimated to 7°C, when compared with those acclimated to 23°C, the

activities of cytochrome oxidase, citrate synthetase, carnitine

palmitoyl transferase, B-hydroxyacyl CoA dehydrogenase and hexokinase

in red muscle were elevated, as were the levels of citrate synthetase
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and cytochrome oxidase activity, to a lesser degree, in white muscle.

The increase in cytochrome oxidase activity with cold acclimation has

also been noted in the goldfish (Caldwell 1969; Sidell 1980).

However, there was no significant change in LDH activity in carp

muscle (Johnston et al 1985) , or in goldfish muscle (Smit et al. 1974)

acclimated to 15°C and 30°C, 8°C and 28°C (Yamawaki and Tsukuda

1979b) or 10°C and 25°C (Tsukuda 1982), although Sidell (1980)

observed a fall in LDH activity as a result of acclimation to 5°C in

goldfish.

An effect on the energy stores could be expected; in crucian carp

acclimated to 2°C and 28°C, the concentration of glycogen was higher

in the 2°C muscle fibres by a factor of two (Johnston and Maitland

1980) and in striped bass there was a fifteen fold increase in the

volume density of lipid droplets in slow muscle from fish acclimated

to 5°C compared with that from 25°C fish. In Salmo ctairdneri the

glycogen and total lipid stored in cardiac muscle is increased in

fish acclimated to 5°C when compared with fish from 18°C (Dean 1969).

The liver is the major reservoir for glycogen in fish and it is also

an important site for lipid storage in some species. Changes in the

size and lipid stores (Stone and Sidell 1981), by increasing cell

size (Das 1967) or cell number (Jankowsky, Hotopp and Seibert 1984),

and mitochondrial density and structure (Campbell and Spencer Davies

1978) of the liver have been reported as the results of temperature

acclimation.

Capacity adaptation, as a result of acclimation to cold temperatures,
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in the metabolism of the liver leads to an increase in the activities

of citrate synthetase and carnitine palmitoyl transferase and a

decrease in lactate dehydrogenase activity in the chain pickerel

(Esox njjger) (Kleckner and Sidell 1985) . This enhancing effect on the

activity of tricarboxylic acid cycle enzymes parallels the results of

Campbell and Spencer Davies (1978) using Blennius pholis. However,

there was no significant change in LDH activity in goldfish liver

measured at 5°C intervals between 5°C and 40°C after acclimation to

8°C and 28°C (Yamawaki and Tsukuda 1979a) .

The acclimatory responses of the energy stores to a change in

temperature can vary. Striped bass increase the store of lipids in

the liver as a result of cold acclimation (Stone and Sidell 1981),

whereas mummichogs (Fundulus heteroclitus) do the reverse, but

increase the glycogen store, which may be a strategy for freezing

avoidance (Moerland and Sidell 1981). Salmo qairdneri and Anquilla

anguilla also increase the glycogen reserve of the liver, but without

altering the lipid content (Dean 1969, Jankowsky et ad 1984).

However, acclimation patterns in liver do not necessarily reflect the

acclimatory response of the whole animal. The effects of temperature

acclimation in liver at a metabolic level may well vary due to a

range of factors, which could be environmental such as salinity, pH,

hydrostatic pressure and oxygen availability, or could be seasonal

such as gametogenesis, starvation or prolonged exercise due to

migration (Johnston and Dunn 1987).

The first aim of this study was to identify what changes are made to

energy supply metabolism in the muscle and liver of the carp as a
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result of acclimation to different temperatures. This would be

explored by systematically examining the relative activities of

selected enzymes, metabolites and somatic indices after subjecting

groups of fish to certain temperatures and allowing sufficient time

for acclimation to these temperatures to occur.

The second aim of this study was to see if both resistance and

capacity adaptation could occur in the metabolism of the carp as a

result of temperature acclimation. Evidence of the ability to show a

dual response would be obtained by a rapid achievement of the

required temperatures; this would prevent the opportunity for gradual

acclimation. The use of a range of temperatures would also indicate if

there were particular threshold temperatures at which one or other

adaptation occured.
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4.2 Materials and Methods

4.2.1 Rationale

Particular enzymes were chosen as representative of three different

pathways for the production of metabolic energy:

1. Citrate synthetase (CS), an enzyme of the carboxylic acid cycle.

2. Creatine phosphokinase (CPK), the enzyme responsible for

phosphocreatine hydrolysis (- P transfer).

3. Lactate dehydrogenase (LDH), which is involved in glycolysis and

also a continuous supply of oxidised NAD for other metabolic

redox systems.

Enzyme activities were assayed at 15°C and at the acclimation

temperature of the fish from which the samples were taken. The assay

at one temperature (15°C) is typical of experiments of this kind and

allowed comparisons to be drawn directly with other work; it also

gave an indication of enzyme concentration (Sidell 1983). However,

the second approach gave a much clearer indication of changes in

activity due to acclimation, as it took into account the effects of

temperature on the enzyme. It also allowed any capacitive response to

be classified into one of five categories - 1. overcompensation, 2.

perfect compensation, 3. partial compensation, 4. no compensation, 5.

inverse or paradoxical change - defined by Precht (1958).

The metabolites, glycogen and triglyceride, were chosen as they are

the main fuels for continuous activity in fish.
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The temperatures were selected to represent the range which the carp,

Cyprinus carpio L, experiences in nature (Wheeler 1978).

4.2.2 Animals

Carp, Cvprinus carpio L, were obtained from Humberside Fisheries,

Skerne, Humberside, England and kept for seven days in recirculated,

filtered fresh water at 15°C and a 12:12 hour photoperiod. The

selected temperatures, 2°C, 5°C, 8°C, 11°C, 15°C and 23°C, were

reached within 2-3 days.

Feeding was closely monitored, with the fish being fed to satiation

with trout pellets (Trout High Density 552, Ewos-Baker Ltd,

Westfield, Edinburgh) and the amount recorded. The composition of the

feed was as follows: Protein 47.0%, Oil 9.0%, Fibre 2.0%, Ash 13.0%;

the metabolic energy value was 2.95 kcal g-1.

4.2.3 Sampling

Sampling commenced after four weeks at the acclimation temperature

and continued for two months. Six animals were used at each

temperature and were in the ranges 21.0-26.5 cm in length and 310-

778g in weight. Fish were sacrificed by a blow on the head, followed

by transection of the spinal cord.

Tissue samples of 0.5-lg were quickly dissected from the myotomal

muscle (figure 4.1) and the liver, and quenched in liquid nitrogen.
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Figure 4.1. Anatomical location of muscle sampl
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Figure 4.1
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The samples were stored under liquid nitrogen at -196°C until they

were assayed.

The liver was weighed to calculate the hepatosomatic index using the

formula (organ weight x 100) / body weight. The condition index was

found using the formula (body weight x 100)/L3.

4.2.4 Apparatus

A Cecil CE599 dual-beam spectrophotometer fitted with constant

temperature cells was used for all of the assays. Disposable plastic

cuvettes were used for the enzyme assays and quartz cuvettes were

used for the metabolite assays.

4.2.5 Enzyme assay

4.2.5.1 Preparation

Tissue samples were diced and ground in 6 volumes of ice-cold buffer

using a sintered glass to glass homogeniser. All the enzymes were

assayed in tissues extracted with 50 mmole l-3- Tris-HCl, 5 mmole 1~1

EDTA, 2 mmole l-3- MgCl2 and 1 mmole l-1 dithiothreitol (DTT) at pH7.5

and 1°C, except for citrate synthetase, for which DTT was omitted.

The homogenate was filtered through glass wool and stored on ice.
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4.2.5.2 Assay

Assays were performed at 15±1°C or the acclimation temperature of

each group, and the pH was 7.4 except for CS which was pH 8.0. There

is an inverse relationship of temperature and pH, so for an accurate

assay of enzyme activity the pH of the assay solution must be set at

a particular value at a known temperature and allowed to vary as in

vivo (Hazel, Garlick and Sellner 1978). The change in pH with

temperature (ApH/AT°C) of fish is -0.013 to -0.02 pH units °C_1

(Cameron 1978), so the effect of change in intracellular pH due to

temperature was simulated by using imizadole (1,3-diaza-2,4

cyclopentadine). Imidazole has a ApH/AT°C of -0.018 pH units °C-1 in

the range 0-20°C, and is a good buffer over the range pH 6.2-7.8.

All metabolites and coupling enzymes were obtained from SIGMA (Poole,

Dorset, England). The assay mixtures had the following compositions

(mmole l-1):

Citrate synthetase (CS; E.C.4.1.3.7): 75 imidazole buffer, 5 MgCl2,

100 KC1, 0.3 acetyl-CoA, 0.1 DTNB and 0.5 oxalacetate. The reaction

was initiated with oxalacetate.

Creatine phosphokinase (CPK; E.C.2.7.3.2): 75 imidazole buffer,

5 MgCl2, 100 KC1, 20 glucose, 1 ADP, 10 AMP, 1 NAD+,
35 phosphocreatine (PCr). The reaction was initiated with PCr.
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Lactate dehydrogenase (LDH; E.C.1.1.1.27): 75 imidazole buffer,

5 MgCl2, 100 KC1, 0.15 NADH, 1 pyruvate. The reaction was initiated

with pyruvate.

Results were expressed as jtzmole min-1 g-1 wet weight.

4.2.6 Metabolite Assay

4.2.6.1 Glycogen

About O.lg of sample tissue was digested in 1ml 30% KOH at 100°C for

20 minutes. The digest was cooled slowly, 3.5ml of 96% ethanol was

added, brought to the boil, cooled and left overnight. The

precipitate was centrifuged at 1200rpm for 30 minutes and washed in

3ml absolute ethanol. This ethanol was removed by evaporation in a

heated water bath. The glycogen was hydrolysed to glucose by adding

2ml 2N H2SO4 and heating at 90°C for three hours, followed by

neutralisation using 2N K2CO3 and methyl orange indicator. Glucose

was assayed colorimetrically at 450nm using Sigma kit no. 510. The

reactions were:

Glucose + H2O + C>2 glucose oxidase^ gluconate + H2O2

H2O2 + o-dianisidine peroxidase ^ oxidised o-dianisidine
(brown)
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4.2.6.2 Triglycerides

Triglyceride levels were assayed using Sigma kit no. 405.

Approximately 0.lg of tissue was homogenised in 2.5ml of ice-cold

anhydrous isopropanol by three bursts of 20 seconds duration using a

Kinematica CH6010 homogeniser. The homogenate was shaken with

triglyceride purifier (activated alumina) for five minutes and then

centrifuged at 3000rpm for a further five minutes. The supernatant

was saponified with KOH at 60°C for five minutes and then stored

overnight at 5°C. Appropriate dilutions were made as required at this

stage. The glycerol present was oxidised with sodium periodate and 10

minutes later the colour solution was added. After incubation at 60°C

for 30 minutes the absorbance was measured at 410nm. The reaction

pathway is as follows:

Triglycerides + KOH > glycerol + fatty acids

Glycerol + periodate > formaldehyde

Formaldehyde + NH4+ + acetylacetone > diacetyldihydrolutidine

(yellow)

Both metabolites were expressed as jumole g-1 wet weight.

Data were compared using unpaired, two-tailed t-tests with a

significance level of p<0.05.
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4.3 Results

4.3.1 Feeding and somatic indices

The 15°C fish are the controls for this study. The thermal history

of the fish prior to acclimation is not known. The effect of the

temperature on feeding is shown in figure 4.2. The 2°C fish stopped

feeding in week 3 of the study, the 5°C fish stopped in week 7. The

amount consumed was highest at 15°C and declined for the 23°C fish.

Figure 4.3 is a graph of the hepatosomatic index and condition index

plotted against the acclimation temperature of each group of fish.

All values represent means ± standard errors.

The hepatosomatic index ranges from 1.92 ±0.19 (15°C, n=7) to 0.96

±0.19 (23°C, n=6). The hepatosomatic index of the 23°C acclimated

fish is significantly lower (p<0.05) than that of the 8°C, 11°C and

15°C acclimated fish, although there is an upward trend from 2°C and

5°C to 8°C.

The condition index ranges from 3.33 ±0.19 (5°C, n=6) to 2.76 ±0.06

(23°C, n=6). Although there appears to be a slightly declining trend

in condition index as the acclimation temperature rises, the only

significant difference (p<0.05) is between the 23°C group and the 2°C

and 5°C groups.
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Figure 4.2. Histogram of the quantity of food taken each week (grammes
of food per 100 grammes of fish, mean ± SE) at each of the acclimation
temperatures.
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Figure 4.2
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Figure 4.3. Graph of condition index, (body weight x 100)/length3 -
crosses - and hepatosomatic index (liver weight x 100)/body weight -
open squares - for each group plotted against its acclimation
temperature. All values are means ± SE, n=6 except for 15°C where n=7.
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Figure 4.3
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4.3.2 Enzymes

Maximum enzyme activities, measured at saturating substrate

concentrations, are show in figures 4.4-4.11.

4.3.2.1 Activities measured at 15°C

Figures 4.4-4.7 show the activities of LDH, CPK and CS in the

locomotory muscle and liver of carp measured at 15°C. The values, in

/Ltmole min-1 g-1 wet wt, are plotted against the acclimation

temperature of each group (n=6, mean ± standard error).

LDH activity (figures 4.4 & 4.7) was about the same in white muscle

and liver, with that in the red muscle being 50% lower. A similar

pattern of activity due to acclimation was seen in the three tissues.

The 8°C group had the lowest activity, significantly so (p <0.05)

when compared with the 23°C group in all three tissues. The 8°C group

LDH activity was also significantly (p <0.05) lower than the 5°C,

11°C and 15°C groups in red muscle and the 2°C group in white muscle.

This pattern of acclimatory response suggests that the activity of

LDH decreased as the environmental temperature fell, with the 8°C

fish showing the largest change.

CPK (figure 4.5) showed a similar pattern of activity to LDH in the

white and red muscle, with the enzyme activity in the 8°C group again

lower than the rest, significantly (p <0.05) so when compared with

the 2 °C and 5°C groups in both muscles, and with the 15°C and 23°C

groups in red muscle only. In red muscle the 11°C group CPK activity
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Figure 4.4. Graph of maximum LDH activity for the myotomal muscle from
each group ()nmole/min/g wet weight), measured at 15°C, plotted against
the group's acclimation temperature. Crosses are white muscle, stars
are red muscle. For all points n=6, mean ± SE.
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Figure 4.4
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Figure 4.5. Graph of maximum CPK activity for the myotomal muscle from
each group ()Limole/min/g wet weight) , measured at 15°C, plotted against
the group's acclimation temperature. Crosses are white muscle, stars
are red muscle. For all points n=6, mean ± SE.
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Figure 4.5
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is also significantly lower than those at 2°C and 5°C. Again, it

appears that the trend was for a decrease in CPK activity as the

temperature was lowered to 8°C. CPK activity was not found in any

liver homogenate.

CS (figures 4.6 & 4.7) showed a completely different acclimatory

response, the activity in the 8°C group being higher than any other

group, substantially and significantly so in the white and red

muscle. This appears to be an indication of increased CS activity in

response to lowered temperature.

4.3.2.2 Activities at the acclimation temperatures

Figures 4.8-4.11 show the activities of LDH, CPK and CS measured at

the acclimation temperature of each group.

LDH (figures 4.8 & 4.11) showed no significant difference between the

2 °C, 5°C and 8°C groups in the red and white muscle, or between the

11°C and 15°C groups in red muscle and liver.

CPK (figure 4.9) showed a slow increase in activity to 8°C, then a

very large increase to 11°C.

CS (figures 4.10 & 4.11) did not show the same marked increase with

temperature as LDH and CPK. However, the activity at 8°C was much

higher than expected, showing no significant difference from the 23°C

group in white muscle and from the 15°C group in red muscle.
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Figure 4.6. Graph of maximum CS activity for the myotomal muscle from
each group (/xmole/min/g wet weight) , measured at 15°C, plotted against
the group's acclimation temperature. Crosses are white muscle, stars
are red muscle. For all points n=6, mean ± SE.
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Figure 4.6
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Figure 4.7. Graph of maximum LDH and CS activity for the liver from
each group (jumole/min/g wet weight) , measured at 15°C, plotted against
the group's acclimation temperature. Open crosses are LDH, boxed
crosses are CS. For all points n=6, mean ± SE.
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Figure 4.7
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Figure 4.8. Graph of maximum LDH activity for the myotomal muscle from
each group (/zmole/min/g wet weight), measured at the group's
acclimation temperature, plotted against the group's acclimation
temperature. Crosses are white muscle, stars are red muscle. For all
points n=6, mean ± SE.

131



Figure 4.8
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Figure 4.9. Graph of maximum CPK activity for the myotomal muscle from
each group (jumole/min/g wet weight), measured at the group's
acclimation temperature, plotted against the group's acclimation
temperature. Crosses are white muscle, stars are red muscle. For all
points n=6, mean ± SE.
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Figure 4.9
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Figure 4.10. Graph of maximum CS activity for the myotomal muscle from
each group (jumole/min/g wet weight), measured at the group's
acclimation temperature, plotted against the group's acclimation
temperature. Crosses are white muscle, stars are red muscle. For all
points n=6, mean ± SE.
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Figure 4.10
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Figure 4.11. Graph of maximum LDH and CS activity for the liver from
each group (/mole/min/g wet weight), measured at the group's
acclimation temperature, plotted against the group's acclimation
temperature. Open crosses are LDH, boxed crosses are red muscle. For
all points n=6, mean ± SE.
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Figure 4.11
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The 'usual' Qiq values for physiological processes which show no

compensatory adaptations to temperature are between 2 and 3 (Hazel

and Prosser 1974). The activities of LDH and CPK measured at the

acclimation temperatures fall between the lines described by Q10 = 2

and Qio = 3 f°r the two enzymes calculated from the experimental

control at 15°C (figure 4.12). LDH and CPK activities showed the

'normal' response expected due to an acute change in temperature and,

therefore, did not show any compensatory response due to temperature

acclimation.

The experimental values for the activities of citrate synthetase at

2 °C, 5 °C, 11°C and 15°C fell within the envelope made by the 'normal'

QlO values (~2-3, Hazel and Prosser 1974) calculated from the

experimental control at 15°C and, therefore, were showing a 'normal'

response to an acute change in temperature but the 23°C and 8°C

experimental values did not (figure 4.13). Capacity adaptation would

explain the deviation of the 8°C population from 'normal', but the

explanation for the fall in CS activity of the 23°C population is

less obvious.

4.3.3 Energy stores

4.3.3.1 Glycogen

Figure 4.14 is a graph of glycogen concentration plotted against

acclimation temperature for white and red muscle and liver. Values

were expressed as /xmole glycosyl units g_1 wet wt and the ranges are

from 12.9 ±1.6 jxmole g-1 wet wt (11°C) to 22.7 ±4.6 jumole g_1 wet wt

139



Figure 4.12. Graph demonstrating maximum enzyme activity, measured at
the acclimation temperatures, falling within the boundaries of Qiq=2
and q10=3. Qio=(r2~Rl)10/(t2-Tl). The graph is of ldh from white
myotomal muscle from each group (/xmole/min/g wet weight) , measured at
the group's acclimation temperature, plotted against the group's
acclimation temperature. For all points n=6, mean ± SE. The shaded
area represents the range of enzyme activity expected if the activity
followed the 'normal' Q^q variation of «2-3, calculated from the
control at 15°c.
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Figure 4.12
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Figure 4.13. Graph of maximum CS activity for the red myotomal muscle
from each group (jzmole/min/g wet weight), measured at the group's
acclimation temperature, plotted against the group's acclimation
temperature. For all points n=6, mean ± SE. The shaded area represents
the range of enzyme activity expected if the activity followed the
'normal' Q^q variation of «2-3, calculated from the control at 15°C.\if "qio=(r2"ri):i:o/(t2~ti> •
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Figure 4.13
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Figure 4.14. Graph of glycogen concentration (/xmole glycosyl units/g
wet weight) plotted against each group's acclimation temperature. For
all values n=6, mean ± SE. + = white muscle, * = red muscle, x =
liver.
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Figure 4.14
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(8 °C) in white muscle; 39.2 ±3.5 /umole g-1 wet wt (2°C) to 61.9 ±3.9

/imole g-1 wet wt (8°C) in red muscle and 241.6 ±50.4 /mole g-1 wet wt

(2°C) to 505.5 ±62.1 /mole g-1 wet wt (8°C) in liver (for all values

n=6, mean ± standard error). There is a significant difference (p

<0.05) between 2°C and 8°C in red muscle and between 2°C and 5°C and

between 2°C and 8°C in liver, with an apparent peak at 8°C in all

three tissues and a declining trend to 23°C.

4.3.3.2 Triglyceride

Figure 4.15 is a graph of triglyceride concentration against

acclimation temperature for white and red muscle and liver. Values

are expressed as /mole g-1 wet wt. The ranges are 10.7 2 ±2.77 /mole

g_1 wet wt (2 °C) to 25.45 ±3.21 /mole g-1 wet wt (11°C) for white

muscle; 47 for ±7.6 /mole g_1 wet wt (2°C) to 248. 6 ±57.8 /zmole g-1
wet wt (11°C) red muscle and 30.2 ±7.1 /mole g_1 wet wt (2°C) to 98.5

±27.3 /mole g-1 wet wt (8°C) for liver (for all values n=6, mean ±

standard error). In white muscle the 11°C group is significantly

higher than the 2°, 5°, 15° and 23°C groups, and the 2°C group is

significantly lower than any other group. In red muscle the 2°C group

is significantly lower than the 8°, 15° and 23°C groups, and the 5°C

group is significantly lower than the 15° and 23°C groups. The trend

is for triglyceride concentration to peak in the muscles at 11°C.
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Figure 4.15. Graph of triglyceride concentration (/nmole/g wet weight)
plotted against each group's acclimation temperature. For all values
n=6, mean ± SE. + = white muscle, * = red muscle, x = liver.
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Figure 4.15
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4.4 Discussion

4.4.1 Feeding and somatic indices

The 23°C carp did not feed to the same extent as the 15°C fish and

may have been suffering from depletion. This was unusual as it could

be expected that they would have taken more food than the colder

fish, bearing in mind that colder fish have lower metabolic

activities (Johnston and Dunn 1987) .

Muscle and liver are among the first tissues to be effected after the

onset of depletion, with the liver being the most sensitive and first

to change (Beardall and Johnston 1985; Black and Love 1986; Johnston

and Goldspink 1973a; Johnston and Goldspink 1973b; Love 1970). This

could account for the significant fall in the condition and

hepatosomatic indices at 23°C.

The 2 °C and 5°C fish seemed to go into torpor and may have suffered

depletion before the onset of torpor, with the 2°C fish being the

first to succumb, hence the apparent fall in hepatosomatic index when

compared with the 8°C-15°C fish. The torpid state and fall in

hepatosomatic index are evidence that the 2°C and 5°C fish did not

undergo a capacity adaptation but underwent some form of resistive

adaptation. Some fish do exhibit facultative dormancy depending on

the predictability and severity of the environment (Crawshaw 1984),

and the 2°C and 5°C fish could well have become dormant due to the

rapid onset of adverse conditions. However, this cannot be the only

indicator of the initiation of torpor, as largemouth bass
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(Micropterus salmoides) stop feeding at an acclimation temperature of

10°C, but sustain normal levels of spontaneous activity down to an

acclimation temperature of 7°C (Lemons and Crawshaw 1985).

The 8°C, 11°C and 15°C fish seem to have reached an equilibrium

between intake and expenditure, hence the plateau in hepatosomatic

index at these temperatures. The reason for the slight inflection in

the hepatosomatic index at 8°C could be capacity adaptation due to

cold acclimation, which has been shown to lead to an increase in

hepatosomatic index in the goldfish (Das 1967) and silver eel

(Jankowsky et al 1984).

4.4.2 Enzymes

The fish that seemed to go into torpor at 2°C and 5°C had enzyme

activities, measured at 15°C, similar to those fish kept at the

control temperature of 15°C, and different from those in the fish

kept at 8°C. This is further evidence that the fish from the two

coldest regimes underwent a resistive, rather than capacity,

adaptation.

When measured at 15°C the 8°C fish showed significant changes in

their enzyme activities from those kept at higher temperatures, and

it is proposed that these were showing some form of compensation.

LDH and CPK increased in activity gradually from the 8°C to the 23°C

populations, so that the difference only became significant between

the extremes, and then only in some cases. LDH and CPK showed very
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little difference in activity in the fish acclimated to 2°C, 5°C and

8 °C when measured at those temperatures. However, between 8°C and

11°C these enzymes seem to have reached a threshold temperature at

which some change is initiated, and increased in activity

dramatically.

Measured at 15°C, CS showed a very different response, with a

significant decrease in activity in the myotomal muscle at

temperatures warmer than 8°C (37% Fast, 48% Slow). This result is

similar to that found by Johnston et al (1985) (35% Fast, 44% Slow),

also in carp. Johnston et a_l (1985) conducted parallel studies on

skinned muscle fibre mechanics and concluded that thermal

compensation of mechanical power output at reduced temperatures was

matched by an increase in the potential to supply aerobically

generated ATP at those temperatures.

The result for CS when measured at the acclimation temperatures is

important. At 8°C the activities in all the tissues were

substantially the same as those from fish kept at 15°C and 23°C. This

is perfect compensation, as defined by Precht (1958). The 2°C and 5°C

fish did not show any response of this kind at all. The reduction in

the oxidative capacity of the 23°C group, indicated by CS activity,

is similar to that reported by Smit et al (1974) as a result of

acclimation to 30°C in the goldfish. They found, in the red muscle of

the warmer fish, that the activities of the oxidative enzymes

succinate dehydrogenase and malate dehydrogenase were reduced, and

that the activity of the glycolytic enzyme aGPDH was increased when

compared with that of fish acclimated to 15°C.
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Cold acclimation increases aerobic capacity in other species as well,

for instance in rainbow trout (Dean 1969), striped bass (Jones and

Sidell 1982) and crucian carp (Johnston 1982). The increase in

aerobic capacity has been associated with increases in mitochondrial

surface area and volume densities (Eggington and Johnston 1984;

Eggington, Ross and Sidell 1987; Eggington and Sidell 1985; Johnston

1982) and capilliary supply (Johnston 1982), particularly in red

muscle. Sidell (1983) suggested that the activities of enzymes, when

measured at a single temperature, are indicative of enzyme

concentrations, so the increase in CS activity seen in this study

could be due to an increase in concentration brought about by these

mitochondrial changes.

The relative activities, at 15°C, of CPK and LDH to CS remained

substantially the same, except for the 8°C fish, where, due to the

large increase in CS activity and the slight decreases in CPK and LDH

activity, there was a dramatic, almost two-fold, increase in the

relative activity of CS to that of LDH or CPK (figures 4.16-4.18).

Shifts in the relative importances of different pathways are well

documented. Bilinski (1974) stated that, generally, an increase in

the utilisation of either carbohydrate or fatty acid leads to a

depression of the mobilisation of the other and Sidell (1983)

reviewed a collection of experiments in which an increase in CS

activity was matched by a decrease in LDH activity. However, Shaklee,

Christiansen, Sidell, Prosser and Whitt (1977) found, in green

sunfish, that while enzymes from the same pathways showed parallel
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Figure 4.16. Graph of the ratio of LDH and CPK activity to CS activity
in white myotomal muscle, measured at 15°C, plotted against each
group's acclimation temperature.

Figure 4.17. Graph of the ratio of LDH and CPK activity to CS activity
in red myotomal muscle, measured at 15°C, plotted against each group's
acclimation temperature.

Figure 4.18. Graph of the ratio of LDH activity to CS activity in
liver, measured at 15°C, plotted against each group's acclimation
temperature.
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changes, those from different pathways did not, although extensive

metabolic re-adjustment had occured on acclimation.

4.4.3 Metabolites

At all temperatures the typical distribution of glycogen in the

tissues was maintained (Dean 1969; Dunn and Hochachka 1986; Johnston

and Goldspink 1973a), with liver having the highest concentration.

The values are similar to those found for Cyprinus carpio (Johnston

1977) and approximately double those found for Salmo qairdneri (Dunn

and Hochachka 1986; Johnston 1977).

There was no significant change in the glycogen concentration of the

white muscle across the range of temperatures, although there seems

to have been a slight increase at 8°C and a slight trough at 11°C. A

similar pattern was repeated in the red muscle, where the 8°C value

was significantly higher than the 2°C value, and in the liver, where

the 8 °C value was significantly higher than the 2°C and 5°C values.

The increased spontaneous activity seen at the higher temperatures

does not seem to have had an effect on the levels of glycogen in the

muscle, where exercise can deplete glycogen stores (Beamish 1968;

Black, Connor, Lam and Chiu 1962; Johnston and Goldspink 1973; Love

1970; Pritchard, Hunter and Lasker 1971).

The elevation of glycogen concentration at 8°C can therefore be

attributed to acclimation, as seen in the muscle of crucian carp

(Johnston and Maitland 1980), and in the liver of mummichogs, rainbow
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trout and eels (Dean 1969; Jankowsky et al 1984; Moerland and Sidell

1981). The 2°C and 5°C fish did not show an acclimatory response with

respect to glycogen.

As would be expected from the metabolic profiles of the red and white

muscle, with the red muscle being more oxidative, the amount of

triglyceride stored was higher in the red than that in the white.

The effects of the different temperatures on triglyceride

concentrations in the three tissues were not as predicted after

considering the effects on the enzyme activities and glycogen

concentration, with 8°C being the significant temperature. In the

case of triglyceride it was the values of the 11°C fish which were

different, being high in the muscle, significantly so in the white

muscle, and low in the liver.

It is not clear why this change in pattern at 11°C occurs. It is

possible that there was a redistribution of triglyceride from the

liver to the muscle, but it does not seem to be as a result of

activity, which effects only triglyceride levels in red muscle, and

then only after a lengthy period; or depletion, which lowers lipid

levels in liver and red muscle (Beardall and Johnston 1985; Black and

Love 1986; Love 1970; Johnston and Goldspink 1973).

The effect of the somatic indices on the metabolite quantities must

be considered. Not only is there an increase in metabolite

concentration at lower temperatures, but the increase in body mass

(condition index) and liver mass (hepatosomatic index) means that
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there is even more fuel available to the fish (Dunn and Hochachka

1986). Figures 4.19 and 4.20 demonstrate this for the liver by taking

into account the relative increase in size of that organ.

4.4.4 Conclusions

There seem to be three groupings in most phases of this study. The

first group are the 2°C and 5°C fish, which eventually stopped

feeding, had reduced hepatosomatic indices and had enzyme activities

which showed little change from the controls at 15°C. They had

reduced levels of triglyceride in both muscle and liver and the 2°C

fish also had lower levels of glycogen in the red muscle and liver.

This all suggests that compensation of their energy supply metabolism

to give a capacity adaptation was not possible due to the rapid onset

of adverse conditions, so they undertook resistance adaptation and

went into torpor, possibly after a period of depletion.

The second group are the 8°C fish. These fish showed several distinct

signs of compensating their energy supply metabolism to the cold

temperature. Somatic indices were high, oxidative enzyme activity,

represented by CS, was raised and glycolytic and phosphocreatine

hydrolysis activity, represented by LDH and CPK, was lowered. They

had enhanced levels of glycogen in the muscle and liver, and higher

triglyceride levels than the 2°C and 5°C fish and the 23°C fish.

These responses in energy metabolism parallel the acclimation effects

found in skinned muscle fibre mechanics from the same experimental

animals, where perfect compensation of maximum unloaded contraction

velocity and isometric tension was found between 2°C and 11°C
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Figure 4.19. Graph to demonstrate the effect of acclimation on the
amount of glycogen stored in the liver. The graph of the actual
quantity of glycogen stored in the liver relative to the body weight
is derived by multiplying each glycogen concentration by its
respective hepatosomatic index expressed as a percentage. The graph of
the hypothetical quantity of glycogen stored in the liver relative to
the body weight assumes that the hepatosomatic index remained at the
15°C control level. The units are nmole.

Figure 4.20. Graph to demonstrate the effect of acclimation on the
amount of triglyceride stored in the liver. The graph of the actual
quantity of triglyceride stored in the liver relative to the body
weight is derived by multiplying each triglyceride concentration by
its respective hepatosomatic index expressed as a percentage. The
graph of the hypothetical quantity of triglyceride stored in the liver
relative to the body weight assumes that the hepatosomatic index
remained at the 15°C control level. The units are jumole.
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(Fleming, Crockford, Altringham and Johnston 1990). On this basis it

is possible to claim that the 8°C fish showed capacity adaptation.

The third group are the 11°C, 15°C and 23°C fish. These fish showed a

declining trend but no major differences in their somatic indices,

except for the hepatosomatic at 23°C. They also showed no significant

differences in their metabolite levels or enzyme activities measured

at 15°C and the increases in activities measured at the acclimation

temperatures were much as predicted from "normal" Q^o values (Hazel

and Prosser 1974) .

The 11°C population showed some slight anomalies when compared with

the trends established by the fish kept at the other temperatures.

Compared with the 8°C and 15°C fish, those at 11°C had a slightly

reduced condition indices, slightly reduced glycogen concentrations

throughout, elevated triglyceride concentrations in the muscle and

reduced triglyceride concentrations in the liver. A possible reason

for this is that this group were reaching the threshold for capacity

adaptation due to cold acclimation and were undergoing some

preliminary changes.

To summarise, in this study the carp Cyprinus carpio showed both

resistance and capacity adaptation. At 2°C and 5°C responses typical

of resistance adaptation occurred. At 8°C perfect compensation of

citrate synthetase activity occurred, as well as other responses

typical of capacity adaptation to lowered temperature. The results of

this study suggest that capacity adaptation of energy supply

metabolism has a threshold temperature between 11°C and 8°C.
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Chapter 5 - General Discussion

5.1 Interspecific variation

A variety of enzyme activity profiles are found among the white and

red muscle of teleosts, which may be attributable to the different

ecologies of those species (figures 5.1 and 5.2). The profiles of the

white muscles (figure 5.1) show the most dramatic variations, with a

clear change in emphasis from phosphocreatine (PCr) hydrolysis,

indicated by CPK activity, to glycolysis, indicated by LDH activity

as swimming endurance increases.

The mackerel, marlin and skipjack tuna are all epipelagic fish which

are constantly moving, or cruising, (Webb 1984; Wheeler 1969). Their

white muscles have high glycolytic capacities relative to their

capacity for PCr hydrolysis. The cod and carp are generalists (Webb

1984; Wheeler 1969) which employ kick-and-glide patterns of continuous

swimming, with bursts for prey capture or escape. This seems to have

led to a greater emphasis being placed on PCr hydrolysis. The bull-

rout is a sit-and-wait predator which rests on the sub-stratum and

utilises camouflage as its main defence (Wheeler 1969); it seems to

have developed no predominance of either glycolytic or PCr hydrolysis

pathways in its white muscle.

It is interesting that the two species with the highest reliance on

PCr hydrolysis come from extreme environments, the sub-zero Antarctic

seas in the case of Notothenia neqlecta and the warm, hypoxic inland

waters of tropical Africa in the case of the lungfish. It would be
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Figure 5.1. Enzyme activity profiles of the white muscle of some
teleosts. The figures are the percentage of the total activity of LDH
and CPK in the sample from each species. 1. Dunn and Johnston 1986;
2. Dunn et al 1983; 3. Siebenaller 1984; 4. Suarez et al 1986;
5. Guppy et al 1976.
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Figure 5.2. Enzyme activity profiles of the red muscle of some
teleosts. The figures are the percentage of the total activity of LDH
and CPK in the sample from each species. 1. Suarez et al 1986; 2. Guppy
et al 1976.
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Fig 5.2
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interesting to take fish which have evolved in other extreme, stable,
►

environments and examine their enzyme activity profiles to see if

there is a correlation between a reliance on the phophocreatine

hydrolysis pathway and the ability to exist in that environment.
t

5.2 Heterogeneity of a fibre type

The tuning of a fibre type, over an evolutionary timescale, to meet

the needs of a particular species as a result of the species' ecology

is well documented (eg Dunn and Johnston 1986; Guppy, Hulbert and

Hochachka 1979; Hochachka 1985; Johnston and Harrison 1985; Suarez,

Mallet, Daxboeck and Hochachka 1986). However, the tuning which leads

to a heterogeneic population of a "single fibre type" within a species

is not.

Ogata (1958a,b) demonstrated, gualitatively, that the white fibre

population of a teleost is not necessarily homogeneous and Wardle

(1985) demonstrated that the white fibres vary in diameter depending on

the location of the myotome. However, this current study is the first

to demonstrate quantitatively that the white muscle in teleosts is not

homogeneous with respect to enzyme activity. For example, the activity

of the glycolytic enzyme LDH varied significantly, depending upon the

anatomical location of the myotomes, in both cod and mackerel.

In addition, this study is among the first to show that the

innervation of white fibres also varies depending on anatomical

location. Altringham and Johnston (1981) showed a significant

difference in the end-plate number, and hence the end-plate spacing,
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between the deep and superficial white fibres in the cod and now this
I

study, coupled with that of Archer, Altringham and Johnston (1990),

has shown that the end-plate spacing is higher rostrally than caudally,

and epaxially rather than hypaxially. The enzyme activities and end-

plate spacings are summarised in figure 5.3.

Whether the heterogeneic population in the white muscle is the result
»

of genotypic or phenotypic characteristics is not clear, although

innervation and mechanical factors have been implicated in fibre type

transformation in mammals and birds (Atsumi 1977; Barany and Close

1971; Bennett and Pettigrew 1974a; Bennett and Pettigrew 1974b;

Gauthier, Burke, Lowey and Hobbs 1983; Gauthier, Ono and Hobbs 1984;

Pette and Schnez 1977; Rubinstein and Kelly 1978; Rubinstein, Mabuchi,

Pepe, Salmons, Gergely and Sreter 1978). Sreter, Mabuchi, Pluskal and

Pinter (1984) have demonstrated that this transformation of fibre type

occurs at the level of gene expression. Also, Goldspink (1985) has

suggested that fibres can change their myosin type when subjected to

stretch during contraction; he offers evidence that fast oxidative, or

even slow oxidative, sarcomeres can be added to a fast glycolytic

fibre, which would increase that fibre's fatigue resistance.

If this modification of the properties of a fibre type occurs in fish

then the opportunities for fine tuning of the fibre types would be

increased and each myotome could be responsible for, and specialised

to, a particular part of the tail sweep. This offers a possible

explanation for the differences in the enzyme activities and end-plate

spacings found as a result of anatomical location in this study.
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Figure 5.3. Diagrammatic representation of the nerve end-plate spacing
and enzyme activity profile of the rostral epaxial, rostral hypaxial
and caudal myotomes of the cod. The figures for the enzymes are the
percentage of the total activity of LDH and CPK in the sample from each
species.
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Figure 5.3



The use of the caudal region across the full range of swimming speeds,

coupled with the hydrodynamic restrictions placed upon the muscle bulk

in that region (the tapering to produce the caudal peduncle -

Wainwright 1983), could well result in less opportunity to cycle motor

units to prevent fatigue. One possible strategy would be to raise the

levels of fuel and enzymes to reduce the effects of sustained activity

producing fatigue. This study has demonstrated the change in enzyme

activity in both cod and mackerel as a result of the location of the

myotome , with an increased glycolytic capacity in the caudal region,

and Fraser, Dyer, Weinstein, Dingle and Hines (1966) have shown an

increase in glycogen concentration in the caudal region of cod.

Van Leeuwen, Lankheet, Akster and Osse (1990) have recently modelled

muscle power output in superficial red muscle of carp and confirmed

that the muscle makes differing contributions to the tail sweep

depending upon its location. Caudally the synchronisation of

stimulation and stretch is such that there is negative work produced

causing stiffness, rostrally the stimulation occurs when the stretch

phase is complete so that positive propulsive power is produced, in

line with the proposals of Wardle (1985). However, the more complex

arrangement of the white fibres, and the more extreme levels of

exercise that they are employed in, pose particular problems and

questions. Experiments on live fibre preparations would provide more

detailed information on the fibre dynamics and this, coupled with a

study of the orientation of the fibres deep in the myotomes during

contraction, would enable a dynamic model for the white muscle to be

proposed. It would also be useful to be able to relate enzyme

activities, ultrastructure and innervation to this model.
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5.3 The effects of temperature and growth

Muscle appears to not only have the ability to respond to a

wide range of functional demands by recruiting a certain type of motor

unit, but also to change its character through gene expression.

5.3.1 Temperature

This study has shown that the metabolism involved in the production of

energy for muscle contraction can undergo both compensatory and

resistive adaptation as the result of temperature acclimation in carp.

There are various strategies which could be used to compensate the

difficulty of reduced efficiency due to changes in temperature and

allow the net flow of metabolites to be varied or regulated.

These are: 1. Changes in concentrations of key enzymes, substrates,

products or modulators affecting the catalytic activity, and hence

carbon flow, in any given pathway (Fry and Hochachka 1970; Shaklee,

Christiansen, Sidell, Prosser and Whitt 1977), although this might

only be of limited value if the structure and function of the enzyme

is affected by the change in temperature (Hazel and Prosser 1974;

Sidell 1983; Somero 1975). From a functional viewpoint the advantage

of producing large quantities of inefficient or inactive enzymes is

not apparent, and would only be of value if the enzyme is largely

thermally independent, or inter-conversion of the enzyme takes place

(Fry and Hochachka 1970).
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2. Carbon flow may also be modified by thermal alteration of the

capabilities of metabolic pathways to compete for common substrates,

so that some pathways remain independent of temperature, whilst others

alter their activities greatly (Fry and Hochachka 1970), however, this

is not common (Hazel and Prosser 1974; Somero 1975).

3. Modification of membrane structure (van den Thillart and de Bruin

1981), and its effect on membrane-bound proteins, could also have an

effect on carbon flow in a pathway (Hazel 1984).

4. The different forms of the enzymes which are contained in the

animal's genetic material could be utilised selectively. The genes

could be all expressed and so be available for use immediately,

depending upon their responses to various thermal parameters (Place

and Powers 1979). Alternatively they could exist as isozymes and be

selectively produced in response to physiological stimulation (Somero

1975). However, it is possible that this utilisation of isozymes is

only of importance in polyploid species, such as cyprinids and

salmonids (Somero 1978). Induction of a new isozyme might lead to a

change in the emphasis placed on the different metabolic pathways, and

hence a change in the organization of the cellular metabolism (Fry and

Hochachka 1970).

5. Post-transitional modifications of an enzyme leading to altered

kinetics (Johnston 1985b; Shaklee et al 1977).

Further study, including that of the involvment of the thyroid gland,

would be useful, particularly to establish if there is a threshold
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temperature at which a compensatory response is invoked.

5.3.2 Growth

It is not clear whether the extra innervation required as the result

of growth is from new axons or from existing axons, although the work

of Altringham and Johnston (1981), Altringham and Johnston (1989),

Eggington and Johnston (1986) and Westerfield, McMurray and Eisen

(1986) suggests that it is probably branching of existing motoneurons,

rather than production of new axons which increases the number of end-

plates on the growing fibre; this is another area which could be

investigated further.

Recent work by Archer et al (1990), Altringham and Johnston (1990) and

Mos, Maslam and Armee-Horvath (1988) has confirmed some of the

findings of this study and also examined the effects of growth on

muscle mechanics. The frequency for maximum power output falls

(Altringham and Johnston 1990) and the twitch contraction time

increases (Archer et al 1990) with increasing size in the cod. The

effects of growth, or scaling, on innervation, energy supply, fibre

orientation and mechanics in fish myotomal muscle will provide a

fruitful area for further study.
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