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SUMMARY

The metabolism of myotomal muscles in rainbow trout

(Salmo gairdneri Richardson) have been investigated in relation

to sustained swimming performance- The concentrations of glycogen,

lactate and glucose in the whole carcass, slow myotomal and fast

myotomal muscles were measured at a series of different swimming

speeds.

Prior to experiments fish were pre-conditioned for several

days in a flow-chamber at a water velocity equivalent to 1.1 bodylengths

s '. At the start of experiments water velocity was rapidly increased

( 25s) to speeds equivalent to between 2.3 and 7.0 bodylengths s

Following various periods of swimming of up to 24 h, fish were

freeze-clamped in liquid nitrogen (-lcJ6°C) and metabolites analysed.

The resting whole carcass concentration of glycogen for 84g fish was

73 mg, 100 g '. During the first two minutes, swimming glycogen

depleted at a rate equivalent to 0.12 and 0.22 mg, min ' g wt ' at

2.8 and 4.0 bodylengths s ' respectively. Rates of glycogen

depletion for slow fibre muscle were twice those for fast fibres

at both swimming speeds. Total body lactate concentrations (pmoles, g )

were 8.55 and 7.88 in tank rested and exercise conditioned (1.1 body-

lengths s ') rainbow trout. In 27g rainbow trout, following 30 minutes

swimming at either 3.8 or 7.0 bodylengths s ' lactate was increased

by 6.77 and 10.1 umoles, g ' min * respectively. In fish of this

size lactate concentrations continued to rise for a minimum of

5 minutes following the attainment of the new swimming speed. Peak of

lactate concentractions following 5 minutes of steady swimming were

16.9 rimoles, g ' at 3.8 bodylengths s ' and 24.3 jumoles, g ' at 7.0

bodylengths s The l°g-^Q °f net lactate production in the first
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five minutes steady swimming (excluding the period of acceleration

to a given speed) was found to be linearly related to the swimming

speed and of the form y = 0.30 x -0.63. This is equivalent to an

ATP yield from anaerobic glycolysis of 0.2 ^xmoles, g ' bodyweight min '
at 2.3 bodylengths s ' and 1.6 jimoles, g ', min ' at 7.0 bodylengths s

The initial rate of ATP generation from anaerobic glycolysis during the

first five minutes of swimming were 39% and 74% of the total

energy requirements calculated from steady state values of oxygen

consumption obtained from the literature.

The results provide evidence for a significant anaerobic

contribution to activity even at speeds at which the fish remains

in oxygen balance. It is suggested that lactate produced during the

initial phase of acceleration could constitute an important substrate for

slow fibre mitrochondria.

Reoxidation of the cytosolic NADH generated during glycolysis

is essential for the continuous provision of NAD. The mechanisms

which allow cyclic irreverisble transfer of hydrogen between the

cytosol and mitochondria have been investigated. Amino oxyacetate

was employed to limit the transport of hydrogen by inhibiting amino

asparate transferase activity in isolated fibre bundles incubated

in a media (containing 140 mM NaCI, 5mM KCL, 1.3 mM CaC^, 1.0 mM MgSO^,
10 mM sodium phosphate, 20 mM glucose^ pH 7.4). Evidence has been

presented in favour of the occurrence of the malate-asparate shuttle

and a glycerophosphate dehydrogenase shuttle in slow and fast fibres.

Finally, untrastructural studies have been made on the skeletal

muscles. Mitochondrial volume fraction, capillarisation and oxygen

diffusion distances have been determined. The mitochondrial density

(Vv (mit)) was 31.6%for slow and 9.6%for fast fibres. The number



of capillaries per muscle fibre was 1.26 for slow and

0.54 for fast fibres. The percentage of fibre perimeter

in direct capillary contact was 5.87 for slow and 2.17

fast fibres. It is suggested that in rainbow trout the

aerobic capacity of the fast fibres is a significant

fraction of that of the slow fibres.
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CHAPTER 1. GENERAL INTRODUCTION

The diverse forms of fishes reflect both their ways of aquatic

locomotion and their means of making a living. The most successful

group of fishes are the teleosts, as their number already exceeds

20,000 species. These inhabit a wide range of habitats, including dif¬

ferent salinities, temperatures, pressures and oxygen tensions.

Salmon and trout are teleosts that have been widely cultivated in

temperate countries for food and as sport fish. An understanding of

the physiology of salmonid muscle is important for aquatic culture

industry. In addition studies of fish myotomal muscle may lead to a

better understanding of the vertebrate muscular system in general.

Early studies of the histology and the structure of salmon muscle^ had

been made by the beginning of this century (Stirling, 1885; Patton,

1898; Greene,1913) . Foremost in the scientific studies of fish

musculature was that of Lorenzini (1678), who distinguished red and

white muscles in the elasmobranch, Torpedo.

Various suggestions were put forward to account for the presence

of the different fibre types. Lankester (1871) and Panvier (1873)

suggested that red muscles are used for prolonged and sustained effort.

However, it was Arloing and Lavocat (1875) who first suggested that the

slow (red) and fast (white) muscle fibres in fishes are used during

different types of swimming.

Organisation

The bulk of this fish myotome consists of white (fast) fibres

(80-90%) (Figure 1). The lateral trunk of most fishes contains a

superficial triangular wedge of red fibres (Figure 1), which runs along

the lateral line from head to tail. The proportion of this fibre type
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varies along the length of the body and with the mode of life of the

species (Greer-Walker and Pull, 1975). There is a correlation between

the relative proportion of red muscle in the myotomes of most fish and

their sustained swimming ability (Tables 1 and 2). For example, Chub

mackerel (Scomber colias) which is an active pelagic swimmer contains

significantly more red muscle (29.8%) than that of the Angler fish

(Lophius piscatorius) (7.2%) which is a sedentary bottom living species.

This positive correlation between the amount of myotomal red fibres

and swimming ability does not apply to those fishes which use their

pectoral fins as the prime means of locomotion. For example, the

Antarctic cod (Notothenia rossii) primarily uses enlarged pectoral fins

for swimming. Superficial red fibre in the myotomes of N. rossii

constitutes 5.5% compared to 85% for the pectoral fin muscles (Walesby

and Johnston, 1980).

The different fibre types of the myotomal muscles are anatomically

separated into discrete zones (Lorenzini, 1678). The individual fibres

of the myotomal muscles insert via the tendons into the myosepta, which

consist of connective tissue sheets. The complex shape of the myomeres

varies between species. These myomeres are similar to "V" or "W"

shaped overlapping cones (Bone, 1978). It has been suggested that the

purpose of the complex geometry is to permit each muscle fibre to be

inserted in a similar angle with the myosepta. Following studies

involving a histological analysis and mathematical modelling, Alexander

(1969) has documented two basic patterns of fibre geometry, one for

selachians and primitive bony fishes such as anguilla and the other for

advanced teleosts.

The superficial fibres run parallel to the longitudinal axis of

the body. The deep white fibres are arranged in complex patterns which

make angles of up to 30 to 40° with the longitudinal plane of the fish.

Alexander (1969) has concluded from his studies that all white fibres
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would contract to the same degree for a given body flexure and only

minimal sarcomere shortening would result from bending of the body.

For example, he calculated that the longitudinally arranged red fibres

would only shorten by 10% of their resting lengths during swimming,

while the selachians white fibres, by 7-9%, and the advanced teleosts

helically arranged white fibres by only 2-3% (Alexander, 1969). This

isometric nature of contraction of the myotomal muscles has been

supported by indirect evidence provided by endurance exercise training

experiments. For example, prolonged enforced swimming in a flume

produced hypertrophy of both red and white muscle fibres in Saithe and

Brook trout (Greer-Walker and Pull, 1975; Johnston and Moon, 1980a,b).

There is a third type of fibre in fish myotomal muscle. This is

located between the red and white fibres (Figure 1). Because of its

intermediate colouring, it has been termed pink fibre. This narrow band

of pink fibres has reduced myoglobin and mitochondrial content and

increased glycolytic enzyme activities compared to slow fibres

(Johnston et al., 1977; Johnston and Maitland, 1980). They have been

differentiated from other fibre types histochemically, by their

staining for myofibrillar ATPase activity following alkaline preincuba¬

tion at pH 10.4 (Johnston et al., 1974; Mosse and Hudson, 1977). As a

result of the aerobic characteristics of these fibres they have

recently been termed as fast aerobic fibres to differentiate them from

the bulk of the white fibres which are termed fast glycolytic fibres

(Johnston, 1980a,b). Aerobic fast fibres are restricted to a few cells

in rainbow trout (Johnston et al., 1975a), but constitute up to 10% of

the muscle bulk in mirror carp (Davison et al., 1976).
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Classification of muscle fibre types

Classification of fibre types based on colour originated from

Lorenzini (1678). Terms such as red and white have been abandoned by

workers on amphibians, avian and mammalian muscle. These terms are

considered unsatisfactory because some red fibres in bat cricothyroid

muscle are faster contracting than white fibres (Revel, 1962). Since

good correlations have been observed between muscle histochemistry,

morphology and speed of contraction in these animals, classification is

based on inn .vation, contraction speed and metabolic characteristics.

Terms such as twitch and tonic are used indicating innervation and

response to electrical stimulation. These terms are further sub-divided

into three broad groups: slow oxidative, fast oxidative glycolytic and

fast glycolytic.

The situation is different in fish. Morphologically and histo-

chemically different fibre types are arranged in discrete zones and can

therefore be distinguished by their position. However the inconvenient

physiological preparation of the myotome has delayed detail investiga¬

tion until recently. Consequently, no correlations have been established

between fibre types and contraction velocity. This situation is further

complicated by the fact that both red and white muscles are multiply

innervated in the majority of teleosts (Barets, 1961; Bone, 1964).

Classification on the basis of innervation would be unsatisfactory and

terminology such as red and white are consequently retained. Even in

fish groups there is an exception to classification based on muscle

pigmentation and aerobic capacity. For example, haemoglobinless ice-

fish, Champsocephalus gunnari, has white slow fibres due to the absence

of myoglobin although the fractional volume of the fibre occupied by

mitochondria is 45% (Walesby, Nicol and Johnston, 1982).
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The different fibre groups are further sub-divided into sub-

populations of fibres. Histochemical techniques, ultrastructural

features as well as biochemical and physiological criteria are employed

in this differentiation. Serial frozen sections are stained for a

mitochondrial enzyme, for example succinic dehydrogenase (SDH), a

glycolytic enzyme such as myofibrillar ATPase . As glycogen

storage levels are usually higher in fish slow than fast fibres,staining

with PAS also provides a method of distinguishing the fibre types.

There is a good correlation between the myofibrillar ATPase activity,

measured biochemically, and the contraction speed in different muscles

(Barany, 1967). Biochemical studies have shown that Carp pink fibres

have intermediate characteristics in myofibrillar ATPase activity to

white and red fibres and a myosin light chain composition characteristic

of fast fibres (Johnston et al., 1977a).

These identification procedures have resulted in distinguishing

five major types of fibres in the dogfish, two of which are termed slow

fibres type I and II (Bone, 1978).

There is considerable heterogeneity in fast fibre sizes. The

histological studies of Greene(1912) and the histochemical studies of

Boddeke et al. (1959) provided evidence for the variety of aerobic

capacities amongst white fibres. Usually larger diameter fibres are

surrounded by smaller diameter fibres in a mosaic arrangement. The

smaller fibres have a greater succinic dehydrogenase activity and lipid

contents than the large fibres. Fast fibres in rainbow trout show a

range of sizes from 10-95 pm (Johnston et al., 1975a). These fibres

have homogeneous myofibriliar ATPase activity irrespective of size

despite the greater aerobic capacity of the smaller fibres (Johnston

et al., 1975a; Johnston and Moon, 1980c).

It is suggested that the smaller fibres are in the early develop¬

mental stages of the larger fibres.



6

Division of labour between red and white muscle fibres

The histological studies of Boddeke et al. (1959) provided

indirect evidence on the division of labour between red and white fibres

during swimming. In these studies the relative proportions of the red

and white muscles in the myotome of a number of fresh water teleosts of

different habits were examined. It was observed that fishes which were

capable of rapid sustained swimming such as salmonids and scombroid

fishes had a greater amount of red muscle than 'sprinters' such as pike

or perch which are often sedentary but show occasional bursts of speed.

The same correlation had been observed in other pelagic and non-pelagic

fishes. For example, the glass or silver eel is pelagic and moves

actively to the coasts in contrast to the yellow eel which is sluggish

and mainly a bottom dwelling animal (Bostrom and Johansson, 1972).

Recently, Greer-Walker and Pull (1975) made a systematic study of the

percentage of red muscle in 84 species of fish and arrived at similar

conclusions (see Table 1).

George (1962) has shown from histochemical studies on the red and

white muscles of mackerel (Rastrelliger kanagurta Russell) that succinic

dehydrogenase was localized in the mitochondria. These were found to

be numerous in the red but scarce in the white fibres. It was found

that the red fibres along the lateral line had greater concentration of

fat and lipase activity. The red muscle was considered well adapted

for an aerobic metabolism and would use fat as the chief fuel while the

white muscle, adapted for anaerobic metabolism, would use mainly

glycogen.

In a classic paper, Bone (1966) studied the function of red and

white muscles in the common dogfish (Scyliorhinus canicula) . He

observed that red fibres contained greater concentration of glycogen

fat and mitochondria than white fibres. Bone (1966) also made
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extracellular recordings from the myotomal muscle of spinal fish. He

found that during slow swimming movements only the superficial slow

fibres are active but during vigorous movements electrical activity

could also be recorded in the fast fibres. Bone (1966) observed that

after a period of rapid swimming the glycogen content of the fast

fibres was reduced significantly but that after a prolonged period of

slow swimming it was unchanged. In contrast, the glycogen content of

the slow fibres was unchanged during vigorous swimming. However, during

prolonged periods of slow swimming the fat content of the slow fibres

was reduced and slight decrease of glycogen was evident. Bone (1966)

concluded that the two muscle types operate independently and utilize

different metabolites. The fatigue resistant red fibres would use

aerobic pathways and lipid as fuel for sustained swimming while the

fast fibres would almost be entirely dependent on anaerobic glycogeno-

lysis during short bursts of vigorous activity. In the latter

situation, glycogen content of the white fibres would only be sufficient

for 1-2 minutes as energy source (Bone, 1966). This conclusion has

been supported by other investigators (Rayner and Keenan, 1967; Hudson,

1973; Bilinski, 1974; Bone et al., 1978a).

Different lines of investigation have shown that where fast

fibres are multiply innervated such as in advanced teleosts, this

simple division of labour between slow and fast portions of the myotome
t

is an oversimplification. In many such fish, fast fibres have been

shown to be active during continuous swimming at slow speeds. Hyper¬

trophy of both slow and fast fibres has been observed in coal fish

(Gadus virens) following prolonged swimming at 2-3 lengths/second

(Greer-Walker, 1971; Greer-Walker and Pull, 1973). Various biochemical

studies have shown glycogen depletion and lactate accumulation in fast

fibres during sustained swimming (Pritchard et al., 1971). For example,

an elevation of muscle lactate in Crucian carp (Carassius carassius)
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following continuous sustained swimming at 2 lengths/second has shown

fast fibres to be active (Johnston and Goldspink, 1973a,b,c).

Finally, electromyographic evidence has been obtained for the

recruitment of fast fibres at slow and intermediate speeds (Hudson,

1973; Johnston et al., 1977; Greer-Walker and Emerson, 1978; Bone et al.,

1978; Johnston and Moon, 1980a,b). The threshold speed for the recruit¬

ment of fast fibres appears to vary amongst teleosts species and is

probably dependent on the degree of polyneuronal innervation. For

example, fast glycolytic fibres are recruited at 1,4 body lengths/second

in rainbow trout, 0.8-2.0 body lengths/second in Saithe (Johnston and

Moon, 1980a), but not until 3.2 and 4.5 body lengths/second, respectively,

in Striped bass (Morone saxatilis) and Blue fish (Pomatomus sultanix)

(Freadman, 1979).

One interesting suggestion is that there is a rotation of fast

motor units which depends on swimming speeds (Hudson, 1973; Johnston

et al., 1977). Direct evidence was provided in the carp for an orderly

recruitment of fibre types: slow > fast aerobic > fast glycolytic

(Johnston et al., 1977). It appears that differences in multiply

innervated fast fibre aerobic capacity, vascularisation and innervation

may all play significant roles in fast fibre recruitment.

Elasmobranchs, dipnoans and some taxonomically primitive teleosts

have been shown to have focally innervated fast fibres (Bone, 1970).

Electromyographic evidence has shown that in such fish the slow fibre

system is entirely reserved for sustained swimming. Bone et al. (1978a)

provided evidence that in herring species (Clupea harengus pallasi)

(primitive teleost) a 15 cm fish maintained speeds of up to 4 body-

lengths/ second by recruiting only slow fibres. Higher swimming speeds

> 5 body lengths/second resulted in recruitment of fast fibres and then

fatigue after 1-2 minutes of burst swimming (Bone et al., 1978). In

comparison to advanced teleosts where fast fibres are recruited at low
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speeds there is a sharp transition between the levels of activity which

can be sustained almost indefinitely and those which lead to fatigue.

Other suggestions on the role of red and white muscles

Some workers after physiological and histological studies of the

red and white muscles come to a different conclusion from that presented

by Arloing and Lavocat (1875). They maintained that, although the two

types of muscles played distinct and different roles in swimming, the

red muscle was used in rapid swimming while the white was used for

sustained swimming (Gerebtzoff, 1956; Buttkus, 1963; Bergman, 1964,

1967) .

A third suggestion was that of Braekkan (1956, 1959). His

investigation showed the high concentration of certain vitamins and

lipids in the red muscle which is similar to that of the liver. On

account of this correlation and the high concentration of oxidative

enzymes in the red muscle, he concluded that the slow muscle fibre

functions as an organ like the liver, synthesizing metabolites for

oxidation in the white muscle. He suggested that the high content of

lipid and the anatomical location of the red muscle would prevent it

from performing efficient muscular work (Braekkan, 1956, 1959). But

George (1962) has shown that the presence of high concentration of

lipids in birds, bats and fish provides a feature of adaption for pro¬

longed periods of slow continuous activity. However, Braekkan's hypo¬

thesis has received support from the experimental work of Wittenberger

and his co-workers (Wittenberger and Deacuic, 1965; Wittenberger, 1973;

Wittenberger et al., 1975). These experiments involved the stimulation

of strips of carp muscle. Isolated white muscle fibres were incubated

separately from muscle pieces comprising a combination of red and white

fibres, in a media containing hormones known to stimulate glucose

transport or pharmacological agents which affect membrane permeability
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(Wittenberger et al., 1975). It was shown that the amount of work

obtained on stimulating white muscle to exhaustion was very low, but it

increased when strips of muscle consisting of red and white fibres were

stimulated. A decrease in glycogen content was observed during the

stimulation of white fibre strips; but glycogen was increased when

stimulated in strips containing red fibres. It was therefore concluded

that this was an evidence of the non-circulatory transfer of metabolites

from the red muscle for use in the white muscle. The criticism of this

technique has been the use of muscle fibres with an unknown degree of

damage and the loss of orientation of these fibres. The demonstration

of a contractile function for red muscle and the large diffusion

distances between red and white muscle masses rules out this hypothesis

at least in its more extreme forms (Johnston, 1981).

Innervation

All fish groups have been shown to have superficial slow fibres

which are multiply innervated with small diameter myelinated fibres

terminating in en grappe endings (Baret, 1961; Bone, 1978). In the

dogfish, two types of slow fibres have been distinguished histochemically.

The more superficial slow fibres show a greater staining for succinic

dehydrogenase (S.D.H.) and decreased alkaline myofibrillar ATPase

activity (Bone, 1978; Bone and Chubb, 1978), These authors have shown

that both fibres are innervated in a similar pattern.

The en grappe terminations in the dogfish are supplied from two

separate axons which pass into the fibre from the myotomal ends or

traverse the surface, innervating a number of different fibres in the

process. Nerve terminals in teleosts are usually embedded in sarcolemma

and subjunctional folds are absent (Nishira, 1967). In contrast,

dogfish has been shown to possess subjunctional folds in the two types
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of slow fibres (Bone, 1978). Stanfield (1972) has shown from electro¬

physiological measurements of membrane space constants that motor

terminals on dogfish slow fibres are 150-200 pm apart. The electro-

physiology of fish slow fibres is not fully understood. Fish slow

fibres are not generally thought to be capable of producing action

potentials and are thus similar to the slow or tonic fibres of

amphibians (Barets, 1961; Stanfield, 1972). However, in the case of

dogfish (Scyliorhinus canicula L.), it has been demonstrated that 30%

of the slow fibres examined displayed a large inward sodium current on

depolarisation, 22% had no inward sodium current while the remainder

showed a small inward sodium current. Thus, although slow fibres are

usually activated by non-propagating graded junction potentials, the

present evidence suggests that a certain proportion might under certain

circumstances be able to produce propagated action potentials.

Acetylcholinesterase has been demonstrated at the terminals on

all slow fibres examined (Pecot-Dechavassine, 1961). However,

Korneliussen (1973), in a study on hagfish, suggested slow fibres might

also have monoaminergenic innervation. But this suggestion has not

been supported by formaldehyde-induced fluorescence (Pecot-Dechavassine,

1961).

The separation of slow and fast fibres occurs at the level of the

spinal cord (Hudson, 1972). It has been suggested that activation of

any of the fibre systems may involve different levels of activations of

the neuronal pools or neuronal pathways. White muscle fibres in the

dogfish are focally innervated by large diameter axons which pass in

the myosepta to produce basket-like en plaque end formations at one end

of the fibre (Bone, 1964, 1966). Two axons usually innervate a single

fibre. However, the axons fuse together to form a single endplate

(Bone, 1964, 1972).
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Best and Bone (1973) have shown that the two motor terminals in

the dogfish contain vesicles of different sizes of 50 mm and 100 mm.

The reason for the dual innervation is not clear because only acetyl¬

cholinesterase has been detected in the sub-synaptic folds

(Pecot-Dechavessine, 1961). Hagiwara and Takahashi (1967) have demon¬

strated typical over-shooting spike-potentials in white fibres on

depolarization. In this respect, white fibres of elasmobranchs

resemble fast twitch fibres.

Fast fibres of advanced teleosts have a different pattern of

innervation to those of elasmobranchs, chondrosteans, dipnoans and some

primitive teleosts (Bone, 1961, 1964). Instead of a single motor end-

plate, a single fibre is overwhelmed by a dense network of innerva¬

tion which range up to 23 terminations per fibre (Baret£,1961).

Multiple innervated fast fibres have a range of fibre sizes and variety

of aerobic capacities. The smaller fibres have greater mitochondrial

and glycogen content than the larger fibres (Green, 1913* Boddeke et al. ?

1959). Although the mosaic arrangement of the fast fibres show dif¬

ferences in aerobic capacities, the myofibrillar ATPase staining is

homogeneous (Johnston, 1980b). Furthermore, Altringham and Johnston

(1981) have shown that branches of a given axon innervate fibres with a

spectrum of sizes. Therefore the contractile activity of these fibres

would be homogeneous. It is suggested the small fibres are in their

growth stages (Johnston, 1980b).

Muscle fibres which are multiterminally innervated by a single

axon will give an all or nothing response to suprathreshold stimulation.

In polyneuronally innervated fibres each is innervated by a number of

different axons, the junction potentials are quantized and consequently

each step in amplitude represents an additional axon. Therefore a

graded response in contraction of fast muscles is obtained (Hudson,

1967). Isolated polyneuronally innervated fast fibres may require ten
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times the stimulation frequencies to elicit maximum tension than fibres

with single endplates (Johnston, 1981). Studies by Flitney and

Johnston (1979) on Tilapia, adductor operculi muscle show that the rate

of rise of isometric tension on multiple stimulation was about seven

times faster in white than red fibres. However, since Alexander (1969)

has calculated that fast fibres only shorten by 2^3% of their resting

length, it seems that the rate of tension development in multiterminally

innervated fast fibres is limited by the membrane properties as well as

by its intrinsic maximum speed of shortening. In order to obtain full

activation of fast fibres simultaneous recruitment of a number of dif^

ferent motor neurones may be necessary (Johnston, 1980),

Ultrastructure

Both fast and slow fibre types have been distinguished using

histochemically and ultrastructural criteria (Patterson and Goldspinb,

1972; Johnston et al., 1975; Mosse and Hudson, 1977; Bone, 1978a,b).

There is a wide species variation in muscle fine structure between

homologous fibre types. Ultrastructural studies show that these may be

modified by exercise and/or environmental factors (Totland and Kryvi,

1978; Johnston and Maitland, 1980; Walesby and Johnston, 1980).

Slow fibres have been shown to be more homogeneous than fast

fibres (Johnston and Moon, 1980a; Egginton and Johnston, 1981a,b).

This has been shown in brook trout, anchovy and eel (Johnston and Moon,

1980a; Johnston, 1982b; Egginton and Johnston, 1981a,b). In contrast,

slow fibres which are adjacent to the skin have been shown to have

significantly higher fractional volumes of subsarcolemmal mitochondria

than the deeper fibres (Johnston and Bernard, 1982b). Egginton and

Johnston (1982b) have shown that heterogeneity is more marked in fast

fibre populations not only with respect to size but also to regional
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distribution within the myotome. See Tables 1 and 2 for a selection of

some of the quantitative data in the literature on the ultrastructure

of fish slow and fast glycolytic muscle fibres. In general, the

characteristics of fast aerobic fibres are intermediate between the slow

and fast glycolytic fibres (Kryvi, 1977; Johnston and Maitland, 1980;

Akster, 1981). The fast glycolytic fibres near the skin have greater

concentration of mitochondria and capillaries than those near the

vertebral column and have been shown to be smaller (Egginton and

Johnston, 1981). Akster (1981) has shown that myosin filament lengths

are about 1.6 pm in all fibre types. A.ctin filament lengths increase

in the order slow < fast aerobic < fast glycolytic. The relative

contraction velocities would give less sarcomeres to larger actin

filament lengths and hence a slower speed of shortening (Akster, 1981).

Comparative electron microscopical studies (Table 2) have shown

that fish slow fibres have higher mitochondrial content, abundant

capillaries and well developed sarcoturbular system than the multiply

innervated slow fibres of amphibia (Johnston, 1980b, 1981a). Mito¬

chondrial volume of fish slow fibres is similar to those of mouse and

finch ventricle, 38% and 34%, respectively (Bossen et al., 1978).

These values are higher than mammalian slow twitch fibres (Eisenburg

et al., 1974) .

The aerobic capacity is determined by vascularization and the

mitochondrial content of fibres. From Table 2 it is clear that the

mitochondrial volume is significantly higher in the fast fibres of

advanced teleosts than the focally innervated fast fibres of elasmo-

branchs, chondrosteans and taxonomically primitive teleosts.

Mitochondrial volume of the slow fibres occupy 18-24% in the

elasmobranch, Scyliorhinus canicula (Totland et al., 1981). The mito¬

chondrial volume of the slow fibres is lowest in the elasmobranch,

Chimera montrosa, with a value of 5% (Kryvi and Totland, 1977),
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Recruitment of slow fibres in the trunk muscles may be associated with

movements requiring change of direction. Therefore such fibres may have

a postural function like those of amphibia (Kryvi and Totland, 1978).

Another exception in the general correlation is that of skipjack tuna

(Katsuwonus pelamis). There is a counter-current vascular heat

exchanger in this species which maintains elevated hrain and muscle

temperature (Carey and Teal, 1969: Stevens and Feill, I 978). Under this

condition mitochondria appears to function more efficiently because it

has been shown to have the highest aerobic capacity (Stevens and Neill,

1978). But the mitochondrial volume of skipjack tuna is only half

(16%) that of another scombroid, the Atlantic mackerel (Scomber scomber).

The only difference is that this species does not operate muscle

temperature as that of skipjack tuna (Bone, 1978). The highest mito¬

chondrial volume of fish slow fibres is that of European anchovy

(Engraulis encrasicolus) with a value of 45.5% (Johnston, 1982).

Anchovies are highly active pelagic fishes and feed mainly on plankton

by filter-feeding technique.

Recruitment of fast glycolytic fibres during slow speed swimming

is associated with multiply innervated advanced teleosts. The mito¬

chondrial volume has been shown to be higher than those of focally

innervated fast fibres of elasmohranch or primitive teleosts (see

Table 2). For example, mitochondrial volume range from 2 to 9% in

advanced teleosts while the value is 0.5-1% in elasmobranchs, Even in

multiply innervated fast fibres there is considerable heterogeneity.

This may be related to the mode of life of the different species. For

example, brook trout is an aerobic fish with mitochondrial volume

occupying 9.3% of the fibre while carp which is a sluggish species has

a mitochondrial volume of 4.6% (Johnston, 1980c; Johnston and Moon,

1981). Smaller fibres have been shown to have greater mitochondrial

volume than the larger ones (Figure 2a,b) . This may consequently enhance
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slow speed swimming.

In the present study, the mitochondrial volume of the slow fibres

in rainbow trout is 31.6% as opposed to 9.6% in the white fibres. A

previous study by Nag (1972) on rainbow trout obtained a value of 8:3

by number in the red to white fibres. The volume fraction of

sarcoplasmic reticulum is 5.1 for slow and 13.7 for fast fibres. These

are greater than the tonic or slow twitch muscles of other vertebrates

(Johnston, 1980b). It has been shown that the S,R, and the tubular

system are concerned with the transmission of impulses ifi the fibre and

the subsequent release of bound calcium ions which then activate muscle

contraction (Peachey, 1965) .

Myofibrillar volumes have been shown to occupy 80-90% in the white

fibres and 40-60% in the red fibres (Johnston, 1980b) (Table 2), „ The

fast glycolytic fibres have been shown to have a more regular packing

Othe myofibrils probably to allow rapid development of tension for

burst swimming. Teleosts are characterised by elongated peripheral

myofibrils in white fibres. In the small white fibres the arrangement

of the fibrils is such that they appear to diverge towards the periphery

from a central point. From high power electron micrograph, hexagonal

pattern of arrangement is observed in both red and white fibres, such

that each thick filament is surrounded by six thin filaments on the

A band (Nag, 1972; Patterson and~Goldspink, 1972).

Histochemical and biochemical techniques have shown a higher con¬

centration of glycogen and lipid in the red myotomal muscle than the

white fibres (George, 1962; Bokdawala et al,, 1967; Johnston and Moon,

1980b).
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Metabolism of red and white muscle

The activities of enzymes of energy metabolism have been

measured in the muscles of various species of teleosts and elasmobranchs

(Crabtree and Newsholme, 1972; Johnston, 1977; Johnston et al., 1977:

Guppy et al., 1979; Newsholme and Zammitt, 1979). These studies have

shown distinct metabolic differences between the red and white myotomal

muscles.

The red muscle of Salmo gairdneri contains 2.6 times as much

blood as the white muscle (Stevens, 1968). Oxygen consumption is six

times higher in the red than white muscles in tuna (Gordon, 1968). In

the carp, freeze-clamped samples of red, pink and white muscle fibres,

the concentration of myoglobin was shown to be in the ratio of 5:2:1

(Johnston et al., 1977). In the same fish hexokinase, malate dehydro¬

genase, succinic dehydrogenase and cytochrome oxidase activities were

4-8 times higher in the red than white muscles (Johnston et al., 1977).

The activities of aerobic enzymes in the pink muscle were intermediate

between red and white muscles. However, the activities of lactate

dehydrogenase and pyruvate kinase were significantly higher than either

the red or white fibres (Johnston et al,, 1977). It has been

established that the slow fibres of fish myotomal muscle are recruited

during slow speed swimming. In some species this function has been

transferred to the pectoral fins. For example, in the Antarctic Cod,

Notothenia rossi, the activities of succinic and malate dehydrogenases,

cytochrome oxidase and hexokinase are 2-8 fold higher in slow fibres

from the pectoral fins than in slow fibres from the trunk (Walesby and

Johnston, 1980) .

There are interesting differences in lipid metabolism between

elasmobranchs and teleosts. Triacyl glycerol and non ester ified fatty

acids occur in higher concentration in teleosts than elasmobranchs
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(Zammit and Newsholme, 1979). High activities of carnitine transferase

and triacyl glycerol lipase have been found in the slow fibres of

teleosts. In contrast, these enzymes are absent in elasmobranchs

(Zammit and Newsholme, 1979). There are also differences in the sites

of storage for lipids. The storage sites for triacyl glycerol in

salmonids are viscera, fat pad and adipocytes interspersed in the

muscle fibre. In contrast, the storage site in elasmobranch is the

liver (Bilinski, 1974). During starvation teleosts rely on fatty acid

oxidation for their source of fuel while elasmobranchs depend on the

utilization of ketone bodies (Zammit and Newsholme, 1979).

Fish and mammals differ in the mechanism of the regulation and

transport of lipids from storage sites to the muscle or sites of

utilization (Driedzic and Hochachka, 1978). The mechanism of activation

is unknown but it seems that activation does not proceed through a

cyclic AMP dependent protein kinase system as in mammals (Fark.as, 1969).

However, Lin et al. (1977) have provided evidence that in teleosts such

as coho salmon and in rats#reducing equivalents for lipogenesis are

channelled through the malic enzyme as well as the pentose phosphate

pathway. In primitive teleosts such as the American eel, isocitrate

dehydrogenase is the major source of reducing equivalents for lipo¬

genesis (Aster and Moon, 1981). As a result of the higher oxygen

content (Stevens, 1968) and mitochondria (Nag, 1972), the slow muscle

is able to oxidize NADH indirectly by the electron transport system.

Under these conditions, pyruvate formed in the metabolic processes

(Figure 3) is not reduced to lactate but enters the mitochondria where

it is completely oxidized or is available for other reactions (Candy,

1981) .

There is a good correlation between the unloaded speed of shortening

of a muscle and the myofibrillar ATPase activity (Barany, 1967). The

activities of myofibrillar ATPase are significantly different between
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muscle types and the ratio 4:2:1 has been reported for white, pink and

red fibres of carp, respectively (Johnston et al., 1977). Although in

Brook trout and most teleosts activities of glycolytic enzymes

including phosphofructokinase may be 2-5 times higher in the white than

the red muscle (Johnston and Moon, 1980b), this is not always the case.

For example, the glycolytic potential of the red and white muscles of

the mirror carp have been shown to be broadly similar (Johnston et al.,

1977). Bostrom and Johansson (1972) have also obtained similar results

for the slow and fast muscles of the yellow eel, Activities of

enzymes responsible for producing ATP supply during muscular contraction,

such as creatine kinase, adrenylate kinase and 5 AMP amino-hydrolase

are 2-4 times higher in the fast fibres as are those of myofibrillar

ATPase (Johnston et al., 1980b). Newsholme et al. (1978) have shown

that the higher the initial ATP/AMP ratio, the greater the AMP and the

consequent increase in stimulation of glycolysis. During vigorous

activity or at higher cruising speeds increasing proportion of the

energy is supplied by anaerobic glycogenolysis resulting in the

production of large lactate load (Black et al., 1966; Smith et al.,

1971; Edington et al., 1973; Wokoma and Johnston, 1981), Excessive

production of lactate from glycogen would lower the pH and retard

oxygen delivery to the tissues. It is also known to affect calcium

distribution (Seraydarian et al., 1961; Nassar-Gentina et al., 1978),

calcium binding to troponin (Fuchs et al., 1970), glycolytic enzyme

activities (Trivedi et al., 1966) and calcium activation of myosin-

ATPase (Portzehl et al., 1969).

The regulation of glycogenolysis in fish fast muscle has been

summarized in Figure 3. The regulatory steps include phosphorylase,

phosphofructokinase and pyruvate kinase (Newsholme and Start, 1973).

In rabbit, glycogen breakdown depends on enzyme cascade mechanism

initiated by the activation of muscle phosphorylase kinase or specific
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phosphatases by cAMP. In contrast, the dogfish enzyme depends only on

2+ ... .

Ca for its activity (Fischer et al. , 1975). Th?s may be due to

the relatively poor capillary supply and consequently low blood circu¬

lation in the white fibres of this species. The phosphofructokinase

reaction is the first unique step in the control of glycolysis.

Phosphofructokinase (EC 2.7.1.11) is activated by various substrates

including fructose 6-phosphate (F6P), fructose 1,6-diphosphate, AMP,

ADP, Pi and NH^ and inhibited by ATP, citrate and creatine phosphate
(Mansour, 1972). Phosphofructokinase from goldfish white fibres has

been shown to have similar characteristics (Freed, 1971).

Regulatory pyruvate kinase (EC 2.7.1.40) has interesting feature

in control of glycolysis (Driedzic and Hochachka, 1978). It catalyses

the conversion of phosphoenolpyruvate (PEP) and ADP to pyruvate and ATP.

The integration of the activities of phosphofructokinase and pyruvate

kinase involves adenylate coupling since APP which is a product of PFK

reaction serves as substrate for pyruvate kinase (Driedzic et al., 1978).

The pyruvate kinase from fish skeletal muscle is further regulated by

strong feedforward activation by low concentration of fructose 1 ,6-

diphosphate, a product of PFK reaction. This reaction is temperature

independent (Somero and Hochachka, 1968). The mechanism of F 1,6-P

activation is by lowering the Michaelis constant (km) of the enzyme for

the substrate, phosphoenolpyruvate; hence the specific activity of the

enzyme is increased (Somero and Hochachka, 1968). Regulatory pyruvate

kinases are associated with muscle in which there is rapid and dramatic

increase in glycolysis. In contrast to mammalian skeletal muscle

isozyme (Jimenez De Asua et al., 1971), the carp red muscle as well as

the white muscles of other teleosts have been shown to be under tight

metabolic regulation (Somero et al., 1968; Scrutton and Utter, 1968;

Johnston, 1975). The consequence of this phenomenon and the Ca+
release from SR during burst swimming produce a rapid generation of
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energy anaerobically through increased glycolytic flux. Anaerobic

generation of energy is also useful when immediate muscular activity is

needed, such as escape from predators or in feeding.

Lactate dehydrogenase (EC I.1.27) is essential in providing a

continuous supply of oxidised NAD+ during anaerobic glycolysis, hence

redox balance is maintained. It catalyses the conversion of pyruvate

and NADH+ to lactate and NAD+ (Driedzic and Hochachka, 1978). There is

evidence that the M, LDH is the major isozyme in anaerobically meta¬

bolizing tissues because it is less sensitive than the LDH to inhi-

bition by high substrate or pyruvate concentration (Kaplan et al., 1964).

Several experiments have shown that the relative anaerobic capacities

and the metabolism of the red and white muscles can be modified by

environmental factors such as seasonal variation, temperature acclima¬

tion, fish migration (Hazel and Prosser, 1974), exercise training

(Johnston and Moon, 1980), nutritional state such as starvation

(Walker, 1971; Moon and Johnston, 1980) and development (Bostrom and

Johansson, 1972) .

Aim of experiments

The basis of this thesis is to study the physiology and

biochemistry of myotomal muscles of rainbow trout. Various studies

have been made on fish myotomal muscle fibres following sustained

swimming at different speeds, with a view to investigating the division

of labour between fast and slow fibres. In these experiments an open

top flume was employed to study the time-course of lactate production

in the fast and slow fibres as well as the whole body concentration of

exercise-conditioned rainbow trout at various sustained swimming speeds.

The glycogen and glucose concentrations were also determined.

The shuttle systems which are essential for the reoxidation of

cytosolic NADH were investigated in the slow and fast muscles of
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rainbow trout. In-vitro techniques were modified and enzymatic methods

were employed to examine up to seven metabolites following incubation

of fibre bundles inthe presence or absence of transaminase inhibitors,

amino oxyacetate.

Finally, ultrastructural studies have been made on slow and fast

fibres of the myotomal muscles. Muscle capillary supply, mitochondrial

volume density and oxygen diffusion distances have been determined.



Fig. 1

Diagrammatic representation of

and the relative amounts of A,

and C, fast glycolytic (white)

the organisation, innervation

slow (red) B, fast aerobic (pink)

fibres in fish myotome.
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Fig. 2a

A tracing of a transverse section of a low power micrograph

showing the wide range of fibre sizes in rainbow trout

fast muscle.

Fig. 2b

Histogram showing frequency distribution (% occurrence) of

2
fast fibre area (urn ) in rainbow trout.
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Fig- 3

The control of anaerobic glycogenolysis of fish fast (white)

fibres. Three regulatory steps are shown A, glycogen phosphorylase,

B, phosphofructokinase and C, pyruvate kinase.

Abbreviations:

SR, sarcoplasm reticulum; Phos, phosphorylase;

G1P, glucose-1-phosphate; PFK, phosphofructokinase;

FDPase, Fructose diphosphatase; FBP, fructose 1,6-biphosphate;
t

AMP, adenosine 5 monophosphate; TP, triose phosphate ;

NAD, -nicotinamide adenine dinucleotide; NADH, -nicotinamide

adenine dinucleotide reduced form; 1,3 DPG, 1,3 diphosphoglycerate;

PEP, phosphoenolpyruvate; PYK, pyruvate kinase.
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TABLE1:THEFELATIONSHIPBETWEENTHEPROPORTIONOFREDOFTHFMYOTOMALMUSCLEANDACTIVITYINVARIOUSFISHES Species

%ofredmuscle
inthecaudalregion

Remarks

Source

Elasmobranch Chimaeramonstrosa Wrasses Crenilabrusmelops Teleost Antarcticcod Notocheniarossii Anglerfish Lophiuspistatorius Elasmobranchshark Galeusmelastomus Teleost Skipjacktuna Katsuwonuspelamis

5.5 7.2 26

Sluggishfish Sedentary Primarilyuses enlargedpectoralfins Sedentarybottom dweller Mostactive,cruise continuously Activelymigrating openoceanspecies
KryviandTotland,1977 Greer-Walk.erandPull,1975 WalesbyandJohnston,1980 Greer-WalkerandPull,1975 Totlandetal.,1981 Greer-WalkerandPull,1975

Teleost Chubmackerel Scombercolias

29.8

ActivepelagicswimmerGreer-WalkerandPull,1975
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TABLE 2: ULTRASTRUCTURE OF FISH MYOTOMAL MUSCLES

Mu scle Fibre Type
Parameter

Slow fibres (S) Fast fibres (FG)

Z-disc Thick Thin

M-line Present Present

Myofibrillar volume % 61 .0 Eel3 80.4a
63.0 Perchb 78.0b
43 .1 TenchC 73.1°
46.0 Brook trout -

49.3 Rainbow trout® -

Mitochondria per cent 21 .4 t- iaEel 1 .2 Eel3
muscle fibre volume

22.0 •, b 6.0 , bPerch Perch

22.9 TenchC 4.5 Tench0

31 .3
0

Brook trout 9.3
0

Brook trout

31 .6 Rainbow trout® 9.5 Rainbow trout'

Sarcoplasm reticulum 2.1 Eel3 6.0 Eela
per cent muscle fibre 4.4 TenchC 3.2 Tenchb
volume

£
5.1 Rainbow trout 13.7 Fainbow trout

T-system per cent 0.31 Eel3 0.38 Eela
myofibrillar volume 0.19 Perchb 0.27 Perchb

0.29 Tench0 0.40 Tench°

0.10 Rainbow Jtrout 0.40 Rainbow trout

a
Egginton and Johnston (1981b)

b
Akster (1981)

C
Johnston and Bernard (1982 )

^
Johnston and Moon (1980a)

Johnston and Moon (1981)
f

Nag (1972)
® This thesis
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CHAPTER 2.

/ STUDY OF -GIYCOGEN, L/.CTATF AND GLUCOEF IF TFF MYOTP"AL' MUSCLES OF

RAINBOW TROUT (SALMO GAIRDNFRI, RICHARDSON)DURING SUST/TNFP PRIMMING

Introduction

The locomotory role of slow and fast fibres of the myotomal

muscles is critically dependent on the intensity and duration of

activity (Bone, 1966). Wardle (1975) has shown that small fish (~ 10 cm)

maintain speeds in excess of 20 body lengths s during an initial

acceleration (Wardle, 1975). Walesby and Johnston (1980) have suggested

that the energy source for such initial bursts of acceleration is

derived from the breakdown of phosphoryl creatine stores. Longer

periods of swimming results in a shift of the energy source to anaerobic

glycogenolysis. In rainbow trout (Salmo gairdneri) about 50% of'fast

fibre glycogen are catabolized following two minutes maximal swimming

(Black et al., 1966). The hexokinase activities of trout fast fibres

are comparable to those of the slow fibres of elasmobranchs and primitive

teleosts; suggesting the potential for aerobic glucose utilization

(Newsholme and Smart, 1973; Johnston and Moon, 1980c),

Salmonids are known to have a wide variation in both maximal

metabolic rates and swimming performance (Beamish, 1978), The maximal

oxygen consumption rates have been calculated to be in the range of

2 to 4 body lengths s ' (Webb, 1971). Small trout (~ 20 cm) has been

shown to maintain speeds of up to 8 body lengths s ' for several hours.

Therefore anaerobic metabolism contributes to a major proportion of the

energy demands at the higher range of swimming speeds.

Lactate accumulation has been reported in both plasma (Black et

al., 1961; Hammond and Hickman, 1966) and muscle (Johnston and

Goldspink, 1973) at relatively low swimming speeds (< 4 body lengths s ').
Although the fish may be in oxygen balance at these speeds it seems
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likely that the fast fibres are operating anaerobically. Few of the

previous studies on glycogen utilization and lactate accumulation gave

details of swimming speeds studied. Conditioning of fish prior to

exercise regime is also essential in order to avoid stress, For

example, Johnston and Moon (1980b) showed that in brook trout glycogen

and lactate levels were not statistically different between tank-rested

and exercise-conditioned fish swimming at 3 L/S for 21 days. Previously

measurement of whole-body lactate had been employed to assess the

contribution of anaerobic metabolism in amphibia and reptiles (Bennett

and Licht, 1972; Bennett, 1978, 1980). This technique has the

advantage of eliminating the problems associated with the compartmentalised

nature and transport of lactate from specific tissues (Bennett and

Licht, 1972). In the present experiments measurement of whole-body

metabolites has been employed to determine the time-course of glycogen,

lactate and glucose concentrations in exercise-conditioned rainbow

trout. In order to follow the specific changes in the slow and fast

fibres freeze-clamped samples of these tissues were also analysed.

Materials and Methods

Fish:

Rainbow trout (Salmo gairdneri Richardson). Three groups of fish

(mean ± S.E. length 13.59 ± 0.24 cm, mean weight 27,17 ± 1.54 g),

(mean ± S.E. length 16.00 ± 0.53 cm, mean weight 53,93 ± 4.67 g), and

(mean ± S.E. length 19.94 ± 0.73 cm, mean weight 83.77 ± 9,09 g),

respectively, were obtained locally from the North East Fife Fish Farm

and held in tanks of filtered fresh water. They were fed to excess

daily on a proprietary brand of fish pellets.
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Swimming tests:

Swimming experiments were carried out in an open-top flume

(Figure 4) 150 cm long x 25 cm diameter, through which water could be

moved at speeds ranging from 5 to 125 cm/sec previously described by

Johnston and Moon (1980). Temperature in both holding tanbs and exercise

chamber were maintained at 10 ± 0.5°C. Small groups of 6-8 fish were

introduced to the swimming chamber for a minimum period of two days

before experiments. During this conditioning period the water flow was

maintained at 15 cm s ' (1.1 body lengths s '). A resting sample was

taken from fish swimming steadily at 1.1 body lengths s

The water flow was rapidly increased to between 2.3 and 7.0 body

lengths s ' over 25 s and 35 s respectively and an initial exercised

sample taken (Figure 5) . Other groups of fish were allowed to swim for

various periods at 2.3-7.0 body lengths s ' prior to sampling. Only fish

that exhibited steady swimming were used for analysis. Fish which fell

back to the restraining barrier were immediately removed from the

chamber (5-10%) and discarded. Whole fish were freeze-clamped in flasks

of liquid nitrogen (-159°C) to arrest metabolism. The lengths and

weights of a total of 356 fish were recorded.

Preparation of muscle samples for metabolite analysis:

Fish were allowed to thaw to -20° and fish of group III were

carefully dissected into two. The levels of glycogen and lactate has

been shown to rise towards the tail in rainbow trout (Black et al.,

1962). Hence this region has always been sampled in the present study

to follow the specific changes in the red and white muscles. Following

removal of the external myocommata, homogeneous samples (~ 100 mg) of

these tissues were dissected from the mid-region, immediately underneath

the second dorsal fin, of each side of the partially thawed carcass.

The whole body and muscle samples from the left hand side were
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immediately refrozen separately for glycogen analysis.

Fish of groups I and II were used for whole-body lactate analyses.

The weighed muscle samples of the right hand side of group III fish

were used for lactate and glucose analyses. These were cut into smaller

bits and pulverised to a fine powder in a stainless steel pestle and

mortar cooled in liquid nitrogen (-159°C). Metabolites were

deproteinised in 5 volumes of 0.6 M perchloric acid (HCLO^), homogenised
with an Atomix M.S.E. or Ilado-XlO homogenizer (I.C.A. Gmbtt, Dotinger,

West Germany) at 4°C and extracted for 10 min. Homogenates were

centrifuged for 15 min at 6000 g and aliquots of the clear supernatant

neutralized with 2 M K^CO^ in the presence of methyl orange indicator.

Metabolites Assays

Glycogen:

The glycogen content of the samples of myotomal muscle was

determined colorimetrically at a wavelength of 620 nm following diges¬

tion of the weighed sample in 30% KOH at 100°C for 15 min. Glycogen

was precipitated from an aliquot of the digest (Seifter et al., 1949)

the resulting precipitate reacted with anthrone reagent (500 mg anthrone

in 720 ml of t^SO^) as previously described by Carroll, Longley and Roe
(1956) .

Lactate:

Lactate was determined enzymatically from the neutralised extract

based on the reduction of pyridine nucleotide at 340 nanometers in a

medium containing 150 mM hydrazine, 400 mM glycine buffer pH 9,5, 2,5 mM

NAD, 20 yg lactate dehydrogenase (Hohorst, 1965).

Glucose:

The glucose content of the neutralised extract was determined

spectrophotometrically at a wavelength of 450 nanometers in a buffer-
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enzyme medium containing 120 ml' phosphate pH 7.0, 40 pg per6xidase/ml,

250 yg glucose oxidase/ml to which was added 5 mg O-dianisidine hydro¬

chloride (Bergmeyer and Bernt, 1965).

Oxygen consumption of fish was estimated from data in the

literature (Rao, 1968), corrected for hody weight and temperature

(Prosser, 1973) .

Statistical Analysis

Pesults for non-exercised and exercise conditioned fish were

compared using one-way analyses of variance for equal sample numbers.

Results

The concentrations of glycogen, lactate and glucose for the

myotomal muscles of 84 gm rainbow trout are summarized in Figures 9-14.

Total concentrations of glycogen (mg/100 g) were 73 and 57 in tank

rested and exercise-conditioned (1.1 bodylengths s ') fish, respectively.

Acceleration from 1.1 bodylengths s ' to a steady swimming speed of 2.8

or 4.0 bodylengths s ' (Figures 9a and 12a) resulted in glycogen

depletion at a rate equivalent to 0.12 or 0.22 mg g ' min Glycogen

levels continued to fall at these swimming speeds until 2 minutes when

the concentrations stabilized. Following 20 minutes of continuous

swimming, the glycogen concentrations were not significantly different

from those prior to the increase in swimming speed.

Glycogen concentration of the slow fibres of tank rested fish was

805 mg/100 g. This is 3.4 times the concentration of the fast fibres

(P < 0.001). Acceleration of exercise-conditioned (1.1 bodylengths s ')
fish to the new swimming speed of 2.8 or 4.0 bodylengths s ' resulted
in different rates of glycogen depletion in the slow and fast fibres.

The rate of glycogen depletion in the slow fibres was equivalent to
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0.34 and 0.43 mg, g ' min ' at 2.8 and 4.0 bodylengths s ', respectively

(Figures 11a and 14a). The rate of decrease of glycogen in the slow

fibres is equivalent to 2 - 2.5 times that of the fast fibres (P < 0.05)

(Figures 10a and 11a). The decrease in glycogen concentration continued

for 2 minutes at these cruising speeds after which the level stabilized.

The total glucose concentration (pmole g ') in tank-rested and

exercise-conditioned fish were 0.72 and 1.61, respectively. After an

initial decrease at the new swimming speed of 2.8 bodylengths s ', the

glucose level gradually increased to a peak of 2.89 ymole g ' at 8

minutes (Figure 9c), while the glucose level at 4.0 bodylengths s '
continued to fall (Figure 12c). However, the values of both groups,

after 20 minutes' continuous swimming, were not significantly different

from the control group swimming at 1.1 bodylengths s '.
Glucose concentration in the fast fibres of tank rested and

exercise-conditioned fish were not statistically different, 1.06 and

0.95 ymole g ', respectively. In contrast to the slow fibres, the

level of glucose gradually increased for 2 minutes to 3.34 ymole g '
at 2.8 bodylengths s '. This was equivalent to 40% higher than the

corresponding level at 4.0 bodylengths s ' (Figure 10c). The concentra¬

tions then decreased gradually. After 20 minutes the glucose concentra¬

tion at 2.9 bodylengths s ' was not statistically different from the

control fish at 1.1 bodylengths while that at 4.0 bodylengths s ' was

30% lower (Figure 13c).

The concentration of glucose in the slow fibres of exercise-

conditioned fish was equivalent to 3.7 times that of the fast fibres

(P < 0.001). There was an initial gradual decrease of glucose level to

1.95 ymole g ' in 2 minutes at 2.8 bodylengths s ' (Figure 11c). This

was followed by a rise in concentration but the trend at 4.0 body-

lengths s ' showed a consistent decrease (Figure 14c). After 20 minutes'

exercise regime the value at 2.8 bodylengths s ^ was 20% lower than the
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zero time while that at 4.0 bodylengths s ' was only equivalent to 30%

the value at zero time (P < 0.001).

The 24 hour time course of total body lactate concentrations of

54 g trout swimming at 4.0 bodylengths s ' is shown in Figure 5. Total

lactate concentrations (pmoles, g ') were 8.55 and 7.88 in tank-rested

and exercise-conditioned (1.1 bodylengths s ') rainbow trout,

respectively. Acceleration from 1.1 to 4.0 bodylengths s ' resulted in

an increase of lactate in the whole carcass of 12.65 pmoles, g '. This

represents rate of lactate rise of 4.77 pmoles g ' min '. At this

swimming speed total lactate concentrations continued to increase for

about 2 minutes and then gradually declined. Following 24 hour

continuous swimming lactate level was 10.55 pmoles g ' (Figure 5).

This is significantly higher than that observed in fish swimming

steadily at 1.1 bodylengths s ' for 48-72 hr (Figure 5) (P < 0.05).

Net total body lactate concentrations of 27 g trout following 30

minutes' swimming at either 3.8 or 7.0 bodylengths s ' are shown in

Figure 6. Acceleration from 1.1 bodylengths s ' to a new swimming

speed of 3.8 or 7.0 bodylengths s ' is associated with a rate of

initial lactate production of 6.77 and 10.1 pmoles g ' min ', respective

In fish of this size the lactate concentrations continue to rise for a

minimum of 5 minutes at the lower swimming speed following the attain¬

ment of the new speed (Figure 6). The peak of lactate concentration

reaches 24 pmoles g ' after 5 minutes swimming at 7.0 bodylengths s

(Figure 6).

The maximum period at which lactate concentrations continued to

rise in 27 g fish between 2.3 and 7.0 bodylengths s ' was 5 minutes

(Figure 6). Hence the initial rate of lactate production has been

determined at these swimming speeds (Figure 7). Following longer

periods of swimming the catabolism of lactate results in a fall of total

body lactate (Figures 6 and 7). Figure 8 represents l°g]Q of the net
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lactate production during the first 5 minutes. This was found to be

linearly related to the swimming speed (P < 0.001) and the form

y = 0.30x - 0.63. The data is plotted in terms of £TP equivalents

assuming an ATP yield of 0.016 mmoles ATP per mg lactate (Bennett and

Licht, 1972). ATP production from aerobic metabolism (Figure 8, upper

graph) was calculated from literature data (Roa, 1968), following

appropriate correction for body weight employing the equation
0 78

M = kW ' and for temperature assuming a Q10 relationship for aerobic
D

metabolism of 2.1 (Prosser, 1973) (Table A). The initial rate of ATP

generation from anaerobic glycolysis during the first 5 minutes of

swimming were 39 and 74% of the total energy requirements calculated

from steady state values (Table 4).

Discussion

A major problem associated with studying metabolism in swimming

fish is the influence of stress. Many environmental factors cause

stress such as the methods of capture (Bouck and Bell, 1966; Wardle,

1972), transportation (Black and Barrett, 1957; Fraser and Beamish,

1969) and handling in the laboratory (Black and Barrett, 1957; Stevens,

1972; Driedzic and Kiceniuk, 1972). Stress produces a haemoconcentra-

tion, glycogen depletion, elevated blood lactate and glucose concentra¬

tion (Soivio et al., 1976). For example, after capture by trawl,

hyperglycaemia in plaice (Pleuronectes platessa L.) lasted 2-3 days

(Wardle, 1972), and non-release of lactate in muscles of plaice

following stress (Wardle, 1978). Handling led to a sharp rise in blood

lactate which required 12 h to return to the initial level (Soivio et

al. , 1976). Therefore when stressed fish are used for swimming exercise

studies there is a further rise in lactate or depletion of glycogen

concentration which may influence the results. For example, early



studies have shown blood lactate increase from 2-5 fold above resting

levels after swimming at sustainable speeds for periods ranging from

30 minutes to 24 hours (Black, 1955, 1957a,b,c; Black et al., 1960,

1962, 1966). These results are in contrast to fish which had been

pre-conditioned before the swimming regime. For example, Hammond and

Hickman (1966) demonstrated that rainbow trout (Salmo gairdneri) which

had been conditioned to flowing water were able to maintain higher

levels of blood lactate and remove it from the blood quicker than

unconditioned trout. Hochachka (1961) has shown that glycogen levels

in trained fish fell by 70% following 5 minutes swimming but only by

40% in untrained fish. Brook trout (Salvelinus fontinalis Mitchill) ,

exercise-conditioned at 3.0 bodylengths s ' for 21 days showed no

significant difference in the glycogen and lactate levels from tank

rested fish (Johnston and Moon, 1980). Other investigators have used

similar procedures for training other fish species (Greer Walker, 1971

Greer Walker and Pull, 1973; Davison and Goldspink, 1977; Greer Walker

and Emerson, 1978).

In the present experiments rainbow trout were conditioned to a

swimming speed of 1.1 bodylengths s ' for a minimum of two days. The

water velocity was gradually increased over a period of 25 seconds and

another 35 seconds was required to enable the fish to settle down to a

more steady mode of swimming. Fish which could not maintain a steady

mode of swimming darted irregularly and were driven to the back of the

restraining barrier. These fish were excluded from the experiments.

The normal pattern of glycogen utilization in the fast and slow fibres

of accelerating fishes may differ from normal cruising fishes. Fish

which maintained steady swimming were plunged into liquid nitrogen

(-159°C) to arrest metabolism and prevent post mortem changes in

exercised and non-exercised fish. This reduces any chance of recovery

from exercise which may occur if the fish are anaesthetized or killed

in any other way.



The concentrations of glycogen in the muscle fibres of tank

rested fish is 3.4 times higher in the superficial red than the deep

white fibres (P < 0.001). Similar results have been reported for other

teleosts (Johnston and Goldspink, 1973a,b; Pritchard et al. , 1971). In

contrast, tuna fast fibres contain a higher concentration of glycogen

in the white than the red fibres (Hulbert, Guppy and Murphy, 1979).

The results in this study have demonstrated a total glycogen

depletion rate of 0.12 and 0.22 mg g ' min ' at 2.8 and 4.0 bodylengths

respectively. The rate of glycogen depletion in the slow fibres was

0.34 mg g ' min ' at 2.8 bodylengths s ' and 0.43 mg g ' min ' at

4.0 bodylengths s This is equivalent to 2-2.5 times that of the

fast fibres (P < 0.05). Similar values have been obtained on the

crucian carp (Carassius carassius L.) (Johnston and Goldspink, 1973a,b).

The involvement of higher proportion of fast fibres at increasing

swimming speed has been demonstrated in Figures 10a and 13a. Following

2 minutes of sustained swimming at 2.8 and 4.0 bodylengths s '
glycogen content reduced by 50 and 67%, respectively. The involvement

of both muscle types over a whole range of swimming speeds has been

established for a number of other teleost species (Pritchard, Hunter

and Lasker, 1971; Smit et al., 1971; Johnston and Goldspink, 1973a,b;

Greer Walker and Emerson, 1978). For example, electromyographical

evidence has shown that the threshold speed for the recruitment of fast

myotomal muscle fibres in rainbow trout (26-34 cm) is 1.3 bodylengths s

(Hudson, 1973) to 2-2.5 bodylengths s ' (Bone et al., 1978) (17-30 cm

fish). This is in contrast to the electromyographical evidence from

dogfish (Scyliorhinus canicula) (Bone, 1966) and the Pacific herring

(Clupea pallensia) (Bone et al., 1978) which show that slow fibres alone

are reserved for sustained activity in these species, while the fast

fibres are almost entirely reserved for burst swimming. In contrast to

herring and dogfish the more advanced teleosts have multiply innervated
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fast muscles. This type of innervation is associated with an involve¬

ment of the fast muscle in sustained activity (Totland et al. , 1981).

It appears that the aerobic capacity of fast fibres in some teleosts is

sufficient to support the contraction associated with slow swimming

speeds. For example, in the older literature it was thought that in

salmonids and carp a proportion of slow fibres were interspersed amongst

the deep fast fibres (Green, 1912; Boddeke et al., 1959). This was due

to the fact that histological techniques showed a higher glycogen and

lipid content of the smaller fibres in the mosaic. However recent

studies have shown that these small fibres are in fact fast fibres with

greater aerobic capacity than the larger fast fibres. For example,

Johnston et al. (1975a) have demonstrated by histochemical techniques

homogeneous ATPase and higher succinic dehydrogenase activity, and

glycogen content (Johnston, 1981a) in the smaller fast fibres of the

mosaic. Nag (1972) has reported that the mitochondrial content of fast

and slow fibres in rainbow trout is 3:8 (by number). This indicates

that the mitochondrial content of fast fibres is a significant fraction

of that of slow fibres. Furthermore, Egginton and Johnston (1981) have

demonstrated that fast fibres are heterogeneous, not only with respect

to size, but also according to their positions within the myotome. The

peripheral fast fibres are smaller and have a higher mitochondrial

content or glycogen than the deep fast fibres (Egginton and Johnston,

1981). An assessment of the oxidative enzyme activities such as citrate

synthetase and cytochrome oxidase has indicated that fast fibres of

brook trout have 15-20% of the activity of the slow fibres (Johnston

and Moon, 1980). In this species the hexokinase activities of the fast

fibres are twice those of the slow fibres, reflecting a great potential

for aerobic glucose utilization. This is in agreement with the findings

in the present study. Figures 9c-14c demonstrate glucose mobilization

with time. As glucose is in equilibrium with other carbohydrate



sources during swimming no quantitative information on glucose turnover

can be obtained. Smaller fast fibres can supply a significant propor¬

tion of the energy requirements aerobically at low sustained speeds

(< 3 bodylengths s '). Since recruitment of any fast fibre neurone

even at low speeds will activate a spectrum of fibre sizes (Altringham

and Johnston, 1981), the larger fast fibres are also likely to operate.

Therefore in fast fibres with low mitochondrial content (e.g.

0.2-1.5%) it seems probable that this is only sufficient for resting

metabolism such as protein turnover and ion pump operation. All energy

demands for contractile activity would have to be met by anaerobic

glycogenolysis with a concomitant increase in lactate production.

Hudson (1973) has suggested a rotation of firing of fast fibre

motor units which depends on the swimming speeds. Davison and

Goldspink (1977) have expressed the view that as a result of the close

proximity of the smaller aerobic fast fibres of the mosaic to the

larger ones, enough oxygen could be reaching the latter to allow

oxidation of lipid to occur. It is likely that there is a net produc¬

tion of lactate at speeds below which the fish reaches oxygen balance.

This results in transient increase of total lactate concentrations

(Figures 5 and 6), followed by a subsequent fall as steady state condi¬

tions are attained. At this point lactate produced by anaerobic

glycogenolysis in the fast muscle is catabolized at an equal rate

probably by oxidative decarboxylation in the peripheral tissues such as

red muscle.

Interestingly, the logjQ of net lactate accumulation during the
first 5 minutes swimming is linearly related to swimming speed

(Figures 7 and 8). A similar logarithmic relationship to swimming

speed has been previously observed with respect to both oxygen consump¬

tion (Beamish, 1978) and power output (see Webb, 1975). This reflects

the way in which drag forces on fish increases with increasing speed.
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Increase in speed requires proportional increase in performance and

effort. This results in the recruitment of an increasing number of

fast fibres.

Measurements of whole body lactate do not provide an estimate of

anaerobic metabolism during long periods of sustained swimming.

Experiments with small mammals and lizards have shown that 1-2 minutes

are required for oxygen consumption to stabilize at a new level

following an increase in running speed (PollnicV et al., 1973; Bennett,

1980). In salmon, this period is somewhat longer and depends on

temperature and the increment between swimming speeds (Brett, 1972;

Beamish, 1978). The actual oxygen consumption of fish in the present

study is unknown. But steady state values of oxygen consumption can

be determined from data in the literature and corrected from differences

in body weight and temperature (see Methods). The ATP yield is

assumed for anaerobic glycolysis of 0.016 mmoles A.TP per mg lactate and

that 1 mg O2 yields 0.20 mmol ATP (Bennett and Licht, 1972) it is
possible to determine the anaerobic contribution to energy expenditure

as a percentage of the steady state level of aerobic metabolism (Tables

3 and 4). This varies from 39% at 2.3 bodylengths s ' to 74% at

7.0 bodylengths s ' (Table 4). It appears that the contribution of

anaerobic metabolism to total energy requirements declines with time as

oxygen uptake increases and the fish settle down to a more steady mode

of swimming.

As increases in net lactate concentration are transient it is

expected that a definite time is required to achieve maximal rates of

lactate catabolism.

These results show that glycogen replenishment following muscular

exercise takes place faster during slow or moderate speeds, of exercise

conditioned fish than at vigorous speeds. For example, Black et al.

(1962) obtained glycogen depletion in the myotomal muscle at a rate
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equivalent to 0.7 rag g ' min ' for rainbow trout swimming strenuously

for 2 minutes. A mean rate of glycogen depletion of 1.29 mg g ' muscle

has been obtained in Jack mackerel (Trachurus symmetricus) swimming at

9 bodylengths s ' until exhaustion (Pritchard et al. , 1971). At these

high speeds the replenishment of glycogen takes up to 12-16 hours

(Black et al., 1961, 1966). In the present study rainbow trout were

conditioned to moderate speeds (1.1-1.3 bodylengths s '). The level of

glycogen and lactate were not significantly different from tank-rested

trout. Similar results have been obtained on other teleosts species

(Johnston and Moon, 1980a,b). This increase in muscle glycogen stores

and the capacity to catabolize lactate has been suggested as mainly due

to increased activities of fatty acid oxidation enzymes in the fast and

slow muscles induced by training. Utilization of lipid fuels is -

enhanced hence glycogen stores are relatively spared (Johnston and Moon,

1980a). This is likely to be a major factor in improved swimming

performance and fatigue resistance in exercise-conditioned fish.



Fig. 4

Swimming chamber employed in the exercise experiments. The inner

perspex cylinder (25 cm diameter x 150 cm length) contained

in a tank of marine plywood coated with araldite paint, and

an outer box filled with 1^" of plastic foam.

Abbreviations:

a, aeration; cf, activated charcoal filter; s, baffles for

reducing turbulence; w, water-tight shaft bearing;

p, plastic blade propeller; he, glass heat exchanger;

m, high power variable speed electric motor.
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Fig. 5

Total body lactate concentrations (yimoles, g *) in 54 g

rainbow trout exercised at 4.0 bodylengths s ' (mean +

S.E., seven fish).
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Fig. 6

Total body lactate concentrations (pmoles, g ) in 27g rainbow

trout exercised at either 3.8 bodylengths s ' (open circles)

or 7.0 bodylengths s ' (closed circles) (mean + S.E., nine fish).
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Fig. 7

Total body lactate concentrations (pmoles, g ) in 27 g

rainbow trout following acceleration from 1.1 to either,

2.3, 3.8, 5.3, 6.1 or 7.0 bodylengths s ' and after

5 minutes steady swimming at these speeds (mean + S.E.,

eleven fish).
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Fig. 8

Rate of production of ATP equivalents (pmoles, g min *)
from aerobic (upper graph) and anaerobic (lower graph)

metabolism in 27g trout at various swimming speeds.

Details of the methods of calculation are given in the text.
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Fig. 9a,b,c

Concentrations of total body levels of glycogen, lactate

and glucose (mg, 100 g ^imoles, g ', pmoles, g ') in
84 g rainbow trout exercised at 2.8 bodylengths s '
(mean + S.E., nine fish).
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Fig. 10a,b,c

Concentrations of glycogen, lactate and glucose

(mg, 100 g ', pmoles, g pnoles, g * respectively)

in the fast muscles of 84 g rainbow trout exercised

2.8 bodylengths s ' (mean + S.E., nine fish).
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Fig. 11a,b,c

Concentrations of glycogen, lactate and glucose

(mg 100 g, pnoles, g '; pmoles, g ' respectively in the

slow muscles of 84 g rainbow trout exercised at 2.8 bodylengths

s ' (mean +_ S.E., nine fish).
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Fig. 12a,b,c

Concentrations of total body levels of glycogen lactate

and glucose (mg, 100 g '; pmoles, g '; pmoles, g ^ respectively)
in 84 g rainbow trout at 4.0 bodylengths s ' (mean + S.E., nine fish).
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Fig. 13a,b,c

Concentrations of glycogen, lactate and glucose, lactate

and glucose (mg, 100 g '; pmoles, g ; pinoles, g ' respectively),
in fast muscles of 84 g rainbow trout at 4.0 bodylengths s '
(mean + S.E., nine fish).
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Fig. 14a,b,c

Concentrations of glycogen lactate and glucose (mg, 100 g ;

pmoles, g '; pinoles, g ' respectively) in slow muscles of 84 g

rainbow trout at 4.0 bodylengths s ' (mean + S.E., nine fish).
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TABLE 3: DATA OF LENGTHS AND WEIGHTS OF FISH USFD FOP TOTAL BODY LACTATE

ANALYSIS (FIGURE 6) ANT CALCULATION OF ATP FOUIVALFNTS (TABLE 4)

Body lengths s

Exercise
time

(mins)

Length
(cm)

Mean ± S.E.M,

Weight
(g)

Mean ± S.F.M,

Number
of fish

EXPERIMENT 1

Tank-resting 10.90 + 0.24 1 2.20 + 0.97 5

2.3 0 13. 13 + 0.48 21 .15 + 1 .32 16
5 13.00 + 0.32 19.00 + 1 .87 14

3.8 0 13 .97 + 0.39 30.50 + 1 .46 9
2 13.50 + 0.16 27 .20 + 0.87 5
4 13 .45 + 0.28 26.97 + 1 .97 6
5 13.75 + 0.21 31 .75 + 1 .35 8
10 13 .30 + 0.30 25.10 + 1 .28 5
20 13.71 + 0.21 29.00 + 1 .45 7

30 13 .60 + 0.24 26.70 + 1 .99 5

5.3 0 13 .38 + 0.22 25.50 + 1 .27 17
5 14.06 + 0.32 26.89 + 2.02 9

6.1 0 12.90 + 0.44 22.50 + 2.42 6

5 13.00 + 0.30 23.46 + 2.10 13

7.0 0 14.07 + 0.37 27 .50 + 2.05 7
2 14.66 + 0.30 33.58 + 2.25 6
4 15.28 + 0.09 38.56 + 1 .20 9
5 14.13 + 0.35 26.35 + 1 .00 10
10 15.10 + 0.24 38.67 + 1 .54 6
20 14.92 + 0.27 36.08 + 2,16 6
30 14.58 + 0.30 36.42 + 2.20 6

CM + 1 .54

EXPERIMENT 2

Tank-resting 14.00 + 1 .05 35.90 + 8.12 1 0

4.0 0 1 6.86 + 0.30 55.41 + 3 .24 1 1

2 17.30 + 0.34 59.00 + 2.93 5
5 17.33 + 0.28 56.78 + 3.78 6

30 17.08 + 0.35 59.50 + 4.64 6
24 hr 17.03 + 0.41 57 .33 + 4.95 6

53.93 ± 4.67



TABLE4:ATPEQUIVALENTSFROMAEROBICANDANAEROBICSOURCESINRAINBOWTROUTATVARIOUSSWIMMINGSPEEDS
Bodylengthss

-I

oxygenconsumption(mg'k'h')
EnergyexpenditureutilizingEnergyexpenditureutilizing aerobicpathwayanaerobicpathwayZcontributionof

for100gfishfor27.17gfish-|-|_i-|_i umolesATP,gminlog|0ATP1gminnmolosATP,gniinlog|0AT,'»8"»inanaerobicpathway
2.3

275.0

00.5

0.34

-0,4635

0.22

-0.6576

39.0

3.8

436.5

59.0

0.53

-0.2757

0.38

-0.4202

41

5.3

479.0

74.8

0.58

-0.2366

0.77

-0.1135

57.0

Ln

479.0

174.8

0.58

-0.2366

1 .22

0.0864

67.7

7.0

479.0

174.8

0.58

-0.2366

.63

0.2122

73.6

078

AerobicmetabolismexpressedaspowerfunctionofbodysizeM=k*w
M=Totaloxygenconsumedperunittime w=Bodyweight

0.78=Aconstant(literaturevalueobtainedfrom theslopeofaplotofthelogarithmofO2 consumptionagainstthelogarithmofbodysize)
kisobtainedfromtheintercept
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CHAPTER 3.

THE OPERATION OF THE NALATE-ASPARTATE SHUTTLE IN THE RE-OXIDATION

OF GLYCOLYTIC NADH IN SLOW AND FAST MUSCLE FIBRES OF RAINBOW TROUT

(SALMO GAIFDNERI, RICHARDSON)

Introduction

Anaerobic metabolism provides the additional energy required at

speeds in excess of that at which oxygen consumption becomes maximal.

Evidence has been provided in the previous chapter that in advanced

teleosts anaerobic metabolism occurs even below the velocity at which

oxygen consumption is maximized. For example, lactate increased by 217,

and 38% in slow and fast fibres respectively in exercise-conditioned

(1.1 body lengths s ') rainbow trout, following 2 mins swimming at slow

speed, 2.8 body lengths s ' (Figures 10b and lib). After 20 mins"

continuous swimming at this speed, lactate concentrations returned to

levels not significantly different from zero time. This reflects a

decrease in reliance on anaerobic metabolism with time. Whatever the

pathway involved, it appears that energy production in the muscle

involves a partial or complete oxidation of a suitable substrate. The

sustained oxidation of some important substrate such as glucose or

lactate depends on the provision of a continuous supply of cytosolic

nicotimamide adenine dinucleotides (NAD+).

In the glycolytic sequence of the cytosol (Figure 3), glyceraldehyde-

3-phosphate dehydrogenase reduces NAD+. Under anaerobic conditions,

NAD+ is regenerated by the lactate dehydrogenase (LDP) reaction,

pyruvate is converted to lactate and redox is maintained. Under aerobic

conditions pyruvate is no longer available since it enters the mito¬

chondria for complete oxidation or it is utilized in some other

metabolic reaction. Regeneration of NAD+ is still essential for the

continuation of glycolysis. However as the inner mitochondrial membrane
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is impermeable to pyridine nucleotides (Lehninger, 1951), cytoplasmic

NADH cannot be oxidized directly by the mitochondrial electron transport

system. NADH formed in the mitochondrion has direct access to the

phosphorylating electron transport chain and its reducing equivalents

are transferred rapidly to oxygen. The mechanisms for the oxidation of

cytosolic NADH are provided by the operation of cyclic irreversible

shuttle systems (Estabrook et al. , 1958; Borst, 1963). These involve

the NADH-dependent reduction of a suitable substrate in the cytosol,

followed by the transfer of the reduced substrate into the mitochondrion.

Here it is reoxidized by a second enzyme, so that the oxidation can be

linked to the electron transport system. The oxidized substrate is

then transported out of the mitochondrion to act as a carrier for further

reducing equivalents from NADH (Newsholme and Smart, 1973),

The Malate-Aspartate (Borst, 1963) and Glycerophosphate

(Estabrook and Sacktor, 1958) (Figures 15a and b) shuttles have been

suggested as the principal pathways of reducing equivalents transport

into mitochondria (Meijer and Van Dan, 1974). The Malate-/spartate

shuttle involves NAD-linked malate dehydrogenase (NDII) and glutamate

oxaloacetate transferase (GOT) and two membrane bound soluble carriers.

This involves a unidirectional influx of cytosolic NADH into most

mammalian mitochondria. Oxaloacetate apparently does not penetrate the

inner mitochondrial membrane (Borst, 1963). Lardy et al, (1965) have

produced evidence that a dual transaminase system may operate such that
i

oxaloacetate is transaminated to aspartate which passes to the cytosol

by an energy linked process. Here it is reconverted into oxaloacetate

by cytosolic glutamate oxaloacetate transaminase, The system also

requires free flow of glutamate and a-oxoglutarate between the compart¬

ments. The glycerol 3-phosphate shuttle involves NAD and FAD+ linked

dehydrogenases located in the cytosol and the outer surface of the

inner mitochondrial membrane respectively (Estabrook et al, , 1958).
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FAD is a flavoprotein and the shuttle generates FADF^ at the expense of
NADH with the attendant loss of ATP synthesizing efficiency. The

mechanism of operation is that dihydroxyacetone phosphate (DHAP)

oxidizes NADK in the cytosol via the cytosolic NAD-linked glycero¬

phosphate dehydrogenase. The resulting glycerol phosphate passes

through the permeable membrane where it is reoxidized to DHAP by the

mitochondrial flavin-linked glycerophosphate oxidase (Klingenberg, 1970),

Previously transaminase inhibitor, amino-oxyacetate has been

considered useful to determine the occurrence of the malate-aspartate

shuttle in liver slices from fetal rats (Dani et al., 1977). This

method was therefore employed to inhibit flux of reducing equivalents

via the malate-aspartate shuttle in slow and fast fibre bundles of

rainbow trout.

Materials and Methods

Fish:

Rainbow trout (Salmo gairdneri Richardson). A total of 7 fish

length mean ± S.E. 33.29 ± 0.04 cm and weight 435.52 ± 10.15 g were

obtained in June 1980 from Ceres Fish Farm, Fife, and held in tanks of

filtered fresh water at 10 ± 0.5°C and were fed daily on a proprietary

brand of trout pellets. No food was given in the 24 hr period before

the fish were killed for analysis.

Dissection of muscles and incubation:

Fish were stunned by a blow to the head. Following removal of

the skin and external myocommata small fibre bundles (~ 100 mg) muscle

were carefully dissected from the region anterior to the dorsal fin.

Superficial red muscle was dissected from an area adjacent to the

lateral line region and the white fibres from the underlying deep

expaxial muscle. Fibre bundles were incubated for 70 min in 3 ml of
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oxygen saturated medium containing 140 mM NaGl, 5 mM KC1, 1 .3 mM C.aCl^,
1.0 mM MgSO, and 10 mM sodium phosphate pH 7.4 at 15 ± 0.5°C. Parallel

experiment was set up in a medium of the same composition but with

further addition of 0.4 mM Amino-Oxyacetate pH 7.4 (transaminase

inhibitor). 20 mM glucose was present in all experiments. In addition

fibre bundles were dissected, immediately freeze-clamped as control

from resting fish.

After the completion of the incubation period the muscle fibres

were deproteinised in 0.6 mM cold perchloric acid, homogenised at 0°C

with an Ilado-XlO homogenizer (I.C.A. Gmbtt, Dottinger, West Germany)

and extracted for 10 min. Homogenates were centrifuged for 15 min at

6000 g and aliquots of the clear supernatant neutralized with a mixture

of 0.5 M triethanolamine and 3 M K^CO^ in the presence of methyl orange
indicator.

Determination of glycolytic intermediates:

From the neutralized supernatant all metabolites were measured

enzymatically based on the absorbance of pyridine nucleotides at 340 nm.

Malate was assayed by a spectrophotometric method (Hans Mollering, 1974)

with slight modification in a volume of 0.5 ml of 50 mM 3-Amino-l <-

propanol buffer pH 10.0 containing 100 mM glutamate, 2.7 mM 8 NAD,

20 pi each of glutamate oxaloacetate transaminase and malate dehydro¬

genase, 0.2 ml neutralized extract.

Dihydroxy acetone phosphate, Glycerol-3-phosphate and Fructose 1,6-

diposphate were assayed by the method of Gerhard Michael et al. (1975),

using the same medium by sequential addition of 10 pi Glycerol-3-

phosphate dehydrogenase, Triose phosphate isomerase and aldolase in a

medium containing 250 mM Triethanolamine buffer pH 7.6, 2.5 mM FDTA,

60 pM NADH.
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Pyruvate was measured by following the decrease in absorbante of NADH

at 340 ran (method of Czcok et al. (1965)) in a medium containing 250 mM

Triethanolamine buffer pH 7.6, 2.5 mM EDTA, 60 pM NADH, 5 pg lactate

dehydrogenase.

Glycose 6-phosphate and Fructose 6-phosphate were assayed by the method

of Gunter Lang et al. (1975) using the same medium containing 250 mM

tr iethanolamine buffer pH 7.6, 2.5 ml' EDTA, 0.2 mM NADP and 1 pM MgC^.
Sequential addition of 10 pi Glucose 6-phosphate dehydrogenase and

phosphoglycose ismomenase into the medium containing substrate was made.

Change in the optical density was recorded following each addition.

Statistical Analysis:

Data of fibre bundles incorporating glucose medium and those with

glucose plus amino-oxyacetate have been compared using a students 'tf

test. The results are presented as mean ± S.E.M,

Re suits

The concentrations of some glycolytic intermediates in slow and

fast fibres under different experimental conditions are shown in

Figure 16. In freeze-clamped muscles from tank rested rainbow trout,

the concentration of glucose 6-phosphate (G6P) was 2.20 times higher in

slow than the fast fibres (P < 0.05). The concentration of fructose

1,6 diphosphate (F16P) was 1.50 times higher in fast than slow fibres

(P < 0.05). The concentrations of the other glycolytic intermediates

measured, malate, pyruvate, dihydroxyacetone phosphate (DHAP),

glyceraldehyde-3-phoshoste (G3P), and fructose 6-phosphate (F6P) were

not statistically different between both muscle types.

Following incubation of fibres in glucose medium, the concentra¬

tions of F6P and F16P were 1.5 and 1.6 times higher in slow than fast
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fibres, respectively (P < 0.05). Pyruvate concentration was 1.4 times

higher in the fast than the slow muscle fibres. The other glycolytic

compounds assayed occurred in similar concentrations in both slow and

fast fibres.

Incubation of the fibres with transaminase inhibitor amino-

oxyacetate in the presence of glucose, resulted in changes in the con¬

centrations of the measured glycolytic intermediates in both the slow

and fast fibres. The concentration of malate increased by 96 (P < 0.001)

and 42% (P < 0.01) in the fast and slow fibres, respectively.

Pyruvate concentrations decreased by 42 (P < 0.05) and 10% (N.S.) in

fast and slow muscle fibres, respectively. The concentration of G6P

was decreased by 8 and 24% (P < 0.05) in the fast and slow fibres,

respectively. An increase of 45% in DHAP concentration of the slowT

fibres is equivalent to 1.8 times that of the fast fibres. G3P con¬

centration showed 58% increase in the slow fibres (P < 0.001) and

represents 1.2 times that of the fast fibres. F16P concentration

increased by 48% in the fast fibres (P < 0.01). This is equivalent to

2.8 times higher than the slow fibres (P < 0.001). F6P concentrations

were increased by 48 and 233% in slow and fast fibres, respectively.

Discussion

The involvement of pyridine nucleotides in energy metabolism and

major biochemical pathways is well established (Edington, 1973;

Dawson, 1979, Hochachka, 198°). For example , at low level of N/DH,

glycerophosphate dehydrogenase functions to reoxidise NADH, In

contrast, during high generation of cytosolic NADH, lactate dehydro¬

genase reaction is the major reoxidative system. Therefore the amount

of NADH would profoundly influence the transitions of aerobic/

anaerobic glycolysis (Hochachka, 1980). In the glycolytic pathway
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glyceraldehyde 3 phosphate (G3P) into 1 ,3-diphosphoglycerate (DPG),

NAD+ is also converted to NADH. NADH must be continuously oxidized in

order to maintain glycolysis. This is accomplished during the reduc¬

tion of catalytic amounts of dihydroxyacetone (DHAP) to glycerophosphate

or the reduction of oxaloacetate to malate by the GPDH and MDH (malate

dehydrogenase) reactions (Hochachka, 1981; Candy, 1980).

The available evidence shows that a feature of the glyceraldehyde

phosphate dehydrogenase reaction is that the equilibrium is such that

a high NAD+/NADH ratio is required in the cytosol which favours

3-phosphoglycerol phosphate formation (Candy, 1980). Therefore any

other reaction coupled through NAD+ to glyceraldehyde phosphate

dehydrogenase (GPDH) must favour NADH oxidation in order to maintain

the high cytosolic NAD+/NADH ratio (Candy, 1980). For example,

Williamson, Lund and Krebs (1967) have reported that in the rat liver

the mean cytoplasmic NAD+/NADH ratio was 725 while the mitochondrial

value was 8. The physiological significance of the large difference in

the two compartments is to maintain a satisfactory rate of glycolysis

in the cytosol as well as a satisfactory rate of electron transport in

the mitochondria (Newsholme and Start, 1973). This therefore explains

why the inner mitochondrial membrane is impermeable to pyridine

nucleotides and requires metabolite shuttles to transport hydrogen

across the compartments (Newsholme and Start, 1973).

There is evidence that the GPDR activity is higher in the fast

than slow fibres (Pette, 1966; Crabtree and Newsholme, 1972;

Hqchachka et al., 1978, 1981). For example, following a series of

biochemical analyses on fast and slow muscles of vertebrates and

invertebrates, Crabtree et al. (1972) showed that the activities of the

cytosolic GPDH of the fast fibres of trout were 90-180 times higher

than the mitochondrial type and were twice as active as the slow fibres
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(P < 0.001). In contrast to the high activities in trout, those of the

slow and fast fibres of the dogfish are lower by 2 to 3 times (P < 0.001)

(Crabtree and Newsholme, 1972). However, Patterson et al, (1975) have

demonstrated by histochemical techniques heavy staining of the mito¬

chondrial GPDH in the slow fibres of five species of teleosts. The

fast fibres stained variably depending on the species.

The glycerophosphate shuttle is particularly important in insect

flight muscles which have a high oxidative capacity. In these muscles,

there is an abundant supply of oxygen since the tracheal system

delivers oxygen directly to the fibres. The activity of GPDH in

insects is the highest in nature. For example, Crabtree et al. (1972)

have shown that the activity of this enzyme in the flight muscle of the

honey-bee (Alpis mellifera) or bumble-bee (Bombus hortorum) is 14 and

28 times higher, respectively, than that of trout. Hence glycolysis in

insect flight muscle is geared to the complete oxidation of substrate

and no lactate is formed.

It is proposed by Hochachka (1980) that during aerobic condition

and the initial stages of glycolysic activitation cytocolic redox arc

maintained by aspartate primed IT/D function. These result in malate

production which on entry into mitochondria would regenerate mito¬

chondrial NADH and oxalacetate. Efflux of oxaloacetate is through the

malate-aspartate shuttle, mediated by glutamic oxaloacetate transaminase.

GPDH also functions at this aerobic condition until it is inhibited by

its own substrate accumulation. This would allow pyruvate levels to

accumulate and gradually turn on lactate dehydrogenase (LDH) function.

Once anaerobic conditions arose favouring LDH function, further MDH or

GPDH function could be curtailed. This shows that in later stages of

anaerobic glycolysis, lactate is quantitatively the only important

depository of glucose derived hydrogen (Hochachka, 1980). Crabtree et

al. (197 2) have shown that the activity of GPDH of the white muscle is
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glycolysis is maximized, but it could serve a supplementary role.

The findings in the present experiments are compatible with

increased production of NADH in the slow and fast fibres of rainbow

trout due to the transaminase inhibitor, amino-oxyacetate. A prelimi¬

nary investigation with amino-oxyacetate has shown an increase in

lactate concentration. This result shows a 46% decrease (P < 0.05) in

the pyruvate concentration of the fast fibres compared to 10% decrease

in the slow fibres. Safer et al. (1971) have demonstrated that AOA did

not only diminish hydrogen flux through the malate aspartate shuttle

but also limited pyruvate entry into the tricarboxylic acid cycle and

electron transport system. This indicates that pyruvate is channelled

into lactate as an electron acceptor and NAD+ is generated from the

increased cytosolic NADH. However, the decreased flux of pyruvate

through the tricarboxylic acid cycle will result in lower levels of

adenosine triphosphate (ATP) and creatine phosphate. Glycolysis is

normally controlled by feedback inhibition mediated by ATP/ADP and/or

citrate. According to the nucleotide adenine theory small changes in

ATP would result in proportionately larger changes in AMP through the

adenylate kinase reaction (Newsholme and Start, 1973), Therefore the

decrease in ATP would further activate phosphofructokinase (PFK) as

well as the GPDH reaction. However, this would rapidly lead to a

build-up of glycerophosphate and (DHAP) dihydroxyacetone phosphate to

inhibit this shuttle system. The results obtained are in agreement

with the expected scheme. Amino-oxyacetate (AOA) caused an increase of

48% in glyceraldehyde 3-phosphate (G3P) in the fast fibres compared to

the control assay (P < 0.02) and 58% in the slow fibres. There was an

increase of 24% in DHAP (P < 0.02) in the fast fibres and 45% increase

in the slow fibres (P < 0.05).



Substrate cycling between fructose-6-phosphate and fructose

diphosphate by the coupling of fructose diphosphatase and phospho-

fructokinase is known to increase the sensitivity of fructose

6-phosphate phosphorylation to changes in AMP (Newsholme, 1976). The

results are compatible with this since fructose 6-phosphate increased

by 233% in the fast fibres (P < 0.001) as against 48% increase in the

slow fibres (P < 0.05). The increase in fructose diphosphate (F16P)

was 48% in the fast fibres and 17% in the slow fibres.

Apart from pyruvate, glucose 6-phosphate also showed a decrease.

This was found to be 8% in the fast fibres (N.S.) and 24% in the slow

fibres. The decrease in glucose 6-phosphate in the presence of an

increase in fructose diphosphate or large increase in fructose-6-

phosphate indicates that the glycolytic flux is not significantly

impaired by the amino-oxyacetate.

The increase in cytosolic NADH has also resulted in an increase

in malate production from cytosolic oxaloacetate. NADH is therefore

converted to NAD. However since the mitochondrial glutamate oxalo¬

acetate transaminase is inhibited by the amino oxyacetate there would

be no transamination and therefore further efflux of aspartate is

impeded. The results show an increase of 96% in malate concentration

of the fast fibres (P < 0.001) and 42% in the slow fibres. In the fas

muscle of tuna malate dehydrogenase (MDH) activity is over 90% in the

cytosol. It is considered that only a small fraction of this is

required for the malate-aspartate function and the purpose of the

large amount of excess malate dehydrogenase is unknown (Hochachka,

1980). In conclusion the results show that the malate-aspartate

shuttle is operative in both the slow and fast fibres of rainbow trout



Fig. 15

Diagrammatic representation of a, the Malate-Aspartate shuttle

and b, the -Glycerophosphate dehydrogenase shuttle

for the reoxidation of cytosolic NADH

Abbreviations: MAL, Malate; PYR, Pyruvate; DHAP, Dihydroxyacetone

phosphate; G3P, glyceraldehyde 3-phosphate Fl, 6P, fructose 1,6 -

diphosphate; G6P, fructose 6-phosphate; F6P, fructose 6 phosphate;

DAA, Oxaloacetate; GLU, glutamate; KG, ketoglutarate; ASP, Asparate;

NAD, -nicotinamide adenine dinucleotide; NADH, -nicotinamide

adrenine dinucleotide reduced form; -AOA, inhibition by amino

oxyacetate; ADP, Adenosine diphosphate; ATP, Adenosine triphosphate.
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Fig. 16

Concentrations of some glycolytic intermediates (umoles, g

mean +_ S.E., seven fish) of isolated fibre bundles, under

resting condition

-1

and following incubation at 15 C for

70 minutes in media containing (140 mM NaCl, 5mM KC1,

1.3 mM CaCl^, 1.0 mM MgSO , 10 mM sodium phosphate pH 7.4),
including 20 mM glucose

• •
• •

or 20 mM glucose plus 0.4 mM aminooxyacetate.

Abbreviations:

MAL, Malate
PYR, pyruvate
DHAP, dihydroxyacetone phosphate
G3P, Glyceraldehyde 3-phosphate
F1,6P, fructose 1,6 diphosphate
G6P, Glycose 6 phosphate
F6p, fructose 6 phosphate
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CHAPTER 4.

CAPILLARISATION, MITOCHONDRIAL CONTENT AND OXYGFN PIFPUSTON

DISTANCES OF MUSCLES OF RAINBOW TROUT (SALMO G/IRDNERI, RICHARDSON)

Introduction

Ultrastructural studies have demonstrated that in rainbow trout

the slow fibres are better vascularized than the fast fibres (Nag,

1972; Johnston, 1975b). Following muscular activity lactate and

glycogen concentrations return faster to the pre-exercise levels in the

siow than the fast fibres (Wokoma and Johnston, 1981), This has been

ascribed to the greater aerobic capacity of the slow fibres. However,

fast fibres of advanced teleosts have been demonstrated to have more

mitochondria than those of elasmobranch (Totland et al., 1981;

Johnston, 1981).

In the present investigation, ultrastructural study and morpho-

metric methods have been used to determine the relation between the

fibre surface and volume, the size of the mitochondrial compartment,

capillary supply and oxygen diffusion distances in slow and fast

muscles of rainbow trout.

Materials and Methods

Fish:

Rainbow trout (Salmo gairdneri Richardson) of average weight,

400 gm, were obtained from Ceres Fish Farm, Fife, and held in tanks of

filtered fresh water at 10 ± 0.5°C and were fed daily on a proprietary

brand of trout pellets. No food was given in the 24 hour period before

fish were sacrificed for analysis.
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Fixation of muscles:

Fish were killed by a blow to the head and transection of the

spinal cord. Fixative (3% glutaraldehyde in 0.1 1' phosphate buffer,

pH 7.4) was injected into the myotomes adjacent to the sample site

which was located posterior to the dorsal fin. During this process the

fish was kept on ice with the trunk bent to its point of maximum

flexure. In situ fixation of muscle was for an initial period of 1 hr.

Using a binocular microscope small fibre bundles were dissected from

both the superficial slow fibre layer and the mid-region of the

expaxial fast muscle (Johnston and Maitland, 1980). In order to prevent

shrinkage fibre bundles were pinned to cork strips at their resting

lengths in situ and fixed for a further period of 2-24 hrs in 3%

glutaraldehyde, 0.1 1! phosphate buffer, pH 7.4 at 4°Q. Tissue samples

were wTashed in buffer and post-fixed in 1% osmium tetroxide, 0.1 M

phosphate, pH 7.4 for 1 hr. Samples were rinsed in distilled water,

dehydrated in a series of alcohols up to 100%, cleared in 1,2 epoxypropane

and then allowed to stand in epoxypropane and araldite mixture for 24

hrs to allow penetration by araldite prior to embedding. The

samples were then embedded in araldite CY212 resin, the blocks were

labelled and cleared at 60°C for 48 hrs. Checking of the orientation

of muscle fibres in the embedded material was done by examination of

1 pm semithin sections stained with toluidine blue or p-phenylene

diamine in 1:1 isopropanol:methanol (Hollander and Vaaland, 1968)

viewed and photographed on a Zeiss optical microscope using Pan F film

at 100 ASA.

Sections were cut with a Peichert 0MU2 ultramicrotome with glass

knives made on an LKB knifemaker. Blocks were prepared by trimming

down initially, to a trapezoid cutting face with a razor blade, and

then polished with glass knives until all marks had been removed.

Ultrathin sections showing deep gold interference colour representing a



thickness of 90 nanometers were collected on Formvar or pyroxylin

coated 150 mesh copper grids double stained in 4% uranyl acetate in 50%

ethanol with counter staining in 0.4% lead citrate in 0.1 M sodium

hydroxide. Sections were examined with a Phillips 301 electron micro¬

scope at 60 KV and electron micrographs taken.

Quantitation of capillarisation and mitochondrial volume:

Using a photographic enlarger, the outlines of 300 muscle fibres

and adjacent blood capillaries were drawn from either low power electron

micrographs (x 1900) of slow fibres, or toluidine blue stained semithin

sections (x 820) of fast fibres, by projecting respectively 1/4 plate

or 35 mm negative onto cartridge paper.

The fibre areas, perimeter and contact length were determined

directly using a summagraphics digitiser coupled to an Olivetti P6060

mini-computer (Walsely and Johnston, 1980). The method of calculating

other indices of capillarisation follow those of Flood and co-workers

(Flood, 1979; Kryvi, Flood and Gulyaev, 1980). Details of calculating

the various indices of capillarisation are given in Table 5.

In order to determine the fractional volumes (%) occupied by

mitochondria,myofibrils and lipid the outline of each component

structure was drawn on 10" by 8" black and white paper from transverse

sections of 100 electron micrographs (x 3800 - 18000), using a point

grid method (Weibel, 1967). Lattice grids were constructed such that

the spacing was 1.5 times the size of the largest component structure.

This was found to be the width of the myofibrillar segment. The grid

was placed on the point and a count was compiled of each component

structure giving the fractional volume occupied by each structure of

the muscle fibre. A minimum of 150 points per micrograph was analysed.
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Statistical analysis:.

Statistical analysis was carried out using the student's t-test

for equal sample numbers.

Results

Figures 17-22 and Tables 5 and 6 represent results obtained from

ultrastructural studies. Superficial slow fibres appear distinctly red

in colour and are relatively homogeneous in size (Figure 19). In

contrast, fast fibres are white in colour and have a range of fibre

sizes. The mean area of the fast fibre is 2-3 times that of the slow

fibre (P < 0.01) (Table 5; Figure 21). Myofibrils occupied 49.6% of

the total volume in slow fibres. Myofibrillar fractional volume is

1.8 times higher in fast than in slow fibres. The fraction of fa'st

fibre volume occupied by mitochondria is 30% of that of the slow fibres

(P < 0.001) (Table 5). Around 68% of mitochondria in fast fibres are

situated in the subsarcolemmal zone, 32% are intermyofibrillar (Table 6).

Smaller fast fibres have 2-3 times higher mitochondria and lipid volume

fractions than larger ones (P < 0.01). In the slow fibres the propor¬

tion occupied by the intermyofibrillar mitochondria is 1.4 times higher

than the sarcolemmal mitochondria (Table 6) . Electron micrograph from

the slow fibres have well developed cristae (Figure 22) . The lipid

volume fractions of the fast fibres are equivalent to 13% for that of

slow fibres (P < 0.001).

Red cells are present in 80-90% of the capillaries in the slow

fibres (Figure 20) suggesting that a high proportion are perfused with

red blood even in tank rested fish. Indices of capillarization are

shown in Table 5. Both the number of capillaries per fibre and the

mean fibre percentage fibre perimeter in direct capillary contact are

2-3 times higher in the slow than fast fibres (P < 0.01) (Table 5).
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Figures 17 to 18 show.that the slow fibres have better capillary supply

3
than the fast fibres. The capillary surface supplying 1 pm mitochondria

is similar in both fast and slow fibres (Table 5). However, the oxygen

diffusion distance is 2.24 times higher in fast than slow fibres

(P < 0.01) (Table 5).

Discussion

Blood supply to a muscle is an important determinant of muscle

function. Histological measurements of vascularization give no indica¬

tion of physiological blood flow but are useful in determining the

potential size of the capillary bed. As a result of different indices o-f

Vascularization used by previous workers, only few data are available

for comparative analysis. Compatible data have been obtained on'some

teleosts (Mosse, 1978, 1979), a chondrostean (Acipenser stellatus)

(Kryvi et al. , 1980), a holocephalan (Chimaera monstrosa) and elasmo-

branchs (Totland et al., 1981). The average number of capillaries per

fibre in the fast fibre muscle in rainbow trout of this study is 0.54

(Table 5). Lower values have been obtained in some species:

Australian salmon 0.14-0.27 (Mosse, 1979), Acipenser, 0.2 (Kryvi et al.,

1980), Chimaera and Galeus, 0.3 and 0.4, respectively (Totlind et al.,

1981). The corresponding values for the slow fibres are 1.26, 1.9-4.2,

2.3, 0.3 and 2.5, respectively. The range of values is further demon¬

strated in the pelagic anchovy with 12.9 capillaries per slow fibre,

resulting in vascularization of 51% of the fibre surface (Johnston,

1982b). The results show that the fast fibres in rainbow trout have

better vascularization than those of many other species. Figure 17

shows the distribution of capillaries in fast and slow fibres. However

the slow fibres are better vascularised than the fast fibres since 42%

of the slow fibres made direct contact with 11 % of the capillaries



compared to 5% of the fast fibres (Figure 18). The percentage of fast

fibre vascularisation compared to the slow fibres is 0.5-17 in

Etmopterus, 3% in Galeus, 7.7-13% in Chimaera and 177 in Scyliorhinus

canicula (Totland et al., 1981). The value in rainbow trout is 30%

(Table 5).

3 .

The capillary surface required to supply 1 pm of mitochondria m

slow and fast fibres are similar (Figure 5) . Similar results have been

obtained in Galeus, Chimaera (Totland et al., 1981), and Carp (Johnston,

1982a). There is a good correlation between capillary density, mito¬

chondria and sustained swimming performance (Johnston, 1981). The

fractional volume occupied by mitochondria in the present study is

31.6% in the slow fibres (Figure 5). Similar value has been obtained

in brook trout (Johnston and Moon, 1980). In contrast, elasmobranchs

are generally shown to have mitochondrial content of 18-24% (Totland

et al., 1980). However the value is 34% for an active species of

elasmobranch, Etmopterus spinax (Fxyvi, 1977).

The mitochondrial volume occupied in the fast fibres of elasmo¬

branchs ranges from 0.5-1%. In contrast, in advanced teleosts this is

2-9% (Johnston, 1981). The mean fractional volume occupied by fast

fibre mitochondria in the present study is 9.6%. A value of 9.3% was

reported in brook trout (Johnston and Moon, 1980a). There was a

decrease in mitochondrial volume with increase in fibre size. Sub-

sarcolemmal mitochondria occupied 6.5% of the fractional volume,

equivalent to 2.17 times higher than the intermyofibrillar (P < 0.01)

(Figure 6). In contrast to that of slow fibre, intermyofibrillar mito¬

chondrial volume was 1.4 times higher than subsarcolemmal mitochondria

(Figure 6). The results demonstrated a high degree of intra-membrane

transport of metabolites since subsarcolemmal mitochondria are

associated with generation of ATP for this process. Intermyofibriliar

mitochondria supply the energy for muscle contraction (Pomanul, 1965).



73

Other important factors determining the aerobic capacity of the

capillary bed are the rate of utilization of oxygen by mitochondria as

well as diffusion distances. The maximum hypothetical diffusion dis¬

tances in the slow fibres of some species are: 52 ym for Chimaera

monstrosa, rat fish, 47.5 ym for Galeus melastomus, 27.4 ym for

Scyliorhinus canicula, dogfish (Totland et al., 1981). The value for

rainbow trout is 11 .48 ym (Table 5) and 8 ym in European anchovy

(Engraulis encrasicolus) (Johnston, 1982b).

Greer Walker et al. (1980) indicated that data from 73 species

have shown faster swimming fish developed narrower fast fibres with

shor ter diffusion distances. Maximum hypothetical diffusion di stances in fast

f ibres are (ym) 341, 198, 168 and 53 in F.tmopterus , Chimaera, Caleus and Scyliorhinu

respectively (Totland et al., 1 981) and 27 .72 in rainbow trout (Tatle 5) .

In contrast to mitochondrial density being correlated with

activity, in skipjack tuna (Katsuvonus pelamis), slow fibre mitro-

chondrial volume is low (~ 16%) (Bone, 1978). Tuna appears to have a

higher aerobic potential than another scombroid, the Atlantic mackerel

(Scomber scomber) with a mitochondrial content of ~36%. However, the

former is further distinguished by the possession of a counter-current

brain and muscle heat exchanger which maintains elevated muscle

temperatures (Stevens and Neill, 1978; Bone, 1978). It is not clear

whether this contributes to an increased mitochondrial efficiency such

that fewer mitochondria are required to achieve an equivalent rate of

respiration.

Ultrastructural parameters are not fixed but can be modified by

environmental factors. Cold acclimation is associated with an increase

in the volume of mitochondrial compartment and capillary density in

both fast and slow fibres (Johnston, 1982a). For example, in carp,

Carassius carassius, the mean mitochondrial volume in fast fibres is

6.1% and 1.6% for cold and warm-acclimated fish (Johnston, 1982a).
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There is evidence that temperature compensation of mitochondrial

function is less than perfect and results from an increase in respiratory

or tricarboxylic acid enzymes (Wilson, 1973; Hazel and Prosser, 1974).

The cellular mechanisms underlying seasonal adjustments in metabolic

rate are complex. However, it has been suggested that these may be due

to altered gene expression, differential effects of temperature on

protein synthesis and degradation, and changes in the micro-environment

of key enzyme systems (Sidell, 1977; Sidell et al., 1980; Johnston and

Maitland, 1980).

In conclusion, the fast fibres of rainbow trout are likely to

have aerobic capacity which is a significant fraction of that of slow

fibres.



Fig. 17

Histograms showing the distribution of the frequency

distribution of the number of capillaries per fibre in

slow (upper) and fast (lower) fibres of rainbow trout.
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Fig. 18

Histograms showing the frequency distribution of percentage

fibre vascularized in slow (upper) and fast (lower) fibres

of rainbow trout.
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Fig. 19

Low magnification electron micrograph (x900) from slow

fibre of rainbow trout showing numerous mitochondria

(dark) myofibrils (light) and lipid droplets (L) .

Fig. 20

Low magnification electron micrograph (xl950) from slow fibre

of rainbow trout showing capillaries (C), myofibrils (MY),

mitochondria (M).
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Fig. 19

Fig 20



Fig. 21

Transverse section electron micrograph (x2680) from fast fibre

of rainbow trout showing mitochondria (M),

myofibrils (MY) ? f\u.cLe.mS

Fig. 22

Transverse section electron micrograph (x4600) from slow fibre

of rainbow trout showing mitochondrial cristae structure and lipid.



78

Fig 21

Fig.22
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TABLE 5: QUANTITATIVE ANALYSES OF THE VASCULARIZATION OF SL01-1 ANT) FAST

MUSCLE FIBRES OF RAINW TPOUT (SALMO CAIRDNERI)

Parameter' Unit Symbol^ slow Fast
calculation

Number of fibres A 1 OA 105

Number of capillaries B 132 57

Fibre per cross-sectional 2 c 526.41 ± 23.50 1129 ± 92.11**
area

Fibre perimeter ym E 91.C ± 2.11 153.87 ± 7.79**

Fractional volume occupied % £ 31.6 ± 2.25 9.6 ± 0.25***
by mitochondria

Number of capillaries per
muscle fibre

1 .26 ± 0.1 0.54 ± 0.08**

Capillary contact length G 5.34 ± 0>23 3-34 ± 0>31*
per fibre

Percentage of fibre peri
meter in direct

capillary contact

meter in direct 7 H = 00 5.87 ± 0.22 2.17 ± 0.25**

Mean perimeter served by T = D ?2>2 284.9***
one capillary F

Capillary contact length
per ym fibre cross- ym J = — 0.01 0.003***
sectional area

2
Capillary surface (ym )
supplying 1 ym^ of ym^ K = ^ X^.^ ^ 0.032 0.0312 N.S.
mitochondria

Maximum hypothetical _ /A x C , , /Q on
, .,r . r ,. ym L = /— 11.48 25.7 2'-*diffusion distance V B.r

N.S. Not significant at P < 0.05
* P < 0.05

** P < 0.01

*** P < 0.001

Values represent mean ± S.F. mean
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TABLE 6: FRACTIONAL VOLUME OCCUPIED BY MITOCHONDRIA AND LIPID DROPLETS

IN SLOW AND FAST MUSCLE FIBRES OF RAINBOW TROUT

Parameter

Fractional volume (7)

Slow Fast

Total mitochondria 31.60 ± 2.25 9.60 ± 0.25

Subsareolemmal mitochondria 13.40 ± 1.00 6.50 ± 0.10

Intermyofibrillar mitochondria 18.20 ± 1.25 3.00 ± 0.15

Total lipid 15.50 ± 2.14 2.50 ± 0.50

Subsarcolemmal lipid 9.00 ± 1.14 1.35 ± 0.40

Intermyofibrillar lipid 6.50 ± 1.00 1.15 ± 0.10

Values represent mean ± S.E. mean
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GENERAL DISCUSSION

In performing metabolic studies of swimming fish it is necessary

to realise the importance of three fundamental requirements. These are

the elimination of stress, pre-conditioning of the fish and the inclu¬

sion of adequate control fish in parallel at each test velocity or

swimming speed. Environmental factors that cause stress in fish are

methods of capture, transportation and handling (Black and Barrett,

1957; Vardle, 1972). Stress results in increased lactate or depletion

of glycogen. Consequently when such fish are used for exercise studies

there is a further rise in lactate and the actual result is masked.

For example, early studies have shown blood lactate increase from 2-5

fold than the resting value following swimming at sustainable speeds

(Black, 1955; Black et al., 1960, 1966). In contrast, rainbow trout of

this study, conditioned to moderate speeds (1.1-1.3 body lengths s ')
showed lactate and glycogen levels that were not significantly dif¬

ferent from tank rested fish. Similar results have been obtained by

Johnston and Moon (1980a,b). In both experiments exercised and non-

exercised fish were immediately freeze-clamped in liquid nitrogen

(-159°C). This is the recommended technique as it arrests metabolism

very quickly in contrast to other methods in which post-mortem changes

or recovery from exercise are likely to occur.

The biochemical studies on the myotomal muscle fibres of swimming

fish in this thesis are consistent with slow fibres being mainly

recruited at slow swimming speeds. Following increase in swimming

speeds greater proportion of fast fibres are recruited. The threshold

speed for the recruitment of fast fibres in rainbow trout (13-20 cm)

appears to be around 2-3 body lengths s '. The evidence in support of

this is the increase in net lactate of 27% and 38% in slow and fast

fibres, respectively, following 2 minutes sustained swimming at
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2.8 body lengths s . This is in close agreement with the dlectro-

myographical studies of Bone et al . (1978) on rainbow trout (17-3(1 cm)

which showed recruitment of fast fibres at 2-2.5 body lengths s '. The

involvement of both slow and fast fibres over a whole range of swimming

speeds has been established for a number of other teleosts species

(Pritchard, Hunter and Lasher, 1971; Smit et al., 1971; Johnston and

Goldspink, 1973a,b). For example, Smit et al. (1971) used oxygen con¬

sumption as a means of muscular activity in goldfish, Carassius auratus,

and concluded that both fibre types are used at all velocities.

However, the proportion of slow to fast fibres used was higher at the

slow swimming speeds. The decrease in this ratio with increasing speed

was due to the recruitment of higher proportion of fast fibres. In

this species it was observed that there was a significant contribution

of fast fibres at speeds in excess of 3.4 bodylengths s ' (.°mit et al.,

1971). In a study of fibre hypertrophy Greer-Walker and Emmerson (1978)

obtained increase in size of slow fibres of rainbow trout and coalfish

(Creer-Walker and Pull, 1973) at 1 bodylength s '. There was a decline

in slow fibre hypertrophy between 2 and 3 bodylengths s In contrast,

the fast fibres increased in cross-sectional area at these speeds

(Greer-Walker and Emerson, 1978).

The fast fibres of higher teleosts, which are recruited over a

wide range of swimming speeds, are multiply innervated (Hudson, 1973;

Johnston et al., 1977; Bone, 1978). In contrast, fast fibres of elasmo-

branch, for example dogfish and primitive teleosts such as herring, are

focally innervated. These are only reserved for bursts of rapid

swimming and fatigue in 1-2 minutes swimming (Bone, 1966; Bone et al.,

1978). Therefore it would appear that multiple innervation has advantage

over focal innervation since it allows fast muscle fibres to be

recruited at low as well as high swimming speeds. It seems likely that

there is a very sharp transition between the levels of effort which
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result in almost indefinite sustained activity in higher teleosts and

those which lead to fatigue in elasmobranchs. Multiple innervation was

derived independently on several occasions during the evolution of

teleosts (Bone and Ono, 1982). Both focal and multiple innervation

have been found in some orders (Bone and Ono, 1982). The multiple

pattern of innervation in stormiformes is suggestive of early transi¬

tional phase from focal to multiple innervation in teleosts (Bone and

Ono, 1982). It is suggested that the evolution of multiply innervated

fast fibres may be related to a requirement to achieve rapid tail-beat

frequencies associated with efficient swimming (Johnston, 1982d). In

fibres where sustained activity is supported solely by slow (red)

fibres, the massive bulk of fast fibres is likely to operate passively.

If a certain proportion of these fibres are activated continually the

passive resistance would be overcome (Johnston, 1982d).

Hudson (1969) has suggested the rotation of the firing frequency of

polyneuronal innervated fast fibres which produce graded response

within the myotome.

The recruitment of multiply innervated fast fibres has been

related to the degree of multi-terminal innervation (Bone et al. , 1978*,

Johnston, 1981a). For example, electromyographical studies have shown

the recruitment of fast fibres at 1 .8 bodylengths s ' in brook, trout

(Johnston and Moon, 1980a), 2-2.5 bodylengths s ' in mirror carp

(Johnston et al., 1977). However, this is complicated by the fact that

some multi-terminally innervated fast fibres are recruited at 3.2 and

4.5 bodylengths s ' such as found in stripped bass (Morone saxtilis)

and bluefish (Pomatomus sultatrix), respectively. These are speeds

comparable to those at which focally innervated fast fibres are

recruited in primitive teleosts and elasmobranchs. In view of the

diversity of multiply innervated fast muscle fibres (i.e. number of

endplates/fibre, extent of polyneuronal innervation), it seems unlikely
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that a sharp division can be drawn between the two types of behaviour.

There is a good correlation between multiple innervation of the

fast fibres and the capacity for aerobic metabolism. The aerobic

capacity of multiply innervated fast fibres is greater than that of the

focally innervated fast fibres: for example, the mitochondrial volume

fraction and capillary densities of trout are 10 times higher than

those of Galeus melastomus, chimaera or scyliorhinus (Totland et al.,

1981; Johnston et al., 1980a; Johnston, 1982d).

Diverse forms of teleosts inhabit different ecological environ¬

ments. Various evolutionary adaptations have been developed for living

in different habitats. For example, there are different types of

swimming activity and body shape among fishes. The three main patterns

of body movement are anguilliform, ostraciform and cerargiform with a

range of intermediate types of swimming activity. The tunny (Thynnus

thynnus L.), for instance, has a number of features adapting it to high¬

speed cruising. Skipjack tuna (Katsuwonus pelamis) has a stream-lined

fusiform shape and double-jointed lunate tail and counter-current blood

supply to the slow fibres enabling it to maintain temperatures above

ambient (Carey and Teal, 1969; Carey et al., 1971). Pike has reduced

caudal fins and swimming is achieved by undulations of their dorsal and

pectoral fins. In the holocephalon, rat fish (Chimaera monstrosa) slow

speed swimming is achieved by use of pectoral fins. In this species

the myotomal slow fibres may only produce rudder-like movements of the

trunk associated with change of direction (Totland et al ., 1981). This

is similar to Notothenia rossii, Antarctic cod, where enlarged pectoral

fins have taken over the function of locomotion (Walesby and Johnston,

1980). Nishihara (1967) observed that the pectoral fin muscles of

goldfish (Carassius auratus) are mainly slow fibres in contrast to the

pelvic fin fibres which are composed of fast fibres. Ke suggested that
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this might relate to difference in function of the two sets of fins

(Nishihara, 1967). The relative importance of the fin and body move¬

ments is dependent on the species and the swimming speed.

It has been demonstrated by kinematic studies that many free

swimming fishes do not maintain a constant mode of swimming at all

velocities (Videler and Weighs, 1982). For example, burst speed is

alternated with glide in which the fish does no swimming activity. The

thrust initiated at the acceleration period or burst speeds keeps the

fish in motion and so energy is conserved. It is suggested that at

velocities greater than 2.5 bodylengths s ' this type of swimming in

cod is 2-3 times more economical hydrodynamically than a continuous

mode of swimming (Videler and Weighs, 1982).

It would appear possible to correlate the threshold swimming

speed at which the fast fibres start to make a significant contribution

to acceleration and the activity pattern of the fish. For example,

Greer-W7alker and Pull (1973) have suggested that species with anguilli-

form type of locomotion are likely to have lower thresholds for con¬

traction of fast fibres than species which are adapted for high speed

swimming such as tuna (Katsuwonus pelamis) and Atlantic mackerel

(Scomber scomber). Grillner and Kashin (1976) have found evidence of

electrical activity in the focally innervated fast fibres of adult eels

even at low swimming speeds. In anguilliform type of locomotion, the

range of contraction times for each segment is less than that for

carangiform and sub-carangiform swimming (Webb, 1978). This type of

swimming is energetically most efficient at low speeds (Webb, 1978) and

primitive teleosts and elasmobranch are able to maintain up to

3 bodylengths s '.
Another important aspect of fish skeletal muscle metabolism is

the maintenance of cytosolic and mitochondrial redox potential during

swimming. There appears to be a correlation between aerobic metabolism
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and the activities of the glycerophosphate dehydrogenase and enzymes of

the malate aspartate shuttle. For example, in insect flight muscle

where the glycerophosphate dehydrogenase activity is higher hy 14-25

times than any vertebrate tissue, glycolysis is geared to complete

oxidation of substrate and little or no lactate is formed (Crabtree and

Newsholme, 1972). The GPDH activity is 4-5 times higher in the fast

than slow fibres of tuna (Guppy et al,, 1978; Hochachka, 1980). The

activity of the cytosolic GPDH in the fast fibres of trout is equivalent

to 2 times that of dogfish (Crabtree and Newsholme, 1972). This study

has shown the operation of the GPDH and the malate aspartate shuttles

in both the slow and fast fibres of rainbow trout. .Amino oxyacetate

(transaminase inhibitor) has been used in this study for the determina¬

tion of reoxidation of cytosolic NADE, Various other inhibitors can be

employed to determine other aspects of the electron transport system or

other hydrogen shuttle systems. Examples are rotenone, an inhibitor of

mitochondrial oxygen consumption and also antimycin. It is essential

in such experiments to set up parallel control tests so that the per¬

centage inhibition or stimulation can be assessed.

In contrast to rainbow trout, the fast fibres of carp (Carassius

carassius) show little increase in lactate even after intense stimula¬

tion or following burst swimming (Prosser et al., 1 957). It is probable

that this may be due to reduced metabolic rate, the existence of non-

circulatory transfer of metabolites between slow (red) and fast (white)

fibres (Wittenberger et al ., 1975; Johnston et al., 1977) or complex

anaerobic pathways (Johnston, 1975; Hughes and Johnston, 1977;

Hochachka, 1980). For example, anaerobic end products increased in

fish tissues during anoxia in addition to lactate including carbon

dioxide (Van den Thillart et al., 1976), ethanol (Shonbridge and

Hochachka, 1980), ammonia (Kutty, 1972), alanine (Johnston, 1975) and

succinate (Johnston, 1975; Hughes and Johnston, 1978).
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Ultrastructural studies have shown that several fish species have

developed various adaptations to increased oxygen delivery to mito¬

chondria. For example, in the European anchovy (Engraulis encrasicolus)

special adaptations appear to increase the rate of oxygen delivery to

the slow fibres. There is an increase in the ratio of perimeter to

area and the fibres appear as flattened lamellae in contrast to the

normal cylindrical pattern in transverse section (Greer-Walker et al.,

1980). Furthermore, each fibre is capillarized by an average of 12.9

capillaries resulting in ~52% of the fibre surface in direct contact

with capillary (Johnston, 1982b). In anchovy the maximum distance

between any capillary and mitochondria in the slow fibre is 8 ym

(Johnston, 1982b). Good correlation between increased mitochondrial

volume density, capillary supply and decrease in oxygen diffusion

distance would appear to be some of the prerequisites of potential

aerobic metabolism. Ultrastructural studies of the skeletal muscles in

rainbow trout and biochemical findings are consistent with fast fibres

having aerobic capacity which is a significant proportion of slow

fibres. Weatherly et al. (1982) have tagged swimming rainbow trout

with radiotelemetry apparatus for sensing and transmitting electro-

myograms. These studies show that EMG values are highly correlated

with the oxygen consumption during activity periods. It is therefore

possible that swTimming fish in the wild, fitted with telemetry packages,

can be used to indicate oxygen consumption and the mode of swimming of

the fish.

Ultrastructural parameters may be altered by physical changes in

environment (such as temperature pressure, pH, ionic concentration,

etc.). llany species undergo compensatory physiological and biochemical

changes in order to adapt to the different environmental temperatures.

These adaptations would include changes in metabolic pathways, enzyme

activity and intermediates of metabolism. For example, salmon and
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trout are known to undergo - seasonal migrations from the low environ¬

mental temperatures of the ocean to higher temperatures of the rivers

and streams where they spawn (Dean, 1969). In addition to temperature

acclimatory changes, there are changes due to evolutionary adaptations

which affect the metabolism and division of labour between fast and

slow fibres of fish muscle (Dean, 1969). Johnston (1981) has also,

shown changes in the skeletal muscles of marine flatfish (Pleuronectes

platessa) following starvation. BostrBm and Johansson (1972) have

demonstrated changes due to development.

Although anaerobic metabolism provides an inefficient means of

generating ATP during sustained activity, it is likely that it supple¬

ments that of aerobic metabolism. In support of this is the anaerobic

contribution to activity during the first five minutes swimming to

total energy production (calculated from literature oxygen consumption

measurements) amounting to 39% at 2.3 bodylengths s ' and 74% at

7.0 bodylengths s Consequently the fish is able to increase the

range of swimming speeds. An interesting possibility is that lactate

produced during acceleration constitutes a major substrate for aerobic

metabolism by slow muscle mitochondria.
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