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The manner in which skeletal muscle of the pig adapts to meet the changing
mechanical and metabolic demands of an increase in body weight during postnatal
growth was studied using two different methods.

(1) Histochemical profiles of individual muscle fibres were established using
the myosin ATPase, succinate dehydrogenase (SDHase) and glycogen phosphorylase
(GPase) reactions. Samples of longissimus and diaphragm muscles from a series
of 18 Large White pigs between birth and 60 kg liveweight, and from a series
of 16 Large White pigs of mean liveweight of 93 kg, were used.

In both muscles, the number of fibres low in myosin ATPase activity
increases with growth, and these fibres are grouped into bundles. In
m, longissimus, the estimates of the total fibre population and the number of
myosin ATPase low bundles in a complete transverse section of the muscle remain
constant, while the mean number of myosin ATPase low fibres per bundle increases
from one at birth to 3'2 at 93 kg liveweight. Whereas the complete transverse
sectional area of the muscle increases in proportion to the 2/3 power of the
body weight, the area occupied by myosin ATPase low fibres increases in direct
proportion to the body weight. This observation suggests the mechanism by
which larger animals are supported without a relative increase in their muscle
mass. Some histcchemical evidence was obtained that this is achieved by a
transformation of the physiological properties of certain fibres.

The diaphragm of smaller pigs contains a greater proportion of a myosin
ATPase high, SDHase high and GPase low fibre type than that of more mature pigs.
After initial neonatal differentiation, the muscles studied do not change their
proportion of SDHase high fibres during growth,

In both longissimus and diaphragm, the mean transverse sectional areaof
myosin ATPase high fibres is greatest when the SDHase activity is low. Also,
the mean transverse sectional area of SDHase high fibres is greatest when the
myosin ATPase activity is low, but this difference is significant only for the
diaphragm,

(2) Eighteen female pigs of both the Pietrain and Large White breeds, from birth
to 72 kg liveweight, were dissected, and the major tissues were weighed. The
growth of fat, muscle and bone, relative to carcass growth, were compared for
both breeds. Fat is the fastest developing tissue; fat and muscle grow at
a rate higher, and bone at a rate lrwer, than overall carcass growth. The
musclesbone ratio increases during the growth interval studied.

Growth changes in the distribution of muscle and bone were studied by
weighing these tissues after separation into 93 muscle units and 10 b^ne units.
The pattern of growth of both these tissues can be described as an increasing
craniocaudal gradient axially and an increasing distcproximal gradient in the
limbs. It is proposed that these gradients are an adaption to enhance the
animal's propulsive force. The cardiac muscle:skeletal muscle ratio decreases
with growth.
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Of the major tissues, only the growth of bone is significantly different
between the two breeds; this tissue develops faster relative to carcass growth
in the Large White. When the breeds are compared at the same body weight, the
weight of muscle is greater in the Pietrain over the entire growth range studied.
Musclejbone ratios, compared at the same values of total muscle plus bone, are
higher for the Pietrain. There are no significant differences between the
muscle:bone ratios of the Large Whites used in the present study and the Large
Whites dissected by McMeekan ever 30 years ago.

A comparison of the difference in tissue distribution between the two breeds
shows that growth gradients for muscle are accentuated in the Pietrain. Although
the weight of muscle in all regions is higher in the Pietrain at birth, only the
weights of abdominal and femoral muscles and m. longissimus are significantly
higher in the Pietrain when these weights are compared in pigs of 60 kg body
weight. No difference in bone distribution is apparent between the breeds.
Consequently, although the ratio of brachial muscle weight to humerus weight is
higher for the Pietrain, in pigs of 60 kg body weight the difference between the
breeds is very much greater for the ratio of femoral muscle weight to femur weight.
At 60 kg body weight, the heart of the Large White is heavier; the cardiac
muscle{skeletal muscle ratio of the Large White is higher over the entire growth
range studied.

Since the proportions and distribution of the skeletal muscle, cardiac muscle
and bone of the Pietrain are an exaggeration of the changes observed in the Large
White during growth, it is concluded that the Pietrain is more mature at the same
body weight than the Large White, and that a genetic control of muscle
distribution is possible.

A study of samples of m. longissimus, removed from the muscle without
restraint to contraction, suggests that the greater development of this muscle
in the Pietrain is due to relative hypertrophy of a similar number of component
fibres. No difference between the breeds is observed in the proportion of fibre
types, as determined by the myosin ATPase reaction.



Natura enim simplex est

et rerum causis superfluis

non luxuriat

Isaac Newton, 1686
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SUMMARY

The manner in which skeletal muscle of the pig adapts to meet the

changing mechanical and metabolic demands of an increase in body weight during

postnatal growth was studied using two different methods.

(1) Histochemical profiles of individual muscle fibres were established

using the myosin ATPase, succinate dehydrogenase (SDHase) and glycogen

phosphorylase (GPase) reactions. Samples of longissimus and diaphragm

muscles from a series of 18 Large White pigs between birth and 60 kg

liveweight, and from a series of 16 Large White pigs of mean liveweight of

93 kg, were used.

In both muscles, the number of fibres low in myosin ATPase activity

increases with growth, and these fibres are grouped into bundles. In

m. longissimus, the estimates of the total fibre population and the number of

myosin ATPase low bundles in a complete transverse section of the muscle

remain constant, while the mean number of myosin ATPase low fibres per bundle

increases from one at birth to 3*2 at 93 kg liveweight. Whereas the complete

transverse sectional area of the muscle increases in proportion to the 2/3

power of the body weight, the area occupied by myosin ATPase low fibres

increases in direct proportion to the body weight. This observation suggests

the mechanism by which larger animals are supported without a relative

increase in their muscle mass. Some histochemical evidence was obtained that

this is achieved by a transformation of the physiological properties of

certain fibres.

The diaphragm of smaller pigs contains a greater proportion of a myosin

ATPase high, SDHase high and GPase low fibre type than that of more mature pigs.



After initial neonatal differentiation, the muscles studied do not change

their proportion of SDHase high fibres during growth.

In both longissimus and diaphragm, the mean transverse sectional area

of myosin ATPase high fibres is greatest when the SDHase activity is low.

Also, the mean transverse sectional area of SDHase high fibres is greatest

when the myosin ATPase activity is low, but this difference is significant

only for the diaphragm.

(2) Eighteen female pigs of both the Pietrain and Large White breeds, from

birth to 72 kg liveweight, were dissected, and the major tissues were weighed.

The growth of fat, muscle and bone, relative to carcass growth, were compared

for both breeds. Fat is the fastest developing tissue; fat and muscle grow

at a rate higher, and bone at a rate lower, than overall carcass growth.

The muscle:bone ratio increases during the growth interval studied.

Growth changes in the distribution of muscle and bone were studied by

weighing these tissues after separation into 93 muscle units and 10 bone

units. The pattern of growth of both these tissues can be described as an

increasing craniocaudal gradient axially and an increasing distoproximal

gradient in the limbs. It is proposed that these gradients are an adaption

to enhance the animal's propulsive force. The cardiac musclerskeletal

muscle ratio decreases with growth.

Of the major tissues, only the growth of bone is significantly different

between the two breeds; this tissue develops faster relative to carcass

growth in the Large White. When the breeds are compared at the same body

weight, the weight of muscle is greater in the Pietrain over the entire growth

range studied. Muscle :bone ratios, compared at the same values of total

muscle plus bone, are higher for the Pietrain. There are no significant



differences between the muscle:bone ratios of the Large Whites used in the

present study and the Large Whites dissected by McMeekan over 30 years ago.

A comparison of the difference in tissue distribution between the two

breeds shows that growth gradients for muscle are accentuated in the Pietrain.

Although the weight of muscle in all regions is higher in the Pietrain at
f

birth, only the weights of abdominal and femoral muscles and m. longissimus

are significantly higher in the Pietrain when these weights are compared in

pigs of 60 kg body weight. No difference in bone distribution is apparent

between the breeds. Consequently, although the ratio of brachial muscle

weight to humerus weight is higher for the Pietrain, in pigs of 60 kg body

weight the difference between the breeds is very much greater for the ratio

of femoral muscle weight to femur weight. At 60 kg body weight, the heart

of the Large White is heavier; the cardiac musclejskeletal muscle ratio of

the Large White is higher over the entire growth range studied.

Since the proportions and distribution of the skeletal muscle, cardiac

muscle and bone of the Pietrain are an exaggeration of the changes observed

in the Large White during growth, it is concluded that the Pietrain is more

mature at the same body weight than the Large White, and that a genetic

control of muscle distribution is possible.

A study of samples of m„ longissimus, removed from the muscle without

restraint to contraction, suggests that the greater development of this

muscle in the Pietrain is due to relative hypertrophy of a similar number of

component fibres. No difference between the breeds is observed in the

proportion of fibre types, as determined by the myosin ATPase reaction.



1.0 GENERAL INTRODUCTION

The carnivore owes its existence to the evolution in animals of a

contractile apparatus based on an ability to develop a mechanical force between

protein filaments. A large proportion of the world's animal population

demands this machine as a food. It provides more protein for human

consumption than the nutritional secretions of animals (Autret, 1970), and is

nutritionally of higher quality than plant tissues. This fortuitous link

between muscle as a nutritious food source for man, and muscle as a biological

machine for the conversion of chemical into mechanical energy, was the subject

of a recent symposium (Briskey, Cassens & Marsh, 1970). However, the

following examples illustrate how this double role has been overlooked in the

study of the development of muscle as a food.

The Cambridge School describe differential growth of muscle throughout the

body as a "pattern of early onset of high growth intensity near the extremities

passing with an increasing growth rate backwards and upwards to the lumbar

region" (Palsson, 1955). Fowler (1968) and Fowler & Livingstone (1972)

divide the body of the pig into 'functional units' which conform to this growth

pattern. These workers do not, however, provide a functional explanation of

why, for instance, the relative growth of the hindlimb is higher than that of

the forelimb, why the proximal regions of the limbs have a higher relative

growth than the extremities, or why m. longissimus should have the highest,

and the head the lowest relative growth of the 'functional units' studied.

Butterfield (1964b) criticises this concept of growth gradients, but does not

explain the differences between his findings for cattle and those of the

Cambridge School for pigs and sheep.
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The functional significance of histochemical reactions used in the study

of muscle has also been largely ignored. Observations on the histochemical

fibre types in muscles of a variety of mammalian species have resulted in

systems of classification using colour descriptions (Ogata, 1958), Arabic

(Dubowitz & Pearse, 1960b) and Roman (Engel, 1962) numerals, letters of the

Modern European (Stein & Padykula, 1962) and Greek (Guth, Samaha & Albers,

1970) alphabets, and combinations of these (Brooke & Kaiser, 1970; Ashmore &

Doerr, 1971; James, 1972). Such confusing and artificial classifications

are unnecessary if fibres can be characterised by their mechanical and

metabolic properties. Evidence will be provided later that individual fibres

can be classified according to their intrinsic speed of contraction, and their

capacity for aerobic and anaerobic metabolism, by establishing profiles with

selected histochemical reactions. If histochemical methods can in this way

provide sufficient information about the function of individual muscles, they

can establish a functional basis for the differences in growth rate of muscles

during postnatal development. This aspect of histochemistry as a tool for

meat research was not envisaged in a review of the subject by Cassens & Cooper

(1971). Experiments examining the effect of environment and breed on fibre

types, suggested by these workers to be relevant to the processing of meat,

will be better planned once the functional significance of the histochemical

properties of muscle have been adequately investigated.

Dubowitz (1970) reviews the histochemical studies that have been made on

developing muscle. Although presented as part of a symposium on muscle as a

food (Briskey, Cassens & Marsh, 1970), most of the observations he reports can

be ascribed to the effect of the environmental change from a maternal dependent

to an independent existence. - In the context of meat production, the relevance
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of this change is slight compared with that of subsequent development in which

an animal's genetic potential and influences on muscle such as body size,

nutrition and sex hormones interact. The use of methods capable of comparing

the metabolism, mechanical properties and size of muscle fibres during

postnatal growth, when man can control the environment, should elucidate the

manner in which breed and environment influence muscle development.

This thesis combines observations on two aspects of the postnatal

development of porcine muscle.

(1) Changes in the histochemical properties of two muscles, longissimus

and diaphragm, of the Large White pig are studied from birth to commercial

slaughter weight at 93 kg liveweight. A hypothesis that the mechanical and

metabolic properties of muscle fibres adapt to the changing requirements of

an increasing body size is examined. The relationship between the histo¬

chemical properties and the transverse sectional area (TSA) of muscle fibres

is also studied.

(2) The growth of individual muscles of two breeds of pigs, Large White

and Pietrain, is studied from birth to 72 kg liveweight by a total carcass

dissection method. The following hypotheses are examined:

(a) The effect of increasing body size on the distribution

of muscle in the carcass is satisfactorily described as a growth

gradient„

(b) Man can influence the distribution of muscle throughout

the carcass by genetic means.

(c) The genetic change so produced is expressed phenotypically

by changes in the mean fibre transverse sectional area (TSA), the
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total fibre population, and the histochemical properties of

muscles, as demonstrated in a particular muscle, m. longissimus.

The two aspects of the work are presented as separate reports. Methods

by which they could be combined experimentally to provide a functional

explanation of the manner in which body size and breed affect muscle

distribution are suggested in a General Discussion. A comparative study

between species of body size dependent histochemical properties of the

diaphragm, published in collaboration with H.M. Gunn, is included as

Appendix 3. This was the subject of a paper presented at the July 1971

meeting of the Anatomical Society of Great Britain and Ireland in Edinburgh

(Davies & Gunn, 1971). The results of Part 1 of this thesis were presented

at the April 1972 meeting of this Society in Oxford (Davies, 1972a), and have

been accepted for publication by the Journal of Anatomy (Davies, 1972b).
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2.0 Part 1: POSTNATAL CHANGES IN HISTOCHEMICAL FIBRE TYPES

2.1 INTRODUCTION

When the innervation of fast- and slow-twitch crural muscles of the cat

(Buller, Eccles & Eccles, 1960a), guinea-pig (Robbins, Karpati & Engel, 1969)

and rat (Close, 1969) is exchanged, the ratio of the intrinsic speeds of

contraction of these muscles is reversed. Contraction speed is directly

related to the activity of myosin adenosine triphosphatase (myosin ATPase) in

a variety of muscles (Barany, 1967), and cross-innervation of fast and slow

muscles alters the activity of myosin ATPase demonstrated biochemically (Buller,

Mommaerts & Seraydarian, 1969, 1971; Samaha, Guth & Albers, 1970; Barany &

Close, 1971). The proportion of fibres shown histochemically to be high in

myosin ATPase activity is related to the intrinsic speed of contraction of a

muscle (Edgerton & Simpson, 1969), and following cross-innervation there is a

change in this histochemical reaction. Thus, when axons normally supplying

fast-twitch muscles are made to innervate the slow-twitch soleus muscle of the

rabbit (Dubowitz, 1967), guinea-pig (Karpati & Engel, 1967a; Robbins, Karpati

& Engel, 1969), cat and rat (Guth, Samaha & Albers, 1970), the proportion of

myosin ATPase high fibres in soleus is increased. Similarly, when the nerve

to soleus is made to innervate a fast-twitch muscle, there is a decrease in the

proportion of myosin ATPase high fibres in the flexor hallucis longus muscle of

the cat (Dubowitz, 1967; Guth, Samaha & Albers, 1970) and the flexor digitorum

longus muscle of the rabbit (Dubowitz, 1967). The type of innervation

therefore has a direct influence on the contractile properties of the muscle

fibre. As a corollary, any change in the speed of contraction of a muscle
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and the proportion of its fibres with high myosin ATPase activity could be the

result of an innervation change.

However, the contractile properties of a muscle can be changed without

direct interference with the nerve supply. When the amount of isometric

exercise in a muscle is increased by eliminating the effect of synergistic

muscles or by impairing the function of the opposite limb, there is a decrease

in the speed of contraction (Vrbova, 1963; Lesch, Parmley, Hamosh, Kaufman &

Sonnenblick, 1968; Olson & Swett, 1969; Gutmann, Schiaffino & Hanzlikova,

1971). Gutmann & Hajek (1971) show that the ATPase activity of myosin extracted

from the extensor digitorum longus muscle of the rat decreases when the tibialis

cranialis muscle has been tenotomised for 7 days. Ten weeks after excision of

the synergists of the soleus and plantaris muscles of the rat, fewer myosin

ATPase high fibres are found in these muscles (Guth & Yellin, 1971). The manner

in which isometric exercise affects the contractile properties of muscle is

unknown, but the evidence from cross-innervation studies given above suggests

that work load may influence the type of innervation of individual fibres.

The concept that usage of a muscle may influence the nervous system is

relevant to the understanding of adaption of an animal to the environment, and

in the interpretation of changes in muscle caused by disease and experimental

procedures. In particular, it is relevant to the study of growth of an animal

in which the postural muscles must adapt themselves to support, by means of a

force proportional to the transverse-sectional area of the muscles or the square

of the body length, a weight proportional to the cube of the body length. In

addition, we must consider the problem of growth in an animal such as the pig,

which runs at approximately the same speed from birth to adult, even though its
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body length increases approximately five-fold in this time; the intrinsic

speed of contraction of its propulsive muscles must consequently decrease as

the pig grows (Hill, 1950).

Part 1 of this thesis describes growth changes in the histochemical profiles

of fibres of the longissimus and diaphragm muscles, and provides evidence that

the mechanical and metabolic properties of muscles adapt to the changes brought

about by an increase in body size. These muscles of the domestic pig were

chosen because:

(1) The arrangement of fibre types in porcine muscles forms a

pattern which is much less random than in other mammals.

(2) Both muscles permit sampling in a specific region of the

muscle in each animal.

(3) The proportion of histochemical fibre types does not vary

greatly in the regions near to sites of sampling.

(4) The muscles can be sampled from slaughter-house pigs with

minimal mutilation of the carcasses. •

(5) M. longissimus has a shape and fibre architecture that

enables the measurement of the transverse section of the muscle, and

an estimation of its total fibre population.

(6) The two muscles differ greatly in their function, patterns

of usage, and proportion of histochemical fibre types.

The probable significance of the three histochemical reactions chosen is

discussed on pages 39-45.
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2.2 MATERIALS AND METHODS

2.2.1 Sources and initial preparation of material

Pigs of the Large White breed were obtained from two different sources.

Series 1: Eighteen female pigs (Table 1) with liveweights ranging from 1*3 to

60 kg (2 - 214 days of age) were obtained from a herd intensively selected for

lean meat production for 6 years by the School of Agriculture, University of

Newcastle-upon-Tyne. They were chosen to include as nearly as possible three

pigs of each of the following liveweights: 2, 4, 8, 16, 32 and 64 kg. Pigs

of 32 and 64 kg liveweight were killed near Newcastle. Samples of the left

longissimus muscle from the dorsomedial region at the thoracolumbar junction

(Figs. 1, 14), and of the diaphragm from the left costal region, were removed,

chilled, and brought to Edinburgh with the carcasses. Smaller pigs were

brought alive to Edinburgh where they were killed and eviscerated by a

simulated abattoir procedure. Samples were removed as before.
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Measurements on m. longissimus of the pigs of Series 1, and means
of measurements on the pigs of Series 2

Live- Age at Weight of TSA of m. Depth/width Thoracic and
weight slaughter m. longiss- longigsimus m. longiss- lumbar
(kg) (days) imus (g) (cm ) imus length (cm)

1.27 2 12.6 1.61 0.45 16.0

3.69 12 49.5 3.75 0.41 22.6

3.72 12 53.3 3.32 0.47 23.7

3.98 10 49.4 3.00 0.41 23.9

4.16 13 56.8 2.68 0.43 24.1

7.33 19 123.0 5.90 0.38 30.5

7.69 53 94.8 4.29 0.36 32.9

8.11 48 96.2 5.68 0.37 33.6

9.46 49 125.0 5.68 0.36 34.8

13.0 56 200.0 8.15 0.47 38.8

13.5 56 208.0 10.40 0.47 41.6

15.0 56 209.0 7.94 0.29 42.1

25.0 101 376.0 11.05 0.37 51.3

27.8 100 456.0 16.19 0.43 54.1

28.9 100 486.0 12.33 0.36 52.6

57.4 158 1140.0 35.17 0.60 54.7

59.0 214 1091.0 25.74 0.40 54.2

59.6 170 990.0 22.09 0.40 62.9

(N = 16)

93.0 183.3 - 33.0 0.70 -

2.8 10.2 — 2.8 0.12



Series 2; Ten female and six castrated male pigs with mean liveweight of

93*0 kg (SD = 2*8 kg), carcass weight of 73*6 kg (SD = 3*7 kg), and age of

183 days (SD = 10 days), were sampled at a commercial abattoir at Stirling.

These pigs had been reared under test conditions, and came from a variety of

herds in which selection for improved carcass conformation was practised.

Samples of longissimus and diaphragm were removed from similar regions to

Series 1 within 45 minutes of slaughter, chilled, and brought to Edinburgh for

processing. All muscle samples were removed pre-rigor and were therefore

contracted.

In addition to the above two series of pigs, other pigs of mixed breeding

and varying weights were used for studies not directly involved in the

measurement of growth changes.

2.2.2. Measurements on m. longissimus

Series 1; The longissimus muscle was dissected from the right side of each pig,

cleaned of superficial fat and weighed. An outline of the transverse sectional

area (TSA) at the thoracolumbar junction was drawn on paper. This TSA was

measured by a paper-weighing method. The distance between the cranial end of

the body of the first thoracic vertebra and the caudal end of the body of the

sixth lumbar vertebra was measured. The combined length of the thoracic and

lumbar vertebrae approximates to, and is proportional to, the length of m.

longissimus.

Series 2: The TSA of the muscle was measured after the carcass had been bisected

at the thoracolumbar junction. The weight of m. longissimus, and the length

of the thoracic and lumbar regions, were not obtained.



2.2.3 Histochemical methods

2
Blocks of muscle with a TSA of about 1 cm" were mounted on a cryostat

chuck. A 5 mm thick cork sheet interposed between the chuck and the tissue

prevented splitting of the tissue when chuck and tissue were rapidly frozen

by plunging into dichlorodifluoromethane (Arcton 12, I.C.I.) cooled to its

melting point of ~158°C with liquid nitrogen. About ten adjacent serial

transverse sections were cut 10 jam thick at -20°C, mounted directly on to

coverslips, and allowed to thaw and dry rapidly at room temperature.

Histochemical methods were used to demonstrate the activity of three enzymes.

Succinate dehydrogenase (SDHase)

Sections were incubated for 20 min at 37°C in a medium composed of 10 ml

of 0*2 M phosphate buffer at pH 7*6, 10 ml of 0-2 M sodium succinate, and

20 ml of nitro blue tetrazolium ( 1 mg/ml) (Nachlas, Tsou, de Souza, Cheng &

Seligman, 1957). Gas bubbles frequently formed between the section and the

coverslip; these were often eliminated by drying the section between washing

and fixation in 4% formaldehyde.

Glycogen phosphorylase (GPase)

Takeuchi's (1956) modification of the method of Takeuchi & Kuriaki (1955)

was used. Sections were incubated for 3 hours at 37°C in a medium consisting

of 75 mg glucose-l-phosphoric acid, 15 mg adenosine-5'-monophosphoric acid,

3 mg glycogen, 22*5 ml distilled water, 15 ml of 0'1 M acetate buffer at

pH 5*8, one international unit of protamine zinc insulin and 7*5 ml of absolute

ethanol. They were subsequently washed, dried, fixed in absolute ethanol,

dried, and stained with dilute Lugol's iodine for 3 minutes. Because the

colour faded, iodine staining was repeated immediately before subsequent use

of the section. ,



Myosin ATPase

The calcium-cobalt method of Padykula & Herman (1955) was modified to

improve the buffering capacity of the medium,, Sections were fixed for exactly

2 minutes in cacodylate buffered 4% formaldehyde at pH 7*0„ Without fixation,

the sections float off the coverslip, and prolonged fixation affects the

characteristics of the enzyme (Stein & Padykula, 1962; Guth & Samaha, 1969)„

Sections were incubated for 20 minutes at 37°C in a freshly made medium

consisting of 8 ml of 1*0 M tris-(hydroxymethyl)-aminomethane, 4 ml of 0*18 M

calcium chloride, and 60 mg ATP disodium salt made up to 30 ml with distilled

water, which was then adjusted to a pH of 9-5 with 0*1 N HC1 and made up to

a final volume of 40 ml. The final concentration of ATP was therefore 2*4 mM.

With two washes in distilled water between treatments, the sections were

immersed in 2% cobalt chloride for 3 minutes and developed in dilute ammonium

sulphide for 1 minute.

Cell outlines

Sections were fixed for 10 minutes in 4% formaldehyde, washed, and stained

for 20 minutes in Ehrlich's haematoxylin.

2.2.4 Determination of histochemical profiles of muscle fibres

Profiles of about 400 individual fibres in each section were established by

first back-projecting a haematoxylin stained section on to a glass screen,

enabling a tracing of the fibre outlines to be made on transparent paper. Each

serial section was then projected in turn. The histochemical reaction of each

fibre was indicated on the tracing; Figs. 2-8 illustrate the type of material

used. The numbers of each fibre type so determined were counted, and the

proportions were calculated. To estimate the level of enzymes that showed a
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Figs o 2-5- Transverse serial fresh frozen sections of the diaphragm of a
Large White pig, liveweight 25 kg, age 101 days, demonstrating fibre outlines
with Ehrlich's haematoxylin (Fig. 2), and the activity of SDHase (Fig. 3),
GPase (Fig. 4) and myosin ATPase (Fig. 5), X, Y and Z indicate Al,Sh,Pl;
Ah,Sh,Ph and Ah,Sl,Ph fibres respectively (see Table 2).
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Figs. 6-8. Transverse serial fresh frozen sections of the diaphragm of an
adult sow stained for SDHase (Fig. 6), GPase (Fig. 7) and myosin ATPase (Fig. 8).
Arrows indicate fibres high in both SDHase and GPase activity. Fibres marked
A have low myosin ATPase activity but their SDHase activity is at least as high
as that of any myosin ATPase high fibre.



continuous spectrum of activity between fibres, a simple division into 'high*

and 'low* was made for each fibre, relative to the overall level of activity of

fibres in each section. It was not considered possible to compare one sample

with another, because of difficulties of standardisation of the preparation

and processing of the material. This is considered to be a source of variation

in the quantitative data between samples, and precludes the possibility of a

comparison between species based on overall enzyme activity.

2.2.5 Estimation of the mean TSA of muscle fibre types

The areas of paper representing the three main fibre types (myosin ATPase

low, SDHase high; myosin ATPase high and SDHase either high or low), prepared

as above, were weighed to give a measurement of the proportion of the TSA

occupied by each fibre type.

2.2.6 Measurement of the TSA frequency distribution of muscle fibre types

Sections of both longissimus and diaphragm from three pigs of liveweights

4*0, 13 and 98 kg were chosen because they represented characteristic stages in

the development of histochemical fibre types. Fibre type profiles, using the

myosin ATPase and SDHase reactions only, were made on tracing paper. Individual

TSAs of 300 to 400 fibres for each muscle were measured with a compensating

planimeter, and frequency polygons for each fibre type were constructed.

2.2.7 Measurements on ^myosin ATPase low bundles8 in longissimus

Low power back-projection of sections stained for myosin ATPase enabled a

count of the number of myosin ATPase low bundles in an area whose magnification

was chosen to include from 30 to 120 bundles. Using the measurement of TSA of

the whole muscle, an estimate of the total number of bundles in the TSA was made.



At the same time, the number of myosin ATPase low fibres in each bundle was

recorded, and the mean number calculated„ In addition, similar measurements

were made on several regions of a complete section of longissimus of a 21-day-

old, 6*0 kg liveweight, Large White X Landrace female pig, cut transversely to

the direction of the muscle fibres at the thoracolumbar junction.

2.2.8 Statistical methods

Differences in the mean values of fibre type proportions between muscles,

in estimates of the number of myosin ATPase low bundles in the transverse section

of longissimus between groups of pigs, and in the number of myosin ATPase low

fibres per bundle between groups of pigs, were tested for significance at the

5% level by Student's t test. The significance of the difference in mean TSA

between fibre types was tested on paired data within samples or within pigs at

the 5% level by Student's t test. Regression lines, significance of

difference between regression coefficients at the 5% level, and analysis of

variance were calculated by methods outlined by Diem & Lentner (1970).



2.3 RESULTS

2.3.1 Aspects of the anatomy of longissimus and diaphragm of the pig

2.3.1.1 Fibre architecture (Fig. 1, page 8)

As in other mammals, fasciculi in the costal diaphragm of the pig run

directly to the central tendon from their origins on the ribs and costal

cartilages. Fasciculi within m„ longissimus thoracis et lumborum of the pig

originate on the ribs, transverse processes of the lumbar vertebrae, and

intertransverse ligaments. They pass caudally at an angle to the vertebral

axis that becomes greater towards the lumbar region (Fig. 1), and laterally at

an angle to the sagittal plane of approximately 20° at the thoracolumbar

junction, to end on a thick aponeurosis that covers the muscle dorsally before

being inserted on to the iliac crest. These large paired muscles, that

comprise 4% of the weight of a pig of 60 kg liveweight, are therefore powerful

extensors of the thoracic, lumbar and lumbosacral intervertebral joints, and

provide a propulsive thrust to the pelvic limbs.

2.3.1.2 Qualitative histochemistry

Succinate dehydrogenase (Figs. 3, 6, 9, 12)

Diformazan deposition occurs as blue dots or irregular areas that appear

to form a network around the myofibrils. In fibres with a high level of

activity, diformazan deposition is highest in the subsarcolemmal region. It

is frequently observed that fibres shown in serial section to be myosin ATPase

low have a pattern of intense blue, punctate, clearly defined dots, moderately

dense and evenly distributed, whereas the colour of the reaction in ATPase

high fibres is purplish, especially in freshly stained sections. This

variation in reaction is not sufficiently consistent to use for identifying

fibre types, and is not apparent in black and white microphotographs.
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Fig. 9. Transverse fresh frozen section of m. longissimus of a Large White
pig, liveweight 91*2 kg, age 168 days, stained to demonstrate SDHase activity

Fig. 10. Transverse fresh frozen section of m. pectoralis superficialis
of a pig of commercial slaughter weight stained to demonstrate GPase activity

Fig. ll. Transverse fresh frozen section of the diaphragm of a Large White
pig, liveweight 92*5 kg, age 181 days, stained to demonstrate myosin ATPase
activity.
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Fig. 12.

Fig. 13.

The section shown in Fig. 9, at a higher magnification.

The section shown in Fig. 11, at a higher magnification.



Glycogen phosphorylase (Figs. 4, 7, 10)

Fibres vary in reaction from an intense blue network to a paler blue, to

a diffuse pink, to fibres coloured only by the iodine.

Myosin ATPase (Figs. 5, 8, 11, 13)

Myosin ATPase high fibres show a dense brown reaction in which a brown

network can usually be seen. These are usually distinct from myosin ATPase

low fibres in which only the brown network is seen. At certain stages of

growth, fibres with an intermediate myosin ATPase reaction are evident (see

paragraph 2.3.2.6). Blood vessels are inconsistently stained (Figs. 8, 11).

Myosin ATPase low fibres frequently have an activity of SDHase equal to or

greater than that of adjacent myosin ATPase high fibres (Figs. 6, 8); the

activity of SDHase cannot therefore be graded from the myosin ATPase reaction.

2.3.1.3 Incidence and proportion of histochemical fibre types (Tables 2, 3)

In both longissimus and diaphragm, six types of muscle fibre can be

identified by establishing profiles with the three histochemical reactions

(Table 2). No fibres low in both myosin ATPase and SDHase activity are

observed. The GPase reaction within individual fibres corresponds to the myosin

ATPase reaction in all except 10% of fibres in the longissimus and 13% of fibres

in the diaphragm of the pigs of Series 2; those which do not correspond are of

three types, none of which exceeds 5% of the total fibre population or differs

significantly in proportion between the two muscles. In both muscles, regions

were frequently seen where the incidence of GPase high fibres was reduced. In

one sample of longissimus, these regions were too extensive for the GPase

reaction to be used to determine fibre profiles. This sample has been excluded

from the data in Table 2.
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Table 2. Longissimus and diaphragm; Series 2.
Mean proportions of fibre types based on three histochemical
reactions.

Histochemical reaction
h - high 1 = low

longissimus
15 pigs; 5763 fibres

diaphragm
16 pigs; 7299 fibres

Significance
of

myosin
ATPase

SDHase GPase mean % SD mean % SD
Difference

A1 Sh Ph 2-0 3-34 5-0 6-2 N.S.

A1 Sh PI 15-8 6-0 31-5 6-8 P< -001

Ah Sh Ph 13-9 5-9 41-0 7-4 P< *001

Ah Sh PI 3-0 4-8 4-2 3-0 N.S.

Ah SI Ph 60-3 9*0 14* 1 7*3 P< -001

Ah SI PI 5-0 7-2 4-2 5-0 N.S.

Table 3. Longissimus and diaphragm; Series 2.
Mean proportion of fibre types based on two histochemical
reactions.

Histochemical Reaction longissimus diaphragm Significance
h = high 1 = low 16 pigs; 6151 fibres 16 pigs; 7299 fibres

of

Difference
myosin
ATPase

SDHase mean % SD mean % SD

A1 Sh 18-0 4-5 36-5 5*9 P< *001

Ah Sh 17*3 4-0 45*2 7-4 P< *001

Ah SI 64-7 4-8 ro00rH 7-3 P< *001



Fibres in which the myosin ATPase and GPase reactions correspond occur as

three types; each exceeds 10% of the total fibre population and differs

significantly (P < 0*001) in proportion between the two muscles. When only

the myosin ATPase and SDHase reactions are used to determine profiles, the

standard deviation of these three fibre types is either reduced or remains

constant (Table 3). Because the incorporation of the GPase reaction into a

classification of muscle fibres introduces a slight variability that could

confuse differences between muscles, many of the subsequent results use

classifications under the three main fibre types shown in Table 3.

2.3.1.4 Comparison of the mean TSA of three types of fibres (Table 4)

In both muscles, the coefficient of variance of the TSA is lowest for the

ATPase low, SDHase high (Al,Sh) fibre type. The mean TSA of fibres high in

myosin ATPase activity is significantly greater (P < 0*001) when the SDHase

activity is low. Fibres high in SDHase activity have a greater TSA when the

myosin ATPase activity is low; the difference is significant in the diaphragm

(P < 0*02) but not significant in longissimus.

A comparison of fibre TSA between the two muscles shows that the mean TSA

of all fibres is significantly greater (P < 0*01) in longissimus. Since the

mean TSA of Al,Sh and ATPase high, SDHase high (Ah,Sh) fibres is not significantly

different between the muscles, this difference must be mainly due to the

significantly greater (P < 0*05) mean TSA of the ATPase high, SDHase low (Ah,SI)

fibres.
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Table 4. Longissimus and diaphragm; Series 2.
Mean TSA of all fibres sampled, of myosin ATPase low fibres (A1, Sh),
and of fibres myosin ATPase high and either SDHase high (Ah, Sh) or
low (Ah, SI).

Fibre Type Longissimus Diaphragm

Mean TSA

(pm2) SD
Coef. of
variance

Mean TSA

(pm2) SD
Coef. of
variance

All fibres 5800 1100 19% 4500 1100 24%

Al,Sh 4700 900 19% 4600 900 20%

Ah ,Sh 4500 1100 24% 4100 1200 29%

Ah,SI 6400 1400 22% 5200 1600 31%

2.3.1.5 Organisation of histochemical fibre types (Figs. 3-8, pages 13, 14)

There is a greater degree of organisation of fibre types in porcine muscle

than in other species. In the longissimus and diaphragm, one or more bundles

of fibres characterised by low activity of myosin ATPase and GPase, but high

activity of SDHase (Al,Sh,Pl fibres) are located within each fasciculus. In

the diaphragm, these "myosin ATPase low bundles* contain more fibres than in

longissimus. Myosin ATPase low bundles are surrounded by a zone of fibres with

high activity of myosin ATPase, GPase and SDHase (Ah,Sh,Ph fibres). Elsewhere,

the fasciculus is occupied by fibres high in myosin ATPase and GPase, but low in

SDHase activity (Ah,Sl,Ph fibres).
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2.3.1.6 Distribution of myosin ATPase low (Al) fibres in m» longissimus
(Fig. 14)

2
The number of Al bundles per mm , and the mean number of Al fibres per

bundle, is greater in the medial and lateral regions of the muscle than in the

middle region. There appears to be a direct relation between the density of

the bundles and the number of Al fibres per bundle. Samples for the growth

study were taken from the dorsomedial region of the muscle; sampling this

region may introduce an error due to the variation in distribution of fibre

types across the region. The mean number of Al fibres per bundle in sections

of longissimus of the pigs of Series 2 was therefore tested by an analysis

of variance. The variance within pigs, between two regions of each section

approximately 1 cm apart, is significantly less (P < 0*05) than the variance

between pigs.. Therefore it is unlikely that the method of sampling affects

the interpretation of the results.

myosin ATPase low myosin ATPase low
fibres per bundle bundles per mm2

Fig. 14. Variation in the characteristics of myosin ATPase low bundles in a
complete transverse section of m. longissimus at the thoracolumbar junction of
a pig, liveweight 6*0 kg, age 21 days. The vertical lines separate medial
and lateral regions of the muscle containing myosin ATPase low bundles with a
mean number of Al fibres per bundle greater than 2*0, and a density of Al
bundles greater than 70 per mm .
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2.3.2 Growth changes in longissimus and diaphragm of the Large White pig

2.3.2.1 Relative growth of weight, length and TSA of longissimus (Table 1,
Fig. 15)

The measurements of weight of longissimus, TSA of longissimus at the

thoracolumbar junction, and the combined lengths of the thoracic and lumbar

vertebrae for the pigs in Series 1 are shown in Table 1. These data are

plotted as a double logarithmic regression in Fig. 15. The slopes of the two

lines suggest that throughout the period of growth studied, the TSA is

proportional to the 2/3 power, and the length is proportional to the 1/3 power

of the weight of longissimus. The values of the ratio of depth to width of
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Fig. 15. M. longissimus of 18 Large White pigs (Series 1). Regression of
log (TSA at thoracolumbar junction) and log (length of thoracic and lumbar
vertebrae) on log (weight of m. longissimus).



the muscle at the thoracolumbar junction do not appear to change with growth in

Series 1. The mean ratio is 0*41, with a standard deviation of 0*07. The

value of this ratio is significantly higher in Series 2 (P < 0*001), possibly

because the measurements were made on intact carcasses in Series 2, and on

isolated muscles in Series 1.

Since the dimensions of the muscle in Series 1 maintain a constant

proportion with one another, and the angles between the fibres in a given region

of the muscle and the vertebral axis (as shown in Fig. 1) do not appear to change

with growth, it is possible at all stages of growth to relate the mean fibre TSA,

as measured on a section cut transversely to the direction of the fibres, to the

TSA of the whole muscle cut transversely to the vertebral axis.

2.3.2.2 Growth in mean fibre TSA and total fibre population of m. longissimus
(Fig. 16)

The double logarithmic regression of the mean fibre TSA and the TSA of the

whole muscle is linear (r = 0*97) for all the pigs of both series except one at

two days old. Since the regression coefficient of 0*96 (SD = 0*04) is not

significantly different from 1, the mean fibre TSA is directly proportional to the

TSA of the muscle. The histological appearance of the endomysium and perimysium

does not suggest a disproportionate development of tissues other than muscle

fibres. After 10 days of age, growth in TSA (and hence weight of the muscle) is

therefore accounted for by the growth of a constant population of muscle fibres.
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Fig. 16„ M. longissimus of 34 Large White pigs (Series 1 and 2). Double
logarithmic regression of TSA of the whole muscle on mean fibre TSA at the
thoracolumbar junction.

2.3.2.3 Changes in the TSA frequency distribution of three fibre types in
longissimus and diaphragm (Fig. 17)

TSA frequency polygons for histochemical fibre types of three pigs are shown

for the longissimus and diaphragm in Fig. 17. The frequency intervals for pigs
2

of liveweight 4*0, 13 and 98 kg are 250, 500 and 1000 [am respectively. Since

the frequency intervals are represented by the same length of abscissa for each

graph, and the frequency is shown as a percentage of fibres sampled, the sum of
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the areas under the polygons is the same for each of the six muscles. The area

under each polygon indicates the proportion of the muscle occupied by each fibre

type. The polygons indicate graphically the differences in the proportion of

fibre types discussed in the next paragraph, both between the two muscles and

between characteristic growth stages. In addition, they indicate that although

there is some relationship between fibre type and TSA, there is considerable

overlapping of these properties within individual fibres.
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Fig. 17. TSA frequency distribution of three fibre types in longissimus and
diaphragm of the Large White pig at three stages of growth. Fibres are
classified by the myosin ATPase and SDHase reactions as in Table 3.



2.3.2.4 Changes in the proportion of fibre types in longissimus and diaphragm
(Tables 2, 5; Figs. 17-32)

Table 5 shows, for the pigs of Series 1, the proportion of fibres low in

activity of each of the enzymes used. The data are derived from a class¬

ification of six fibre types for both muscles of each pig, similar to that in

Table 2. In both muscles, the proportion of myosin ATPase low fibres increases

with increasing body size (Figs. 17-32).

At two days of age, both muscles are composed entirely of SDHase high

fibres. Fibres low in the activity of this enzyme are differentiated in both

muscles by 12 days after birth. In longissimus, the proportion of SDHase low

fibres does not appear to change after this early differentiation process.

The diaphragm has a lower proportion of SDHase low fibres in the pigs of Series 2

but since the grading of the reaction between fibres is not as clear-cut in this

muscle as in longissimus (Figs. 23, 29), this difference cannot be regarded as

significant. It is apparent, however, that in both muscles the proportion of

SDHase low fibres does not increase with increasing body size.

At two days, the activity of GPase in all fibres is low. By 10 days of age

the activity of this enzyme has usually developed sufficiently to distinguish

fibres with different levels of activity, but before 13 days of age, iodine

stains the GPase high fibres pink or purple rather than the blue colour

characteristic of the GPase high fibres of more mature pigs. In the diaphragm
v

of the smaller pigs of Series 1, a fibre type in which the GPase and myosin

ATPase reactions do not correspond occurs in significant proportions. This is

the Ah,Sh,Pl fibre type that averages 7*4% of the total fibre population in

10 pigs from 10 to 56 days of age. This fibre is responsible for the higher
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Table 5. Longissimus and diaphragm; Series 1 and 2
Fibres low in myosin ATPase (Al), SDHase (SI) and GPase (PI) as a
percentage of total fibres sampled

Pig
No.

Live-

weight
(kg)

Percentage of Fibres

Longissimus Diaphragm

SI PI Al SI PI Al

1 1.27 * * 2.0 ★ * 10.4

2 3.69 63.8 5.8 4.3 * * 18.5

3 3.72 62.7 5.6 4.0 42.3 36.6 20.7

4 3.98 63.3 4.0 3.2 ★ 24.6 20.0

5 4.16 62.1 2.9 2.9 38.1 38.1 ■ 24.3

6 7.33 64.1 8.2 5.5 32.6 37.0 26.6

7 7.69 62.2 7.1 5.3 41.8 33.1 25.7

8 8.11 58.5 16.1 9.2 23.8 12.2 22.5

9 9.46 61.2 11.6 5.5 38.4 23.5 22.7

10 13.0 58.4 13.5 3.9 20.5 31.6 29.9

11 13.5 61.0 7.5 7.7 29.2 47.7 36.9

12 15.0 57.4 15.3 9.3 24.7 31.6 28.7

13 25.0 56.5 - 4.1 34.3 41.1 39.9

14 27.8 63.4 - 8.9 22.1 35.1 36.5

15 28.9 74.5 14.3 7.3 32.9 28.1 36.2

16 57.4 82.4 14.5 3.3 38.8 30.0 33.9

17 59.0 55.6 14.7 13.6 31.0 34.5 36.2

18 59.6 72.6 14.3 9.3 28.4 34.1 36.9

Series 2 (N = 16)

mean 93.0 64.7 28.6 18.6 18.3 39.9 36.5

SD 2.8 4.8 11.6 4.5 7.3 8.1 5.9

* Indicates that fibres were insufficiently differentiated for quantitation
by the histochemical reactions.
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Figs. 18-23. Transverse serial fresh frozen sections of m. longissimus of the
Large White pig at the same three stages of growth shown in Fig. 17; liveweights
4*0 kg (upper), 13 kg (middle) and 98 kg (lower). Sections are stained to
demonstrate the activity of myosin ATPase (left) and SDHase (right).
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Figs. 24-29. Transverse serial fresh frozen sections of the diaphragm of the
Large White pig at the same three stages of growth shown in Fig. 17; liveweights
4»0 kg (upper), 13 kg (middle) and 98 kg (lower). Sections are stained to
demonstrate the activity of myosin ATPase (left) and SDHase (right).
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Figs. 30, 31. Transverse fresh frozen sections of longissimus (Fig. 30) and
diaphragm (Fig. 31) of a Large White pig, liveweight 1*3 kg, age 2 days.
Myosin ATPase.
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Fig. 32. Longissimus and diaphragm of 34 Large White pigs (Series 1 and 2).
Growth changes in the proportion of myosin ATPase low fibres.
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proportion of GPase low fibres than myosin ATPase low fibres over this period

(Table 5). The diaphragms of the older pigs of Series 1, and longissimus

muscles of all pigs subsequent to the early differentiation process, are

principally composed of the three main fibre types previously described for the

pigs of Series 2.

2.3.2.5 Changes in the 'myosin ATPase low bundles' in longissimus (Table 6)

The pigs of Series 1 are divided into four groups, A-D. Group A consists

of only one pig of 1*3 kg liveweight. Groups B-D comprise pigs of liveweights

ranging from 3*0 to 7*5 kg, 7*5 to 15 kg and 15 to 60 kg respectively. Group E

includes all the pigs of Series 2. Although the estimate of the total number

of myosin ATPase low bundles in a complete transverse section of longissimus is

significantly lower in group B than in group C, the estimate of the number of

bundles does not vary significantly between the other groups, suggesting that

the number of myosin ATPase low bundles in longissimus does not change during

Table 6. Growth changes in the myosin ATPase low bundles of m. longissimus

Range of
Group liveweights

(kg)
mean SD mean SD

A 1.3 1 2.35 - 1.0 -

B 3.0 - 7.5 5 1.64 0.42 1.20 0.20

C 7.5 - 15 6 2.60 0.73 1.99 0.40

D 15 - 60 6 2.22 0.67 2.21 0.61

E 85 - 97 16 2.70 0.42 3.24 0.50
i

Estimate of No. ., ,
, . . No. of myosin

.. of bundles in , ...No.
„ _ - , ATPase low fibres

, T.S. of muscle
or , 4 per bundle(x 10 )
Pigs '



the period of growth studied. There is, however, a steady increase in the mean

number of myosin ATPase low fibres per bundle between all stages of growth; the

difference is significant between groups B and C, and between groups D and E.

This change is also seen by comparing Figs. 18 and 30 with Figs. 20 and 22.

2.3.2.6 Occurrence of 'transitional' fibres (Table 7; Figs. 33-36)

Especially in pigs between birth and 15 kg liveweight, fibres with an

intermediate reaction for myosin ATPase are seen in both longissimus and

diaphragm. These fibres are always adjacent to myosin ATPase low bundles. A

large number of these fibres is seen in a sample of diaphragm from a 13 kg,

56 day old pig (Figs. 33-35). Fibre profiles were determined for this sample,

and areas were measured by the paper weighing method. Details of the fibre

types are shown in Table 7. In this classification, myosin ATPase high fibres

are not differentiated by the SDHase reaction. Myosin ATPase high, intermediate

and low fibres are classified as high, intermediate and low by the GPase

reaction; elsewhere in this study GPase intermediate fibres are classified as

GPase low (see paragraph 2.2.4).

The following observations may be listed:

(i) 'Transitional4 fibres have an SDHase activity as high as that of myosin

ATPase low fibres, but a smaller mean TSA.

(ii) Large myosin ATPase low fibres have a lower GPase reaction.

(iii) The gradation in mean TSA and in the myosin ATPase and GPase reactions

between these fibre types suggests a transition from one type to another in

the order shown in Table 7.

(iv) The 'transitional4 fibres appear to originate from those fibres of the
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100

Figs. 33-35. Transverse serial fresh frozen sections of the diaphragm of
a Large White pig, liveweight 13 kg, age 56 days, stained to demonstrate the
activity of myosin ATPase (Fig. 33), GPase (Fig. 34) and SDHase (Fig. 35).
Arrows indicate examples of 'transitional8 fibres.

I

100 |_Lm

Fig. 36. Transverse fresh frozen section of m. longissimus of a Pietrain
pig, liveweight 14 kg, age 61 days, stained to demonstrate the activity of
myosin ATPase. Fibres with an intermediate reaction for this enzyme occur
adjacent to myosin ATPase low fibres.
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Table 7. Histochemical profiles of "transitional" and other fibre types
in the diaphragm of a Large White pig, liveweight 13 kg.

Fibre type
Percentage
of fibres
(N = 1,232)

Mean TSA

<H*i' >

Percentage
area of muscle
(Area samgled =

1.2 mm )

myosin ATPase high
SDHase high or low
GPase high or intermediate

myosin ATPase intermediate
SDHase high
GPase intermediate
("transitional" fibre)

myosin ATPase low
SDHase high
GPase intermediate

myosin ATPase low
SDHase high
GPase low

64.6

6.3

10.6

18.4

957

773

934

1142

63.3

5.0

10.2

21.5

first type that are myosin ATPase and SDHase high, are GPase intermediate,

have a low mean TSA, and are adjacent to the myosin ATPase low bundles.

2.3.2.7 Changes in the TSA of longissimus occupied by myosin ATPase low fibres
(Fig. 37)

The relationship between liveweight and both the complete TSA of longissimus,

and the TSA occupied by myosin ATPase low fibres, is represented in Fig. 37 as

a double logarithmic regression for the pigs of both series. The slopes of the

two regression lines are significantly different (P < 0*001) from one another.

The regression coefficient for the TSA of the whole muscle is not significantly

different (P > 0*05) from 0*67, and the regression coefficient for the TSA

occupied by myosin ATPase low fibres is not significantly different (P > 0*05)

from 1.
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These results support the hypotheses that the TSA of a muscle, which is

growing proportionately to the rest of the body, varies as the 2/3 power of the

body weight; and that, in such a muscle, the TSA occupied by myosin ATPase low

fibres bears a direct proportion to body weight.

SOp

20

TSA OF 10

M. LONGISSIMUS

( *\ 5-0(cm2)

2*0

IO

O-S

0-2

O-l

0-05
l-O 2-0 5-0 IO 20 50 IOO

LIVEWEIGHT (kq)

TSA of
complete muscle

TSA of muscle

occupied by
myosin ATPase
low fibres

x + 0-68

Fig. 37. Growth changes in m. longissimus of 34 Large White pigs at the
thoracolumbar junction (Series 1 and 2). Total transverse sectional area
compared with the area occupied by fibres low in myosin ATPase activity.



39.

2.4 DISCUSSION

2.4.1 Significance of the histochemical reactions used

Succinate dehydrogenase

Patterns of mitochondria, demonstrated by classical methods (Nachlas, et al.,

1957; Scarpelli & Pearse, 1958; Novikoff, Shin & Drucker, 1961) or by electron

microscopy in skeletal muscle (Padykula & Gauthier, 1963; Ogata, 1964; Pieper,

Feustel & HUbner, 1969) and kidney (Novikoff et al., 1961), are in each case

shown to follow the diformazan deposition caused by SDHase activity. Brooke &

Engel (1966) provide evidence that nitro BT is selectively adsorbed on to

mitochondria and sarcoplasmic reticulum of striated muscle fibres. Since,

however, SDHase is believed to be entirely intramitochondrial (Roodyn, 1967),

this should enhance the histochemical localisation of this enzyme. A limited

extent of diformazan deposition away from sites of SDHase activity, such as

lipid droplets (Hitzeman, 1963), should have little effect on the comparison

between individual fibres, but the report of a heterogeneous all-or-none

deposition in individual mitochondria (Seligman, Ueno, Morizono, Wasserkrug,

Katzoff & Hanker, 1967) could have more serious implications. It is possible

that the SDHase activity of mitochondria from different fibres may vary (Blanchaer,

1964), but the density of diformazan deposited histochemically in a particular

fibre after incubation for as long as 20 minutes should depend primarily on

mitochondrial density, rather than on the actual level of SDHase activity.

Paul & Sperling (1952) demonstrate a direct relationship between estimates

of mitochondrial density, determined by phase microscopy of blendorised tissue,

and the oxidative capacity of a variety of muscles from different species.

This relationship is supported by observations on the effect of severe exercise



on limb muscles, which can produce a two-fold increase in the capacity of muscle

to oxidise pyruvate (Holloszy, 1967), accompanied by a concomitant increase in

mitochondrial density as seen electron microscopically (Gollnick & King, 1969).

Similar findings are reported by Kraus, Kirsten & Wolff (1969).

The assumption that the histochemical SDHase reaction indicates the capacity

of an individual fibre for aerobic metabolism appears reasonable, although it

lacks direct proof.

Phosphorylase

Takeuchi &. Kuriaki (1955) show that their method is specific for the enzyme

catalysing the successive phosphorylation of the terminal glucose units of the

glycogen chain, with the production of glucose-l-phosphate. The method uses the

reversibility of this reaction to synthesise a polyglucose staining blue with

iodine, that is distinct from native glycogen, both by iodine staining and by

electron microscopic appearance (Takeuchi & Sasaki, 1968). Differences in the

colour of iodine staining are attributed to the progressive increases in chain

length during synthesis of the glucose polymer, blue indicating chains of over

30 glucose units, and red indicating chains of 7-13 glucose units (Swanson, 1948).

Iodine colours are used in this study to indicate different levels of

phosphorylase activity in individual fibres.

Using muscles from a wide variety of vertebrates and invertebrates,

Crabtree & Newsholme (1972) show biochemically that GPase activity is closely

related to the capacity of a muscle for anaerobic metabolism. Provided that

sufficient glycogen is present (Meijer, 1968a),it is accepted that the GPase

activity demonstrated histochemically in an individual fibre is a measure of the

rate at which the fibre derives energy for contraction anaerobically.



Myosin ATPase

Padykula & Herman (1955) and Padykula & Gauthier (1963) provide evidence

that their histochemical technique is specific for myosin ATPase. This is

given strong support by the work of Guth & Samaha (1969), who compare the

effects of pre-incubation at pH values of 10*4 and 4*3 on the ATPase activity

of both actomyosin extracted from fast and slow muscles of the cat, and individual

fibres of these muscles examined histochemically. Their study also provides

evidence that fibres shown histochemically to be ATPase high are fast contracting,

and that ATPase low fibres are slow contracting. This concept is supported by

the work of Burke, Levine, Zajac, Tsairis & Engel (1971), who correlate the

twitch contraction time of motor units in the cat gastrocnemius determined by

intracellular stimulation of single motoneurons, with the histochemical profiles

of component fibres of the related motor units, identified by glycogen depletion

following repetitive stimulation. Biochemical evidence is provided by the

finding that the activity of myosin ATPase is directly proportional to the

intrinsic speed of shortening both of normal muscles of widely varying speeds

of contraction (Barany, 1967), and of muscles in which the speed of contraction

has been altered by cross-innervation (Barany & Close, 1971). The distinct

difference between the histochemical reactions of fast and slow contracting

fibres is possibly related to the molecular difference between the myosin of

fast and slow muscles demonstrated by Samaha, Guth & Albers (1970).

This evidence appears to justify the designation of ATPase high mammalian

extrafusal fibres as fast-twitch, and ATPase low fibres as slow-twitch fibres.



2.4.2 Classification of fibre types

The interpretation of histochemical fibre types should relate the reactions

directly to the physiological and metabolic characteristics of each fibre. The

evidence given above suggests that the profile obtained by determining the

SDHase, phosphorylase and myosin ATPase reactions will classify an individual

fibre by its capacity for aerobic and anaerobic metabolism, and by its intrinsic

speed of contraction. Accepting that a fibre classified as 'anaerobic' or

'aerobic' will usually have a low level of the other type of metabolism, for

both fast-and slow-twitch fibres there are three theoretical possibilities for

their metabolism; aerobic, combined aerobic and anaerobic, and anaerobic.

Five of these six possible fibre types are found in significant proportions in

the diaphragms of nine different mammals (Davies & Gunn, 1972). The present

study shows that the number of fibre types occurring in proportions above 5%

of the total fibre population, and therefore contributing significantly to the

function of the porcine longissimus and diaphragm, is four in pigs aged from

10 to 56 days, and only three in older pigs.

The Ah,Sh,Ph fibre constitutes 41*0% of the fibre population of the

diaphragm of the pig, and 13*9% of the fibres in m. longissimus. Although the

histochemical methods do not indicate what the absolute levels of activity of

SDHase and GPase might be, the presence of significant proportions of this fibre

type suggests that the relationship between aerobic and anaerobic metabolism in

muscle fibres is not necessarily a 'reciprocal' one, as claimed for fibres of

rat, human (Dubowitz & Pearse, 1960a, b) and cat (Jinnai, 1960) muscles, and

supported by Engel (1962, 1965, 1970) and Suchenwirth & Bundschu (1970) for

human muscles; Nishiyama (1966) for respiratory muscles of the rat and cat;
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Kugelberg & Edstrbm (1968) for rat crural muscles; and by Jasmin, Bokdawala &

Desrosiers (1971) for crural muscles of the hamster. However, there is no

reason to suppose that the two systems of energy production in muscle outlined

in Fig. 38 should not both contribute appreciably to ATP production in a muscle

fibre adapted to rapid and frequent contraction. Other studies support the

present histochemical evidence for this; fibres high in SDHase and moderate to

high in GPase activity are demonstrated in rat crural muscles (Romanul, 1964), '

in rat femoral muscles and m. soleus of monkey and rat (Bocek & Beatty, 1966),

ANAEROBIC
METABOLISM

L

AEROBE
METABOglS

KEY:

MYOFIBRIL MITOCHONDRION & SARCOPLASM CAPILLARY
ENERGY SOURCES marker enzymes PRODUCTS

Fig. 38. Outline of aerobic and anerobic metabolism in muscle. The dotted
line separates a system of energy production (top left) for which a blood
supply, and therefore an extrinsic energy source and a means of disposal of
unmetabolisable products, is unnecessary. An oxygen supply is necessary
for energy production from the remainder of the system.



in the thyroarytenoid and cricothyroid muscles of the rabbit (Hall-Craggs, 1968),

in guinea-pig crural muscles (Edgerton & Simpson, 1969), in cat crural muscles

(Prewitt & Salafsky, 1970), in the gastrocnemius and soleus muscles of the mouse

and triceps brachii and rectus abdominus muscles of the pig and ox (Ashmore &

Doerr, 1971), and in the diaphragm of eight mammalian species (Davies & Gunn,

1972). In addition, Gillespie, Simpson & Edgerton (1970), find greater stores

of glycogen in the 'red' region of m. vastus lateralis of the guinea-pig,

composed of 77% SDHase high fibres, than in the 'white' region, composed of 29%

SDHase high fibres.

Edgerton & Simpson (1969) review the various classifications that have been

used since 1962 for histochemical fibre types in muscle. They favour the

descriptive terms 'red', 'intermediate' and 'white' in preference to letters or

numbers. Fibres low in myosin ATPase activity are described as 'intermediate'

in SDHase activity by Stein & Padykula (1962), Edgerton & Simpson (1969) and

Jasmin, Bokdawala & Desrosiers (1971) in their studies of crural muscles of rat,

guinea-pig and rat, and hamster respectively. However, the present results,

and those of Ashmore & Doerr (1971) for limb muscles of the pig and ox, and Burke

et al. (1971) for the cat gastrocnemius, show that this type of fibre frequently

has SDHase activity equal to or greater than surrounding myosin ATPase high

fibres. The term 'intermediate' has, therefore, no general significance.

A classification of fibre types has little meaning unless histochemical

profiles of large numbers of fibres are first determined, enabling quant if icoh'on

of both the proportions of types, and the variance of these proportions between

samples. The actual classification made will depend on the histochemical

methods used and the visual interpretation of the reactions in each fibre.



The methods used in the present study are justified by their simplicity and their

significance. The value of the classification used can best be tested by

comparing the measurements on fibre types within a muscle with the physiological

and biochemical characteristics of the muscle, and by using these measurements

to test hypotheses interpreting experimental and developmental changes.

2.4.3 Histochemical fibre types in porcine muscle

The grouping of histochemical fibre types into bundles within the fasciculi

of porcine muscle is demonstrated by methods for reduced nicotinamide adenine

dinucleotide tetrazolium reductase (NADH -TR) and GPase (Moody & Cassens, 1968)

lipids (Todorov & Petrov, 1969), myoglobin and NADH -TR (Morita, Cassens &
CJ

Briskey, 1969), SDHase, cytochrome oxidase and lipids (Sair, Lister, Moody,

Cassens, Hoekstra & Briskey, 1970) and NADH^-TR, GPase and myosin ATPase
(Cooper, Cassens, Kastenschmidt & Briskey, 1970). Although the distribution

of fibre types is probably not random in any species, as shown by James (1971a,

b; 1972) for rabbit and guinea-pig muscles and by Jennekens, Tomlinson & Walton

(1971b) for human muscles, the muscles of the pig so far examined exhibit a much

more orderly arrangement than those of any other species described. No reports

are available on the muscle histochemistry of other species within the suborder

Suiformes.

Moody & Cassens (1968) describe the histochemistry of longissimus and

trapezius of the Chester White pig at 90 kg liveweight by the use of reactions

for NADH^-TR and GPase. They find that the fibre population of longissimus is
composed of 30-5% (SD = 5*0) aerobic fibres and 17-0% (SD = 4*3) GPase low

fibres. These findings are similar to the present estimations of 35*3%

(SD = 4*8) of aerobic fibres and 28*6% (SD = 11*6) of GPase low fibres (Table 5).



These workers do not, however, establish histochemical profiles of individual

fibres, and so cannot assess the GPase activity of individual aerobic fibres;

hence their conclusion that the activity of these two enzymes is reciprocal is

questionable, and is not supported by the present observations. The

'intermediate8 (fast-twitch, combined aerobic and anaerobic) fibre of porcine

muscle described by Moody & Cassens (1968), by Merkel (1971) for m. gluteus

medius and m. rectus femoris and by Sair, Kastenschmidt, Cassens & Briskey (1972)

for m. longissimus, is not equivalent to the slow-twitch aerobic fibre described

as having 'intermediate' aerobic capacity in crural muscles of the rat and

guinea-pig by Edgerton & Simpson (1969). The term 'intermediate' is misleading

in either context.

Meijer (1968a) shows that the histochemical demonstration of GPase depends

on the presence of tissue glycogen. Therefore, when complete antemortem or

postmortem glycolysis has occurred in a muscle fibre, GPase cannot be demonstrated

by the method used in this study. Regions with very few GPase high fibres are

seen in some samples from commercially slaughtered pigs. Their focal nature

suggests that they are due to postmortem glycolysis, since this phenomenon can

occur to a different extent in closely adjacent regions of the same muscle

(Lawrie, Gatherum & Hale, 1958). The existence of GPase activity in these

affected fibres could be tested by comparing them with serial sections incubated

in a medium containing dextran (Meijer, 1968b).

2.4.4 Relation between size, metabolism and rate of energy conversion of muscle
fibres

The time taken for oxygen to diffuse into the centre of a fibre is

proportional to its transverse sectional area (Hill, 1965). Hence, the TSA of

a fibre would be expected to be influenced both by its dependence on aerobic

metabolism and by the rate of energy conversion within the fibre.



An inverse relationship between fibre TSA and aerobic capacity is well

established. In the biceps brachii of mice, predominantly aerobic fibres are

narrower (Goldspink, 1969) and, in the present study, myosin ATPase high fibres

in the longissimus and diaphragm have smaller TSAs. if the SDHase activity is

high. Fibres converting energy at the same rate, as determined by their

myosin ATPase activity, are more slender and have more adjacent capillaries

(Romanul, 1965; Cooper, Cassens & Briskey, 1969) if they depend on oxygen and

blood-borne nutrients for their energy source.

The influence of rate of energy conversion on the TSA of a fibre has not

received the same attention. In the diaphragm of the pig the myosin ATPase low

fibres have the densest reaction for SDHase and a greater mean TSA than the

surrounding myosin ATPase high fibres, which react for both aerobic and anaerobic

enzymes. Thus, it appears that when the energy demands are low, a large diameter

fibre can obtain sufficient fuel for a predominantly aerobic metabolism.

Only fast-twitch anaerobic fibres are significantly different in TSA between

muscles as diverse in function as the diaphragm and longissimus of the pig.

Jennekens, Tomlinson & Walton (1971a) show that slow-twitch aerobic fibres are

relatively larger in the rectus femoris and gastrocnemius than in the deltoid

and biceps brachii muscles of man. Engel, Brooke & Nelson (1966) demonstrate

the relative susceptibility to atrophy of slow-twitch fibres following tenotomy

and fast-twitch fibres following experimental denervation. The extent to which

the differences in mean fibre TSA between muscles of mature animals, and between

individuals of the same species, are due to the relative hypertrophy of

different types of fibres is relevant to the effect of breed, sex, nutrition,

exercise and disease on muscle development.



2.4.5 Neonatal fibre type differentiation

Changes in the histochemical fibre types of mammalian muscles are observed

during the immediate post-natal period. The findings of Wirsen & Larsson (1964),

Dubowitz (1965), Beatty, Basinger & Bocek (1967), Dorn (1969), Ommer (1971) and

Ashmore, Tompkins & Doerr (1972) demonstrate a variation in the time of onset of

differentiation of an anerobic fibre type in muscles of the mouse, rat, hamster,

guinea-pig, rabbit, cat, rhesus monkey, pig, sheep, man and ox. Dubowitz (1965)

considers that this variation depends on the relative maturity of the species at

birth. Nystrbm (1968) observes topographical differences in the onset of

differentiation in individual muscles of the cat. Thus, fibres with low activity

of SDHase have already appeared in forelimb muscles, intercostal muscles and

diaphragm at birth, at a time when hindlimb muscles retain a uniformly high

reaction. Cooper, Cassens, Kastenschmidt & Briskey (1970) state that fibre

types in longissimus of the neonatal pig are undifferentiated, although their

published photographs of serial sections from a one-day-old pig appear to show

several fibres of large TSA that also differ from surrounding fibres by their low

activity of myosin ATPase and GPase. Their statement is contrary to the

findings both of the present investigation and to that of Nystrbm (1968) that the

gastrocnemius and soleus of the relatively immature neonatal kitten is

differentiated with respect to myosin ATPase and GPase.

Wohlfart (1937), who studied fixed and stained preparations of a wide variety

of human fetal and neonatal muscles, describes the presence of *b* fibres that

differ from the surrounding *a8 fibres because of their relatively large size.

They occur singly, but two or three can be seen in the same fasciculus. They

form between 0*5 and 2*5% of all fibres at birth. Fenichel (1963) shows that



Wohlfart "s 'b' fibre is low in myosin ATPase activity, and there is little doubt

that this fibre type is the myosin ATPase low fibre seen in neonatal porcine

muscles„

The above studies are concerned with changes due to the different functional

requirements of muscle in a prenatal and a postnatal environment, rather than

with the adaption of muscle to meet the mechanical and metabolic demands of

increased body size.

2.4.6 Mechanical adaption of muscles to increasing body size

Welcker & Brandt (1903) suggest that larger species of animals need a higher

proportion of muscle and bone than smaller species, in order to support and move

their bodies with structures whose strength is proportional only to their TSA.

However, the data they record for the mouse, bat, hedgehog, guinea pig, monkey,

ox and elephant do not support their hypothesis. Jackson & Lowry (1912)

review other findings and conclude that comparatively small animals, such as the

rabbit and cat, have the highest proportions of muscle, although these workers

demonstrate that growth in the rat results in an increase in the weight of muscle

as a proportion of body weight from 23% at one week to 45% at one year of age.

In the pig, the proportion of muscle decreases slightly as liveweight increases

from 23 kg to 118 kg (Cuthbertson & Pomeroy, 1962; Stant, Martin, Judge &

Harrington, 1968; Richmond & Berg, 1971a).

Because an increase in body size is not associated with an increase in the

proportion of muscle, it is to be expected that the contractile properties of

postural muscles must adapt to the changing demands placed upon them. For

animals maintaining the same dimensional proportions, Hill (1950) predicted that



the intrinsic speed of contraction of muscles would decrease with increasing body

size. No physiological studies have been made specifically to test Hill's

hypothesis. Both fast- and slow-twitch muscles of neonatal kittens (Buller,

Eccles & Eccles, 1960b; Buller & Lewis, 1965; Mann & Salafsky, 1970) and rats

(Close, 1964) are initially slow contracting; the subsequent differentiation of

contraction speed may be associated with the development of normal muscle usage

in animals born in an immature state. These workers also show that the time to

peak tension of soleus of both the rat and cat increases between 40 and 100 days

of age; the rat soleus from 28*5 + 2-3 ms at 35 days to 36*0 +_ 2*3 ms at

100 days (Close, 1964), and the cat soleus from 59 ms at 42 days to 75 ms at

126 days (Mann & Salafsky, 1970). They do not, however, comment on the

significance of this later change.

The developing soleus muscle of the rat, guinea-pig and cat was studied

histochemically by Karpati & Engel (1967b). Their findings for the cat were

confirmed by Nystrbm (1968). At birth, the soleus of the guinea-pig has

approximately equal numbers of myosin ATPase high and low fibres. The rat

soleus, undifferentiated at birth, resembles the cat and guinea-pig soleus by

10 days. The soleus of the adult cat and guinea-pig is almost entirely

composed of myosin ATPase low fibres; about 90% of the fibres in the adult rat

soleus are myosin ATPase low. A similar increase in the proportion of myosin

ATPase low fibres occurs with increasing body size in the pectineus muscle of

the dog (Cardinet, Wallace, Fedde, Guffy & Bardens, 1969), and in an inter¬

species comparison of m. semitendinosus (Davies & Gunn, 1971) and the diaphragm

(Davies & Gunn, 1972). However, the observations of Cooper, Cassens,

Kastenschmidt & Briskey (1970) on fibre types in m. longissimus of the pig from
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birth to 90 kg liveweight contradict the above findings, and those of the present

study. They report a decrease in the proportion of the TSA of the muscle

occupied by myosin ATPase low fibres with increasing body size, and their

illustrations do not show an increase in the number of fibres per myosin ATPase

low bundle.

Edgerton & Simpson (1969) suggest that the proportion of myosin ATPase low

fibres demonstrated histochemically in a muscle is related directly to the

contraction time. This is confirmed by Barnard, Edgerton, Furukawa & Peter

(1971), Cardinet, Fedde & Tunell (1972) and Davies & Gunn (1972). The histo-

chemical changes seen in the muscles of growing animals show that changes in the

contractile properties of muscle depend on body size. The direct relationship

demonstrated between body weight and the TSA of a muscle occupied by myosin

ATPase low fibres (Fig. 17) supports the concept that the histochemical change

occurs in response to a demand on a muscle for prolonged isometric contraction,

directly proportional to the weight it must support.

This response has not been studied biochemically„ Trayer & Perry (1966)

report that the ATPase activity of myosin extracted from muscles of the fetal rat,

guinea-pig and rabbit is lower than that of adult myosin. Guth & Samaha (1972)

confirm this observation on rabbit muscle. They also claim that all fibres show

an intense histochemical reaction for myosin ATPase in rabbit limb muscles at

birth, although large fibres with a less intense reaction are apparent in their

illustration of a rat hind limb muscle. Since the histochemical method

demonstrates a difference between fibres in the alkali stability of myosin ATPase

(Guth & Samaha, 1969) rather than the overall activity of this enzyme, the

difference between the biochemical and histochemical findings does not



necessarily belittle the ability of the histochemical method to differentiate

fibre types on a functional basis. In any case, this apparent biochemical

difference between fetal and adult myosin may not be directly associated with its

ATPase activity (Dow & Stracher, 1971).

2.4.7 Metabolic adaption of muscles to increasing body size

Increase in body size imposes restrictions on the ability of the respiratory

and circulatory systems to supply oxygen to muscle. The total surface area of

the lung alveoli is shown by Tenney & Remmers (1963) to be proportional to the

rate of oxygen consumption of the whole body, or the 3/4 power of body weight

(Kleiber, 1947), of different mammalian species. This area is also proportional

to the surface area of the human body during growth (Dunnill, 1962), rather than

directly to body weight. Similarly, the TSA of the aorta, and hence the

ability of the heart to supply oxygenated blood to the body tissues, cannot

maintain a direct proportionality to the body weight (Hill, 1950). Thus,

although small vital organs and postural muscles demanding relatively low energy

conversion rates for isometric contraction can retain a purely oxidative metabolism

during growth, the muscles which a large animal uses mainly for brief periods of

intensive propulsive force must adapt to obtain energy anaerobically.

Studies that might support or refute this hypothesis are difficult to

interpret. The in vitro respiration experiments of Bertalanffy & Pirozynsky

(1953) on the diaphragm of the mouse, Bertaianffy & Estwick (1953) on the diaphragm

and leg muscles of the mouse and rat, Latzkovits & Domonkos (1965) on longissimus,

abdominal muscles and soleus of the rabbit, and van Den Hende, Muylle, Oyaert &

de Roose (1971) on longissimus of the pig do not examine the complete metabolic

capability of muscle in the intact animal. The studies by Goldspink (1962) on



the activity of SDHase in the biceps brachii of the mouse, by Markert & Ursprung

(1962) on the changing proportions of lactate dehydrogenase isoenzymes during

growth of the mouse diaphragm and 'skeletal muscle', by Kendrick-Jones & Perry

(1967) on enzymes of adenine nucleotide metabolism in diaphragm and leg muscles

of the rabbit, and by Bocek, Basinger & Beatty (1969) on enzymes concerned with

glycogen synthesis and breakdown in limb muscles of the rhesus monkey, are not

dissociated from the adaptive changes inherent in the transition from a maternal

dependent to an independent environment. Cooper, Cassens, Kastenschmidt &

Briskey (1971) studied lactate dehydrogenase (LDHase) and GPase in the developing

longissimus and trapezius muscles of Poland China and Yorkshire pigs from birth

to 90 kg liveweight. The changes occurring in neonatal pigs are also difficult

to interpret, but from 8 weeks of age (presumably about 5 kg liveweight) to

90 kg, their results appear relevant to the present study. Over this weight

range, both muscles show the same trend; the total LDHase activity increases,

and the proportion of this activity (LDHase isoenzyme 5) favouring lactate

production from pyruvate increases, while the total GPase activity decreases.

The activity of LDHase and GPase is lower, and the proportion of aerobic fibres

is higher (Moody & Cassens, 1968), in trapezius. These results are consistent

with the concept that with increasing body size, the pyruvate produced from

glycolysis in both muscles is converted increasingly to lactate, rather than

passing to the respiratory chain via the citric acid cycle. Lactate production

is greatest in the propulsive longissimus muscle.

Although it is possible by histochemical methods to estimate the relative

capacity of adjacent fibres for a particular metabolic process, the proportion

of fibres with low activity of a particular enzyme does not necessarily indicate



the overall enzymic activity of different muscle samples. Therefore, the

results of the present study suggesting that subsequent to an initial neonatal

differentiation, the proportion of SDHase low fibres of both longissimus and

diaphragm does not increase with growth (Table 5), cannot be considered as

evidence that the aerobic capacity of the muscles does not change. Nevertheless,

an increase in the proportion of SDHase low fibres with growth has been reported

for the guinea-pig plantaris (Faulkner, Maxwell, Brook & Lieberman, 1971) and

diaphragm (Lieberman, Maxwell & Faulkner, 1972). Also, van Den Hende, Muylle,

Oyaert & de Roose (1972) report a steady increase in the proportion of SDHase

low fibres in the longissimus of Pietrain and Landrace pigs, from 55% in pigs

weighing 2 kg to 85% in pigs of 105 kg liveweight. The number of fibres in the

SDHase high bundles in their published photograph appears even less than that

published by Cooper et al. (1970) for the longissimus of the Poland China and

Yorkshire breeds. The difference between the results of these two investigations

on the porcine longissimus and those of Moody & Cassens (1968) and the present

study, suggests a large source of variation in the histochemical properties of

this muscle between pigs of different breeding and environment.

The present study shows that in Large White pigs between 10 and 56 days of

age, a fast-twitch, purely aerobic fibre type is present in the diaphragm in

greater proportions than in more mature pigs. This fibre type is predominant

in the mouse diaphragm, occurs as 25% of fibres in the rat diaphragm, but does

not occur in significant proportions in the diaphragms of larger animals (Davies

& Gunn, 1972). These intraspecies and interspecies observations suggest that

the diaphragm of larger animals increases its capacity for anaerobic metabolism.



However, the problem of metabolic adaption of muscle to increased body size

awaits a comprehensive biochemical study of postnatal growth over a wide weight

range.

2.4.8 Mechanism of fibre type changes

After an initial differentiation of fibres with respect to the extent to

which they derive energy for contraction by aerobic or anaerobic metabolism, the

most significant postnatal histochemical changes seen in this study are an

increase in the proportion of myosin ATPase low fibres, and a concomitant
,'rt Ionjixjimuj

increase in the proportion of GPase low fibres;)(Table 5). A relative increase

in a particular fibre type could occur either by:-

(i) the addition of new fibres to the population;

(ii) the subtraction of fibres of a different type from the population;

(iii) a rearrangement of fibre architecture to enable more fibres of one type to

be seen in a transverse section than previously; or

(iv) a conversion of a fibre of one type into another.

Unless (i) and (ii) occur simultaneously, or the rearrangement in (iii) is

particularly complex, only (iv) can occur without alteration to the number of

fibres in a muscle. Estimates of the fibre populations of muscles during growth

suggest that although fibre numbers may increase for a short neonatal period,

subsequent postnatal growth of muscle is due to hypertrophy of fibres present

at birth. This is evident in m. radialis of the rat (Morpurgo, 1898), for the

human sartorius (MacCallum, 1898; Montgomery, 1962), the biceps brachii of the

mouse (Goldspink, 1962), the biceps brachii, extensor carpi radialis, gastroc¬

nemius and tibialis anterior of the rat (Enesco & Puddy, 1964), and the extensor

carpi radialis, soleus and plantaris of the rat (Chiakulas & Pauly, 1965).



A significant decrease in the total number of fibres during growth has been

reported in the plantaris muscle of the guinea-pig between 6 and 45 weeks of

age (Faulkner _et_ al_. , 1971; Faulkner, Maxwell & Lieberman, 1972) and in the

longissimus and semitendinosus of the ox between 12 and 24 months of age

(Bendall & Voyle, 1967). However, since neither of these investigations has

accounted for the increasing covariance of mean fibre TSA and the TSA of a whole

muscle that is inevitable when a series of animals of increasing body size are

compared, these observations are questionable, and in any case do not examine

the fibre population of animals at a time when the greatest increase in body

size is occurring. The findings of Staun (1963) and the present results suggest

that the postnatal fibre population of the longissimus of the pig is constant.

Karpati & Engel (1967b) show that while the proportion of myosin ATPase low

fibres in the guinea-pig soleus increases from 60 to 100% of the fibre

population between birth and adulthood, the total fibre population increases

only from 3,384 to 3,531.

Althoughthe addition, subtraction or rearrangement of fibres is not

disproved, it appears much more likely that a conversion of myosin ATPase high

to myosin ATPase low fibres occurs with growth. The following aspects of the

present study support this. In both longissimus and diaphragm, the TSA

distribution and morphology of myosin ATPase low fibres at any stage of growth

does not suggest a development from small, immature fibres (Fig. 17). The

splitting of aerobic fibres and degeneration of anaerobic fibres seen in the

longissimus of growing pigs by Todorov & Petrov (1969) has not been seen in the

material used in present study. However, in pigs from birth to 15 kg

liveweight, coincident with the most rapid increase in the proportion of myosin
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ATPase low fibres (Fig. 32), many fibres of intermediate staining for the myosin

ATPase reaction are seen in both muscles (Figs. 26, 33, 36). When the pH of the

incubation medium is held at 9*5, intermediate reactions are seldom seen in

more mature porcine muscle (Figs. 5, 8). The histochemical profile and mean

TSA of these fibres suggest that they are in transition from fast-twitch combined

aerobic and anaerobic fibres to slow-twitch purely aerobic fibres. They are

located adjacent to myosin ATPase low bundles; the process would therefore

augment the number of fibres in these bundles.

The possibility that a change in the characteristics of a muscle fibre as

basic as the ATPase activity of its myosin and its intrinsic speed of contraction

occurs with growth is of great interest, since it implies a considerable

readjustment of the pattern of innervation and the architecture of the motor

unit.



3.0 Part 2: POSTNATAL CHANGES IN MUSCLE DISTRIBUTION

3.1 INTRODUCTION

3.1.1 The relation between muscle function and muscle distribution

Part 1 of this thesis proposes a mechanism by which an animal adapts to

support an increasing body mass; postural muscles oppose an increasing

gravitational force by a proportionate increase in fibres best suited for the

maintenance of posture. Part 2 proposes an adaptive mechanism for propulsive

acceleration in the larger animal. For this acceleration to remain constant

during growth, the muscular force developed must be proportional to the body

mass; this can only be achieved if the TSA of propulsive isotonically

contracting muscles increases in proportion to the weight of the animal, or in

other words if the weight of propulsive muscles increases at a rate proportional

to the 3/2 power of body weight. Disproportionate growth of this magnitude

would be difficult to achieve, and so a constant acceleration is not attained.

Nevertheless, preferential development of muscles best anatomically located for

propulsive effort would be advantageous to the larger animal.

The pig is a suitable subject for an investigation of this problem. The

extent of its postnatal growth exceeds that of most other domestic or laboratory

animals (Table 8). Since the skeletal muscles of the pig support and propel

its body almost from birth, they must adapt to accelerate a mass which increases

a hundred-fold. Part 2 tests the hypothesis by determining patterns of growth

among individual muscle units of the porcine carcass. The functional

significance of the differences in growth of these muscles remains largely a

matter for conjecture, although the histochemical methods used in Part 1 could

provide some clarification.



Table 8. Relation of maternal weight to neonatal weight for several species of
eutherian mammals.

Species and breed
Maternal weight

(kg)
Neonatal weight

(kg)
Maternal weight
Neonatal weight

Reference

Horse (Shetland) 191 19-6 9-2 Walton Si Hammond (1938)
(Shire) 797 71-0 11-2 Walton & Hammond (1938)

Guinea-pig 1-02 0-094 10-9 Altman Si Dittmer (1962)

Ox (Hereford) 514 32-1 16-0 Vaccaro & Dillardi (1966)
(Holstein) 679, 40-0 17-0 Altman Si Dittmer (1962)

Man (U.S., European) 56 3-3 17-0 Altman Si Dittmer (1962)

Monkey (Rhesus) 8-0 0-47 17-0 Altman Si Dittmer (1962)

Goat (Saancn) 70'1 3-14 22-3 Altman Si Dittmer (1962)

Sheep (Suffolk, twin lamb) 94-4 4-22 22-4 Hammond (1932)

Cat 2-45 0-104 23-5 Altman Si Dittmer (1962)

Dog (Beagle) 8-5 0-30 28-3 Hwai-Ping Si Huggins (1971)
Mouse (Piebald) 0-0364 0-00126 28-9 Altman Si Dittmer (1962)

Indian elephant 3000 90 33 Burton (1965)

Blue whale 150000 4100 36-6 Burton (1965)

Common shrew 0-0060 0-00015 40 Barrett (1960)

Rat (Wistar) 0-243 0-00530 45-8 Altman S: Dittmer (1962)

Rabbit (New Zealand White) 4-08 0-065 62-8 Altman Si Dittmer (1962)

Pig (German Landrace) 141 1-40 101 Haring et al. (1966)
(Vietnamese Miniature) 44-0 0-34 129 Haring et al. (1966)

Polar bear 160 0-23 690 Burton (1965)

3.1.2 Individual muscles as growth units

The musculature of the body is divided into individual muscles in order to

direct contractile activity between specific skeletal points. The development

of this localised contractile activity at any particular growth stage is

conveniently estimated by the weight of a dissected muscle. The use of

individual muscles to test a hypothesis relating muscle distribution and

function, however, depends on the extent to which functional units within

a muscle have similar origins and insertions, and contract at similar rates.

M. semitendinosus, for instance, has a deep region with a relatively high



proportion of myosin ATPase low fibres (Davies & Gunn, 1971); if the hypothesis

is well founded, the relative growth of the entire semitendinosus would not

therefore be typical of either a purely postural or a purely propulsive muscle.

Similarly, the extent to which adjacent muscles act over different joints and

contract at different rates will determine whether muscles can be grouped in

order to simplify the data obtained from dissection studies. The dissection

of individual muscles, as used in this study, is nevertheless the only practical

way of dividing the entire muscular system of an animal into functional groups.

Walker (1961) and Dumont, Le Guelte & Arnoux (1961a, b) were the first to

use a total muscle dissection method on cattle. This work was continued by

Butterfield (1962, 1964a) and Berg & Mukhoty (1970). The method has also been

used on sheep (Lohse, Moss & Butterfield, 1971) and on pigs (Cuthbertson &

Pomeroy, 1962; Dumont, Schmitt & Roy, 1969; Richmond & Berg, 1971b). The

growth of individual muscles has been described for cattle (Butterfield & Berg,

1966a)and for sheep (Lohse, Moss & Butterfield, 1971), but not previously for

pigs.

3.1.3 Methods for studying relative growth

The growth of muscle as a function of time is important equally to the

pigman whose costs of production are closely related to time, and the biologist

interested in the rate of synthesis of muscle protein. However, growth as a

function of time is, in the same way as any chemical reaction, strongly

influenced by factors external to the system under consideration. The

investigator comparing the rates of growth of two body components y^ and y^
under different conditions must seek a reference parameter equally affected by

external factors irrelevant to the conditions under consideration.



Thus if y^ and are the weights of the same muscle in two breeds of pig, the
breed difference between y^ and y^ is ideally estimated by comparing the
relationship between y and x and between y and x , where x and x are the

JL X CJ -L cj

weights of another body component such that only a genetic difference will

change these relationships,, In order to meet this criterion for the choice

of an independent variate, it is usual for x to be the weight of a tissue (for

example, total muscle) of which y is a part (for example, the weight of an

individual muscle). This choice confers no guarantee that influences other

than those of genetic origin will not affect the relationships studied.

The relationship derived between y and x is an important consideration.

The method used in the present study presupposes that growth is an exponential

rather than a linear phenomenon, an assumption based on the following two

concepts.

(1) During exponential growth, at any instant the rate of change

in the dimension of a body component x is proportional to its value at

that instant,

i.e. ^ = k.i£dt

or by integration In x = In a + k.t

where a is the value of x when time t = 0, and k is a constant.

Thus when the natural logarithm of x is plotted against time t, the presence of

a straight line indicates exponential growth. Brody (1945) defines k as the

instantaneous relative growth rate, and shows that k is constant over intervals

of the pre- and postnatal growth of the rat, as it is for bacterial and even

human populations under certain conditions. At some stages, the growth of an

organism or population is analogous to a chemical reaction complying with the
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law of mass action. In a finite universe, all such reactions are of limited

duration. Brody (1927) and Goedbloed (1972) analyse data suggesting that

abrupt changes occur in the value of k during growth of rats and mice,

resulting in a step-like decline in growth rate towards maturity. Laird,

Tyler & Barton (1965) suggest that during pre- and postnatal growth in body

weight of the guinea-pig, k decreases exponentially with age. The value of k,

whether showing sudden changes or declining steadily, is nevertheless meaningful

biologically since it represents the rate of multiplicative growth of living

substance.

(2) The ratio b of the instantaneous relative growth rates k and k of
-L Cj

any two body components x and y is constant over limited ranges (Huxley, 1932;

Brody, 1945). Thus

.

1

dt y = y
dx i dx

dt X X

and by integration,

In y = In a + b. In x

where a is the value of y when Irx = 0. When the natural logarithm of x is plotted

against the natural logarithm of y, the presence of a straight line of gradient b

demonstrates an "allometric" relationship between x and y;

b
y = a. x ,

where b is the "differential growth ratio" (Huxley, 1924). When two body

components grow in such a way that their rates of multiplicative growth, which

need not be constant themselves, bear a constant relationship to one another,

their relative growth is said to be allometric.



Miller & Weil (1963), Tulloh (1964) and Seebeck & Tulloh (1966) provide

examples showing that an analysis of relative growth should take the

multiplicative nature of growth into account. This is because arithmetic

regressions on measurements of growing body components are not linear over any

stage of growth, although the data may suggest it. The regression line does

not pass through the origin, and extrapolations to younger animals are impossible

The covariance of x and y increases with x; calculation of the regression line,

and a comparison of the values of b are not possible by simple statistical

procedures. Also, it is essential that x and y have the same dimensions.

But since the double logarithmic regression of x on y is frequently linear over

wide weight ranges, the allometric equation has definite advantages in the study

of relative growth. When a parabola or hyperbola, derived from a linear

logarithmic regression, is fitted to the points plotted on arithmetic

coordinates, it passes through the origin; extrapolations can therefore be made

in some circumstances to young animals. The use of a double logarithmic

regression is only valid when the variance of x enters the equation y = a.x^
multiplicatively, rather than additively (Glass, 1969). Since growth is a

multiplicative process, its variance is also multiplicative. By logarithmic

transformation, therefore, the covariance of x and y becomes independent of x,

enabling a simple statistical comparison of two growth ratios. It is also

then possible to relate the growth of x and y when they are of different

dimensions.

From the foregoing, it appears essential that the growth of two body

components, relative to the growth of another component, should be compared by

allometry. This applies both to a study of two components of the same animal,



and to a study of the same component of two animals under different genetic or

environmental influences. This study has therefore been designed to provide

data suitable for this type of analysis. The results have been analysed by

the methods of covariance analysis originally used for a similar problem by

Reeve (1940), enabling a comparison of the growth ratio b. The double

logarithmic regression equations also provide a means of comparing the values

of y for two groups of animals at a nominal value of x. The allometric

equation is used for this purpose by Elsley, McDonald & Fowler (1964), Mukhoty

& Berg (1971), Fowler & Livingstone (1972), and in the present study.

3.1.4 The relation between muscle development and meat quality

Postmortem glycolytic rates, and the consequent development of a condition

characterised by pale, soft and exudative (PSE) muscles, vary between breeds and

strains of pigs (Judge, Cahill, Kunkle & Bruner, 1959; Lawrie & Gatherum, 1962;

Allen, Forrest, Chapman, First, Brag & Briskey, 1966)., Since this phenomenon

is important to the production and processing of pig meat, much effort has been

expended to determine its etiology. It has been the subject of two extensive

reviews (Briskey, 1964; Bendall & Lawrie, 1964) and three international symposia

(Sybesma, van der Wal & Walstra, 1969; Hessel-deHeer, Schmidt, Sybesma & van

der Wal, 1971; Cassens, Giesler & Kolb, 1972). It is well established that

the environmental temperature before and after slaughter, and the amount of

pre-slaughter exercise, influences the rate of postmortem glycolysis (Briskey,

Forrest & Judge, 1966; Forrest, Will, Schmidt, Judge & Briskey, 1968;

Kallweit, 1969; Lendfers, 1969). Also important is the level of anoxia

(Lister, Sair, Will, Schmidt, Cassens, Hoekstra & Briskey, 1970) and nervous

stimulation (Bendall, 1966; McLoughlin & Tarrant, 1969; Lister & Ratcliff,



1971; Sair, Kastenschmidt, Cassens & Briskey, 1972) of the muscle at

slaughter. Adrenal and thyroid activities appear to be related to the

development of the syndrome (Ludvigsen, 1957a; 1960; Topel, Merkel &

Wismer-Pedersen, 1967; Judge, Briskey, Cassens, Forrest & Meyer, 1968; Topel,

1969; Judge & Marpel, 1971; Lister, 1971). These findings do not, however,

indicate a fundamental reason for the differences between strains of pigs, or

why the incidence of the condition appears to be increasing (Ludvigsen, 1957b;

Lister, 1971; Eikelenboom, 1972)„

The observations of Void, Steinhauf & Weniger (1965), Jensen, Craig &

Robison (1967), Topel, Merkel & Wismer-Pedersen (1967), Flock (1968), Judge,

Forrest, Sink & Briskey (1968), Wismer-Pedersen (1968), Steinhauf (1969),

Dildey, Aberle, Forrest & Judge (1970), Charpentier, Monin & Ollivier (1971)

and Unshelfti, Kallweit, Oldigs, SchrOder, Pfeiderer & Schutzbar (1972) suggest

that the incidence of high postmortem glycolytic rates is a consequence of the

development of muscular breeds of pigs to satisfy the increasing consumer demand

for high protein, low fat products. It is expected that the limitations of

the circulatory system to supply nutrients and oxygen to a muscle mass not

essential to an animal's normal functional requirements will necessitate that

less frequently used muscles will obtain energy for contraction from an

intrinsic store of glycogen, and that they will metabolise this anaerobically.

Since muscles having a predominantly anaerobic metabolism develop a more severe

PSE condition than those with a predominantly aerobic metabolism (Beecher,

Cassens, Hoekstra & Briskey, 1965; Beecher, Kastenschmidt, Cassens, Hoekstra

& Briskey, 1968), it is expected that a high proportion of relatively anaerobic

muscles will enhance any tendency to rapid postmortem glycolysis.



Any work to determine the extent to which modern pig breeding is

contributing to poor meat quality will require an understanding of the

morphological differences between highly muscular and less muscular strains

of pigs, and the manner in which these differences arise. There has been no

previous report of a study comparing between two breeds of pigs the relative

growth of individual muscles and muscle groups, and the weights of muscle

groups at identical body weights. It is therefore appropriate to compare

in this way the growth of muscles and other major tissues of the British

Large White pig with a breed in which muscularity and poor meat quality are

well recognised characteristics. This is the main object of Part 2 of this

thesis. The use of the Belgian Pietrain pig for this comparison is justified

in a discussion in paragraph 3.4.2, page 110. Data on bone, fat and visceral

organ growth have also been analysed. Should this study demonstrate a

significant difference between breeds in the relative development of individual

muscles, an attempt to test the above hypothesis using the histochemical methods

of Part 1 would also be appropriate. However, the Pietrains were dissected

at a stage of the work when the techniques for the histochemical demonstration

of fibre types and their profiles were only partly developed and their

relevance not fully appreciated. Some histochemistry was nevertheless

attempted, and the results are included in this part of the thesis.
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3.2 MATERIALS AND METHODS

3.2.1 Source and initial preparation of material

Thirty-six female pigs of the Large White and Pietrain breeds, with

liveweights ranging from 1*3 to 73 kg (2 to 214 days of age) were obtained

from the School of Agriculture, University of Newcastle-upon-Tyne. The

Pietrains were obtained during August and September 1970, from stock

originally imported to Britain from Belgium in 1964. The Large White pigs,

obtained during August and September 1971, were from a herd in which intense

selection for lean meat production had been practised between 1963 and 1969,

based on growth rates, ultrasonic fat depths and feed conversion ratios.

The Large White pigs provided samples for histochemistry and dissection data

used in Part 1 of this thesis. Each breed was chosen to include as nearly

as possible three pigs of each of the following liveweights: 2, 4, 8, 16,

32 and 64 kg. Pigs of 32 and 64 kg liveweight were killed near Newcastle

and brought to Edinburgh as dressed carcasses. Smaller pigs were brought

alive to Edinburgh where they were killed and eviscerated by a simulated

abattoir procedure. The heart, spleen, liver, uterine horns and ovaries,

stomach, small intestine, large intestine and gut content were weighed.

Subtraction of the weight of gut content from liveweight gave an estimation

of empty body weight (EBW). The carcasses were weighed and stored at a

temperature between 0°c and 4°C for up to 5 days before dissection.

Since animals of each breed were obtained in different years, and the

author had no control over their environment, this study compares the growth

of body components relative to each other, rather than their time rate of

growth.
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3.2.2 Dissection procedure

3.2.2.1 Division of the carcass

With the head still attached, soft tissues in the median sagittal plane

were cut with a knife. The head and vertebral column were then bisected with

a handsaw. The right half of the carcass was used for dissection in each

case. Abdominal fat, kidney, adrenal gland, diaphragm, m. rectus abdominis

and m. transversus abdominis were removed and weighed. Weights to three

significant figures were recorded on a cyclostyled worksheet. Appendix 1 is

an example of the records made during the dissection of one half carcass.

The anatomical nomenclature used follows the recommendations of Nomina

Anatomica Veterinaria (1968). The carcass was divided into 8forequarter'

and 8hindquarter* by cutting it transversely at the thoracolumbar junction,

after reflection of the cranial end of m. psoas major and m. psoas minor,

and removal of the diaphragm, m. transversus abdominis and m„ rectus

abdominis. Only m„ longissimus, m. obliquus abdominis and m. iliocostalis

were therefore transected. The diaphragms of the commercially slaughtered

pigs were frequently cut during evisceration, thus precluding a satisfactory

growth study of this muscle. Both quarters were weighed, and the

forequarter was returned to the coldroom.

3.2.2.2 Dissection of the hindquarter

M. obliquus internus abdominis and the caudal portion of m. obliquus

externus abdominis were dissected out. Skin, subcutaneous fat and

m. cutaneus were removed. M. cutaneus was dissected away, and the fat was

stripped from the skin with a butcher's knife. The skin was not removed

from the head or the digits. Muscles were separated from the carcass in the
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order shown in Appendix 1. They were placed on a damp paper towel under

plastic sheeting, identified by a number corresponding to that on the

worksheet. As soon as possible, muscles were cleaned of intermuscular fat,

fascia and tendon, and were weighed,. Intermuscular fat and fascia were

collected in a polythene bag for weighing on completion of the hindquarter

dissection, as was tendon and scrap (blood vessels, nerves and lymph nodes).

Skin, digits and tail were weighed as one entity. It was considered

impractical to dissect the deep spinal muscles as separate entities and

these were therefore grouped under one heading. Whenever it was discovered

that errors were introduced in separating certain muscles, these were grouped

for weighing.

Bones were cleaned and weighed. Measurements were made, width being the

minimum craniocaudal dimension and length as follows

Femur: Apex of trochanter major to distal articular surface

of lateral condyle.

Tibia: Tuberosity to medial malleolus.

Metatarsus IV: Proximal to distal extremity.

3.2.2.3 Dissection of forequarter

Skin, subcutaneous fat and m. cutaneus were removed as for the hind-

quarter. Following dissection of the neck muscles, the half head was

removed and weighed. Portions of the salivary glands remaining on the neck

were included as scrap. Deep cervical and spinal muscles were incorporated

as one group, and thoracic muscles in another. Bone lengths were measured

as follows:-
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Scapula: Caudal angle to tuber supraglenoidale.

Humerus: Apex of tuberculum majus pars cranialis to

distal articular surface of lateral condyle.

Radius and Ulna: Tuber olecrani to distal extremity of radius.

Metacarpus IV: Proximal to distal extremity.

Ribs I and VIII: Direct distance between the head and

costochondral junction.

The muscles of mastication were exposed by removal of the supraorbital

process of the frontal bone, and the zygomatic arch. They were dissected

from the skull. The seven muscles removed from the head, and those

remaining undissected, were not included in the estimation of total side

muscle (TSM).

3.2.3 Analysis of data

The data for each organ, muscle and bone were arranged in order of

increasing body weight. All data obtained are given in this form in

Appendix 2. The parameters of the double logarithmic regression between two

carcass components x and y were estimated by the methods for linear regressions

outlined by Diem & Lentner (1970). The regression coefficient b is the

differential growth ratio of the component y relative to x; where this is

significantly greater, not significantly different, or significantly less

than 1, the 'impetus4 to growth of y is described as 'high4, 'average' or

'low' respectively. The calculations of the values and standard deviations

of b, and the significance of the difference between b and 1, were assisted

by on-line computer facilities. Where appropriate, the significance of the



difference between values of b for two body components was tested at the 5%

level by the test quotient t.

The allometric equations enabled the calculation of the value of log y

and its variance for a given value of log x. The significance of the

difference between two values of log y was compared either by:

(1) comparing the 95% or the 99% confidence limits for the values of

log y; when these limits do not overlap, the values of log y and therefore

y are significantly different, or

(2) calculating the 95% or the 99% confidence limits of the difference

between the two values of log y; when these limits are above or below zero,

the ratio of the values of y is significantly different from 1, i„e. the

values of y are significantly different.

3.2.4 Histology of m. longissimus

The methods used for the histological processing and microscopic

measurements of m. longissimus of the Large White pigs has been described in

Part 1. Samples of the left longissimus muscle in the dorsomedial region

at the thoracolumbar junction (as for the Large White pigs) were removed from

each of the 18 Pietrain pigs, frozen, sectioned and incubated to demonstrate

the activity of myosin ATPase. Two of these samples were subsequently

considered unsuitable for study. Additional histological material, sampled

at an abattoir near Newcastle, was obtained from 4 pigs of mean liveweight

97*2 kg, from the same herd as the other Pietrains. Since this supply was

subsequently discontinued, samples equivalent in number to that obtained from

Large White pigs (the 16 pigs of Series 2) were not examined. Thus samples

from 20 Pietrain and 34 Large White pigs were used for histological study.
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Mean fibre TSA was estimated by counting the fibres in a known area of

the section. At the same time, an estimate of the proportion of myosin

ATPase low fibres was made. The width and depth (but not TSA) of the muscle

at the thoracolumbar junction were measured; these values were used to
»

estimate TSA.
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3.3 RESULTS

3.3.1 Growth of viscera and carcass

Table 9 lists allometric equations comparing the growth of viscera and

carcass with that of empty body weight (EBW). There are significant

differences between Pietrains and Large Whites only in the relative growth

of the intestines and the reproductive system. Intestinal growth is lower,

and the growth of uterus and ovaries is higher in the Pietrain. All the

visceral organs studied, except the uterus and spleen, and the lung which was

weighed for the Large White only, develop at a rate significantly less than

EBW in one or other of the two breeds. In Table^lOa, the allometric

Table 9. Regression equations comparing the growth of viscera and carcass
relative to empty body weight between 18 Pietrain and 18 Large White
female pigs from birth to 64 kg liveweight.

Weight of y = a.(empty body weight)5
PIETRAIN LARGE WHITE

Growth Growth Sig.
Component y ratio sk log a Impetus ratio sh log a Impetus of

b* b* diff.**

Heart 0-824 0-022 -1-586 low - 0-847 0-024 -1-618 low NS

Lung not measured 0-985 0-042 -1-760 average -

Liver 0-877 0-046 -1-124 low 0-856 0-092 -0-955 average NS

Spleen 0-955 0-048 -2-571 average 0-914 0-063 -2-312 average NS

Intestines 0-822 0-035 -0-776 low 1-059 0-069 -1-403 average P < 0-025
Uterus and ovaries 1-331 0-097 -4-464 high 0-950 0-149 -3-011 average P < 0-05

Right kidney 0-839 0-020 -1-966 low 0-844 0-029 -1-959 low NS

Right adrenal gland 0-676 0-076 -3-115 low 0-730 0-037 -3-329 low NS

Half carcass 0-984 0-011 -0-320 average 1-003 0-014 -0-401 average NS

* Regression coefficient b, standard deviation sb.
** Significance of the difference in b between breeds, tested at the 5% level

by the test quotient t; NS = not significant.



Table 10. Analysis of Pietrain and Large White pigs at empty body weights (EBW)
of 2 and 60 kg.

EBW 2 kg EBW 60 kg

Component y- Pietrain Large
White

Rat 10* Sig.J Pietrain Large
White

Ratio* Sig.

.(a) Weight of vjiscera and half carcass y (in grammes) calculated from regressions of the form
y = a.(EBW) , using values of a and b from Table 9.

Heart 13-6 15-1 0-90 NS 224 286 0-84 NS

Liver 39-0 74-3 0-79 NS 1160 1360 0-85 NS

Spleen 3-81 5-07 0-75 NS 98-2 113 0-87 NS

Intestines 136 124 1-10 NS 2740 4540 0-60 NS
Uterus and ovaries 0-851 1-33 0-64 NS 78-7 33- 7 2-34 NS

Right kidney 6-37 6-71 0- 95 NS 110 119 0-92 NS

Right adrenal gland 0-131 0-120 1-09 NS 1-30 1- 44 0-90 NS
Half carcass 847 811 1-04 NS 24100 24600 0-98 NS

(including \ head)

(b) Weight of tissues y ^in grammes) calculated from regressions of the form
y = a.(half carcass) , using weights of half carcass from (a) above, and values
of a and b from Table 11.

Total side muscle 378 313 1-21 P <
Total side bone 136 134 1-01 NS
Total side fat 73-8 99-3 0-74 NS

0-001 12900 11900 1-08 P < 0-05
2240 3130 0-72 P < 0-001
4290 4620 0-93 NS

.. ,. ^ ... weight of y for Pietrain*Ratio of component weights: 5—''—
weight of y for Large White

In Table 10c, ratios not followed by the same letter
are significantly different (P < 0-05).

**Significance of the difference of this ratio from 1, tested
at the 5% level by the test quotient t; NS = not significant.



Table 10 (continued)

EBW 2 kg EBW 60 kg

Component y Pietrain ,L.frfe Ratio* Sig.** Pietrain Ratio* , Sig.*** ' White White

(c) Weight of heart |ind muscle groups y (in grammes) calculated from regressions of the
form y = a.(TSM) , using weights of TSM from (b) above, and values of a and b from
Table 14.

Abdomen 22-9 14-2 1-61 P < 0-001 918 673 1-34 A P < 0-001

Thigh 111 90-4 1-23 P < 0-001 4530 3840 1-18 BC P < 0-001

M. longissimus 27i" 8 24-1 1-15 P < 0-001 1450 1200 1-16 BC P < 0-001

Neck 19-9 14-1 1-41 P < 0-001 509 459 1-11 ABCD NS

Crus 18-2 15-6 1-17 P < 0-001 614 567 1-08 BCD NS
Pectoral girdle 58-3 50-7 1-15 P < 0-001 1690 1580 1-07 BCD NS
Brachium 56-0 42-8 1-31 P < 0-001 1400 1370 r- 02 D NS

Rostrum 2-19 1-65 1-33 P < 0-001 31- 3 31- 3 1 • 00 DE NS

Mandible 7-74 6-76 1-14 P < 0-05 178 181 0 • 98 DE NS

Antebrachium 11-3 9-86 1-15 P < 0-001 238 242 0-98 DE NS

Heart 13-7 15-1 0-91 NS 226 267 0-85 E P < 0-001

(d) Weight of bones y (in grammes) calculated from regressions of the form y *= a. (TSB)
b

>

using weights of TSB from (b) above, and values of a and, b from Table 16 •

Cranial axial 50-0 48-7 1-03 NS 813 1120 0-73 P < 0-001

Scapula 5-78 5-77 1-00 NS 119 167 0-71 P < 0-001

Humerus 10-6 11-3 0-94 NS 187 235 0-80 P < 0-001
Radiua & ulna 8-85 9-06 0-98 NS 134 196 0-68 P < 0-001

Carpus & metacarpus 6-24 7-33 0-85 P < 0-001 84- 3 129 0-65 P < 0-001

Caudal axial 17-8 19-1 0-93 NS 372 525 0-71 P < 0-001
Femur 11-5 11-4 1-01 NS 218 296 0-74 P < 0-001
Patella 0-643 0-604 1-06 NS 13- 5 19- 3 0-70 P < 0-001
Tibia & fibula 9-59 9-48 1-01 NS 152 212 0-72 P < 0-001
Tarsus & metatarsus 12-0 11-7 1-03 NS 151 220 0-69 P < 0-001

Total bones 133 135 2240 3120
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equations have been used to compare between breeds the weights of organs and

carcass of pigs with EBW's of 2 and 60 kg. There are no significant

differences in these weights between breeds.

3.3.2 Growth of major tissues (muscle, bone and fat)

Allometric equations describing the growth of total side muscle (TSM),

total side bone (TSB) and total side fat (TSF), relative to the growth of the

half carcass, are shown in Table 11 and Fig. 39. TSM and TSB maintain a

constant allometric relationship with the carcass over the period of growth

studied. Fat growth is more variable. Growth over the period studied is

greatest for fat, although the growth of this tissue is significantly greater

Table 11. Regression equations comparing the growth of total side fat, total
side muscle and total side bone, relative to half carcass weight,
between 18 Pietrain and 18 Large White female pigs from birth to
64 kg liveweight.

Weight of y = a.(half carcass weight)'3
PIETRAIN LARGE WHITE

Tissue y***
Growth

ratio
b*

log a Impetus
Growth
ratio
b*

log Impetus
Sig.
of

Diff.**

Total side fat 1*214 A
Total side muscle 1*054 B

Total side bone 0*842 C

0*048 -1*686 high
0*010 -0*509 high
0*018 -0*340 low

1*126 A 0*078 -1*279
1*067 A 0*009 -0*609
0*924 B 0*021 -0*561

average NS
high NS
low P < 0*01

*Regression coefficient b, standard deviation Sj, .
Values of b within each breed not followed by the same letter are

significantly (P < 0*05) different between tissues.
**Significance of the difference in b between breeds, tested at the

5% level by the test quotient t; NS = not significant.
***Not including tissues of head and tail.
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Fig. 39. Allometric equations comparing the growth of total side fat (TSF),
total side muscle (TSM) and total side bone (TSB) relative to half carcass

weight, between Pietrain and Large White female pigs.

195% confidence limits for tissue weights in pigs of2 and 60 kg empty body weight.
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than overall carcass growth only for the Pietrain. Muscle growth is

significantly higher, and bone growth significantly lower, than overall

carcass growth for both breeds. The growth of bone relative to the carcass

is significantly greater for the Large White than for the Pietrain. The

growth of muscle and fat is not significantly different between the two

breeds.

The allometric equations in Table 11 enable the comparison of body

composition between the two breeds at the same EBW, by using the values for

half carcass weight shown in Table 10a„ The weights of the three major

tissues in pigs weighing 2 and 60 kg are compared in Table 10b and Fig. 39.

The Pietrain of 2 kg EBW has significantly more muscle than the Large White

pig at the same EBW. Bone and fat weights are not significantly different.

At 60 kg EBW, muscle is still significantly better developed, but the weight

of bone is now significantly lower in the Pietrain. The higher weight of fat

in the Large White of 60 kg EBW is not significant.

Although the growth of fat relative to the carcass is similar for the

two breeds, it is possible that the variable growth of this tissue obscures

the relationship between muscle and bone in the carcass. Therefore the

double logarithmic regressions of TSM and TSB against total side muscle plus

bone (TSM+B) have been studied. In addition, data obtained by McMeekan

(1940b, c) has been used to compare the "typical British commercial Large

White pigs" used in his work with a modern 'improved® strain. The

regressions are shown plotted in Fig. 40. The regression equations are

given in Table 12. The growth of muscle relative to muscle plus bone is not

significantly different between the Pietrains and Large Whites used in the
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Fig. 40. Allometric equations comparing the growth of total side muscle
(TSM) and total side bone (TSB), relative to total side muscle plus bone
(TSM+B), between the Pietrain and Large White pigs of the present study
and the Large White pigs dissected by McMeekan (1940b, c).

o PIETRAIN

loqy = l-048.loq x-O-267
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Table 12. Regression equations comparing the growth of total side muscle and
total side bone relative to total side muscle plus bone between
18 Pietrain and 18 Large White female pigs from birth to 64 kg
liveweight, and between 25 Large White pigs of mixed sexes from
birth to 100 kg liveweight dissected by McMeekan (1940b, c).

Weight of y = a.(Total side muscle plus bone)

y = Total side muscle y = Total side bone

Breed

Growth
ratio
b*

log a Impetus
Growth
rat io
b*

sb log a Impetus

Pietrain 1*048 A

Large White (1971) 1*033 A
Large White (1940) 1*045 A

0*005 -0*267
0*005 -0*239
0*040 -0*296

high 0*836 A 0*015 -0*143 low
high 0*895 B 0*018 -0*244 low
average 0*827 AB 0*034 +0*037 low

*Regression coefficient b, standard deviation s^.
Values of b within each tissue not followed by the same letter
are significantly (P < 0*05) different between breeds.

Table 13. Muscle :bone ratios for Pietrain and Large White pigs
at two values of total side muscle plus bone, calculated
from the allometric equations given in Table 12.

Total side muscle plus bone weight

1 kg 10 kg

Breed
Muscle:

bone ratio
95% limits*

Muscle:
bone ratio

95% limits*

Pietrain 3*24 3*07 - 3*41 5* 2S 4*99 - 5*60

Large White (1971) 2*62 2*48 - 2*77 3*61 3*37 - 3*86

Large White (1940) 2*01 1*69 - 2*59 3*54 3-09 - 4*05

♦Probability of a value outside these limits < 0*05.



present study, and between these and the Large Whites of 1940. The growth

of bone relative to muscle plus bone is significant (P < 0*001) only between

Pietrains and modern Large Whites.

The ratio of TSM to TSB at any value of TSM+B, and its variance, is

estimated from the difference between log TSM and log TSB. Muscle:bone

ratios so calculated, and their 95% confidence limits, are shown in Table 13.

Where the 95% confidence limits do not overlap, the differences between

weights and breeds are significant. During an increase in TSM+B from 1 to

10 kg, there is a significant change in the muscletbone ratios within the

Pietrain and both groups of Large White pigs. The ratio is significantly

higher for the Pietrain breed than for either Large White strain at both

growth stages, but there is no significant difference between the Large Whites

dissected by McMeekan (1940b, c) and those of the present study.

Differences between breeds will be smaller in the component making the

largest contribution to TSM+B. It is not possible to conclude by comparing

tissue growth with TSM+B growth whether either or both a greater development

of muscle, or a lesser development of bone, contribute to the difference in

muscle:bone ratio demonstrated.

3.3.3 Growth of muscle

Table 14 lists allometric equations comparing the growth of the heart,

18 muscle groups and 62 individual muscles with the growth of TSM. Muscles

are grouped according to the articulations over which they act. The topo¬

graphical distribution of individual muscles according to their growth ratios

is indicated diagrammatically for each breed in Figs. 41 and 42.



Table 14. Regression equations comparing the growth of muscles and muscle groups
relative to total side muscle in 18 Pietrain and 18 Large White female
pigs from birth to 64 kg liveweight. Muscles are grouped according to
the articulations over which they act.

Muscle weight = a. (Total side muscle)'3
PIETRAIN LARGE WHITE

Growth Growth Sig.
Muscle ratio sb log a Impetus ratio sb log a Impetus of

b* b* diff.**

HEART 0-794 0-021 -0-909 low 0-789 0-024 -0-790 low NS

ROSTRUM 0-753 0-024 -1-600 low 0-808 0-023 -1-798 low NS

MANDIBLE 0-890 0-018 -1-403 low 0-902 0-024 -1-420 low NS

NECK 0-918 0-026 -1-067 low 0-956 0-028 -1-235 average NS

PECTORAL GIRDLE

Rhomboideus 0-819 0-038 -1-426 low 0-861 0-042 -1-551 low NS

Trapezius 0-946 0-027 -1-738 average 0-948 0-048 -1-789 average NS
Omot ransversarius 0-952 0-090 -2-811 average 0-934 0-042 -2-713 average NS

Brachiocephalicus 0- 947 0-020 -1-774 low 0-930 0-018 -1-685 low NS
Latissimus dorsi 0-927 0-018 -1-413 low 0-912 0-023 -1-341 low NS

Serratus ventralis 1-015 0-022 -1-467 average 0-979 0-013 -1-366 average NS
Mm. Pectorales 0-955 0-014 -1-176 low 0-974 0-016 -1-190 average NS

Total pectoral girdle 0-953 0-009 -0-690 low 0- 945 0-023 -0-653 low NS

BRACHIUM

Shoulder

Supraspinatus 0-885 0-024 -1-244 low 0-952 0-018 -1-456 low P <' 0-05

Infraspinatus 0-968 0-021 -1-601 average 1-000 0-017 -1-731 average NS

Subscapularis 0-909 0-031 -1-877 low 0-958 0-015 -1-981 low NS

Teres major 0- 982 0-027 -2-120 average 0-888 0-012 -1-835 low P < 0-01
Teres minor 0-949 0-040 -2-494 average 0-996 0-045 -2-713 average NS

Deltoideus 0-934 0-035 -2-172 average 0-927 0-021 -2-132 low NS

Coracobrachialis 0-890 0-030 -2-603 low 0-933 0-026 -2-730 low NS

Articularis humeri 0-971 0-040 -2-900 average 0-960 0-057 -2-973 average NS

Total shoulder 0-928 0-012 -0-946 low 0-984 0-019 -1-144 average P < 0-05

*Regression coefficient b, standard deviation sb .

**Significance of the difference in b between breeds, tested at the 5% level
by the test quotient t; NS = not significant.



Table 14 (continued)

PIETRAIN LARGE WHITE

Growth Growth Sig.
Muscle ratio Sb log a Impetus ratio Sb log a Impetus of

b* b* diff.**

Shoulder & elbow
Tensor fasciae antebrachii 0-905 0-061 -2-310 average 0-902 0-027 -2-216 low NS

Triceps brachii (long head) 0-920 0-010 -1-195 low 0-£45 0-012 -1-310 low NS

Biceps brachii 0-917 0-020 -2-102 low 0-929 0-013 -2-125 low N3

Total shoulder & elbow 0-917 0-009 -1-111 low 0-940 0-010 -1-206 low NS

Elbow

Brachialis 0-885 0-016 -1-807 low 0-880 0-012 -1-787 low NS

Triceps brachii (lateral head) 0-850 0-018 -1-569 low 0-881 0-015 -1-639 low NS

Triceps brachii (medial head) 0-869 0-034 -1-944 low 0-957 0-029 -2-204 average NS

Anconeus 0-759 0-058 -2-068 low 0-849 0-042 -2-234 low NS

Total elbow 0-855 0-014 -1-202 low 0-893 0-013 -1-299 low NS

Total brachium 0-913 0-008 -0-605 1 ow 0-953 0-009 -0-746 low P < 0-005

ANTEBRACHIUM

Extensor carpi radialis 0-862 0-013 -1•722 low 0-903 0-017 -1-849 low NS

Ulnaris lateralis 0-802 0-031 -2-482 low 0-800 0-047 -2-355 low NS

Extensor carpi obliquus 0-825 0-020 -2-646 low 0-796 0-061 -2-575 low NS

Extensor digitorum communis 0-870 0-033 -2-181 low 0-882 0-029 -2-205 low NS

Extensor digitorum lateralis 0-792 0-020 -2-098 low 0-833 0-062 -2-190 low NS

Flexor carpi radialis 0-833 0-015 - 2- 355 low 0-922 0-028 -2-631 low P < 0-01

Flexor carpi ulnaris 0-761 0-024 -2-456 low 0-898 0-038 -2-838 low P < 0-01

Flexor digitorum superficialis 0-891 0-018 -1-659 low 0-869 0-075 -1-581 average NS

& profundus

Total antebrachium 0-862 0-011 -1-166 low 0-879 0-019 -1-199 low NS

MANUS

Mm. interossei etc. 0-749 0-081 -2-240 low 1-194 0-190 -3-722 average P < 0-05

CUTANEUS 1-104 0-040 -1-948 high 1-119 0-046 -1-898 high NS

DORSUM

Longissimus thoracis 1-098 0-017 -1-581 high 1-049 0-016 -1-426 high NS

Longissimus lumborum 1-160 0-028 -1-991 high 1-116 0-018 -1-847 high NS

Total longissimus 1-120 0-016 -1-442 high 1-075 0-013 -1-299 high P < 0-05



Tabic- 14 (continued)

PIETRAIN LARGE WHITE

Growth Growth Sig.
Muscle rat io sb log a Impet us ratio sb log a Impetus of

b* b* diff.**

ABDOMEN

Obliquus abdominis externus 1-Odd 0-026 -1-761 average 0- 997 0-033 -2-046 average NS
Rectus abdominus 1-049 0-021 -1•917 high 1-021 0-028 -1-843 average NS

Obliquus abdominis internus 1-043 0-017 -2-104 high 1-224 0-062 -2-767 high P < 0-01

Transversus abdominis 1-069 - 0-027 -2-056 high 1-013 0-034 -J -852 average NS

Total abdomen 1-045 0-01 7 -1-333 high 1-060 0-020 -1-493 high NS

THIGH

Hip
11io-psoas 1-073 0-031 -1-915 high 0-980 0-015 -1-573 average P < 0-05

Tensor fasciae latae 1-059 0-014 -2-223 high 1-005 0-023 -2-094 average P < 0-05
Gluteus superficialis 1-121 0-062 -2-215 average 1-113 0-028 -2-193 high NS
Gluteus medius 0-997 0-028 -1-692 average 1-053 0-028 -1-968 average NS
Gluteus accessorius 1-045 0-026 -2-230 average 1-021 0-027 -2-164 average NS
Gluteus profundus 1-048 0-030 -2-548 average 1-062 0-062 -2-558 average NS
Gracilis 1-026 0-013 -2-023 average 1-013 0-013 -2-014 average NS
Sartorius 0-977 0-059 -2-816 average 0-946 0-047 -2-734 average NS
Adduc tor 1-095 0-096 -2-059 average 1-043 0-043 -1-962 average NS
Pectineus 1-018 0-019 -2-425 average 1-003 0-016 -2-379 average NS

Quadratus femoris 0-929 0-043 -2-674 average 1-026 0-047 -3-094 average NS
Obturator 1-128 0-061 -2-763 average 1-046 0-025 -2-381 average NS
Total hip 1-041 0-010 -1-153 high 1-035 0-007 -1-142 high NS

Hip and stifle
Biceps femoris 1-067 0-015 -1-380 high 1-057 0-014 -1-365 high NS
Semit endinosus 1-078 0-017 -1-943 high 1-036 0-019 -1-818 average NS
Semimembranosus 1-073 0-029 -1-534 high 1-043 0-015 -1-470 high NS
Rectus femoris 1-021 0-012 -1-738 average 0-987 0-013 -1-621 average NS
Total hip and stifle 1-060 0-015 -0-932 high 1-035 0-008 -0-871 high NS

Stifle
Mm. vasti 1-045 0-014 -1-602 high 1-011 0-014 -1-504 average NS

Popliteus 0-962 0-018 -2-454 low 0-890 0-025 -2-176 low P < 0-05
Total stifle 1-039 0-014 -1-550 high 1-000 0-013 -1-433 average NS

Total thigh 1-051 0-008 -0-664 high 1-030 0-006 -0-614 high P .9= 0-05



Table 14 (continued)

PIETRAIN LARGE WHITE

Muscle
Growth Growth
ratio log a Impetus ratio
b* b*

log a Impetus
Sig.
of

diff .**

CRUS

Tibialis cranialis 0*921 0*022
Fibularis tertius & 1*047 0*085
extensor digitorum longus

Extensor digitorum lateralis 0'
Soleus and gastrocnemius 1*
Fibularis longus 0'
Flexor digitorum superficialis 0'
Flexor digitorum profundus 1'
Extensor digiti I longus 0'
Total crus

-2-448 low 0*925

-2?605 average 0*984

983
019
942
966

010
848

0*021
0*018

0*034
0*035
0*025
0*045

709 average
706 average
542 average
223 average
114 average
129 low

961
020
877
959
060
821

0*997 0*015 -1*310 average 0*987

0*018 -2*467 low NS
0*012 -2*348 average NS

0*022 -2*589 average NS
0*019 -1*706 average NS
0*076 -2*277 average NS
0*020 -2*246 average NS
0*070 -2*299 average NS
0*051 -3*034 low NS

0*011 -1*269 average NS

PES

Extensor digitorum brevis
Mm. interossei etc.

0*807 0*024 -2*302 low 0*858 0*034 -2*444 low P < 0*05
1*009 0*056 -3*223 average 0*773 0*055 -2*250 low P < 0*01

Muscles with the highest growth ratios are found in the femoral, lumbar and

abdominal regions. Muscles with lower growth ratios occur in the distal

hindlimb, and in the pectoral, brachial and neck regions. Muscles with the

lowest growth ratios are found in the head and distal forelimb. The growth

ratios obtained from regressions of muscles grouped according to their

skeletal attachments form a similar pattern (Figs. 43 and 44).

Significant differences occur between the two breeds in the growth ratios

of only 10 individual muscles (Table 14). However, the extremes of relative

growth shown diagrammatically for the Pietrain in Figs. 41 and 43 are not as

wide as shown for the Large White in Figs. 42 and 44. When 10 major muscle
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Fig. 41. Growth changes in muscle distribution of the female Pietrain pig
between birth and 64 kg liveweight. Individual muscles are allocated to
four groups according to their growth ratio b (Table 14), and their
topographical locations are outlined.
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Fig. 42. Growth changes in the muscle distribution of the female Large
White pig between birth and 64 kg liveweight. Individual muscles are
allocated to four groups according to their growth ratio b (Table 14),
and their topographical locations are outlined.
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43

44

Figs. 43, 44. Growth of muscles, allocated to 10 groups according to their
skeletal attachments, relative to the growth of total side muscle (Table 14)
for Pietrain (Fig. 43) and Large White (Fig. 44) female pigs from birth to
64 kg liveweight. Muscle groups with a growth ratio significantly higher
between breeds are indicated by shading.



groups are compared (Figs. 43, 44 and 45), growth ratios of the femoral muscli

and m. longissimus are significantly higher for the Pietrain, and the growth

ratio of muscles in the brachial region is significantly higher for the Large

White.

In order to determine how these patterns of growth affect the muscle

development of the whole animal, the weight of 10 muscle groups are compared

between the two breeds in Table 10c and Fig. 45 at EBWs of 2 and 60 kg. At

birth, the weights of all the muscle groups are significantly higher for the

Pietrain. There is no topographical pattern in the ratios of these weights,

and therefore there is no suggestion that the higher TSM weight of the

Pietrain at birth (Table 10b) is due to relatively high muscle weights in any

particular region. In pigs of 60 kg EBW however, only abdominal and femoral

muscles and m. longissimus are significantly heavier for the Pietrain. The

ratios of the weights of different muscle groups show a significantly

declining growth gradient similar to that established for growth ratios of

these different muscles of each breed. The significantly higher TSM weight

in the 60 kg EBW Pietrain is due to heavier high impetus muscles, rather than

a higher overall muscle weight.

When the weight of cardiac muscle is calculated using a regression on

TSM (Table 10c) rather than EBW (Table 10a), similar values are obtained.

Because the variance of these values is less than for the regression on EBW,

the difference in heart weights between the two breeds at 60 kg EBW is now

significant. At both EBWs., the weight of cardiac muscle as a percentage of

total muscle is significantly higher for the Large White pig (Table 15).
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Table 15. Comparison of weight ratios of body components between Pietrain
and Large White female pigs of 2 and 60 kg empty body weight.

Empty body weight

2 kg 60 kg

Weight ratio Pietrain Large significance* Pietrain Large significance*
White White

Heart x 100
2 x TSM

1-81 2-41 P < 0-001 0000o 1-12 P < 0-001

TSM

TSB
2-78 2-34 P < 0-001 5-76 3-80 P < 0-001

Femoral muscles
Femur

9-65 7-93 P < 0-001 20-78 12-97 P < 0-001

Brachial muscles
Humerus

5-28 3-79 P < 0-001 7-49 5-83 P < 0-001

*Significance of the difference between breeds tested at the 5% level
by the test quotient t.

The development of a higher proportion of skeletal muscle in the Pietrain has

not been accompanied by a comparable development of circulatory capacity.

3.3.4 Growth of bone

The relative growth of the individual bones and bone groups that were

dissected are compared between the two breeds, and between different body

regions, in Table 16. No growth ratios are significantly different between

breeds. Within each breed there is, however, a consistent pattern of growth.

Growth in the axial skeleton is greater in the caudal than in the cranial

region. The difference is significant (P < 0-005) only for the Pietrain.



Table 16. Regression equations comparing the growth of bones relative to total
side bone in 18 Pietrain and 18 Large White female pigs from birth
to 64 kg liveweight.

Weight of y = a.(total side bone)

PIETRAIN LARGE WHITE

Growth Growth Sig.
Bone y. ratio

b*
sb log a Impetus ratio

b*
sb log a Impetus of

diff.**

Cranial axial skeleton

(excluding skull) 0-988 BC 0-017 -0-410 average 0-994 B 0-020 -0-426 average NS

Scapula 1-072 A 0-018 -1-517 high 1-068 A 0-023 -1-511 high NS

Humerus 1-017 B 0-013 -1-137 average 0-961 BC 0-037 -0-989 average NS
Radius & ulna 0-963 CD 0-014 -1-100 low 0-975 B 0-016 -1-117 average NS

Carpus & metacarpus 0-923 D 0-021 -1-167 low 0-911 C 0-017 -1-073 low NS

Caudal axial skeleton

(excluding caudal
vertebrae) 1-078 A 0-020 -1-041 high 1-049 A 0-039 -0-947 average NS

Femur 1-043 A 0-017 -1-156 high 1-032 AB 0-020 -1-137 average NS
Pa t e 11 a 1-080 AB 0-052 -2-488 average 1-099 A 0-040 -2-557 high NS
Tibia & fibula 0-980 B 0-019 -1-101 average 0-986 BC 0-020 -1-120 average NS

Tarsus & metatarsus 0-897 C 0-021 -0-828 low 0-930 C 0-021 -0-909 low NS

*Regression coefficient b, with standard deviation s^.
Values of b within each limb of each breed not followed by the same
letter are significantly (P < 0"05) different.

**Significance of the difference in b between breeds, tested at the
5% level by the test quotient t; NS = not significant.

In the forelimb from the scapula distally, and in the hindlimb from the femur

distally, there is a gradient of significantly declining growth. However,

the scapula has a higher growth ratio than the cranial axial skeleton, and the

femur and patella are not significantly different in growth from the caudal

axial skeleton. These results are shown graphically in Fig. 46. In the pig,

the growth gradients for bone parallel those demonstrated for muscle.

The weights of individual bones in pigs of 2 and 60 kg EBW are shown in

Table lOd. Summation of the calculated weights of bones for each breed at
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both EBW weights gives a value of TSB very close to the value used in each of

the regression equations (Table 10b). This is evidence that the allometric

equations adequately describe bone growth in the animals studied. At 2 kg

EBW, bone weights are significantly different between the two breeds only for

the carpus and metacarpus. At 60 kg EBW, the bones are all significantly

heavier in the Large White. The ratios of these weights show no definite

pattern of topographical variation. In particular, for the pigs of 60 kg the

ratios for the bones in the caudal axial and femoral regions are not

significantly higher than the ratios for bones in other regions. The genetic

effect enhancing the growth of high impetus muscles in the Pietrain does not

influence the growth of high impetus bones. Thus although the muscle:bone

ratio is higher for the Pietrain at both EBWs in the entire half carcass and

in both the femoral and brachial regions (Table 15), the greatest difference

in this ratio is seen in the femoral region of the 60 kg EBW pigs.
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Fig. 46. Growth gradients in the skeleton (excluding skull, caudal vertebrae
and digits) of Pietrain and Large White female pigs between birth and 64 kg
liveweight.
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3.3.5 Growth of m. longissimus

3.3.5.1 The relation between longissimus TSA and weight of total muscle

Allometric regressions of weights of TSM and longissimus on width x depth

of longissimus have been calculated for both breeds. All these regressions

have high residual variances; there are no significant differences in growth

ratios between the two breeds. The weights of TSM and longissimus, and their

variance, have been calculated for a value of longissimus width x depth at the

2
top of the range studied (50 cm ). These weights, and their 95% confidence

limits, are compared in Table 17. The estimate of both longissimus weight

and TSM weight is lower for the Pietrain. Although the differences are not

significant, the finding suggests that a measurement of TSA of longissimus

will overestimate the total muscle weight of the Pietrain unless the existence

of a special relationship between total muscle weight and longissimus TSA for

this breed is appreciated. The use of longissimus TSA to compare directly

the proportion of muscle in different breeds of pigs (Allen, Forrest, Chapman,

First, Brag & Briskey, 1966; Topel, Merkel & Wismer-Pederson, 1967; Bichard,

1968) is therefore questionable.

Table 17. Weights of longissimus and TSM compared between Large White
and Piet^ain pigs with a width x depth value for m. longissimus
of 50 cm .

Muscle weight (g)

PIETRAIN LARGE WHITE

Mean 95% limits Mean 95% limits

M. longissimus
TSM

1720
15000

1470 - 2010
13200 - 17000

1840
17600

1460 - 2310
14300 - 21800



3.3.5.2 The relation between carcass xveight and TSA of m. longissimus

Measurements of width x depth of m. longissimus are shown in a double

logarithmic plot against carcass weight in Fig. 47. The growth ratios are

not significantly different between the two breeds. However, since the 95%

confidence limits do not overlap, the values of width x depth are higher for

the Pietrain at any given carcass weight over the whole growth range.

3.3.5.3 The relation between fibre TSA and total TSA of m. longissimus

Double logarithmic regressions of mean fibre TSA on width x depth are

plotted in Fig. 48. When one Large White pig of 2 days of age is eliminated,

the regression lines for each breed are not significantly different. The

regression coefficient for the Large White is significantly different from 1;

this suggestion that mean fibre TSA is not directly proportional to width x

depth apparently contradicts the previous findings (paragraph 2.3.2.2;

Fig. 16) where the TSA of longissimus was used in a similar regression for

the same Large White pigs. However, when the growth of TSA and width x

depth for the Large White longissimus are compared, it is found that the TSA

is proportional to the 0-898 (SD = 0-024) power of width x depth rather than

being in direct proportion. This indicates that a change in the shape of

the transverse section of the muscle occurs with growth, from an angular form

to a more rounded elliptical form.

Accepting the earlier results for the Large White, since the lines for

the double logarithmic regression of mean fibre TSA on width x depth for both

breeds are nearly parallel (Fig. 48), the number of fibres in m. longissimus

of the Pietrain is also constant during the period of postnatal growth

studied. The intercept of the regression lines is the same; therefore the
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number of fibres at any given width x depth value is the same for both

breeds, and the greater width x depth of m. longissimus of the Pietrain at

the same carcass weight (Fig. 47) is due to hypertrophy of a similar number

of component fibres. This conclusion depends, however, on the assumption

that there is no difference between breeds in the extent to which the muscle

contracts when the samples are excised.

3.3.5.4 Growth changes in the proportion of myosin ATPase low fibres in
m. longissimus of Pietrain and Large White pigs

With increasing liveweight, there is an increase in the proportion of

myosin ATPase low fibres in m. longissimus of both breeds (Fig. 49). There

is a large variation between samples, and no suggestion of a difference

between breeds.
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Fig. 49. Growth changes in the proportions of histochemical fibre types
of m. longissimus of Pietrain and Large White pigs, as determined by the
myosin ATPase reaction.



3.4 DISCUSSION

3.4.1 Factors affecting the proportions of muscle, bone and fat in meat
producing animals

The proportions of muscle, bone and fat in the carcass would be expected

to bear some relation to the function of these tissues in the living animal.

The tissues that support the body (including muscle and bone), the muscle

that provides an accelerating force, and the bone that applies this force at

useful locations, must adapt during growth if their effect on the body is to

be constant. It is expected that either the mass or the mechanical properties

of these tissues will be related in some way to body size. Other functions

of bone, muscle and fat are not, however, linked to the size of the animal.

For instance, muscle, bone and fat are all reservoirs of metabolites necessary

to maintain nutritional balance; muscle for protein metabolism, bone for

calcium metabolism, and fat for energy metabolism. The metabolic state of

the animal could therefore override the effect of body size on tissue

proportions. This is especially likely in the case of the mechanically inert

tissue fat.

The relevance of tissue proportions to meat production has encouraged

studies that examine the above proposals. Tulloh (1964) reanalyses

allometrically the growth data obtained by several workers. The within

species variation in muscle and bone weights, but not fat weights, of cattle,

sheep and pigs is explained almost entirely by the effect of body size.

However, the growth of muscle relative to body weight in sheep subject to

nutritional extremes is shown by Boccard & Dumont (1970) to be lower when the

rate of body growth is higher. In a similar experiment, Boccard, Le Guelte



& Arnoux (1964) show that this trend is reversed for fat growth. By

reanalysing the data from the dissection studies of McMeekan (1940a, b, c)

on Large White pigs and Palsson & Verges (1952) on cross-bred lambs,

Elsley, McDonald & Fowler (1964) conclude that nutritional extremes have

little effect on the weight of muscle or bone at the same total muscle plus

bone weight. It is apparent that within a species, muscle and bone bear

a definite relation to body size, but nutritional extremes that produce

variable fat deposition can alter this relationship.

The predictable effect of body size on the proportions of muscle and

bone in animals with similar genotype and nutritional status cannot be

extended to animals of different species, or even of different breeds. The

allometric equations derived by Tulloh (1964) enable the calculation of

hypothetical muscle and bone weights for sheep and pigs of 2 and 60 kg EBW,

and cattle of 60 and 800 kg EBW (Table 18). At all weights in the three

species, there is comparatively little variation in muscle weight as a

percentage of EBW. However, the proportion of bone is similar among sheep

and pigs of 2 kg and cattle of 60 kg, and is also similar (but much lower

than for neonates) among sheep and pigs of 60 kg and cattle of 800 kg. Thus

there is a similarity in muscle :bone ratios in the neonates of the three

species, and in the adults; this suggests that between species, maturity has

a greater effect on the muscle:bone ratio than body size. Genotype is

therefore an important source of variation in this parameter.

Since there are large differences in muscle :bone ratios between species

at the same body weight, it is likely that there are smaller, though

significant differences in the muscle:bone ratio between breeds.
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Table 18. Proportions- of muscle and bone in cattle, sheep and pigs at
two stages of growth, calculated from the allometric equations
of Tulloh (1964) relating tissue weight to empty body weight.

Empty body
-^■^^vyeight

2 kg 60 kg 800 kg

Weight
ratio

Sheep Pig Ox Sheep Pig Ox

Muscle weight ,_.

EBW 100 28-9 34*5 45-5 30-0 33-5 38 • 2

Bone weight nn

HEW" X 100 16-2 18-4 18-7 6-3 9-4 8-4

Musclerbone ratio 1-78 1-87 2-44 4-76 3-54 4-57

Berg & Butterfield (1966) compare the muscle :bone ratios of Hereford, Brahman

cross, Angus and unimproved North-central Australian Shorthorn steers after

adjusting tissue and carcass weights to a common level by covariance analysis.

They demonstrate significant differences in the muscle:bone ratios and in the

growth of muscle relative to muscle plus bone. Dumont & Boccard (1967) find

musclerbone ratios of 4*2, 4*2, 4-7 and 5-8 in bulls of 200 kg muscle weight

of the Fresian, Normandy, Charolais and Limousin breeds respectively.

Mukhoty & Berg (1971) study Hereford, Jersey and Holstein cattle, and six

types of crosses that involve the Hereford, Charolais, Angus, Galloway,

Shorthorn and Brown Swiss breeds. The growth of muscle and bone, relative

to the growth of total muscle plus bone, is similar for all the breeds, but

when the weights of tissues are compared at the same weight of muscle plus



bone, there are significant differences between breeds. In particular, for

the purebred bulls the muscle :bone ratio is highest for the Jersey (5*55),

intermediate for the Hereford (5*46) and lowest for the Holstein (4*12), and

for the purebred steers the ratio is higher for the Hereford (4*99) than for

the Holstein (4*01). Richmond and Berg (1971a) compare the muscle:bone ratios

of Yorkshire pigs with Duroc x Yorkshire and Hampshire x Yorkshire crosses at

68, 91 and 114 kg liveweights. Possibly because these breeds do not

represent extremes of pig development, differences are not significant

between breeds. Dumont, Schmitt & Roy (1969) compare the proportions of

muscle and bone of 5 Pietrain and 5 Large White pigs with mean half-carcass

weights of 32*2 and 35*2 respectively. Mean weights are higher for TSM in

the Pietrain, and for TSB in the Large White. The present study confirms

this result (Table 10b).

Within and between species, therefore, genotype influences the proportion

of muscle and bone. Breed differences could represent either adaptions to

differing functional demands on the tissues, differences in the relationship

between the weight of a tissue and its functional capacity, or, for bone in

particular, differences in the degree of maturity at the same body weight.

The relationship between bone weight and body weight depends on whether animals

are compared between mature members of different species, or between

individuals of the same species during growth. Between adult examples of

various species, bone weight is proportional to the 1*13 power of body weight

(Kayer & Heusner, 1964), and during growth of sheep, cattle and pigs to the

0*72, 0*70 and 0*80 power of body weight respectively (Tulloh, 1964). The

process of maturation of bone is not merely a mechanical adaption.to an

increase in body size. Since the pigs of the present study have, with



maturity, a higher proportion of muscle and a lower proportion of bone, the

Pietrain is, in this respect at least, more mature at a given body weight.

The apparent failure to change the muscle :bone ratio of the Large White pig

during more than 30 years of genetic improvement indicates that current

selection practices are having little effect on this parameter. Should it

be considered desirable, however, there is phenotypic variation in the tissue

proportions of modern breeds of meat producing animals that invites

exploitation.

3.4.2 The effect of body size on the distribution of muscle and bone

D'Arcy Thompson (1917, 1942) shows that evolutionary changes in form can

be expressed as transformations of a coordinate system. Huxley (1932) applies

this concept to growth, using allometry to describe these transformations as

gradients of growth along body axes, to demonstrate, for example, that the

postnatal growth of the bones in the forelimbs of the sheep, relative to the

growth of the vertebrae, increases proximally. Most investigators have,

however, studied the regional growth of bone and muscle of animals by the use

of arithmetic, rather than logarithmic, ratios.

McMeekan (1940a) compares the bone weights, relative to the weight of

each bone at birth, of entire and castrated male pigs from birth (1*3 kg)

to 100 kg empty body weight. The ratio increases caudally in the axial

skeleton, and proximally in both the fore- and hindlimbs. Individual muscles

were not dissected, but the growth gradient of the muscle tissue from 'joints4

of the carcass corresponds to that of the bones of the corresponding regions.

McMeekan (1943) and Palsson (1955) use this general pattern to describe the
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regional development of meat animals. Other studies indicate, however, that

growth changes in the distribution of muscle and bone in the pig and other

meat animals are more complex.

Cuthbertson & Pomeroy (1962) study bone growth in female and castrated

male pigs of carcass weights of 50, 68 and 92 kg. Between 50 and 68 kg carcass

weight, the percentage increase in the weight of parts of the axial skeleton

is greater caudally, but this pattern is reversed between 68 and 92 kg carcass

weight. The pattern of bone growth in the limbs of these pigs between 50 and

68 kg carcass weight is similar to that found by McMeekan (1940a), but during

subsequent growth no clear gradient is demonstrated. Wallace (1948), using

female and castrated male lambs, shows that although the growth of bone and

muscle tissues contained in 'joints8 of the carcass increases caudally in

lambs from birth (6 kg) to 28 kg liveweight, there is no definite gradient

during subsequent growth stages up to 61 kg liveweight. Palsson & Verges

(1952) dissected the individual bones of female and castrated male sheep of

26 and 81 kg liveweight, and compared the weights of bones expressed as a

ratio of the weight of the total weight of metacarpals and metatarsals with

the value of this ratio at birth (4'1 kg liveweight). Although there is an

overall pattern of growth similar to that found by McMeekan (1940a) for the

pig, growth of forelimb bones as a whole exceeds that of hindlimb bones, and

the growth of the ribs exceeds that of all other bones measured. In female,

male and castrated male Merino and Dorset Horn crossbred lambs between 13*5

and 35*5 kg liveweight, Seebeck (1968) finds that as total muscle weight

increases, the proportion of the total muscle in 8joints8 described as 'neck8

and 8loin and flank8 increases, while that in the "thorax8 and 'leg8 decreases



and that in the 'shoulder® does not change. There is a decrease in the bone

of the 'leg® relative to total bone, but no other significant changes in bone

distribution are observed during this stage of growth. Luitingh (1962)

studies the growth of undissected 'joints® of steer carcasses. The 'loin® is

the fastest growing 'joint® in steers reared from 8 months of age, but during

the 'fattening® of cattle from both 20 and 32 months of age, the growth of

'neck® and 'thorax® is greater than that of other regions. No growth gradients

are evident in these cattle. Butterfield & Berg (1966b) analyse allometrically

the data obtained from the dissection of individual muscles from 92 calves and

steers. Muscles grouped proximally in the hindlimb have a higher growth

ratio than distal muscles, in calves up to 84 days of age. However, for

these animals there is no pattern of muscle growth apparent either during

subsequent development of the limbs or during any stage of the development of

the trunk.

It is apparent from these previous observations that the distribution of

muscle and bone is affected by body size alone only in the early stage of

postnatal growth. The animals selected for these studies represent different

growth ranges, and in most instances, more than one sex. The data obtained

do not indicate what influences other than body size affect muscle and bone

distribution.

The present study confirms allometrically that postnatal growth of bone

and muscle in the female pig from birth to 64 kg liveweight is satisfactorily

described in terms of increasing craniocaudal and ventrodorsal gradients.

The change in shape is simulated by the Cartesian transformation of Fig. 50.

For this to receive an explanation in terms of the hypothesis introducing
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a

Fig. 50. Cartesian transformation of body shape in the pig. The outlines
are scaled to the same body length. Fig. 50a is adapted from a drawing by
Marrable (1971) of a male pig fetus of about 109 days gestational age.
Fig. 50b is adapted from a photograph published by Dehaye (1962) of a Pietrain
pig described as a "well developed young sow".



Part 2 of this thesis (paragraph 3.1.1), the ability of a muscle to assist

propulsive acceleration of an animal should generally correspond to its

growth impetus. It is also expected that the growth of the bones that these

muscles act on is related to muscle growth. The present findings support

this hypothesis. M. longissimus extends the vertebral column and the

extensors of the hip provide a propulsive thrust to the hindlimb; the high

growth impetus of these muscles would enhance the propulsive acceleration of

the larger animal. The muscles of the crus and antebrachium, which are

unlikely to play such a role, have a low growth impetus. However, the

contribution of such muscles as m. serratus ventralis and the muscles of the

abdomen to propulsive effort is not as obvious. Functional and histochemical

investigations are necessary to determine precisely to what extent the

harmonic growth patterns of the pig are related to the functional demands of

an increase in body size.

3.4.3 The effect of breed on the distribution of muscle

The carcass dissections made by Butterfield (1964b) suggest that the cattle

commonly used for beef production in Australia do not differ significantly in

the distribution of their muscle tissue. Berg & Mukhoty (1970) obtained

similar results using the dairy and beef purebred and crossbred cattle common

in Alberta-. Richmond & Berg (1971b) find significant differences only in

muscles of the spinal group when the weights of muscle groups are compared

between Yorkshire, Duroc x Yorkshire and Hampshire x Yorkshire pigs. These

breeds of cattle and pigs do not, however, include the most extreme types of

animal available for study today, and therefore do not adequately answer the



question of whether breeders are able to alter the muscle distribution of meat

producing animals.

There is little evidence available to suggest that breeds of meat animals

do vary in their muscle distribution. Seebeck (1968) demonstrates that

Merino lambs have 15*7% more muscle in the neck region and 6*2% less muscle

in the thoracic region than Dorset Horn crossbred lambs. Breed differences

in the other 'joints' dissected in this study are not significant.

The data obtained by total muscle dissection of 5 Pietrain and 5 Large

White carcasses by Dumont, Schmitt & Roy (1969) were not analysed statistically.

However the weights of individual muscles and muscle groups, expressed as a

ratio of TSM, suggest a greater development of the Pietrain in the lumbar and

hindlimb regions, and of the Large White in the neck, shoulders and forelimb.

This observation has been confirmed by the present study. Although limited

evidence suggests that even the condition of 'muscular hypertrophy' of cattle

occurs by the increased development of muscles in all regions of the carcass

(Butterfield, 1966; MacKellar, 1968), the possibility of improving the muscle

distribution of meat animals by genetic means is worthy of further

investigation.

The present study indicates that the Pietrain has a more pronounced

gradient of muscle growth than the Large White at the same body weight

(Table 10c). This effect is sufficient to cause the greater muscle

development of the Pietrain. As already shown for tissue proportions,

therefore, the Pietrain is more 'mature' at lower body weights than the

Large White.



3.4.4 Other factors affecting muscle distribution

Huxley (1932) provides many examples of striking allometric relationships

between organs apparently totally unconcerned with support or locomotion, and

body size. Thus the growth rate of the antlers of deer, the heads of neuter

ants and the secondary sexual appendages of male beetles and mites, as a ratio

of the growth of the whole body, is constant and greater than 1. The sex

dependency of the growth of these organs suggests an analogous growth of sex

dependent muscles such as the muscles of the head and neck of the male

guinea-pig (Kochakian, Tillotson & Austin, 1957), the m. levator ani of the

male rat (Wainman & Shipounoff, 1941) and the cervical muscles of the bull

(Berg & Mukhoty, 1970). The demonstration of a receptor site for steroids

in an androgen dependent muscle (Jung & Baulieu, 1972) supports the concept

that these muscles become well-developed due to the primary growth stimulus

of anabolic hormones rather than to the secondary effect of exercise

hypertrophy due to sexual activity.

Butterfield & Berg (1966c) demonstrate that in calves, the plane of

nutrition has no effect on the growth of high impetus muscles relative to total

body weight. Extremes of energy levels in the rations fed to pigs from

23 kg liveweight had no significant effect on muscle distribution at 68, 91

or 114 kg liveweight (Richmond & Berg, 1971b). Skjervold, Standal & Bruflot

(1963) exercised the hindlimb muscles of growing pigs by compelling them to

feed twice daily with all their weight on their hind limbs. This treatment

had no discernible effect on carcass weight or the weights of 7 hip muscles.

If the extremes of nutrition and exercise likely to be encountered by meat

producing animals do not influence the distribution of muscle, only two
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mechanisms controlling differential growth of muscle within a breed need be

recognised:

(1) the effect of body size, suggested here as. the adaptive ability of

an animal to develop preferentially certain muscles best suited to accelerate

a growing body mass, and

(2) the growth stimulatory effect of anabolic hormones to develop

muscles as secondary sex characteristics. This effect is presumably small

in the immediate postnatal period, but with increasing age would become

dominant as the growth rate declines and the animal becomes sexually mature.

The effect of anabolic steroids should therefore be considered when the

allometric growth of individual muscles or muscle groups is found to be

inconstant. Butterfield & Berg (1966a) provide growth ratios, but not complete

allometric equations, for individual bovine muscles, based on total muscle

dissections of 92 steers of a variety of breeds and crosses. Only for 21

steers aged up to 84 days, the breed of which is not stated, is the pattern of

muscle growth comparable with that of the present study; during subsequent

growth many muscles do not maintain a constant allometric relationship with

total muscle. It is not apparent whether this is a characteristic of bovine

muscles, whether it is due to the variety of breeds used, or, since

information on the age of castration is not provided, whether it is due to a

variable sex effect. The possible effect of anabolic steroids on muscle

growth has also not been eliminated from the growth data of individual muscles

of 20 ewes, 36 wethers and 26 rams of the Merino breed provided by Lohse, Moss

& Butterfield (1971). These muscles also show biphasic growth patterns.



The present study has used female pigs of up to 6 months of age. The

growth of all muscles, relative to the growth of total muscle, is monophasic.

Therefore the changes in muscle distribution in these pigs are due mai'rvly to

the effect of increasing body size.

3.4.5 Characterisation of the Pietrain pig

The genetic origin of the Pietrain breed is unknown. A historical

account of the development of the breed is given by Willems (I960). Pietrain

pigs appeared about the year 1920 in the Jodoigne-Hannut region of the Belgian

province of Brabant, and took their name from the small farming village of

Pietrain in this locality. Since the breed was maintained by producers

keeping only a few sows, there are no records of the circumstances under which

it arose. It is apparent, however, that the tissue proportions of the

Pietrain breed differ from those of breeds that would have been available as

its progenitors, and that these proportions evolved without the benefit of

the intense selection practices necessary to produce relatively small changes

in other breeds. Although the breed's capacity for lean meat production

aroused considerable interest in Europe during the 1950's and early 1960's

(Kroes, 1960; Camerlynck, 1962; Van Snick & Camerlynck,

1966), disadvantages have been characterised in Europe, and in Britain

following importation for experimental purposes in 1964. In particular, the

breed is susceptible to the development of PSE muscles following slaughter

(MacDougall & Disney, 1967; Charpentier, 1968; Lister, Scopes & Bendall,

1969; Lister, 1971; Lister & Ratcliff, 1971; Lean, Curran, Duckworth &

Holmes, 1972).



RUhl (1971) compares the heart weights of pigs of the German Landrace,

Pietrain, German Pasture, Mangalitza and Gbttingen Miniature breeds in

relation to an estimate of the weight of their musculature.. The comparison

is not made at the same liveweight, but since the cardiac muscle rskeletal

muscle ratio is lower in the Pietrain at 88.1 kg than the Large White at

102 kg, the comparison of these two breeds agrees with the present findings.

Thielscher (1966) finds that whereas the heart weight of German Landrace pigs

is increased by exercise on a treadmill for 40 minutes daily during growth

from 25 to 110 kg liveweight, there is no significant increase in the heart

weight of Pietrains under the same conditions. Thielsher's study also

provides evidence from electrocardiograph measurements that the Pietrain

heart cannot adapt adequately to increased circulatory demands. The present

study shows that the cardiac musclerskeletal muscle ratio of the pig

decreases with increasing body size, and that the Pietrain has a higher

proportion of muscle (Table 10b) and a lower heart weight (Table 10c) than

the Large White pig at the same liveweight. As already concluded for

tissue proportions and muscle distribution, the differences in cardiac muscle:

skeletal muscle ratio between the two breeds can be expressed as a greater

maturity at the same body weight for the Pietrain. Present evidence suggests

that in the pig, circulatory insufficiency is a problem inherent to selection

for a higher lean body mass.

The present study shows that the muscularity of the Pietrain is the

result of the greater development of high impetus muscles. Muscles such as

longissimus and semimembranosus can therefore demonstrate the morphological,

mechanical and metabolic differences contributing to or resulting from this

muscularity. Staun (1963) reports that the muscle fibres of m. longissimus



of the Pietrain are larger than those of the Danish Landrace, but that the

total number of fibres in this muscle is similar in the two breeds, Dumont

& Schmitt (1970) obtain a mean fibre diameter for m. semimembranosus of the

Pietrain of 88*7 jam, compared with 78*8 [xm for the French Large White, and

a mean fibre diameter of 78*8 [xm for m. triceps brachii (lateral head) of the

Pietrain compared with 73*6 [am for the Large White. The weight of m.

semimembranosus, as a percentage of total muscle, is higher for the Pietrain,

but the development of m. triceps brachii is similar in the two breeds. In

these two studies, comparisons of individual muscle weights are not made at

the same total muscle weight and comparisons of fibre diameters are not made

at the same muscle weight or muscle TSA. As in the present study, the

above results are based on measurements of fibres in unrestrained muscles.

Possible differences in postmortem contraction between breeds must be

eliminated by restraining contraction by splinting or the use of samples taken

from muscles in rigor, before it can be concluded that the enhanced growth of

m. longissimus (and presumably muscles of the femoral region such as

m. semimembranosus) of the Pietrain is due to hypertrophy of a similar number

of component fibres. Should this conclusion be validated, the muscularity

of the Pietrain would differ from that of cattle with so-called 'muscular

hypertrophy' which has been characterised as a hyperplasia by Ouhayoun &

Beaumont (1968) in Charolais cattle and by MacKellar (1968) in South Devon

cattle.

The results of Part 1 of this thesis indicate that the largest fibres of

porcine muscle are fast-twitch, predominantly anaerobic fibres. It is

reasonable to suppose that muscles with the highest mean fibre TSA contain



predominantly fibres of this type. In this connection, it is relevant that

Schilling (1966) demonstrates a pattern of mean fibre diameter of muscles of

the pig that corresponds to the pattern established for growth; the largest

fibres are found in the femoral region, and muscles with smaller fibres are

located cranially, and distally in the limbs. Although histochemical

confirmation is needed, the hypothesis that high impetus muscles contain

predominantly fast-twitch, anaerobic fibres appears reasonable. It would

be of interest to determine if the muscularity of the Pietrain is due solely

to a hypertrophy of this type of fibre.

It is difficult to resolve histochemically the question as to whether

the selection of pigs for muscularity has resulted in some muscles becoming

more highly dependent on anaerobic metabolism. Histochemical methods only

determine the sites of activity of enzymes; the density of the sites so

revealed gives a poor comparison of the overall enzymic activity of

different samples. It is not unexpected, therefore, that reports comparing

the muscle metabolism of normal and PSE-prone pigs by the proportions of

histochemical fibre types are at variance. Although the area of a transverse

section of m. longissimus occupied by aerobic fibres is shown to be greater

in PSE-susceptible than in normal pigs by Sair, Lister, Moody, Cassens,

Hoekstra & Briskey (1970), Cooper, Cassens & Briskey (1969) and Merkel

(1971) find no difference in this parameter. Dildey, Aberle, Forrest &

Judge (1970) show that the area of aerobic fibres is smaller in muscles

becoming PSE postmortem. The discrepancy may be partly explained by the

observation of Cooper, Cassens & Briskey (1969) and Sair, Kastenschmidt,



Cassens & Briskey (1972) that more of the aerobic fibres of PSE-prone pigs

have an additional capacity for anaerobic metabolism, as shown by their

high activity of GPase.

The present findings suggest that the variability within a breed may be

too high to determine if breed differences in the proportion of myosin ATPase

low fibres exist. Histochemical profiles are not established for the fibres

of the Pietrain longissimus, but the above observations suggest that such a

study cannot satisfactorily determine whether muscle anaerobiasis is a cause

of the differences in postmortem glycolytic rates between breeds.



4,0 GENERAL DISCUSSION

This thesis shows that the techniques of muscle histochemistry and gross

dissection of individual muscles can be combined to study the changes in

muscle necessary for the support and propulsion of a progressively larger

and sexually differentiating animal during growth. The use of these two

methods therefore offers exciting possibilities for the elucidation of the

developmental patterns of muscle in animals. This discussion briefly

suggests some studies that might be attempted in the future to confirm the

value of the techniques, to further our understanding of the changes

involved during the growth of muscle, and to describe the growth of the

muscles of meat animals in such a way that the development of breeds and

species may be compared.

(1) The present study investigates the histQchemical changes during the

growth of m. longissimus and the diaphragm, in which the effects of increase

in body size are not likely to be as evident as in a predominantly postural

muscle. A study of the postnatal histochemical changes in a postural muscle

of the pig (for example, m„ extensor carpi radialis) might demonstrate more

clearly the relationship between liveweight and the area of the muscle

occupied by myosin ATPase low fibres, and the incidence and nature of

"transitional8 fibres. The peculiar organisation of fibre types in porcine

muscle might be used to advantage in a morphological study of growth changes

in the relationship between nerve and muscle; cholinesterase histochemistry

and the staining of nerve endings in serial sections would demonstrate the

distribution of end plates in relation to the myosin ATPase low bundles,



and determine whether or not changes in the innervation of fibres are a normal

consequence of growth.

(2) This thesis concludes that the histochemical changes observed in muscle

during growth are mainly due to an adaption to the increased load

applied. The pig, because of its great increase in body size during

postnatal growth, is an ideal experimental animal with which to examine this

hypothesis. However, the doubling of the work load of postural muscles

achieved by amputation of a contralateral limb would produce a pronounced

adaption in muscles of more convenient experimental animals (for example,

m. soleus of the rat, cat or guinea-pig). Physiological studies should be

made to confirm that the histochemical changes observed are accompanied by

an increase in contraction time.

(3) Other aspects of the present histochemical study appear relevant to the

understanding of muscle morphology. If the myofibrillar arrangements

described in muscle fibres as 'Fibrillenstruktur' and 'Felderstruktur8 by

KrUger (1952) are, as suggested by this worker, correlated with 'phasic8

and 'tonic5 contraction respectively, this arrangement should also be

related to the myosin ATPase activity of the fibres. If KrUger!s method

can be repeated consistently on frozen sections, this suggestion can be

examined using serial sections.

The patterns of diformazan deposition observed in the present study

differ between myosin ATPase high and myosin ATPase low fibres. It would

be of interest to determine if mitochondrial and structural characteristics

differ between fibres in which energy production proceeds at different rates,
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by studying ultrastructure, mitochondrial enzyme histochemistry or bio¬

chemistry of muscles representing extremes of histochemical myosin ATPase

activity- Such comparisons have usually been made on muscles differing

only in their capacity for aerobic metabolism.

The dependence of the histochemical GPase reaction on the presence of

tissue glycogen (paragraph 2-4.3) provides a method of determining the

extent to which postmortem glycolysis has taken place in a particular fibre.

By this means a link between the type of innervation and the metabolism of

susceptible fibres could be investigated.

(4) The suggestion that a combined histochemical and dissection study can

provide a functional explanation for the changes in muscle distribution

occurring during the growth of meat producing animals can be tested by

sampling a large number of muscles from a variety of situations throughout

the carcass of the pig, and comparing the proportion of myosin ATPase high

fibres of each muscle with its growth impetus. In particular, it would be

of interest to investigate the existence of a craniocaudal gradient of

increasing growth impetus and increasing density of myosin ATPase high fibres

in the segmental units of m. multifidus.

(5) The existence of differences in muscle distribution between breeds

suggested by the present study can be further examined by the investigation

of extreme types of meat producing animals. For example, knowledge of the

tissue distribution of the originally domestic pigs that have existed for

many generations in the feral state in New Zealand would indicate what the

effects of domestication, acting in reverse, have been in this species.
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(6) The growth of individual muscles of female Pietrain and Large White pigs

from birth to 64 kg liveweight can be attributed entirely to the effect of

body size. The subsequent growth patterns of muscles of the female pig, and

the differences effected by the hormone combinations of the other three sexes

(entire male and gonadectomised male and female) have not been quantified.

Growth gradients for cattle and sheep are not as clearly defined as for the

pig (paragraph 3.4.2). A dissection study to demonstrate sex differences

within these species, for example in Jersey cattle in which external

differences in conformation appear particularly pronounced, will be necessary

before patterns of growth in these animals can be fully understood. The sex

differences in the muscle distribution of the guinea-pig (paragraph 3.4.4)

should make this species suitable for a study of the possible differences

between fibre types in the hormonal stimulation of muscle growth.

Despite significant advances in our ability to relate the molecular

organisation of muscle to its function, we have little understanding of the

factors influencing the development of this tissue. Thus the causes of the

differences in muscle growth between breeds of meat producing animals remain

as obscure as the outcome of a case of Duchenne muscular dystrophy is

certain. In 1686, Newton found simple mathematical beauty in the motion of

planetary systems. Biologists dare not expect such simplicity among organic

systems, but they can hardly afford the luxury of superfluous causes.
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APPENDIX 1

Worksheet for recording data obtained from the total muscle dissection of
the pig. All weights are recorded in grammes.

A. Breed and sex

Identification
Date of birth
Date of slaughter
Age at slaughter (days)
Liveweight at slaughter
Carcass weight

L.W. Female
8250
16 Jun '71
11 Aug '71
56

12950
9580

Bo Lungs
Heart

Liver

Spleen
Stomach

Small intestine

Large intestine
Gut content
Uterine horns and ovaries
Half eviscerated carcass weight
(right-hand-side, including
kidney and half head)

C. Kidney
Adrenal gland
Abdominal fat and loose connective
tissue
(1) Diaphragm
(2) Transversus abdominis
(3) Rectus abdominis

165
62-0
367
20-0
125
650
270
627
2-50

4750

27-2

0-460

25-0
17-4

35-3
39-0

Half carcass divided by cutting between T15 and LI, through M..longissimus,
m. obliquus externus abdominis and m. iliocostalis. M. psoas major is reflected.

Weight of hindquarter
Weight of forequarter and half head
TOTAL HALF CARCASS WEIGHT
ORIGINAL HALF CARCASS WEIGHT (B)
% LOSS

1790
2816
4750
4750



(4) Cutaneus trunci 21 0

(5) Obliquus externus abdominis (part) 23 5

(6) Obliquus internus abdominis 18 9

(7) Tensor fasciae latae 19 1

(S) Biceps femoris 149 0

(9) Semitendinosus 38 9

(10) Gluteus superficialis 35 6

(11) Gluteus medius 31 3

(12) Gluteus accessorius 20 0

(13) Gracilis 23 1

(14) Sartorius 2 81

(15) Semimembranosus 114

(16) Pectineus 9 18

(17) Adductor 39 1

(18) Quadratus femoris 1 91

(19) Psoas major )
Iliacus )

48 4

(20) Psoas minor 5 37

(21) Obturator externus and gemelli 13 2

(22) Gluteus profundus 9 65

(23) Iliocostalis lumborum 0 446

(24) Longissimus lumborum 78 3

(25) Interspinalis lumborum )
Intertransversarius lumborum ) 31 5

Multifidus lumborum )
(26) Rectus femoris 49 0

(27) Vastus lateralis )
Vastus intermedius ) 82 2

Vastus medialis )
(28) Soleus )

54 8
Gastrocnemius )

(29) Flexor digitorum superficialis 9 27

(30) Popliteus 6 85

(31) Flexor digitorum profundus 21 1

(32) Fibularis longus 4 52

(33) Fibularis tertius ) Q 91
Extensor digitorum longus (3 heads) )

O

(34) Tibialis cranialis 4 36

(35) Extensor digiti I longus 0 452

(36) Extensor digitorum lateralis 4 69

(37) Extensor digitorum brevis 2 63

(38) Interossei and Adductors of III and IV 2 29

TOTAL MUSCLE WEIGHT 985 338



E. Lumbar and sacral vertebrae (undivided))
Half pelvis )
Femur 72-8
Patella 3*75
Tibia and Fibula 51*9
Tarsus and metatarsus 63*7
TOTAL BONE WEIGHT 314-15

Length (cm) Diameter (cm)
Femur 11-9 1*3
Tibia 10-5 1-4

Metatarsus IV 5-6 1-5
Lumbar vertebrae 12-5

F. Intermuscular fat and fascia 49-0
Subcutaneous fat 140
TOTAL FAT WEIGHT 189

G. Integument (skin, digits, tail) 243
Tendons, fascia, ligaments 36-0
Scrap (blood vessels, nerves, lymph nodes) 7-5
TOTAL 286-5

H. Total weight of muscles (D) 985
Total weight of bones (E) 314
Total weight of fat (F) 189
Total miscellaneous (G) 286
TOTAL WEIGHT HINDQUARTER 1774
ORIGINAL WEIGHT HINDQUARTER (C) 1790
% LOSS 0•8%

I. Back fat thickness at thoracolumbar

junction (cm) 0-3
Longissimus at thoracolumbar junction:

width (cm) 4-9
depth (cm) 2-3



(1) Cutaneus omobrachialis ) „„ „

. 38 "5
Cutaneus colli )

(2) Trapezius 21*3
(3) Brachiocephalic's 24*2
(4) Omotransversarius 3"40
(5) Rhoraboideus capitis )

cervicis ) 23"8
thoracis )

(6) Pectoralis superficialis 16*7
(7) Pectoralis ascenaens 67*1
(8) Pectoralis cleidoscapularis 35*5
(9) Latissimus dorsi 47*5
(10) Teres major 12*1
(11) Supraspinatus 51*3
(12) Infraspinatus 39*5
(13) Deltoideus 7*69
(14) Tensor fasciae antebrachii 6*66
(15) Subscapularis 16*8
(16) Coracobrachialis 2*66
(17) Biceps brachii 9-41
(18) Articularis humeri 1*66
(19) Teres minor 4*11
(20) Triceps brachii - long head 71*2
(21) - medial head 9*70
(22) - lateral head 20*4
(23) Brachialis 12*9
(24) Extensor carpi radialis 14*4
(25) Anconeus 3*80
(26) Flexor carpi ulnaris 1"39
(27) Flexor carpi radialis 2*84
(28) Pronator teres *003
(29) Supinator *392
(30) Flexor digitorum profundus (3 heads) )

" " superficialis (2 heads) )
(31) Extensor digitorum communis (3 heads) 4*67
(32) " " lateralis (2 heads) 3*90
(33) Ulnaris lateralis 1*69
(34) Extensor carpi obliquus 1*11
(35) Abductors, adductors and flexors of II & V) 2-13

Interosseus of III & V )



K. (36) Obliquus externus abdominis (part) 31 • 3
(37) Serratus ventralis (cranialis and candalis) 78*7
(38) Scalenus dorsalis and ventralis 11*2
(39) Serratus dorsalis (cranialis and caudalis) 5*82
(40) Iliocostalis thoracis 10*8
(41) Longissimus thoracis and cervicis 122
(42) Splenius occipitalis )

temporalis ) 19*8
cervicalis )

(43) Semispinalis capitis - Biventer cervicis 22*5
(44) - Complexus 21-4
(45) Spinalis 21*2
(46) Sternomastoideus 6*55
(47) Sternohyoideus )

Sternothyroideus )
(48) Rectus capitis (dorsalis and ventralis)

Obliquus capitis (caudalis and cranialis)
Longus colli
Intertransversarii cervicis
Multifidus thoracis and cervicis

Interspinales
Rotatores
Levatores costarum

(49) Transversus thoracis )
Rectus thoracis )
Intercostales )
TOTAL MUSCLE WEIGHT (J AND K)

58-9

79-2

1103-425

234
Cervical and thoracic vertebrae )
Ribs and sternum )
Scapula 34-5
Humerus 64-3
Radius and Ulna 48-6
Carpus and Metacarpus 35-4
TOTAL BONE WEIGHT 416-8

Length (cm) Width (cm)

Scapula 10-6 1-6
Humerus 11-4 1-5

Radius 12-1 2-2
Metacarpus IV 4-6 1-5
Thoracic vertebrae 26-3
Rib I 4-9
Rib VIII 11-2



M. Intermuscular fat and fascia 76*0
Subcutaneous fat 277
TOTAL FAT WEIGHT 353

No Integument (skin and digits) 214
Tendons, fascia and ligaments 14*0
Scrap (blood vessels, nerves, lymph nodes) 39
Half head 598
TOTAL 865

0. Total weight of muscles (J and K) 1103
Total weight of bones (L) 417
Total weight of fat (M) 353
Total miscellaneous (N) 865
TOTAL WEIGHT FOREQUARTER 2738
ORIGINAL WEIGHT FOREQUARTER (C) 2816
% LOSS 2-8

* P. (50) Levator labii maxillaris 3*30
(51) Lateralis nasi 1*27
(52) Depressor labii maxillaris 2-18
(53) Digastricus 2*21
(54) Masseter 19*3
(55) Temporalis 10*7
(56) Pterygoideus (lateralis and medialis) 8*37

TOTAL MUSCLES OF MASTICATION (53-56) 47-33

Muscles and bone of head are not included
in totals of muscle and bone weight

Q. GRAND TOTAL muscle (C, D, J and K)
GRAND TOTAL bone (E and L)
GRAND TOTAL fat (C, F and M)
GRAND TOTAL miscellaneous (G and N)
Kidney and adrenal gland
TOTAL WEIGHT OF HALF CARCASS
ORIGINAL WEIGHT
% LOSS

2180

731
567

1151

27-7

4658

4750
1-9
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INTRODUCTION

In 1873, Ranvier showed that differences in the colour of femoral muscles of the
rabbit could be related to differences in speed of contraction. This relationship has
rarely been questioned, even though biochemical advances have shown that the red¬
ness is due to iron-containing pigments involved in oxygen and electron transport,
and there is no reason to suppose that variations in the structure and function of the
contractile myofilaments need be reflected in changes in the colour of the muscle.
The advent of histochemical methods which reveal, in single fibres, the enzymes
concerned with the release of energy and its connexion to a contractile force, has
made the characterization of fibre types in muscle progressively more difficult.
Different levels of succinate dehydrogenase (SDHase) activity in individual muscle

fibres were demonstrated by Padykula (1952), Rutenburg, Wohman & Seligman
(1953) and Wachstein & Meisel (1955). The patterns obtained with other methods for
enzymes of aerobic metabolism corresponded to those for SDHase (Dubowitz &
Pearse, 19606; Engel, 1962; Romanul, 1964). It has been claimed that the activity
of the anaerobic metabolic enzyme phosphorylase is 'reciprocal" to that of enzymes
of aerobic metabolism in skeletal muscle fibres of the rat and human (Dubowitz &
Pearse, 1960n, b) and the cat (Jinnai, 1960). This concept has been supported by Engel
(1962, 1965, 1970) andSuchenwirth& Bundschu (1970) in humanmuscles; Nishiyama
(1966) in respiratory muscles of the rat and cat; Kugelberg & Edstrom (1968) in rat
crural muscles; Moody & Cassens (1968) in the longissimus and trapezius muscles of
the pig; and Jasmin, Bokdawala& Desrosiers (1971) in crural muscles of the hamster.
However, fibres high in SDHase and moderate to high in phosphorylase activity
have been demonstrated in rat crural muscles (Romanul, 1964), in rat femoral muscles
and m. soleus of monkey and rat (Bocek & Beatty, 1966), in the thyroarytenoid and
cricothyroid muscles of the rabbit (Hall-Craggs, 1968), in guinea-pig crural muscles
(Edgerton & Simpson, 1969), in cat crural muscles (Prewitt & Salafsky, 1970), and in
the gastrocnemius and soleus muscles of the mouse and the triceps brachii and rectus
abdominis muscles of the pig and ox (Ashmore & Doerr, 1971). Using methods for
SDHase, glycogen and myosin adenosine triphosphatase (myosin ATPase), Stein &
Padykula (1962) established histochemical 'profiles' from transverse serial sections
of fibres in rat crural muscles. They showed that some fibres are high in both myosin
ATPase and SDHase activity. The existence of this type of fibre confounds the simple
division of muscle fibres into two histochemical types as proposed by Engel (1962,
1965, 1970) for human muscles and applied to crural muscles of the guinea-pig by



42 A. S. DAVIES AND H. M. GUNN

Karpati & Engel (1967, 1968); their 'Type I' fibres have high activities for the
enzymes of aerobic metabolism and show little phosphorylase or myosin ATPase
activity, whereas their 'Type II' fibres have low activity for aerobic enzymes and high
activity for phosphorylase and myosin ATPase. Edgerton & Simpson (1969) defined
three basic fibre types in the crural muscles of the rat and guinea-pig; those with
activities high formyosin ATPase, aerobic and anaerobic enzymes, those with activities
high for myosin ATPase and anaerobic enzymes and low for aerobic enzymes, and
those with activities low for myosin ATPase and anaerobic enzymes and showing
'intermediate' activity for aerobic enzymes. This 'intermediate' fibre frequently has,
however, a higher SDHase activity than that of fibres high in myosin ATPase in
muscles of the pig and ox (Ashmore & Doerr, 1971). Even this more complex class¬
ification does not seem to be generally applicable to all muscle fibres.
The present study was undertaken to resolve some of the apparently contradictory

reports on the relationships between histochemical reactions in individual fibres.
Patterns of fibre type profiles in one particular muscle have been established in mam¬
mals of different body size, using SDHase as an indicator of aerobic capacity, phos¬
phorylase as an indicator of anaerobic capacity, and myosin ATPase as an indicator
of the intrinsic speed of contraction of individual fibres. There has been no previous
study comparing fibre type profiles in the same muscle of several different species.
The diaphragm was chosen because this muscle has a similar function in all mammals
and a comparable region, the costal diaphragm, can be sampled in each animal. The
results have been briefly reported in a previous communication (Davies & Gunn,
1971).

material and methods

Preparation ofmaterial
Adult mice, rats, rabbits, cats, dogs and horses were killed by an overdose of

anaesthetic. Adult sheep, pigs and cattle were killed by the usual abattoir procedures.
The mice, rats and rabbits were laboratory strains reared in cages. The other animals
used were from normal domestic and farm environments. The numbers and sex of the
animals of each species are shown in Table 1. One sample of the costal diaphragm of
each animal was removed within 45 minutes of death. Blocks of muscle, supported
between blocks of liver tissue in the case of the smaller animals, were mounted on a

cryostat chuck. A 5 mm thick cork sheet interposed between the chuck and the tissue
prevented splitting of the tissue when chuck and tissue were rapidly frozen by plung¬
ing into dichlorodifluoromethane (Arcton 12, I.C.I.) cooled to its melting-point of
— 158 °C with liquid nitrogen. About ten adjacent serial transverse sections were cut
10 //m thick at —20 °C, mounted directly on to coverslips, and allowed to thaw and
dry rapidly at room temperature.

„ . . , . Histochemical methodsSuccinate dehydrogenase
Sections were incubated for 20 minutes at 37 °C in a medium composed of 10 ml of

0-2 m phosphate buffer at pH 7-6, 10 ml of 0-2 m sodium succinate, and 20 ml of
nitro blue tetrazolium (1 mg/ml) (Nachlas et al. 1957). Gas bubbles frequently formed
between the section and the coverslip; these were often eliminated by drying the
section between washing and fixation in 4% formaldehyde.
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Table 1. Mean transverse-sectional areas of diaphragm muscle fibres

No. of animals Transverse-sectional area (/tm2)

Species Male Female Total Mean S.D. Significance'

Mouse (Mits musculus) 4 0 4 1110 160 P < 0 05
Rat (Rattus rattus) 3 1 4 1990 460 N.S.
Rabbit (Oryctolagus cuniculus) 3 0 3 3170 180 N.S.
Cat (Felis catus) 1 1 2 3590 1720 N.S.

Dog (Canis familiar is) 4 1 5 1690 150 N.S.
Sheep (Ovis aries) 0 3 3 1870 300 N.S.
Pig (Sus scrofa) 1 5 6 5680 1170 P < 0 001
Ox (Bos taurus) 1 2 3 3790 460 N.S.
Horse (Eqiats cabalhis) 3 1 4 2420 560 N.S.

Total 20 14 34 2690 1370 —

* Significance of difference of mean for each species and mean for all species, tested at the 5"/
significance level by the test quotient t.
N.S. = not significant.

Lipids
Sections were fixed in 4% formaldehyde for 10 minutes and stained with a freshly

filtered, saturated solution of Sudan black B in 70% ethanol for 20 minutes. Excess
dye was removed by a brief wash in 50% ethanol. Some sections were immersed in
acetone for 30 minutes between fixation and staining.

Phosphorylase
Takeuchi's (1956) modification of the method of Takeuchi & Kuriaki (1955) was

used. Sections were incubated for three hours at 37 °C in a medium consisting of
75 mg glucose-1-phosphoric acid, 15mg adenosine-5'-monophosphoric acid, 3 mg
glycogen, 22-5 ml distilled water, 15 ml of 01 m acetate buffer at pH 5-8, one inter¬
national unit of protamine zinc insulin and 7-5 ml of absolute ethanol. They were

subsequently washed, dried, fixed in absolute ethanol, dried, and stained with dilute
Lugol's iodine for three minutes. Because the colour faded, iodine staining was

repeated immediately before subsequent use of the section.

Myosin ATPase
The calcium-cobalt method of Padykula& Herman (1955) wasmodified to improve

the buffering capacity of the medium. Sections were fixed for exactly two minutes in
cacodylate buffered 4% formaldehyde at pH 7-0. Without fixation, the sections
floated off the coverslip, and prolonged fixation affected the characteristics of the
enzyme (Stein & Padykula, 1962; Guth & Samaha, 1969). Sections were incubated
for 20 minutes at 37 °C in a freshly made medium consisting of 8 ml of 1 0 m tris-
(hydroxymethyl)-aminomethane, 4 ml of 0T8 m calcium chloride, and 60 mg ATP
disodium salt made up to 30 ml with distilled water, which was then adjusted to a
pH of 9-5 with 01 n-HCI and made up to a final volume of 40 ml. The final concen¬
tration of ATP was therefore 2-4 mm. With two washes in distilled water between

treatments, the sections were immersed in 2% cobalt chloride for three minutes and
developed in dilute ammonium sulphide for one minute.
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Cell outlines

Sections were fixed for 10 minutes in 4% formaldehyde, washed, and stained for
20 minutes in Ehrlich's haematoxylin.

Methods for establishing fibre profiles and transverse-sectional areas
Profiles of about 400 individual fibres in each section were established by first

back-projecting a haematoxylin stained section on to a glass screen, enabling a

tracing of the fibre outlines to be made on transparent paper. Each serial section was
then projected in turn. The histochemical reaction of each fibre was indicated on the
tracing; Figs. 3-7 illustrate the type of material used. To estimate the level of activity
of enzymes that showed a continuous spectrum of activity between fibres, a simple
division into 'high' and 'low' was made for each fibre, relative to the overall level of
activity of fibres in each section. It was not considered possible to compare one

sample with another, because of difficulties of standardization of the preparation and
processing of the material. This is considered to be a source of variation in the
quantitative data between samples, and precludes the possibility of a comparison
between species based on overall enzyme activity. Fibre transverse-sectional areas
were estimated by counting the number of fibres projected within an area of known
magnification on the screen.

RESULTS

Qualitative histochemistry
Succinate dehydrogenase
Diformazan deposition occurred as blue dots or irregular areas that appeared to

form a network around the myofibrils (Figs. 13, 15, 17, 19). In fibres with a high level
of activity, diformazan deposition was highest in the subsarcolemmal region. Diform¬
azan was deposited in larger aggregations in the smaller animals. It was frequently
observed that fibres shown in serial section to be myosin ATPase-low had a pattern
of intense blue, punctate, clearly defined dots, moderately dense and evenly dis¬
tributed, whereas the colour of the reaction in ATPase-high fibres was purplish,
especially in freshly stained sections. This variation in reaction was not sufficiently
consistent to use in identifying fibre types.

Lipids
The density of staining with Sudan black B, with or without previous treatment of

the section with acetone, always corresponded to SDHase activity (Figs. 5, 6, 7).
SDHase activity was therefore chosen to determine histochemical profiles.

Phosphorylase
Fibres varied in reaction from an intense blue network to a paler blue, to a diffuse

pink, to fibres coloured only by the iodine. In all species except the mouse, fibres high
in both phosphorylase and SDHase activity were seen (Figs. 4, 6, 17, 18).
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Table 2. Percentage of histochemical fibre types in the diaphragm of
nine mammalian species

Percentage of fibre types*
A

Ah A1
, * > t * v Con-

No. of Sh SI Sh SI traction
fibres , A 1 , * \ , * , , A , timesf

Species counted Ph PI Ph PI Ph PI Ph PI Sh Ph Ah ms±s.D.

Mouse 1436 — 93 — — __ 7 — 100 — 93 —

Rat 1337 7 25 27 2 1 38 — 71 35 61 18 ± 1
Rabbit 1605 21 — 36 — — 43 — 64 57 57 32 + 4
Cat 1612 16 — 45 — — 39 — — 55 61 61 39± 2
Dog 3573 64 — — — — 36 — 100 64 64 65 ±5
Sheep 2938 43 — — ■— 43 14 — 100 86 43 —

Pig 2548 17 3 32 3 4 41 — 65 53 55 —

Ox 1879 24 — — — 58 18 — 100 82 24 —

Horse 2559 21 — — — 77 2 — 100 98 21 —

* Key: Ah, Sh, Ph: high activity ofmyosin ATPase, SDHase or phosphorylase respectively. Al, SI, PI:
low enzyme activity.
t Reference for contraction times: Sant'Ambrogio & Saibene (1970).

ATPase Phosphorylase SDHase

i I i I I l l I I I I

0 50 100 0

Percentage of total fibres
Fig. 1. Flistogram showing the number of fibres of each species with high activity of myosin

ATPase, phosphorylase and SDFlase, as a percentage of total fibres sampled.

Myosin A TPase

Myosin ATPase-high fibres showed a dense brown reaction in which a brown
network could usually be seen. These were always distinct from myosin ATPase-low
fibres in which only the brown network was seen. Blood vessels were also stained;
the reaction of capillary endothelia varied between species (Figs. 3, 9-12). Myosin
ATPase-low fibres frequently had an activity of SDHase equal to or greater than
adjacent myosin ATPase-high fibres (Figs. 3, 6, 13, 14, 15, 16, 19, 20); it was not
therefore possible to grade the activity of SDHase from the myosin ATPase reaction.
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Quant itative histochemistry
The data obtained on histochemical profiles of muscle fibres in the diaphragm are

shown in Table 2 and Fig. 1. The proportion of myosin ATPase-high fibres decreases
in the larger animals (Figs. 9-12). All myosin ATPase-low fibres are high in SDHase
activity. A proportion of myosin ATPase-high fibres were classified as SDHase-low
only in the rat, rabbit, cat and pig; hence the proportion of SDHase-high fibres is not
dependent on body size. All fibres in the diaphragm of the dog (Fig. 8), for instance,
are high in SDHase activity. The proportion of fibres high in phosphorylase activity
increases in the larger animals. With the exception of all fibres in the mouse and a

proportion of fibres in the rat and pig, all myosin ATPase-high fibres are high in
phosphorylase activity. In the larger animals some myosin ATPase-low fibres are

phosphorylase high. All species except the mouse have a significant proportion of
fibres high in both phosphorylase and SDHase.
Mean transverse-sectional areas of diaphragm muscle fibres are shown in Table 1.

Only two species are significantly different (P < 0 05) from the mean of all the
species; the mouse has small fibres and the pig large fibres relative to the other
species.

DISCUSSION

Sources of variation
All samples were taken from the costal diaphragm of adult animals, which were of

mixed sex and from different environments. There is no published work on the differ¬
ence in the proportion of histochemical fibre types between sexes. Following arti¬
ficial exercise in rats (Edgerton, Gerchman & Carrow, 1969) and guinea-pigs (Bar¬
nard, Edgerton & Peter, 1970), an increase was observed in the proportion of crural
muscle fibres with high activity of enzymes of aerobic metabolism. There was, how¬
ever, no significant difference in the proportion of myosin ATPase-high fibres. The
effect of exercise on fibre types in the diaphragm has not been studied. The mice, rats
and rabbits sampled in the present study had had very little exercise and the other
species an unknown amount. With present evidence, it is possible that SDHase-low
fibres in the diaphragm of the rat, rabbit, cat and pig are present because of lack of
normal exercise. Since ad ult animals were used, the decrease reported in the proportion
of myosin ATPase-high fibres in the developing soleus muscle of the guinea-pig, rat
and cat(Karpati & Engel, 1967) and pectineus muscle of the dog (Cardineteta/. 1969)
does not influence the results of this study. The variation in the proportion of myo¬
sin ATPase-high fibres between animals within a species is high, but does not obscure
the overall effect of body size. We have observed large differences, which are not re¬
lated to body size, in the proportion of myosin ATPase-high fibres in the diaphragm
and limb muscles between breeds of dogs and horses (unpublished observations). The
vertebral, sternal and costal regions of the rat diaphragm have been shown to vary in
their lipase and SDHase activity (George & Susheela, 1961), respiratory quotient
(Susheela & George, 1963) and butyrate oxidation (Susheela & George, 1964).
However, Giinther (1952, 1953) observed no differences in the proportion of fibres
with 'Fibrillenstruktur' and 'Felderstruktur' in these regions of the diaphragm of
the rat, mouse and dog, and Nishiyama (1966) stated that there was no variation
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between regions of the cat diaphragm in the proportion of fibre types demonstrated
by histochemical methods for oxidative enzymes and phosphorylase.
The number of species, their range of body size, and the number of animals of each

species used in the present study indicate a consistent pattern of fibre type distri¬
bution, but more detailed studies are needed to establish differences between breeds
and the manner in which these differences develop.

Transverse-sectional areas of muscle fibres
The diaphragm samples used in our study were all removed before rigor and were

therefore contracted. Freezing and section cutting were not considered to alter fibre
size appreciably. Transverse-sectional areas were estimated only in regions in which
fibres were cut transversely and where the amount of endomysium and perimysium
was minimal. We therefore consider that the estimates of transverse-sectional area are

comparable between samples and species.
The relation of body size to the transverse-sectional area of fibres in an equivalent

muscle of different species has not been studied extensively. Joubert (1956) found that
fibre diameters in the gastrocnemius muscle of two sheep, two rabbits, one pig and
one ox were not related to body size. George & Naik (1959) studied the pectoralis
muscle of 25 species of birds of varying body weight. The mean fibre diameter in¬
creased with increasing weight of the muscle, at a rate dependent on the mode of flight.
Julian & Cardinet (1961) found that the mean transverse-sectional area of fibres of
m. biceps brachii of a wide range of breeds of dogs (1-4 kg to 56 kg) was larger in
heavier dogs. The dogs used in the present study were in the middle of this weight
range. Gauthier & Padykula (1966) reported the results of fibre measurements in the
diaphragm of 13 mammalian species, and claimed that there was a direct relationship
between fibre diameter and body size. They gave no data for the horse and dog,
which we found to have small fibres relative to several smaller species.
Our results suggest that there are large sources of variation in fibre transverse-

sectional area apart from body size. The diaphragm of the mouse has a purely aerobic
metabolism; small fibres would facilitate a high rate of oxygen diffusion. On this
basis, Hill (1956) predicted that the diameter of muscle fibres should vary as the square
root of linear body size. However, the fibres in the diaphragms of the species which
we have studied do not fit this hypothesis.

Significance of the histochemical reactions used
Succinate dehydrogenase
Patterns ofmitochondria, demonstrated by classical methods (Nachlas et al. 1957;

Scarpelli & Pearse, 1958; Novikoff, Shin & Drucker, 1961) or by electron microscopy
in skeletal muscle (Padykula & Gauthier, 1963; Ogata, 1964; Pieper, Feustel &
Hubner, 1969) and kidney (Novikoff et al. 1961), have in each case been shown to
follow the diformazan deposition caused by SDHase activity. Brooke & Engel (1966)
provided evidence that nitro BT is selectively adsorbed on to mitochondria and sar¬
coplasmic reticulum of striated muscle fibres. Since, however, SDHase is believed to
be entirely intramitochondrial (Roodyn, 1967), this should enhance the histochemical
localization of this enzyme. A limited extent of diformazan deposition away from
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sites of SDHase activity, such as lipid droplets (Hitzeman, 1963), should have little
effect on the comparison between individual fibres, but the report of a heterogeneous
all-or-none deposition in individual mitochondria (Seligman et al. 1967) could have
more serious implications. It is possible that the SDHase activity of mitochondria
from different fibres may vary (Blanchaer, 1964), but the density of diformazan
deposited histochemically in a particular fibre after incubation for as long as 20minutes
should depend primarily on mitochondrial density, rather than on the actual level of
SDHase activity.
Paul & Sperling (1952) demonstrated a direct relationship between estimates of

mitochondrial density, determined by phase microscopy of blendorized tissue, and
the oxidative capacity of a variety of muscles from different species. This relationship
is supported by observations on the effect of severe exercise on limb muscles, which
can produce a twofold increase in the capacity of muscle to oxidize pyruvate (Hol-
loszy, 1967), accompanied by a concomitant increase in mitochondrial density as seen
electron microscopically (Gollnick & King, 1969). Similar findings were reported by
Kraus, Kirsten & Wolff (1969).
The assumption that the histochemical SDHase reaction indicates the capacity of

an individual fibre for aerobic metabolism appears reasonable, although it lacks
direct proof.

Sudan black B

Padykula & Gauthier (1963) showed that this stain coloured both triglyceride
droplets and phospholipid in muscle fibres of the rat diaphragm. Previous treatment
with acetone removed triglyceride droplets but not phospholipid. They showed that
the intracellular localization of the stain corresponded to the fat droplets and mito¬
chondria seen electron microscopically. Since acetone extraction of our sections did
not affect the density of the staining of an individual fibre relative to others surround¬
ing it, triglyceride droplets appear to be associated with mitochondria in all fibres.
The use of Sudan black B as a mitochondrial marker to estimate the dependence of a
fibre on aerobic metabolism is as valid as the use of SDHase.

Phosphorylase
Takeuchi & Kuriaki (1955) showed that their method is specific for the enzyme

catalysing the successive phosphorylation of the terminal glucose units of the
glycogen chain, with the production of glucose-1-phosphate. The method uses the
reversibility of this reaction to synthesize a polyglucose, staining blue with iodine,
that is distinct from native glycogen, both by iodine staining and by electron micro¬
scopic appearance (Takeuchi & Sasaki, 1968). Differences in the colour of iodine
staining have been attributed to the progressive increases in chain length during
synthesis of the glucose polymer, blue indicating chains of over 30 glucose units, and
red indicating chains of 7-13 glucose units (Swanson, 1948). Iodine colours have
been used in this study to indicate different levels of phosphorylase activity in
individual fibres.
It is accepted that glycogen is the major store of energy for muscular contraction in

the absence of oxygen, and that phosphorylation is the first step in glycolysis. The
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phosphorylase activity of an individual fibre is therefore a measure of the rate at which
it can derive energy for contraction anaerobically.

Myosin ATPase
Padykula & Herman (1955) and Padykula & Gauthier (1963) provided evidence

that their histochemical technique was specific for myosin ATPase. This was given
strong support by the work of Guth & Samaha (1969), who compared the effects of
pre-incubation at pH values of 10-4 and 4-35 on the ATPase activity of both actomyo-
sin extracted from fast and slow muscles of the cat, and individual fibres of these
muscles examined histochemically. Their study also provided evidence that fibres
shown histochemically to be ATPase-high are fast contracting, and that ATPase-low
fibres are slow contracting, a concept supported by work showing that the activity of
myosin ATPase is directly proportional to the intrinsic speed of shortening of normal
muscles of widely varying speeds of contraction (Barany, 1967), and of muscles in
which the speed of contraction has been altered by cross-innervation (Barany &
Close, 1971). The distinct difference between the histochemical reactions of fast and
slow contracting fibres is possibly related to the molecular difference between the
myosin of fast and slow muscles demonstrated by Samaha, Guth & Albers (1970).
This evidence appears to justify the designation of ATPase-high mammalian

extrafusal fibres as fast-twitch, and ATPase-low fibres as slow-twitch fibres.

Classification offibre types
The interpretation of histochemical fibre types should relate the reactions directly

to the physiological and metabolic characteristics of each fibre. The evidence given
above suggests that the profile obtained by determining the SDHase, phosphorylase
and myosin ATPase reactions will classify an individual fibre by its capacity for aero¬
bic and anaerobic metabolism, and by its intrinsic speed of contraction. Fig. 2 is an
attempt to classify fibre types in the diaphragm by these criteria. Where the incidence
of a fibre is less than 5 %, it probably plays an insignificant part in the function of the
diaphragm, and it is appreciated that a fibre classified as ' anaerobic' or ' aerobic' will
usually have a low level of the other type of metabolism. For both fast- and slow-
twitch fibres, there are three theoretical possibilities for their metabolism; aerobic,
combined aerobic and anaerobic, and anaerobic. Only five of these six possibilities
occur in significant proportions. The following trends are observed;
(i) Slow-twitch fibres use aerobic metabolism to a greater extent than fast-twitch

fibres, and consequently do not include an 'anaerobic' type.
(ii) The diaphragm of the smaller animals uses a predominantly aerobic metabo¬

lism. Although a capacity for aerobic metabolism is maintained in the larger animals,
there is also an increasing capacity for anaerobic metabolism.
Our studies demonstrate that fibres may have a high activity of enzymes for both

aerobic and anaerobic metabolism. They do not indicate what the absolute levels of the
activities of these enzymes might be, but suggest that the relationship between aerobic
and anaerobic metabolism in muscle fibres is not necessarily the simple 'reciprocal'
one suggested by Dubowitz & Pearse (1960u, b). This contention is supported by
Gillespie, Simpson & Edgerton (1970), who found greater stores of glycogen in the
'red' region of m. vastus lateralis of the guinea-pig, composed of 77% SDHase high

4 112
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Fig. 2. Incidence of fibre types in the diaphragm.

fibres, than in the 'white' region, composed of 29 % SDHase high fibres. Edgerton &
Simpson (1969) reviewed the various classifications that have been used since 1962 for
histochemical fibre types in muscle. They favoured the descriptive terms 'red',
'intermediate' and 'white' in preference to letters or numbers. Fibres low in myosin
ATPase activity were described as 'intermediate' in SDHase activity by Stein &
Padykula (1962), Edgerton & Simpson (1969) and Jasmin et al. (1971) in their studies
of crural muscles of rat, guinea-pig and rat, and hamster respectively. Our results,
and those of Ashmore & Doerr (1971) for limb muscles of the pig and ox, and Burke
el al. (1971) for the cat gastrocnemius, show that this type of fibre frequently has
SDHase activity equal to or greater than surrounding myosin ATPase high fibres.
The term 'intermediate' has, therefore, no general significance.

Muscle fibre types in the diaphragm
Bullard (1919) stained sections of the cat diaphragm with Sudan III and described

equal numbers of 'dark' fibres with many lipid droplets and 'light' fibres of greater
diameter and fewer lipid droplets, together with a small number of intermediate fibres.
Giinther (1952) also recognized the heterogeneity of muscle fibres in the diaphragm.
By studying susa-fixed, paraffin embedded sections stained with Heidenhain's

Figs. 3-7. Transverse serial sections of the pig diaphragm stained for myosin ATPase (Fig. 3),
phosphorylase (Fig. 4), phospholipid and triglycerides (Sudan black B) (Fig. 5), SDHase (Fig. 6),
and phospholipid (Sudan black B) after extraction of triglycerides with acetone (Fig. 7). Arrows
indicate fibres high in both phosphorylase and SDHase activity. Fibres marked A have low
myosin ATPase activity, but their SDHase activity and Sudanophilia are higher than any
myosin ATPase high fibres.
Fig. 8. Transverse section of diaphragm of dog: SDHase.
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9. Mouse

10. Rabbit

12. Horse

100 fim

Figs. 9-12. Transverse sections of the diaphragm of the mouse (Fig. 9), rabbit (Fig. 10), sheep
(Fig. 11), and horse (Fig. 12); myosin ATPase.
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iron-alum haematoxylin, he reported the presence of two distinct populations
of fibres in the diaphragm of the rat, mouse, rabbit and hedgehog, and later in the
dog and human (Giinther, 1953), corresponding in myofibrillar arrangement to the
'Fibrillenstruktur' and 'Felderstruktur' fibres described by Kriiger (1952). This
morphological difference was considered to be correlated with 'phasic' and 'tonic'
contraction respectively; in the rat diaphragm 42% of fibres were classified as
'Felderstruktur', a proportion close to the 39% of ATPase-low fibres that we have
observed. However, Giinther (1953) found only 5 % of the fibres of the diaphragm of
the dog to be 'Felderstruktur', compared with our 36% myosin ATPase-low fibres
in this species. In an electron microscopic study of the rat diaphragm, Bubenzer
(1966) described two fibre types; thin, mitochondria-rich fibres were' Felderstruktur',
and thick fibres with fewer mitochondria, less glycogen and no lipid droplets were
'Fibrillenstruktur'. Muscle fibres in the diaphragm of the mouse, rat, guinea-pig and
rabbit were found to vary in their phosphorylase activity by Takeuchi & Kuriaki
(1955). Histochemical methods for enzymes of oxidative metabolism in the dia¬
phragm of several mammals (Ogata, 1958) and in the diaphragm of the rat (George &
Susheela, 1961; Padykula & Gauthier, 1963) showed a large variation in enzymic
activity of individual fibres. Nishiyama (1966) distinguished three fibre types in the
rat and cat diaphragm and concluded that phosphorylase was reciprocal to the activ¬
ity of oxidative enzymes. However, we have observed a significant proportion of
fibres in these muscles that contain high levels of both phosphorylase and SDHase
activity (Figs. 17, 18).
Padykula & Gauthier (1963) used the myosin ATPase reaction on the rat dia¬

phragm but did not report a variation between fibres. In this muscle, they distin¬
guished by electron microscopy 'red', 'intermediate' and 'white' fibres based on
mitochondrial density, fibre diameter, width of Z line, and end-plate morphology
(Padykula & Gauthier, 1963, 1970; Gauthier & Padykula, 1966). Gauthier &
Padykula (1966) compared fibre types in the diaphragm of the rat, bat, shrew and ox
with the electronmicroscope. They also studied the costal diaphragm of 36 mammalian
species using Sudan black B staining of material either fresh frozen, or fixed in
formalin or osmium tetroxide, and found that the level of Sudanophilia decreased
with increasing body size. The diaphragm of small animals (species ofmouse, bat and
shrew) was stated to be composed of'homogeneous red fibres', that of animals inter¬
mediate in size (including rat, cat, rabbit, dog and sheep) of 'mixtures of fibre types',
and that of the pig and ox of'homogeneous white fibres'. Our findings differ in that
the diaphragms of the dog and sheep are composed more or less uniformly of fibres
of high SDHase activity and Sudanophilia (Fig. 8). The diaphragm of the pig is
clearly heterogeneous when stained with Sudan black B (Figs. 5, 7). Although they
do not show the dense aggregations seen in fibres of smaller animals (Figs. 13, 15),
the fibres of the ox and horse diaphragm have relatively high Sudanophilia and
SDHase activity (Fig. 19).
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Table 3. Fibre types in muscles of known contraction times

55

Percentage of fibre type*

Ah A1

Sh SI Sh SI Contraction

Species Muscle Ph PI
r A ^

Ph PI Ph PI

A
^

Ph PI Sh Ph Ah
time)
(ms)

Rabbit Thyroarytenoid 100 100 100 100 6
Rat E.D.L.* 63 —• 33 — 4 — — 67 100 96 12
Cat F.D.L.* 33 2 56 —

— 9 — — 44 89 91 27
Rabbit Cricothyroid 1 77 — —■ 4 18 100 5 78 27
Rat Soleus 14 1 — — 1 84 100 15 15 36
Cat Soleus — — — — — 100 100 — — 70

* Key: Ah, Sh, Ph: high activity of myosin ATPase, SDHase or phosphorylase respectively. Al, SI, PI:
low enzyme activity. F.D.L.: m. flexor digitoruni longus. E.D.L.: m. extensor digitorum longus.
t References for contraction times: Cat (Buller, Eccles & Eccles, 1960); rat (Close, 1964); rabbit

(Hall-Craggs, 1968).

Comparative physiology
The presence of fast- and slow-twitch fibres in the diaphragm has been indicated

by our histochemical demonstration of myosin ATPase-high and low fibres in all
animals studied. Physiological evidence for this has been provided by studies on the
action potentials in single diaphragmatic muscle fibres of the rabbit (Sant'Ambrogio,
Decandia & Gantchev, 1969), and on the firing patterns of single phrenic motoneur¬
ons of the cat (Nail, Sterling & Widdicombe, 1969), which demonstrated the pre¬
sence of two types of motor unit, differing in their threshold for stimulation and in
firing frequency. For motor units of the cat gastrocnemius muscle these properties
have been shown to be related to contraction times (Burke, 1968).
We have studied fibre types in muscles of known contraction times. The results are

shown in Table 3, and confirm the postulation of Edgerton & Simpson (1969) that
the proportion of myosin ATPase-high fibres in these muscles bears a reciprocal
relationship to the contraction time. The histochemical findings of Barnard, Edger¬
ton, Furukawa & Peter (1971) in guinea-pig hind limb muscles, and of Cardinet,

Figs. 13, 14. Transverse serial sections of the diaphragm of the mouse, stained for SDHase
(Fig. 13), and myosin ATPase (Fig. 14). Arrows indicate myosin ATPase-low fibres with similar
SDHase (Fig. 13), and myosin ATPase (Fig. 14). Arrows indicate myosin ATPase-low fibres with
similar SDHase activity to myosin ATPase-high fibres.
Figs. 15, 16. Transverse serial sections of the diaphragm of the rat, stained for SDHase (Fig. 15)
and myosin ATPase (Fig. 16). Arrows indicate fibres high in both SDHase and myosin ATPase
activity.
Figs. 17, 18. Transverse serial sections of the diaphragm of the cat, stained for SDHase (Fig. 17)
and phosphorylase (Fig. 18). Arrows indicate fibres high in both SDHase and phosphorylase
activity.
Figs. 19, 20. Transverse serial sections of the diaphragm of the ox, stained for SDHase (Fig. 19)
and myosin ATPase (Fig. 20). The myosin ATPase-low fibres have similar, or higher, SDHase
activity compared with the myosin ATPase-high fibres.
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Tunell & Fedde (1971) in m. pectineus of dogs, support this hypothesis. Table 2
shows the contraction times determined for the diaphragm of the rat, rabbit, cat and
dog by Sant'Ambrogio & Saibene (1970). Although their results suggest that contrac¬
tion time is related to body size, our data show little variation in the proportion of
myosin ATPase-high fibres between these species. A histochemical study of the actual
diaphragms for which contraction times have been determined will be necessary to
resolve this inconsistency.
The proportion of myosin ATPase-high fibres in the semitendinosus muscle also

appears to be inversely proportional to body size (Davies & Gunn, 1971), although
the effect is not as marked as in the diaphragm. This property of m. semitendinosus
would be expected by the requirements of dimensional theory (Hill, 1950), for which
the limb muscles of larger animals must have lower intrinsic speeds of contraction.

Comparative metabolism
Crosfill & Widdicombe (1961) showed that in mice and rats the frequency of breath¬

ing could vary widely for constant alveolar ventilation with little increase in work,
and that the rate of work of breathing per gram of body weight was high, com¬
pared with that in the larger guinea-pigs, rabbits, monkeys, cats and dogs. Since myo¬
sin ATPase activity is probably the rate-limiting step in the conversion of chemical to
mechanical energy in muscle (Mommaerts, 1970), their results are consistent with the
proportions of myosin ATPase-high fibres that we have seen in the diaphragm of the
mouse, rat, rabbit, cat and dog. It is probable, then, that the diaphragms of the larger
animals used in our study will have even lower rates of energy conversion than
the larger animals studied by Crosfill & Widdicombe (1961).
Kunkel, Spalding, de Franciscis & Futrell (1956) showed that the cytochrome

oxidase activity per gram of gracilis muscle of the rat, sheep, pig and ox varied as
the —0-24 power of body weight, and therefore directly with the metabolic rate
(Kleiber, 1947). Although the respiration rate did not vary with body weight in other
muscles, tissue slices from the diaphragm of a series of mice and rats respired at a
rate proportional to the —015 power of body weight (Bertalanffy & Estwick, 1953).
While it is expected, therefore, that the capacity for oxidative metabolism of the
diaphragm in our series of animals will also be less with increasing body size, fibres of
the diaphragm of the larger animals appear histochemically to be dependent on
aerobic metabolism. They do, however, have a capacity for anaerobic metabolism,
presumably for brief periods of greater effort.

SUMMARY

Histochemical profiles of individual muscle fibres from the diaphragm of the mouse,
rat, rabbit, cat, dog, sheep, pig, ox and horse were classified according to their reac¬
tion to methods demonstrating myosin adenosine triphosphatase, succinate dehydro¬
genase and phosphorylase. Other evidence indicates that the myosin adenosine
triphosphatase reaction differentiates between fast-twitch and slow-twitch muscle
fibres and that the succinate dehydrogenase and phosphorylase reactions demonstrate
the capacity for aerobic and anaerobic metabolism respectively. Fast-twitch fibres,
which may use either an aerobic metabolism, an anaerobic metabolism or a com-
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bined aerobic and anaerobicmetabolism, and slow-twitch fibres, whichmay use either
an aerobic metabolism or a combined aerobic and anaerobic metabolism, have been
recognized in the diaphragm.
The diaphragm of smaller animals has a high proportion of fast-twitch fibres and a

predominantly aerobic metabolism. The diaphragm of larger animals has a majority
of slow-twitch fibres and a capacity for combined aerobic and anaerobic metabolism.
Only the mouse and pig have mean fibre transverse-sectional areas significantly
different from the mean of all the species studied.

We are indebted to Professor A. R. Muir for assistance in all stages of this study.
One of us (A. S. D.) was supported by a grant from the Meat and Livestock
Commission.
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