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The Mstoeheaioal and histological feetores of the pectoral ie
sad iliotibl&lie muscles of the fowl (Oellug domesticus) have been
examined in unfisou. and fixed tissue using the light and trane-
i&ieedon electron microscopes. Ml t -o fibre* of the pectoi --lie
.liuocie show high myosin t.deuooine triphosphatase (myosin ATPcm)
and glycogen phoephorylate (Chase) activities and low succinate
dehydrogenase (bJilaec; activity. 'Two types of fibre can be
differentiated in the iliotibialie muscle, one of which is low in
myosin ATPaee and Chase activities and moderate to hi$h in GOHase
activity, and the other ie high in myosin AiPam and Ukase
activities with a complete range of ShHase activity from low to
high in different fibres.

The ultrastruoture of Doth muscles is typical of vertebrate
twitch muscle. The pectoralio oaa thin disks, few mitochondria
and » poorly developed earcotubular system relative to the ilioti-
bialis. In iliotibialie the 4 disk© are thicker and more variable,
the overall content of mitochondria is higher, although there is
wide variation between fibres, and the sarcotubular system is
«Tt*" aive, Correlation of the ultrnetructural and hiBiochemical
features has been attempted.

Tito observations indicate that the pectoral is muscle has a
low overall cnoacity for eerobic metabolism in contrast with the
iliotibialis muscle, which has a high overall capacity for
aerobic metabolism. Change in the histology of these two muscle©
has seen compared at 1, 1#, 4, 3 and 24 hours post-aortem
during otoras^je of chicken carcasses at 40 C.

Unfixed and fixed earaples of both muscles show kinking,
contractures and transverse splitting of fibres post-oortoo. In
fixed muscles, intracellular vaouolntion, increase in laterayo-
fibrillar apace, bacterial invasion and fibre disintegration ere
observed. Ultrantructurnlly, the Z diok said I band© degenerate
rapidly ( 4 hoars), but the thick filemeate of the A band *a-o
remarkably resistant to change ( 24 hours). The sarcolemmu,
Mitochondria, snrcotubular system and ayouuolei also show marked
changes in less than 4 hours. Myelin figures and autophagic
vacuoles are among other features eocn in post-mortem tissue.

There are more degenerate mitochondria and vesicular
remnants of the sarcotubular system in the iliotibialis than the
pectoral!a muscle but this reflect© a differing concentration of
these organelles in vivo. Ho other histological feature differs
either in character or frequency at any time post—mortem} the
variation between birds and even between fibres within the same

sample is considerable.

Use other side if necessary.



The decline in pH after death was measured in both muscles
over a period of 8 hours. The pH is significantly lower in
pectoralis than iliotibialis at all times post-mortem after the
first five minutes.

The onset of rigor mortis was studied by comparing the
time to reach a 50/- decrease in extensibility in the two muscles
this is attained in the iliotibialis muscle in significantly
less time than in pectoralis.

It appears that the metabolic type of the muscle is
important in the decline of pH and the speed of onset of rigor
mortis after death, but has little effect on the histological
structure. Differences observed in the ultimate pH probably
reflect differing levels of glycogen in the two muscles in vivo.

A study of the effect of various stages of processing on
the muscles of broiler chickens at a commercial packing station
has shown that changes in histology of the muscles occur much
more rapidly than in the laboratory situation. Damage to the
muscles is apparently incurred during scalding, plucking and
chilling of the chicken carcasses.



In memory of Alan liamsey Muir, whose inspired teaching and

friendship has enriched my life so much.



DECLARATION

I hereby declare that the Thesis embodies the results of my

own work, and that it has been composed by myself.

Alison F. MacNaughtan.



Part of this work has been presented to the Third European

Anatomical Congress, Manchester, 1973* and has been accepted for

publication by the Journal of Anatomy under the title

'An ultrastructural and histochenical study of fibre

types in the pectoralis thoracica and iliotibialis

muscles of the fowl (Gallus domesticus)1.



TABLE OP CONTENTS.
Page

ABBREVIATIONS vi

1. INTRODUCTION 1

1.1 Biochemical studies 3

1.2 Physical studies 4

1.3 Morphological studies 6

2. MATERIALS AND METHODS 9

2.1 Method of killing the birds 9

2.2 The storage of birds post-mortem 10

2.3 Choice of muscle 11

2.3.1 Method of selection 11

2.3.2 Gross anatomy 12

2.4 Unfixed preparations 13

2.4.1 Teased preparations 13

2.4.2 Frozen sections 13

2.5 Histochemical methods 14

2.5.1 Succinate dehydrogenase 14

2.5.2 Glycogen phosphorylaoe 14

2.5.3 Ilyosin adenosine triphosphatase 15

2.5.4 Cell outlines 15

2.5.5 Construction of histoc; emical profiles
of the muscle fibres 15

2.5.6 Combination staining of nerve axons and
cholinesterase 16

2.6 Preparation of material for light and electron-
microscopy 17

2.6.1 Removal of tissue from the body 17

2.6.2 Fixation of tissue 18

i



Page

2.6.3 Post-fixation procedure 19

2.6.4 Embedding of tissue 19

2.6.5 Eight Microscopy 20

2.6.6 Electron Microscopy 20

2.6.7 Measurement of Z disk thickness 21

2.6.8 Quantitation of mitochondrial content 21

2.7 Recording of pH post-mortem 22

2.7.1 Standardisation procedure 23

2.7.2 Experimental procedure 24

2.8 Rigor mortis in post-mortem muscle 25

2.8.1 Muscle preparations 25

2.8.2 Experimental procedure 26

2.9 The effects of commercial processing on the
muscles of broiler chickens 27

3. RESULTS 29

3.1 Macroscopic features of the muscle 29

3.2 Microscopic features of muscle "at death1 29

3.2.1 Unfixed muscle, teased preparations 30

3.2.2 Unfixed muscle, frozen sectiorP 30

3.2.3 Fixed muscle teased preparations 30

3.2.4 Fixed, embedded muscle, light microscopy 30

3.2.5 Fixed, embedded muscle, electron microscopy 31

3.2.6 Variation in *at death* muscle 38

3.3 Histochemistry 40

5.3.1 Histochenical profiles of the muscle fibres 40

3.3.2 Innervation of the muscle fibres 41

3.4 Microscopic structure of post-mortem muscle 41

ii



Page

3.4.1 General observations 41

3.4.2 Kinks 41

3.4.3 Contractures 42

3.4.4 Transverse splits 44

3.4.5 Quantitation of transverse splits 47

3.4.6 Total disintegration 48

3.4.7 Vacuolation 48

3.4.8 Interrayofibrillar space 49

3.4.9 Bacteria 49

3.4.10 Sarcolemma 50

3.4.11 Myofibrils 50

3.4.12 •Streaming* 52

3.4.13 Mitochondria 53

3.4.14 Sarcotubular system 54

3.4.15 Swollen tubules 55

3.4.16 Glycogen 56

3.4.17 Lipid 56

3.4.18 Lysosomes and autophagic vacuoles 56

3.4.19 Myonucleus 56

3.4.20 Collagen 57

3.4.21 Myelin figures 57

3.4.22 Collections of vesicles 57

3.4.23 Dense fibrillar structures 57

3.4.24 Miscellaneous material 58

3.4.25 Variation 59

3.4.26 Time sequence of histological change 60

3.4.27 Histological differences in the pectoraiis
and iliotibialis muscles post-mortem 62

iii



Page

3.5 pH of post-mortem muscle 63

3.6 Rigor mortis in post—mortem muscle 64

3.7 The effects of commercial processing on the
muscles of broiler chickens 66

3.7.1 Light microscopy 66

3.7.2 Electron microscopy 68

3.7.3 Temperature of the muscles 70

3.7.4 pH of the muscles 70

4. DISCUSSION 72

4.1 Macroscopic features of the muscles 72

4.2 Microscopic features of muscle 'at death' 72

4.2.1 General observations 73

4.2.2 Sarcclenma 73

4.2.3 Myofibrils 74

4.2.4 hare0tubular system 75

4.2.5 Metabolic pattern 77

4.2.6 Satellite cells 79

4.2.7 Classification of fibre types 79

4.3 Variation in 'at death' muscle 85

4.4 Histological methods used for the study of
post-mortem change 87

4.5 Microscopic structure of post-mortem muscle 88

4.5.1 General observations 88

4.5.2 Kinks 89

4.5.3 Contractures and post-mortem contraction 91

4.5.4 Hypothesis of 'active* and '-passive' ...shortening In post-mortem muscle 100

4.5.5 Transverse splits and total disintegration 104

iv



Page

4#5*6 Interrayofibrillar space 108

4.5.7 Endomysium and sarcolemrta 112

4.5.8 Z disk 112

4.5.9 X band 116

4.5.10 A band 119

4.5.11 'Streaming' 123

4.5.12 Mitochondria 123

4.5.13 Sarcotubular system and swollen tubules 127

4.5.14 Ityelin figures 130

4.5*15 Myorrucleus 130

4.5*16 lysosomes and autophagic vacuoles 131

4.5.17 Dense fibrillar structures 132

4.6 pH of post-mortem muscle 153

4.7 Rigor mortis in post-mortem muscle 139

4.7.1 Experimental procedure 139

4.7.2.Time course of rigor mortis 139

4.7.3 Shortening during rigor mortis 141

4.7.4 Rigor mortis in the pectoralis and
iliotibialis muscles 142

4.7.5 Resolution of rigor mortis 143

4.8 Post-nortem histological change in pectoralis
and iliotibialis and correlation with pH 144

4.9 The effects of commercial processing on the
muscles of broiler chickens 149

SUMMARY AMD CONCLUSIONS 153

ACKNOWLEDGEMENTS 155

REFERENCES 156

KEY TO LABELLING OF ILLUSTRATIONS 185
ILLUSTRATIONS

APPENDIX 1

APPENDIX 2

v



ABBREVIATIONS

ADP

AMP

approx,

ATP

°C

cm

2
cm

FG

Fig.

FOG.

g

GPase

h

IMP

M

mg

min

ml

mm

mM

myosin ATPase

nm

P.
x

PSE

SDHase

adenosine diphosphate

adenosine monophosphate

approximately

adenosine triphosphate

degree Centigrade

centimetre

square centimetre

fast-twitch-glycolytic

figure

fast-twitch-oxidative-glycolytic

gram

glycogen phosphorylase

hour

inosine monophosphate

molar

milligram

minute

millilitre

millimetre

millimolar

myosin adenosine triphosphatase

nanometre

inorganic phosphate

pale, soft, exudative

succinate dehydrogenase

vi



sec

SO

SR

Text-fig.

T-tubule

Jtm

second

slow-twitch-oxidative

sarcoplasmic reticulum

text figure

transverse tubule

micrometre

vii



1

1 INTRODUCTION

The importance of increasing agricultural yield is

repeatedly emphasised at the present time and much of this

drive is directed towards meat production. Increased

production is mainly achieved by intensive farming methods

and by genetic selection of breeds to produce animals with

a large proportion of muscle per unit body weight. However^
the 'transformation1 of muscle to meat involves a post-mortem

change and problems have arisen with respect to the quality

of meat. For example, pigs of the Pietrain breed are noted

for their heavy, lean muscles, but the animals are extremely

susceptible to stress t if undue stress is incurred during

slaughter, post-rnor&em glycolysis proceeds very rapidly while

the temperature of the carcass is still high and the pork

often subsequently appears pale and soft with a high level of

exudation. This meat is difficult to process and has a low

consumer acceptability. Many other factors of importance

to the consumer are affected by post-fliortem change including

tenderisation, flavour and cooking characteristics. Hence

before measures can be suggested to improve the quality of meat,

the changes occurring in muscle post-mortem should first be

undei-stood.
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In the present investigation of post-mortem change in

skeletal muscle, the species studied is the fowl (Gallus

domestious). Chicken is of great commercial importance and

is subject to extensive genetic selection and intensive rearing

methods, but much remains to be learned of post-mortem change

in its muscles. Compared with other meat-producing species

chickens are relatively easy to handle in the laboratory, and

experimental conditions can be readily imposed; from an

economic viewpoint, large numbers of animals can be used;

further the pale, soft, exudative (PSE) condition which occurs

in pork apparently is not found in chicken meat. Thus a study

of post-mortem change in the muscle of chicken is valuable for

comparison with that reported in pigs.

In an attempt to simulate one of the conditions under

which PSE pork is often obtained in pigs, birds have been

stored post-mortem at the avian body temperature (40°C) so that

post-mortem glycolysis would occur while the carcass temperature

is still high (muscles in a chicken normally cool comparatively

quickly after death).

The histological and histochemical properties of muscle

immediately after death have been emphasised in this study, as

it is essential firstly to characterise the muscles under

examination, and secondly to determine the extent of variation

observed in muscle immediately after death. These appearances

and properties can then be differentiated from changes due to

post-mortem storage. Two muscles have been selected, one of
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which has a low and the other a high capacity for aerobic

metabolism} thus post-mortem change has been compared in

two muscles of very different metabolic capacity.

Most investigations of post-mortem change in muscle can

be divided into either biochemical, physical or morpho¬

logical studies.

1.1 BIOCHEMICAL STUDIES

When an animal dies, aerobic metabolism is soon incapac¬

itated and only anaerobic pathways of energy production are

possible. Adenosine triphosphate (ATP) can be generated in

muscle by the following reactions i

creatine phosphate + ADP » creatine ♦ ATP

glycogen + 3?^^ + 3ADP ► 2 lactic acid 3ATP
2ADP ?nyoIcinasG>. 1AMP + 1ATP
(ADP « adenosine diphosphate; » inorganic phosphate;

AMP adenosine monophosphate)

Initially, in post-mortem muscle the first of these reactions

is the principal method of conversion of ADP to ATP; but as the

creatine phosphate level falls, glycolytic phosphorylation of

ADP becomes important and it is the products of this reacion

which cause the pH to fall in muscle post-mortem. The third

reaction becomes significant only below pH 6.5 when it sets up

conditions which increase the specific activity of AMP

deaminase. This enzyme catalyses the reaction :

MP aeamtoase) MP ♦ ffl3
(IMP » inosine monophosphate)
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which results in rapid depletion of the adenine nucleotide supply

and is thought to precipitate the onset of rigor mortis (Webster,

1953$ Bendall & Davey, 1957$ Soopes, 1971)* Hence in post¬

mortem muscle, the depletion of creatine phosphate, ATP,an<3- glycogen,

the pH deoline, the increase in creatine, lactic acid, IMP and

and the change in the content of MP are often studied.

Several biochemical techniques, notably gel electrophoresis,

have been employed to study the effects of various conditions of

post-mortera storage on the solubility of the sarcoplasmic,

stromal and myofibrillar proteins (Goll, Arakawa, Stroraer, Busch

& Robson, 1970). Changes in the properties of enzymes during

post-mortem storage have been emphasised. It has been possible

to correlate some of these studies with morphological changes in

the muscle.

In the present investigation the only biochemical aspect

considered is the decline in pH of muscle post-mortem.

1.2 PHYSICAL STUDIES

The definition of the term "rigor mortis" has led to con¬

siderable confusion. The word "rigor* has been used to refer

to any muscle from which the ATP has been removed artificially

(Elliott, Lowy & Worthington, 1963$ Reedy, Holmes &

Tregear, 1965$ Huxley & Brown, 1967i Huxley, 1963). This

occurs in teased preparations of bundles of muscle fibres

immersed in glycerol, in preparations of myofibrils and in natural

or reconstituted actomyosin. Hov?ever the term "rigor mortis"

is widely used to refer to the stiffening or hardening of a
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body or carcass occurring some time after death. This

stiffening may "be attributed to shortening of the muscle

fibres and a loss of extensibility of the muscle.

In muscle^ATP is not only the source of energy required
for contraction^but also prevents the interaction of actin
and myosin filaments so permitting relaxation. When the

ATP falls below a certain critical level (varying with the

pH of the muscle), the cross-bridges of the myosin filaments

bind to the actin filaments so that the interdigitating filaments

cannot slide past one another and the sarcomere becomes

'locked' (Goll, 1968). Thus shortening, which apparently

f occurs by sliding of interdigitating filaments as in in vivo

contraction (Henderson, (Soil & Stromer, 1970)» must occur

before the muscle becomes completely inextensible, since this

indicates that sarcomeres are 'locked' and the filaments

cannot slide past one another (Soil, 1968). The stiffening

of the carcass in rigor mortis is probably the result of anta¬

gonistic muscles shortening simultaneously (Goll & Robson,

1967j Goll, 1968) and this state is preserved by the sub¬

sequent inextensibility of the muscles.

The term rigor mortis as used in the present study refers

to the state of shortening and inextensibility of post-mortem

muscle. The decrease in extensibility of muscle as it passed

into rigor mortis has been raeasure^in the present investigation.
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1.3 : PATHOLOGICAL STUDEJS

Change in the morphology of muscle can be observed both at

the macroscopic and microscopic levels. Macroscopically the

evaluation of colour, texture, •marbling1 (i.e. pattern of colour

distribution), odour and •drip* (i.e. exudation) has been performed

subjectively (Briskey, 1964). More recently more sophisticated

and objective methods of assessment have been developed. These

include measurement of the light reflectance value, the water

binding capacity of meat and transmission value of ground meat

(Barton, 1971J Charpentier, Konin & Ollivier, 1971? Schmidt,

Zuidam & Sybesma, 1971).

In the present investigation macroscopic properties of the

muscles have been examined subjectively only.

Post-mortem muscle has been widely studied at the microscopic

level using a variety of techniques including unfixed and fixed

muscle in teased preparations (Zender, Lataste-Dorolle, Collet,

Rowinski & Mouton, 1958)» frozen sections (Paul, Lowe St McClurg,

1944), paraffin (Paul et al. 1944) or plastic embedding (ilenderson
Goll & Stromer, 1970)» preparations of myofibrils (Stromer & Goll,

1967a) and plastic embedded fractions of muscle fibres obtained by

ultracentriftfugation (Greaser, Cassens, Briskey & Hoekstra, 1969b).

The material is examined with the light microscope using phase

contrast or transmitted light, interference microscopy, and with

scanning and transmission electron microscopes.
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Studies in the literature include attempts to cor¬

relate modification of the microscopic structure of muscle

with the macroscopic changes in morphology, the onset of

rigor mortis, changes in biochemical properties, the process

of tenderisation, the temperature and duration of storage of

meat, the effeots of exogenous and endogenous substances on

subcellular components of muscle cells and the effects of

cooking and ohewing meat.

The preceding outline of the fields of study in post¬

mortem muscle is not exhaustive,but includes the methods

which are most commonly used and have produced the most

significant results in meat sesearch up to the present time.

The largest part of the present study has been devoted

to the microscopic characterisation of chicken muscle post¬

mortem, utilising the light microscope (with phase contrast,

transmitted and polarised light) and transmission electron

microscope.

A study has been undertaken to examine the histology

and pH of muscles of broiler ohiokens undergoing processing

in a commercial factory, Kuscles from birds at various

stages on the processing line (from immediately after ex-

sanguination to chilling) have been examined to determine

if processing causes deterioration of the muscles and if so,

to identify the stage at which this occurs.

The objectives of this investigation oan be summarised

as follows t

(i) to characterise post-mortem changes in structure

and physicochemical properties of skeletal muscle in the

fowl)
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to compere post-mortem change in two muscles which

have different metabolic patterns)

(1U) to study the effects of stages of commercial

processing on the muscles of broiler chickens*



9

2 MATERIALS AKD METHODS

Shaver domestic fowls (Gallus domesticus),9-12 weeks old

obtained from the Poultry Research Centre, Edinburgh, were used in

this study.

2.1 METHOD OF KILLING THE BIRDS

It was essential to find a method of killing the birds which

satisfied the following requirements:

(i) Minimal struggle at death. Agonal struggle reduces

initial values for pH, phospho-creatine, glycogen and ATP

(which then falls rapidly post-mortem), increases content of

lactic acid and results in less delay in the onset of rigor

mortis (Bate-Smith & Bendall, 19475 Briskey, Bray, Hoekstra,

Grummer & Phillips, 1959; McLoughlin, 1964* 1970). Minimis¬

ation of struggle limits changes in these important variables.

(ii) Minimal chemical or biochemical damage to the muscle.

Dislocation of the neck results in violent reflex muscular

activity and therefore is unsuitable under requirement (i).

Barbiturates cause uncoupling of oxidative phosphorylation in

mitochondrial preparations of the brain and liver of rabbits

and rats (Brody & Bain, 1954)* Hence it was considered that

they would be unsuitable in the present study, as by inter¬

fering with aerobic metabolism, they might obscure any possible

differences between the two metabolic muscle types studied.

Most drugs commonly used for euthenasia satisfy requirements

(i), but little is known of their effects on the muscle post¬

mortem. Carbon dioxide, however, is widely used for stunning

pigs before slaughter in the meat industry and its effects on the

muscle post-mortem are well documented (McLoughlin, 1971?
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van der Hal, 1971)* Carbon dioxide stunning reduces agonal

struggle and causes a slight lowering of initial pH in the

longiselraus dorsi muscle of pigs (McLoughlin, 19655 McLoughlin

& Davidson, 1966). The effect of carbon dioxide on the pH of

muscle post-mortem will be discussed in section 4.6.

The method of administration of carbon dioxide follows Cooper

(1967) for single birds. Pure carbon dioxide was introduced into

a polythene bag enclosing the head of the bird, until the corneal

reflex had been extinguisheds the neck was then dislocated.

2.2 TSL: TORAGE OP BIRD;! POST-MORTEM

A constant temperature chamber was constructed to store the

birds post-mortem (Pig. 1). The sides and base of this chamber

were of double walled pergpex so that water could circulate through¬

out, excluding the lid. The water was conducted via P.V.C. tubes

to and from a reservoir in which temperature control was effected

by a Circotherm Ila Constant Temperature Unit, with an accuracy of

♦ 1C°. . The total capacity of water was approximately 5 litres.

A perspex grid separated the bird approximately . " from the

base of the chamber and so allowed free movement of air. Two

clamps were attached to the side of the chamber with a versatile

jointing system so that they could be positioned anywhere within

it. These clamps held the pH electrodes during the pH recording

experiments (section 2.7).

The above apparatus was constructed to keep the constant

temperature control purapand the circulating water, distant from

the recording electrodes, as earlier experiments in which the

electrodes and the birds were in close proximity with the pump, had

shown considerable fluctuations in pH readings.
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None of the birds were plucked, exsanguinated or eviscerated

before storage and no aseptic conditions were imposed.

Birds were stored at 40°C, the avian body temperature, and

samples for histology were taken from a total of 39 birds at the

following times :

9 immediately after death ('at death*), 3 at hour (h),

5 at 1 h, 3 at 1-| h, 6 at 4 h, 6 at 8 h and 7 at 24 h after

death.

2.3 CHOICE OF IIUliCLB

A pilot study was carried out in order to find two muscles

which depend on a hi$ily anaerobic and aerobic metabolism respectively.

2.3.1 Method of selection

The following muscles were selected on the available evidence

of their metabolic fibre type, on their macroscopic colouration

(which can be deceptive), on their structure (parallel fibres facilitate

dissection and orientation of the fibres for histology) and on their

position in the body (superficial muscles are more convenient for the

measurement of pH) i

m. gastrocnemius,

m. peroneus longus,

ra. iliotibialis* cranial and caudal areas,

m. sartorius,

m. pectoralis thoracica,

m. latissimi dorsi* cranial (posterior) and caudal (anterior).

The nomenclature of the muscles follows Halvorson (1972) for the

pelvic limb and Lucas & Stettenheim (19&5) for "the pectoral limb.

The degree of anaerobiam/aorobism of the muscles v;as estimated

according to the mitochondrial content of samples of the muscles



prepared for the electron microscope. All the fibres of the

pectoralis thoracica were found to be low in mitochondria, hence

this muscle was selected as representative of the anaerobic

metabolic type. Ho muscle was found in which all the fibres have

a uniformly high mitochondrial content. However although there

was considerable variation in the content of mitochondria between

individual fibres, the cranial region of the iliotibialis muscle

appeared to contain the highest overall content of mitochondria of

all the muscles examined, and therefore this muscle was chosen as

representative of the aerobic metabolic type.

2.3.2 Gross anatomy.

(i) The pectoralis thoracica muscle (also called pectoralis major

or superficialis) iB the largest flight muscle in the bird, and its

function is to adduct and depress the wing. It originates from the

lateral surface of the keel near the ventral margin, the posterolateral

process of the sternum, the Sternal ends of the third and fourth thoracic

ribs and the lumbar rib, the clavicle and the hypocleidium (Pig. 2).

Its insertion is on the cranial surface of the humerus, below the

distal half of the deltoid crest (Lucas & Stettenheim, 1965) 2).

The fibres in the region of muscle originating on the keel and

hypocleidium run approximately antero—dorsally for a considerable

distance before converging towards their insertion on the humerus.

Samples have been removed from the region in which the fibres run

parallel.

(ii) The iliotibialis muscle is a large triangular muscle, which

flexes the hip and extends the knee. It originates from the dorsal

surface of the ilium and inserts on the patellar ligament, and borders

caudally with m. semitendinosus, and cranially with m, sartorius
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(Halvorson, 1972) (Fig. 2). Muscle fibres in the cranial region

of the iliotibialis are long, relative to the rest of the muscle,

and run parallel proximo-distally. The position of the sampling

site varies little within the cranial region of this muscle.

2.4 PHFIXBD PREPARATIONS

The morphology of unfixed muscle in teased preparations and

frozen sections was examined for comparison with that of fixed and

embedded muscle, to determine if the preparative procedure associated

with the latter material caused any artefacts.

2.4.1 Teased preparations

Samples of muscle were removed from the peotoralis and

iliotibialis muscles of 5 birds, one of which was examined 'at

death', and the second and third were stored at 40°C for 4 h and

16 h post-mortem respectively. The tissue waB teased with dissection

needles in avian dinger (Barsoum & Gaddum, 1955) at 40°C and examined

in the light microscope with polarised light. One sample of each

muscle was fixed immediately after death (section 2*6.2) and then

teased as above.

2.4.2 Frozen Sections

2
A full thickness of muscle of surface area approximately 1 cm

was removed from m. pectoralis and the cranial region of m. iliotib-

ialis and oriented longitudinally on a cryostat chuck. The blocks

were rapidly frozen by plunging into dichlorofluoromethane (Arcton

12 I.C.I. Ltd.) cooled to its melting point of -156°C with liquid

nitrogen. Sections 40um tnick were cut on a cryostat at -20° J,

mounted on coverslips and allowed to tiiaw and dry at room tempera¬

ture. Samples were removed from the three birds used in Section

2.4.1 and examined with the light microscope using polarised light.
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2.5 HISTOCHSKICAL METHODS

Blocks of tissue were removed from four birds immediately after

death and oriented transversely on a cryostat chuck. Tissue was

treated as described in 2.4.2 and transverse serial sections, 10 Jin
thick were prepared to demonstrate the activities of succinate dehydro¬

genase, glycogen phosphorylase and myosin adenosine triphosphatase and

to determine the outlines of the fibres. Longitudinally oriented

sections prepared from a further two birds immediately after death,

were used to stain for nerve axons and demonstrate cholinesterase activity.

2.5.1 Suecinate dehydroro:)ase (SDHase)

The method of Nachlas, Tsou, De Sousa, Cheng &, Seligman (1957) was

used. The incubation medium consisted of:

7.5 ®1 of 0.2 M phosphate buffer at pH 7.6,

7.5 ml of 0.2 M sodium succinate, and

15 ml of nitro blue tetrazolium (lmg/ml)

Sections were incubated in this medium for 20 minutes (min) at 37°0,
then thoroughly washed in distilled water, allowed to dry and fixed in

4/j formaldehyde.

2.5.2 Glycogen phosphorylase (GPase)

The method of Takeuchi and Kuriaki (1955) as modified by Takeuchi

(1956) was used but a high molecular weigh dextran was added to the

medium after Meijer (1968). The incubation medium consisted of*

75 rag of glucose-l-phosphoric acid,

15 mg of adenosine—5'-monophosphoric acid,

5 mg of glycogen,

22.5 ml of distilled water,

15 ml of 0.1 M acetate buffer at pH 5«8»

1 international unit of protamine zinc insulin,

7.5 ml of absolute ethanol and

a high molecular weight dextran.
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Sections were incubated in this medium for 3 h at 37°G» washed in

distilled water, dried, fixed in bsolute ethanol, dried, stained

in Lngol• s iodine for 3 rain and washed again. As this stain fades

sections were re-immersed in iodine before subsequent examination.

2*5*3 Myosin adenosine triphosphatase (myosin ATPase)

The method of Padykula and Herman (1955) as modified by

Davieo and Gunn (1972) was used. The sections were fixed in

cacodylate buffered 4/- formaldehyde at pH 7.0 for 2 min, then

incubated for 35 min in a medium prepared as follows s

8.0 ml of 1.0 II tris-(hydroxynethyl)-aminomethane,

4 ml of 0.18N calcium chloride, and

60 mg of ATP disodium salt,

The solution was made up to 30 ml with distilled water, the pH

was adjusted to 9*5 with 0.1 N hydrochloric acid and the solution

made up to 40 ml with distilled water. The sections were washed

twice in distilled ;*ater, immersed in 2^ cobalt chloride for 3 min,

rev/ashed twice and developed in 1% ammonium sulphide for 30 seconds

(sec).

2.5*4 Cell outlines

Sections were fixed in 4/ formaldehyde for 10 min, we ed,

and stained for 20 min in Bhrlich*s haematoxylin.

2.5*5 Construction of hiBiochemical profiles of the muscle fibres

At least three sections were incubated to demonstrate the

activities of each of the above enzymes. The sections stained with

Ehrlich's haematoxylin were back projected on to a glass screen and

the outlines of about 400 fibres drawn on transparent paper. The

serial sections were projected in turn and the activities of the

enzymes in each fibre marked on the paper. Fibres could easily be

differentiated into high or low reaction for myosin ATPaoe and GPase
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activities. However a spectrum of activities of 5ISfe.se was observed,

so fibres were marked as high, low or intermediate, but the range of

activity was continuous and such definition was arbitrary. Thus

histoohemical profiles for individual fibres were determined.

The number of fibres low in myosin ATPase activity was counted

in a total of 1200 fibres from three birds.

2.5.6 Combination stalnln,., of nerve axons and cholinestera^o

The method of Mamba, Nakamura & Grob (1967) for combination

staining of nerve axons and cholinesterase was used. Longitudinal

sections were mounted on coverslips, allowed to thaw in formalin

vapour at room temperature and fixed for 1 h at 4°C in a solution

consisting of:

10 ml of formalin

1.0 g of calcium chloride (CaGlg)
0.5 g of magnesium chloride (lloClg.CHgO)
0.1 g of cadmium chloride (CdClg'il&HgO) and
100 ml of Veronal-acetate buffer at pH 6.45

The sections were then placed in distilled water at 4°0 f°r at least

1 h. The sections were incubated for 1 h at room temperature in a

medium prepared as follows:

7.8 ml of an aqueous solution of 0.15 g of acetyithiocholine

iodide,

2.6 ml of an aqueous solution of 0.06 g of copper

sulphate (CuSO^.SHgO)
8 ml of the supernatant from this mixture was removed and mixed with:

92 ml of 0.05 M Veronal-acetate buffer at pH 4.9

0.075 S of glycine

0.05 g of copper sulphate (CuSO^.SHgO)
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After incubation the sections were rinsed with distilled water

for 30 sec, immsrsed in 0.29,, aqueous solution of potassium ferri—

cyanide for 10 min at room temperature, rinsed in tx*o changes of

distilled water for a total of 10 min, fired in absolute ethanol for

1 h, and rinsed again in distilled water for 1 min. The sections

were then incubated for 90 min at 37°C in a solution consisting of :

10.0 g of silver nitrate (AgtJG^),
0.

, of copper cul hate (CuoO^.fwh
0.1 . calcium carbonate (CoCO^),
100 ml of distilled x*ater.

After a 5 sec rinse in distilled x-fater the sections were immersed for

10 min in a reducing solution consisting of j

1.0 g of hydroquinone,

10.0 g of sodium sulphite (lla^SO,),
100 ml of distilled water,

and shaken gently for the first minute in this solution. The sections

xtfere then washed twice in distilled water for a total of 10 min and

dehydrated in 90/ ethanol and absolute ethanol, cleared in xylene and

mounted in balsam.

2.6. lithFAhATIOi: 0? uATI,RIAL FOR LIGHT AID ELECTRON MICROSCOPY

2.6.1 Removal of tissue from the body

Campling was performed within five minutes of death or the

specified post-mortem time. The following procedure was adopted to

prevent contraction of the muscle sample on removal from the cercaS3,

or on immersion in the fixative t two parallel cuts, approximately

4 cm in length and 0.2 cm apart, were made \*ith a razor blade along

the direction of the muscle fibres. A perspex splint (0.7 cm x

3.5 cm) was laid on top of this, and tied in nosition with a thread, at the
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resting length of the muscle. The strip was released from the

carcass by incising the muscle across the parallel cuts through

the complete thickness of the muscle (2 — 4 nan). Care was taken

during this process neither to stretch nor deform the muscle.

2.6.2 Fixation of tissue

Pilot observations had shown that difficulty was likely to

be encountered in obtaining consistently good fixation. Accordingly

the following solutions **ere tested on a total of 18 birds «

(i) paraformaldehyde plus O.85L glutaraldehyde in either

Millonig*s (1962) (30 min, 1 h) 0.1 M sodium cacodylate (30 min)
or 0.1 M phosphate buffers (30 min).

(ii) 4yo paraformaldehyde in either Millonig*s (30 rain) or 0.1 M

sodium oacodylate (30 rain, 1 h) buffers.

(iii) 2.5^ glutaraldehyde in either 0,1 M phosphate (2 h)

(Hess, 1961) Fischman, 19^7) or Millonig*s buffer (2 h).

(iv) y/i glutaraldehyde in 0.04 M phosphate buffer pH 7*15 (2 h)

(Page, 1969) or 0.1 M sodium cacodylate buffer (3 h) (Grinyer
& George, 1969).

(v) If osmium totroxide in either 0.1 M phosphate buffer (l h,

2 h) (Hess, 1961) or Millonig* s buffer ijt h, 2 h) or avian

Ringer (2 h).

(vi) 3.5^ osmium tetroxide in 0.1 M sodium cacodylate buffer (2 h).
The pH of these solutions (except (iv) 5Jt glutaraldehyde in 0,04

phosphate buffer pH 7»15) was adjusted to 7*2 - 7-4 and they were used

either at approximately 4° or 20°C. The duration of fixation was

varied and the times used are shown in brackets after each fixative.

Perfusion techniques were unsuitable for the present study as

they can only be used within a few minutes after death.



19

The fixative chosen was 4% depolymerised paraformaldehyde pins 0.8%

glutaraldehyde in 0.1 M sodium cacodylate buffer, pE 7»4 and administered

at approximately 20°C. The glutaraldehyde and paraformaldehyde were of

•ultrastructural' grade and supplied by Polaron Equipment Ltd. and Taab

Laboratories respectively.

Immediately after excision, the muscle strip, still attached to the

splint, was immersed in the fixative for 30 min. During this period,

but not sooner than 10 min after immersion, the strip was removed from

the splint and cut longitudinally and transversely to the fibre direction

into 1 mm cubes with a razor blade.

2.6.3 lost-fixation procedure

The tissue was immersed in the following solutions for the time

specified:

(i) 0.1 K sodium cacodylate buffer, 5 min to 1 h,

(ii) 1% osmium tetroxide (Johnson Matthay Chemicals Ltd.) in

0.1 M sodium cacodylate, 1 h,

(iii) 10% ethanol, 1 h,

(iv) three changes of absolute ethanol for a total of h,

(v) propylene oxide, 30 min.

2.6.4 Embedding of tissue

An Araldite mixture was chosen for embedding, and prepared thus:

Solution 1. Araldite resin CY212 and hardener HY964 were mixed

thoroughly in equal parts by weight and stored at room temperature.

■solution 2. One part accelerator BYO64 to four parts dibutyl

phthalate by volume, were mixed and stored at 4°C.
19 ml of solution 1 and 1 ml of solution 2 were mixed for several

hours immediately prior to use. The Araldite mixture was then

decanted into small polythene containers (4*2 cm), the
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processed tissue submerged in it, and left for up to 24 h at room

temperature to permit penetration of the mixture. The excess

fluid was discarded and fresh Araldite added. The containers

were then placed in an oven at 60°C, for at least 43 h, to allow

the resin to polymerise. At the end of this period, the Araldite

plaques could easily be displaced from their containers.

2.6.5 Light microscopy

A snail block of Araldite containing a piece of muscle tissue

was sawn out of the Araldite plaque, and mounted with sealing wax on a

piece of dowel rod approximately 1 cm in length. Sections 1 /tm

thick were cut on a Porter Blum Ultromicrotome MT1, with glass knives.

Care was taken to ensure that the sections were correctly oriented

with the long fibre axis parallel to the knife edge in longitudinally

oriented blocks. The sections were flattened with chloroform vapour

and then mounted on glass slides in 2j. methanol in water, which

facilitates flattening of the sections n drying. Sections were

stained in a solution of :

1% Azure II in distilled water and methylene blue in 1$

borax, mixed in equal parts by volume and filtered immediately

before use (Richardson, Jarrett & Pinke, i960).

These * thick* sections were examined and a suitable area for electron

microscopy chosen.

2.6.6 Electron microscopy

Thin sections of the selected areas were cut on either a Porter

Blum or a Cambridge Huxley ultramicrotome, utilising a diamond or a

glass knife. Sections about 70 nm thick were mounted on copper grids,

Athene type 200 or 433» or AjEI grids.

The staining procedure for the thin sections on the grids was

as follows *
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(i) 15 rain in a saturated solution of uranyl acetate in 50$*'

etlianol,

(ii) 30-40 sec wash in 10^ ethanol,

(iii) 4 rain in lead citrate solution (Reynolds, 1963), and

(iv) 1-2 rain wash in distilled water.

The material was examined in an AT!I EM6B electron microscope

and photographs taken on Ilford Plates Electron Microscope Type EM-4

and developed in ID2 or PQ Universal developer (ilford) and fixed in

a solution whioh consisted of s

500 g sodium thiosulphate,

50 g sodium sulphite,

50 ml glacial acetic acid and
♦

distilled water to give a final volume of 1 litre,

2.6.7 Measurement of Z disk thickness

Longitudinal sections from one block each from the pectoralis

and iliotibialis muscles in three birds were sampled by a systematic

„ random technique, using the grid mesh as reference points (Weibel,

1969). One section of each sample was photographed in eight areas

and the field adjusted if it straddled two fibres. Three measure¬

ments were made across the most electron-dense region of each Z disk,

and ten Z disks were measured on each print at a magnification of

approximately X 20,000 (Patterson & Goldspink, 1972). The values

from the ten Z disks were averaged before statistical analysis.

In the iliotibialis, the content of mitochondria varied

considerably between fibres. Two sets of results were obtained by

sampling from fibres with a high or low content of mitochondria.

2.6.8 Quantitation of mitochondrial oontent

This was achieved by weighing appropriate portions of photo¬

graphs of the tissue. Longitudinal sections from both muscles in

six birds were photographed in six areas using a similar procedure to
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that described for the measurement of Z disk thickness (2.6.7)«
However no adjustment was made if the field straddled more than

one fibre, and sampling of different fibres in the iliotibialis

was random. Each micrograph was printed at a magnification of

approximately X10,000jextracellular areas were trimmed off and

the remaining area (i.e. of muscle fibres) was weighed. The two

measurements were expressed as the percentage volume of fibre

occupied by mitochondria, as the volume of a structure is related

to the area of its profile (Weibel, 1969).

The results were treated in two ways t

(i) data from the six micrographs were combined for each

muscle in each bird to compare overall mitochondrial

content between the two muscles, and

(ii) the percentage area of fibre occupied by mitochondria

was calculated for approximately forty individual fibres

above an arbitrarily defined minimum area, thus the

variation in mitochondrial content between fibres within

each muscle was estimated,

2.7 RECORDING OF pH POST-MORTEM

The birds were killed with carbon dioxide and dislocation

of the neck as described in Section 2,1 and stored after death voider

the conditions described in Section 2.2, Combination electrodes

were inserted directly into the pectoralis and iliotibialis muscles

to measure the change in pH post-mortem in both muscles simultaneously.

The electrodes used (Activion Glass Ltd, Special Combination Electrode

MS27DP) consisted of a micro-spear with a pH-sensitive toughiued glass
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membrane 2 mm tapering to 0.5 mm in diameter, and a side arm reference

electrode (Fig. 3). The electrodes were used with a Pye Model 78 pH

meter, and an EIL Vibret Laboratory pH meter Model 46A.

2.7.1 Standardisation procedure

The following precautions were taken to standardise all pH readingsJ

(i) The bird was kept at a constant temperature of 40°G in the

storage chamber. Inter alia this avoids possible error arising

from pH measurements taken at different temperatures, since there

is an inverse relationship between temperature and pH in meat,

(Bendall & Wismen-Pedersen, 1062).

(ii) The pH meters were standardised to pH 6.97 at 40°C using

freshly dissolved Cambridge Buffer Solution Tablets SF5926

(Burroughs Wellcome & Co.)

(iii) The electrodes were allowed to equilibrate in distilled water
c

at 40 C for approximately 30 min before use to set up the pH meters,

or to record from the muscles.

(iv) The EIL Vibret was fitted with an automatic temperature

compensator which was placed in the chamber approximately 30 min

before the start of the experiment, and remained in the chamber

throughout the period of recording. The Pye 78 pH meter was set
o

manually to 40 C.

(v) Extra-corporeal portions of the electrodes were surrounded by gauze,

kept moist with physiological saline (O.85,-) at 4G°C throughout the

experiment, as it was found that drying of the electrodes caused

erratic readings.

(vi) The electrode-pH systems were checked for drift at the end

of each experiment as in (ii). It was found that the extent of



24

this drift was small and constant throughout the series of experiments,

producing a reading which was 0.05 pH unit too low in both meters.

No compensatory adjustment was made to the readings as the error

occurred gradually throughout the period of the experiment,

(vii) The pH meters with their companion electrodes recorded

from each muscle alternately in successive experiments to

eliminate any error owing to the comparative accuracy of the two

systems.

2.7.2 Experimental procedure

As soon as the standardisation procedure had been completed,

the chicken was killed and placed in the storage chamber (Pig. l). The

skin was cut and a small puncture was made in the muscle with a sharpened

perspex rod. The electrode was clamped in position so that the pH-

senoitive membrane of the spear was inserted into the muscle while the

reference arm rested on the surface (Pig. l). The gauze was

arranged round the whole exposed area. This procedure was repeated

for each muscle, but the order in which they were set up was varied.

The pH readings were recorded at the following times 1

(i) as soon as possible aftor death,

(ii) every minute for the first 30 min post-morten^

(iii) thereafter every 5 min up to 1 h post-mortem,

(iv) thereafter every 30 rain up to 4 h post-mortem, and

(v) subsequently at hoiirly intervals until 8 h to 12 h post¬

mortem.

The experiment was performed on 13 birds, and no histological

samples were taken from these birds. The pE at 24 h post-mortem was

measured in both muscles in a further 5 birds from which histological

samples had been removed.
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2.3. Rigor mortis in post-mortem muscle

An experiment was designed to compare the onset of rigor

mortis in the pectoralis and iliotihialis muscles, by measuring

the decrease in extensibility under load of the two muscles

simultaneously (Bate-Smith, 1933). .-ince the removal of a

muscle strip would represent an artificial situation compared to

the conditions under which the histological and >11 dc. a were

collected, the course of rigor mortis was followed in the whole

muscle _in situ.

2.3.1 Muscle preparations

The following dissections were performed within 6 min after

death, in or:.er to apply the load directly on the muscles concerned

and in the direction of their muscle fibres :

(i) Pectoralis thoracica. The joint between the coracoid,

the scapula and the proximal end of the humerus was locrted,

and the following structures were severed: the muscles

cranial and caudal latissimus dorsi, cranial and caudal

coracobrachialis, subscapularis, the tendon from the

supracoracoideus, the brachial and median nerves, the axillary

artery and the brachial vein. This procedure left the

pectoralis muscle as the sole attachment between the humerus

and the rest of the carcass. The elbow joint was then severed

and the forearm removed. This exposed the distal articular

surface of the humerus, which was used as a point of attach¬

ment for a strong linen thread. The thread **as led over a pulley

and the load attached to it; thus the load acted indirectly on

the pectoralis muscle via the humerus only.



(ii) Iliotibialis muscle. The stifle joint was flexed, and the

lower part of the limb amputated at the level of the head of

the tibia and fibula. The patella was mobilised by cutting

the patellar ligaments, thus releasing it from the femur, and

a small incision made on its caudal aspect severing it from

the caudal region of the iliotibialis muscle. A hook

embedded in the patellar ligament was used to attach the load

via a thread. Care was taken during dissection to preserve

the skin over the muscles so that a minimal area of muscle was

exposed to the atmosphere.

2.8.2 lixperimeqtal procedure

The bird was finnly attached to a board by means of two straps - one

round the neck (4 cm wide) and the other round the base of the sternum

(l cm wide), the latter was positioned to cause the least possible

interference with the action of the pectoral muscle (Fig. 4)«

The test loads were applied nanually, each alternating with a 10 g

weight which was sufficient to keep the system in tension, without

causing significant extension of the muscles. A pointer was applied

to the weights and readings taken from a scale marked off in milli¬

metres (Fig. 4). The difference between the reading for the 10 g

weight and the load was taken as a measure of the extension of the

muscle under load.

In this experiment, the optimal load should induce a pre—

rigor extension of approximately 15/- of the resting length, generally

attained with a load of 50 g/cm cross section of the muscle

(Bendall, i960). The cross sectional areas of the widest parts

0f the pectoralis thoracica (not including the pars abdominalis)
2

and the cranial region of the iliotibialis were approximately 4 cm
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2
and 1.25 cm respectively. Hence loads of 200 g and 60 g

were used for the pectoralis and iliotibialis muscles

respectively.

The total duration of the load/unload cycle was 8 rain

(Briskey Sayre & Caasens, 1962) and readings were taken 15 sec

after application of the weights (Bate-Smith & Bendall, 1949)*

The whole experiment was performed inside a fume cupboard

which was heated to 40°C by a 'Turbo-flo' fan heater. Readings

were taken as soon as possible after death, generally within

0 min and continued for at least two hours.

The experiment was carried out on 7 birds. Two of the

birds were subsequently stored in the constant temperature

chamber until approximately 26 h post-mortem and during this

period replaced on the experimental apparatus at 4, 8 and 26 h

post-mortem for up to 1 h, to measure the extensibility of the

muscles.

No histological specimens were taken from these chickens.

2.9 THE EFFECTS OF COMMERCIAL PROCESSING ON THE MUSCLES OP
BROILER CHICKENS

This study was carried out at D.B. Marshall Ltd„ Newbridge

to examine the histological appearance, pH and internal tempera¬

ture of the pectoralis and iliotibialis of muscles from chickens

at various stages of the processing line in a commercial

packing station.

20 broilers of the breed Penobscot, aged 56—72 days, were

examined in this study; their intact weights (approximately

| of the intact weight is discarded as viscera, etc.) varied from

1500 to 2500 g. The sexes were not differentiated at sampling.
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The sequence of stages in processing, and the cumulative

time from slaughter to the end of each stage are listed below:

Time (min)
post-mortem

(i) live birds hung on shackles by their
legs, —

(ii) stunned in an eleotrioally charged
water bath, —

(iii) slaughtered by cutting jugular vein, 0.00

(iv) exsanguinated, 2.30

(v) scalded in water at 53°C, immersed
for approximately 31 min, 6.00

(vi) plucked by 3 stage mechanical pluokers, 7.30

(vii) cold water wash, 13°C, 7«45

(viii) singed, 10.30

(ix) feet amputated 11.00

(x) eviscerated by hand, 14.00

(xi) cold water wash, 13°C, 14.30

(xii) wet chilled, 4°C approx. 30.00

Histological samples were prepared as described in Section 2.1.5

from the pectoralis thoracica and cranial region of the ilioti-

bialis muscle of birds after the following stages :

exsanguination (iv), scalding (v), plucking (vi), evisceration (x),
and chilling (xii). The delay between removing the bird frofa

the processing line and fixation of the muscle was approximately

8 min. The pH (Pye Model 7& pH meter and micro-spear electrode,

see Seotion 2.3) and the temperature ('dependatherm* Electronic

thermometer, Kane-May Limited) of the muscles were recorded

immediately after removal of the histological samples.
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3 RESULTS

3.3- MACROSCOPIC FEATURES OF THE MUSCLE

•At death* the pectoralis and iliotibialis muscles differ in

colour; the former is pale pink whereas the latter is deep red.

This difference persists throughout post—mortem storage, although

both muscles become progressively paler until at 24 h post-mortem

the pectoralis is almost white and the iliotibialis is pink. At

all times the surfaces of the muscles are moist, but exudation has

not been observed.

Pasciculation on cutting the muscles with a razor blade is

seen only in freshly killed samples and has disappeared at 30 min

post-mortem. By 24 h post-mortem the muscles have lost their normal

resilience and appear soft.

The effect of teasing on the muscle fibres varies with time

post-mortem. Fibres from *at death* and 4 h post-mortem samples

can be separated easily, but they tend to adhere to one another in

16 h post-mortem samples. The fragments obtained are longest at

4 h, shorter *at death' and shortest at 16 h post-mortem.

The most noticeable effect of post-mortem change is the

emission of a putrid odour from the carcas«, this is evident at 3 h

and intense at 24 h, post-mortem. Subcutaneous emphysema and a

green colouration of the skin, especially around the eyes, are also

observed at 24 h post-mortem.

3.2 MICROSCOPIC FEATURES OF MUSCLE 'AT LEATII'

The features of the pectoralis and iliotibialis muscles from

9 birds *at death* are described, so that the effects of post-mortem

storage ir> a further 30 birds can be defined.
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3.2.1 Unfixed muscle, teased preparations

The fibres are straight and cross-striations are visible

representing alternate isotropic (i) and anisotropic (A) bands

(Figs. 5, 6). All fibres are contracted and this may cause

crinkling of their surface (Fig. 5)«

3*2,2 Unfixed muscle, frozen sections

The appearance of the fibres is similar to that in teased

preparations but contraction is often -uneven along a fibre (Fig, 7)»

and crinkling is widespread.

3.2.3 Fixed muscle, teased -preparations

The fibres are uncontracted with prominent cross-striations

(Figs. 8, 9) and crinkling of the surface has not been seen.

Nuclei may be seen at the periphery of the fibre (Fig. 8). In the

iliotibialis there are discontinuities between the myofibrils,

although the striations remain in register (Fig. 9). These

discontinuities may be due to the presence of intermyofibrillar

organelles and are not seen within the pectoralis fibres.

3.2.4 Fixed, embedded muscle, light microscopy

In 1 |*m thick longitudinal sections of Araldite embedded and
stained muscle, the cross-striations described earlier (Sections 3*2.1 -

are clearly visible (Figs. 10, ll). However the staining of *at death*

muscle is typically low in contrast, especially in the pectoralis

muscle.

Figures 10 and 11 show a great difference in mitochondrial

content between the pectoralis and iliotibialis muscles} in the latter

the d§Sk staining streaks seen between the myofibrils are thought to be

rows of mitochondria, whereas no streaks can be seen in the former.
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However the fibres within any sample of iliotibialis show variation

in their content of mitochondria (Fig. 11).

The nuclei have one or more prominent nucleoli and may be

centrally (Fig. 10) or peripherally located in the fibres; this is

normal in avian skeletal muscle, in contrast to mammals where they

are always situated under the sarcolenma in normal mature muscle

fibres.

In transverse section, the pattern of banding is much more

distinct in the iliotibialis (Fig. 13) than the pectoralis (Fig. 12).
Dark dots are seen within the fibres of the iliotibialis which are

.thought to be mitochondria and the variation between fibres is

again obvious (Fig. 13).
Examination of transverse sections suggests that there are

more capillaries per unit area in the iliotibialis than in the

pectoralis muscle (compare Figs. 12 and 13).

3.2.5 Fixed, embedded muscle,electron microscopy

(i) Sarcolemma

In both muscles the sarcolemma is closely apposed to the

myofibrils themselves, or to intervening structures such as

rayonuclei or mitochondria. Kicropinocytotic invaginations of the

sarcolemrac (caveolae) are frequently seen. The basal lamina

closely invests the plasma membrane and immediately outside this and

merging with it, there are usually collagen fibres which form the

endomysium (Fig. 19)-

(ii) Myofibrils

In the pectoralis muscle the Z disk is thin (see below) and

runs straight across the myofibril bisecting the I band (Fig. 14).
The thin filaments are thickened for a short distance into the I
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band as they emerge from the Z disk and can be seen interdigitating

between the thick filaments at the A band (Fig. 15). At the

centre of the A band is a prominent M line on either side of

which a clear H zone can be seen in uncontracted sarcomeres (Fig. 15)*

In transverse section the myofibrils have polygonal outlines

and are clearly delineated by sarcoplasm at all levels (Fig. 16).

The average diameter of the myofibrils is 1.44j*m. The typical
hexagonal packing of the thick and thin filaments is observed in

the A band and cross-bridges link adjacent thick filaments at the

M line (Fig. 17 a and b). The thin filaments are haphazard in the

I bands but acquire a quadrilateral lattice immediately adjacent

to the Z disk (Fig. 16). The Z disk appears to be composed of a

regular square lattice although in some areas a 'basket-weave'

appearance is observed (Fig. 18),

In the iliotibialis muscle the Z disk is thick (see below)
and may cross the myofibril erratically, and the course of the

M line across the myofibril often parallels that of the Z disk

(Fig, 19). The N line, a fine granular line traversing the I

band close to the A band, is sometimes seen (Fig. 24). The

appearance and organisation of the thick and thin filaments in

transverse and longitudinal section are as described for the

pectoralis.

In transverse section the myofibrils may be confluent at

the level of the A band where there is no intervening sarcoplasm

(Fig. 20). The average diameter of the myofibrils is 0.85y»m.
The thick filaments are interconnected by cross-bridges at the

M line (Fig. 20) and the Z disk is usually composed of a regular
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square lattice (Pig. 21). The arrangement of the components

of the sarcomere is more variable in the iliotibialis than in

the pectoralisj thus in the pectoralis the Z disks are almost

invariably straight, whereas in the iliotibialis they may be

straight or erratic. Further the limits of the A band may not

be straight in the iliotibialis when the thick filaments are

not in strict register (Pig. 25).

(iii) Thickness of Z disk

Measurement of the thickness of the Z disk reveals

differences between the two muscles. There is little difference

in the thickness of the Z disk between fibres rich (77 12 nm)

and poor (72 jh 12 nra) in mitochondria (P > 0.1) in the iliotibialis,
but the mean thickness of the Z disk in either group is signifi¬

cantly different from that in the fibres of the pectoralis muscle

(39 + 6nm) (p «< 0.0005).

A histogram showing the distribution of Z disk thicknesses

has been plotted (Text-fig. l). Within each muscle the distri¬

bution of thickness of Z disks is normal, except for a email

group of fibres with very thick Z disks in the iliotibialis.

(iv) Saroot»bular system

In the pectoralis muscle, the transverse tubule (T-tubule)

runs at the level of the Z disk and forms triads at intervals

along its length with the terminal cisternae of the sarcoplasmic

reticulum (SR)j hence one triad per saroomere is observed

(Pigs. 22, 23). The terminal cisternae contain a dense granular

material concentrated near their junction with the T-tubule, and

are continuous with the longitudinal tubules of SR (Pig . 23)

which run to a fenestrated collar at the H zone (Figs. 22, 23).

In transverse section a few profiles of SR form a single, dis-



Frequency distribution of the thickness of
Z disks in the pectoralis (black) and
iliotibialis (white) muscles.
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continuous layer at the level of the Z disk and I hand and

although the H zone is almost surrounded, little ZR is seen

around the A hand elsewhere (Pigs. 16, 17 ^0*
In the iliotihialis, two triads per sarcomere are

observed lying near the A-I junction (Pigs. 24-26). As in

the pectoralis muscle, longitudinal tubules of SR and the fenes¬

trated collar connect triads overlying the same sarcomere (pigs.

25, 26), but in the iliotihialis there is also a complex reticulum

of SR tubules crossing the Z disk to connect triads overlying

adjacent sarcomeres (Pigs. 24, 25). In transverse section this

development of the SR opposite the Z disks and adjacent parts of

the I hands is more easily seen. Each myofibril is completely

surrounded with 'SR so that a double layer of SR lies between

adjacent myfibril3 sectioned at the level of their Z disks and I

bands (Pigs. 20, 21). Myofibrils sectioned at the level of the

A bands or adjacent A bands and I bands are separated by isolated

single profiles of SR only, except at the level of the H zone which

is almost surrounded by SR (Pig. 20). Occasionally the junction

between the SR and T-system forms dyads (Fig. 24) or pentads

instead of triads.

(v) Mitochondria

The mitochondria are morphologically similar in the pectoralis

and iliotibialis muscles, but are smaller in the former than in the

latter. Typically they are long and slender and aligned longitudinally

between the myofibrils, although occasionally transversely oriented ones

are seen (Pig. 27). The typical shape of the mitochondria may be

deformed v?here they occur in aggregations or next to lipid droplets

(Pig.19). There are no electron-dense intramitochondrial granules.
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In the pectoralis muscle the mitochondria are extremely sparse and

usually occur singly between the myofibrils, although short chains may

be observed (Fig. 14)* Small aggregations are only found near the

poles of the nyonuclei. In the iliotibialis muscle the mitochondrial

content is extremely variable, ranging from fibres poor in mitochondria

(Fig. 28), comparable with the fibres of the pectoralis muscle, to fibres

rich in mitochondria. In the latter fibres, tightly packed long inter-

myofibrillar chains, perinuclear and subsarcolemmal aggregations of

mitochondria are observed (Fig. 19).

The quantitative data on the overall mitochondrial content of the

two muscles has been compared using a 'Student's' t-test for paired

samples; the percentage volume of the fibre occupied by mitochondria

is significantly higher (p<O.Ol) in the fibres of the iliotibialis

than in the pectoralis muscle (Table l).

The distribution of the fibres in the two muscles with respect to

mitochondrial content is shown in Te": b-fig. 2. In the pectoralis there

is little variation as most fibres have 0-1% of their volume occupied by

mitochondria. Wide variation is observed in the iliotibialis, and the

mitochondrial content of the fibres varies from less than 1% to nearly

20% of the fibre volume.

(vi) Glycogen

The amount of glycogen seen in the muscles 'at death' is variable,

although the method of killing the birds (Section 2.1) has been designed

to minimise this effect. The glycogen granules are fairly uniform in

size, stain deeply with lead citrate and do not form rosettes or other

patterns. They are concentrated between the myofibrils at the level of

the I band, but they also occur at the level of the A band and even

between the thin filaments of the I band (Figs. 22, 23, 25, 26).
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TABLB 1.

Percentage of the volume of the fihre occupied by
mitochondria in the iliotibialis end pectoralis muscles
of the fowl.

Bird No t M. oectoralis M. iliotibialis
Tj Co

1 t.6 8.8

2 0.4 2.1

3 0.9 8.9

4 0.8 2.8

5 0.4 5.4

6 0,3 2.7



Text-Fig. 2 Frequency distribution of the estimated percentage
of the volume of the fibre occupied by mitochondria
expressed as a percentage of the total number of
fibres sampled} in the pectoralis (dotted line)
and iliotibialis (solid line) muscles.
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(vii) Lipids

In the iliotibialis muscle lipid droplets are often found

among the mitochondria either betvreen the myofibrils or beneath

the sarcolenma (Fig. 19). However in fibres of the iliotibialis

which are poor in mitochondria and in all fibres of the pectoralis,

lipid droplets are rare.

(viii.) Lysosomes and autophagic vacuoles

Lysosomes and autophagic vacuoles have not been observed in

'at death' muscle.

(ix) Hyonuclei

The nucleolus is prominent and the nucleoplasm contains pre¬

dominantly particulate chromatin, but some condensed chromatin occurs

in irregular clumps especially around the circumference of the nucleus

(Fig. 29). Membranes of the Golgi complex at the poles of the

rayonuclei are sometimes observed (Fig. The two layered nuclear

envelope has a series of pores each traversed by a diaphragm; there

is little condensed chromatin opposite these pores (Fig. 29).

(x) datellite cells

Satellite cells are occasionally observed (Fig. 14^. They are

surrounded by a separate plasma membrane lying deep to the basal

lamina of the muscle fibre and hence may be differentiated from

myonuclei. In section the area of cell occupied by the nucleus is

large compared to the area of cytoplasm. The cytonlasrn contains

rough endoplasmic reticulum, mitochondria and numerous small electron-

dense particles which may be either glycogen or ribosoraes.
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3.2.6 Variation in *at death* muscle

The typical appearance of muscle fixed immediately after

death has been described (Sections 3.2.1 - -?). However certain

atypical forms occurring infrequently in 'at death* muscle are

characterised below to distinguish them from the changes which

occur during post-mortem storage.

(i) 'parallel bars'

In one fibre of an unfixed, frozen section observed i^ith

polarised light, a row of eight parallel bars of light has been

observed across the fibre (Pig. 30). The cross-striations can

be seen running independently of these *bars*, and, although

slightly contracted, the fibre looks normal; it is suggested

that these 'bars' may be a form of moireT fringe interference

pattern.

(ii) Waves of contraction

In embedded and stained material a few fibres have been

observed with irregularly shaped and distributed dark regions

along their length (Pig. 31). The A bands can be seen running

through these regions and the sarcomere length is shorter within

the dark areas than the adjacent light areas. Ultrastructural

examination of these fibres shows that most of the sarcomeres

are contracted in the dark staining area, whereas in the adjacent

light staining area most of the sarcomeres are relaxed or

extended (Pig. 32). The contractions appear to be of an aberrant

nature because :

(a) they do not extend evenly across the whole width, or

along the length of the fibre, and

(b) some of the sarcomeres have shortened only on one side

of the A band.
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The "wave of contraction* in Fig. 31 is an extreme case and

has been observed in only one sample. Occasionally however, fibres

are observed with alternate bands of contracted and stretched sarco¬

meres, but in these specimens the effect is much less obvious. The

phenomenon has not been observed in the pectoralis muscle and only

rarely occurs in the iliotibialis.

(iii) Vacuolated fibres

In embedded and stained material some fibres are observed

with small, irregularly distributed vacuoles which usually occur

singly and far apart; Fig. 33 is an extreme example. When this

specimen is examined with the electron microscope it is found that

the mitochondria are very swollen, but otherwise the fibres appear

normal (Fig. 34). Hence it is concluded that the swollen

mitochondria appear as vacuoles when viewed with the light micro¬

scope. In sections from two other blocks of muscle from the same

fowl as that shown in Fig. 33 > only one fibre in one of the blocks

has a few vacuoles. Vacuolation occurs in both the pectoralis and

the iliotibialis muscles.

(iv) * Streaming*

In embedded muscle examined with the electron microscope,

• streaming* of the Z disk is occasionally observed, so that it has

an aberrant shape and may only be identifiable by the electron

density of the Z disk material (Fig. 35). In Fig. 36 the whole

sarcomere appears to be disrupted; some Z disk material can be

seen but the A and I bands cannot be differentiated.
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(v) Mitochondria

Some variation from the typical mitochondria described

in 3.2.5 is observed. An extreme example is found in the

mitochondria in vacuolated fibres in which the organelles are

swollen, with few intact ciistae, indistinct, apparently dis¬

continuous inner and outer membranes and a loss of electron density

of the matrix (Pig. 34). However most changes in mitochondria

are less obvious, thus in Pig. 37 the mitochondrion appears normal

except for one area which is slightly swollen with 3ome loss of

density of the matrix.

Atypical mitochondria are rare and may occur alone or within

aggregations of typical mitochondria.

3.3 HISTOCHEMISTRY

3.3.1 Histochemical profiles of the muscle fibres

The iliotibialis muscle consists of a heterogeneous

population of fibres; two types of fibre can be differentiated

by their myosin ATPase activities. Fibres which are high in

mycdin ATPase activity are also high in GPase activity but embrace

a complete range of SDHase activities (Pigs. 38 - 40). Fibres

which are low in myosin ATPase activity are also low in GPase

activity, and their SDIIase activities are intermediate or occasionally

high (Pigs. 38 - 40). 7P of the fibres in the cranial region of

the iliotibialis muscle are low in myosin ATPase activity.

The pectoralis muscle consists of a homogeneous population

of fibres which are high in myosin ATPase and GPase activities and

low in SDHase activity.
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3.3.2 Innervation of the tnusclc fibres

The. method for combination staining1 of nerve axons and

choline esterase, stains the motor endplates heavily. Both the

pectoralis and the iliotibiali3 muscles are focally innervated

with only a single motor endplatc on each muscle fibre over the

length of fibre examined (approximately 1 cm). The endplates

have a compact appearance and appear to be of the 'en plaque*

type (Pig. 41). No motor endplates of the *en grappe* type

have been seen in the fibres studied.

3.4 ICR .CLrlG STRUCTURE OP POST— IQj f .L' . UoCLM.

Muscle undergoes characteristic changes in morphology \.rhen

stored post-mortem. This has been examined in teased preparations

and frosen sections of unfixed muscle, and in fixed and embedded

material viewed \jith the light and electron microscopes.

3.4.1 General observations

In post-mortem embedded and stained muscle, the fibres are

often less closely packed than observed in 'at death* muscle (Pigs.

42, 45» 60) and the endomysial tube surrounding each fibre is

frequently detached (pigs. 56, 60, 92). After post-mortem storage

the muscle fibres are stained more intensely than seen 'at death*,

and individual striations can easily be differentiated (Pigs. 52,

56, 69,). .

3.4.2 Kinks

In post-mortem muscle, fibres are often displaced forming

kinks along their length; this differs from the crinkled fibres

described in Section 3.2.1 - 2 in which only the surface of the

fibre is affected.

In frosen sections (Pigs. 43, 73) and teased preparations



42

(Fig. 44) vietred with polarised light, the exit and re-entry

of the fibre into the plane of polarisation indicates the

presence of a kink. The continuity of the fibre through this

area can be shown by rotating the polariser at the time of

photography, or by examining the affected area both with

polarised light and phase contrast.

In embedded and stained material, the fibres are clearly

continuous through the kinked region remaining within the plane

of section unless very severely kinked (Fig. 45)* The

striations of a fibre are often obscure at a kink (Figs. 46, 47)

although if the angle of kink is slight, striations can be seen

throughout (Fig. 47)• Where the kinks are very close together

striations may be lost completely (Fig. 47); however kinks more

commonly occur singly. The muscle sample in Fig. 45 is unusual

in the extent of its kinklngj no tears or splits can be seen in

these fibres.

At an ultrastructural level it can be seen that adjacent

myofibrils lie out of register at a kink (Fig. 43) and myofibrils

appear to be frafmsnted as they go out of the plane of section

(Fig. 49).

The sarcomere length does not change at the kink, as

estimated by the width of the I band and the myofibrils are often

x*'idely separated by sarcoplasm (Fig. 4$ • The sarcolemraa is

usually detached from the myofibrils at a kink and frequently

remains straight (Fig. 43).

3.4.3 Contractures

A contracture is a very severe contraction resulting in a
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sarcomere length of loss than 1.5j*ra. Post-mortem fibres in
a state of contracture are observed in unfixed, teased muscle

(Pig. 50), in unfixed, frosen sections of muscle (Pig. 51) and

in fixed and embedded material, (Pigs. 52, 53, 57, 50). The

contractured fibre usually appears very dense and structureless,

although in Pig. 50 the striations can be seen (average sarcomere

length 0.3jAm). perforations in the contractured fibre are
common (Pig. 52) and may become so extensive that the fibre appears

shredded (Figs. 53, 54). Sometimes the fibre breaks forming a

single (Pig. 55) or a series (Pig. 56) of clots. The transverse

splits (Section 3.4.4) in Pig. 57 are rare in contractured fibres.

In transverse sections of embedded material, fibres in a

state of contracture are seen to have a large diameter and appear

very dense (Pigs. 42, 58). The banding pattern of the fibre (the

result of sectioning myofibrils at different levels) is lost, and

instead the fibre has an irregular rippled appearance (Pigs. 58, 59).

In Pig. 60 contractured fibres are seen which are shredded and are

of a similar diameter to adjacent fibres not in a 3tate of con¬

tracture. However examination of longitudinal sections (Pigs. 54,

56) shows that the shredded region of a contractured fibre is not

alv/ays associated with large fibre diameter.

In the electron microscope, the structureless appearance

of a contractured fibre is resolved into alternating light and

dark bands of ill-defined limits (Pig. 61). Myofilaments con be

seen crossing the light band and filamentous material can be seen

within the dark band but its substructure is not readily resolved

(Pig. 62). The sarooplasm is very reduced and individual myofibrils
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cannot be discerned, although mitochondria and triads can be

seen among the myofibrillar material (Fig. 62). An example

of the distorting effect of the contracture on the organelles

of the cell can be seen in Fig. 61 where a rayonucleus has concertinaed.

The perforated contractured fibre shown in Fig. 63 is a continuation

of the fibre shown in Fig. 61, but at a higher magnification and

the two areas are approximately 60apart. The light end dark

bands are still present, but the myofibrillar material has tern

apart across the light band, so that the bands are no longer in

register, No normal or stretched sarcomeres are observed in

this area. A contractured fibre which has formed a clot is seen

in Fig. 64* the edges of the myofibrils are ragged where the clot

has broken away from the rest of the fibre.

In transverse eoction, some sorooplasm can be seen between

the myofibrils and the light and dark bands seen in longitudinal

section can again be identified (Fig. 65). Thiol: filaments

exhibit a hexagonal lattice and thin filaments can be seen packed

irregularly between them in some areas of the light band, which is

therefore proba.bly derived from the A band; elsewhere the arrange¬

ment of the myofilaments is haphazard (Fig. 66). No lattice

structure can be seen within the dark band (Fig. 66).

3.4.4 Transverse splits

Transverse splits are raost easily seen in embedded and

stained tissue (Fig. 67). The split almost invariably occurs

across the I band and may traverse straight across the fibre via

broken I bands of successive myofibrils at the same level, or may

cross irregularly (Fig. 69). Myofibrillar material may or may
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not be lost when a fibre splits. In fig, 69 a split fibre is visible

in which the shapes of the broken ends of each segment are compli¬

mentary - there is no loss of material? however in an adjacent

fibre, detached fragments of myofibrillar material can be seen between

the split fibre segments. The endoraysial tube is often continuous

between the separated segments (Pig. 69). A transverse split in a

contractured fibre does not run step-wise across the fibre as described

above, but zigzags irregularly (Pig. 57), this is probably due to the

loss of the I band.

Lengths of endomysial tube containing no myofibrillar material range

from 0.6 jam upwards and occasionally have been seen crossing the whole
width of a sample - approximately 1 mm. Splits in which the I bands

are missing but with little separation of the adjacent A bands are

termed fractures. Fractures may occur singly (Pigs. 67, 70) or in a

series (Fig. 70); as in a transverse split, fractures may traverse

straight (Fig. 70) or irregularly (Fig. 67) across the fibre, and do

not always cross the whole width of the fibre (Fig. 69). S-shaped

fractures are sometimes seen (Fig. 71)•

In unfixed muscle viewed with polarised light, it i3 sometimes

difficult to differentiate between splits and kinked fibres going in

and out of the plane of polarisation. Rotation of the polariser or

examination of the fibres using phase contrast renders the difference

obvious. A clear example of a transverse split in a teased muscle

fibre is shown in Fig. 72 - the space between the two segments of

muscle is spanned by the endomysial tube. In frozen sections, the

uneven ends of a split fibre (Fig. 75) and fjacturos, single (Figs. 45*

54)* ia a series (Fig. 45) and partially crossing the fibre can be

seen (Fig. 54)•
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In transverse section, the shape of the split region of

the fibre depends on the contour of the end of the fibre segment

and the orientation of the section (Pigs. 59$ 68, 74)} fractures

and splits cannot be differentiated. Empty endoinysial tubes are

seen where the section passes through the space between two

segments of fibre (Pigs, 59» 75)*

Examination of transversely split fibres with the electron

microscope confirms that the break almost invariably occurs across

the I band or Z disk (Pigs, 76, 77) and that the step-shape of the

broken ends of the fibre segments in an irregular split is due to

projecting sarcomeres (Pig, 76). The free segment in Pig. 76 has

changed its orientation slightly with respect to the fibre axis.

The space between the two fibre segments often contains thread-like

material (Pig. 77) similar to the thin filaments projecting from

the A bands where a fibre has split (Pig. 78). Therefore the

thread-like material probably consists of detached thin filaments.

The break in the I band and separation of adjacent A bands

at a fracture is seen in Pig, 799 there is little or no loss of

myofibrillar material. In the fracture in Pig. 76 it appears

that two sarcomeres are missing, but probably part of the fibre

has slipped at the fracture leaving a gap, and apposing sarcomeres

are not from the same myofibril. The lateral adhesion between

sarcomeres in register from adjacent myofibrils is apparently

strong} S—shaped fractures are formed when several sarco¬

meres, held together by lateral adhesion, break across the I

band on opposite sides of the sarcomere and the series is then
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pulled simultaneously in opposite directions along its length

(Fig. 80).

Distortion of the myofibrils often causes buckling at

the I "band (- iga. 81, 82). In Fig. 33 buckling of the I hand

can he seen at each side of the fibre and near the middle, a

fracture has occurred.

In transverse section, myofibrils sectioned at the level

of their I bands are seen at either side of the split fibre (Fig.

84).
3.4.5 „uantitation of transverse splits

The frequency and extent of transverse splitting of the

fibres has been measured to compare the extent of degeneration in

the pectoralis and iliotibialis muscles at 24 h post-mortem in

two samples of each muscle from seven birds.

Host of the area of each longitudinal section con be

photographed with the light microscope using a X 4 objective lens,

and then enlarged photographically to a magnification of approxi¬

mately X 180. Extracellular sones are trimmed off the print and

the remaining area (i.e. of muscle fibres) is weighed. The

split areas (i.e. the * empty' areas between the fibre segments)

are then cut out and weighed, and the number of splits counted.

Fractures are not included in this measurement. Several sheets

of photographic paper have been cut into small pieces of equal

area and weighed; little variation in weight within a sheet of

paper ( 0.5, ) has been found.
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The measurements are expressed as :

(i) percentage volume of the fibre v/hich is split,

i.e. weight of split area between fibre segments X 100,and
total weight of area of fibres

(ii) number of splits per unit volume of fibre,

i.e. number of splits
total Weight of area of fibres (Table 2)

The values for the duplicate samples of each muscle are

averaged and the percentage volume of the fibre which is split and

the number of splits per unit volume compared in the two muscles

using a ..ilcoxon* s signed ranks test. There is no significant

difference in the percentage volume of the fibre which is split

(P>0.1) nor in the number of splits per unit volume of fibre

(P»0.1).

3.4.6 Total disintegration

At an advanced stage of post-mortem storage, the integrity

of the fibres is lost and varying sized clumps of myofibrillar

material are arranged haphazardly (Figs. 85 > 86). In the

electron microscope it can be seen that such fibres have disintegrated

into single degenerate sarcomeres as well as clumps of sarcomeres

from adjacent myofibrils which may be oriented in any plane (Fig. 87).

3.4.7 Vacuo1ation

Vacuolated fibres are found more frequently in early

post-mortem muscle than 'at death1 (Section 3.2.6), and the

number of vacuoles per unit length of fibre tends to be greater.

Thus rows of single vacuoles parallel to the fibre axis cue seen

(Figs. 88, 89); in Fig. 89 some of the vacuoles may be lipid

droplets as the two structures cannot be differentiated with



TABLE 2 Quantitation of the extent of transverse

splitting in the fibres of the pectoralis and iliotibialis
muscles 24 h post-mortem.

Bird Earaple volume of the fibre number of splits per unit
no no which is split ($) volume of fibre

M. p H. il M. p M. il

1 1 4.8 4.7 12.0 4.7

2 3.4 3.0 17.8 4.5

2 1 6.7 4.0 3.6 8.5

2 9.4 2.9 8.8 9.9

3 1 8.4 14.4 28.1 58.2

2 5.8 13.2 31.8 49.8

4 1 15.6 12.6 45.7 69.4

2 12.2 9.3 51.4 56.6

5 1 lo.6 4.9 61.6 19.5

2 11.9 4.4 43.9 23.5

6 1 22.8 3.5 68.6 20.5

2 21.7 3.8 64.4 19.6

7 1 25.8 6.4 75.2 21.1

2 19.0 14.1 58.6 29.4
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the light microscope. In the electron microscope it can he

seen that most of the mitochondria are Swollen, in agreement

with the conclusion that the vacuoles observed with the light

microscope are swollen mitochondria (Section 3*2,6).

3.4*3 IntermfYQfihrillar space

In embedded and stained early post-mortem muscle viewed

with the light microscope, spaces are often seen in the fibre,

parallel to the fibre axis. The spaces shown in Pig. 90 are very

marked but the effect is usually less obvious (Pigs. 53, 91)• In

transverse section the spaces appear as a fine discontinuous net¬

work of cracks in severely affected fibres (Fig. 92).

In the electron microscope it can be seen that the myofibrils

of affected fibres are widely separated by sarcoplasm (Pig. 93).

Separation of the myofibrils occurs frequently post-mortem although

it is not always recognised using the light microscope only. The

extent of the separation is variable at all times post-mortem (Pigs.

118, 119, 130). However the intermyofibrillar space may be less in

post-mortem muscle than •at death', so that in transverse sections

of both muscles many of the myofibrils are oonfluent (Pigs. 123,,

128, 129).

3.4.9 Bacteria

In embedded muscle examined with the light microscope after

prolonged storage, small, densely stained rod- or club-shaped par¬

ticles can be seen between the fibres, or in the spaces where fibres

have split transversely (Fig. 70)

In the electron microscope, these particles are seen to be

spore-forming bacteria, probably of the class Clostridia (Figs. 79 »
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3.4»10 Sarcoleama

The sarcolemma is intact in the muscles sampled early post¬

mortem (Pigs. 95» 103}» hut subsequently it becomes discontin¬

uous and eventually cannot be identified (Pigs. 77, 115).

3.4.11 Myofibrils

During post-mortem storage, sarcomeres can be seen varying in

length from contractured fibres with a sarcomere length of less

than 1.5 J* m to stretched fibres with a sarcomere length of
approximately 3-0 jkm, but the majority are at approximately rest
length (2.2 ft m). The effect of storage on the components of the
sarcomere differs and so will be considered separately.

(i) Z disk

Discontinuities across $he width of the Z disk oocur early

post-mortem (Pig. 96). As time post-mortem proceeds the Z disk

becomes diffuse in appearance, progressively more discontinuous

and constituent material is lost (pigs. 97> 93) so that only rem¬

nants of Z disk material are seen among the thin filaments (Pig. 99)•

Eventually the Z disk cannot be identified (Pig. 100).

In a degenerate Z disk viewed in transverse section, the

square lattioe formation cannot be identified and the Z disk

material is not continuous across the whole myofibril (Pigs. 101,

102), Thus structureless areas, or areas containing thin filaments

derived from the I band, can be seen among the Z disk material (Pig.

102). After prolonged storage Z disks can only rarely be recognised

in transverse sections.

(ii) I band
The I band is affected by both mechanical and degenerative

phenomena in post-mortem muscle, and breaks in
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the myofibrils usually occur across the I band. Tensile

stresses on the muscle fibre occasionally cause lengthening

of the sarcomeres until the thin filaments are pulled out of

the A band (pig. 103). If the sarcomeres do not extend, the

thin filaaents may be physically torn somewhere along their

length, often near their junction with the Z di sk (Pig. 104).

Distortion of the myofibrils causing buckling at the I band is

often seen (Figs. 81, 82),

The I band is susceptible to degenerative changes also;

initially the thin filaments become granular, then become dis¬

continuous (Pig. 97), and constituent material is rapidly loot

until only short thread-like structures, probably the remnants

of the thin filaments, are seen between adjacent A bands

(Pig. 100).

The relative extent of de,generation of the Z disk and

I band is not equals sarcomeres can be seen with very degenerate

Z disks but several granular thin filaments (Fig. 99) or with

prominent though discontinuous Z disks and no thin filaments

(Pig. 98) or without Z disks or thin filaments (Pig. 100).

Sometimes a diffuse band which is more dense than the rest of

the I band, but less dense than the Z disk is seen adjacent and

parallel to the Z disk (Pig. 10p). Irregular clumps of

material running transversely across the myofibril closer to

the A band than the Z disk are sometimes seen, which may be

vestiges of the N line (Pig. 106). In transverse section loss

of material from the I band is seen, with large areas containing

widely dispersed thin filaments (Pig. 107). In Pig. 108 there
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are structureless areas in which myofibrils may have been

sectioned at the level of completely degenerate I bands.

However in a different area of the sane fibre, the Z disk

and the quadrilateral lattice formed by the adjacent thin

filaments have been preserved. After prolonged storage

the quadrilateral lattice has never been seen.

(iii) A band

After several hours of post-mortem storage, the A

band appears granular, and lacking in definition in longitudinal

section. The I.I line is often absent (pigs. 97 > 93, 100, 118).

Breaks in the myofibril rarely occur across the A band, but in

the extremely degenerate fibre shown in Pig. 109» comparison

of the recognisable sarcomeres with the substance occupying

most of the fibre suggests that the latter is torn A band

material.

In transverse section, even after prolonged storage

the hexagonal lattice of the thick filaments is retained,

although the interdigitating thin filaments appear amorphous

and are no longer packed hexagonally with respect to the thick

filaments (Pig. 110). Cross-bridges between thick filaments

at the level of the M line are often seen (Pig. 110), but in

post-mortem muscle it is difficult to differentiate betv?een a

myofibril with degenerate cross-bridges at the M line and a

myofibril sectioned elsewhere in the H zone.

3.4.12 1 Streaming*

•Streaming* of S disks and disruption of whole sarcomeres

is seen in early post-raortera muscle (Fig. Ill) and usually affects

a larger area than observed in 'at death* muscle (Section 3.2.6.iv).
In Pig. 112 disruption of the sarcomeres is associated with severe

contraction.



55

3»4»13 Mitochondria

The mitochondria swell post-mortem. Initially this results

in an increased intracristal space but as swelling proceeds, the

mitochondria often become more spherical (Fig. 113), the cristae

become disorganised (Fig. 98) and eventually rupture of the

limiting membrane may occur (Fig. 115). However other effects

are observed: the inner membrane may become detached from the

limiting membrane and the outer compartment become swollen (Fig. 113)»

or the cristae may become so reduced that the mitochondrion appears

almost structureless (Fig. 97)•

Electron-dense granules of varying sizes, not present in

mitochondria in 'at death' muscle, appear in the matrices of the

mitochondria soon after death (Fig. 96). The granules increase

in frequency with time post-mortem so that several granules may

be seen within a single mitochondrion (Fig. 98). After prolonged

storage, amorphous accumulations of electron-dense material are

often observed, which may be extremely degenerate mitochondria.

Fig. 114 illustrates structures which are postulated to be the

final stages of this process:

(i) mitochondria with discrete intramitochondrial granules,

(ii) structures still recognisable as mitochondria, but

with their matrices largely obscured by electron-

dense material, and

(iii) accumulations of electron-dense material with no

recognisable structure. This material may be

heterogeneous: in Fig. 115 vacuoles are observed

within an intramitochondrial granule and within the

dense material.
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The dense material is seen in unstained sections of muscle,

"but no samples have "been examined after aldehyde fixation

v/ithout osmium post-fixation.

3.4.14 Sarcotubular system

In early post-mortem muscle the contents of the terminal

cisternae of the triads often appear very dense (Fig. 116). In

transverse section the contents of the profiles of SR appear

amorphous and, in the iliotibialis, double layers of SR 6an

still be identified between adjacent myofibrils sectioned at

the level of the Z disks and I bands (Fig. 117).

After further storage post-mortem, triads can only

occasionally be recognised and many vesicles, probably fragments

of SR tubules, are found between the myofibrils (Figs. 97» 118).

in transverse section of the iliotibialis muscle, SR can still

be seen concentrated at the level of the Z disks and I bands

although it is not as closely packed as in muscle 'at death'

(Figs. 119> 120). A few vesicles of SR occur between myofibrils

sectioned at the level of the A band (Fig. 119)» and there is

good preservation of the fenestrated collar at the H zone

(Fig. 120).

The sarcotubular system becomes almost unidentifiable

after further storage of the muscle. In Fig. 121, triads can

still be recognised mainly by their location, although sometimes

the T-tubule can be seen between the terminal cisternae which axe

typically round or oval and very electron—dense. Dense vesicles,

morphologically similar to the terminal cisternae, but occurring

singly, are often seen between the myofibrils, and are probably
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remnants of triads (Fig. 12l). There are few vesicles of SR between

the myofibrils although longitudinal tubules of SR are present in

Fig. 121. In transverse section single dense vesicles are often seen

in the pectoralis muscle between myofibrils cut at or near the level of

the Z disk, and vesicular and tubular remnants of the SR are still

present between the myofibrils especially at the H zone (Fig . 131) .

In very degenerate muscle, the sarcotubular system is reduced to

collapsed tubules, vesicles and dense vesicles between the myofibrils

(Figs. 122, 123), although it is remarkable that the SR tubules round

the H zone are sometimes still recognisable (Fig. 110).

3*4»15» Swollen tubules

In longitudinal sections of early post-mortem muscle observed in

the electron microscope, short splits are sometimes seen running

between the myofibrils. These splits may appear empty, or the

membranes of a tubule may be seen within their lumen (Fig. 124), and

sometimes they run oblique to the myofibrillar axis for Bhort distances

(Fig. 125). In transverse sections of such muscle, swollen tubules are

seen between myofibrils sectioned at any level; sometimes layers of

these tubules are observed (Figs. 126, 127). The tubules may be very

dilated and are often seen in close apposition to mitochondria but

without deforming the shape of the latter (Figs. 128, 129). In

Figs. 126-129, SR is seen which lias only undergone the slight change

associated with the early post-mortem time. A few of the splits may

be formed when adjacent myofibrils part slightly (Fig. 125).
In transverse section, layers of swollen tubules are sometimes

observed (Fig. 131)» some of which loop back on themselves (Fig. 132).

Myelin figures are seen (Fig. 130) in the same fibre as shown in Fig. 131.
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3.4«l6 Glycogen

The content of glycogen in the muscles decreases

rapidly after death and the amount of glycogen observed in

early post-mortem samples is extremely variable. Small

clumps of residual glycogen can be seen a few hours after

death (Pigs. 63, 113), but dispersed glycogen is always

difficult to identify in post-mortem muscle.

3.4.17 Lipid

Intact lipid droplets can be seen in muscle samples

at any stage post-mortem (pigs. 96, 103, 107, 136, 142).

Although they are less common in samples after prolonged storage

no droplet has been identified in the process of breaking down.

3.4.13 Lysosones and autophagic vacuoles

Lysosomes are polymorphic and can be identified with

certainty only after using 'marker* techniques involving hydrolytic

enzyme histochemistry. In post-mortem muscle moderately electron-

dense bodies (0.5 - 1.0 pm in diameter) surrounded by a membrane have
been seen and are thought to be lysosomes (Pigs. 114, 133). These

bodies occur rarely. Autophagic vacuoles are variable in size,

approximately round or oval and surrounded by one or more mem¬

branes which may be tightly or loosely arranged. The contents

of the vacuoles are heterogeneous but often include a single

dense body or one or more snail vesicles (Pigs. 134, 64, 76, 79

94).

3.4.19 I'l.yonucleus

.During post-mortem storage there is a gradual increase

in the amount of condensed chromatin in the nucleoplasm of the

nucleus. However the area adjacent to a nuclear pore remains

clear of chromatin although the diaphragm traversing the pore is

often absent (Fig. 135).
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At a later stage of degeneration, the nuclear envelope

becomes discontinuous and substance is lost from the nucleoplasm.

The nucleus can then only be identified by the shape outlined by

the distribution of the condensed chromatin and sometimes by the

presence of a nucleolus (Figs. 136, 79 > 133).

3.4.20 Collagen

Collagen is morphologically unchanged throughout the post¬

mortem period studied; transverse striations can be seen crossing

the strands at regular intervals (Fig. 94).

3 4.21 . /elin figures

Myelin figures are often seen in post-mortem muscle and

consist of closely apposed membranes which are frequently

arranged concentrically (Fig. 130).

3.4.22 Collections of vesicles

In two samples at 3 h post-mortem, collections of tubules

and vesicles have been seen at the periphery of a fibre. The

tubules contain amorphous material aad some of the vesicles contain

granules (Fig. 137). The origin of these vesicles and tubules

is unknown.

3.4.23 dense fibrillar structures

After prolonged post-mortem storage in several samples of

the iliotibialis muscle, all from the same bird, electron-dense

structures are seen aligned approximately longitudinally between

the myofibrils (Fig. 133); Z disks are absent in these samples.

These structures are irregular in shape and tend to be elongated,

usually extending up to one sarcomere in length. They have
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no obvious periodicity, but at their periphery strands of

material can be seen which suggests that the structure is

fibrillar in nature Cpig, 139).

In transverse section the dense structures have an irre¬

gular punctate appearance; this might represent a degenerate

lattice, or a lattice viewed obliquely, and is again suggestive

of a fibrillar nature (Pig. 140). They sometimes occur in the

extracellular space (Fig. 140).

In transverse section the dense fibrillar structures

superficially resemble the dense amorphous material jireviously

suggested to be very degenerate mitochondria (Section 3.4.13).

However the latter are usually bigger and never have a punctate

appearance (pig. 141).

In samples of the pectoralis muscle from the same bird,

dense fibrillar structures have not been seen; although frag¬

mented, the Z disks are still present in these myofibrils.

3.4.24 miscellaneous material

In sections of post-mortem muscle prepared for electron

microscopy there is often a background of small electron-dense

particles which do not occur over the whole section, but are

concentrated over degenerating tissue (Pig. 103). Concen¬

trations of these particles are also observed where myofibrils

are missing (Pig. 142), several particles joining together to

resemble a tlire ad. strung with beads. A similar structure occurs

within degenerating mitochondria (pig. 113). It is difficult to

differentiate particles which are not joined together from glycogen
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but the latter is usually found in clumps (Fig, 63), The

particles are probably the products of degraded proteins.

A moderately electron-dense particulate substance occupies

large regions within and between fibres, especially in association

with transverse splits, •empty* endomysial tubes (Fig. 143) and

very degenerate fibres (Fig. 109). The nature of this substance

is -unknown, but it resembles sarcoplasm which may have 'leaked

out* of the degenerating fibres.

Several moderately electron-dense bodies are seen among

the mitochondria in Fig. 122j the nature of these structures is

unknown.

3.4.25 Variation

The extent of variation in morphology of post-mortem muscle

is wide, not only between different birds examined after the same

period of storage, but also between samples of the same bird, and

between fibres within a sample (Fig. 42). Tlius fibres in a <£ate

of contracture are often seen close to fibres which have undergone

little change (Figs. 50, 56) or which are fractured (Fig. 54);

fibres in a state of total disintegration are seen near fibres

which are relatively intact (Fig. 86). In Fig. 90 a fibre which

lias marked intermyofibrillar spaces is adjacent to an apparently

unchanged fibre. This variation is also observed at an ultra-

structural level, for example in Fig. 95 one of the fibres shown

marked separation of the myofibrils while two adjacent fibres appear

unaffected.

Variation is even observed along the length of a single fibre.

In Fig. 144 a fibre is shown with clear striations and

inconspicuous intermyofibrillar spaces; at its other end there

is complete disorganisation within the fibre and striations
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cannot be differentiated.

3.4.26 Time sequence of histological changes
m .im.i, ■ ■ ■ ■ 1,1 , ,.!■ ■.1,1 — »|,,«|—.,| . i .1 . »■■■..».»,i—

The time after death at which a change or deterioration

in a given structure is observed is variable. In the following

description the average times at which the characteristic is

first observed and then at which it is commonly observed are

recorded. Unless indicated to the contrary a degenerative

feature is seen at all subsequent times post-mortem.

half an hour

Vacuolated fibres are occasionally seen, the mitochondria

are sometimes slightly swollen and the level of glycogen is

variable although a complete absence of glycogen has not been

seen. Discontinuities across the Z disk may be present in the

iliotibialis muscle.

One hour

Vacuolated fibres and inconspicuous separation of the

myofibrils are commonly observed. The mitochondria are nou

markedly swollen and a fev/ contain intramitochondrial granules.

The glycogen level is further diminished and the chromatin in

the rayonuclei is usually extensively condensed. Discontinuities

across the Z disk are present in both muscles but are more obvious

in the iliotibialis. Swollen tubules occur between myofibrils.

One and a half hours

Fibres in a state of contracture are observed for the first

time. In the iliotibialis muscle a granular band, parallel and

adjacent to the Z disk is sometimes present. The contents of

the terminal cisternae of the triads often appear very dense, and

that of the SR tubules appear amorphous. Although variable the

glycogen level is usually low.
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4 hours

Vacuolated fibres no longer occur. The flfrfces are loosely-

packed, often with detached endomyoial tubes but the striations

are well defined. Contractured fibres are common, and kinked

and transversely split and fractured fibres are frequently seen.

The myofibrils are often widely separated by sarcoplasm. The

sarcolemma is no longer continuous. The Z disks and I bands

always appear granular and diffuse, and sometimes the I band is

absent. The A band is granular and the M line may be missing.

Fitochondria are often spherical with a ruptured limiting membrane,

disorganised cristae or swollen outer compartment, and contain

several intramitochondrial granules. The triads may be intact

or disintegrated and the SR is vesicular. Some residual

glycogen and autophagic vacuoles can be seen.

8 hours

Kinked fibres rarely occur. The sarcolemma is absent.

Transverse sections show that the thin filaments are often widely

dispersed in the I band and their hexagonal arrangement in the A

band is lost. The mitochondria frequently appear structureless

except for large granules in their lumen. The terminal cisternae

of the triads are very dense and morphologically similar single

dense vesicles are observed. Swollen tubules, occasional lipid

droplets and autophagic vacuoles are seen but glycogen cannot

usually be identified. The nuclear envelope of the myonucleus

is discontinuous and the nucleoplasm often appears electron-lucent.

24 hours

Transverse splits and fractures occur in almost all fibres*

except those in a state of contracture. Total disintegration of
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fibres is sometimes seen. Bacteria can be identified, among

the fibres. The Z dick is often completely absent and only

remnants of the thin filaments of the I band are seen between

adjacent A bands. The hexagonal lattice of the thick filaments

in the A band is retained. Dense amorphous material occurs

within and among many of the mitochondria. The sarcotubular

system is reduced to collapsed tubules, empty vesicles and

dense vesicles. Lipid droplets and bodies which may be lysosomal

in nature are rarely seen. Autophagic vacuoles are common. The

nyonuclei are very degenerate and only recognisable by the shape

outlined by the dispersed chromatin.

3.4.27 Histological differences in the pectoralis and iliotibialis

muscles post-mortem.

Discontinuities across the Z disk are seen in the iliotibialis

but not the pectoralis muscle at 30 min post—mortem and continue to

be more obvious in the former at 1 and 14- h post-mortem. However

there is no consistent difference in the extent of degeneration of

the Z disks at 4 h and subsequently. At 8 and 24 h post-mortem,

more empty vesicles and dense vesicles are usually seen in the

iliotibialis, corresponding to the more extensive development of

the sarcotubular system in that muscle. Similarly more lipid,

degenerate mitochondria and dense amorphous material are seen in

the iliotibialis, reflecting its higher content of organelles

which are associated with aerobic metabolism in vivo. Ho other

consistent difference is observed between the iliotibialis and

peetoralis muscles with respect to their post-mortem histological

appearance.
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3.5 PH OF POST-MORTEM MUSCLE

Both in the pectoralis and iliotibialis rauacles the pH

falls rapidly for the first 20 min after death, then more

slowly until approximately 2 h after death. Prom 2 h to

8 h post-mortem little change is seen in iliotibialis, but

a slight increase in pH occurs in the pectoralis muscle

(Table J, Text-fig. 3). The mean pH at 24 h post-mortem in

five further birds, not included in Table 2, is 5*85 in

pectoralis and 6.10 in iliotibialis.

Wide variation in pH is observed between animals through¬

out the experimental period. The observations from the 13

birds have been combined to calculate a mean value for the

pectoralis and iliotibialis muscle at each time interval,

and the standard deviations calculated at some of these times

(Table 3). In the iliotibialis muscle considerable variation

in pH is seen between birds throughout the period recordedj

in the pectoralis muscle variation is even larger than in

iliotibialis for the first 10 min, but decreases thereafter

until comparatively little variation between birds is observed

1"! h after death.

A graph of mean pH against time post-mortem has been

plotted, and the 95$ confidence limits superimposed on some

of these points (Text-fig. 3). The pH of the pectoralis

muscle is significantly lower than that of iliotibialis at all

times post-mortem, except at 5 min after death. Comparison

of the slopes of the lines suggests that the rate of decline

may be slightly faster in pectoralis than in iliotibialis.



TABLE 3 Mean pll, standard deviation and 95% confidence limits
in the pectoralis (P) and iliotibialis (IT) muscles
of the fowl during post-morten storage

Dime post
mortem

- No.of
birds

Mean pH Standard
deviation

95% confidence
limit

Minutes P IT P IT P IT

4 7 6.60 7.oo

5 10 6.62 6.97 0.35 0.18 0.25 0.13

6 n 6.55 6.91

7 12 6.54 6.88

8 12 6.50 6.85

9 12 6.46 6.83

10 12 6.43 6.75 0.28 0.19 0.18 0.12

11 12 6.40 6.73

12 12 6.38 6.72

13 12 6.35 6.69
14 12 6.32 6.68

15 12 6.30 6.66

16 13 6.28 6.66

17 13 6.26 6.63

18 13 6.24 6.62

19 13 6.23 6.60

20 13 6.22 6.59 0.20 0.20 0.12 0.12

21 13 6.21 6.58
22 13 6.20 6.56
23 13 6.19 6.55

24 13 6.18 6.55

25 13 6.18 6.52
26 13 6.17 6.52

27 13 6.16 6.51
28 13 6.15 6.50

29 13 6.15 6.48

30 13 6.14 6.48 0.11 0.20 0.11 0.12

35 13 6.12 6.45

40 13 6.10 6.42 0.09 0.21 0.09 0.13

45 13 6.08 6.39

50 13 6.05 6.35 0,08 0.23 0.03 0.14

55 13 6.02 6.33

60 13 6.01 6.31 0.07 0.24 0.07 0.15



TABLE 3 (continued)

Time post- No.of
mortem birds

(: OUT' )

It 13

2 13

2h 12

3 13

3* 12

4 13

5 13

6 13

7 13

8 13

Mean PH Standard
deviation

3% confi¬
dence limit

P IT N IT K IT

5.88 6.19 0.08 0.23 0.05 0.14

5.82 6.17 0.06 0.27 0.04 0.16

5.82 6.16 0.07 0.28 0.04 0.18

5.32 6.18 0.11 0.27 0.07 0.16

5.34 6.16 0.09 0.27 0.06 0.17

5.83 6.16 0.11 0.28 0.06 0.17

5.84 6.15 0.10 0.28 0.06 0.17

5.85 6.15 0.11 0.27 0.06 0.16

5.86 6.15 0.11 0.27 0.07 0.16

5.86 6.13 0.11 0.26 0.06 0.16



Text-fig. 3 pH of the pectoralis (.) and iliotibialis
(x) muscles as a function of tine post¬
mortem. J 951- confidence limits,
n= approximately 13 (see Table 3)
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3.6 BIQOR HORTIS III POST-HORT&I HUSCL2.

The onset of rigor mortis has been studied "by measuring

the decrease in extensibility of muscle under a constant load.

3ince the absolute extension of the muscle under load varies

between birds (Appendix 2 Table l) results are best expressed

as a percentage.

The second measurement of extension on application of the

load has been defined as 100^ extensibility. The extension

under susbsequent applications of the load is compared with that

at the second application and expressed as percentage extensi¬

bility of the muscle, (Apppndix 2 Table 2).

Reduction in extensibility of the muscles is observed almost

immediately and extensibility decreases progressively with time

post-mortem (Appendix 2 Table 2). There is wide variation in

the percentage extensibility of the muscles from different birds

at approximately the same time post-mortem (Appendix 2 Table 2).

The decrease in extensibility of the pectoralis and ilioti—

bialis muscles has been compared. Direct comparison between

muscles in different birds is not possible due to variation in

the time at which the first measurement is taken depending on

the speed of dissection (see 2.3.1) and subsequent readings are

taken at 8 tain intervals. However the time to reach 50/- exten¬

sibility has been determined for each muscle in all the birds

(Table 4&). * student1s' t-test for paired samples shows that

the time to 50^ extensibility is significantly less (? <<. 0.01)

in the iliotibialis than in the pectoralis musole.



TABLE 4a. Time post-mortem at which extensibility of the
pectoralis and iliotibialis muscles is reduced to 50£>

Bird no. Time post-mortem to 50£ extensibility (min)

M, pectoralis H. iliotibialis

1 104 48
2 70 22

3 54 38

4 63 50

5 61 69
6 85 53

7 52 44

TABLE 4b The percentage extensibility of the pectoralis
and iliotibialis muscles at the cycle nearest to h, 1 h and

l£- h post-mortem.

Jfc extensibility

% h post-mortem 1 h post-mortem !■£ h post-mortem

Bird H. p K. il M. p H.LI M. p M.

no.

1 105 56 70 22 55 22

2 83 50 56 38 44 25

3 92 63 39 38 23 38

4 81 67 43 17 38 17

5 67 71 38 57 33 43

6 79 100 64 40 43 30

7 83 63 37 25 27 13
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The percentage extensibility at the times nearest to

i>t 1 and l|r h post-mortem have been calculated (to correspond

with the times at which early post-mortem histological samples

have been removed) in all birds pectoralis has an extensibility

greater than 50$ at -§• h, a range of 37 "to 70$ at 1 h and, with

one exception (Bird l), less than 50$ at !§- h post-mortem.

In all birds iliotibialis has an extensibility equal to or

greater than 50$ at -§• h and less than 50$ at 1 and 1$ h post-morte

(with the exception of Bird 5 at 1 h) (Table 4b).

The percentage extensibility has also been measured at 4>

8 and approximately 26 h post-mortem. Even a muscle in full

rigor still possesses a very low level of extensibility; however

this value is of the same order as the minimum value which can

be measured with confidence in the apparatus. nonce in the

present experiment a muscle is considered to be fully in rigor

if the absolute extension on the scale is 1 mm or less.

On the basis of this definition, it appears that the ilioti¬

bialis muscle is in full rigor in 2 out of 7 birds at 1 h, 4

out of 7 at 1$ h and in all 7 birds at 2 h post-mortem. The

muscle is still in full rigor in the 2 birds examined at 4 and

8 h post-mortem and in Bird 7 some increase in extensibility

may have occurred at 26 h post-mortem (/ppendix 1 Table l).
In the peetoralis muscle none of the seven birds are in full

rigor at 2 h post-mortem. In the two birds stored for a longer

period pectoralis is in full rigor at approximately 5 b post¬

mortem. However an increase in extensibility has occurred in

both birds at 26 h post-mortem (Appendix 1 Table l).
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3.7 an; OP CQ-IJ1ERCIAL PROCURING ON THE HUBCLES OF

BROILER CHICKENS

The time from slaughter of broiler chickens in a com¬

mercial factory to completion of processing before freezing

is approximately 30 rain. At this time little change in the

histology of the pectoralis and iliotibialis muscles is to be

expected (Section 3.4.26). Broilers have been removed from

the production line after exsanguination, scalding, plucking

evisceration and chilling, and samples prepared for light and

electron microsoopy. The pH and internal temperature of the

muscles have also been measured.

3.7.1 Light microscopy

No differences are seen between muscles from the broilers

after exsanguination (2>> rain post-mortem) and rausole sampled

*at death* in the laboratory (Sections 3.2.4, 3.2.5). However

after subsequent processing, severely vacuolated fibres, kinked

fibres and contraotured fibres with clots and shredded regions

are found (Sections 3.2.6, 3.4.7, 3.4.2, 3.4.3). Disorganisation

of the pattern of striations is often observed and is caused

either by waves of contraction within the fibre (Section 3.2.6)

(Pig. 145) or slipping of the myofibrils so that they are mutually

out of register. Tears within the fibre or across the whole

fibre with separations of fibre segments sometimes occur;

these tears do not follow a well—defined course via the I bands

of adjacent myofibrils as seen in transverse splits. Two forms

of contracture, not previously described, are seen :



67

(i) Zigzag type. Irregular dense bands run transversely

across the fibre. The appearance resembles that seen in

shredded fibres, but the contractured material occurs in

saaller, irregular accumulations between which amorphous

material is seen (Pig. 146).

(ii) Said. type. These bands are very dense, may traverse

partially or completely across the fibre, tend to have uni¬

form contours and often occur in a series (Pig. 147)• They

are not usually detached from the rest of the fibre but

adjacent sarcomeres are severely stretched. Gross

striations can sometimes he discerned within the bands. The

diameter of the fibre is usually increased at the band. In

Pig. X48 a length of fibre is seen in which the sarcomere

length is progressively reduced until a contracture band is

formed.

The changes in histology described above occur in both muscles .

In pectoralis, vacuolation of the fibres is seen after scalding

(6 min post-mortem), but further changes are seldom observed until

after plucking (7« min post-mortem). In iliotibialis however,

the muscle tissue deteriorates markedly after scaldingj vacuo¬

lated, kinked and contractured fibres,and fibres with disorganised

pattern of striations are seen (Table 5). After the critjtol

stage at which considerable change is seen in the histology of

eacfe muscle, there is little further deterioration until after

chilling (approximately 30 min post-mortem) when the same

features are seen but to an increased degree (Table 5)*
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no

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

TABLE 8 Some histological features in the pectoralis and iliotibialis

muscles of chickens are shown after several stages during commercial

processing. Number of fibres affected i - none, + two or less,
♦+ more than two, but less than half of the fibres in the section,
+++ more than half of the fibres in the section. There are approxi¬

mately 15 fibres in a section.

M. PECTORALIS M. ILIOTIBIALIS

Vacuo- Kinked Contra- Torn Disorg. Vacuo- Kinked Contra- Torn Disorg.
Bated ctured stria- lated ctured _ . ia~
fibres fibres fibres fibres tions * fibres fibres fibres fibres tions

+

++

- - + + - - +++ -

+++ +++ ++ ++ - +++ — —

++- - - +

+++ + + - - - - +

+++ +++ ++ ♦ + - + +

- - + __ - ++ +

+ _ + - - - - +

+++

++

+♦+ ++ +

+++ + -

♦Disorg. striations

++ +++ ++ + +

+ - +++ * +

: disorganised pattern of striations.
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Disorganisation of the sarcomeres is often seen throughout

processing in iliotibMis hut seldom in pectoralis until

after ohilling| however vacuolated fibres occur more often

in pectoralis at all stages. Other differences between the

muscles can be seen in Table 5» however these may be due to

individual variation between birds. For example, two out of

four birds examined after plucking have torn fibres in the

pectoralis but not in the iliotibialis muscle, but in a

further two out of four birds sampled after evisceration,

torn fibres occur in the peotoralis in one bird and in the

iliotibialis in the other.

3.7.2. Electron microscopy

Muscle examined after exsanguination is similar to muscle

sampled 'at death' in the laboratory, but there is very little

lipid within the fibres of either muscle, and the glycogen content

is much higher in the pectoralis than the iliotibialis.

The following changes may be seen in muscle during processing t

(i) discontinuities in the sarcolemma.

(ii) wide intermyofibrillar space.

(iii) short splits between the myofibrils, with or without

the membranes of a swollen tubule in their lumon,

(iv) Z disk may cross the myofibril very erratically with

the rest of the sarcomere paralleling it, so that thick

filaments are no longer in register and the edge of the A

band is not straight. Disrupted sarcomeres, discontinuities

in the Z disk and loss of thin filaments in the I band are

sometimes seen.
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(v) in torn fibres the sarcomeres may be torn across

the A band, I band or Z disk.

(vi) mitochondria become swollen and spherical, often

with disorganised or sparse cristae, although sometimes

only part of the organelle is swollen; intramitochondrial

granules are occasionally seen.

(vii) the sarcotubular system may be disrupted so that only

small vesicles, probably remnants of the SR, are seen between

the myofibrils.

(viii) glycogen content decreases throughout processing.

These changes may be seen in either muscle sampled after

scalding (6 min post-mortem); however in pectoralis, erratic

Z disks are not observed until after chilling, (approximately

50 min post-mortem), and throughout processing the mitochondria

are less well preserved than in iliotibialis. The glycogen

content in iliotibialis is very low in all samples, but a

progressive depletion of glycogen occurs in pectoralis through¬

out processing until after chilling, when very little can be seen.

The ultrastructure of vacuolated, kinked and contractured

fibres is as described in Sections 3.2,6, 3«4»2, and 3«4*3« The

zigzag and band type contractures have not been examined in the

electron microscope.

The extent of deterioration in different birds at the same

stage of processing varies considerably; such variation is

characteristic of post-mortem muscle, even in the controlled

laboratory situation.
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3.7*3 Temperature of the muscles

There is little difference between the temperatures

recorded in the perioralis and iliotibialis muscles at any

stage during processing (Table 6). The combined average

temperatures of the muscles in a total of 20 birds ere as

follows t

stage iv (2& min post-mortem)after easanguination, 36.4°C
stage v (6 rain poet-mortem) after scalding, 38.6°C,
stage vi (7t min post-mortem), after plucking,34.5°C
stage x (14 oin post-mortem) after evisceration, 31.7°C,
stage xi (approximately 30 min post-mortem), after

ohilling 11.8°0.
>3 © »

Thus after scalding in water at 4# C (stage v),there is a small

increase in temperature of the musolesj thereafter the tempera¬

ture decreases gradually as the carcasses pass through cold

water washes (ringe vi water passes over the carcasses during

plucking, stages vii and xi)# Of course the temperature is

greatly reduced after chilling (stage xii).

3*7*4 pH of the muscles
Measurements of muscle pH have not been taken freer, indivi¬

dual birds passing through the complete process, but the change

in pH during processing has been followed by sampling four birds

at each stage. The pH is still high after exsanguination and is

markedly decreased after chilling, especially in the pectoralis

muscle, but owing to the variation between birds, no conclusions

can be made on the pH at intermediate stages of processing

(Table 6). Since the temperature of the muscles decreases



TABLE 6 s pH and temperature of the pectoralis and
iliotihialis muscles of chickens at various stages during
commercial processing (The bird numbers correspond with
those in Table 5» but histological samples have not been

prepared from birds 21 to 24 )

Bird
No.

PH
M.pector-

alis
M.ilioti—
bialis

Temperature (°C)
H.pector- M.ilioti-

alis bialis

Stage

1 — - 36 37 iv

2 - » 36 38 after

3 6.8 7.4 35 38 exsanguir

4 6.9 7.1 34 37

21 6.9 7.05 - -

22 6.9 7.1 - -

5 — — 39 41 V

6 • - 42 41 after

7 6.8 6.8 35 33 scalding

8 6.8 6.9 39 39

23 6.6 6.7 - -

24 6.3 6.8 - -

9 5.6 6.7 35 35 vi

10 5.7 6.8 37 35 after

11 6.5 6.6 35 33
•»

plucking

12 6.3 6.7 34 32

13 6.25 6.95 32 33 X

14 6.5 6.8 32 33 after

15 6.6 7.2 - - evi seera1

16 6.5 6.7 31 29

17 5.85 6.5 10 10 xi

18 6.3 6.6 13 11 after

19 5.7 6.6 13 12 chilling

20 5.9 6.7 14 11
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during processing of the birds, it must be stressed that the

above pH measurements have necessarily been taken at these

temperatures.

The pH in the iliotibialis and pectoral.is muscles (Table 6)

has been compared using a 'Student's* t—test for paired samples

without regard for the stage of processing. The pH is

significantly lower (Pk0.0005) in the peotoralis than the iliot¬

ibialis muscle.
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4 DISCUSSION

The breed of chickens used in this study had been selected

originally for good laying by a commercial hatcheryj however

they have since been bred for throe years at the Poultry Research

Centre without artificial selection although some inbreeding has

occurred,

4.1 MACROSCOPIC FEATURES OF TIE MUSCLES

The difference in colour of muscle immediately after death has

been attributed mainly to its content of myoglobin (Gtinther, 1921),

In the present investigation both the pectoralis and iliotibialis

muscles appear lighter in colour and softer in texture after post¬

mortem storage for 24 hj they are not exudative at the end of this

period. Similar changes are observed in porcine muscle under normal

conditions when post-mortem change occurs at a slow or moderate ratei

the meat changes from the dark red colour observed at slaughter, to

a grayish-pink and remains moderately firm and dry (Briskey, 1964).

It appears that the PSE condition which is associated with rapid

post-mortem change in porcine meat (Briskey, 1964) does not occur

in chicken meat under the conditions of the present investigation.,

The green colouration of the skin observed in the present study

after 24 h of post-mortem storage is thought to be due to formation

of sulphaemoglobin and possibly choleglobin from the haem pigments

of blood and muscle by bacteria from the intestine (Shrimpton, 1953)•

4.2 MICROSCOPIC FEATURES OF MUSCLE 'AT DEATH'.

The histological and histochemical characteristics of the

pectoralis and iliotibialis muscles 'at death' have been investi¬

gated, as it is essential in any description of post-mortem or
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pathological tissue first to define the normal.

4.2.1 General observations

The cross-striations of skeletal muscle have been recognised

for many years (Leeuwenhoeck, 1682; Bowman, 1840) and the first

observation of isotropic and anisotropic bands in polarised light is

recorded by Briioke (I858). In the present investigation the average

sarcomere length is very short (approximately 1.3jam) in unfixed
frozen sections and teased preparations of 'at death' muscle,

indicating that both preparative procedures stimulate contraction.

In the frozen material there is evidence that contraction occurs

on thawing of the sections of muscle (Gothard, Mullins, Boulware

& Hansard, 1966). The sarcomere length of fixed and then teased

muscle fibres is similar to that of fixed and embedded muscle

(approximately 2.3 Mm) and considerably longer than that of unfixed

preparations. Thus it appears that the more complex procedure

involved in preparation of the latter material does not cause

obvious artefacts.

4.2.2 Sarcolenma

The term sarcolemma is loosely used in the literature; studies

with the light microscope show an empty fine tube which can be seen

between retraction clots when a fibre is injured (Speidel, 1938)
and which can be prepared by inducing 'emptying' of myofibrillar

material (liultin & Westort, 1969). This tube i3 described as the

sarcolemma after Bowman (I840).

Using the electron microscope, four layers have been described

in the sarcolemma: an outer layer of unidentified fine filaments,

a layer of collagen filaments, an amorphous layer (basal lamina)
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and the plasma membrane (Mauro & Adams, 1961); differentation of

collagen from the endomysium and from the sarcolemma is not possible

as the two layers merge. In more recent ultrastructural studies the

plasma membrane and basal lamina are often jointly called the

sarcolemma. In the present investigation, the sarcolemma is defined as

the plasma membrane plus the basal lamina and hence is too thin to be

resolved with the light microscope. The connective tissue structure

which surrounds the muscle fibres and is especially obvious in post¬

mortem muscle is termed the endomysium or endomysial tube.

4*2.5 Myofibrils

The ultrastructural arrangement of the thick (myosin) and thin

(actin) filaments in the sarcomere is similar to that described by

Huxley (1957) in the psoas muscle of the rabbit, and is consistent with

the sliding filament model of contraction (Hanson & Huxley, 1955?

Hanson & Lowy, 1965). The H line, first described by fingelman (1875)

crosses the I band close to the A band but its functional significance

is unclear. It has been suggested that it may consist of oC- actinin

(Pranzini-Armstrong, 1970)? however more recent studies, using pyro-

antimonate as a marker for intracellular sodium and calcium and

observing muscle before and after tetanisation, suggest that the N line

may be a site of stored calcium which is rapidly released on depolaris-

ation of the plasma membrane (Yarom & Meiri, 1971» 1972). This latter

hypothesis may explain the inconstancy of this feature in te ilio-

tibialis muscle in the present investigation since the stimulation of

the muscles during agonal struggle might disperse the calcium. The
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reason for its total absence in the peotoralis muscle remains

obscure, since it lias previously been described in this muscle in

the fowl (Bennett & Porter, 1953)»

In both the peotoralis and iliotibialis muscles the Z disk is

usually composed of a regular square lattice although a 'basket-

weave1 appearance is observed occasionally. In the intercostal

muscles of rats Landon (1970) observes the square lattice

following glutaraldehyde fixation and the 'basket-weave* appear¬

ance following osmium tetroxide fixation. In osmium tetroxide

fixed material Z disks with the square lattioe are seen in regions

where the fixative might be expected to act most rapidly and

be most concentrated. Landon (1970) suggests therefore that the

square lattice is nearer the in vivo state than the 'basket-vioave'

pattern.

Thus the 'basket-weave' appearance of the Z disk, seen occasionally

in the present study, may be a fixation artefact. Landon (1970)

and Pranzini-Armstrong (1973) both show that only a slight realignment

of the thin and Z disk filaments is required to convert the square latt¬

ioe arrangement to the 'basket-weave' appearance originally des¬

cribed by Reedy (1904)*

4.2.4 Sarcotubular system

The sarcotubular system is originally associated with the con¬

duction of the excitatory impulse to the myofibrils by Hvirley and

Taylor (195&). Dinect morphological examination of muscle fibres

(Pranzini-Armstrong & Porter, 1964) and study of the penetration of

markers into muscle fibres (Huxley, 1964; Pranzini-Annstrong, 197i)



has shown that the T-tubules are continuous with the extracellular

space and are formed by invaginations of the plasma membrane. Calcium

ions, necessary to activate myosin ATPase are stored in the SR

especially in the terminal cisternae which are closely apposed to

the T-tubule at the triad (Hasselbach, 1964? Costantin, Franzini-

Armstrong & Podolsky, 1965; Pease, Jenden & Howell, 1965). It is

generally agreed that it is at the triad that depolarisation of the

membrane of the T-systera causes release of calcium from the SR; the

mechanism is not yet understood (see Ebashi & Endo, 1968). Although

the 13-tubule runs near the level of the Z disk in pectoralis and

near the level of the junction of the A and I bands in iliotibialis,

the structure of the triad is similar in both muscles and resembles

that described by Page (1969) in the caudal latissimus dorsi muscle

of the fowl. In pectoralis, the single triad per sarcomere, the

longitudinal tubules of SR and the fenestrated collar at the level

of the H zone are shown diagramatically in Text-fig. 4« The SR

network is shared by adjacent myofibrils; thus in transverse section,

only one layer of tubules is observed between myofibrils. The two

triads per sarcomere and two systems of SR tubules (i.e. the complex

reticulum connecting triads overlying adjacent sarcomeres and the

fenestrated collar and longitudinal tubules connecting triads over¬

lying the same sarcomere) seen in the iliotibialis muscle are

illustrated in Text-fig. 4« However in this muscle, each myofibril

is ensheathed by its own network of SR; thus in transverse section,

two layers of tubules are seen between adjacent myofibrils except

where tubules are sparse.



Taxt-^ig. 4 A diagrammatic inter] rotation of the arrange¬
ment of the sarcotubular system,
myofibrils are represented in surface view
anl cut longitudinally and transversely.
In the pectoralis muscle (p) the triad is
situated at the level of the Z disk, and
successive triads are connected by
longitudinal tubules of SR which run to
the fenestrated collar at the H zone.

In transverse section there is a single
layer of SR between adjacent myofibrils.
In the iliotibialis muscle, (IL) there are
two triads per sarcomere located near the
A-I junctions, connected within each
sarcomere by the longitudinal tubules of SR
and the fenestrated collar, and between
sarcomeres by the complex Z disk reticulum.
In transverse section the myofibrils have
been cut through the I bands, close to the
level of the Z disk, therefore they are
;.e->arated by two layers of SR.
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This description of the carcotubular system in the pectoralis

muscle agrees with earlier accounts of the fowl (Bennett & Porter,

1953; Mendell, 1971) and pigeon (Ashhurst, 1969). The sarcotubular

system in the m.serratus superficialis metapatagialis of the pigeon

is similar to that in iliotibialis, except that no double layers of

SR are described between adjacent myofibrils in transverse section

(Hikida, 1972).

4.2.5 Metabolic pattern

The choice of the pectoralis and iliotibialis muscles in this

study rested on their differing metabolic patterns. A markedly

higher capacity for aerobic metabolism has been indicated in

iliotibialis based on qualitative study of the histochemioal reaction

for SBHase and subjective estimation of the content of mitochondria and

lipid with the light and electron microscopes; it has been indicated

quantitatively by measuring the mean volume of the muscle fibre

occupied by mitochondria in each muscle. Krompecher, Laczko,

Ladanyi, Laszlo and pevai (1970) find by planimetry that the area

of fine sections occupied by mitochondria in the pectoral muscle is

Jp. This estimate is rather higher than that obtained in the present

study (mean % volume of the fibre occupied by mitochondria in the

pectoralis is 0.73) but it is difficult to account for the discrepancy

since no details of breed or age of fowl examined, or the sampling method

used are given by these authors, ilo corresponding study of the ilio¬

tibialis muscle has been found in the literature.

The activities of SDIIase, cytochrome oxidase (Kronpecher at al. 1970),

extramitochondrial hexokinase, citrate synthase and 3-hydroxyacyl-

CoA dehydrogenase (Bass, Brdiczka, Eyer, Hofer, & Pette, 1969) have
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been measured, biochemically and are found to be low in the

pectoralis muscle of the fowl, suggesting a low capacity for

aerobic metabolism.

In the prosent investigation a high activity of glycogen

phosphorylase has been shown histocheraically in both musclesj

the oontent of glycogen has not been measured. Bass jet al.

(1969) find biochemically that the pectoralis muscle has a high

activity of phosphorylase and of glycolytic enzymes, i.e.

triosephosphate dehydrogenase, lactate dehydrogenase and extra-

mitoohondrial hexosediphosphatasej and therefore the authors

conclude that the peotoral muscle has a high capacity for anaerobic

metabolism.

The iliotibialis muscle appears to be more highly vascular-

ised than the pectoralisj this finding is consistent with a higher

capacity for aerobic metabolism in the former (Stoel, 1926\ Smith

& Giovacchini, 1954), however the observation has not been quanti¬

fied.

It can be concluded from the present observations as well as

the available literature that there is a marked difference in the

capacity for aerobic metabolism in the pectoralis and iliotibialis

muscles. As regards anaerobic metabolism, no evidence has been

presented to suggest a difference between the two muscles (but see

Section 4.6) although the pectoralis muscle is probably more depen¬

dent on anaerobic metabolism than the iliotibialis muscle. VJhen

comparing the metabolism of these two muscles in the modern domestic

fowl, it should be borne in mind that the iliotibialis is used for

sustained activity in posture maintenance as well as short bursts

of activity in runningj whereas the pectoralis muscle is used only
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for short hursts of activity in brief flights and display, and

never for sustained activity as in prolonged flying. Hence it is

not unexpected that the pectoralis has a low capacity for aerobio

metabolism and the iliotihialis a high capacity for both anaerobic

and aerobic metabolism.

The mitochondria are of the typical structure seen in striated

muscle (see 3?awcett, 1966) but intramitochondrial granules are not

present in * at Aeath* muscle. In the fowl the absence of intra¬

mitochondrial granules is a feature of cardiac musole also (Scott,

1972).

4.2.6 Satellite cells

Muir (1970a)defines the satellite cell of skeletal muscle as

a mononuclear cell of which the cytoplasm does not oontain myofilaments

and which is enclosed by or lies within the basement membrane (i.e.

basal lamina) component of the saroolemma. Satellite cells, first

described by Mauro (1961) in the tibialis anterior muscle of the frog,

have subsequently been reported in the muscles of several species

including the fowl (Muir, 1970a). Muir, Kenji and Allbrook (19^5)

examined satellite cells in several muscles from fruit bats and white

mice. They observe Golgi membranes, centrioles, mitochondria and

ribosomes in the cytoplasm. Satellite cells have occasionally been

observed in the present study and their identification is consistent

with the definition of Muir (1970a}. These cells are observed in

greater numbers in immature and regenerating muscle tissue and have

retained the ability to undergo mitotic division (Muir, 1970} Moss

& Leblond, 1971)} they are functionally important in regeneration

and repair.

4.2.7 Classification of fibre types

In vertebrate skeletal muscle two olasses of fibre can be
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differentiated by their response to nerve stimulation. The

•fast* fibres undergo a rapid twitoh and have a propagated action

potential, whereas the *slow* fibres respond with a prolonged

contracture and do not usually exhibit an action potential (Hess,

1970). However this nomenclature can lead to confusion since

•fast1 fibres themselves are often subdivided into fast and slow

by their speed of contraction. Hence in this study the fibres

which undergo a rapid twitch with a propagated action potential

are termed twitch and those that exhibit a prolonged contracture

are termed tonus.

In the fowl the cranial (anterior) and caudal (posterior)

latissimus dorsi musoles oonsist exclusively of tonus and almost

exclusively of twitch fibres respectively (Ginsborg, 1960$

Ginsborg & Mackay, 196I). It has been shown that twitch fibres

are focally innervated with *en plaque* (Tsohiriew, 1879) motor

endplates whereas tonus fibres are multiply innervated with 'en

grappe* (Tschiriev, 1879) motor endplates (Oinsborg & Mackay,

1961; Hes 1961, 1967). In the fowl»fibres with *en grappe*

motor endplates have been found in the cranial latissimus dorsi,

sartorius, lateral and medial gastrocnemii, biventor cervicis and

semispinalis cervicis muscles, but most muscle fibres have *en

plaque* motor endplates (Ginsborg & Mackay, I96I). In the

present investigation, only *en plaque* endings have been observed

in the peotoralis and iliotibialis muscles. Hence, although a

systematic study has not been performed, it is probable that the

fibres of both muscles are predominantly, if not exclusively, twitch.
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At an ultrastructural level the myofibrils of twitch fibres

of the caudal l&tissimus dorsi appear in transverse section as

irregular polygons, 0.5 to 1 pa in diameter, the T-system occurs
regularly near the level of the A - Z junction, the Z disks axe thin

(54 nmj Zelena & Jirmanova, 1973) end run straight across the myo¬

fibril (Hess, 196l» 1967$ ?a&e & Slater, 19£>5j Pa£®» 19^9)• In con¬

trast the myofibrils of tonus fibres of the cranial latissimus dorsi

appear to be ribbon-shaped in transverse section t 0.5 to 1 pm by
2 to 5 p»» The T-system occurs irregularly, contacts with the SR
often being longitudinally or obliquely oriented and forming dyads

instead of triads. The Z disk is thick (135 nmj Zelen4! & Jirmanova,

1973) and frequently follows an erratic course across the myofibril

(Hess, 1961, 1967$ Page &. Slater, 1965$ Page, 1969).

In the present study it is clear that the fibres of pectoralis

are of the twitch type, since the myofibrils are polygonal-shaped

in transverse section, have thin (mean 39 nm) straight Z disks and

a regularly occurring* T-system. In the iliotibialis muscle confluence

of myofibrils and relatively thick (mean 75 n®) ^d erratic Z disks,

have been described, but these features are much less extreme than

observed in the tonus fibres of the cranial latissimus dorsi.

Furthermore, the development of the sarcotubular system is extensive

and very regular, with two triads per sarcomere and dyads only rarely

occurj hence it is concluded that the fibres described in the ilioti—

bialis musclo are also of the twitch type.

Peter, Barnard, iidgerton, Gillespie and Sterapol, (1972) differ¬

entiate three types of twitch fibre on the basis of their glycolytic

and oxidative capacities and contractile properties. They term
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these fibre types fast-twitch-glycolytic (FG), fast-twitcb-oxidative-

glycolytic (FOG) and slow-twitcn-oxidative (SO). Some of the

criteria by which these fibre types are characterised are summarised

in Table 7.

In the fowl, fibre types in the adductor muscle are described by

Ashiaore and Doerr (1971b) and in the sartorius muscle by Shafiq,

Askanas and Kilhorat (l97l)• Although the authors employ

different nomenclatures their results indicate that it is possible

to equate SO fibres with pH (Ashmore & Doerr, 1971b) and type 1

(Shafiq et al. 1971)» FG with wW and type II b and FOG with ofR and

types Ila and c (Table 8).

In the present study it has been found that SO and fast-twitch

fibres in iliotibialis can be differentiated by their myosin

ATPase and GPase activities, but the latter cannot be subdivided into

FG and FOG types, since a complete range of SDHase activities is

seen. A uniform population of FG fibres is observed in the pector-

alis muscle in the present study, in agreement with Ashmore and

Doerr (1971a). However Chandra. Bose, Chinoy and George (1964)
differentiate two types of fibre in the pectoral muscle of the fowl;

fibres with high concentration of myoglobin, fat and high SDHase

activity and fibres with low concentration of myoglobin, fat and

low SDHase activity. But the former type of fibres tend to be more

numerous near the insertion of the muscle; this region has not been

sampled in the present study. But Chandra Bose et al. (19^4) stress

that the enzyme activity is lower in both fibre types tlian in

equivalent fibres of pectoralis from other birds.

The mitochondrial content of muscle is greatly affected by usage;



TABLE 7 Properties of the fast-twitch-glyoolytic

(FG), fast-twitch-oxidative-glyoolytio (FOG) and slow-
twitch-oxidative (SO) fibres defined "by Peter ^et jjjL (1972).

Myofibrillar ATPase
activity, pH 9.4

22,

High

JOG

Intermediate
to high

SO

Low

Glycogen concen¬
tration

High High Low

Glycogen phosphorylase
activity

High High Low

Lactate dehydrogenase
activity

High Intermediate Low

Mitochondrial -gjLy-
cerophosphate dehydro¬
genase activity

High High Low

Cytochrome concent¬
ration

Low High Inter¬
mediate

Succinate dehydro¬
genase activity

Low High Inter¬
mediate



TABLE 8 Correlation of different nomenclatures

used in the literature

REFERENCE NOMENCLATURE TECHNIQUES USED
IN CLASSIFICATION

f -
Peter et al, FG
(1972T

FOG SO See table 8

Ashmore & Doerr «<]I
(1971 B, b)

«xR R Myosin ATPase,
GPase, SDHase

Gauthier &

Padykula
(1966)

White Red Inter¬
mediate

lipid, SDIIase,
mitochondrial
ATPaae

Shafiq et al . II b
(1971)

Ila
lie

myofibrillar
ATPase, GPase,
SDHase

Tomanek jet _al • fast" fast—
(1973) twitch- twitch-

white red

slow-
twitch-
inter¬
mediate

myosin, ATPase,
SDHase
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thus the mitochondrial content of fibres can be increased by training

(Gollnick & King, 1969, Barnard, Bdgerton & Peter, 1970} Faulkner,

Maxwell & Lieberman, 1972; Edington & McCafferty, 1973) and

subsequently decreased by detraining (Faulkner et al. 1972).

Strong evidence that myosin ATPase activity is directly

related to speed of contraction lias recently been published by Burke,

Levine, Tsairia and Zajac (1973). They differentiate two

populations of fibres by their speed of contraction on stimulation

of individual motoneurones in the cat; they find that the myosin

ATPase activity is high in fast-contracting fibres and low in

slow-contracting fibres.

The relationships between fibre types defined histochemically

and their ultrastructure are confused. It can be assumed that

SDIIase activity is directly related to mitochondrial content;

thus the sparsity of these organelles in pectoralis is compatible

with the uniform population of FG fibres, while in iliotibialis

the spectrum of SDHase activity matches the range of mitochondrial

content. Schiaffino, Hanzlikova and Pierobon (1970) also observe

a continuous range of SDHase activity and mitochondrial content in

the extensor digitorum longus muscle of the rat, but most classi¬

fications of fibre types emphasise differences in mitochondrial

content (Gauthier & Padykula, 1966; Shafiq jet al. 1971; Tomanek,

Asmundson, Cooper & Barnard, 1973).

Gauthier and Padykula (1966) classify fibres into red, white

and intermediate types in rat muscles using histochenical reactions

for SDHase, lipid and mitochondrial ATPase (Table 7).
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Ganthier (1969) suggests a correlation. between mitochondrial

content and Z disk thickness* her red fibres (FOG) have

thick Z disks, while white (FG) and intermediate (SO) fibres

have thin Z disks. A correlation of Z disk thickness with

fibre type has also been shown by Shafiq. e_t al. (1971) in the

oartorius muscle of the fowl and Pomanek et al.(1973) in the

vastus lateralis and soleus muscles of the guinea pig. They

find the thickest Z disks in SO fibres, the thinnest in FG

fibres and an intermediate value in the FOG fibres.

Both Shafiq jst _al.(l971) s*id Tomanek et al, (1973) studied

regions of muscle of fairly homogeneous fibre type. In the

present investigation, the Z disks in the FG fibres of the

pectoralis are very thin. The Z disk is thicker and more

variable in all the fibres of the iliotibialisj Z disk

thickness is not related to the content of mitochondria, so can¬

not be used to differentiate discrete populations of FG and FOG

fibres. However, the few fibres observed with very thick Z

disks (100 to 115.n®) may be SO fibres.

Schiaffino et, al.(1970) also report a continuous variation

of Z disk thickness in the extensor digitorum longus muscle

of the rat and observe fibres with very thick Z disks in the

soleus muscle which consists almost exclusively of SO fibres.

It has been suggested that the development of the SR is

related to speed of contraction (Revel, 1962j Bergman, 1965?

Page, 1965* 1969)* Schiaffino et al. (1970) and Tomanek et al.

(1973) find that the sarcotubular system is more highly developed

in fast-twitch than slow-twitch fibres. However in the present
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study no consistent difference is found between fibres in

the iliotibialis, although any difference in the SO fibres

may have been overlooked as they constitute only of the

total fibre population. The marked difference in the

development of the SR between pectoralis and iliotibialis

appears to be anomalous, as in both muscles over 93'^ of their

fibres are high in myosin ATPase activity. This reaction is,

however, only qualitative and the relationship between speed

of contraction, myosin ATPase activity and development of the

SR remains to be elucidated in avian muscle fibres.

4.3 VARIATION IN 'AT DEATH' MUSCLE

Host of the preparations of 'at death* muscle have the

typical appearance described in Sections 3.2.1 to 3.2.5 and

are consistent with general descriptions of vertebrate skeletal

twitch muscle. However variation within the 'normal* is

ezpeoted in biological tissue.

The waves of contraction observed in some fibres of the

iliotibialis muscle are due to uneven contraction along the

fibre. Bowman (1840) shows drawings of muscle fibres at

various 'stages of contraction'j his drawings of contraction

advancing in a muscle fibre of a skate and orab (his Figs. 88,

89) are similar to the waves of contraction described in the

present investigation. Contraction is probably induced by

excitation during excision of the strip of rausole from the

carcass or during fixation. Radoueo-Thomas, Lataste-Dorolle,

Zender, Bussett, Meyer and Mouton (1959) describe this phenomenon

in teased muscle fibres of the rat, examined by interference

microscopy. However the shortening observed by these authors
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is much more extreme than eeen in the present investigation

and. results in a definite bulge in the muscle fibre. Waves

of contraction occur rarely} their presence in iliotibialis

but not in pectoralis is probably coincidental.

Vacuolation of fibres has been shovm to be due to swelling

of the mitochondria. Mitochondria are extremely susceptible

to the conditions of fixation} even with a consistently high

quality of fixation occasional swelling of mitoohondria is

observed. In single fibres severely affected by vacuolation,

it is possible that biochemical conditions exist immediately

post-mortem which may cause the mitochondria to swell.

Streaming of Z disks and disruption of sarcomeres is some¬

times observed in 'at death* muscle. Reske-hielsen and

Harmsen (1972) also observe this phenomenon in biopsies of

muscle from healthy young people. Streaming Z disks and dis¬

rupted sarcomeres are frequently described in pathological con¬

ditions including rats fed on a vitamin B deficient diet (Howes,

Price & Bluraberg, 1964), cases of familial centronuclear myopathy

(Sher, Rimalovski, Athanassiades 4 Aronson, 19*>7) and diabetes

mellitus (Reske-Nielsen & Harmsen, 1972). Hence it is possible

that streaming of Z disks and disruption of sarcomeres are

atypical features which occur in muscle jln vivo and that they are

not caused by experimental artefact.

The atypical features observed in •at death' muscle have

been characterised to differentiate them from changes which

occur during post-mortem storage. Waves of contraction are

observed only in 'at death* muscle, but vacuolated fibres,
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swollen mitochondria, streaming Z disks and disrupted sarcomeres

also occur post-mortem. The •parallel bars1 seen in one

unfixed frozen section examined with polarised light are thought

to be an optical artefact and not a real character of the muscle

fibre,

4.4 HISTOLOGICAL METHODS USED FOH THE STUDY OF POST-HQjgp&S CHANGE

In the present investigation most of the observations on post¬

mortem change have been based on fixed and embedded material,

and it is uncertain to what extent the features observed are

modified by the preparative procedure used. Most methods of

fixation are known to cause shrinkage of tissue* thus in the

biceps brachii muscle of the mouse Goldspink, Gelder, Clapison

& Overfield (1973) find that the mean diameter of pre-rigor fibres

is 42.1 p.m in unfixed frozen sections compared with 28.9 fi* ia
fibres fixed in 2.5/ glutaraldehyde; varying the osmolarity

of the glutaraldehyde solution doe3 not affect fibre diameter.

Dehydration of material during fixation may also affect fibre

diameter. Page and Huxley (1963) find that inter-myofilament

distances in muscle vary considerably using different fixation

techniques.

The method of histological preparation in the present

investigation is identical for muscle ' at death* and post-mortem,

therefore changes in histology observed must reflect actual

changes in the muscle, although they may be modified by the

process of fixation, dehydration or embedding procedures. For

example, weakened molecular bonds might be broken or degraded

proteins might be preolpitated. Since kinked, contractured,
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fraotured and transversely split fibres are seen in unfixed

muscle preparations, it is concluded that these changes are

not preparative artefaots. However a comparison of the fre¬

quency of occurrence of such structures in fixed and unfixed

muscle has not been undertaken.

Examination of unfixed muscle with the transmission electron

microscope is not yet possible, hence fixation artefacts only

visible at an ultrastructural level cannot be compared with

an unfixed control.

4.5 MICROSCOPIC STRUCTURE OP POST-MORTEM MUSCLE

4.5»1 General observations

Muscle fibres post-mortem are frequently less closely

packed than *at death*. The water-binding capacity of myofibrils

is reduced post-mortem (Bendall & Wismer-Pedersen, 1962) hence

intracellular fluid entering the extracellular space probably

results in a decrease in diameter of fibres post-mortem (Hegarty,

1970, Goldspink jet &1. 1973) with a concomitant increase in

separation of the fibres.

Separation of the fibres could also occur as a result of

weakened connective tissue in the endomysium and perimysium.

However this appears unlikely as several biochemical and histo¬

logical studies have failed to show any degradation of connective

tissue during prolonged post-mortem storage (Hamsbottora & Strandine,

1949? Winegarden, Lowe, Kaetelic, Kline, Plagge &, Shearer, 1952;

Wierbicki, Cahill, Kunkle, Klosterraan & Deatherage, 1955)*

The cross-striations of muscle fibres stain more intensely

in muscle at 4 h post-mortem and subsequently than *at death*.

Several factors might contribute to this appearance t
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(i) degeneration of the I hands, thus A hands axe more

clearly delineated?

(ii) coagulation of proteins in the A hand, which then

stain more densely?

(iii) an increase in the number of sites available for

binding the stain owing to conformational daanges

in the proteinsi

The first feature has been observed, but the second and third

are speculative although some post-mortem ohange in stain-

binding properties of the muscle proteins seems likely.

4.5.2 Kinks

Kinked fibres occur both in fixed and unfixed muscle. The

muscles are attached to the carcass throughout post-mortem

storage and samples are splinted at rest length during fixation.

Kinked fibres are oommonly seen at 4 h post-mortem when both the

iliotibialis and the pectoralis muscles have lost all or most of

their extensibility.

It has been observed with the light microscope that the pattern

of cross-striations is often obscure at a kink? ultrastructural

examination of a kinked region shows myofibrils lying out of

register. When a fibre from *at death* muscle is sectioned

obliquely the pattern of striations seen with the light microscope

appears indistinct and the loss of definition varies with the

angle between the plane of section and the fibre axis. Hence

the presence or absence of cross-striations through a kinked

region of a fibre probably depends largely on the angle of the

kink.
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When a fibre from 'at death* muscle is sectioned obliquely

and observed with the electron microscope, myofibrils leaving

the plane of section appear fragmented; since most of each

myofibril is surrounded by sarcoplasm, larger areas of sarco-

plasra are observed between myofibrils than in either a true longi¬

tudinal or true transverse section. Thus the apparent frag¬

mentation of myofibrils and increase in sarcoplasm between

myofibrils in kinked fibres are again probably a consequence of

oblique sectioning.

The effects of various experimental conditions on incidence of

kinking have been investigated. There is no significant

difference in the number of kinked fibres per sample in bovine

muscle allowed to enter rigor mortis still attached to the carcass

at 2°C or 20°C (Hodper & Hegarty, 1973). The number of kinked

fibres per sample of biceps brachii rausole of the mouse in

full rigor,is significantly lower in unfixed preparations than

preparations fixed in 10$t neutral formalin; increasing the tension

on the muscle during fixation decreases the number of kinked fibres

observed (Hooper & Hegarty, 1973). Excision of muscle soon after

death results in a high incidence of kinked fibres (Cagle &

Henrickson, 1970)•

Thus the factors determining the occurrence of kinking in post¬

mortem muscle fibres are complex and very susceptible to the experi¬

mental conditions. Furthermore the incidenoe of kinking varies

between species examined under the same experimental conditions s

Hooper and Hegarty (1973) find very few kinked fibres in the muscles

of turkey compared with muscles from mouse and ox.
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Kinked fibres have been described in post-mortem muscle stored

at a variety of temperatures ranging from 2° to 39°C in muscles

of chicken (Lowe, 1948), pig (Lawrie, Gatherum & Hale, 1958J Cagle
& Henrickson, 1970; Hooper & Hegarty, 1973), ox (Paul et al., 1944?

Voyle, 1969; Reville, Joseph & Harrington, 1971? Eino & Stanley,

1973a? Hooper & Hegarty, 1973), lamb (Zender, et al, (1958),
rabbit (Sender et al, 1958) and mouse (Hooper & Hegarty, 1973).

These observations have been mode using unfixed teased preparations,

paraffin embedded, plastic embedded and frozen material, examined

with the light microscope by transmitted light or phase contrast

and with the transmission and scanning electron microscopes.

4.5.3 Contractures and post-mortem contraction

Fibres in a state of contracture have been defined aB having a

sarcomere length of less than 1.5 pm. This state is also called
superoontraction.

When a fibre contracts shortening is accompanied by an increase

in diameter and the myofibrils are more widely separated by sarco-

plasm. In the present study contractured fibres are seen to have

a large diameter, however the amount of sarooplasm between the

myofibrils is variable. This variation may be related to the

extent of contraction, but an inorease in sarcoplasm has not been

observed between the myofibrils in severely contractured fibres.

In contracted frog muscles Sato (1954) postulates that some fluid

is extruded through the sarcolemma. Extrusion of fluid might

explain the observed variation in the volume of sarcoplasm

between the myofibrils in contractured fibres. This suggestion

also implies that the increase in diameter of a fibre is not
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directly proportional to the extent of shortening.

In shredded regions of contractured fibres an increase in fibre

diameter is not expected because the myofibrils are torn, although

the fibre diameter will depend on the extent and distribution of

the tearing. When a clot is formed, although tearing has occurred

on either side, the myofibrils within the clot are contracted so an

increased fibre diameter is observed.

There is considerable evidence that shortening of muscle

fibres post-mortem occurs by the sliding filament mechanism as

observed in vivo (Locker, 1959; Stromer, Goll & Both, 1967c;

Henderson, Goll & Stromer, 1970)• At a sarcomere length of

1.5 j*m the thin filaments from opposite sides of the sarcomere
cross, so that the H zone disappearsi instead a 'contraction

band* is seen in the middle of the A band (Huxley & Hanson, 1954)•

The thick filaments then abut on the Z disks. Thus when the sarcomere

undergoes further shortening the thick filaments must either pene¬

trate the Z disk, crumple against the Z disk or distort along

their length. The last possibility has not been described.

However, there is good evidence that the Z disk is penetrated by

the thick filaments in invertebrate muscle (Hoyle, KcAlear &

Selverston, 1965; Osborne, 1967). Ilice (1973) has demonstrated

this phenomenon in the retractor muscles of the tongue of the

chameleon, which are able to contract to about 16% of their

extended length compared with only 40% in most vertebrate skeletal

muscle (Gordon, Huxley & Julian, 1966). The Z disks in these

retractor muscles are perforated so that the thick filaments can

pass through; this is atypical of vertebrate skeletal muscle.
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Stroraer jil• (1967c) examined contractured fibres with an

average sarcomere length of 1.2j*m in post-mortem bovine muscle.
It appears that in some locations the thick filaments have

penetrated the Z disks but the sections are too thick to draw

definite conclusions. Hagopian (1970) examined glycerinated

preparations of the pectoralis muscle of the fowl and suggests

that penetration of the Z disks by thick filaments occurs in

sarcomeres 1.3 to 1.5 f*m long, based on the assumption that the
dark bands on either side of the Z disk would be less regular if

the thick filaments were crumpled. He finds severe disorgani¬

sation of the myofilaments in sarcomeres of less than 1.3^m
in length. Thus there is no unequivocal evidence that the

thick filaments penetrate the Z disks in severe contraction

except in specialised muscles. Gordon et al.(1966) suggest that

the thick filaments bend back or are crumpled against the Z disk

in contractured fibres.

In the present investigation, longitudinal sections of con-

traotured fibres show dark bands obscuring the Z disk, but no

detail of their substructure can be seen. As Hagopian (1970)

comments, examination of transverse sections does not clarify the

problem as thick filaments would probably occur among the Z disk

material in both conformations.

There is no doubt that the light bands in the contraotured

fibres desoribed in the present study are derived from the A band,

since the hexagonal lattice of the thick filaments can be seen.

However the haphazard arrangement of the thin filaments in this

region is probably due to the presence of two sets of filaments,

one from each side of the sarcomere.
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The first description of contractured fibres is attributed to

Zenker (1864) who examined the muscles of patients who had died

of typhoid fever, but study of Bowman's (1840) drawings (his

Fig. 36) suggests that he also observed contractured fibres.

Since then contractures have been induced in muscle by many methods

including injection of phenol or boiling water (Forbus, 1926),

immersion in caffeine (Cheney, 1939)» thawing muscle frozen pre-

rigor (Cassens, Briskey & Hoekstra, 1963aj Kenz & Luyet, 1965)

raising the temperature of muscle (Carey, 1940, 1941J Innerfield,

Connavella, Kezzatesta & Hochberg, 1963) o*1*1 cutting muscle

(Cassens et al. 1963a). In all these violent treatments the bands

observed are extremely irregular and sarcomere lengths cannot

easily be measured. Menz and Luyet (1965) froze pre-rigor frog

muscle to —150°C and then allowed it to thaw at room temperature$

they find a 'sarcomere' length of 0.2 - 0.6 fim. Squeezing muscle
fibres results in less severe contracture with sarcomere lengths

of approximately lj*m (Speidel, 1938$ Schmalbruch, 1973)»
In post-mortem muscle the form of the contracture is variablet

(i) The term 'contraction nodes* is often applied to fibres in

which contraction occurs in waves, so that lengths of fibre with

extended sarcomeres alternate with nodes of severely shortened

sarcomeres. This has been described in chicken muscle during the

•normal' onset of rigor mortis (Lowe, 1948) and in ox muscle stored

at 2°C for 1 day, when excised (Paul £t jfL, 1944) or remaining
attached to the carcass (Reville et al. 1971). 'Contraction nodes*

have not been observed in the present study Tinder laboratory

conditions.
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(ii) Dense irregular bands of contractured material are seen

in P3S porcine muscle sampled soon after death (ludvigsen, 1954;

Lawrie et al, 1958$ Bendall <5b Wismer-Pedersen, 1962; Iiuir, 1970b),

These bands closely resemble the structures obtained after violent

treatments of muscle and are not seen in the present investigation

under laboratory conditions. Although Bendall and Wismer-

Pedersen (1962) suggested that the bands are denatured sarcoplasmic

proteins which are deposited on the myofibrils, it is now generally

accepted that they are primarily fibrillar but probably include

adsorbed denatured sarcoplasmic proteins (Briskey, 1964; Muir,

197Cb). In these dense bands no structure resembling the con¬

tractured sarcomere can be discerned and in adjacent areas the

myofibrils are out of register so that the pattern of cross-

striations is lost,

(iii) In the form of contracture described in the present investi¬

gation considerable lengths of fibre are usually affected and

contracture is often associated with tearing. This form has

been described by Bendall (i960) in muscle allowed to enter rigor

mortis unrestrained at 37°C and by Voyle (1969) in bovine rausole

stored unrestrained at 2°C for 24 h.

This form of contracture is temperature-dependent. In excised

samples of "bovine, porcine and rabbit muscle severe shortening of

muscle fibres occurs sooner during storage at 37° "than at 2°C,
However the three species differ in their response to temperature*

the average sarcomere length is minimal in ox at 2°C and in rabbit
0 000

and pig at 37 C, while it is maximal between 16 C and 25 C In ox, 2 C in rabbit
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and 25°C in pig. Shortening of whole strips of bovine muscle

is maasimal during storage at 2°C and minimal at 14° to 19°C

(Locker & Hagyard, .1963) in agreement with the sarcomere lengths

measured by Henderson et al. (1970).
The above observations are all made on muscle excised soon

after death and stored post-mortem. When the muscles are left

in situ the results are less clearcut. Neville jjst al. (1971)
hung whole beef oarcasses by the Achilles tendon in a storage room

at 2°C for 30 h. They find marked variation in average sarcomere

length in different muscles on the 3ame carcass and suggest that

this is a function of their anatomical position. In a hanging

carcass the psoas muscle is stretched and sarcomere lengths of

2.66 to 3.54 j*m are observed; the longissiraus dorsi, semimembran¬
osus and gluteus medius muscles are compressed and sarcomere lengths

of 1.45 to 2.20 fita are found. Hence it appears that extension or

compression of a muscle during the onset of rigor mortis affects

the sarcomere lengths of the myofibrils. The shortest sarco¬

meres observed by Heville et al.(l971) are nevertheless longer

than those observed by Henderson jet al.( 1970) (1.3/Am) in excised
bovine muscle stored at 2°C for 24 h. Hence the restraint imposed

by the attachment of the muscle to the carcass apparently restricts

shortening.

In the present investigation chickens have been stored prone,

hence neither the iliotibiaiis nor the pectoralis muscle is

stretched or compressed. Several factors may cause post-mortem

muscle to contract i

(i) Neural. Little is known of this phenomenon and it may¬

be confused by the problem of the definition of death.
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For example after dislocation of the neck with concomitant

severance of the spinal cord in the chicken, the heart is

still heating and violent reflex muscular activity occurs.

Although the chicken may he considered killed, the muscle

tissue is still functioning almost normally. The possi¬

bility of release of acetylcholine from motor ondplates

undergoing autolysis during post-mortem storage of muscle

does not appear to have been studied.

(ii) Irritability. Hasciculation i.e. spontaneous contraction,

on cutting muscle soon after death is a well known phenomenon

and has been observed in the present investigation. Cutting

probably causes localised depolarisation of the sarcolemma.

Neurally evoked contractions during sacrifice of the animal have been

greatly reduced in the present study and irritability of muscle is

retained only for a short time after death. The appearance of con-

tractured fibres at 1-J to 4 h post-mortem suggests that contraction

must be stimulated by some event occurring at a later time post¬

mortem. A third factor can be postulatedt

(iii) Helease of calcium from the SR. In vivo the release

of calcium from the SR (in the presence of magnesium)

activates myofibrillar ATPase which splits ATP, so

releasing energy for contraction (Ebashi, 1961} Weber

& Hers, 1963). Hence in the presence of ATP, which i3

still available in pre—rigor muscle (Bendall, 1951)»

and an unimpaired activity of myofibrillar ATPase

(Goll & Robson, 1967$ Greaser, Cassens, Br.iskey &

Hoekstra, 1969b), it should be possible for contraction
in post-mortem muscle to oocur on the release of calcium.
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•There is evidence that the content of free intracellular

calcium increases in post-mortem muscle* in the sartorius

muscle of the frog hauss and Davieb (1966) observe an increase

in the rate of efflux of calcium from the muscle during the onset

of rigor mortis. Furthermore the amount of calcium which can

he extracted from chicken pectoralis muscle stored at approxi¬

mately 2°C increases with duration of storage up to 24 h post¬

mortem (llakamura, 1973) •

The increase in free intracellular calcium presumably results

from the decreased calcium-accumulating ability of the SR mem¬

branes which occurs during storage of muscle post-mortem (Nauss

& Davies, ]6:966$ Greaser, Cassens & Hoekstra, 1967} Greaser,

Cassens, Hoekstra, Briskey, Schmidt, C$rr & Galloway, 1969&J

Goll, 3tromer, Hobson, Temple, Sason & Busch, 1971)•

The most likely faotor stimulating contraction of muscle fibres

post-morteni is the release of oalciura from the SR. Goll _et al.

(1971) have proposed three possible causes underlying the loss of

calcium—accumulating ability of the SR membranes x

(i) unooupling of the calcium pump by proteolysis,

(ii) post-mortem pH decline, and

(iii) post-mortem loss of ATP.

They conclude that the first of these alternatives is the most

significant in post-mortem muscle.

In the present investigation contractured fibres are commonly

observed at 24 h post—mortem. Evidence conderriing the persistence

of contractured fibres is conflicting. Their presence has been

reported after post-mortem storage of pig and rabbit muscle at

37°C for 1 day (Henderson jet j^. 1970) and of ox muscle at 2°0
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for 10 days (Reville et al. 1971) and 18 days (Paul et al. 1944)•

But Stromer et al« (1967c) report an increase in sarcomere length of

bovine semitendinosus stored at 2°C from 1 day (1.2 urn) to 13 days

(1.8 Jim) post-mortem. The contractured formation is lost and
myofibrils again exhibit an ordered banding pattern, including a

narrow I band. Cassens et al. (1963a) also find that 'dense bands',

induced by cutting porcine muscle immediately after stunning are not

observed in samples from the same muscles either at the onset of

rigor mortis or 24 h after death. There are two possible explanations

of these results1

(i) The 'dense bands'may be caused by the process of fixation

and not by the stimulus of cutting as suggested by Cassens

et al. (1963a); hence bands would only be formed in the

pre-rigor muscle as at the onset of rigor mortis or 24 h

post—mortem there is insufficient ATP for contraction.

Although a different fixative was employed, Eino and

Stanley (1973a) observe contractured fibres in ox muscle

fixed immediately after death.

(ii) The fibres relax in the presence of ATP bo the bands are

resolved before the onset of rigor mortis.

Hence contractured fibres may persist or be resolved during post-mortem

storage; conditions influencing- this are not yet understood. The

problem of how they maintain the shortened state may at first seem

perplexing. However it has been shown that in the absence of ATP,

chemical bonds are formed between actin and myosin (hngelhardt &

L.jubimowa, 1939; Erdos, 1943; Szent-Gyorgi, 1945); the sarcomere

is 'locked' at whatever length it happens to be when these bonds form

(hendall, I960).
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The extended length of a sarcomere is approximately 3«5r
when the thin filaments are just in contact with the thick fila¬

ments. A sarcomere length of 0.55 ftm (as shown in Fig. 6l)
represents a shortening to approximately 15 percent of the

extended length. Since stimulation of contracture appears to

be a localised effect, it is not surprising that it is often

associated with tearing. The torn area shown in Fig. 63 is

approximately 60 ftm distant from the severely contracted area

shown in Fig. 61. Tearing has occurred where shredded regions

and clots of contractured material are observed.

4.5*4 Hypothesis of 'active* and 'passive1 shortening in post-mortem

muscle

As a muscle passes into rigor mortis it often shortens con¬

siderably (Bendall, i960). It has been suggested that some

fibres contract 'actively1 and remain straight, while others do

not contract but are shortened 'passively* by deformation into

kinks (Carey, 1940J Bendall, i960). Shortening of unrestrained

bovine muscle is maximal during onset of rigor mortis at 2°c

(Locker & Hagyard, 1963)5 kinked fibres occur in histological

preparations of muscle after 24 h storage at 2°C (Voyle, 1969).

Shortening is minimal in bovine muscle stored at 14 - 19°C
(Locker & Hagyard, 1963)5 in strips of muscle held at rest length

for 24 h at 18°C, kinked fibres do not occur (Voyle, 1969). Hence

kinked fibres only occur if muscle shortens during the onset of

rigor mortis (Bendall, I96O5 Voyle, 1969).

If the kinked fibres are 'passively' shortened, their

sarcomere length should be longer than in the 'actively' shortened

fibres; Bendall (i960) finds that marked striations can be seen

in the former but are not visible in the latter. However the
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evidence is conflicting! in bovine eternoraandibularis muscle,

stored for 24 h, Voyle (19&9) finds an average sarcomere length

of 1.57 juts in •passively* shortened fibres compared with 1,10 p m
in * actively1 shortened fibres. But Reville et jol. (1971)
examining several other muscles in the ox, also stored at 2°C
find no consistent relationship between fibre conformation

and sarcomere length within any of the muscles. These con¬

flicting results raay be due to differing experimental conditions.

The muscle examined by Voyle (1969) had been excised within a few

minutes of death of the animal and allowed to shorten unrestrained

for at least 24 h, whereas that of Fevnie et al. (1971) remained

attached to the carcass for 30 hj the sarcomere lengths observed

by Voyle (19^9; (1.10 - 1.57^") are much shorter than those
measured by h©<rille jjst _a3. (1971) (1.45 - 2.20^im); hence the
extent of contraction raay have influenced the results.

In the present investigation no oonsistent difference in

average sarcomere length has been found between adjacent kinked

and straight fibres, but this has not been quantified.

The hypothesis of •passive' shortening requires that

•actively* shortened fibres must be present in a sample of muscle

containing kinked fibresj this has frequently been observed

(Cheyney, 1939i Carey, 1940? Lawrie at al., 1958; Bendall, i960),

bometiraes however the •actively* shortened fibres might be outwith

the sampling area.

The contraetured fibres described in the present study can

be identified with •actively1 shortened fibres. They frequently

occur near kinked fibres as seen in Pig. 45*
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The occurrence of •actively* shortened fibres without

•passively* shortened fibres is not inconsistent with the

hypothesis, provided that all fibres contract simultaneously,

or that the •aotively* shortened fibres tear along their

length, so reducing the tension generated. The latter occur¬

rence is seen in Pig, 50, where a contractured fibre is seen

between two almost straight fibres.

Fibres which are not usually torn, but in which dots of

contractured material oocur extensively along their length

are observed in PSE porcine longissimus dorsi muscle (Lawrie

et al. 1958j Bendall & Wismer-Pedersen, 1962), and in muscle

after various violent treatments (Cassens ^et jil., 1963a, Kenz &

Luyet, 1965j Section 4.5.3). In these studies the presence

of kinked fibres have not been reported and it is possible

either that the tension generated by this form of contracture

is insufficient to cause kinking of adjacent fibres, or all

the fibres in the samples examined have been affected by the

condition.

In the present investigation kinked fibres are rarely seen

in muscle at 8 h post-mortem or subsequently. A decrease in

the incidence of kinked fibres has been observed in bovine muscle

stored at 2°C from 4 to 9 days post-mortem (Paul et jal. 1944),
in lamb muscle stored at 25°G from 30 to 100 days, (2ender jrt al.

1958), and in pig musole stored at 25°C for 30 min to 8 h (Cagle
& Henrickson, 1970). However Seville et al. (1971) report that

kinking persists in the sternomandibularis musole of the ox stored

at 2°C for 10 days.



103

According to the hypothesis of "passive* shortening,

kinking should persist only while adjacent fibres maintain

tension. Daring post-mortem storage transversely split fibres

increase in frequonoyj this :aay be responsible for loss of

tension, Visco-elactio properties of the muscle fibres or the

connective tissue raey cause the kinks to straighten out. At

4 h post-mortem when kinking is extensive, transverse splits and

fractures are also seen, but relatively few fibres in a sample

are affectedj thus tension may not have been lost. An alterna¬

tive explanation for the apparent disappearance of kinked fibres

is that they subsequently become transversely split (Paul_et al,

1944). This suggestion will be discussed in Section 4»5»5*

The hypothesis of *active' and 'passive* shortening of

muscle fibres post-mortem provides a plausible explanation for

the occurrence of kinked fibres, however the evidence is incon¬

clusive at present.

It is possible that kinking of muscle fibres is induced

passively by some external force other than contraction of

adjacent fibres, "Passive* shortening might be caused by

•contraction* of connective tissue (Lowe, 1948), Recently

Hooper and Hegarty (1973) observe that in muscles in rigor the

incidence of kinked fibre® is higher in fixed then unfixed samples.

As the ATP level ia low kinking cannot be caused by active con¬

traction of adjacent fibreoj they suggested that kinking is

passively caused by shortening of the surrounding connective

tissue due to the irritant action of the fixative.
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4.5.5 Transverse splits and total disintegration

Transverse splits and fractures are observed in the muscles

in the present investigation at 4 h post-mortem and increase in

frequency as post-mortem storage time proceeds.

Transverse splits in post-mortem muscle have been des¬

cribed using the ligVt microscope in ox muscle stored at 2°C
after 2 days (Paul et al. 1944j Reville et al. 1971)* in sheep

muscle stored at 25°C after 40 days (Zender et al. 1958)* in

chicken muscle stored at 4°C after 3 days (Hanson, Stewart & Lowe,

1942) and after 1 day (temperature not specified^ Lowe, 1948)

and in rabbit muscle stored at 38°C after 14 days (Radouoo-

Thomas et al. 1959). Breaks across the fibre in the region of

the I band are observed by scanning electron raisoroscopy in muscle

stored at 0-5°C from trout for 4 days, turkey for 6 days (Schaller

& Powrie, 1971) end ox for 8 days (Eino & Stanley, 1973a).

The wide variation in the time at which transverse splitting

is first observed is partly due to the widely differing times of

sampling in the experimental schedule and the conditions of

storage* muscles may be stored either attached to the carcass

or excised, and aseptic precautions may or may not be taken.

Paul et al.(l944) and Reville et al. (1971) report an increase

in transverse splitting of fibres with progress of time post¬

mortem.

In the present study splits and fractures first occur at

4 h post-mortem and are differentiated only by the extent of

separation of adjacent A bands or fibre segments terminating in

A bands. Fractures and splits almost invariably occur across

broken I bands or Z disks of adjacent myofibrils. Several

i
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factors whloh may result in formation of fractures can be

postulated.

(i) I>egeneration. Degradation of the Z disk and I band

in post-mortem muscle is a well-known phenomenon (Cassens,

Briskey & Hoekstra 1963b) Davey & Gilbert, 196?, 1969)

Fukazawa, Briskey, Takahashi & Yasui, 1969} Henderson, et al«

1970) Hay, Currie, Wolfe & Sanders, 1973)# In the present

study the Z disks and I bands appear granular and diffuse and

are usually discontinuous at 4 h post-mortem.

(ii) Buokling of the I band. This is presumably caused by

slight compression of the myofibrils. The angle through which

the thin filaments are distorted must set up a shearing force

across the I band and therefore this region might be damaged.

In Pig. 83 a fracture is seen traversing straight across part

of a fibre via broken I bands) at both extremities of the

fracture the I bands are not broken but buokled.

(iii) Kinking of the whole fibre. Paul et al. (1944)

observe that •sharp* fractures occur most often in kinked

fibres in biceps femoris of ox stored at 2°C. However

fractures in kinked fibres are only occasionally seen in the

present investigation.

(iv) Avulsion of thin filaments from the A band. This is

observed rarely in the present study and is therefore unlikely

to be significant in the formation of fractures.

(v) Contracturea fibres. It has already been noted that con¬

tracture is often associated with tearing, but the irregular

zigzag shape of the split formed differs from the straight or

step—wise course of most fractures and transverse splits.
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However some of the lengths of endomysial tube observed in

longitudinal and transverse sections may not be due to separation

of fibre segments at a split, but may have been left 'empty' when

a fibre contracted severely. This suggestion is supported by a

recent study by Schmalbruch (1973) who gently squeezed rectus

abdominis muscle of rat to induce contractures; in transverse

serial sections of frozen material he observes that dense

contractured fibres disappear and reappear, alternating with

endomysial tubes empty or containing debris. Paul et al. (1944)

observe that breakage of a fibre frequently occurs between two

nodes of contracture; these splits are similar to those observed

in contractured fibres in the present investigation.

All of these factor^ oocur when fractures and transverse splits are

first observed and probably all give rise to fractures. The most common

change preceding fracture is probably degeneration of the 1 band or Z disk.

In the present investigation the complimentary shapes of the fibre

segments on opposite sides of a split and continuity of the endomysial

tube across the split area, suggest that often material is not lost from

the fibre, but that transverse splits arise by separation of the fibre

segments.

In muscle during the onset of rigor mortis considerable internal

stresses must arise as different fibres shorten to varying extents and

individual fibres shorten unevenly along their length. Davey and

Dickson (1970) observe no breaks in fibres after storage of bovine muscle

at 15°C for 90 h. But stretching a muscle sample after 90 h storage to

approximately twice its initial length (i.e. measured immediately after

excision from the carcass) results in extensive splitting of the fibres.

This suggests that in the present study internal tensile stresses may

cause breakage of weakened tiiin filaments or Z disks, or separation of

fractures already formed.
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In the present investigation a large increase in transverse

splitting of fibres is seen between 8 and 24 h post-mortem which may

be due to tensile forces caused by shortening. Since the muscles are

in full rigor shortening is not expected. However the results of two

studies suggest that shortening during storage at 37°C may involve

atypical contraction. Harsh (1953) finds that loss of extensibility,

considered to be due to formation of bonds between actin and myosin at

low levels of ATP, occurs at the same time as shortening in bovine

muscle, Stromer et al. (1967c) observe shortening of bovine muscle at

5 to 8 h post-mortem when ATP levels are very low. Shortening in

post-mortem muscle at 37°C at low levels of AT? has yet to be explained;

since in the sliding filament model of contraction, ATP is required to

break the bonds between actin and myosin.

It is well known that fixation and dehydration during tissue

processing frequently cause shrinkage. In the 24 h post-mortem samples

in which fractures have formed or bonds are severely weakened, shrinkage

may cause fibre segment separation. However typical transverse splits

have been observed in unfixed muscle at 16 h post-mortem. The incidence

of transverse splitting in fixed and embedded muscle has not been

compared with that in unfixed muscle; hence the possibility that tissue

processing procedures cause an overall increase in width of splits

cannot be excluded.

In chains of fractures and in S-shaped fractures sarcomeres

from adjacent myofibrils remain in phase, apparently adhering to

one another, especially at the level of the A band. Continuity

of the sarcotubular system between myofibrils may promote lateral

adhesion until post-mortem change causes fragmentation of the

sarcotubular system. Adhesion could also arise by coagulation
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of proteins.

The feature termed total disintegration in the present study

occurs when transverse splitting is very extensive and separation

of myofibrils has occurred so that variously oriented blocks of

myofibrillar material consisting of one or more sarcomeres are

seen. The endomysial tube is not usually continuous over such

areas.

Total disintegration has been reported in rabbit, pig and

sheep muscle stored at 38°C for 14 days (Radouco-Thomas et al.

1959) and sheep muscle stored at 25°G for 50 days (Zender et al.

1958)* Both sets of works observe an increase in the number of

fibres affected by total disintegration as time post-mortem

proceeds. In the present study total disintegration occurs

comparatively early at only 24 h post-mortem- this degradation

may have been caused by bacterial invasion as Radouco-Thomas et al.

(1959) stored their muscles at a similar temperature but under

aseptic conditions.

4.5.6 Intermyofibrillar space

The extent of separation of myofibrils is more variable in

post-mortem muscle than 'at death' and may differ markedly between

adjacent fibres. Factors which may affect intermyofibrillar

space in early (less than 4 h) post-mortem muscle include1

(i) Contraction. On contraction myofibrils become widely

separated by sarcoplasm (see Section 4.5.3)

(ii) Distribution of fluid. The waters-binding capacity of

myofibrillar proteins decreases in post-mortem muscle

(Bendall & Wismer-Pedersen, 1962); if the fluid is retained
within the cell the sarcoplasmic volume increases and the

myofibrils are widely separated; but if fluid passes into

the extracellular space the sarcoplasmic volume decreases
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and there is little separation of the myofibrils.

The accumulation of differing concentrations of end-

products of post-mortem metabolism in the fibres may

cause fluid movement in or out of the cells by osmosis,

(iii) Change in diameter of myofibrils«

In the present investigation, fibres are seen in which the

myofibrils are at rest length but are widely separated by seroo-

plasra| therefore contraction is not the sole oause of increased

inter-myofibrillar space in post-mortem muscle. There is no

evidence that the diameter of myofibrils differs significantly

in fibres with a wide or narrow interayofibrillar space in early

post-mortem muscle. Hence the most likely explanation for the

variation observed in this space is distribution of fluid. The

relative significance of the decreased water-binding capacity of

the myofibrillar proteins and of osmotic effects in determining*

the oontent of fluid in the sorooplasm has still to be elucidated.

After post-mortem storage for 4 h, other factors also become

important with respect to intermyofibrillar space i

(a) Loss of myofibrillar material. In muscle at 4 h post¬

mortem and subsequently, material is lost from the Z disks

and I bands, but seldom from the A bands. Overall

separation of myofibrils is little affected by loss of

myofibrillar material through degeneration. However in

transverse sections where adjacent myofibrils are sectioned

at the level of the I bands, loss of peripheral thin

filaments may cause the myofibrils to appear more widely

separated. However where there is loos of material from

the I bands, the thin filaments appear widely dispersed
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in transverse section so that individual myofibrils are

difficult to differentiate and the intermyofibrillar

space cannot be identified.

(b) Lateral adhesion of A bands. The observation that A

bands from adjacent myofibrils often adhere to one another

in muscle at 24 h post-mortem haB been discussed in

Section 4«5*5* such muscle the intermyofibrillar space

is very reduced at all levels of the sarcomere, although

by this time I bands and Z disks are frequently absent.

However it cannot be determined in the present investigation

whether lateral adhesion of A bands, possibly caused by

coagulation of proteins, causes a decrease in intermyofib¬

rillar space, or vice versa.

After several hours of post-mortem storage, variation in the

extent of separation of myofibrils is probably still mainly due to

fluid distribution, but lateral adhesion of A bands may also be

important. Separation of myofibrils occurs over appreciable lengths

of myofibrils| hence in embedded material it can easily be identified

in longitudinal sections. Id transverse sections, however, it is

difficult to estimate the extent of separation of myofibrils without

preparing serial sections and even then, features such as dispersion

of thin filaments may confuse interpretation.

Separation of myofibrils is described by Lowe (1948) in post¬

mortem chicken muscle but occurs much less frequently than in the

present study. Rpville _et al. (1971) describe the phenomenon after

50 h storage of ox inusole at 2°C and they comment that myofibrils are

still connected by SR at the level of the Z disk. Although it lias been
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suggested (Section 4*5*5) that the SR may promote lateral adhesion of

myofibrils; considerable variation in the width of the interrayofibrillar

space must be possible without concomitant rupture of the sarcotubular

syotcra, since this apace varies greatly during contraction and subsequent

relaxation in vivo. Hence wide separation of the myofibrils is not

necessarily associated with rupture of the sareotubular system.

Davey and Gilbert (1969) stored fibre piece preparations of ox muscle

at 0°C for 20 days. The fibres appear little changed; however after

brief homogenisation (5 sec) they observe lateral parting or complete

separation of adjacent myofibrils. But fibre pieces homogenised for

60 sec immediately after preparation (30 h post-mortem) changed little in

appearance. Separation of myofibrils has been demonstrated after

homogenisation of bovine muscle stored at 37°C for 30 days (Sharp, 1963)
and in teased preparations of lamb and rabbit muscle after storage at 25°C
or 37°C for 50 days (Zender et al. 1958). These results suggest that the

'lateral attachments'normally maintaining the myofibrils in register are

weakened during prolonged post-mortem storage and break during physical

treatments. The nature of the lateral attachments is not understood.

Hence in addition to the effect of fluid distribution on width of

intermyofibrillar space, it appears that structural degradation can also

result in wide separation of myofibrils. The absence of wide separation

of myofibrils before homogenisation of the 20 days post-mortem fibre pieoe

preparation of Davey & Gilbert (1969) is unexpected, since this feature is

seen in bovine muscle stored at similar temperatures but for shorter

periods (Reville et al.1971; Schmidt & Parrish, 1971)* It is possible

that phenomena affecting fluid distribution are different in fragmented

cells suspended in buffer compared with intact muscle in a carcass, hence

separation due to fluid distribution is not observed.
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4«5.7. Bndomysium and saroolenaaa

In the present investigation the endomysial tube ie often seen to be

intact su rrounding muscle fibres which are transversely split, even at

24 h post-mortem. Evidence has already been presented in section 4.5.1

to show that connective tissue is highly resistant to degradation during

prolonged post-mortem storage of muscle. Mechanical studies have shown

remarkable tensile strength of the endomysium plus sarcolemma 'at death*

(Casella, 195°I Msuro & Sten-Knudsen, 1952). Hence the endomysium is

apparently resistant to physical stress and degenerative phenomena to a

considerable extent; therefore no poet-mortem change in the endcanysiura ie

expected to be observed histologically.

disintegration of the sarcolemma i.e. plasma membrane plus basal

lamina, is observed at 4 h post-mortem and subsequently in the present

investigation. Breakdown of cell membranes post-mortem is a well known

phenomenon.

'The cause of the disintegration of the sarcolemma in the present

investigation may be associated with the fall in pH. However this is

unlikely as the greatest change in pH occurs up to l# h post-mortem, when

the sarcolemma still appears ultrastructurally intact; there is little

change in pH between lj h and 4 h post-mortem during which disintegration

of the sarcolemma commences. Hence proteolysis, osmotic effects or some

unknown factor probably cause disintegration of the sarcolemma.

4.5.6. Z disk

In the present study discontinuities in the Z disk are first seen at

£ h post-mortem; later the, appear diffuse and material is lost from them,

until at 24 h post-mortem the Z disk is often completely absent. In

transverse sections the square lattice structure, observed in 'at death'

musole, cannot be identified; this may account for the diffuse appearance
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of Z disks in longitudinal section. Material appears to "be lost throughout

the thickness of the Z disk and not preferentially from the periphery.

Degradation and loss of the Z disk has been observed in intact bovine

(Seville et al, 1971J Davey & Dickson, 1970; Henderson et al« 1970);

porcine and rabbit (Henderson et al., 1970), and chicken (Hay et al. 1973)

nuscle post-mortem in preparations of fibre pieces of bovine muscle (Davey

& Gilbert, 1967, 1969); and in preparations of myofibrils of poroine

muscle (Greaser, Cassens, Briskey & Hoekstra, 1969b) and of chicken muscle

(Fukazawa & Yasui, 1967). Henderson et al (1970) examined sections of

intaot muscle by electron microscopy and preparations of myofibrils by

phase contrast microscopy from the same muscle after various conditions of

post-mortem storage; they find that Z disks are often absent in the

myofibril preparations when still present in intact muscle sections, and

suggest that horaogenisation and washing procedures involved in preparation

of myofibrils remove degraded and amorphous Z disks. They show that the

extent of degradation is both temperature- and species-dependent. Z disk

degradation is more extensive and proceeds more rapidly at temperatures of

25°C and 37°C than at 16°C or 2°0. At 37°C los3 of fibrillar structure in

the Z disk does not occur until 8 h post-mortem in bovine muscle, but is

observed at 4 h in rabbit and porcine nuscle; complete absence of Z disks

is often found at 24 h post-mortem in rabbit muscle (Henderson et al*1970).

Both the progressive degradation of the Z disk and its time sequence in

rabbit muscle stored at 37°C as described by Henderson et al *(1970). is

similar to that observed in the present study in chicken muscle.

The cause of the disintegration of the Z disk has been the subject of

much study as it may be important in the tenderisation of meat which occurs

during post-mortem storage (Davey & Gilbert, 1967, 1969; Takahashi,

Fukazawa & Yasui, 1967; Parrish, Young, Miner & Andersen, 1973)*
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It has long been known that autolysis occurs In meat stored under

aseptic conditions (Zender et al. 1958; Radouco-Thomas et al. 1959; Sharp

(1963)* This has been attributed to the activity of cathepsins, a group

of j;roteolytic enzymes known to occur in muscle (Smith 1948; Iodice,

Leong, & heinstock, 1966; l argish & Bailey, 1966; Suzuki & Fujimaki,

1968; Lutalo-Bosa & MacRae, 1969; Caldwell & Grosjean, 1971)» and to be

released during post-mortem storage of muscle (Ono, 1971; kino &

Stanley, 1975a). However several careful studies have failed to show

that cathepsins effect degradation of the myofibrils (Bodwell & Pearson,

1964; Fukazawa & Yasui, 1967; Martim & Whitaker, 1968). More recently

Eino and Stanley (1975b) prepared a crude catheptic fraction from bovine

psoas muscle stored for 6 days post-mortem. Bundles of fibres from the

psoas muscle of a freshly killed animal were soaked in this preparation at

pH 5.5 at CPto 5°c for 2 h and then prepared for scanning electron

microscopy. Extensive transverse breakage of fibres and general surface

disruption is seen similar to that observed during post-mortem storage of

intact meat (Eino & Stanley, 1975a). Eino and Stanley (1975b) suggest

therefore that proteolysis by catheptic enzymes is probably important in

post-mortem aging of meat but do not explain why earlier workers were unable

to observe degradation of myofibrils in the presence of cathepsins. The

different methods for preparing the extracts of catheptic enzymes and the

substrates used may account for the contradictory results.

Specific removal of the Z disk from myofibrils has been effected

by various procedures. These include trypsin digestion (Ashley,

Porter, Philpott & Hass, 1951J Stromer et al. 1967c; Goll, Mommaerts,

Reedy & Seraydarian, 1969; Goll et al• 1971); by extraction with

low ionic strength solutions (Stromer, Hartshorne, Mueller & Rice,

1969); pancreatic lipase digestion (Harsanyi &
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Garamvolgyi, 1969)J treatment of glycerinated myofibrils with 0.6 M ATP

(Hoyle et ai, 1965)I incubation with a protein fraction having

proteolytic activity, prepared from ground meat (Busch, Stromer, Goll &

Suzuki, 1972)| incubation with Pseuflomonas fragi (hutson, Pearson, Price

Spink & Tarrant, 1971) and incubation with an extracellular proteolytic

enzyme preparation from this organism (Tarrant, Jenkins, Pearson & Dutson,

1975)* Several other agents can effeot removal of Z disks (see Busch Si

al, 1972).

Goll, Arakawa, Stromer, Busch & Robson (1970) find that incubation of
2+

intact muscle strips in 1 mM Ca - containing solutions results in

degradation of Z disksj this effect is not observed if calcium or

magnesium chelating agents are included in the medium. They conclude that

Z disk degradation is caused by calcium ions which are released when the

Ca2+-accumulating ability of the SR membranes is reduced (Greaser,

Cassens & Hoekstra, 1967? Greaser, Cassena & Briskey, 1969 a,b) and that

muscle does not undergo extensive proteolysis post-mortem.

Subsequently this group of workers subjected subcellular components of

muscle to brief tryptic digestion and obtained modifications qualitatively

similar to those observed during post-mortem storage of muscle in various

properties including degradation of the Z disk (Goll et al. 1971/• These

observations caused the authors to revise their earlier conclusion and stim¬

ulated further research directed to the isolation of a proteolytic enzyme

from muscle, capable of effecting the same changes as trypsin.

This work resulted in the isolation of a substance from the sarcoplasm
2+

of ground rabbit psoas musejo designated 'Ca -activated sarcoplasmic

factor* (Busch at al. 1972). This factor removes Z disks from myofibrils

without causing ultrastructurally detectable changes in the other
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components of the myofibrils. It requires levels of 0.1 mM Ca or

hi^ier for activation and activity is optimal at pH 7.0. Busch et al.

(1972) have not yet purified this factor but preliminary studies suggest

that it is protein in nature. It remains to be seen whether this factor

is active at the low pHs prevailing in post-mortem muscle. Busch al.
2+

(1972) postulate that release of bound Ca from the SR may activate the
2+

'Ca -activated sarcoplasmic factor'•

Incubation of myofibrils from pig muscle with Pseuaomonas Tragi

(Butson et al, 1971) or with an extracellular proteolytic enzyme from this

organism (Tarrant et al. 1975) results in removal of Z disks. Other

bacteria have not yet been examined in this way but it seems likely that

a large number of organisms causing meat spoilage may secrete proteolytic

enzymes.

In the present investigation muscle has not been stored binder aseptic

conditions; therefore proteolysis by bacterial enzymes cannot be

excluded. However changes in the Z disk are seen as early as 30 win

post-mortem and considerable degradation of the Z disk has occurred by 4 h

post-mortem, when the bacterial content appears to be low; hence

proteolysis by endogenous enzyme or enzymes may be important in the

degradation of Z disks observed in the present investigation.

4.5.9. I band

It has already been shown that breaks across the myofibrils almost

invariably occur at the level of the I band or Z disk (section 4«5»5«)«

Several biochemical studies suggest that the bonds between the Z disk and

thin filaments are weakened and may even be disrupted during post-mortem

storage (Bavey & Gilbert, 1968a,b; Penny, 1968; Chaudhry, farrish &

Goll, 1969). Eeville et al. (1971) examined the fine structure of

bovine muscle stored at 2°C; breaks occur between the Z disks and thin
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filaments initially at 4 days and are more numerous at 10 days post-mortem.

While the present results show that thin filaments are often broken at their

junction with the Z disk, it is also frequently observed that they

protrude from the Z disk without being continuous across the I band; some¬

times in sarcomeres with prominent Z disks the I band is completely missing.

Hence it appears that degradation of thin filaments can occur independently

of degradation of the Z disk under the conditions of the present

investigation.

Disruption and breaking of thin filaments in the I band in intact

muscle has been observed in PSE porcine muscle stored at 1 to 4°C for 24 h

post-mortem (Cassens et al. 1963 b), in bovine and porcine muscle stored at

25°C for 24 h and porcine muscle stored at 37°C for 24 h (Henderson et al.

1970) and in myofibrils prepared from porcine muscle stored at 4°C for 24 h

(Greaser et al. 1969 b). As Cassens et al 11965 b) did not observe

disruption of thin filaments in normal intact porcine muscle from the same

breed and stored under the same conditions as Greaser et c^l (1969 b), it is

possible that the homogenisation and washing procedures involved in

preparing isolated myofibrils disrupted weakened filaments or bonds.

The effect of postmortem storage on the I band is not well understood

and ultrastructural observations are contradictory. No charge is reported

in the thin filaments of bovine muscle after post-mortem storage for 90 h

at 15°C (Davey & Dickson ,1970) or 7 days at 2°C (SchmiuL & Parrish, 1971)•
Bit Weidemann, Kaess & Carruthers (1967) report that thin filaments are

stretched, ruptured or avulsed from the A band in many sarcomeres of

myofibrils in which severe shortening occurs after storage of bovine muBcle

at 0°C for 2 days; although it is difficult to see these features in their

published micrographs. This muscle was allowed to shorten unrestrained

whereas that of Schmidt and Parrish (1971) remained attached to the carcass
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during storage at 2°C. However Henderson et al (1970) also stored bovine

muscle unrestrained at 2°C fc 24 h post-mortem and do not report

disruption of thin filaments. The conflicting results may be a

consequence of other factors such as handling techniques at the time of

excision of the samples from the carcass. The changes in the I band

observed by Weidemann est al .(1967) axe more likely to be caused by the

physical stress of severe shortening than by degenerative phenomena.

The studies showing no change in the I band during post-mortem

storage have usually examined bovine muscle or porcine muscle at

temperatures of 16°C or below (Henderson et al. 1970). Ultrastructural

observation of degradation of muscle po3t-mortem by Henderson et al, (1970)
show that in general bovine muscle is resistant to post-mortem change and

the rate of post-mortem change increases with increasing temperature.

In the present investigation it has been observed that the filaments

of the I band appear granular as post-mortem storage proceeds. This has

previously been reported in chicken muscle stored at 2°C for 48 h post¬

mortem (Hay et al. 1973) and in myofibrils prepared from PSE porcine

muscle after storage at 4°C for 24 h (Greaser et al. 1969 b). The latter

authors suggest that the granularity may be due to preoipitated sarcoplasmic

proteins or changes in conformation and properties of the myofibrillar

proteins themselves.

It can be concluded that the thin filaments of the I band are degraded
2+

in post-mortem muscle under certain conditions. The Ca -activated

sarcoplasmic factor of Busch et al. (1972) removes the Z disk without

apparently affecting the thin filamentsj hence it must either act on the

Z disk itself or on the bonds between the Z disk and the thin filaments.

Pseudomonas fragi (hutson et al, 1971) and the proteolytic enzyme obtained

from this organism (Tarrant, et_ al, 1973) do not affect thin filaments.

Hence the agent causing degradation of thin filamentB has not yet been
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identified and the possibility that it is affected by a non-

proteolytic process caa -t be excluded.

In transverse sections of 'at death* muscle the thin filaments

are haphazard in the I band but form a quadrilateral lattice

immediately adjacent to the Z disk. At 24 h post-mortem in the

present study the thin filaments are often widely dispersed and they

have not been observed aligned in a quadrilateral lattice. When the

Z disks are degenerate or absent there is probably no structure

holding the thin filaments together in the I band} hence the

quadrilateral lattice is lost and the thin filaments become

irregularly dispersed. Loss of thin filaments from the I u -nd also

contributes to this appearance.

In some myofibrils in which the I bands are missing, irregular

clumps of material are seen running transversely across the

myofibril (Fig. 106). It is suggested that these may be vestiges of

the N line. The material appears to be filamentous and if the N line

is a site of *-actinin as suggei^ed by Franzini-Armstrong (1970) it is

possible that this protein resists the degradation occurring in other

components of the I band. In support of this suggestion Goll et al •

(1970) find little degradation of «(-actinia in rabbit muscle stored

at 25°C for 8 days. Alternatively the material may be clumps of

thin filaments aligned coinoidentally near the expected location of

the N line.

4.5.10. A Land

The A band : 3 a whole is remarkably resistant to post-iaorteia

change} breaks very rarely occur across the myofibril in this

region. However, loss of the M line is often observed in the

present investigation at 4 h post-mortem and subsequently. Henderson
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et a> (1970) find that the M line is lost from rabbit and porcine

muscle stored for 24 h t 25°C or 37°C but not at 2°C or l6°C and not

from bovine muscle stored for 24 h at any of these temperatures.

These findings are confirmed by Schmidt and Parrish (1971) in bovine

muscle and are in agreement with Cassens et aA (l%3 b) in both

normal and PSE porcine muscle.

The M line is the region of the H zone in which thick filaments

are inter-connected by cross-bridges, Kasaki, Takaiti & Ebashi

(1968) have isolated a protein which they call M-substance believed

to be located in the M line. Treatment of glycerinated rabbis psoas

muscle fibres with low ionic strength solutions results in removal of

the 1*1 line (Stromer et al. 1969). Hence it is possible that there

is a protein located at the M line which is susceptible to post¬

mortem degradation# In the present study at 24 h post-mortem, the

thick filaments retain their hexagonal lattice as seen in transverse

section, they are punctate and appear very similar to thick filaments

in 'at death* muscle. They seem to be little affected by post-mortem

change. The *Ca -activated sarcoplasmic factor' (Busch et, jgl 1972)
and the extracellular proteolytic enzyme from P. fragi (Tarrant et al

1975) do not affect the thick filaments or the M line. However

incubation of homogenised muscle with an inoculum of J?. Tragi results

in extreme disruption of the A band, leaving the 1- zone almost devoid

of material and very few thick filaments remain (hutson et al 197l)»
The greater degradation observed after incubation of myofibrils with

P. fragi than with the extracellular proteolytic enzyme from this

organism is probably due either to the action of additional enzymes,

or because hutson et al, (1971) used a longer period of incubation

(Tarrant et al. 1973)* Nevertheless degradation of thick filaments
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in post-mortem muscle, even if no aseptic precautions are taken, is very

rarely observed. The factor causing removal of the M line remains

obscure.

Although the thick filaments are themselves little changed post¬

mortem, in the present investigation it is observed that the A band

becomes granular and lacking in definition in longitudinal sections as

post-mortem storage proceeds. In transverse sections the thin filaments

appear amorphus and are no longer packed hexagonally between the thick

filaments. Degradation of thin filaments has been shown to occur at the

level of the I band and it is reasonable to assume that it also occurs in

the A band, although the proximity of the thick filaments may 'protect1

the L-filaments to some extent. The overall granular appearance of

the A band may be due either to changes in the thin filaments, or to

preoipitation of sarcoplasmic proteins. Granularity of the A band has

also been reported in chicken muscle stored at 2°C for 48 h (bay jet al,

1973)* Although Henderson et al. (1970) do not discuss the overall

appearance of the A band, examination of their micrographs reveals a marked

granular appearance of the A band in bovine, porcine and rabbit muscle

after storage at 25°C and 37°C,
In muscle in rigor mortis the cross-bridges from the myosin attach

to the actin (Huxley & Drown, 1967; Huxley, 1968, 1969 ) ana tliis has

been thought to be irreversible in the absence of ATP. However during

post-mortem storage the actomyosin ATPase activity increases 20,1 to 50%

during post-mortem storage for several days (Pujimaki, Arakawa, Okitani

& uhagi, 1965a; Fujimaki, Okitani <1 Arakawa, 1965c; Goll <1 Robson,1967)
a. 1 the sensitivity of the actin-ayosin complex to dissociation by ATP

increases (Pujjimaki et al. 1965a; Fujimaki, Arakawa, Okitani & fakagi,

1965b} Penny, i960). Hence it appears that the actin-myosiu interaction
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weakens during post-mortem storage. This suggestion is supported by

ultrastructural observation-: sarcomeres which have shortened on

entering rigor mortis a.t 1 ow temperatures subsequently lengthen, even at

low levels of ATP (Gothard, Mullins, 3oulware & Hansard, 1966; Stromer

et al, 1967c; Takahashi et al, 1967). Further Hegarty (1972) folded the

forelimbs of mice so that the biceps brachii muscle entered rigor mortis

in a relaxed position; subsequently the limb was stretched to 180° for

1 h and then fixed. The sarcomere length is significantly greater in

the stretched muscle than in its companion muscle which remained folded.

The stretching effect is uniform and ultrastruetural observations show

that it has occurred by sliding of the thick and thin filaments (Herlihy,

Heg." Heffron, 1972). This work has since been repeated with

similar results using avian and porcine skeletal muscles (Hegarty,

Lahlin, Benson & Allen, 1973). Since the ATP level is low in these

fibres, and there is little structural damage caused by stretching the

muscle, it is probable that 'slippage' of the cross-bridges between actin

and myosin has occurred. However stretching bovine muscle after post¬

mortem storage for 90 h at 15°C causes transverse breaks in the fibres

and no increase in sarcomere length (Davey & Dickson, 1970) (See section

4«5«5). Since bovine muscle appears to be relatively resistant to

post-mortem change (Henderson et al. 1970), it is possible that

weakening or slippage of the cross-bridges between actin and myosi; has

not occurred under the experimental conditions of Davey and Dickson (1970).

Although the A bands of chicken skeletal muscle appear

morphologically remarkably intact after 24 h post-mortem storage in the

present study, it is likely that subtle changes, only detectable

biochemically or under certain experimental conditions, have in fact

occurred.
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4»5*11« 'Streaming*

Streaming of Z disks aii disruption of sarcomeres occurs more

frequently and affects more sarcomeres in muscle at 1^ h post-mortem

than 'at death'. Bergmann and Wesemeier (1970) also report this feature

in 'at death' porcine muscle prone to the PSE condition. Most

myofibrils in which disrupted sarcomeres have been observed are at

approximately rest length and the myofilaments are disorganised and

probably broken. This effect may be due to solubilisation of some of

the myofibrillar proteins, however sometimes disruption is associated

with severe contraction and involves tearing (Fig. 112).

4»5»12. Ilitochondria

Mitochondrial swelling with progressive disorganisation of cristae,

loss of cristae and rupture of the limiting membrane is a well known

phenomenon in post-mortem tissue. However, the times at which the

stages occur vary with the conditions of storage, tissue and species

examined.

In chicken skeletal muscle stored at 17°C to 28°C slight swelling

and disorganisation of cristae is seen at 1 h and severe swelling at 5 h

post-mortem (Kantani, 1971)J in chicken muscle stored at 2°C for 3 h

some disintegration of mitochondria occurs (Hay et al, 1973) and in
o

bovine, porcine and rabbit skeletal muscle stored at 37 C for 4 h the

mitochondria are disrupted and sometimes appear as large vacuoles

(Henderson et al. 1970). In the present study the mitochondria may be

slightly swollen at 30 min post-mortem, most are affected at 1 h post¬

mortem and disorganisation and loss of cristae and rupture of the

limiting membrane is seen at 4 h post-mortem. At similar sampling

times these observations agree with those of the above authors, in spite

of the difference in species and storage temperatures. However
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conflicting results are reported after storage of porcine muscle at 2°C
for 24 hj Dutson, Pearson, Terkel & Spink (1974) find many intact

mitochondria but Cassens et al. (1963b) observe almost total

disruption of mitochondria in porcine muscle stored tuider these

conditions. The differing results of Dutson et al, (1974) and Cassens

et al.(1963b) may be due to a breed difference or may be caused by the

differing fixation techniques used.

It is generally agreed that disruption of mitochondria is extremely

accelerated in PSE porcine muscle (Cassens et al, 1963b} Greaser et al.

1969b} Bergmann & Wesemeier, 1970} Dutson et al, 1974)* Mitochondria

from stress-susceptible pigs, i.e. those prone to the PSE condition,

have a lower capacity for ATP synthesis in vivo (Eikelenboom & van den

Bergh, 1971)• Thus when ATP is utilised in muscular activity it is

replaced at a relatively slow rate in stress-susceptible pigs} this

results in a high level of ADP, glycolysis is stimulated and a rapid

decline in pH is observed post-mortem (Eikelenboom & van den Bergh, 1971)•

The rapid decline in pH is associated with a marked decrease in

respiratory activity, uncoupling of oxidative phosphorylation and

probably structural damage of the mitochondria (van Roon, 1971)• Henoe

it appears that the accelerated disruption of mitochondria observed in

PSS porcine muscle is due to an inherent metabolic inadequacy in the

mitochondria and the extremely fast glycolysis which occurs early post¬

mortem in this muscle.

In the present study, the swelling and disruption of mitochondria

i probably also associated with post-mortem glycolysis} the mechanism

by which this causes structural damage of the mitochondria is not under¬

stood. It is not known whether significant autolytic degradation of

mitochondria occurs in post—mortem muscle.
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Swolling and disruption of mitochondria is observed in the neurones

of guinea pig brain during borage at 22°G for 10 h and rupture of

limiting membranes occurs at 12 h (David, Marx & David, 1971)•
In contrast, no change is observed in the mitochondria of rat cardiac

muscle during storage at 20°C for 10 h (llibbs & Black, 1963)* The

conditions prevailing in different tissues post-mortem are little

understood; hence comparison of post-mortem change in the mitochondria

is difficult, especially as they differ structurally in different

tissues and may vary in susceptibility to factors causing swelling and

disintegration.

A major post-mortem change which is observed in the mitocho Iria in

the pr out study is the appearance of intramitochondrial granules and

accumulation of electron-dense material. Granules within mitochondria

are observed in most other tissues examined by biopsy or immediately

after death of the animal (Fawcett, 1966) and are presumed to exist in

vivo. l'eachey (1962) suggests that the formal• intramitochondrial granule

is a site for binding divalent cations and usually contains lagnesium or

a mixture of magnesium and calcium. Deposits of calcium have been

identified in the mitochondria of frog gastrocnemius muscle using oxalate

as a marker (Diculescu & Popescu, 1973)• Hence the granules which

appear in the mitochondria at approximately 1 h post-mortem say be a

precipitate of calcium which is normally bound within the mitochoneria;

or, alternatively, calcium or some other heavy metallic cation may be

taken up from the sarcoplasm by the mitochondria. Accumulation of such

ions by mitochondria has been shown in epithelial cells and smooth muscle

cells of the urinary bladder of toad, incubated post-mortem in linger's
solutions of varying compositions (Peachey, 1962). However the latter

is probably an active process requiring energy and it is unlikely that
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It could continue for many hours post-mortem under anaerobic conditions.

In the present study, the ii ';ramitochondrial granules appear to increase

in size during post-mortem storage, until at 24 h post-mortem quite

large deposits of electron-dense material are observed. If the electron-

dense material is predominantly calcium, it is probably a precipitate.

An increase in size of electron-dense granules during post-mortem

storage of rat gastrocnemius, muscle for 72 h at temperatures below 21°C has

been reported by David and David (1965) although they do not describe the

accumulations of dense material seen in the present study. It is

interesting that I to (1962) observes a decrease in size of intramitochon-

drial granules in parietal cells of bat stomach after post-mort storage of

the '"ed stomach at 37°C or 5°C. It is possible that the acid environ¬

ment of the stomach causes leaching cut of the granules.

In tissue from old animals electror>-dense pigment, which may be

amorphous or have a definite substructure, is often seen in close

association with mitochondria, for example in the spinal ganglia of

guinea pigs (Hess, 1955)» in dorsal root ganglia of mice (Duncan, Hall

& Morales, I960) and in flight muscle of Drosophila melancmaster

(Takahashi, Philpott & Kiquel, 1970)• These authors consider that the

pigment is derived from altered mitochondria and Takahashi et al.(l970)
believe that it is incorporated into lysosomes. In rabbit tibialis

anteriorus muscle rendered ischaemic, it is observed that at an early

stage of degeneration the mitochondria contain dense osmophilic bodies

of varying sizes (Reznik & Hansen, 1969)* It is possible that the

electron-dense material observed in necrotic tissue and post-mortem

tissue in the present study, is the same as the dense pigment associated

with mitochondria in tissue from old animals and mapbe a non-specific effect

of degeneration in mitochondria.
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4*5.13. Sarcotubular system and swollen tubules

In the present investigation the 3arcotubular system often appears

little changed at 1-J- h post-mortem, but at this time short splits are

sometimes seen between the myofibrils. Although some of these splits

may be caused by separation of adjacent myofibrils, membranes can be

discerned lining most of them which suggests that they are in fact

dilated tubules and not just areas of sarcoplasm.

Two extensive systems of tubules exist in skeletal muscle: the

transverse tubules (T-tubules) and the sarcoplasmic reticulum (SR). It

is postulated that most of the swollen tubules are dilated SR for the

following reasons:

(i) T-tubules cross the fibre at the level of the Z disk in

pectoralis and near the A-I junction in iliotibialisj only

rarely do they deviate to other levels of the myofibrils. In

transverse sections, it is seen that swollen tubules occur

between myofibrils sectioned at any level. Hence it is

probable that few, if any, of the swollen tubules are T-tubules.

(il) SR tubules occur at all levels of the myofibril in both

muscles and double layers of SR occur between myofibrils

sectioned at the level of the Z disk or I band in the

iliotibialis muscle. Swollen tubules are also seen at all

levels of the myofibrils in both muscles, and in double layers

between myofibrils sectioned at the level of the Z disks or I

bands in the iliotibialis muscle.

The observation that many of the swollen tubules appear to run

transversely round the myofibrils for short distances is not inconsistent

with the hypothesis that they are SR tubules: although the SR is

predominantly oriented longitudinally to the myofibrillar axis,
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transversely or obliquely oriented tubules occur in the complex reticulum

crossing the Z disk in the Uiotibialis muscle, and in both muscles at the

fenestrated collar, terminal cistemae and connecting the longitudinal

tubules of SR which run from the terminal cisternae to the fenestrated

collar (Text Fig. 4)« In the pectoralis muscle, swollen tubules are seen

running transversely round more than one myofibril} the shared SH

network between adjacent -ycfibrils in pectoralis probably accounts for

this observation.

The present observations suggest that the swollen tubules are in

fact dilated SR tubules. It is not known why some SR tubules are dilated

while others remain apparently unchanged in the same fibre} although

local osmotic effects, possibly associated with the accumulation of the

products of glycolysis, or the chemical state of the SR tubule at the

time of fixation, for example, the rate at which it was accumulating

calcium, may influence this appearance.

In the present study, disintegrated triads and vesicular SR are

observed at 4 h post-mortem. Swelling and disruption of SR is

reported in rat gastrocnemius muscle after 72 h storage at temperatures

below 21°C(havid & David, 19&5) ^ porcine muscle after 24 h at 2°C
(Dutson et al. 1974)* Henderson et al. (1970) report that after 4 h

storage of bovine muscle at 37°C 'mitochondria and other membranes were

disrupted and appeared in many instances as large vacuoles*. Presumably

the 'other membranes' refers to the sarcotubular system and the time at

which this is observed agrees with the present study. They also observe

dense granular substances 'of unknown origin' in the sarooplasm of bovine,

porcine and rabbit muscle stored at 25°G or 37°C. The granular areas of

Henderson et al. (1970) are very similar to the dense vesicles described

in the present investigation, which are thought to be the terminal
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cistemae of disintegrated triads. A few are seen at 4 h and they are

common at 8 h post-mortem. The time of the appearance of these

structures is similar in the two studies. ,

The calcium accumulating ability of subcellular fractions of muscle

decreases 5- to 10-fold during the first 24 h of storage of porcine

muscle at 4°0 (Greaser at al. 1969a)• The highest specific activity

is found in the 'heavy' SR fraction. Hence Greaser et al. (1969 b and c)

prepared a 'heavy' SR fraction.from 'at death' and 24 h post-mortem

muscle and examined it in the electron microscope. They could find no

morphological difference between the fractions which could be correlated

with the decrease in calcium accumulating ability. Dutson et, al. (1974)
observe structural disintegration of the SR in porcine muscle after 24 h

post-mortem storage at 2°C and suggest that this may account for the

decrease in calcium accumulating ability.

Calcium accumulating ability of the SR decreases more rapidly in PSE

than normal porcine muscle (Greaser et, al. 1969 a and d); again no

morphological difference in the 'heavy' SR fraction of homogenised muscle

can be found to explain this (Greaser et al. 1969b). Morphological

studies of intact muscle show rapid disruption of SR in PSE porcine muscle

(Cassens et al. 1965b; Bergmann & R'esemeier, 1970; hutson et al. 1974)*
In ion porcine muscle glycolysis i3 extremely rapid after death; this

results in a low pH of the muscle while the temperature of the carcass is

still high (Ludvigsen, 1954; Briskey & Wismer-Iedersen, 1961 a and b;

Bendall & Wismer-Pedersen, 1962; Briskey, 1964). Greaser et al. (1969c)
incubated purified SR protein from 'at death' muscle at various

coi binations of pH and temperature; they 3how that conditions of low pH

and high temperature result in rapid loss of calcium accumulating ability

by the SR, Hence the post-mortem decline in pH may be associated with



the loss of calcium accumulating ability of the SR in both normal and PSE

muscle. The mechanism by which this is effected is not understood but

may be related to the rate of ATP breakdown as accumulation of calcium

by the SR is an active process requiring energy.

4.5*14 Ilvelin figures

Myelin figures are often seen in degenerating and pathological tissue

and are observed in post-mortem muscle in the present Investigation,

Phospholipid molecules are composed of an organic unit whic ;1.\; hydrophobic

and a phosphate unit which is hydrophilic; the formation of hydrophobic

and hydrophilic bonds is thought to determine alignment of the lipid so

that on fixation concentric laminae are formed. In the present study it

is often seen that swollen tubules occur closely apposed in layers several

tubules deep; these layers of tubules sometimes loop back on themselves

and may even align into concentric laminated structures. It is possible

that during post-mortem storage of chicken muscle at 40°C, the SR tubules

which are predominantly lipoprotein, reorganised into layers and myelin¬

like figures.

Ito (1962) suggests a similar explanation to account for the myelin

figures seen post-mortem in parietal cells of the bat stomach. The

proximity of the plasmalemma in closely packed microvilli and of the

membranes in the SR network of muscle, may promote rearrangement of

membranes and formation of new bonds under the conditions prevailing

post-mortem.

4.5.15 Myonucleus

In the present investigation an increase in the amount of condensed

chromatin in the myonucleus is observed at 1 h post-mortem. Little further

change is observed in the myonucleus until 8 h post-mortem when the nuclear

envelope is discontinuous and substance is lost from the nucleoplasm.
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An increase in condensed chromatin is observed in the myonuclei of

rat cardiac muscle stored in ~.itu at 20°C for 1 h, but no further changes are

seen up to 10 h post-mortem (llibbs & Black, 1963). Discontinuities in the

nuclear membranes are observed in neurones of guinea pig brain stored in

situ for 12 h at 22°C (David et al. 1971)* Hence the changes in the

rayonucleus observed in the present study are similar to those reported in

nuclei of different tissues by earlier workers; however the extent of

degeneration is much greater in myonuclei of chicken muscle stored at 40°C.
4«5«l6. Lysosomes and autophagic vacuoles

Lysosomes have been identified in many tissues using 'marker'

techniques for hydrolytic enzymes (De Duve & Wattiaux, 1966). Tissue

fractionation studies of skeletal muscle have shown the presence of sub¬

cellular particles with the biochemical and physical properties of

lysosomeo (Zalkin, Tappel, Caldwell, Shikbo, Deaeai & Ilolliday, 1962; Bird,

Berg, & Leathern, 1968) but several attempts to localise lysosomes

morphologically in normal 'at death' muscle have been unsuccessful

(iellegrino & Pranzini, 1963* van Vleet, Hall & Simon, 1968). Recently

Canonico and Bird (1970) have shown that there are two distinct sources

of lysosomes in normal, muscles from the macrophages and from the muscle

cells themselves. They suggest that in normal muscle cells the

lysosomes may not exist independently but as part of the sarcotobular

system.

lysosomes have been identified using electron microscopy in

hereditary dystrophic conditions of man (Pearce 1964» 1966; Nilhorat,

Shafiq & Goldstone, 1966) and mouse (Pearce, 1964), in vitamin E

deficiency of rat (Howes est al. 1964) and in denervation atrophy of

rat (lllegrino & Pranzini, 1963; Schiaffino & Hanzlikova, 1972). In all

these conditions the number of lysosomes is increased and so they are easier
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to identify morphologically.

In the present investigation moderately electron-dense hoclies

approximately 0.5-1 pm in diameter have occasionally been seen in muscle
at 24 h post-mortem and are thought to be lysosomal in nature,

lysosomal enzymes are released during post-mortem storage of nroscle

(section 4*5*8)J since there is no evidence of proliferation of

lysosomes post-mortem, release probably occurs by breakdown of lysosomal

membranes.

Hound or oval structures of heterogeneous content and surrounded by

one or more membranes aire seen in the present study at 8 h post-mortem

and are frequent at 24 h. These structures are thought to be autophagic

vacuole: . Dense bodies, small 'empty* vesicles and miscellaneous

particulate material are seen within the vacuoles, but neither

myofilaments nor recog-iisable fragments of mitochondria have been seen

to be included.

Lysosomal acid hydrolases appear to be involved, in the loss of

muscle constituents in muscular dystrophies and denervation atrophy

(Weinstock and Iodice, 1969)* the evidence on proteolytic activity of cathep-

sins, which are also lysosomal enzymes, in post-mortem musole is

inconclusive (Section 4.5*8),

4*5*17* Dense fibrillar structures

Dense fibrillar structures have been observed in the iliotibiu is

muscle of one bird after 24 h storage post-mortem. In this tissue the

Z disks are extremely degenerate and it is possible that the dense

fibrillar structures are disorguiised fragments of Z disk material which

havo precipitated.

In the muscle of patients suffering from nemaline myopathy, very

dense rod-shaped structures are observed between the myofibrils (Shy,
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Engel, Somers & Wanko, 1963; Engel, Wanko & Fenichel, 1964; Walton,

1971; Kuitunen, Rapola, Noponen & Donner, 1972). Most authors report

an axial periodicity within the structures in longitudinal sections and

recent study suggests that they are derived from Z disk protein (Walton,

1971> Kuitunen et al. 1972). Although no periodicity is seen within
\

the dense fibrillar structures observed in the present investigation,

they appear similar to the rod-shaped structures occurring in nemaline

myopathic muscle.

It is interesting that after post-mortem storage of rabbit muscle

for 24 h at 25°C, Henderson et al. (1970) observe 'net-like* structures

in one sample of severely shortened muscle; they consider that these

structures are remarkably similar to Z disks in transverse section and

speculate that the 'net-like' structures may be fragments of the Z disk

which have been dislodged during post-mortem storage and have been

retained in the sarcoplasm because of the severe shortening of the

sample. The 'net-like' structures of Henderson et al. (1970) are more

symmetrical than the dense fibrillar strictures observed in the present

study. However the Z disks and so possibly their derivatives also, are

much more extensively degraded in chicken muscle after 24 h storage at

40°C than in rabbit muscle after 24 h at 25°C. nevertheless both in

the present investigation and that of Henderson et al. (1970) the

suggestion that the dense fibrillar structures and 'net-like' structures

are derived from Z disks is purely speculative.

4.6 nil of post-mortem muscle

The decline in pH which occurs in muscle post—mortem is a well-

known phenomenon (Bendall, i960) and is usually attributed to the

conversion of glycogen to lactic acid.



134

The reactions after Scopes (l97l) are:

Glycolysis Glycogen + (l+x) + ^KgADP"*——> 2 lactate"~+ 3MgATP2" +
(2-5x)H+

ATPases 31%ATP2~* » 3%AEP~ + 3?i^1+X^ + 3xli+
Sub Glycogen—> 2 lactate"* + 2H*1*

(x = degree of ionisation of phosphate which depends on pH)

These reactions result in accumulation of H+ ionsj hence a decline in

pH is observed.

Considerable variation in the rate and extent of pH decline between

animalB slaughtered under similar or identical conditions is almost

invariably encountered (Karsh, 1952; Lawrie, 19531 Bendall, Hallund &

Wismar-Pedersen 1963* Nordin, Randall & Rubin, 1971» Khan & Rallantyne,

1973) sod is observed in the present investigation. There are several

studies of pH decline in post-mortem chicken muscle (Dodge & Peters, I960;

Shrimpton, I960? De Fremery & Pool, I960, 19635 Khan, 1971 a and b; Hay

et al, 1973? Wardlaw, NcCaskill & Acton, 1973) hut the experimental

conditions vary widely. The results of the present study for pH decline

in the pectoralis muscle with an ultimate pH of approximately 5«85» lie

within the range reported in the above studies.

Under the present experimental conditions carbon dioxide has been

administered to chickens before killing them by dislocation of the neck

(section 2.1). The pH of the longissimus dorsi muscle at approximately

45 ziin post-mortem in pigs stunned with carbon dioxide and then

exsanguinated is slightly lower (6.54) than pigs hoisted and exsanguinated

without stunning (6.70)j however the difference is not statistically

significant (KcLoughlin, 1965; KcLoughlin & Davidson, 1966). Similarly

in a study of chicken muscle the pH at £ h to 1 h post-mortem is slightly

lower in 'breast* muscle (0.08 pH unit) and 'leg* muscle (0.05 pH unit) of

chickens stunned with carbon dioxide and exsanguinated, than in chickens

exsanguinated without stunning (Svetlov & Guslyannikov, 1970). The
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latter authors did not analyse their results statistically. In view of

the overall decline in pH observed in the present investigation, the slight

decrease which is probably caused by administration of carbon dioxide is

unlikely to be significant.

The time post-mortem at which the pH begins to decline depends on the

resting levels of ATP and creatine phosphate in the muscles in vivo, and

the degree of stimulation of the muscles during slaughter. In biopsies

of the semitendinosus muscle of pig, it is found that the resting levels

of ATP, creatine phosphate and glycogen are higher (although the glycogen

is not statistically significant) in 'white' (low oxidative capacity) than

•red' (high oxidative capacity) fibres, but the pH and content of lactate

is the same in both types of fibre (Tarrant, Hegarty & IicLoughlin, 1972).

In pigs killed by stunning with a captive bolt followed by exsanguination,

the ATP level is similar in both types of fibre immediately after

slaughter and throughout post-mortem storage at 37°0 for approximately 6 h,

but the level of lactate is higher and the pH lower in the 'white' fibres,

Hence it appears that the stimulation of the muscles associated with death

causes rapid depletion of high energy phosphates in both fibre types, so

eliminating the difference in resting levels of ATP} but anaerobic

glycolysis is accelerated to a much greater extent in the 'white* fibres

resulting in accumulation of more lactate and a lower pH (Tarrant et al.

1972). These conclusions are supported by the observation that

tetanising semitendinosus muscle under anaesthesia in vivo results in

similar biochemical changes during subsequent post-mortem storage of the

stimulated muscle (Tarrant et al. 1972).

In the present investigation the pH of the pectoralis muscle is

significantly lower than in the iliotibialis throughout post-mortem

storage (after the first five minutes), and although the difference is not
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statistically significant at 5 nin the mean values are widely separated.

These results suggest that glycolysis is more rapid and the content of

glycogen is higher in the predominantly anaerobic pectoralis muscle

than the iliotibialis muscle.

Several studies have shown that the content of glycogen tends to be

higher in 'white' muscle than 'red' (Lawrie, 1955» Bocek & 3eattie, 1966}

Bocek, Basinger & Beatty, 1966; Gillespie, Simpson & Sdgerton, 1970) but

there are exceptions to this, for example in the muscle of the B-hesus

monkey (Bocek et al. 1966) and in some wing muscles of the pigeon (George

& Berger, 1966).

pH decline in seven porcine muscles by Beecher et al. (1969b). They

find i" at ultimate pH values tend to be higher in 'red* than 'white'

muscles but that there is not a close correlation. There is a similar

level of glycogen in all but one of the muscles immediately after

exsanguination, but large variation in glycogen content within individual

muscles is observed. Since the muscles were designated as 'red' or

'white' on their aerobic capacity as judged only by SDBase activity and

content of myoglobin; it is possible that the degree of anaerobic/
aerobic capacity of the muscles spans a range; hence a clear-cut

difference with respect to ultimate pH is not obtained. Measurement

of glycogen level immediately after exsanguination is not a useful guide

to levels in vivo since glycogen content is severely affected by ag -nal

struggle. Also, as already indicated, the extent of depletion of

glycogen varies between musoles of different metabolic pattern.

When the pB is low while the carcass temperature is high in porcine

m. ole, the meat often appears P3E ultimately (Ludvigsen, 1954? Briskey

& Wis. .er-Pedersen, 1961; Bendall & Uismer-Pedersen, 1962; Briskey 1964)*

Although in the present study the pli decreased while the chicken carcass
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regained, at body temperature, the PSE condition has not been seen.

Three possible reasons can be suggested to explain this difference

between species:

(i) Chicken muscle might be inherently more stable. Comparison

of the changes in ultrastructure of porcine muscle stored at

37°C, in which post-mortem glycolysis is occurring at a

^normal' rate (Henderson et al. 1970), with chicken muscle

in the present study does not suggest that the latter is

more resistant to post-mortem change. Further, ultras-

structural observation of bovine muscle post-mortem suggests

that it is relatively stable compared to rabbit and porcine

muscle during post-mortem storage (Henderson _et al. 1970);
evidence is now accumulating indicating that beef from heavy

muscled cattle may be prone to the PSE condition (Williams,

1974). Hence it cannot be assumed that the absence of the

PSE condition in chicken muscle under the present experimental

conditions is due to a species-dependent inherent stability

of the muscle structure.

(ii) The pH may not be low enough in chicken muscle. Porcine

muscle in which the pH is less than 6.0 (measured at room

temperature) within 4 h of slaughter and the temperature is

greater than 35°C (Ludvigsen, 1954} Wismer-Pedersen, 1959)
is likely to ultimately be PSE. This observation suggests

that the PSE condition might be expected in the pectoralis

muscle of chicken (mean ultimate pH 5*85 after storage at
o N

40 C). The pK values of buffer systems of muscle are

extremely temperature-dependent (Bendall & Wismer-Pedersen,

(1962) and Bendall et al. (1963) suggest that a correction

of approximately 0.2 pH unit must be made to equate pH

values measured at approximately 37' ® those
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measured at room temperature. In the present study pH is

measured at 40°Cj addition of 0,2 unit to the mean pH of

the pectoralis muscle results in a pH above 6.00. Hence it

appears the pH may not fall low enough to cause the PSE

condition.

(iii) The decrease in pH may not be rapid enough in chicken muscle.

In PSE porcine muscle there is a very rapid decline in pH within

the first 45 rain post-mortem. Indeed Muir (1970b) reports a

range of pH of 5»85 to 6.5 in the longissimuo dorsi muscles of

Pietrain pigs measured only 15 rain after stunning. However it

has been shown that by holding a piece of normal porcine meat

at 33°C for 2 h or by allowing rigor to occur in muscle at

37-41°C, the PSE condition ensues (Wisraer-Pedersen, 1959}

Bendall & Wismeav-Pedersen, 1962; Bendall et al. 1963)•

Bendall and Wlsmer-Pedersen (1962) have suggested that the PSE

condition may be a general phenomenon occurring in all muscle

when rigor is allowed to occur at 37°G at low pH, based on

their unpublished observations of longlssimuP dorei and psoas

muscles of the rabbit and the ox and on whale muscle (Marsh,

1952). Thus it appears that rate of post-mortem pH decline

is not important in causing the PSE condition.

In conclusion it appears that the PSE condition is not observed in

chicken muscle under the present experimental conditions because the pH

does not fall low enough. Although unlikely, a higher level of

resistance to post-mortem change in the muscle of the chicken oannot be

completely ruled out, as an additional factor.
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4.7 RIGOR MORTIS IK POSTMORTEM MPSCLE

4.7.1 Experimental procedure

Apparatus for the measurement of rigor mortis has "become highly-

developed? change in extensibility, isometric tension, overall length,

sarcomere length, •hardness' and chemical changes in post-mortem muscle

are among the parameters measured (Forrest, 1968). The apparatus used

in the present study to measure decrease in extensibility is relatively

unsophisticated} although it is useful to follow the time course of

rigor mortis in intact muscles, it cannot show fine changes.

The measurement of extension on initial application of the load is

discarded as this tends to be artificially high (Bate-Smith, 1939), and

the extension on second application of the load is arbitrarily defined

as 100% extensibility (section 3.6). Since the onset of rigor mortis is

extremely rapid in both muscles, some decrease in extensibility ha3

probably occurred even at second application of the load (at 13-20 min

post-mortem); hence the percentage extensibilities in Appendix 2 f Table 1
/

may be overestimated.

4.7.2 Time course of rigor mortis

The course of rigor mortis can be divided into three stages

(Bhndall, I960):

(i) a delay period: extensibility of the muscle remains constant,

(ii) a rapid (or onset) phase: extensibility decreases rapidly,

(iii) a post-rigor phase: extensibility is constant but at a low

level.

During the delay period the ATP level is maintained by the breakdown

of phosphocreatine and by glycolysis as outlined in section 1.1. As the

phosphooreatine supply is reduced the level of ATP falls, in spite of

generation of ATP by glycolysis, and the adenine nucleotide supply is

depleted by deamination of AMP (Webster, 1953? Bendall & Davey, 1957?
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Scopes, 1971) (section l.l). At a certain critical level of ATP (which

depends on the pll) the onset of stiffening (stage ii) occurs (Bate-Smith,
& Bendall, 1947)* Bonds form between the actin and myosin so that

sliding of interdigitating filaments cannot occur and the sarcomeres

become flocked* (Goll, 1968). Direct evidence of the formation of these

bonds is provided by x-ray diffraction studies (Huxley & Brown, 19&75

Huxley, 1968). The *locking* of sarcomeres in series in one and then

in several myofibrils results in a decrease in extensibility of fibres;

this 'rapid:phase* of rigor mortis continues until no further decrease

in extensibility is observed.

The time course of rigor mortis varies widely according to the

experimental conditions. Factors which reduce the level of crea.tine

phosphate, ATP or glycogen in the muscles result in a decrease in delay

period and sometimes in an accelerated rapid phase; agonal struggle

(Bate—Smith, 1939$ Bate-Smith & Bendall, 1949; Ma & Addis, 1973)»

starvation (Bate-Smith & Bendall, 1949)t ante-mortem administration

of adrenalin (De Premery & Pool, 1963) or insulin (Howard & Lawrie,

1956$ Bate—Smith & Bendall, 1949) and post-mortem electrical

stimulation of the muscle (lia, Addis & Allen, 197l) have been used to obtain

this effect. Conversely, if complete inactivity is ensured during killing,

as for example by ante—mortem administration of myanesin (a muscie relaxant)

the delay period is greatly increased (Bate—Smith & Bendall, 1948)*

Over the range 5°C - 37°C, the time course of rigor mortis is greatly

accelerated by increasing temperature in several species including ox

(Karsh, 1954$ Cassens <1 Uewbold, 1967b), pig (Briskey, Gayre & Cassens,

1962), sheep (marsh & Thompson, 195")* rabbit (Bate-Smith & Bendall, 1947)

and chicken (De Premery & Pool, i960). At higher temperatures chemical

reactions generally proceed faster. Bendall (i960) suggests that the
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splitting of ATP is the rate-determining step and since the activation

energy for this reaction rises at temperatures above 25°Ct this may

account for chemical and extensibility changes in muscle held at

different temperatures.

In the present investigation the delay period is apparently

extremely short in both muscles} since the time to the third

application of the load (i.e. the first reading at which it is possible

to observe a decrease in extensibility using the present experimental

procedure) is 21 min to 28 min post-mortem, the real delay period may

not be detected . Although agonal struggle has been reduced it has not

been eliminated? in addition the chickens have been allowed to enter

rigor mortis at 40°C; hence from the foregoing evidence, a short delay

period and fast rapid phase is expected. The delay period in chicken

pectoralis muscle stored at 43°C observed by De Fremery and Pool (i960)

Is approximately 1 h and the rapid phase is complete at approximately

2l h. This delay period is longer and the rapid phase shorter than

those observed in the present study. However the present results show

wide variation in the time course of rigor mortis, hence comparison

between different studies is extremely difficult, especially as De Fremery

arid Pool (i960) publish the results of one muscle atrip only and give no

details of their method of killing the birds.

4*7«3 Shortening during rigor mortis

A change frequently associated with the onset of rigor is a decrease

in sarcomere length. A significantly shorter sarcomere length in

•white* fibres (i.e. low oxidative capacity) than 'red1 fibres (i.e. high

oxidative capacity) has been shown in post-rigor porcine muscle (Deecher,

Cassens, Hoekstra & Briskey, 1965b? Tarrant, Hegarty & HcLoughlin, 1972).

It is postulated that the *white* fibres contract more than the •red*



142

during the rapid phase of rigor mortis (Tarrant et al. 1972).
It is important to bear in mind that the onset of rigor mortis is

not necessarily associated with significant shortening (Bendall, I960;

Go11, 1968); further the extent of shortening has been shown to vary

with temperature in bovine (Locker & Hagyard, 1963)» porcine (Galloway

& Goll, 1967), ovine (Cook & Langsworth, 1966) and turkey (Jungk &

Marion, 1970) muscle. Therefore in the present investigation,

shortening during the onset of rigor mortis has not been measured and a

quantitative study of sarcomere lengths pre- and post-rigor has not

been undertaken.

4.7.4. Rigor mortis in the pectoralis and iliotibialls muscles

The time to 50/' extensibility of the muscles is significantly

shorter in the iliotibialis than in the pectoralis muscle. It lias been

observed that 'red1 muscles enter rigor mortis before 'white* muscles in

the horse (Lawrie, 1953)» pig (Beeoher et al. 1965a), ox (Hendricks, Aberle,

Jones & Martin, 1973) and fish (Buttkus, 1963). Two factors may account

for this difference;

(i) The level of AT? and creatine phosphate is higher in 'White*

than *red' fibres (Tarrant et al. 1972). This would promote

a prolonged delay period in 'white' muscle; but where

struggle occurs during killing Tarrant et al. (1972) show that

high energy phosphates are depleted to the same low level in

both types of fibre. Hence differing levels of high energy

phosphates in vivo are unlikely to determine the speed of onset

of rigor mortis tinder most conditions.

(ii) The critical level of ATP at which onset of rigor mortis

occurs is higher at high pH (Bendall, i960). Since the pH

is higher in *red* fibres during post-mortem storage (section 4.6)
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at a given level of ATP in muscle, if the pH is higher in a •red* area, it

will enter rigor mortis sooner than the 'white1 area. However if the

glycogen level is low in any muscle 'at death', the level of ATP falls

rapidly post-mortem and rigor mortis sets in quickly.

Briskey et al. (1962) show that although the delay period is less in

the 'red' than the 'white' portion of the semitendinosus muscle of the pig,

a much longer delay period than either is observed in the longissimus

dorsi muscle which is px^edominantly 'white*. It is possible that

muscular activity is much greater in the semitendinosus than in the

longissims dorsi during agonal struggle, hence levels of glycogen and

possibly ATP and creatine phosphate may be higher in the longissimus

dorsi muscle, and the fall in ATP level resulting in onset of rigox" mortis

is delayed.

4.75 Resolution of rigor mortis

The 'resolution of rigor' is a controversial concept: Bendall (i960)

suggests that resolution in terms of increase in extensibility does not

occur in muscle stored under aseptic conditions. However Goll (1968)

finds that muscle strips develop isometric tension as they pass into

rigor mortis j this readies a maximum and then decreases slowly. He

suggests that the Inability of musole to maintain isometric tension is

analagous to inability to maintain a shortened state, and considers that

'resolution of rigor* occurs without decomposition caused by bacteria.

The observation that sarcomeres increase in length after prolonged

storage at low temperatures (section 4.5.10) is further evidence that

•resolution of rigor*, in terms of lengthening, does occur without

bacterial contamination.

In the present investigation there appears to be a slight increase

in extensibility of the muscles after several hours storage. However,
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although the muscle extends under load, i.e. lengthens, it does not

return to its original position on unloading; hence full extensibility-

is not restored. However according to the definition of Goll (1968)

•resolution'of rigor mortis has occurred.

Inability of the muscle to maintain its shortened state may be due

to the weakening of the actirwnyosin bonds (section 4*5*10), degeneration

of the Z disks (section 4*5*8) and development of fractures and

transverse splits (section 4.5.5)* The earliest time at which

resolution of rigor is observed in the present study is 5 h post-mortem

when all the above histological features are present, although the

weakening of the actin myosin interaction cannot be shown using present

techniques.

4.8 I^ST-MDRTEM HISTOLOGICAL CHANGE TT7 PECTORALIS AND ILIOTI33IALIS AND

CORRELATION WITH uH

Using the light microscope, qualitative observations reveal no

consistent differences between the pectoralis and iliotibialis muscles

at any time post-mortem although there is a significant difference in pH

between the two muscles at all times post-mortem (after the first 5 min).

A quantitative study of the muscles at the level of the light microscope

estimated the extent of transverse splitting in rauEcle fibres at 24 h

post-mortem; this also reveals no significant difference between the

muscles. Hence in the present study it appears that the difference in

pH between the two muscles cannot be associated with differences in

histology of the muscles post-mortem.

In a quantitative study of muscles of different metabolic pattern,

Hcoper and Hegarty (1975) find no significant difference in the

incidence of kinked fibres in the pectoralis, semitendin03us, semi¬

membranosus and sartorius muscles of the turkey, nor between two areas
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of the semitendinosus muscle of the pig. Ho difference in the

proportion of fibre breaks is reported in six muscles of the ox (psoas,

biceps femoris, semitendinosus, longissiraus dorsi, semimembranosus and

gluteus medius) after storage of the carcass at 2°c for 10 days;

(Reville et al. 1971) this is based on qualitative examination and no

measurements of pH were taken.

In her review, Lowe (1948) reports that the pattern of splitting

differs in the pectoralis and gluteus primus muscles of chicken; in the

pectoralis splits with wide separation of fibre segments occur whereas

the gluteus primus is extensively fractured with narrow splits. Lowe

(1948) does not, however, state the conditions under which carcasses were

stored and it should be noted that published micrographs illustrate the

pectoralis muscle of a •Roaster* but the gluteus primus muscle of a

'Frozen fryer'. It lias been observed in the present investigation that

the extent of splitting varies so much between birds stored under

identical conditions that subjective assessment of splitting is

misleading and an unbiased quantitative estimation of splitting is

required before valid conclusions can be reached.

At an ultrastructural level, comparison of the peotoralis and

iliotibialis muscles reveals no post-mortem change which can be

associated with the differing pH's in the muscles. At 8 h to 24 h

post-mortem more vesicles, dense vesicles, degenerate mitochondria and

dense amorphous material are seen in the iliotibialis than the pectoralis}

since these structures are thought to be degenerate remnants of the

sarcotubular system and mitochondria, a higher level is expected in

iliotibialis, reflecting its greater concentration of these organelles

in vivo.

At the outset of this study it was thought that a difference in the
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effect of post-mortem storage might occur in two muscles of differing

metabolic character. Some factor associated with pH might cause this;

two early studies implicate pH in the post-mortem degradation of muscle.

Administration of adrenalin ante-mortem causes depletion of muscle

glycogen, hence the pH falls slowly post-mortem and stabilises at a high

level (Hadoufco-lhomas et al. 1959). After 14-35 days storage at 20°C or

38°C tinder aseptic conditions, •control* rabbit, pig and sheep muscle

shows widespread disruption, whereas that of *adrenalised* animals has

many long straight fibres with few areas of total disruption (Radouco-

Thomas ot al. 1959)* Further horaogenisation of muscle from •control•

rabbits after 65 days storage at 37°C yields numerous short segments;

similar treatment of *adrenalised» muscle results in a mass of long

fibres with few short segments (Sharp, 1963).

Both of these studies suggest strongly that some factor associated

with pH decline is important in the preservation of structure of muscle

post-mortem. Sharp (1963) suggests that lowering the pH causes an

increase in the rate of proteolysis of intracellular protein. Although

activities of most cathepsins are optimal at low pH, the effeot of these

enzymes on myofibrillar protein is not understood (section 4.5,8).
When comparing the above studies with the present investigation it

should be borne in mind that the difference in pH between the

•adrenalised' and 'control* samples is approximately 0.8 pH unit whereas

in the present investigation the difference observed between the

peeioralis and iliotibialis muscles is only 0.3 to 0.4 pH unit. This

difference might be too small to cause a significant difference in the

histology of the two muscles,

A more recent study of the effect of pH decline on post-mortem

muscle suggests an alternative explanation. It is known that the
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tendency for myofibrils to break into short lengths on homogenisation

increases progressively with time post-mortem (Takahashi et al. 1967)

and this is thought to be due to disintegration of the Z disk (Fukaz&wa
et al. 1967 and 1969)• Fukazawa et al, (1969) injected insulin into

chickens ante-mortem thus obtaining high pH values for the first 2 h

post-mortem and a delay in the attainment of the ultimate pH which was

only slightly higher (0.15 pH unit) in insulin treated than control birds.

They find reduced fragmentation (i.e. the number of fragments of 1-4

sarcomeres in length expressed as a % of the total number of fragments

in the microscopic field) in the insulin-treated samples. This shows

that it is the time to reach the ultimate pH which affects the extent of

fragmentation of the myofibrils.

This finding may explain the observations of Radouco-Thomas et al.

(1959) and Sharp (1963). Although ultimate pH is reached sooner in

•adrenalised* muscles, the rate of decline in pH is slow; this is

probably more important in preserving the structural integrity of the

muscle than the difference in ultimate pE.

Recently it has been reported that disruption of the Z disks after 24 h

post-mortem storage at 2°C is more extensive in PSE than normal porcine

muscle (Dutson et al. 1974)* In view of the rapid fall in pH of PSE

porcine muscle, this observation agrees with the hypothesis of Fukazawa

e£al. 1969).
In the present study, the difference in rate of decline of pH in

pectoralis and iliotibialis is almost certainly too small to have any

effect on the histology of the muscles. Two recent studies have compared

post-mortem change in muscle fibres of differing metabolic pattern. After

storage at 2°C up to 7 days post-mortem Hay jet al. (1973) find that the Z

disks of the pectoralis (•white*) muscle are more degenerate than those of
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the adductor longus ('red') muscle of the fowl, A similar observation

has recently been reported in 'white1 and 'red1 fibres of the longissimus

dorsi muscle of the pig after storage at 2°C for 1 day (Dutson et al. 1974),
Those findings are contrary to the present observations. However in the

pectoralis and iliotibialis muscles much more severe degeneration of the

Z disks is observed than in either of the above studies, and it is

possible that the process of degeneration is so greatly accelerated
o

during storage at 40 C that small differences between the muscles are

masked.

Hay et al, (1975) and Dutson et al. (1974) did not quantify the

extent of degeneration in different muscles or fibres. The extent of

transverse splitting, related inter alia to Z disk degeneration (section

4.5«5)» is not statistically significantly different in the pectoralis

end iliotibialis muscles, although a cursory inspection of Table 7 might

suggest that many of the individual values for fibre splitting are

higiier in peotoralis. Hence even in a quantitative study figures could

be misleading} accurate subjective estimation of histological features

is very difficult and this may be responsible for the different

conclusions drawn by Hay et al. (1973) and Dutson et al. (1974)•

The absolute pH (within the range of the present study) does not

appear to affect the histology of the muscles post-mortem. Although

evidence suggests that the rate of decline of pH influences post-mortem

histological change in muscle (Fukazawa et al. 1989); the difference

between the pectoralis and iliotibialis muscles is so slight that a

difference in histology of the muscles, due to this factor, is not

expected. Since the rate of generation of ATP in post-mortem muscle

is very low compated with in vivo (Scopes, 1971) and the supply of
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oxygen for aerobic metabolism is ra.-id.ly depleted; the in vivo metabolic

difference between the muscles is effectively reduced post-mortem. Hence

there seems to be no reason to expect a difference in histology of the

muscles post-mortem (other than relating to differing concentrations of

various organelles in the muscle in vivo).

4.9 THE EFFECT'S OF COMMERCIAL PROCESSING OH THE KUSCIlSS OF BROILER CHICKEN!

The pectoralis and iliotibialis muscles of chickens, examined

immediately after exsar.juination appear similar to muscles sampled *at

death* in the laboratory. Hence the differing treatments: electrical

stunning and exsanguination versus administration of carbon dioxide and

dislocation of the neck, apparently have little immediate effect on the

histology of the muscles.

The scalding stage of processing causes a slight increase in

temperature of the muscles. It should be noted that the fibres examined

histologically are near the surface of the muscle whereas the temperature

has been measured on a deeper plane; thus the temperature in the region

of the fibres examined microscopically may have been higher. The

incidence of vacuolated fibres increases in both muscles and a

disorganised pattern of striations is seen in iliotibialis; these changes

may be initiated in some way by the increased temperature of the muscles.

Lowe (1948) finds that immersion of chicken muscle in wate,;- at 65°C for

25 sec causes severe disorganisation of the pattern of striations.

Raising the temperature of muscle has previously been shown to give rise

to 'contraction nodes* (Speidel, 1938? Carey, 1941? Lowe, 1948;

Inxierfleld et al. 1963) (see section 4*5 • 3). Apparently the treatment

in the commercial scalding process is not severe enough to cause this

effect, although a few contractured fibres are seen in the iliotibialis

of Bird 8 after scalding.
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More extensive disorganisation of striations is seen throughout

processing until after chilling, in iliotibialis than pectoralis. Both

muscles are stretched when the chicken is suspended vertically by its

feet, but there is more weight acting on the iliotibialis; it is

conceivable that this influences the extent of disorganisation of the

striations.

Although only 7-h min post-mortem, muscles examined after plucking

have kinked, contractured and torn fibres. Contractured fibres of the

zigzag type seen at this time, resemble closely the dense Irregular bands

of oontractured material in P3F porcine muscle and in muscle after various

violent treatments (section 4.£»3)« It- nay he that contracture is a

generalised reaction of muscle fibres to injury and that the physical

stresses of mechanical plucking cause some fibres to become

contractured. However biochemical clianges may also cause contracture

of fibres (Cassens et al. 1963a) (section 4*5»3)»

No further changes in histology of the muscles are seen after

evisceration of the chicken. Hvisceration is performed by hand and

singeing is very brief; hence damage to the muscles is not likely to be

incurred.

Considerable deterioration of the muscles is observed after chilling.

Storage of avian muscle at 2°C is known to cause severe shortening

(Smith, Judge, & Stadelman, 1969). Although the muscle temperature

recorded after chilling is approximately 10°C, presumably fibres at the

surface of the muscle are cooler. It is possible that sudden immersion

of the carcasses into water at 4°C causes some of the fibres to

*actively contract* so appearing contractured and adjacent fibres become

•passively contracted* (according to the hypothesis of 'active' and

•passive' contraction, (section 4.5.4)1 hence kinked fibres are seen.
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Many changes in ultrastructure occur much earlier in chickens processed

commercially than when stored under laboratory conditions. Other workers

have shown that a very rapid decline in pH occurs in chickens during

commercial processing (Shrimpton, i960) and that mechanical plucking

greatly increases the rate of ATP breakdown and pH decline competed with

hand plucking (De Fremery & Pool, I960; De Fremery, 1963). Since a

rapid rate of decline of pH is suggested to promote deterioration of

muscle (Fukazawa et al. 19^9)» this could explain the difference between

the birds undergoing commercial processing and those stored under

laboratory conditions. However in the present study it is found that

there is very little difference in pH between chickens stored in the

laboratory or sampled from the processing line (compare tables 3 and 6)j
note that a lapse of approximately 10 min occurs between removing the

bird from the processing line and measurement of pH. Ilence the

accelerated disruption of the muscle fibres cannot be related to an

accelerated rate of post-mortem glycolysis. The cause of this accelerated

disruption cannot be determined at present but may be related to some form

of injury occurring during processing.

The birds processed are of a different breed from those examined in

the laboratory; hence the possibility that breed difference is involved

in the rate of post-mortem histological change cannot be excluded.

Work is in progress to determine if the commercial breed of birds undergo

accelerated deterioration when stored under laboratory conditions.

The rate of decline of pH appears to be faster under the

conditions used by Shrimpton (i960). However the difference in

violence of treatment varies greatly between commercial packing stations;

hence comparison between different studies is extremely difficult. Less

violent treatment results in a slower rate of pH decline (De Fremary, 1963).
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The email size of the chicken carcass promotes rapid cooling. In

the present study the temperature of the muscle is seldom high while the

pH is low (except Birds 9 and 10)j hence conditions generally considered

to promote the PSB condition are absent. In Birds 9 and 10 low pH*s are

recorded in the pectoralis muscle while the temperature is high (35°C),
"but owing to apparatus failure these recorded values may be erroneous.

It is interesting that while the pectoral muscle of Bird 10 has

deteriorated quite severely, that of Bird 9 is relatively well preserved.
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STOMA3Y AM) CC:.rCIUSI0H5

The histochemical and histological features of the peotoralis and

iliotibialis muscles of the fowl (Callus domestlcus) have been examined

in unfixed and fixed tissue using the light and transmission electron

microscope#. All the fibres of the pectoralis muscle show high myosin

adenosine triphosphatase (myosin ATPase) and glycogen phospliorylase

(GPase) activities and low succinate dehydrogenase (SDHase) activity.

Two types of fibre can be differentiated in the iliotibialis muscle, one

of which is low in myosin ATPase and GPase activities and moderate to

high in SUKase activity, and the other is high in myosin ATPase and

GPase activities with a complete range of SDHase activity from low to

high in different fibres.

The ultrastructure of both muscles is typical of vertebrate twitch

muscle. The pectoralis lias thin Z disks, few mitochondria and a poorly

developed sarcotubular system relative to tho iliotibialis. In

iliotibialis the Z disks are thicker and more variable, the overall

content of mitochondria is higher, although there is wide variation

between fibres, and the sarco-tubular system is extensive. Correlation

of the ultrastructural and histochemical features lias been attempted.

The observations indicate that the pectoralis muscle has a low

overall capacity for aerobic metabolism in contrast with the iliotibialis

muscle, which has a high overall capacity for aerobic metabolism. Change

in the histology of these two muscles has been compared at -|-f 1, l£, 4»

8 and 24 hours post-mortem during storage of chicken carcasses at 40°C,

Unfixed and fixed samples of both muscles show kinking, contractures

and transverse splitting of fibres post-mortem. In fixed muscles,

intracellular vacuolation, increase In intermyofibrillar space, bacterial
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Invasion and fibre disintegration are observed. TJltrastructurally, the

Z disk and I bands degenerate rapidly (<4 hours), but the thick filaments

of the A band are remarkably resistant to change (>24 hours). The

sarcolemma, mitochondria, sareotubular system and rayonuclei also show

marked changes in less than 4 hours. Ifyelin figures and autophagic

vacuoles are among other features seen in post-mortem tissue.

There are more degenerate mitochondria and vesicular remnants of

the sarcotubular system in the iliotibialis than the pectoralis muscle

but this reflects a differing concentration of these organelles in vivo.

Ho other histological feature differs either in character or frequency

at any time post-mortem; the variation between birds and even between

fibres within the same sample is considerable.

The decline in pH after death was measured in both muscles over a

period of 8 hours. The pH is significantly lower in pectoralis than

iliotibialis at all times post-mortem after the first five minutes.

The onset of rigor mortis was studied by comparing the time to reach

a 50l/odecrease in extensibility in the two muscles; this is attained in

the iliotibialis muscle in significantly less time than in pectoralis.

It appears that the metabolic type of the muscle is important in the

decline of pH and the speed of onset of rigor mortis after death, but has

little effect on the histological structure. Differences observed in

the ultimate pH probably reflect differing levels of glycogen in the two

muBoles in vivo.

A study of the effect of various stages of processing on the muscles

of broiler chickens at a commercial packing station has shown that changes

in histology of the muscles occur much more rapidly than in the laboratory

situation. Damage to the muscles is apparently incurred during scalding,

plucking and chilling of the chicken carcasses.
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A A band,

av autophagic vacuole

B bacterium

C contractured fibre

d dyad

db dark band in contractured fibre

E endomysial tube

f fenestrated collar

fr fracture

g glycogen

H H zone

I I band

K kinked fibre

1 iipid droplet

lb light band in contractured fibre

ly lysosorae-like body

m mitochondrion

M M line

n nucleus

N N line

nu nucleolus

S transversely split fibre

sa sarcolemma

sc satellite cell

Sh shredded fibre

t triad

tc terminal cistemae triad

V vacuolated fibre

Z Z disk



Pig. 1 Constant temperature chamber and pH recording apparatus.



 



Fig. 2 Dissection of a fowl to expose m. pectoralis thoracica
(arrow) and m. iliotibialis (double headed arrow).



 



Pig. 3 Combination electrode used to record pH. The electrode
has a micro-spear with a pH-sensitive toughened glass
membrane and a side arm reference electrode.



 



Pig. 4 Apparatus for measurement of extensibility changes in the
pectoralis and iliotibialis muscles post-mortem. The
fowl is attached firmly to the board by a strap. Threads
are attached to the distal articular surface of the
humerus and the patellar ligament respectively; they
pass over pulleys and weights are hooked on to their
free ends. The position of the weight is read from a
scale.



 



Pig# 5 Teased preparation of unfixed, *at death* pectoralis
muscle. The surface of tho fibre is crinkled#
Average sarcomere length 1.1

x 840#

Fig. 6 Teased preparation of unfixed, *at death* iliotibialis
muscle, The isotropic and anisotropic bands are
clearly visible. Average sarcomere length of left

.3*13, ri fibre 1.6 p.'
x 340.



 



Fig. 7 Frozen section of unfixed, 'at death' iliotibialis
muscle. Note the uneven contraction along the
fibres (between arrows).

x 1250.



 



Pig. 8 Teased preparation of fixed, 'at death* pectoralis
muscle. The cross-striations axe evenly spaced,
lluclei can be seen at the periphery of the fibre
(arrows). Average sarcomere length 2.1pm.

x 890.

if. 9 Teased preparation of fixed, 'at death' iliotibialis
muscle. The cross-striations are evenly spaced and
discontinuities in the transverse apposition of the
myofibrils can be seen (arrows). Average sarcomere
length 2.: pm.

x 890.



 



Longitudinal section of pectoralis, 'at death' muscle.
The cross-striations are obvious. Centrally located
nuclei with one or two prominent nucleoli can be seen
(arrows). Note the paucity of dark staining streaks
which are thought to be mitochondria. Average
sarcomere length 2.0 m.

x 820.

Longitudinal section of iliotibialis 'at death' muscle.
The crosa-scriations are clear and in one fibre Z disks
can be seen bisecting the I bands. Dark staining
streaks (mitochondria) are numerous (arrows) although
there is variation between fibres. Average sarcomere
length 2.3 m.

x 820.



 



Fig. 12 Transverse section of pectoralis, *at death* muscle.
The banding pattern is indistinct. There are few
capillaries between the fibres (arrow). Myelinated
nerve fibres can be seen.

x 820.

Fig. 13 Transverse section of iliotibialis, %it death* muscle.
The banding pattern is clear and there are many
capillaries between the fibres (arrows). Note the

variation between fibres in the concentration of dots
whioh are thought to be mitochondria.

x 820



 



Fig, 14 Longitudinal section of pectoralis, 'at death* muscle.
The Z dicks are thin and run straight across the
myofibril and there is a prominent M line. Host of
the mitochondria (m) occur singly between the
myofibrils. Hote the satellite cell (sc).

x 9,250.



 



Fig. 15 Longitudinal section of pectoralis, 'at death' muscle.
The thin filaments of the I band are thickened
immediately adjacent to the Z disk (arrow) and
interdigitate between the thick filaments in the A
band (arrow heads). The A band, I band, M line,
H zone and Z disk are labelled.

x 75,500.



 



Fig. 16 Transverse section of pectoralis, 'at death* muscle.
The myofibrils are polygonal shaped and delineated
by sarcoplasm at all levels. The thin filaments
ere haphazard in the I band but acquire a quadri¬
lateral lattice immediately adjacent to the Z disk
(arrow heads). A few profiles of SH form a single,
discontinuous layer at the level of the Z disk and
I and (arrows) and little SR is seen at the level
of the A bands. Note the triads (t).

x 22,750.



 



Fig. 17a Transverse section of pectoralis, 'at death' muscle.
The thick filaments at the M line are inter-connected
by cross-bridges (arrows). Myofibrils sectioned at
the level of the H zone are almost surrounded by SR.

x 71,500.

Fig. 17b Transverse section of pectoralis, 'at death' muscle.
The t' ick and thin filaments are packed nexagonally
in a myofibril sectioned at the level of the A band.

x 150,000.
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Pig. 18 Transverse section of pectoralis 'at death' muscle. The
Z disk exhibits the 'basket-weave' (white arrows), and
square lattice structure (arrow heads). A single
discontinuous layer of SR surrounds the myofibril
sectioned at the level of the Z disk (black arrows).

x 85,750.



 



Fig. 19 Longitudinal section of iliotibialis, 'at death' muscle.
The Z disks are thick and may cross the myofibrils
erratically (arrows). numerous mitochondria are seen
in chains (mc) and couplets (mp); their sinpe in the
former is often deformed. Collagen fibres can be
seen between adjacent fibres (arrow heads). Lipid
droplets (l) are found among the mitochondria.

x 9t250»



 



Pig. 20 Transverse section of iliotibialis, 'at death' muscle.
The myofibiils are confluent at the level of the A
band. Cross-bridge- between thick filaments are present
at the K line (H). The I filaments form a quadrilateral
lattice adjacent to the Z disk (arrow heads). Double
layers of SR are present between adjacent Z disks and I
bands (white arrows). Isolated single profiles of SR
separate A bands and adjoining parts of I bands (black
arrows), but there is an increase in the SR round
myofibrils sectioned at the level of their H zone (h).

x 20,000.



 



Fig. 21 Transverse section of iliotibialis, 'at death' muscle.
The Z disk exhibits the square lattice structure. Note
the double layers of SR separating myofibrils sectioned
at the level of their Z disks or I bands (arrows).

x 113,750.



 



Fig. 22 Longitudinal section of pectoralis, 'at death' muscle. A
length of T-tubule free of terminal cisternae can be seen
running near the level of the Z disk (arrow). The junction
between the T-tubule and the terminal (tc) forms a triad.
Dense granular material is concentrated in the termnal
cisternae near their junction with the T-tubule.
Longitudinal tubules of SR run along the myofibril to a
fenestrated collar (f) near the II zone. There are
numerous glycogen granules (g) between the myofibrils.

x 61,000.



 



Fig. 2J Longitudinal section of pectoralis, 'at death* muscle.
The triad is located near the Z disk and the terminal
cisternae (tc) contain dense granular material which is
concentrated near their junction with the T-tubule.
The terminal cistemae are continuous with the
longitudinal tubules of SR (arrow). These tubules xun
to a fenestrated collar (f) near the H zone,
g glycogen. x 56i500_



 



Fig. 24 Longitudinal section of iliotibialis, 'at death* muscle.
There are two triads (t) per sarcomere situated near the
A - I junction. A complex reticulum of SR tubules
crosses the Z disk (arrows) and longitudinal tubules of
SR can be seen running between the myofibrils (arrow
heads). Note the N line and the dyad (d).

x 22,000.



 



Fig. 25 Longitudinal section of iliotibialis, *at death* muscle.
There are two triads per sarcomere located approximately-
overlying the A - I junction. Each triad consists of
a T-tubule (arrow head) flanked by two terminal cisternae
(to) of SR. The terminal cisternae are continuous
(arrows) with the complex reticulum of SR tubules overlying
the Z disk and the longitudinal tubules of SR which run to
the fenestrated collar (f) overlying the H zone. Note the
glycogen (g).

x 45,500.



 



Fig, 26 Longitudinal section of iliotibialis, 'at death* muscle.
The terminal cisternal of the triads are continuous with
the longitudinal tubules of SR (arrows) which run to the
fenestrated collar (f). Particles of glycogen can be
seen among the thin filaments (arrow heads).

x 41,500



 



Fig. 27 Longitudinal section of iliotibialis, 'at death1 muscle.
The mitochondria are elongated and slender and have
tightly packed tubular cristae (arrows). Most mito¬
chondria are oriented longitudinally between the
myofibrils however sometimes transversely oriented
mitochondria (m) are observed.

x 40f000*



 



Fig. 28 Longitudinal section of iliotibialis, 'at death* muscle
This fibre has a very low content of mitochondria.

x 8,500



 



Fig. 29 Longitudinal section of pectoralis, 'at death'
muscle. A myonucleus has a prominent nucleolus,
the nucleoplasm is predominantly particulate
but condensed chromatin occurs round the
circumference of the nucleus. The nuclear
envelope has two layers and is interrupted at
intervals by pores which are traversed by
diaphragms (arrows). There is a decreased
density of chromatin opposite the pores.
Note the Golgi complex, (arrow head)

x 18,250.



 



Frozen section of unfixed, 'at death' iliotibialis muscle.
Sight parallel bars of light run transversely across the
fibre. The cross-striations can be seen crossing the
fibre independently of these bars.

x 760.



 



Pig. 51 Longitudinal section of iliotibialis *at death* muscle.
Irregularly shaped dark regions occur unevenly along the
fibre. The sarcomere length within the dark area
(arrow) is 1.7 fmt 8111(1 *n adjacent light area (arrow

2ad) is 2.3 11 i.
x 860.



 



Fig. 32 Longitudinal section of iliotibialis, 'at death' muscle.
The contraction is uneven across the fibre; some
sarcomeres have shortened on one side of the A band
only (arrows).

x 8,750.



 



Fig. 33 Longitudinal section of pectoralis, 'at death* muscle.
The fibres are severely vacuolated! the vacuoles occur
singly and are irregularly distributed (arrows).

x 1,100.



 



Fig. 54 Longitudinal section of iliotibialis, 'at
death' muscle. The mitochondria in a

vacuolated fibre are severely swollen.
Few of the cristas are intact and the
matrix is electron-lucent.

x 12,000



 



Fig. 35 Longitudinal section of iliotibialis, 'at death* muscle.
Z disks of aberrant shape (arrow) can be seen and some
Z disks can only be recognised by the electron density
of the Z disk material,

x 22,000.
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Pig, 36 Longitudinal section of pectoralis, 'at death* muscle.
Several sarcomeres appear disrupted, some Z disk
material can be seen but the A and I bands cannot be
differentiated.

x 26,500.



 



Fig. 37 Longitudinal section of iliotibialis, "at death* muscle.
A mitochondrion appears normal except for one area which
is slightly swollen with some loss of density of the
matrix.

x 41,250.



 



Figs. 38 - 40• Transverse serial sections of the iliotibialis
muscle 3tained for myosin ATPase (38)» GPase
(39) an<i SHIase (40). Fibres low in myosin
ATFase and GPase activities and intermediate in
SISIase activity are seen (A), Fibres high in
myosin ATPase and GPase activities may be high
(B) or low (c) in SDHase activity. Note the
range of SDIIa3e activities in Fig. 40.

x 500.



 



Fig, 41 Longitudinal section of iliotibialis stained for nerve
axons and cholinesterase activity. Motor endplates of
the *en plaque* type can be seen.

x 750.



 



Pig. 42 Transverse section of pectoralis, 4 h post-mortem. The
fibres in post-mortem muscle are loosely arranged. Fibres
in a state of contracture (c) and shredded fibres (Sh)
can be seen.

x 250.



 



Fig. 43 Frozen section of iliotibialis, 4 h post-mortem. One
fibre has kinked (K), and in another fibre fractures
are seen singly (fr) and in a series (fr*)•

x 810.

Fig. 44 Teased prepar tion of pectoralis, 16 h post-mortem. The
fibres are extensively kinked.

x 810.



 



Fig. 45 Longitudinal section of pectoralis, 4 h post-mortem. Most
of the fibres axe extensively kinked and there are no tears
or splits, although some severely kinked fibres leave and
then re-enter the plane of section (arrows). The fibres
are not closely packed. Both oontractored (c) and
kinked fibres (K) can be seen.

x 250.



 



Fig. 46 Longitudinal section of pectoralis, 4 h post-mortem.
A fibre (k) with a single kink is seen, the pattern
of striations is visible along the length of the fibre,
except in the kinked region.

x 84O.

Fig. 47 Longitudinal section of pectoralis, 4 h post-mortem. The
fioies are kinked. In fibre K1 the striations disappear
at the kink out .-ore visible between kinks; in fibre K2
the angle of the kink is slight and the striations can be
seen along its entire length, and in fibre K3 the kinks
are very close together and striations cannot be differ¬
entiated.

x 840.



 



Pig. 48 Longitudinal section of pectoralis, 8 h post-mortem. The
fibre has kinked in two places and sarcomeres from adjacent
myofibrils are out of register in the kinked region. The

arcolemraa (sa) is detached from the myofibrils and remains
straight.

x 4»250.



 



Fig. 49 Longitudinal section of pectoralis, 4 h
post-mortem. The myofibrils appear fragmented
where the kinked fibre has gone out of the
plane of section. The sarcomere length does
not change in the kinked region, and the
myofibrils are widely separated by sarcoplasm.

x 8,250



 



Fig. 50 Teased preparation of pectoralis, 16 h post—mortem. A
contracture! fibre (c) is seen in which the striations are
visible and the average sarcomere length is 0.8 jim. The

cent fibres have- ■ .one little change, and are
almost straight.

x 1,380.
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Fig, 51 Frozen section of pectoralis, 4 h post-mortem. A
contractured fibre (c) appears dense and structureless.

x 940.



 



Fig. 52 Longitudinal section of iliotibialis, 4 h post-mortem. A
contractured fibre (c) is shown which appears dense ana
structureless and is perforated (arrows). The striations
are well-defined in adjacent fibres.

x 880.

Fig. 53 Longitudinal section of iliotibialis 4 h post-mortem. A
contractus.ed fibre (c) is shown in which perforations are
so extensive that the fibre appears shredded. In
another fibre ill-defined spaces are seen parallel to the
fibre axis (arrows) .

x 880.



 



Pig. 54 Frozen section of pectoralis 4 h post-mortem. Two fibres
(5h) are shredded and do not have an increased diameter.
In an adjacent fibre single fractures partially cross the
fibre (arrows).

x 850.

Pig. 55 Frozen section of pectoralis, 16 h post-mortem. A
contractured fibre has broken forming a single clot (c).

x 850.



 



Fig. 56 Longitudinal section of pectoralis 24 h post-mortem. A
contractured fibre has formed a series of clots(c) and a
shredded region (Sh). Note the decreased diameter of
the fibre in the shredded region and the detached
endomysial tube (arrows). The other fibres in this
field appear little changed and their striations are
well—defined.

x 880.

Fig. 57 Longitudinal
The shape of
fibre (c) is

section of rectoralis, 24 h post-mortem,
transverse splits across a contractured
ill-defined.

x 880



 



Fig. 58 Transverse section of iliotibialis, 24 h post-mortem.
The contractured fibre (c) is dense, of large diameter
and has an irregular rippled appearance.

x 860.

Fig. 59 Transver section of iliotibialis, 24 h post-mortem.
A contractured fibre (c), transversely split fibres
of different shapes (S) and *empty* endomysial tubes
(arrows) can be seen.

x 860.



 



Fig. 60 Transverse section of pectoralis, 4 h post-mortem. Fibres
sectioned through a shredded region (Sh) have an average
diameter. Note the detached endomysial tubes (arrows).

x 820.



 



Fig. 61 Longitudinal section of pectoralis, 4 h post-mortem.
This fibre is in a state of contracture and the striation
pattern of normal muscle is lost; only alternating light
and dark bands of ill-defined limits can be seen. The
average sarcomere length is 0.55 Note the nucleus
(n) which has concertinaed.

x 9,250

Fig. 62 Longitudinal section of pectoralis, 4 h post-mortem. In
the contractured fibre at a higher magnification myofilaments
can be seen crossing the light band (lb); filamentous
material can be seen within the dark band (db), but its
substructure cannot be resolved. Individual myofibrils
cannot be discerned, however mitochondria (») and triads
(t) can be seen among the myofibrillar1 material. g glycogen.

x 22,000



 



Fig. 63 Longitudinal section of pectoralis, 4 h post-mortem. In
this perforated contraotured area of fibre: a continuation
of the fibre shown in Fig. 61, the light (lb) and dark ( db)
bands are resent but many sarcomeres have torn across the
light band (arrows). Note the residual glycogen (g).

x 23,500



 



Pig. 64 Longitudinal section of pectoralis, 8 h post-mortem. A
contractured fibre has formed a single clot (Pc) and the
edges of the myofibrils are ragged where the clot has
broken away from the rest of the fibre (arrows), bote
the autophagic vacuoles (av).

x 4,250



 



Pig. 65 Transverse section of iliotibialis, 24 h post-mortem. Light
(lb) and dark (db) bands occur irregularly across a
contractured fibre.

x 8,750



 



Pig. 66 Transverse section of iliotibialis, 24 h post¬
mortem, In a contractured fibre the hexagonal
lattice of the thick filaments with thin
filaments packed irregularly between then can
be seen in some areas (arrows), however else¬
where the arrangement of the myofilaments is
haphazard (arrow heads). Ho lattice structure
can be seen within the dark bands (db).

x 52,750
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Fig. 67 Longitudinal section of pectoralis, 24 h post-mortem.
Transverse splits across the fibres are numerous.
Several single fractures can be seen crossing the fibres
irregularly (arrows).



 



Pig. 68 Transverse section of pectoralis 24 h post-mortem. The
fibres are loosely packed and transversely split fibres of
different shapes can be seen (arrows).

x 1060



 



Fig. 69 Longitudinal section of pectoralis, 24 h Aost-
mortem. In fibre 1 two transverse splits are
seen traversing straight and irregularly across
the fibre respectively. A split in which the
shapes of the broken ends of the fibre segments
are complimentary is shown in fibre 2, and in
fibre J a detached fragment of myofibrillar
material can be seen between the fibre
segments (arrowhead ). The endomysial tube
is sometimes continuous between the split
fibre segments (arrows). Fractures (fr)
partially crossing the fibre can be seen.
The striations of the fibre are well defined.

x 870



 



Fig. 70 Longitudinal section of iliotibialis, 24 h post-mortem.
Fractures traversing straight across the fibre singly
(arrows) or in a series (between arrow heads) can be
seen. Note the bacteria (3) between the fibres and
within the spaces between split fibre segments.

x 780

Fig. 71 Longitudinal section of iliotibialis, 24 h post-mortem.
S-shaped fractures can be seen.

x 780



 



Pig. 72 Tea-ed preparation of pectoralis, 16 h post-mortem. A
fibre (s) is transversely split and the endomysial tube
is continuous between the two fibre segments (arrow).

x 1090



 



Fig. 73 Frozen section of pectoralis, 16 h post-mortem. A
transversely split fibre (s) and a kinked fibre (k)
can be seen.

x 800.



 



Fig. 74 Transverse section of pectoral!s, 24 h post¬
mortem. Split fibres (s) appear in a variety
of shapes in transverse section.

x 780

Fig. 75 Transverse section of iliotibialis, 24 h
post—mortem. Note the •empty' endomysial
tubes (e).

x 780



 



Pig. 76 Longitudinal section of pectoralis, 24 h post-mortem.
The transverse split across a fibre occurs at the level
of the Z disk or I band and sarcomeres project into the
space where the course of the split has zigzagged
(arrow heads). The free segment of fibre lias slightly
changed its orientation with respect to the fibre axis.
In an adjacent fibre it appears that two sarcomeres are
missing (arrows), in fact a fracture has formed and
part of the fibre has slipped. Note the autophagic
vacuoles (av).

x 3,750



 



Fig, 77 Longitudinal section of iliotibialis, 24 h post¬
mortem, Transverse splits nearly always occur
across the I band or Z disk, Hote the thread¬
like material between the fibre segments
(arrows). The sarcolemma cannot be identified,

x 8,250

Fig, 78 Longitudinal section of iliotibialis 24 h post¬
mortem, The thin filaments projecting from the
A bands (arrows) appear very similar to the loose
thread-like material between the fibre segments
(arrow heads),

x 21,000



 



Fig* 79 Longitudinal section of pectoralis, 24 h
post-mortem. The breaking of I bands or
Z dick and subsequent separation of adjacent
A bands at a fracture (fr) can be seen. Mote
a bacterium (B), an autophagic vacuole (av)
and a degenerate nucleus (n) with a nucleolus
still visible.

x 4,250



 



Fig. 80 Longitudinal section of iliotibialis, 24 h post¬
mortem. An S-shaped fracture is formed when
several sarcomeres, held together by lateral
adhesion, break across the I band on opposite
sides of the sarcomere and the series is then
_ ulled simultaneously in opposite directions
along its length.

x 14,000
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Pig. 81 Longitudinal section of iliotibialis, 24 h post¬
mortem. Note the localised buckling of I bands
in register from adjacent myofibrils (arrows).

x 6.750

Pig. 02 Longitudinal section of iliotibialis, 24 h post¬
mortem, Note the buckling of the I band and
the acute angle through which the thin filaments
are pulled.

x 53,250



 



Fig. 83 Longitudinal section of iliotibialis, 8 h post¬
mortem. ear the periphery of this fibre the
I bands have buckled (arrows), however towards
the centre a fracture has formed (fr).

x 8,500



 



Fig. 84 Trar verse section of pectoralis, 24 h post¬
mortem. A transversely split fibre-, myofibrils
sectioned at the level of their I bands are

seen at either side of the split area (arrows).

x 4,500
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Pig. 85 Transverse section of pectoralis muscle, 24 h
post-mortem. Several fibres are in a state
of total disintegration, with haphazardly-
arranged myofibrillar material.

x800

Pig. 86 Longitudinal section of pectoralis muscle, 24 h
post-mortem. Several fibres are in a state of
total disintegration, however adjacent fibres
are relatively intact.

x 800



 



Fig. 87 Transverse section of pectoralis, 24 h post¬
mortem. The fibre has disintegrated into
single degenerate sarcomeres and clumps of
sarcomeres from adjacent myofibrils. These
structures are longitudinally (arrows),
transversely, (arrow heads) and obliquely
(double headed arrows) oriented. Note the
bacteria (b) which have been sectioned
approximately transversely.

x 8,750



 



Fig. 88 Longitudinal section of pectoralis muscle, -Jh
post-mortem. A vacuolated (v) fibre can be
seen containing single vacuoles.

x 800

Fig. 89 Longitudinal section of iliotibialis muscle, £ h
post-mortem. Two fibres (v), severely affected
by vacuolation can be seen. Vacuoles occur in
rows parallel to the fibre axis, but cannot be
differentiated from lipid droplets.

x 800



 



Fig. 90 Longitudinal section of iliotibialis, l^r h
post-mortem. Spaces occur within the fibre
parallel to the fibre axis (arrows) and an
adjacent fibre appears unchanged.

x 780

Fig. 91 Longitudinal section of pectoralis, £ h post¬
mortem. spaces within the fibre are seen,
but they are not obvious (arrows).

x 780



 



Pig. 92 Transverse section of iliotibialis, 4 h post¬
mortem, In transverse section the spaces within
the fibre appear as a fine discontinuous
network of cracks (x). Note the detached
endomysial tubes (arrows).

*800



 



Fie* 93 Longitudinal section of pectoralis, l£ h post¬
mortem, In an uncontracted fibre the myofibrils
are widely separated by sarcoplasm (arrows)
adjacent fibres are unaffected,

x 4,250



 



Fig# 94 A spore-forming bacterium is shown from a sample
of pectoralis muscle 24 h post-mortem. Note
the autophagic vacuole (av) containing a single
dense body and several strands of clearly
striated collagen, can be seen.

x 47,500



 



Fig# 95 Longitudinal section of iliotibialis, h post¬
mortem. The sarcolemma (sa) is intact.

x 9,500



 



Fig. % Longitudinal section of iliotibialis, 1^ h post¬
mortem. Discontinuities across the Z disk occur

early post-mortem (arrows). The mitochondria
are swollen and a few granules can be seen
within them (arrow heads), g glycogen, 1 lipid
droplet.

x 21,000



 



Pig* 97 Longitudinal section of pectoralis, 4 h post¬
mortem. The Z disks appear diffuse, discon¬
tinuous and constituent material is lost.
The thin filaments of the I band are granular
and discontinuous (arrow heads). The A band
is granular and lacks definition and the M
line is absent. The cristae of the
mitochondria (m) are so reduced that the
mitochondria appear almost structureless,
llote the vesicles between the myofibrils,
which are probably fragmented SR tubules
(arrows).

x 25,250



 



Fig. 98 Longitudinal section of iliotibialis, 4 h
post-mortem. The Z disks are prominent but
diffuse and discontinuous (arrows) and there
are very feu thin filaments. The cristae
are disorganised in the mitochondrion
labelled m, and several granules are seen
within a single mitochondrion (arrow heads).
1 lipid droplet. The A band is granular
and the M line is absent.

x 46,250



 



Fig. 99 Longitudinal section of pectoralis, 4 h
post mortem. The Z disks are very degenerate
and only remnants of Z disk material (arrows)
can be seen among a few grainy thin filaments.

x 94,250

Fig. 100 Longitudinal section of pectoralis, 24 h
post-mortem. The Z disk cannot be identified
and only short thread-like structures, probably
the remnants of the thin filaments, can be
seen between adjacent A bands. The A band
appears very granular and the M line is absent.

x 65,000



 



Fig. 101 Transverse section of iliotibialis, 8 h post¬
mortem. Several myofibrils are sectioned at
the level of degenerate Z disks; the Z disk
material is not continuous across the whole
myofibril•

x 20,250



 



Pig. 102 Transverse section of iliotibialis, 8 h post¬
mortem, In one of the Z disks shown in Fig,
101, the Z disk lattice can be seen interspersed
by structureless areas (arrow head) and areas
containing thin filaments from the I band
(arrows). 1 lipid droplet,

x OJ.,750



 



Fig. 103 Longitudinal section of iliotibialis, 1 h post¬
mortem. The thin filaments of the I band have
avulsed from the thick filaments of the A band
(arrows). The sarcolemma (sa) is intact.
Note the background of small electron-dense
particles (o). 1 lipid droplet.

x 13,250



 



Fig. 104 Longitudinal section of iliotibialis, 4 h post¬
mortem. In several sarcomeres the thin
filaments of the I band are torn along their
length (arrows) or near their junction with
the Z disk (arrow heads).



 



Pig. 105 Longitudinal section of pectoralis, 8 h post¬
mortem, A diffuse band, more dense than the
rest of the I band, but less dense than the
2 disk, is seen adjacent and parallel to.the
Z disk (arrows).

x 79,750

Pig. 106 Longitudinal section of iliotibialis, 4 h post¬
mortem. Irregular clumps of material run
transversely across the myofibril closer to
the A band than the Z disk (arrows); the
material may be vestiges of the N line.

x 53,250



 



Fig. 107 Transverse section of iliotibialis, 8 h post¬
mortem. The thin filaments are widely-
dispersed. in myofibrils sectioned at the
level of the I band. 1 lipid droplet.

x 36,500

Fig. 108 Longitudinal section of iliotibialis, 4 h post¬
mortem. One or more myofibrils have been
sectioned at the level of a completely
degenerate I band (x)

x 35.000



 



Pig. 109 Longitudinal section of pectoralis, 8 h post¬
mortem. Recognisable A bands are indicated
by arrows, the rest of the material in this
fibre is probably torn A bands. A background
of moderately electron-dense particulate
substance occurs between the fibres and within
the very degenerate fibre.

x 8,500



 



Fig. 110 Transverse section of iliotibialis, 24 h
post-mortem. The hexagonal lattice of the
thick filaments in the A band is present
although the thin filaments are amorphous.
Cross-bridges between thick filaments at the
M line can be seen (arrows). Note the SR
surrounding the myofibrils at the level of
the H zone (arrow heads).

x 115,250.



 



Fig. Ill Longitudinal section of iliotibialis, 1% h
post-mortem. Several sarcomeres are

severely disrupted.
x 28,250



 



Fig. 112 Longitudinal section of iliotitdalis, 1^ h
post-mortem. A large area of disrupted
sarcomeres is associated with severe

contraction.
x 8,000



 



Fig. 115 Longitudinal section of iliotibialis, 4 h post¬
mortem. The mitochondria are approximately-
spherical and swollen with a correspondingly-
increased intra-cristal space. In some
mitochondria the inner membrane is detached
from the limiting membrane, and the outer
compartment is swollen (arrows). Particulate
and beaded thread-like miscellaneous material
occurs only within the mitochondria (arrow
heads).

x 21,250



 



Fig. 114 Transverse section of iliotibialis, 24 h post¬
mortem. Suggested stages in the degeneration
of mitochondria: (i) mitochondria with
discrete intra-mitochondrial granules (arrows);
(ii) structures recognisable as mitochondria,
but with their matrices largely obscured by
electron-dense material (arrow heads)J
(iii) accumulation of electron-dense material
with no recognisable structure (double headed
arrow). ly lysosome—like body.

x 13,000



 



Fig. 115 Transverse section of iliotibialis, 24 h post¬
mortem. Vacuoles are seen in the electron-
dense material (double headed arrow) and within
an intramitochondrial granule (arrow), the
limiting membrane of the same mitochondrion is
ruptured (arrow head) and the sarcolemma cannot
be identified.

x 22,750



 



Pig. 116 Longitudinal section of iliotibialis, 1$ h post¬
mortem. The contents of the terminal cisternae
of the triads are very dense (arrows).

x 38,000



 



Fig. 117 Transverse section of iliotibialis, Is h post
mortem. Double layers of SR can be seen
between adjacent myofibrils sectioned at the
level of,their Z disks and I bands (arrows).
The contents of the tubules are amorphous.

x 82,750



 



Pig. 118 Longitudinal section of pectoralis, 4 k post¬
mortem. Two triads (t) can be recognised and
there are several vesicles and tubules, probably
fragments of SR between the myofibrils (arrows).
The A bands are granular and lack definition and
the M line is absent. The myofibrils are widely
separated by sarcoplasm. Note a small clump of
residual glycogen (g).

x 57,250



 



Fig. 119 Transverse section of iliotibialis, 4 h post¬
mortem. Vesicles of SR are concentrated
between myofibrils sectioned at the level of
their Z disks and I bands and few occur

between myofibrils sectioned at the level of
their A bands. There is a marked increase
in inter-myofibrillar space.

x 17,000

Fig. 120 Transverse section of iliotibialis, 4 h post¬
mortem, Vesicles of SR are concentrated between
myofibrils sectioned at the levels of their Z
disks and I bands. The SR of the fenestrated
collar at the H zone is well preserved (arrows).

x 45,500



 



Pig. 121 Longitudinal section of pectoralis, 8 h post¬
mortem. Triads can be recognised mainly by
their location near the Z disk (i), although
the T-tubule can be seen between the terminal
cistemae in some triads (t1). The terminal
cistemae are round or oval and very dense,
single dense vesicles very similar to the
terminal cistemae can be seen between the
myofibrils (arrows). There are few of the
vesicles thought to be remnants of the
longitudinal tubules of SR between the
myofibrils, although some longitudinal
tubules can be seen (arrow heads).

x 26,500



 



Fig. 122 Longitudinal section of iliotibialis, 24 h post¬
mortem. Collapsed tubules (arrows), vesicles
(arrow heads) and dense vesicles (double headed
arrow) can be seen between the myofibrils.
The moderately electroiv-dense bodies situated
among the mitochondria are of -unknown origin.

x 23,000



 



Pig. 123 Transverse section of iliotibialis, 24 h post¬
mortem. Collapsed tubules (arrows), vesicles
(arrow heads) and dense vesicles (double headed
arrow) can be seen between the myofibrils.
Many of the myofibrils are confluent at the
level of the I band .

x 38,250
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Fig. 124 Longitudinal section of pectoralis muscle, 1 h
post-mortem. Short splits can be seen running
between the myofibrils; some of the splits
contain the membranes of a tubule in their lumen

(arrows).
x 8,000

Fig. 125 Longitudinal section of iliotibialis muscle, 1§ h
post-mortem. The short splits may run oblique
to the myofibrillar axis. Note the high content
of glycogen (,).

x 52>ooo



 



Fig. 126 Transverse section of iliotibialis, li h post¬
mortem. Swollen tubules occur between
myofibrils sectioned at any level (arrows) and
sometimes occur in layers (arrow heads).

x 37,750
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Pig. 127 Transverse section of iliotibialis, 1 h post¬
mortem. Swollen tubules are seen which loop
back on themselves (arrow) or appear to be
arrayed concentrically (arrow heads).

x 60,000
fe ,!,-l " , • ...) .>
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Fig. 128 Transverse section of pectoralis, 1>>- h post¬
mortem, The swollen tubules are very-
dilated and occur in close apposition to
mitochondria without deforming the shape of
these organelles(arrows), Some tubules of
SR, the appearance of which have changed
little from 'at death', can also be seen,

x 15,500

Fig. 129 Transverse section of pectoralis ljh post¬
mortem. The limiting membranes of the
swollen tubules are obvious. A tubule can be
seen in close apposition to a mitochondrion
without deforming the shape of the latter
(arrow). Several of the myofibrils appear to
be confluent.

x 30,000



 



Pig. lJO Transverse section of pectoralis, 8 h post¬
mortem. The myofibrils are widely separated
by sarcoplasm and many swollen tubules occur
between them. The sarcolemma cannot be
identified. Hote the myelin figures (arrow
and inset). The area enclosed by the
rectangle is shown at a higher magnification
in Pig. 131. .

x 8,000



 



Fig. 131 Transverse section of pectoralis muscle, 8 h post¬
mortem. Layers of swollen tubules and dense
vesicles (arrows), occur between the myofibrils.
Note the concentration of vesicles around
myofibrils sectioned at the level of the H zone
(arrow heads). 9 _ ft

Fig. 132 Transverse section of pectoralis muscle, 8 h post¬
mortem, Swollen tubules between the myofibrils
are seen looping back on themselves and many
dense vesicles occur between the myofibrils
(arrows)*

x 41,500



 



Fig. 133 Transverse section of iliotibialis muscle, 24 h
post-mortem. A lysosome-like body (ly) is
moderately electron-dense. The nucleus (n)
can only be identified by the shape outlined by
the distribution of the condensed chromatin.

x 30,000



 



Pig. 134 Longitudinal section of pectoralis 8 h post¬
mortem. A collection of varying sized
autophagic vacuoles surrounded by one or
more layers of membranes, tightly or loosely
arranged can be seen. The contents of the
vacuoles are heterogeneous, often containing
a single dense body or one or more small
vesicles.

x 21f500



 



Fig. 1J5 Transverse section of iliotibialis 4 b post¬
mortem. In this nucleus a nuclear pore can
be seen associated with an area of decreased
condensed chromatin, but the septum crossing
the pore is absent (arrow).

x 27,75Q

Fig. 136 Transverse section of iliotibialis, 24 h post¬
mortem, At an advanced stage of degeneration
of the myonucleus remnants of nuclear envelope
can be seen (arrows) but the nucleolus (nu)
can clearly be identified. Note an intact
lipid droplet (1).

K 15,500



 



Pig. 137 Longitudinal section iliotibialis, 8 h post¬
mortem. A collection of vesicles and tubules
is seen at the periphery of a fibre. The
tubules contain amorphous material and the
vesicles contain dense granules.

x 40,000



 



Fig. 138 Longitudinal section of iliotibialis, 24 h post¬
mortem. The Z disks are absent and elongated
dense fibrillar structures of varying lengths
are seen aligned approximately longitudinally
between the myofibrils (arrows).

x 44,250



 



Fig. 159 Longitudinal section of iliotibialis, 24 h post¬
mortem, The Z disks are absent; irregular-
shaped dense fibrillar structures occur, aligned
approximately longitudinally between the
myofibrils. At the periphery of these
structures strands of material can be seen

(arrows) but no obvious periodicity can be
discerned within them,

x 49,250



 



Fig. 140 Transverse section of iliotibialis, 24 h post¬
mortem. A dense fibrillar structure is seen

in the extracellular space and has a punctate
appearance.

x 175.000



 



Fig. 141 Transverse section of iliotibialis, 24 h post¬
mortem. Dense fibrillar structures with a

punctate appearance (arrows) can clearly be
differentiated from the dense amorphous
material which is probably a very degenerate
mitochondrion (double headed arrow).

x 83,750
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Pig. 142 Transverse section of iliotibialis, 4 h post¬
mortem. Small electrons-dense particles are
concentrated in an area where myofibrils are
missing. Several particles join together
to resemble a thread strung with beads (arrow).
1 lipid

x 22,500



 



Pig. 143 Longitudinal section of pectoralis, 4 h post¬
mortem. An endoraysial tube containing no
myofibrillar material is seen, however the
whole area has a background covering of a
moderately electron-dense particulate
substance.

•v ft Oftf)x o,ou
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Fig. 144 Longitudinal section of pectoralis, 4 h. post¬
mortem* Variation along the length of a
fibre is shown in this montage. At one end
the striations are clear and there are

inconspicuous intermyofibrillar spaces
(arrows), towards the other end there is
complete disorganisation within the fibre
and striations cannot be differentiated

(arrow heads).
x 99°
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Fig. 145 Longitudinal section of iliotibialis muscle of
a broiler chicken after plucking. The pattern
of the cross-striations is disorganised.

x 850

Fig. 146 Longitudinal section of pectoralis muscle of a
broiler chicken after evisceration. Irregular
dense bands can be seen running transversely
across a fibre; this is termed zigzag type of
contracture.

x 850



 



Pig. 147 Longitudinal section of iliotibialis muscle of a broiler
chicken after plucking. Dense bands traverse the fibre
and are associated with a marked bulge in the fibre.
The sarcomeres on either side of these bands are

severely stretched.
x 850

Fig. 148 Longitudinal section of iliotibialis muscle of
a broiler chicken after plucking. A length
of fibre is shown in wliich the sarcomere

length decreases progressively until a contracture
band is formed.

x 830



 



APPENDIX 1

Proline of uH In M. pactoralie during pOBt-mortem storage

Time 1 2 3 4 5 6 7 8 9 10 11 12 13
poat-mortei»

3 (mln) 6.3 7.25 6.35

4 6.25 6.25 6.7 6.7 7.2 6.25 6.84

5 6.7 6.46 11 6.2 N 6.6 7.16 7.15 6.2 6.76

6 6.65 6.4 6.55 6.2 6.15 6.66 6.55 6.98 7.1 6.15 6.66

7 6.6 6.54 6.5 it it 6.64 6.5 6.94 7.05 6.92 6.05 6.62

8 6.55 6.52 6.45 6.15 it 6.62 6.45 6.88 7.0 6.82 It 6.56

9 6.5 6.28 6.4 n n 6.58 6.4 6.82 6.95 6.76 6,0 6.52

10 6.45 6.26 6.35 6.1 11 6.56 11 6.78 6.9 6.74 H 6.5

11 6.4 6.24 6.5 it it 6.54 6.35 6.72 6.85 6.68 II 6.46

12
It 6.22 6.25 11 6.15 6.52 n 6.68 it 6.64 If 6.42

13 6.3 6.35 6.2 it 6.05 6.1 6.5 it 6.64 6.8 6.62 5.95 6.4

14 6.25 II 6.16 6.2 11 11 6.48 6.3 6.62 6.75 6.56 n 6.36

15 6.2 6.3 « n 6.0 it 6.46 tt 6.58 tt 6.52 it 6.54

16 6.15 II 6.14 6.15 it H 6.44 it 6.56 6.7 6.5 n 6.32

17
ft 6.25 6.12 it n 6.15 it n 6.52 6.65 6.44 5.9 6.30

18 6.1 It 6.1 it it II 6.42 6.25 6.5 H 6.42 * 6.28

19 6.05 II 6.08 it tt n tt tt 6.48 6.6 6.38 n 6.26

20
It II ti n ti n 6.4 n 6.46 It 6.36 n 6.24

21
It 6.28 6.06 it it It n tt 6.44 It 6.32 5.85 it

22 6.0 6.2 tt 6.1 6.05 H 6.58 ti 6.42 6.55 If it 6.22

23 5.95 it 6.04 11 tt tt tt tt N it 6.3 it 6.2

24
It n tt n it it 6.36 tt 6.4 * 6.28 tt 6.18

25
II n tt n 11 it tt n 6.38 ti 6.26 tt tt



APPENDIX 1

Decline of pH in M« -pectoralis during T>ost-mortem storage (continued)

Time 1 2 3 4 5 6 7 8 9 10 11 12 15
post-mortem

26 (min) 5.9 6.2 6.02 6.1 6.05 6.15 6.34 6.25 6.36 6.5 6.26 5.85 6.16

27 It it ii It II ii •1 6.2 it » 6.24 5.8 ii

28 It •• 6.0 II •1 ii n n 6.34 it it it 6.14
29 ii it it II II •i 6.52 it 6.52 n it it 6.12

50 It it 5.98 II 6.0 ii II ii 6.5 6.45 6.22 * ii

35 II II 5.98 it ti •• 6.26 6.15 6.28 6.4 6.2 it 6.08

40 11 ii 5.96 II it •i 6.22 ii 6.26 6.55 6.14 it 6.04

45 it •i 5.94 it it ii 6.18 •i 6.2 6.5 6.1 it 6.02

50 5.8 6.15 5.92 6.05 ii ii 6.14 6.1 6.14 6.25 6,08 it 6.0

55 •1 6.1 5.9 it 5.95 •i 6.1 n 6.08 6.2 it n 5.98

60 n ii 5.88 ii ii 6.1 6.08 6.05 6.06 6.15 6.06 n ti

lJr h it 5.95 5.76 5.9 5.8 5.85 5.92 5.85 5.96 5.9 6.04 • 5.9

2 n 5.85 5.74 5.85 5.75 5.8 5.84 5.8 5.8 5.85 5.98 ii 5.84

2* 5.8 5.8/1 5.8 it 5.75 5.82 it ti 5.95 5.96 5.75 5.82

3 5.7 5.8 5.78 ii •i 5.7 5.8 5.85 it 6.0 6.12 it 5.86

3i 5.85 5.76 5.85 n 5.75 It it 5.84 6.05 5.94 it 5.88

4 n It n 5.75 5.8 II 5.78 ti 5.9 H 6.02 it 5.86

5 •t II •i •1 •t 5.8 ii 5.9 5.92 it 5.96 n n

6 5.7 5.85 5.8 5.75 5.85 5.8 5.8 5.9 5.94 6.05 6.04 5.75 5.86

7 II •1 5.76 5.8 •i 5.85 ii it n ii 6.08 n it

8 It •1 5.74 II it n 5.82 « it it 6.04 n 5.82



APPENDIX 1
Decline of nil in M. iliotibialie during nost-mortem storage•

Time

post-mortem 1 2 5 4 5 6 7 8 9 10 11 12 13

5 (min) 7.26 7.18 7.08

4 7.2 6.94 6.9 7.06 7.14 6.98 6.75

5 6.88 6.9 7.18 6.88 6.83 7.0 7.5 7.1 6.92 6.7

6 6.7 8 6.85 6.86 7.14 6.8,1 II 6.98 7.05 7.08 6.86 11

7 6.7 6.8 6.76 7.12 6.82 6.8 it 6.95 7.06 7.2 6.82 6.55

6 6.66 6.7 6.66 II 6.8 11 6.96 6.9 7.04 7.25 6.78 6.5

9 6.62 ti 6.6 7.1 6.78 6.75 it 6.85 n « 6.76 11

10 6.6 6.65 6.54 7.08 6.76 ti 6.94 6.8 7.02 6.7 6.74 6.45

11 6.58 11 6.48 7.1 6.72 n 11 6.75 7.0 6.65 6.72 6.4

12 6.56 6.6 6.46 11 11 11 n 11 6.98 11 11 it

13 6.54 •1 6.42 7.04 6.7 6.7 M 6.7 11 6.6 11 6.35

14
n 11 6.4 7.0 6.68 •1 6 *,92 •• 6.96 6.55 6.7 n

15 6.52 11 6.38 6,88 6.66 ti 11 6.65 6.94 11 it 11

16 6.8 it 11 11 6.°6 6.64 6.65 11 n 6.92 n 6.68 6.3

17 6.72 6.5 6.55 6.32 6.94 6.62 n 6.9 6.6 6.9 6.5 « it

18 6.68 11 11 H 6.92 11 11 11 ft 6.88 ft 6.66 it

19 6.66 it 6.5 6.3 6.9 6.6 11 it 6.55 6.84 II 6.64 •

20 6 .64 6.48 11 6.28 6.88 11 6.6 it it •1 It it 6.25

21 6.62 •1 11 6.26 6.86 ti n it it 6.82 6.45 6.62 11

22
It 6.46 6.45 11 6,84 11 11 11 6.5 6.78 •1 « w

27 6.60 it 11 6.24 6.82 II 6.55 11 11 6.76 11 11 tt

2/1
it 11 6.4 11 6.8 6.38 11 n 11 6.74 ti 11 11

28
•1 6.44 it 6.22 6.78 II 6.5 ti 6.45 6.72 6.4 6.6 6.2

26 it •• 6.^5 11 .6,76 II it 11 11 6.7 11 11 n



Decline of nH In H.
APPENDIX 1

lllotlblails during nost-mortem atorare (continued)

Time
post-mortem

3 2 3 4 5 6 7 8 9 10 11 12 13

27 (min) 6.5S 6.44 6.55 6.22 6.76 6.56 6.5 6.88 6.45 6.66 6.4 6.58 6.2
28 It ti 11 6.2 11 11 it 11 it 6,64 it 6.56 ti

29 If 6.42 6.3 11 6.72 11 6.45 11 6.4 6.62 11 11 it

30 II it 11 11 11 n it 11 ti 6.6 M 11 6.15
35 II 6.38 6.25 6.18 6.68 6.54 6.4 11 6.35 6.54 6.35 6.52 11

40 It 6.46 6.2 6.16 6.64 6.52 11 11 6.^ 6.5 11 6.46 6.1

45 6.60 6.3 11 6.12 6.62 6,48 it 11 6.25 6.46 6.3 6.44 6.05
50 6.16 6.26 11 6.08 6.6 6.44 6.35 11 6.2 6.42 ti 6.4 6.0

55 6.44 6.22 6.16 6.06 11 6.42 11 6.86 6.15 6.36 it 6.36 5.95

60 6.46 6.18 11 6.04 11 6.4 11 11 11 6.34 6.25 6.34 If

If (h) 6.26 6.08 6.0 5.9 11 6.38 6.25 6.54 5.95 6.26 6.2 6.14 5.85

2 6.? 11 6.95 5.86 6.68 6.42 it 6.58 5.8 6.28 11 6.18 5.8

2+ 6.12 6.9 5.0 6.56 11 11 6.54 11 6.38 11 6.08 5.75

3 6.16 6.14 5.95 5.94 11 6.44 11 6.56 11 11 ti 6.14 II

5* II 11 6.98 6.54 ft 11 11 ti
.

n 6.1 6.08 II

A 6.14 II 5.9 5.02 11 ft 11 11 ti 11 6,15 6.14 II

5 it 6.12 11 II 6.52 6.46 11 11 5.85 6.54 6.1 6.22 5.7

6 6.12 6.12 5.0 6.82 6.52 6.42 6.25 6.54 5.85 6.32 6.15 11 II

7 it 6.08 11 5.84 6.54 6.4 6.35 6.48 5.9 6.3 11 11 5.65
8 6.1 6,06 11 5.8 6.56 6.36 11 6.42 II 11 11 6.14 5.7



Bird
No

Time

(min'

6

16

24

32

40

48

56
64

72

80

88

96

104

112

120

128

APPENDIX 2
TABLE 1 The absolute extension (cm) of the neotoralis (P) and iliotibialis (IT) muscles on loading
of a 200g and 60g weight respectively during post-mortem storage. *50£j extensibility.

1 2 3 4 5

Extension (m)
P XT

Time

(min)
Extension (m)

P IT

Time

(min)
Extension (m)

P IT

Time

(min)
Extension (m)

P IT

Time

(min)
Extension (m)

P IT

1.3 0.5 6 1.5 0.45 6 1.7 0.55 7 2.05 0.4 5 1,5 0.55
1.0 0.45 14 0.9 0.4 14 1.3 0.4 15 1.05 0.3 13 1.05 0.35

1.1 0.3 22 0.75 0.2* 22 1.2 0.35 23 0.9 0.2 21 0.8 0.3

1.05 O.25 30 0.75 0.2 30 1.2 0.25 31 0.85 0.2 29 0.7 0.25

0.85 0.25 38 0.65 0.2 38 1.2 0.2* 39 0.8 0.15* 37 0.65 0.2

0.85 0.15* 46 0.6 0.15 46 1.15 0.2 47 0.7 0.15 45 0.6 0.2

0.7 0.15 54 0.55 0.1 54 0.5* 0.2 55 0.55 0.1 53 0.55 0.2

0.7 0.1 62 0.5 0.15 62 0.5 0.15 63 0.5* 0.05 61 0.4* 0.2

0.65 0.1 70 0.45* 0.1 70 0.4 0.15 71 0.5 0.1 69 0.4 0.15*

0.6 0.1 78 0.45 0.1 78 0.35 0.15 79 0.4 0.05 77 0.4 0.15

0.55 0.1 86 0.4 0 86 0.35 0.2 87 0.4 0.05 85 0.35 0.15

0.55 0.05 94 0.4 0.1 94 0.3 0.15 95 0.35 0.1 93 0.35 0.15

0.5* 0.1 102 0.4 0 102 0.3 0.1 103 0.55 0.05 101 0.3 0.1

0.45 0.1 110 0.5 0 110 0.25 0.1 111 0.35 0.05 109 0.35 0.1

0.4 0.05 118 0.3 0.1 118 0.2 0.1 119 0.3 0 117 0.3 0.1

0.4 0.05 126 0.3 0.1 126 0.2 0.1



TABLE 1 (continued)
Bird 6
no

Time Extension (m)

\

Extension (m)
Imln; P IT (min) P IT

5 1.15 0.7 4 2.05 0.45

15 0.7 0.5 12 1.5 0.4
21 0.6 0.5 20 1.4 0.5

29 0.55 0.5 28 1.25 0.25

57 0.55 0.4 56 0.9 0.25

45 0.45 0.5 44 0.9 0.2*

55 0.45 0.2* 52 0.65* 0.15
61 0.45 0.2 60 0.55 0.1

69 0.45 0.15 68 0.5 0.05

77 0.4 0.2 76 0.45 0.1

85 o.?» 0.15 84 0.45 0.1

95 0.5 0.15 92 0.4 0.05
101 0.25 0.15 100 0.55 0.05

109 0.4 0.1 108 0.4 0.1

117 0.25 0.1 116 0.55 0.05

124 0.55 0.1

Bird 6 (continued) Bird 7 (continued]
no no

Time Extension (m) Time Extension (m]
(min ) P IT (min) P IT

4 h 0 m 0.5 0.2 4 h 0 m 0.5 0

8 0.2 0.1 8 0.5 0.05
16 0.15 0.1 16 0.25 0.05

24 0.15 0.15 24 0.2 0

52 0.1 0.05 52 0.15 0.05
40 0.1 0.05 40 0.15 0.05

48 0.1 0.05 48 0.1 0

56 0.15 0.05 56 0.1 0

8 h 0 m 0.1 0.05 8 h 0 m 0.15 0

8 0.1 0 8 0.1 0.05

16 0.1 0 16 0.15 0.05

24 0.1 0.05 24 0.1 0

52 0.1 0 52 0.05 0

40 0.1 0.05 40 0.1 0

48 0.1 0

26 h 0 m 0.5 0 26 h 0 m 0.85 0.15
8 0.15 0 8 0.4 0.1

16 0.15 0 16 0.55 0.15

24 0.2 0 24 0.4 0.1

52 0.15 0 52 0.55 0.05
40 0.4 0

48 0.5 0.05

56 0.4 0.1



w

Time

(min)

16

24

32

40

48

56

64

72

80

88

96

104

112

120

128

IT

100

75

63
63

50»

38

25

13

25

25

15

13

25

13

25

APPENDIX 2

TABLE 2 The percentage extensibility of the nectoralis (p) and iliotibialis (IT) muscles

during post-mortem storage

1 2 3 4 5 6

f extensi¬
bility

% extens¬
ibility

°/r extensi¬
bility

% exten¬
sibility

t exten¬
sibility

% exten¬
sibility

P IT Time

(Min)
P IT Time

(min)
P IT Time

(min)
P IT Time

(min)
P IT Time

(min)
P IT

100 100 14 100 100 14 100 100 15 100 100 13 100 100 13 100 100

110 67 22 83 50* 22 92 88 23 86 67 21 76 86 21 86 100

105 56 30 83 50 30 92 63 31 81 67 29 67 71 29 79 100

85 56 38 72 50 38 92 50* 39 76 50* 37 62 57 37 79 80

85 33* 46 67 38 46 89 50 47 67 50 45 57 57 45 64 60

70 33 54 61 25 54 39* 50 55 52 33 53 52 57 53 64 40*

70 22 62 56 38 62 39 38 63 43* 17 61 38* 57 61 64 40

65 22 70 50* 25 70 31 38 71 48 33 69 38 43* 69 64 30
60 22 78 50 25 78 27 38 79 38 17 77 38 43 77 57 40

55 22 86 44 0 86 27 50 87 38 17 85 33 43 85 43* 30

55 11 94 44 25 94 23 38 95 33 33 93 33 43 93 43 30

50» 22 102 44 0 lo2 23 25 103 33 17 101 29 29 101 36 30

15 22 110 33 0 110 19 25 111 33 17 109 33 29 109 57 20

40 11 118 33 25 118 15 25 119 29 0 117 29 29 117 36 20

40 11 126 33 25 126 15 25



TABLE 2 (continued.)

Bird
no

Time

26 h

% exten¬ % exten¬
sibility sibility
P IT Time P ITb (min)

0 min A5 57 4 h 0 m 20 0

8 29 29 8 20 15
16 21 29 16 17 15

24 21 45 24 15 0

52 14 14 52 10 15
40 14 14 40 10 15
48 14 14 48 7 0

56 21 14 56 7 0

0 min 14 14 8 h 0 m 10 0

8 14 0 8 7 15

16 1A 0 16 10 15

24 14 14 24 7 0

52 14 0 52 0

40 14 14 40 7 0

48 14 0

0 min 45 0 26 h 0 57 58

8 21 0 8 27 25
16 21 0 16 25 58
24 29 0 24 27 25

32 21 0 52 25 15

40 27 0

48 20 15

56 27 25


