


Contents 

A. General Overview 1 

B. Microanatomy of Muscle 5 

I. The Array and Length of Skeletal Muscle Fibres 5 
II. The Diameter of Skeletal Muscle Fibres 10 

III. The Number of Fibres of a Muscle . 12 
IV. The Connective Tissue of the Muscle 14 

1. Endomysium . . 16 
2. Perimysium 20 

V. The Vascular Supply 22 
VI. Nerve Supply . . . 30 

1. Composition of Nerve Branches to Muscles 30 
2. The Number of Motor Units and Its Determination 30 
3. The Terminal Innervation Ratio 32 

VII. Muscle Spindles 33 

C. Skeletal Muscle Fibres 35 

I. The Contractile Apparatus 35 
1. Cross-Striation . . . . 35 
2. Myofibrils . . . . . . 37 
3. The Arrangement of Myofilaments in Sarcomeres 39 
4. The Localization of the Contractile Proteins 50 
5. The Cross-Banding Pattern at Different Fibre Lengths 51 
6. The Sliding Filament Model 53 
7. X-Ray Diffraction of Muscle . . . . . . . . 54 

a) Equatorial Reflections ........ 55 
b) Meridional and Off-Meridional Reflections 57 

8. The Thick Filament ........... 58 
a) The Myosin Molecule . . . . . . . . . 58 
b) The Packing Pattern of the Myosin Molecules 59 
c) The Number of Myosin Molecules and of 

Cross-Bridges per Subunit Repeat . . . . . 62 
d) C Protein . . . . . . . . . . . . . . . 63 
e) The Periodicities of the A Band of Vertebrate 

Muscle . . . . . . . . . . . . 65 
f) Myosin ATPase and Cytochemistry 66 

9. The Thin Filament . . . . . . . 66 
a) The Array of Actin Monomers . . 66 



VIII Contents 

b) The Pitch of the Actin Helix 67 
c) Tropomyosin and Troponin 68 
d) A Thin-Filament Model . . 69 
e) Binding Sites for the Cross-Bridges 69 

10. Morphological Changes of the Thick-Filament 
Structure During Rigor and Contraction . . . 70 

11. Swinging Cross-Bridges . . . . . . . . . . 74 
12. The Regulatory Proteins and the Action of ATP 

and Ca2+ . . . . . . . . . . 76 
13. Alternative Contraction Theories 77 
14. The M Line . . . . . . . . . 79 
15. The Z Disc ......... 82 
16. The Turnover Rates of Myofibrillar Proteins 90 
17. Helicoidal Sarcomeres ..... 90 

II. Cytoskeletal Elements . . . . . 91 
III. Sarcoplasmic Reticulum and T System 95 

1. Historical Background . . . 95 
2. The Sarcoplasmic Reticulum 97 

a) Array ........ 97 
b) Morphological Methods for the Study of Ca2+ 

Movements and Internal Membrane Changes During 
Contraction ....... 102 

c) Other Ca2 + -Binding Systems ....... 104 
d) The SR Membrane ........... 105 
e) The Effect of Various Drugs and of Electrical 

Stimulation on Ca2+ Release from the SR 107 
3. The T System . . . . . . . 108 

a) Array ........ 108 
b) The T-Tubule Membrane 109 

4. Triadic Junctions ..... 110 
5. Very Fast Muscles . . . . . 114 
6. Quantitative Approaches to the Internal Membrane 

Systems ...... 114 

IV. Sarcolemma .......... . 
1. Historical Background . . . . . 
2. The Non-Membrane Components 
3. The Plasma Membrane ..... 

a) Functional Differences Betweeq Junctional and 
Extrajunctional Membrane .,. . . . . . . 

b) The Structure of the Neuromuscular Junction 
a) The Presynaptic Membrane 
{3) The Postsynaptic Membrane 
y) Acetylcholinesterase . . 
J) Acetylcholine Receptors 
e) Quantitative Aspects 

c) The Extrajunctional Plasma Membrane 

116 
116 
116 
119 

119 
120 
124 
127 
127 
129 
130 
131 



Contents IX 

oc) Folds and Caveolae . . 132 
13) 10-nm Particles . . . . 135 
y) 6-nm Particles in Square Arrays 137 
J) The Extrajunctional Plasma Membrane and 

the Motor Nerve . . . . . . . . . . . 138 
e) Birefringence Changes of the Plasma Membrane 

During Excitation . . . 139 
d) The Myotendinous Junction 139 

V. Metabolic Systems . . . . . . . 142 
1. Mitochondria . . . . . . . . 142 

a) The Array of Muscle Mitochondria 142 
b) Isolated Mitochondria . . . . 146 
c) Training and Hypoxia . . . . 146 
d) Intramitochondrial Crystalloids 147 

2. Glycogen .......... 148 
a) The Intracellular Localization 148 
b) The f3-Glycogen Granule 150 
c) "Glycogen Paracrystals" 151 

3. Intracellular Triglycerides 152 

VI. Myonuclei ..... 153 
VII. The Lysosomal System . . 155 

D. Muscle Fibre Types in Mammalian Muscles 159 

I. Historical Background .. . . . . . . . . . . . . .. 159 
II. Anaerobic and Aerobic Energy Metabolism of Muscle Fibres 

as Reflected by Morphology . . . . 160 
1. Preferred Pathways of Metabolism . . . . . . 160 
2. The Glycogen Depletion Method ...... 161 
3. Method-Related Problems of Fibre Type Histo-

chemistry ................ 162 

III. Fast and Slow Muscle Fibres and Their Histochemical 
Correlates ................. 162 
1. Myosin ATPase and Fibre Typing . . . . . . 162 
2. Myosin Heterogeneity and Immunofluorescence 166 

IV. Fibre Type Classification and the Physiological 
Properties of Motor Units . . . . . . . . . . 173 
1. First Attempts and Confusing Nomenclat;ures 173 
2. Species Differences ........... 174 
3. How Many Fibre Types Can Be Distinguished? 177 

V. What Determines the Specialization of Muscle Fibres? 179 
VI. The Developement of Muscle Fibre Types 181 

1. Histochemistry .. . . . . . . . 181 
2. Myosin Isoenzymes . . . . . . . 183 

VII. Non-Neural Influences on Fibre Types 185 



x Contents 

VIII. The Fibre Type Composition of Different Muscles in 
Different Species . . . . . . . . . 

IX. Fibre Types and Electron Microscopy 

E. Slow Muscle Fibres . . . . . 

I. Amphibia . . . . . . . 
1. Felderstruktur Fibres 
2. Histochemistry 
3. Twitching and Non-Twitching Slow Fibres 
4. Ultrastructure 

II. Birds . . . . . . .. 
III. Mammals . . . . . . 

1. Extraocular Muscles 
a) Two Sorts of Slow Fibres 
b) Histochemistry and Ultrastructure 
c) The Force Contribution of Slow Fibres 

2. Inner Ear Muscles 
3. Cremaster 
4. Oesophagus 

IV. Comments 

F. Non-Skeletal Muscles 

I. Extraocular Muscles 
1. Fish . . . 
2. Reptiles 
3. Amphibia 
4. Birds 
5. Mammals 
6. Conclusions 

II. Intrafusal Muscle Fibres 
1. Reptiles 
2. Amphibia 
3. Birds 
4. Mammals 

a) Fibre Types 
b) Efferent Innervation 
c) Branching Intrafusal Fibres 

III. Laryngeal Muscles . . . 
IV. The Oesophageal Muscle 
V. Inner Ear Muscles . 

VI. Mandibular Muscles 
VII. Facial Muscles 

G. Development, Regeneration, Growth 

I. An Overview 

188 
195 

205 

205 
205 
206 
206 
207 

209 
210 
210 
210 
211 
212 
214 
215 
215 

215 

217 

217 
217 
217 
218 
218 
218 
220 

221 
221 
222 
223 
223 
223 
229 
232 

232 
236 
236 
237 
238 

239 

239 



Contents XI 

II. Myogenic Cells .... 241 
1. The Origin of Myogenic Cells 241 
2. Myoblasts . . . . . . . . 242 

a) MyoblastsIn Vitro 242 
b) Stages of Differentiation 243 
c) Transdifferentiation . . 249 
d) Myoblasts In Vivo . . . 250 
e) The Morphology of Myoblasts in Culture 251 
t) Satellite Cells . . . . 251 
g) Fusion of Myoblasts . . . . . . 258 

III. Myotubes and Muscle Fibres ..... 263 
1. Muscle Fibres as Multinucleated Cells 263 
2. Myotube Differentiation 264 

a) Myofilaments . . . . . . . . . 264 
b) Intermediate Filaments . . . . . 266 
c) Sarcoplasmic Reticulum and T System 267 
d) Innervation . . . . . . . . . . . . 268 

()() Acetylcholine Receptors and Acetylcholinesterase 268 
fJ) Neuromuscular Contacts 270 
y) Polyneural Innervation 272 

3. Histogenesis ....... 274 

IV. Regeneration ....... 280 
1. Epimorphic and Tissue Modes 280 
2. Muscle Fibre Necrosis 281 
3. Regeneration In Situ . . . 282 
4. Autografts . . . . . . . 284 
5. Muscle Fibre Regeneration 286 

V. Muscle Fibre Growth 297 
1. Transverse Growth 297 
2. Longitudinal Growth 300 

H. Muscle Fibres as Members of Motor Units 304 

I. Definition ........... 304 
II. The Size of a Motor Unit . . . . . 304 

III. The Array of the Muscle Fibres of a Motor Unit 307 
IV. How Are Motor Units of Different Types Used? 309 

References 312 

A.uthor Index 385 

Subject Index 429 




