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INTRODUCTION. 

This thesis is centred on a unique feature of the skeletal muscle 

fibre, the satellite cell. This small fusiform cell, lying in a 

subsarcolemmal position, is the most recently discovered cytological 

entity of skeletal muscle. It can be readily distinguished from other 

bettel.'1-known mononuclear cells found lying ~etween muscle fibres, 

such as endomycial fibroblasts, vascular pericytes, mast cells and 

histiocytes. It is unique in that it is the only mononucleated cell 

lying within the basement membrane of the normal adult muscle fibreo 

Mononuclear cells are, however, a prominent feature of developing and 

regenerating muscle. In both, myoblasts fuse to form myotubes, which 

in turn develop into mature fibres. The immediate inference from 

this is that the satellite cell could be related to the mononuclear cells 

seen in these two situations. 

This work was undertaken to further our understanding of the 

form and function of the satellite cello This cell is oniy recognis

able with certainty in the electron microscope, so that the main part 

of the work involved electron microscopy. Skeletal muscle, as a 

tissue, has received a great deal of attention at all levels, from its 

gross form and function, through its histology and cytology, to its 



molecular components and biochemistry. Yet despite this, the satellite 

cell, though first described in 1961, has seemingly been bypassed, 

and has as yet received less attention. Furthermore, where this cell has 

been observed, there has been considerable divergence of opinion over 

its function. 

The main theme of this thesis is that the satellite cell is a 

reserve IlijTOblaat, capable of giving rise to a supply of myoblasts, 

both during embryogenesis, and during regeneration of injured muscle 

fibres. If this is its role, it clearly has a cardinal place in the 

biology of skeletal muscle, and deserves concerted and meticulous 

study. 

The presentation of this work falls conveniently into several 

Sections, outlined briefly here. In the Historical Review of Section I, 

a survey of relevant earlier scientific literature is followed by a 

more extensive review of the work of the past two decades, concentrat-

ing on reports concerned with mononuclear cells in skeletal muscle, and in 

particular those describing the morphology and behaviour of satellite 

eells. 

In Section II, the situation, morphology, and ultrastructure of 

satellite cells are considered in detail. Satellite cells have been 

found in all skeletal muscles so far studied, from amphibia to ammals, 

including mano They thus appear to be widely distributed, and an 
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essential feature of normal voluntary muscle. Though they lie beneath 

the basement membrane of the sarcolemmal sheath, they are separate and 

distinct from the muscle fibre syneytium. Their scanty cytoplasm con

tains no acto~osin, and their densely staining nuclei occupy the 

greater part of the cell, giVing a nucleo-cytoplasmic ratio of more 

than one. They oceur at regular intervals along the fibre in a pro

portion of approximately one to eight myonuclei in the muscles studied. 

The place of satellite cells having been established in the morphology 

of the skeletal muscle fibre, the smallest unit of musele could be 

defined as that segment of a fibre which contains one satellite cell and 

its appropriate number of DIJ"Onucleio It is suggested that this could 

be named the Satellite Cell Segmento 

A study of the biology of a new cell type must logically include 

a study of its embryogenesis. The embryogenesis of skeletal muscle, 

though well documented, must itself be reviewed in the light of the 

present knowledge of the satellite cell. An electron microscope study 

of the embryogenesis of satellite cells, and the part they play in the 

embryogenesis of skeletal muscle, is described in Section III. 

Though the morphology of satellite cells is quite distinctive, 

it cannot be related immediately to any specific :function in mature 

muscleo The studies described in Section IV were designed to elucidate 

further this function. The study of ~he behaviour of a single cell 

type presents its own particular problems. Conventional histology or 

histopathology is concerned with tissues and organs , rather than with 
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aey given cell or cell type within them. This study JIUSt be at the 

level of cytology and cytopathologyo It is just here that electran 

microscopy, the essential research teohniqae to be used, presents its 

greatest drawback, in that dynamic cell function cannot be observed 

consecutively, and can only be deduced from a series of micrographs of 

fixed cells. It is essentially for this reason that there is still such 

divergence of opinion over the function of satellite cellso If, 

aowever, cell behaviour can be standardised or synchronised in the 

laboratory, the process can then be arrested at appropriate intervals, 

observed in the fixed state, and a consecutive dynamic story subsequently 

built upo Biological systems are frequently random in their behaviour, 

so that these ideals are notoriously dif'ficult to achieve, but an 

attempt has been made here, using a new experimental model, the fruit bat 

web, and standard experimental techniques, to overcome some of the 

problems involved. The results of these studies indicate that the 

satellite cell retains the ability to divide and furnish new myoblasts in 

regenerating muscle. These myoblasts then fuse to fonn new fibres. 

Moreover, during recovery, further satellite cells are set aside, so 

that the process is repeatable. The end result, however, depends on the 

extent t ·which the architecture of the muscle is disturbed on injury, 

and on the nature of the injurious agento 

In the General Discussion (Section v), concepts and ideas 

arising in the course of these studies are developed further, and in 

particular the concept of reserve cellso A reserve cell can be 

defined as an undifferentiated cell lying between fully differentiated 



oells o:f a certain type, and capable of giving rise to cells of that 

type, when requiredo This is in contrast with a •stem' cell which 

is pluripotential, giving rise to a variety of cell types. The con

cept of the satellite cell segment is developed further, and a 

sequence of cell multiplication is put forward, as a myogenesis model, 

applicable to both developing and regenerating muscle. From this , a 

unitary concept of .myogenesis is proposed, and it is suggested that 

the satellite cell be more appropriately named the Reserve Myoblast 

of skeletal muscle. The possible existence of similar reserve cells 

in other tissues is then discussed, considering especially cardiac 

and smooth muscle , and the epithelium o:f the gastro-intestinal tract. 

Having assessed the present limits of our understanding on these themes, 

the type and direction of possible further studies are then briefly 

outlined. 

The majority o:f the experiments described in this thesis 

were performed on a new experimental animal, the East African fruit 

bat Eidolon helvum Kerr. This large fruit bat has a remarkable web 

structure, the main web containiil& a number of small striated muscles 

arranged in parallel between the two layers of web skin. An account 

of the ecology of this animal, its gross anatomy and detailed structure 

of the web, is given in Appendix (i), together with details of 

capture, housing, feeding, handling and use as a laboratory animal. 

Appendix (ii ) cont ains details of the methods employed in the 



experiments and studies referred to in earlier Sections. This 

includes details of fixation and preparation o! tissues, and subsequent 

light and electron microscopy, staining and photography. Methods 

specifically developed during these studies are described in more 

detailo 

In the Summary and Conclusion (Section VI), the chief points 

of the work are briefly restated, and the conclusion is reached that 

the satellite cell has an established place in the morphology of 

skeletal muscle, that it plays a major role in its embryogenesis, 

and is set aside in mature muscle as a reserve m;roblasto Under normal 

conditions it will remain inactive for long periods, but following 

injury to the muscle, it is stimulated to divide to provide further 

myoblasts which fuse to form new fibres. Where the architecture of 

the muscle is retained intact, recovery is complete, even after 

repeated injury. When the architecture is disrupted, recovery is less 

effectual, and may be severely limited by scar tissue. 

Two reprints are attached at the end of the thesis. These 

are reports with a direct bearing on the present work, entitled 

'The use of the fruit bat in surgical research', and •satellite 

cells and skeletal muscle regeneration•. 

- - - 0 - - -



Section I. 

REVIEW. d CJ . 
. 

HISTORICAL 

1839 - 1961 -

Striated muscle, with its distinctive histological appearances and 

functional importamee has been very extensively studied, as is 

evident from the volume and scope of Jey"Ological literature. Despite 

this, the satellite cell of the skeletal muscle fibre, a small sub

sarcolemmal cell, has only been fully recognised in recent years, 

with the greater resolution made possible by electron mieroseopy, 

arid is as ye~ little known. 

A review of the scientific literature on the satellite cell 

could be restricted to those reports where it is specifically mentioned, 

in electron microscope studies. But mononucleated cells have been 

seen, in relation to normal and pathological muscle, from the early 

aistological studies of the 19th century, so that a survey of 

relevant observations prior to electron microscopy forms a fitting 

background against which to evaluate more recent studies. 

Studies of the histological and ultrastruetural characteristics 

of muscle can be divided into three general groupsJ a) etudiea of 

normal morphology in developing and adult muscle, b) studies of 



pathological states in muscle, and c) experimental investigations. 

No satellite cell, or its equivalent, has been described for cardiac 

or smooth muscle, so attentio~ is drawn, in general, only to those 

reports which have a direct bearing on this thesis - that is, wherever 

mononucleated cells are observed in relation to skeletal muscle, 

and more specifically, where the morphology and behaviour of satellite 

cells are described. 

a) Studies of Normal Morphology, in Developing and Adult Muscle. 

A comprehensive review of the embryogeneeis and development 

of striated muscle is given by Boyd (1960). Shorter reviews are 

given by Adams, Denny-Brown & Pearson (1962), and Willis (1962a). 

Mononucleated cells are a characteristic feature of all developing 

muscle. The earliest observations are probably those of Schwallll 

(1839), (quoted by Boyd; 1960), who stated that in his opinion, 

definitive muscle fibres in the pig arose by alignment of the 

formative elements in parallel rows in which the cells were arranged 

in an end-to-end fashion. He considered that linear coalescence of 

these cells produced the elongated multinucleated condition. Schwann 1a 

observations have been corroborated by the majority of observers since. 

Tello (1917), (quoted by Allbrook, 1962), named the precursors of 

striated au.sole 1myoblasts•, 'myocytes1 , and 'myotubes 1 • 'Myoblaste• 

were mononuclear cells with basophilic cytoplasm containing no 

myofibrils. •Myoeytes1 were mono- or bi-nuclear cells with intense 

cytoplasmic basophilia and early myofibrils, and 'myotubes• were 



immature fibres, having numbers of centrally placed n~clei, and a 

variable quantity of peripheral IDiYOfibrils. These terms are still 

Valid today. 

Although it was generally agreed that IDiYOblasts could multiply 

and fuse together to fona multinucleated fibres, there was considerable 

disagreement over the mode of increase in the number of fibres, and 

the mode of increase of their contained m;yonuclei. Adams et,!! (1962) 

indicate that 1it is generally agreed that once the muscle cell becomes 
. 

a multinucleated entity, further nuclear division is amitotie1 • The 

concept of amitotic division of IDiYOnuclei has been upheld by many, 

even up to recent times (Achaval & Rebollo, 1964; Klishov, 1965). 

Willis (1962a) states that 'further work is still needed to decide whether 

the multinucleation of the young fibre is due to mitotic division 

of the myoblast, or to amitotic division, or possibly to fusion of 

separate cells•. 

The question of mitotic and a.mitotic division of nuclei in 

muscle is oruoial to the main theme of this thesis. If both processes 

are operative, or if amitoais is the principal mode of divisi0n, then 

the mitotic division of myoblasts would be of lesser, or secondary 

importance. Conversely, if &mitosis does not occur at all, the develop

ment of muscle would be entirely dependant on the division by mitosis 

of mononucleated myoblasts. Furthermore, if satellite cells are myo

blasts, their behaviour is then critical to the development of masoleo 

This subject is taken up and developed in the General Discussion of 
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Section V, p. 231. 

An important feature of skeletal muscle is tae well-marked 

sheath of basemeDt membrane which surroUllds each fibre. From the time 

that basement membranes are formed in developing muscle, a distinction 

ean be made between cellular activity within them and outside them. 

The ability to make this distinction is of coIJSiderable relevance to 

this thesis, as satellite cells can only be recagnised with certainty 

when seen lying within a basement membrane. Schwarm. (1839) and 

Bowman (1840), (quoted by Bennett, 1958), were the first to describe 

the basement membrane. Bowman first named it the earcolemma, and 

showed it to have remarkable mechanical properties, to be separated easily 

from the ~ofibrils, wad to be capable of a considerable degree of 

stretching with.out breaking - in this capacity exceeding the capabilities 

of the m_yofibrils themselves. ~he electron micr0scope has revealed 

further details of the ultrastrueture of the sareolemma (e.go Robertson, 

1956b), and other studies by Street & Ramsey (1965), and Lamport(1965) 

have elucidated aspects of tension transmission by the sarcolemma, 

e0rr0borati.ng and expanding on the classie early descriptionso 

These ooservationa were on adult muscle, where the basemen~ 

membrane is clearly demonstrable. Du.riag embryogenesis, basement 

membrane is itself being laid down around the developing muscle 

!ibreso Couteaux (1941) indicates that a •membrane collagene• eould 

be seen en the surface of well developed fibres, but not around early 

myotubeso Nonetheless, Couteaux accurately observed the presence, and 



division by :mitosis, of undifferentiated mononuelear cells which 

where closely applied to the surface of developing muscle fibres. 

Oouteaux named these undifferentiated cells 'elements satellites•. 

This is the earliest use of the term. 'satellite• in skeletal muscle 

histology. It is most fitting that these cells were thus named, as 

they fulfil the criteria now laid down for the satellite cell, and 

are similar to satellite cells, described bel0w in the electron micro

scope study of embryogenesis (Section III), seen lying under the thin 

basement membrane of young developing fibres. 

Light and electron microscopy have been used extensively in 

recent years in the study of skeletal muscle embryogenesis, though 

attention has often been directed to features other than the myonuolei. 

!hlll& in reports by Van Breeman (1952), Hermann (1952), Frost (1954), 

Ruska & Edwards (1957), Ferris (1959), ~ergman (1962), and Fenichel 

(1965), using light microscopy, or light and electron microscopy 

together, no mention is made of cells which could be satellite cells. 

Hay (1961), in a study of the development of uzy-otomes in Amglystoma 

opacum. larvae, described the fusion of myoblasts with each other, er 

with more differentiated muscle cells. Allen & Pepe (1965) also 

studied m.yoblasts of the somite stage. Dessoulliy & Hibbs (1965) 

describe 'interstitial' cells, which could have been satellite cells, 

though they do not name them thuso All these studies, though 

describing ononuclear cells and contributing to the understanding ot 

the ultrastructure ot developing :uscle, add but little to the 



specific study and understanding of the satellite cello 

Though mononuclear cells are such an obvio~s feature of 

developing muscle, there was no suggestion, until recent years, 

that mononucleated cells might be a no:rmal feature mf adult and 

mature Dl\lSele fibres. The only mononueleated cells recognised were 

those of the connective tissues between muscle fibres - endomycial 

fibroblasts, capillary perieytes, mast cells and histiocytes - all of 

which lie outside the basemen.t membrane of the muscle fibreso Thus all 

nuclei seen within the basement membrane have been assumed to be 

~onuclei. Earli~r studies on the ultrastructure of normal skeletal 

muscle by Pearee & Baker (1949), Bennett & Porter (1953), and Van 

Breeman (1960), furnish infol/Dlation on the m;yonuelei, but no reference 

is made to cells which could be satellite cells. Bennett (1958), in 

a detailed review, with extensive bibliography, of the cytology of 

striped muscle, barely refers to m;yonuclei, and makes no mention of 

satellite cells ar their possible equivalent. In a further review two 

years later, Bennett (1960) describes in detail the ultrastructure of 

the sarcolemma, sarcoplasm, mitochondria, and sarcoplasmic reticulum, 

and then states of myonuelei that 1 the localisation of nuclei in 

various types of striated muscle cells has been thoroughly explored 

with the light microscope, and the electron microscope cannot be 

expected to contribute significantly to this matter'. 

If this opinion is representative, it is understandable that 

the ultrastruoture and function of the other features f skeletal 
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muscle fibres would absorb most of the attention, and the study of 

the 1~onuclei1 would be relatively cursory. It was not until 1961 

that the satellite cell, as a distinct entity within the sarcolemmal 

sheath, was first recognised, by Mauro. 

Mauro (1961) eoined the term •satellite• for these cells, and 

described them in the'following succinct way: 'The striking paucity 

of cytoplasm relative to the satellite cell nucleus results in the cell 

assuming the shape of the nucleus. In fact, it is virtually impossible 

to discern the eellular nature of this entity in the light microscepe, 

as it appears to be indistinguishable from a peripheral muscle nucleus 

proper. In electron mierographs the cell is seen "wedged" between the 

plasma membrane of the muscle fiber end the basement membrane, 

which invests the fiber throughout its length in close association with 

the plasma membrane. The intimacy of this satellite cell with respect 

to the multinuoleate muscle cell is further revealed in the fact that, 

in general, the surface of the muscle fiber is not distorted outwards 

but instead the satellite cell protrudes inward pushing the myofibrils 

of th .muscle eell aside. On the inner -surface, the plasma membrane of 

the satellite cell is in apposition with the plasma membrane of the 

muscle cello ... It is not possible at presen~ to eatimate the 

frequency of occurance of these cell• in a typical muscle fiber in our 

preparation of ~ibialis anticus muscle. The only generalisation 

warranted at this time is that the peripheral muscle nuclei proper occur 

much more frequently than the satellite cells•. 
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1It is interesting that upon alerting other investigators to 

these findings, similar cells have been found in electron micrographs 

of two other musoles of the frog, :namely sartorius (Swan. Personal. 

communication) end ileofibularis (Peachey. Personal communication), anQ 

of the sartorius and tongue musele of the white rat (Palade. Personal 

co1U1unication)o (Though the direct evidence is restricted to these 

two vertebrates, it seems reasonable to hazard a guess that skeletal 

muscle fibers of vertebrates in general contain satellite cella)'o 

'It is temptililg to speculate about the origin and the role of 

the satellite cells. Before stating the several hypotheses that have 

figured in our interpretations, it is pertinent to reeall a most 

striking feature of regenerating muscle fibers in the least ambiguous 

case where the sarcolemma- tube remains intact, the myoplasm having under

gone hyaline formation and retraction as a result of trauma. Within 

48 hours a marked presence of "free cellau is noted in the empty tube, 

the cells appearing both as "round" and "fusiform" types (Godman, 1957)0 

Moreover, in tissue culture studies of mature skeletal muscle explants, 

free cells are also seen emanating from the explant. The central 

question must be asked: what is the origin of these cells? Most 

cytologists lean towards the interpretation that surviving nuclei in 

the damaged multinucleate muscle cell give rise to single cells by 

"gathering up" cytoplasm from the sarcoplasm. of the muscle cell -

an unusual mechanism, however, for vertebrate systems. If this 

point of view is taken the first and immediate hypothesis sugge ta 

itself, namely, that in the resting state some cells are being produced 



at a slow rate by the above mechanism and reside just outside the 

plasma membrane of the muscle oell, and that upon being stimulated by 

trauma,~· ischaemia, mechanical compression, toxic agents, etc., 

the rate of production of such cells is increasea 1 • 

9The seoond hypothesis, more in keeping with convention.al 

notions of cytology, is that the satellite cells are remnants from 

the embryonic development of the multin~cleate muscle cell which 

results from the process of fusion of individual myoblasts. Thus the 

satellite cells are merely dormant m,yoblasts that failed to fuse with 

other :myoblasts and are ready to recapitulate the embryonic development 

of skeletal muscle fiber when the main multinucleate cell is damaged. 

Of course, that both mechanisms might be operating simultaneously as 

the source of the "free" cells is, indeed, a further possibility, since 

one mechanism need not preclude the other•. 

'A third possibility is that the satellite cells are "wandering" 

oells that have penetrated the basement membrane, and are lying 

underneath it ready to be mobilised il'l.to activity under the proper 

conditions•. 

'The correct explanation of the origin and role of the 

satellite cells must await the outcome of further studies'. 

Mauro•s paper has been quoted extensively here as it is the 

crucial report from which the present studies took their origin. 



His second hypothesis, that satellite cells are 'dormant myoblasts•, 

is the one most closely substantiated by these studies. 

However, at about the time that Mauro published his findings, 

other workers were studying the ultrastructure of the spindles of 

skeletal muscle, in which they also saw satellite cells. In early 

1961 Katz reported on the ultrastructure of the frog muscle spindle. 

He was particularly concerned with the termination ~f the afferent 

nerve fibres in the spindle. He uses the term 1satellite 1 in two ways; 

to describe the 'sensory nerve chains seen, ••• as well as Schwann and 

similar nucleated cells' closely applied to the intrafusal muscle 

fibres. In the latter case he states that 1all these cells are in 

1~pectolemmal 1 contact, like the sensory nerve bulbso They differ 

from the sensory nerve endings in that (i) they do not form chains 

of microspindles, (ii) they have nuclei and their cytoplasm contains 

a great variety of granular and vesicular bodies, but not the 

characteristic accumulation of small mitochondria, (iii) lll'llike 

sensory terminals, nucleated satellites survive denervation (figure 28, 

Plate 53) 1 • Moreover he states that 'some of these satellites may 

well be derived from Sehwann cells which separated from the axon 

terminals, as suggested by Robertson (1956)', and that 'the surface 

of many muscle fibres is invested here and there with b.ypectolemmal 

satellite oells ••• even in places where they are clearly not related 

ta either motor or sensory nerves. Their function is unknown; they 

are perhaps concerned with some stage of the development and gr0wth 

of the fibre•. 
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Katz uses the term 1hypectolemmal 1 to describe structures 

lying within the basement membrane of the intrafusal muscle fibres, 

but distinct from the fibres themselves. The equivalent term used 

elsewhere in this thesis is 1eubsareolemm.al•. 

PrQm these observations it is clear that Katz recognised the 

satellite cell as a specific entity in intrafusal muscle fibres. 

Though he states that 'their function is unknown•, his suggestion 

that they are 1perhaps concerned with some stage of the development 

and growth of the fibre• is again corroborated by the present studies. 

In a personal communication Katz (1966) states that as far as he knows 

the term 'satellite• has been used for a long time to describe cells 

associated with neurones, and that as regards satellite eells in 

muscle he was not aware of al'JY earlier description when he published 

his paper in early 1961. He indicates however, that the presence of 

these cells had been recognised for some years previous to that time, 

and he refers to a paper written five years before by Robertson. 

Robertson (1956a) also reported on the ultrastruct"Ure of the 

frog muscle spindle. In his summary, he states that 1the following 

kinds of axon, Schwann cell and muscle relati~nsbips have been observed 

inside the inner sheaths (1) Axon and Schwann oell together in 

perimuacular substance. 

with the muscle surface. 

(2) 

(3) 

Axon and Schwann cell together in contact 

Schwann eell alone in contact with 

muscle. (4) Numerous terminating axon or Sohwann cell twigs in 

contact with the :w,cle surface and in the perillluscular substance•. 
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In a personal communication, RobertsQn (1966) says he ie not sure who 

saw these satellite cells first, but he had a number of eleetron 

micrographs in his laboratory by 1956 that shawed the cells quite 

clearlyo He continues. 1I was not quite s-ure what signi.fieal!lee they 

might have and planned to oonduct serial sectiQn studies of them 

before publishing arzy-thing about them. I did show them to Bernard 

Katz and pointed t0 the possibility that they might have been overlooked 

in the past because they lined indentations in the muscle surface and 

their nuclei could easily have been mistaken for muscle cell nuclei by 

light mioroscopy 1 o 

It is most laudable that both Robertson and Katz, while studying 

the ultrastructure of the frog muscle pindle, with its complexity 

o! neural and muscular elements, should nonetheless recognise the 

satellite cell as a specific entity. It is understandable that it 

might have been confused with the SchwaJUJ. cells, hence Robertson's 

'Sehwann cell alone in contact with muscle'. Both however, remain 

uncertain of its signi.ficanceo 

These accounts by Mauro, Katz and Robertson are the earliest 

specific reports on the cellular entity now known as the satellite 

cell. Since 1961, a number of workers haye reported further on the 

hi tology and ultrastructure of skeletal muscle, but without reference 

to the satellite eell. Price (1963), in a review of electron micro

scope studies of skeletal muscle, with a bibliography of 94 references, 

doe not mention Mauro 1s (1961) report, deals only briefly with 
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myonuclei, and makes no statement on satellite cells or their possible 

equivalent. Ogata (1964), in a comparative study o:f red, white and 

intermediate fibres in the ouse, makes no memtion of the nuclei or 0f 

possible satellite cells. Gauthier & Padykula (1966), in an extensive 

comparative study of the diaphragm. o:f different mammalian species, make 

but little meation of nzy-onuelei, and, again, no reference to satellite 

cells. One of the species st~died, the big brown bat (Eptesicus fuscus), 

would be the species most closely related to the :fruit bat (Eidolon 

hel"f'Wll Kerr) studied in the present work. Satellite cells are seen in 

the dia,hragm of the latter, and would presumably be seen in the :former, 

and indeed, in all the IJl8JIIllals studied. By the same token, Pilar & Hess 

(1966), studying the superior oblique musele in the oat, make no mention 

of satellite cells, whereas they are seen in the same muscle in the 

:fruit bat. 

After Mauro's account, t1ae ne:rt specific report Gn satellite cells 

in normal adult muscle is that of Muir, Kanji & Allbrook (1965), who 

give a detailed account 0f the structure o:f satellite cells in a 

variety of muscles :from the fruit bat and white mouse. A simple 

experiment was also performed to demonstrate that satellite cells 

are osaotiaally distimot :from the :fibre syncytium alongside them. 

Satellite cells were seen in a proportion to nzy-onuclei of about 10%, 

and were evenly distributed along the fibre, with no change in con

centration at Dzy"Otendinous or nzy-oneural junctions. In some cells a 

body resembling a oiliua was seen. !hia etruoture possessed nine 

double filaments, but no central pair, and extented for over 3 microns 
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in interrupted serial sectioas. Biopsies were also examined from 

3-day post-natal mice, and certaiu cells were seen with the appearance 

of satellite cells, but containing a few myofibrils. It is suggested 

that these are also satellite cells. This observation runs counter to 

those of the embryogenesis study described below (Section III), where 

m;yofibrils were never seen in eatellib~ cells, and this question is 

taken up again in bhe discussion following the embryogencsis stuciy{p. 158). 

Sateilite cells are mentioned in two recent reporbs on the 

structure of the muscle spindleo Karlsson, Andersson-Cedergren & 

Ottoson (1966), studying the cellular organisation of the frog muscle 

spindle, as revealed by serial sections for electron microscopy, oon:firm 

the findings of Roberbson (1956) and Katz (1961;, and describe the 

satellite cells, but can throw no :further light un 1.heir possible 

function. Landon (19bb) , also stuuying the U::.. t.t·astruc·ture of muscle 

spindles, records the presence of satellite cells, but again does not 

discuss their possible role in the spindle. 

Several recent studies of the ultrastructure of developing 

u~ole have furthered our understanding of the satellit e cell. Ishikawa 

(1966), in a paper entitled tEleotron Microscopic Observations 01· 

Satellite Oel .;.s with special reference to the Development of S.k:eletal 

Muselese, gives a detailed account of the appearances of satellite 

cells in a large series of h.,man foetuses, from 40 mm. (10 week•) to 

260 mm. (31 weeks). His observations Tery closely parallel those of 

thee bryogenesis study described below in Section III. Satellite 



cells are seen at all stages from the 40 mm. stage, though they seem 

to be less numerous in later foetuses. Where satellite cells are seen 

lying between two muscle fibres enveloped by a common basement 

membrane, the comment is made that •various degrees of intervention 

by the satellite cells between adjacent muscle fibers seem to suggest 

that the former may participate in separating the latter into individual 

muscle fibers•. Ishikawa als indicates that satellite cells have 

mere 1fibroblastic characteristics than myoblastic ones•, and that they 

seem therefore to be 'distinct from myoblasts'. In discussing the 

orphology of satellite cells in late foetal and neonatal life, the 

point is made that there is no 'structural evidence for the differentiat

ion of satellite cells into muscle fibres'~ and the conclusion is 

drawn that 'it is therefore, not likely that "true" satellite cells 

differentiate into muscle fibers•o It is clear from these observ-

ations that Ishikawa favours a '~igroblastic• rather than a 1myoblasticr 

nature fr the satellite cell. !his is an alternative conclusion 

to that drawn from the present studies, and the subject is discussed 

further in Section III. 

Przybylski & Blum erg (1966) report on the ultrastruetural 

aspects of ~ogenesia in the chick. !hey refer to the satellite cells 

of Mauro, and conclude that •very probably these cells account for an 

increase in nuclear number and are remn8l!lts of the once abundant, 

rapidly dividing stem cell line observed in the embryo•. They describe 

the appearances of ~otubes with nwnerous mononuclear cells located 

alo~ their periphery, many showing mitosiso These undifferentiated 
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cells contain denser nuclei, and would constitute a •stem cell 

population1 o They are similar to those described as satellite cells 

in Ishikawa 1s study, and in the present study, and the conclusion that 

they are stem cell DJiYO~lasts is consistent with that of the present 

study. 

Shafiq , Gorycki & Mauro (in press), studying mitosis in skeletal 

and cardiac muscle during postnatal growth, indicate that mitotic figures 

were seen in the satellite cells, or in cells outside the muscle fibres, 

but not in the fibres themselves. They conclude that 'proliferation of 

the satellite cells appeared to result from mitotic activity only', 

and that 'pr0bably some of them f'used with the muscle fibres and con

tributed to the postnatal increase in the number of fibre nuclei'. 

These authors also refer to 'free' cells which were frequently seen in 

the heart. Some of these 1free 1 cells were closely associated with 

myocardial fibres, and 'probably represented myoblasts in which myofibrils 

had not yet developed•. These cells were always separated from myocardial 

fibres by plasma and basement membranes. True satellite cells were 

not foundo The mitotic figures oocurrea only in the 1free' cells, 

and in other cells of the connective tissue and blood vessels, but 

not in the myocardial fibres. From the observations of these authors 

the conclusion can be drawn that the 1free 1 cells described are 

somewhat similar to the satellite cells of skeletal muscle, in their 

behaTiour, if not in their precise form and positiono 

Other workers have studied the increase ilil number of nuclei in 
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postnatal growth in muscleo Eneseo (1961) showed that the number 

of ~omuolei increased three times in growing ratso Chiakulas & Pauly 

(1965), also studying rats, showed that there was differentiation of 

~oblasts during the early weeks of postnatal life, resulting in the 

increase of muscle fibres, and they noted the presence, within the 

periDJJ7cium of many bundles of fibres, of groups of cells which were 

undifferentiated Bzy"Oblasts, with CeE.trally placed nuclei and scant 

faintly-staining eytoplasmo These cells were probably satellite cells, 

though this was not an electron microscope study. Gordan, Kowalski 

& Fritts (1966) estimated the increase of DNA and muscle proteins from 

40 to 150 days in rats, and showed that DNA rose steeply to 90 days and 

then stopped. They indicate that the number of nuclei in fibre increases 

without increase in fibre number. Though these findings were not 

correlated with histology, they are in keeping with the concept of the 

regular additian of ~oblasts to the lengtheni:rag fibreso MacOonnaehie, 

Eneseo & Leblond (1964), studying the mode ot increase in the number 

of ~onuclei in the postnatal rat, ale© saw mitotie figures in sub

sarcolemmal cells, in nGrmal and colohieine treated animals. They 

saw large numbers of mitotie figure• in 30 g animals, less in lOG g 

animals, and only very occasionally in 30(:) g animalso They concluded 

that the mit0tio index has a oa•sal relationship with the imorease in 

nW11.ber of nuclei. Though no electron microscopy was undertaken in 

these studies, there can be little doubt, again, that the subsarcolemmal 

eells observed were satellite cells. Excellent iight photomicrographs 

are given of mitoses im these cellso These authors refer to Mauro•s 

satellite eells, and indicate that when these oell divide, 'one or 
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both daughters eo\lld pass through the plasm.alemma of the multi

nucleate fiber to add to the nuclear content•. They conclude that 

1if this is valid then the satellite cells can be regarded as reserve 

myoblasts•, and that •this is in harmony witk Sohwann 1s theory of 

fiber synoytium and successive addition of mononueleated eells1 • 

All the reports considered so far have been concerned with 

the appearances of developing and mature skeletal muscle, with the 

exception of the 'free' cella,deseribed by Sha:fiq et~ (in press) 

im developi:Dg m,yocardium, which have certain features which would 

align them with satellite cells. It is tempting to speculate whether 

these 1free 1 cells might not be found, if' carefully sought, in mature 

heart muscle. An intriguing paper on cardiac ultrastructure by 

Midzukami (1964) is relevant here. Midzukami studied the cardiac 

muscle of crabs (Bracbyura) from the Japan sea, and saw satellite 

cells lying in a subsarcolemmal position, exactly equivalent to those 

of vertebrate skeletal muscle. He indicates though, that the structural 

organisation of the crab heart muscle is •similar to that of the 

skeletal muscle', having no intercalated discs, and that it is more 

like a single chambered tabe of striated muscleo This observation 

adds weight to the assl:llllption that all skeletal muscle has satellite 

cells, even, as in this case, where it is in the form of a heart 

tube. It still leaves epen, though, the question of possible reserve 

cells in mature cardiac ausoleo 

In summary, there is now a very wide range of reports on the 



histological and ultrastructural appearances of normal developil:lg and 

mature skeletal .llniseleo Though mononucleated eells (myoblasts) were an 

obvious feature of develaping muscle, the presence of mononueleated 

umdifferentiated cells (satellite cells) in adult fibres was not 

suspected wntil the advent of electron microscopy. Ma~ro (1961) was 

the first to recognise these cells in adult muscle, though Robertson 

(1956) and Katz (1961) had by then seen similar cells in the muscle 

spindle intrafusal fibres~ Since then other workers have seen satellite 

cells lll. a varie"iY of vertebrate muscles, and they have been seen from 

an early stage in embryonic musole. There is still divergence of 

opinion over the role and funotion of these cells, though the majority 

of observers quoted above would favour a role as a myoblast, furnishing 

myoblasts during embryogenesis, ad set aside as a reserve myoblast in 

mature Dll:lScle. !here is still, however, some difference of opinion 

over mitotic and 8Jli.totic division of nuclei in muscle. Sehwann (1S39) 

has the distinction of first seeing myoblasts, Oouteaux (1941) the 

distinction of first using the term 'satellite• for these cells in 

developing muscle, and Maura (1961) and Katz (1961) for first using 

the term for these cells in adult muscle fibres and intrafusal fibres 

respeotivelyo 

- - - 0 - - -



b) Studies of Pathological States in Muscle 

Kononticlear cells are a regular feature of all regenerating 

muscle, al'ld as with developing muscle, aave been described from the 

early studies of the last century. Authoritative reviews on skeletal 

muscle pathology are given by God.man (1958), Field (1960), Willis 

(1962b), Adams.!! al (1962), and Pearce (1965). These autmors describe 

in detail the ~oblasts of regenerating muscle, but no specific 

mention is made of satellite cells, which though only described in 

1961, might have featured i.l'l the later reviewse 

Waldeyer (1865), (Quoted by Field, 1960), was the first to 

describe mononuclear cells in regenerating muscle, and he m811led them 

'Muskelkorperchen•. He also suggested that these cells might develop 

into a syncytiwn. from which dit'ferentiation might occur in the 

direction of m11Sele fibres, or connective tissue. Volkman (1893), 

(quoted by Godman, 1958; and Pield, 1960), described two types of 

skeletal uscle regeneration - the 'continuous• type, where surviving 

muscle fibres fol'll.ed sprouts which grew into the damaged region, and 

the 'discontinuous' type, where mononucleated cells, the 1Muskelkor

perchen1, appeared to bud off from surviving fibres, amd later coalesce 

to form new fi~res. Godman (1958), reviewing the appearances of the 

~ree single cells within the sarcolemmal or endoDcy"cial tubes, indicates 

that they are of two kinds; 1) peripheral fusiform elements usually, 

but not invariably, applied against the inner wall of the tube; and 2) 

the more nW11.erous, large, round cells with abundant cytoplasm. The 
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former have elengate nuclei, l~rge nucleoli, and basophilic cytoplasm 

with filamentous polar extensions. The round cells have one or two 

spherical er indented darkly staining nuclei wit~ one to four granular 

karyosomes, and granular aoidophilic cytoplasmo They multiply by 

frequent mitosis. 0ells with features intermediate between these two 

types are also to be seen in the tubes. These observations are all 

substantiated in the present studies, described in Section IV, where, 

using light and electron microscopy, the first type of cell, the 

'peripheral fusiform elements', are seen to be satellite cells. 

Adams 21 al (1962), in their general discussion on regeneration in 

muscle, also refer to these spindle-shaped cells. They indicate that 

they fuse with young muscle fibre ribbons (myotubes), and state that 1with 

the exception of spindle cells that seem to join such ribbons in the 

first few days a:f'ter injury, the persistent spindle cell is a degenera

tive phenomenon1 p and that •b1 the sixteenth day a:f.'ter iDjury, isolated 

spindle cells ••o undergo regressive alterations in the form of intense 

basophilic changes iJ!I. their cytoplasm with nuclear shrinkage and 

pykn0sis 1 o As it is now known that satellite cells appear in i.Ilcreased 

nWJ1bers in the later stages of regeneratimn, some, if not all, of 

these 'regressive• cells were very probably satellite eellso Pearce 
. . 

(1965), also describing the mononueleate 'spindle myoblasts' seen in 

regenerating muscle, states that the role which these cells play in vivo 

is llllkrlown. 

Thus, in contrast to earlier studies of normal adult skeletal 

muscle, where no subsarcolemmal cell was known, mononuolear cells within 



- 28 ... 

the sarcolemmal tubes are described by the majority of workers, as a 

prominent feature of regenerating muscle o But even with tke advell.t of 

the electron microscope, and the sacoinct description of the satellite 

cell by Mauro (1961) and others after him, the satellite cell is not 

mentioned as such, in the reviews outlinedo Some of the 'peripheral 

fusiform elements• which are Ulildoubtedly satellite cells, are described 

as 'fusing with young muscle fibre ribbons', or •regressing', er 

playing an as yet Ul'il.known role in muscle regenerationo 

There are, up to the present time, very few reports of satellite 

oells being seeD iD non-experimental pathological states ef muscle. 

Laquens (1963), studying five patients with progressive muscular 

dystrophy, noted •a large number of satellite cells' in the five 

biopsies examined, and describes them thus, 'In pathologic muscle 

fibere the satellite cells showed characteristic modificationso They 

increased their eytoplaBlll, and the cytoplasmic organelles were more 

prominent, especially the endoplasmic retioulum, whioh appeared as 

dilated sacs and vesicles b<111nded by a large number of ribosomes. A 

strikiRg fact was that in what appeared to be regenerating muscle 

fibers the satellite cells attained their maximum size, equalling some

times the muscle fiber diameter @r gettilllg deeply into it 1 o In 

discussing the possible function of satellite cells, Laguens indica"tes 

that 1the active pinoeytotio phenomena observed in the satellite cells 

and in the sareoplasm beneath them induce us to think that the satellite 

eell might perform a trophie function, acting as an intermediate cell 
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between the tissue space and the muscle fiber. This would be 

supported by the faet that they lzy'pertrophy when the muscle fiber is 

damaged and especially wlllen it seems tCi> be regenerating. In this way 

the satellite cell woula have an important role in muscle regeneration, 

although not as a reserve cell or dormant myoblast, but rather as a 

cell which in close relationship with the regenerating muscle oell affords 

it ll1 atrophic way. In our material we were not able to find evidence 

of a transformation of satellite cells in JDiYOblasts 1 • These ebservations 

are very accurate, though it is not quite clear what is meant by a 

1 trophie 1 relationship between the satellite cell and its related 

fibreo It is noteworthy that Lagu.ens favours a 1 trophic 1 function for 

the satellite cell, rather than it being a 'dormant myoblast 1 o 

Aleu & Afifi (1964), studying biopsy material from three cases 

of muselll.ar dystrophy, noted that the nuclei were imcreased in number, 

and o:ften centrally placed in the fibres, but mention that satellite 

cells were not apparento It is significant that these authors 

specifically looked for satellite cells, but it is somewhat enigmatic 

that they should have seen none when Laguens, also studying muscular 

dystrophy, saw •a large number of satellite cells'. 

Gilbert & Hazard (1965), studying muscle biopsies from two 

patients with myopathy, and one with de:rmatemyositis, saw many 

mitotic figures in aubsareolemmal cells in damaged fibreso They also 

speak of many :maller cells with pyknotic nuclei and eosinophilie 

eytoplasm within pathological fibres, which, together with the myonuclei 
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between the tissue space and the muscle fiber. This would be 
supported by the fact that they ilypertrophy when the muscle fiber is 
damaged and especially wmen it seems to be regenerating. In this way 
the satellite cell woula have an important role in muscle regeneration, 
although not as a reserve cell or dormant myo0last, but rather as a 
cell which in close relationship with the regenerating muscle cell affords 
it in atrophic way. In our material we were not able to find evidence 
of a transformation of satellite cells in myoblasts 1 • These observations 
are very accurate, though it is not quite clear what is meant by a 
•trophie 1 relationship between the satellite cell and its related 
fibreo It is noteworthy that Lagu.ens favours a 1 troph.ic 1 function for 
the satellite cell, rather than it being a 'dormant myoblast•o 

Aleu & .kfifi (1964), studying biopsy material from three cases 
of musel:1lar dystrephy", noted that the nuclei were increased in number, 
and often centrally placed in the fibres, but mention that satellite 
cells were not apparento It is significant that these authors 
specifically looked for satellite cells, but it is somewhat enigmatic 
that they should have seen none when Laguens, also studying muscular 
dystrophy, saw •a large number of satellite cells 1 • 

Gilbert & Hazard (1965), studying muscle biopsies from two 
patients with myopathy, and one with dermatomyositis, saw many 
mitotic figures in subsareolemmal cells in damaged fibreso They also 
speak of many smaller cells with pyknotic nuclei and eosinophilie 
eytoplasm within pathological fibres, which, together with the myonuclei 
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in intact fibres, were never seen in mitosiso Their light microscopy 

studies were ~ot correlated with electron microscopy, but some of the 

subsarcolemmal cells they saw were probably satellite cellso 

ReeoBdo, Fardeau & Lapresle (1966) studied eight patients 

with neurogenic atrophy, and refer specifically to the satellite 

cells seen. fhey n0tice that the basement membrane sometimes becomes 

invaginated between the satellite cell and the muscle fibre, and they 

also refer to the presence ot 'formations filamentaires• within the 

cytoplasm of some of the satellite cells, possibly representing tlile 

earliest stage of myofilament formation. !he invagination of basement 

membrane between a satellite cell and its adjacent fibre has been seen 

in normal external ocular muscles in~ the present studies, but its 

significance is hard to evaluateo The cytoplasmic filaments deserve 

further study, perhaps with fluorescent-labelled antibody to detect 

whether they are trltl.y aetomyosin. In the present studies, filamentous 

material has not been seen in satellite cells. These authors also 

mention that satellite cells haTe been seen in a large number of 

patmological processes, and they conclude that the frequent appearance 

of satellite cells in the early stages of neurogenic atrophy, and their 

fibrillar cytoplasm, would favour the argument that tmey can become 

myoblasta. 

Shafiq, Gorycki & Milhorat (1967), in a paper entitled 'AD Electron 
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Microsoopio Study of Regeneration and Satellite cells in Human Musclea, 

investigated eleven patients with Duehenne-type muscular dystrophy, 

and nine patients with polymyositis. They state that 1 in addition to 

the myoblasts, satellite cells are commonly seen during Bl.1J1.Sole regener

ation0, and that though some satellite cells are similar to these of 

normal muscle, others are more comparable to early myoblaste. They 

note that the satellite cells are mere numerous at the foci of regener

ation, and they conclude that their study supports the concept that 

satellite cells give rise to new myoblasts durimg regeneration of 

muscleo 

A number of recent reports on electron microscopic observations 

o! various myopathies mention myonuolei only briefly, if at all, and 

make no mention of satellite eellso Thus Roth, Graziani, Terry & 

Soheinberg (1965), studying the K,agelberg-Welander syndrome (chronic 

spinal muscular atrephy), Ashton & Morgan (1965), describing 

rhabdomyosarcoma, Michalowski & Kudejko (1966), studying diffuse 

seleroderma, Cardif'f (1966), studying Pompe 1s disease (glyeogenosis), 

Fisher, Cohn & Danowski (1966), studying muscular dystrophies of 

dif'fere~t types, Engel (1966a) studying thyrotexio amd corticosteroid 

induced ~apathies, Engel (1966b)~ studying primary hypokalemic and 

thyrotoxio periodic paralysis, and Boehme, Thermann & Gold (1966), 

studying chronic ischaemia, all make no reference to satellite cells. 

Fisher~ al indicate that in seven patients with diabetes, muscle 

biopsies appeared normalo The inference from these reports is that 

either these workers are aware of the satellite cell, but consider it 



illcidental to their study, or that they ere unaware of itG In either 

case, this is to be regrett•d, in tmat if the satellite cell is the 

reserve ~oblast of skeletal muscle, its behaviour ill. all types of 

myopat~ should be of primary interest to workers in this field. 

In summary; on the negative side, it is tantalizing that many 

observers, in comprehensive studies of a wide range 0f ~opathies, 

sh@uld have come short of recognising or describing the satellite cells, 

which from the reports of those who have seen them, are undoubtedly 

presem.t. On the positive side, observers who aave seen the satellite 

cells in variC!ru.s ~opathies imdieate that they ere seen more fre~uently 

than normal, in some cases, along with myobl~sts and intermediary for11S, 

as seen by earlier workers in light microscopy (Godman, 1958). 

Lagueae (1963) suggests a 'trophic' function, whereas Recondo ..!.!_ al (1966) 

and Bhafiq ..!! al (1967) oo~olude that they can give rise to 1113oblasts. 

---0--• 
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c) Experimental Studies of I(yopathy and Regeneration. 

There are a number of problems associated with the study of 

clinical pathological states; sampling is difficult, lesions are never 

'standard', end clinical material may anly appear haphazardly. 

Recovery of clinical biopsy material for electron miorosc0py also has 

its own particular problems. It is understandable therefore, that the 

majority of investigations into myopathology are conducted in the 

laboratory, using standard techniques and experimental Blll.imalso ,hree 

main techniques, used singly or in variol:.LB combinations, have been 

developedo 1) 0beervation, im light and electron microscopy, of 

experimental lesionso 2) Labelling techniques, such as tritiated 

tbymidine. 3) !issue culture. The literature is fonnid.able, and is 

largely covered in the reviews, already mentioned, by Gedman (1958), 

Yield (1960), Willis (1962b), Adams et al (1962), and Pearce (1965). 

The majority of the papers to be summarised here have appeared in 

recent times, and would not therefore feature in the earlier four 

reviewso The work of Speidel (1938), and Le Gros Clark and his co

workers (Le Gros Clark & Blom.field, 1945; Le Gree Clark, 1946; Le Gros 

Clark &-Wajda, 1947), is however wort~ of mention im that it formed 

a basis for mueh subsequent work. 

1) Experimental Lesions 

The most commonly employed techniques of skeletal muscle injury 

are simple transaction, or crushing, of limb museles in mice, rats or 

rabbitso 
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Lash, Holtzer & Swift (1957) partially transected the tibialis 

anterior in young adult mice, and observed the muscle regeneration with 

light microscopy and photometric analysis of nuclear DNA. They showed 

that mitosis occurs only in the mononucleated cells prominent ll.l. the 

early stages of regeneration, and not in multinucleated masses. They 

found no evidence for amitosis. 

Hay (1959), studying the regeneration of amputated Amblystoma 

pllllctatum limbs, showed that the syncytial muscle fibres of the stump 

become transformed into undifferentiated mononucleate cells during the 

2 - 6 day period after amputation. She indicates that the 1new plasma 

membranes separating muscle fragments appear to be formed by fusion of 

small vesicles which are probably derived largely from the endoplasmic 

reticulum'. This view, that monoDU.oleate cells in regenerating muscle 

are derived from fragments of the disrupted syncytium, is now largely 

discredited in mammalian muscle, but the appearance of numerous mono

nucleate cells in the regenerating newt limb stumps is essentially tae 

same as that seen in regenerating mammalian muscle. 

Allbr@ok (1962) studied crt1sh lesions of the tibialis anterior 

in mice and rabbits, in light and electrOlil microscopy. He concludes 

that the mononuclear cells seen within the regenerating fibres undergo 

mitotic division and multiple fusian to produce a multinucleate nzy-otube, 

but he aleo indicates that 'muscle nuclei from the crushed area gain 

a cytoplasmic envelope and these cells are engaged in phagooytosis of 

earcoplaem•. The implication here is again that myonuclei can survive 
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disruption of the sarcoplasm, take up viable cytoplasm and become 

myoblasts, which may then exhibit phagooytic properties. A distinction 

is made between these cells and 'true macrspaages•. Some mononuclear 

myoblasts are also seen to contain acteuzy-osin. Satellite eells are not 

mentioned as sueh in this paper, though they were undoubtedly seen, as 

illustrated in Plate 2, (Fig.4 (A), •eubsareolemmal cel1 1 ). 

· Litver (1964) demonstrated that certain muscles in the limbs of 

rats have a remarkable potential for regeneratiQn, following subtotal 

excision. If there was total resection, there was ~o signif'iea:m.t 

recovery. When a muscle was excised, minced, and replaced, there was 

also no positive result. No electron microscopy was undertaken in these 

studies, and satellite cells are not specifically mentioned. However, 

110mg basophil myosymplants 1 are described, 'springing up from the 

surviving areas of injured m,yons 1 , and •splitting from the irritated aDd 

not directly injured muscle fibres'. It is suggested that these two 

sources of cells ensure the regeneration of the muscle. Though the 

terminology here is somewhat quaint, the observations are accurate, 

and entirely in keeping with those of the prese~t studies. 

Betz & Reznik (1964) studied regeneration after ischaemia, usi~ 

Le Gros Clark's method in rabbit tibialis anterior, end following 

transeotion. The regenerative phenomena were essentially the same iR 

the tliO types of injury. They suggest that regeneration by sprouting 

is o~ly possible as isolated muscle cells are added to the sprout. They 

show that muscle ribbons (myotubes), which form independently t 



... 36 ... 

of the damaged ends of other fibres, grow by progressive fusion of 

mononuclear cells. They disagree with Allbrook (1962) in that they 

never saw myofilaments in mononuclear cells, even at the moment of 

fusion. Though they do not mention satellite cells as such, they 

refer explicitly 1;Q the mononuoleate4 elements and the important part 

they play in regeneratioia. . 

Allbrook & Kirkaldy-Willis (1964), and Allbrook, Baker & Kirkaldy

Willis (1966), report on experimental studies 0f the Injured IJ.mb 

Syndrome . They simulated the clinical situation by fracturing the 

fibulae of anaesthetised vervet monkeys with a descending weight . They 

studied only light microscopy sections, and correlated their findings 

with biopsies from patients. The degree of trauma varied considerably, 

though the processes of regeneration were similar to those seen in 

other experimental lesions o In discussing the satellite eell, they 

indicate tbat it can be provisionally thought of as a pre~oblaet. 

Church, NoTOnha & Allbrook (1966), using a standard crush 

injury to the web muscles of the fruit bat, analysed the cellular 

responses during regeneration, in light and electron microsc0py. This 

work is described in more detail in Section IV below, and a reprint is 

attached at the end of the thesiso 

The studies considered so far were all on traneected or c:t'Ushed 

muscle. Other workers have observed the effects of heat or cold om 

muscle. Shafiq &: Gorycki (1965) studied the light and electron 



- 37 .. 

microscopic appearances of regeneration following heat coagulation of a 

small area (1.5 x 2.0 mm.) of tibialis anterior in youmg mice. They saw 

satellite cells •much more commonly in the muscle fibres from the area 

of the waulild. than in those from norm.al uninjured areas 1 o They indicate 

that 1the general appearance of the new m,yoblasts is also very similar 

tc that of the satellite cells', and that 'it therefore seems likely 

that new myoblasts may be produced from satellite cells. Large numbers 

of nuclei, however, are also seen in the young sareoplasmic buds that 

grow out from the ends of the old fibres; their mode of origin is not elear'. 

Price, Howes & Blumberg (1964a, 1964b) studied the ultra

structural alterations in skeletal muscle injured by cold, in the 

tibialis anterior of rats. They describe the acute degenerative changes, 

and note that the basement membrane remains intact. They then describe 

the subsequent 1discontinuous 1 type Qf regeneration, and though they 

do not mention satellite cells, they describe subsareolemmal spindle

shaped cells which could be equivalent to them. They give an excellent 

photomicrograph (p.1282) showing very clearly the distinction between 

a subsarcolenunal spindle-shaped cell (a satellite cell?), and macro

phages alongside it, within the basement membrane of a damaged fibre. 

Other workers have studied the effects of isohaemia on skeletal 

muscle. The work of Betz & Reznik (1964) has already been mentioned 

in their combined study. Moore, Ruska & Copenhaver (1956) applie 

touniquet to the lege of mice, but only examined the injured muscle 

within hours of injury, and make no mention of nuclei or of possible 
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satellite cellso Holden, De Palma, Drucker & McKalen (1965) caused 

haemorrhagic shock in rats, by bleeding them, and examined the ultra

structural changes i.10. the diaphragm and other tissues. They :noted a 

1 bow-tie' appearance of the sarcomeres, and alterations in the dispQsition 

of the chromatin in the Dcy"Onuclei, but say nothing about satellite cells. 

The effects of experimental denervation of skeletal muscle were 

studied by Lee & Altsehul (1963), who transeeted the sciatic nerve im 

rabbits and rats. They record that the myonuclei are crowded together in 

atrophic fibres, and they favour amitosis as a means of myon~elear 

increase. They saw only one mitotic figure in the whole study. Though 

they specifically studied the myonuelei, it is rather enigmatic that 

they did not notice or mention satellite cells. It is also difficult 

to tell whether the crowded myonuclei im atrophic fibres are due to 

division or to appr0ximation following the atro,hy, or to both factors. 

Lee (1965), in a further study of denervated skeletal muscle, following 

sciatic nerve section in rabbits and rats, states that 1free 1 cells 

are seen more frequently in denervated than in norm.al muscle, and that 

they are similar in ultrastructure and location to the satellite cells 

of Mauro~ in the early, but not in the late stages of denervation. As 

a meallls of formation of these 1free• cells, Lee suggests the process 

of 1potocytosis', or protrusion of part of the eytoplasm and its 

organelles, with or without a nucleus. In this case presumably, the 

'free' oelle (satellite cells) seen within muscle sarcolemmal tubes 

would e formed by extrusion of a iey-onucleus and some sarcoplaem. 
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Pellegrino & Franzini (1963), in an electron microscope study 

of denervation atrophy in red and white muscles, record that the 

nuclei were often found in long longitudinally arranged rows, occasion

ally centrally placed in the fibres. They mention en occasional dissocia

tion ot the basement membrane from the cells beneath it, but make no 

mention of satellite eellso 

Though experimental atrophy is relatively easy to achieve, 

by section of the nerve to the muscle, experimental bypertropby is 

less easy to achieve. Venable (1964), treating adult castrated rats 

and mice with testosterone, demonstrated a great enlargement of the 

levator ani muscle, with increase in diameter of the fibres, but no 

change in the number of JD¥onuclei or the total DNA content of the 

muscle. Yollowing castration alone, there was atrophy of the levator 

am, again with no change in the Dumber of myo&aolei. Venable saw 

satellite cells in the proportiom of 5% of the muelei, and states that 

'there was evidence that they might be identical to, and interchange

able with pericytes•, theugb he does not elaborate on the evidence. 

Another form of muscle atrophy is produced by malnutrition. 

Chauhan, Na,ak & Ramalingaswami (1965) studied the effects, on the 

heart and skeletal muscle, of experimental protein malnutrition im 

youn& rhesus menk:eyso After 4 wk of malnutritiom, skeletal muscle 

showed aarcoplasmic 4egeneration of some fibres and variation in size 

ot fibreeo Subsaroolemmal nuclei were swollen and prollli.nent, suggestive 

of some degree of proliferation. Later, aegaental cellapse of the 
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sheath, with crowding of the nuclei, was noted, followed subsequently 

by advanced atropllJr and fibrosis. Though satellite cells, or their 

equivalent, are not meD.tioned, it could be asked again whether the 

'crowding @f the nuclei' was due tQ some attempt at proliferation of 

the satellite cells Wilder those oonditiona. 

Certain processes, occurring durillg muscle regeneration, can be 

inhibited by specific agents. In this way, more can be learnt about 

the impartanee and timing of these processes. Thus eG>lchicine, which 

inhibits mitosis at metaphase, was used by Pietsch (1961), to study its 

effects on regeneration of mouse skeletal muscle. The tibialis anterior 

was tran.sected and eolehicine injected locally. Wlaen colohioine was 

given during the period of greatest cell division, regeneration was 

almost completely curtailed. These results favour the view that mon0-

nuclear myoblasts increase by mitosis to reform damaged fibres. It could 

also be added that if amitosis was an important factor, regeneration 

should not have beem af'feoted, assuming that eolchieine would only 

affect the metapl:lase stage of mitQsis. Pietsch (1964) also inhibited 

myogenesis by using Actinomycin D, which complexes with DNA and therefGre 

preventa synthesis of RNA. Following tibialia anterior transections 

in mice, Actinomycin D was given at 24, 48, 72 and lQO hr after injury, 

the animals being :fixed 5 days after injury. The recovery pattern was 

normal-looking for each period except the 72 hr period, where there was 

severe depression of regeaeration. The conclusion is drawn that myo

genesis in regeneration depends on new RNA from new nuclei. Then 

Williams & Pietsch (1965) studied the time-related inhibition of 
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regeneration by x-irradiation. A local dose of x-rays with 525r, at 

periods up to 42 hr .after tibialis anterior transection in mice, led 

to severe inhibition of regenerationo The same dose of x-rays, after 

50 hr, was f$llowed by normal-looking regeneration. All animals were 

fixed G days after injury. The implication here is that x-rays depress 

the critical initial divisions of Dl,YOblaats. 

These three reports, though making no mention of satellite cells, 

4emonstrate that regeneration is dependent on the appearance of myoblaste 

and new myonuclei, and on no other mechanism. This would highlight 

. again the importance of the satellite oell, particularly if it is the 

only source of myoblasts in regenerating skeletal muscle. 

There are many reports on the effects of bacterial ini'ection in 

muscle, but only one as yet which specifically mentions satellite 

cells. Palmer, Rees & Weddell (1965), studying the site of multiplic

ation of human leprosy bacilli inoculated into the foot-pads of mice, 

report that small foci of densely-packed bacilli, having the appearance 

of mioro-emlonies, were situated in and closely adjacent to striated 

muscle fibreso The majority of viable organisms lay either free in the 

muscle fibres or in satellite cells within the fibres. Of the l(ycobacteria, 

only Myoobacterium leprae seemingly has a prediliotion for striated 

muscle fibres. None of the other species ie taken up by, or multiplies 

in, muscle fibres or satellite cellso These authors also make the 

interesting comment that satellite cells might be related in some way to 

Schwann cells, in that the latter are affected by~· leprae. However, 



- 42-

im a later experiment Rees, Waters, Weddell & Palmer (1967), having 

depressed immunological responses by thymectomy or total body irradiation, 

achieved a much more widespread infection of mice inoculated with~

leprae - more like the clinical features of human leprosy. Bespite 

this, and the observed spread to muscle, in •vacuoles in muscle 
-fibres', no further mention is made of satellite cells, or the presence 

of increased n'Ulllbers of organisms in themo These two papers are 

relevam.t to one of the studies in the present werk, where Mycobacterium. 

buruli organisms were inoculated in.to bat web muscles, causing gross 

disorganisatiom of the muscle fibres, but without penetration of 

organisms into muscle fibres or satellite cells, (q.v., p.210). 

A completely different technique from any described so far is 

that o~ Edelman, Knigge & Schwartz (1965), who devised a method of 

isolation of skeletal muscle nuclei from normal musole, following a 

sequence of mincing, homogenising, filtering and centrifuging of rat 

skeletal muscle. About 15% of ID;YOJ!Uclei were obtained morphologically 

intact. Numbers o! other nuclei did not sediment in the high density 

sucrose solution used, but remaimed on the surface, and the comment is 

made that 1 these unsedimented nuclei may differ intrinsically in shape, 

density, and other properties•. Satellite cells are not mentioned in 

this study, though the technique has great patential for further 

development, and it is just possible that some of the 'unsedimented 

nuclei' were in fact satellite celleo 

In summary, despite the diversity of experimental lesions and 
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methods employed in the study of skeletal musGle regeneration, the response 
of the muscle is remarkably UJliformJ spindle-shaped cells are seen, 
sometimes in large numbers, in early lesions, then large .1113'"oblasts appear 
a:wi fuse to form new fibres. It is however, again somewhat disturhing 
to note that of the 23 published reports summarised here, 19 of which 
appeared after Mauro•s (1961) paper, the satellite cell is only mentioned 
in 5, though spindle cells are seen and described in about half the papers. 
Even when described, there is considerable divergence of opinion over 
the origins, nature and function of this cell. Thus Venable (1964) 
considers it 1identical to, and interchangeable with pericytea•, Lee 
(1965) considers it derived by 'potocytosis', Palmer.!!.!!. (1965) 
suggest a possible relationship to the Sohwann cell of peripheral nerve, 
and only Shafiq & Goryeki (1965) consider it truly a myoblast. If it 
is not just a myoblast, but the only source of myoblasts available to 
skeletal muscle, as suggested by the work of Pietsch (1961 and 1964), 
end Williams & Pietsoh (1965), it becomes all the more importalllt that 
this cell should ee more widely known, and its morphology and behaviour 
am.alysed in all tudiee of m,yopathology. 

---o ... - ... 
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2o Labellillg Techniques in Experimental !,yology. 

A major diffio'lllty encountered in the study of all cellular 

activity is that of elucidating a dynamic sequence of event& from 

static histology or cytology. If a process can be standardised or 

synchromised, or if various inhibitors are given to arrest specific 

phases, then a more comprehensive pictlll"e can be built up. But even 

w:i.der theoretically ideal conditions, there would still be biological 

variation, rendering it difficult to ilaterpret the behaviour of individual 

cells. In an attempt to follow the course of specific cells, various 

labelling techniques have been devised. Thus macrophages can be 

labelled with carbon particles, which they ingest but retain unabsorbed 

in their cytoplasm. Radioactive isotopes have now been extensively 

used to develop a range of sophisticated labelling techniques. The 

commonest of these is perhaps tritiated thymidine, which is incorporated 

into the DNA of dividing cells, and due to the relative stability 

of DNA, is retained, and carried over into the nuclei of daughter cells. 

Autoradiographic techniques then reveal the cells containing a con

centration of the radioactive substance (Le~lona, Messier & Kopriwa, 

1959; Messier & Leblond, 1960). 

These techniques have been applied to the study of muscle, 

both in viva, and in vitro. In the st~dies to be summarise& mere, 

tritiated tlzymidine, was administered in vivo to experimental enimals. 

Bintliff & Walker (1960) injected tritiated thymidine before and 
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after muscle injury in mice. When injections were given prior to muscle 

inj-ury, leucoeytes became labelled, and large numbers of these invaded the 

wound area, persisted for varying periods of time and then left 

without bec0ming permanently involved in the regel'leration of new tissue. 

Cells participating in the formation of new muscle fibres became 

labelled when th3'm.idine-H3 injecti0ns were given after injury. Nuclei 

were first labelled in the injured muscle fibres, then appeared in 

myoblastso The myoblasts fused to form myotubes which developed into 

norm.al skeletal mu.scle :fibres. Tb.us the conclusion is drawn that new 

muscle fibres were 1derived mai:raly or entirely from elements of injured 

muscle fibers•. As satellite cells were unreeogmised at that time the 

not unreasonable suggestion is made that •apparently, muscle cells 

are capable of undergoing extensive cytoplasmic dedifferentiation 

without losi:ng their identity•. 

Kitiyakara & Angevine (1960), using autoradiography in crush 

lesions in rat muscles, demonstrated that myonuclei did mot syntmesize 

DNA, whereas mononuoleated cells in the injured area did. They refer 

to spindle-shaped oelle within injured sarcolemmal tubes, thQugh as they 

did no ele-etron microscopy, it can only be presumed 1ihat these were 

satellite cells. They also did an autologous graft study, transplant

ing small grafts of muscle into the omental bursa. These autograf'ts 

showed regeneration, indicating that budding from intact stumps of 

injured muscles is not essential to the process of regeneration. 

0•steen & Walker (1960) gave tritiated tbymidine intraperitoneally 
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into normal adult newts, and demonstrated that tissues having the 

greatest number of iabelled cells were epidermis, epithelia of the 

digestive tract, baemopoetio tissues and germ cells. Labelled nuclei 

wer e not usually· seen in muscle, bone or cartilage. Thie substantiates 

the fact that in normal muscle there is little or no oell turnover, at 

least in newts. 

Walker (1963), studying the origin of JEiYOblasts and the problem 

of dedifferentiation, used tritiated thymidine in injured muscle 

of normal and dystrophio mice. In one experiment, tritiated thymidine 

was given two days af'ter a muscle incision, and a further incision, 

8 transecting the first by 45, was made 10 days later. The animals 

were aaerificed 4 - 8 days af'ter tae second injury. ffnder these conditions 

it was possible to distinguish between the fibres of the first injury, 

which by taen contained eosinopbilic cytoplasm, end those of the 

second ill.jury, containing baeephilic cytoplasmo Radioactive nuclei 

were found in both, •consistent with the hypothesis that new muscle 

fibres are fonned by eells originating from within injured fibres•. 

But this would not exclude the possible participation of other cells 

from o~tside the tubes. So in a second series of experiments, the 

conneotive tissue overlying the uscle was imjured first, tritiated 

tbymidine given the next day, the muscle injured af'ter 2 days, and the 

animal sacrificed 4 days latero Here the connective tissue celle 

were heavi l y l abelled whereas the myonuolei showed only weak reactions. 

A modification of this experiment was to make the same connective 

tissue lesion, give higher dosage of tritiated thymidine , del ay the 

I 
I' 
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muscle injury for 14 days, and sacrifice the animal 4 days after thato 

In this case, fewer connective tissue cells were labelled and there 

were ho ' reactions over myotube nuclei , except in one case•. The Qonclusion 

is drawn that connective tissue cells de aot participate ill muscle 

regeneration. These studies were not correlated with electron microscopy, 

so that the identification of individual cells was limited, and tne 

opinion is upheld that 'in the case of skeletal muscle tissue, it is 

clear from present and past experiments on regeneration, ••• that 

akeletal muscle can dedi:fferentiate to a remarkable degree b~t re

differentiates into skeletal muscle without indication of its having 

formed any other type of cell' o 

Zhinkin & Andreeva (1964) incised the sartorius muscle in rats, 

injected tritiated thymidine and sacrificed the a.nimala 2 - 6 days later. 

They saw, within 2 days of the operation, a large number of thymidine-H3-

labelled nuclei and a high mitotic index at the ends of the severed 

muscle fibres. At later stages, the labelled nuclei moved into the 

m~scle buds, where there was little division. Though these workers 

o:ra.l.y used light microscopy arid do not mention satellite cells, they 

saw certain 1nuclei 1 with a basophilic rim of cytoplasm, and they 

also noted that certain •nuclei migrate from undestroyed areas of 

muscle ~iber, where they have proliferated by mitosis, and accumulate 

in muscle euds 1 o It is most probable that these 'nuclei' were 

satellite cells. 

Pietsch & Mccollister (1965) studied the timing of mitosis in 
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regenerating muscle, using tritiated tbymidine and the antibiotic 

phleomycin which inhibits DNA eyntaesis without interfering with RNA 

or protein synthesis. They showed that thymidine-H3 is incorporated 

in three waves at 42,52, and 64 hr after injury-. Though, again, no 

mention is made of satellite cells, the presumption can be made here 

that at least the first wave of mitQtic division is that of satellite 

cells which have survived the injury or moved into the injured area. 

Bateson, Woodrow & Sloper (1967) also conducted muscle o:rusa 

experiments, using tritiated thymidine. In one pai"i: of animals, one 

gastroonemius was injured 48 hr after injection of tritiated thymidiRe. 

In three other pairs of animals, one gastroonemius was injured 6 hr before, 

and the other injured 12, 24 and 48 hr respectively, after tritiated 

tbyinidine injectiono The animals were sacrificed 8 days after the 

second injury. On autoradiography, all lesions were found to contain 

well-labelled nuclei. The authors were particularly struck by the 

well labelled nuclei in the lesions of the first pair of animals. They 

suggest that, aa circulating tritiated thymidine i s reduced to unrecord

able levels within hours of injection , it mu.et have been brought i nto 

the lesions in tae nuclei of cells which had incorperated it soon after 

i ts admini str ationo They therefore draw the remarkable conclusion that 

ucy-oblasts can arise from a circulating source of cells. This intrigu-

.ing eoncept is of fundamental biological importance, and of direct 

relevance to the present studies, as it would provide an alternati ve 

supply of myoblaets from any l ocal source within the muscle . Thie 

question is taken up in the general discussion of Section v, p 233. 



At this point, it is appropriate to indicate that this work s~ands 

apart from others reviewed here, in view of the conclusions drawn. 

In summary, autoradiographio studies of muscle, asing 

tritiated t~dine, have shown that DNA synthesis in no:rmal auscle 

is minimal, whereas in regenerating muscle it is well marked but con

fined to the mononuclear cells, which are themselves derived from the 

injured muscle fibres, or possible from a 'circulating source•, but not 

from connective tissue cells or leukocyteso The above studies were 

not correlated with electron microscopy, so that, though spindle

shaped cells are referred to, it calll only be presumed, from other 

studies, that they were probably satellite cells. Hewever, the 

obvious inference from these studies is that the satellite cells, 

being the only mononuoleated cells within norm.al fibres, are the 

cells •originating from within. injured fibres• in regenerating musele, 

and 1dedifferentiatian• gf muscle cells need not occur. There is a 

clear indication here, again, for future stlidies to be combined with 

electron microscopy, to ensure the mere certain identification 

of individual labelled er unlabelled cellso 

---o--~ 
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Tissue Culture of Muscle. 

The tissue culture of skeletal muscle is a well-established 

technique, developed over the last fifty years . It offers the advantages 

that the medium in which cells are grown. can to some extent be con

trolled, and that cells can be observed over loDg periods of time, and 

studied in their individual and collective behaviouro The studies 

summarised here are those which have a bearing on the behaviour of momo

nuclear cells derived from muscleo 

All excellent early account was that of Lewis & Lewis (1917), 

using 7 - 11 day old chicle embryos in tissue cult~e. They saw mono

nuclear cells growillg out fram a muscle explant before muscle fibres. 

Mitoses were seen in mononuelear cells, but not in muscle buds con

taining many nuclei. Neither was direct division of myonuolei observed. 

A comparison is made between the two mechanisms, as seen in culture and 

in regeneration in vivo, by which new muscle fibres are formed, that is, 

the multiplication and fusion of y ung m;yoblasta, and the extension of 

old fibres by protoplasmic buds. 

Ohevremont (1940), using 7 - 13 day chick embryo material, also 

saw free cells emigrating out o! muscle explants, within a few hr 

of etting up oultures. He classifies these cells as a mixture o! 

fibroblasts and mecrophagee arising from the mesenchyme of the muscle, 

and also 'des cellules de type Bij'"Oblastique•, containing one or two 

nuclei, of differing ferms, but all m1:1ltiplyill8 by mitosis. As against 
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this, a ease is made for the direct division of nzy-onuclei, without 

mitosisa 'Aprea de nombreux essais inf'ruetueux eette division 

directe a pu etre auivie sur le viYant dan deux cas•o Even here, however, 

the two new nuclei 1restent eomtigus•o Other observations lead to 

the conclusion that muscular elements can bec0me transfonned into 

macrophages. This can be compared with All0r~ok1s (1962) reference 

to myoblasts exhibiting 1phagocytic properties•. 

Pogogeff & Murray (1946), studying the oehavio'UZ' of adult 

mammalian skeletal muscle in vitro, also saw isolated spindle-shaped 

cells emigrating from muscle e:xplants. They state that isolated mono

nuclear cells of both large and average size could be seen in mitosis, 

and that •some of these could have been muscle cells, but thYB far the 

fate of a large mitotic cell has not been traeed•o I t is also stated 

that the multiplication, in vitro, of myonuclei is 'chiefly amitotic', 

though the evidence given for this is not clear. 

~hus, from these earlier studies, several facts emerge; spindle

shaped cell grow out of embryonic am.d adult muscle explants, and divide 

by mitesis; evidence for amitotie division ef myonuclei is equivocal. 

Holtzer, Marshall & Finck (1957) analysed myogenesis in vitro, 

using chick embrye material and fluorescent antimyesin to reveal the 

site and amount of actoa_yosin fol"Jll.ed in the develaping fibres. They 

showed that mononucleated cells fused to form multinucleated cells, which 

then laid down actomyosin. Holtzer, Abbott & Lash (1958) , in further 
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similar studies, eon:f"irm that JQ"Otubes are formed by fusion mf mono

nueleated cells, as directly observed in tissue culture. Abundant 

mitotic figures were seem amo:ngst the mononueleated cells, but not 

within myotubes. An interesting observation was that myonuolei were 

mobile within myotubes, and could move over 80 microns within an hour. 

Capers (1960), using 13-day chick embryo material, obtained 

similar results. He concludes that 'uzy-oblast fusion was the only way 

of giving rise to multinucleation1 • He also observed nuclear migration 

within myotllbes, and saw taat, as myonuclei moved, they tended to rotate, 

leading to a folding of the nuclear envelepe, so that lines appeared. 

He suggests that this appearance has probably been interpreted as 

fission in the past, but these lines disappear as the nuclear memb.rane 

unfolds later ono 

Konigsberg (1961) modified these techniques by treating cultlilres 

of 11 - 12 day chick embryo muscle with nitrogen mustard. He showed 

that at concentration levels that would profoWlldly inhibit DNA synthesis, 

nitrogen llUStard did not block the formatien of multinuoleate cells, 

indicating a marked distinction between the two processes. He also 

only saw mitotic figures in mononucleated cells, and never in multi

nucleated cells. 

Holtzer (19il) and Stockdale & HQltzer (1961), using 3-day and 

10-day chick embry material, improved on previous studies by the con

current use of tritiated thymidine, to detect DNA synthesis, and 
I 

!II 
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fluoresoin-labelled antim;yosin antibody, to detect J11¥0sin. Prom this 

it was sbowm that presumptive ~oblasts synthesizing DNA did not con

currently synthesize J11¥0sin, and conversely dii'ferentiat:i.ng muscle 

cells synthesizing myosin did not concurrently synthesize DNA. They also 

showed that the multinucleated muscle fibre is the product of cell 

fusion, and that mixed eultures, of 3-day and 10-day JD¥Oblasts, would 

fuse under suitable conditions to form single JD¥Otubes. 

Konigsberg (1963), studying single cells il!l tissue culture, 

indicated that m;yoblasts, bipolar cells with central nuclei, could be 

distinguished morphologically from fibroblasts. If a single Jll¥Oblast 

was isolated, it could give rise to a huge colon;y of myoblasts, which 

fused progressively to give muscle fibres. The nuclei of the earliest 

myotubes, under these conditions, would have passed through 4, 6, or 

8 divisions~ In later similar studies, Konigsberg (1964) indicates 

the importance of the nutrient medium., the essential eonetituents of 

which are frequently synthesized by the cells themselTes. If the volume 

of the medium is too great these essential constituents are diluted out, 

and differentiation does not proeeed. Differentiation is faveured by 

maintaining cells in a compact mass. These observations are of 

00nsiderable value in analysing the behaviour in vivo of satellite cells 

and myoblaets. 

Y~fe & Feldman (1964) treated muscle cultures with Aotinomyoin D, 

a potent inhibitor of DIA-dependent RNA synthesis. Momonucleated cells 

in these cultures lost their nucleoli rapidly, and were destroyed 
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24 - 48 b.r latero However, differentiated fibres remained intaot and 

functional for muoh longer, and were seemingly resistent to Aetomyosin D, 

even though it penetrated the fibres end inhibited some RNA synthesis. 

It is therefore concluded that protein synthesis in well-differentiated 

fibres, is dependent on relatively stable RNA. Stockdale & Holtzer 

(1964) showed that presumptive myoblasts, obtained by treating 11-day 

chick embryo muscle with trypsin, multiplied in vitro to form myotubes 

by the 4th or 5th day. However, when exposed to brQmodeoxyuridine, 

a thymidine analogue, they incorporated it into their nuclear DNA, and 

were then inhibited from forming ncy-otubes or synthesizing m;yosin. They 

contin~ed, however, to synthesize the various species of molecule needed 

for oell replication. The implication from these two unrelated studies 

would seem to be that the phenomena of mitosis, fusion and Jll30Sin 

synthesis are distinct, both in their DNA and RNA control systems, in 

that these systems are themselves differentially sensitive to specific 

poisons. These observatiGns are relevant to the discussion (Section V) 

0n the genetic constitution of satellite cells, which always remain 

distinct from their adjacent muscle fibres, never synthesize nzy-osin, 

and retain the ability to divide by mitosis. 

Yaffe & Feldman (1965) considerably expanded on the woiic of 

Stockdale & Holtzer (1961) in the study of the formation of hybrid 

ml:lltinucleated muscle fibres from myoblasts of different genetic origin. 

They showed that labelled and unlabelled cells from different species 

(calf, rabbits and rats) formed hybrid fibres. By contrast there was no 

fusion between widely differing cells, such as musele and kidney cells, 
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cultured together. They assert tttat a *cell-to-cell recognition 

mechanism operates at the level of aggregates, preceding the actual 

fusion process•. This would indicate that there is a relatively non

specifio system operating on the surface of m;yoblaets wlaioh are ready 

for fusion, permitting the f~sion of mixed cells of differing genotype, 

at least in vitro. 

Okazaki & Holtzer (1965) studied further the properties of the 

cell surfaces of myoblasts. They showed that the surface of cells in 

the s, G2 or M phases of the mitotic cycle differed from those in G1• 

!hey con:f'irmed again that cells symthesizing myosin never exhibited 

mitosis. They also suggest that the progeny of presumptive myoblasta 

may differ, one dalllghter developing into another dividing presumptive 

myoblast, and the other daughter developing into a non-dividing myeblast 

synthesizing myosin. The same authors (1966) developed these studies 

further, by showing that eells in the s, G2 and M phases of the mitotic 

cycle could not fuse, that cells in mitosis often adhered to, but were 

never incorporated into, myotubes, and that fusion was initiated by 

the recognition of homotypic cells. They also suggest that presumptive 

myoblasts must pass though a 1oritical 1 division before one Qr both 

daughter cells are able to initiate the synthesis of myosin in the 

following G1 phase. These observations are taken up in the discussion 

on• possible model for myogenesis, in Section v, p 237. 

In summary, the technique of tiss~e culture of muscle bas in 

recent years been considerably developed, and combined with techniques 
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tor labelling and inhibition of cells, to yield a great deal of 

information about the nature and behaviour of muscle cells in culture. 

In all studies, the mononucleated cell, arising early from explanted 

muscle, commands attention as the progenitor of myoblasts which fuse to 

fora new fibres. The phenomena of mitosis, fusion and myosin synthesis 

are pbysico-ehemically distinct, and probably related to distinct DNA -

RNA systems. The concept of amitosis is largely, if' not finally, 

discredited. 

It is of considerable relevance to this present work to note that 

though spindle cells are seen by all workers, the satellite cell is not 

mentioned as such, although 10 of the 16 studies summarised here have 

appeared since Mauro 1s (1961) .description of the satellite cell. This 

is not to say that satellite cells should be recognised in tissue 

culture. This may in fact be possible, es techniques become more 

refined, but with present criteria the satellite cell is only recognis

able as it is seen lying beneath a basement membrane of a well-developed 

or mature fibre. The implication from these studies ia that it is the 

satellite cell whion migrates eut of muscle explants iD culture, and 

that if' this is so, a great deal can be inferred about its behaviour 

in vivo, from these tissue culture studieso 

---o---
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General Summary of the Historical Review 

In order to avoid summarising, in chronological order, a long 

list of_ unrelated studies en mononuelear eells in skeletal muscle, 

reports were studied in three groups; those on the normal morphology of 

developing and adult muscle; studies of pathological states in muscleJ 

and experimental investigations. The salient fact arising from the 

first group is that though mononuoleated myoblasts are an obvious 

feature of developing muscle, and have been recognised for over a hundred 

years, undifferentiated mononuolear cells in adult muscle fibres were 

not suspected until the desoripti@ns of Mauro (1961) and Katz (1961), 

who named them satellite cells. Later reports have further established 

the place of the satellite eell in the merphology of normal skeletal 

m11Scle. In the second group, the majority of workers d0 not mention or 

describe the satellite cell, but those who do, indicate that in general 

it is found in increased numbers in pathol0gical muscle, and that it is 

seelil, in some oases, together with large myoblasts and intermediary foms. 

In both these groups there is divergence of opinion over the possible 

function of the satellite cell, though the dominant suggestion is that 

it is a reserve myoblaat. 

In the third, and largest, gro~p cGvering experimental investig

ations, reports are considered in three sub-groups; experimental lesions; 

labelling techniques; and tissue culture. In the first of these, though 

there is uniformity of description of the general process of regener

ation following injury, the satellite cell ia only mentioned in a few 



of the studies to date, and there is again considerable difference of 

apil!lion about the origin, nature and function of this cell. In the 

latter two, though a wide range of sophisticated labelling and tissue 

cltl.ture techniques is covered, and though mononuoleated and spindle

shaped cells in muscle are extensively studied, satellite cells are not 

mentioned at all. They can however, generally be equated with the 

spindle-shaped cells, so that much can be learnt of the probable 

behaviour of satellite cells in viva, from these studies. 

In the majority of cases, in tke published work summarised 

here, the comment has been made that much more could have been learnt 

had the studies been combined with electron microscopic study of the 

same material. ihere is still much to be learnt about the structure 

and function of the satellite cell, and it is to be hoped that in 

future studies, established techniques of investigation will be developed 

further, in combination with electron microscopy, to considerable 

advantage, in this field. 

---o---
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Section II 

MORPHOLOGY OF 

T H E S A T E L L I T E C E L L 

The general morphology of the satellite oell of skeletal muscle is 

well described in the initial reports by Mauro (1961), and Muir et al 

(1965). It has now been seen in skeletal muscle in a wide range of 

species, from amphibia to man, so that it is reasonable to presume 

that it is a regular feature of all skeletal muscle. It has certain 

morphological features which enable it to be recognised without 

difficulty in the electron microscope, despite the fact that it may 

not be seen frequently, due to the sampling problems inherent in 

electron microscopy. 

~his cell is always found lying within the basement membrane 

of the muscle fibre. It is always fusiform in shape, lying orientated 

in the long axis of the fibre. It is usually single, though it is not 

infrequently s~en lying close to a m;yonucleus of the adjacent fibre 

syncytium. In normal muscle it exhibits a scanty cytoplasm which shows 

no cytological evidence of specific protein synthesis. Its nucleus has 

a specific distribution of chromatin, densely clumped, with no nucleoluso 

Its oell membrane, though closely applied to that of the related 

syncytium, shows no evidence of specific cell junctions, and ia 

frequently actively engaged in pinocytosis. 
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Cells fulfilling these criteria are named satellite cells 

in this thesis. The term •satellite• has however been used in other 

contexts before. Couteaux (1941) used it for certain cells in 

embryonic muscle, and Katz (1961) used it to describe cells and cell 

processes closely applied to the intrafusal muscle fibres of the muscle 

spindle. The term is also used for the small cells which closely 

surround the cell bodies of neurones in dorsal root ga:t1glia or 

sympathetic chain ganglia. These are supporting cells akin to 

Sehwan.n or glial cells, and therefore quite distinct from the cells 

related to skeletal muscle. Couteaux1s cells, when viewed in the 

electron microscope, are similar to the satellite cells of adult 

muscle, as are certain of Katz 1s cells. 

In this section, a description is given of further studies 

of the morphology and ultrastructure of the satellite cell of normal 

adult skeletal muscleo 

--~o--~ 
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Materials and methods 

The fr\llt bat Eidolon helvum Kerr has been used extensively 

in these studies, as it has a nW11ber of small aceessible skeletal 

muscles in its web membranes. An account of the animal, anf its use 

in the laboratory, is given in Appendix (i)o 

In this study, adult bats were perfused with glutaraldehyde 

fixative and small biopsies were taken from the web muscles, inter

costal, external ocular and interosseus muscles, and oesophagus and 

diaphragm. Biopsies were embedded in araldite and sectioned for light 

and electron microscopy. Human biopsies were taken at operation, where 

small biopsies of the iDternal oblique muscle were excised, immersed 

directly in glutaraldehyde, and then prepared in the same way as the 

bat muscle biopsies. Details of methods of preparation are given in 

Appendix (ii). 

For convenience, the significance of the various features 

observed is discussed in each. sub-section, and in some cases compared 

and contrasted with observations from the embr,yo;enesis and experimental 

studies, as relevant. 

Results 

Satellite cells were seen in all the muscles studied, except the 

oesopaagus, which contained no striated muscle. They were noted in 

'I 
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the intrafusal fibres ~f the muscle spindles in t' 

muscles. They could be readily distinguished f; 

endomyoial fibroblasts, and other cells lying bb. 

They were also q~ite distinct from IIIJ'Onuclei (figs. 1, 2 ..._ 

S~ape. 

They are always fusiform in shape, with tapering ends, lying in 

the long axis of the parent fibre. In transverse sections of fixed 

preparati~ns, skeletal muscle fibres are frequently not strictly 

circular in outline, but more triangularo In t~is case, satellite 

cells, 8.lild alee myonuclei, usually take up a position in the coI'D.ers of , 

the triangle, so that the myofibrils form a more rounded central eore 

to the fibre. When seen in longitudinal section, the satellite eell 

may project slightly from the general contoar of the fibre, but 

frequently does not appear to project at all, but rather indents the 

fibre, to form a narrow gutter on its surface, with displacement of 

the myofibrils beneatho 

These observations are all, of necessity, on the fixed tissues 

prepared for electron microscopy, and give little indication of the 

possible alterations in shape and disposition of these structures in 

li~e. It could be assumed for example that at full contraction, when 

the muscle fibres have shortened by about! of their resting length, 

the aatellite cells would be passively shortened, to take up a more 

rouaded form. The satellite cell shape is largely determined, at least 



- 62 -

t he intrafusal fibres af the muscle spindles in the interosseus and web 

muscles. They could be readily distinguished frem vascular perieytes, 

endomyoial fibroblasts, and other cells lying between muscle !ibreso 

They were also quite distinct from DJiYonuclei (figs . 1, 2 and 3). 

Shape. 

They are always fusiform in shape, with tapering ends, lying in 

the long axis of the parent fibre . In transverse sections of fixed 

preparations, skeletal muscle fibres are frequently not strictly 

circular in outline, but more triangularo In this case, satellite 

cells, and alee myonuclei, usually take up a position in the corners of 

the triangle, so that the myofibrils form a mere rounded central eore 

to the fibre. When seen in longitudinal section, the satellite cell 

may project slightly from the general contour of the fibre, but 

frequently does not appear to pr oject at all, but rather indents t he 

fibre, to form a narrow gutter omits surface, with displacement of 

the myefibrils beneatho 

These observations are allp of necessity, on the fixed tissues 

prepared for electron microscopy , and give little indication af the 

possible alterations i n shape and disposi t i on of these structures in 

li!e. It could be assumed for example that at full contraction, when 

the muscle fibres have shortened by about! of their resting length, 

the •atellite cells would be passively shortened, to take up a more 

rounded form. ~he satellite eell shape is largely determined , at least 
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b} X 290 c) X 1,600 

d) X 4,500 e) X 19,500 Fig. l. Light (a, band c), and electron (d and e) photomicrographs, at successive magnifications, of a bat web muscle in transverse section, showing the general appearances and the main cell types. d) from above, shows a capillary with pericyte, myonucleus, endomycial fibroblast, and satellite cell, the last enlarged in e). 
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Fig. 2. Low power electron p~otomicrograph of bat web muscle 
fibres in transverse section, showing the distinguishing features 
of a myonucleus, above, satellite cell, below, and endomycial 
fibroblast, right. x 5,100 

Fig. 3. Electron photomicr ograph, 
the satellite cell in fig. 2. 

at higher magnification, of 
X 23 ,400 
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on its outer aspect, by the teugh basement membrane under which it 

lies, and to which it is closely applied. In terms of the mechanics 
of the muscle fibre, the satellite cell has presuma0ly adopted a shape 
which is optimal to the unimpeded contraction of the myofibrils and 
tension transmission to the basement membrane. Myofibrils would be least 
displaced by a long fusiform element, lying in the long axis of the 
fibre, with gradually tapering ends - the most commonly seen shape of 
the satellite cello 

Size. 

In the bat web muscles, satellite cells vary ~rom 12.0 - 25.0 
microns in length, depending on the extent to which their cytoplasm is 
drawn out at their tape_ringendso Their width is from 7o5 - 10.0 microns, 
and their depth from 2.5 - 3.5 microns. Their nuclei, which occupy 
the central part of the cell, are 5.5 - 10.0 microns in length, by 
4.0 - 7.5 microns in width, and 2.0 - 3.0 microns in depth. These 
overall dimensions compare favourably with those of the human satellite 
cells, as studied in the internal oblique muscleo These cells 

measured fro~ 20.0 - 22.5 microns in length, by 12.5 - 15.0 microns 
in width, and 3.5 - 5.0 microns in depth, with nuclei up to 12o5 microns 
long, by 7.5 - 10.0 microns wide, and 2.5 microns in depth. 

Satellite cell nuclei are smaller than myonuclei. Bat web 

muscle myonuelei have a length of 10.0 - 12.5 microns, with a width of 
up to 10.0 microns and a depth of 2.0 - 4.0 microns. Human myonuolei, 
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in the internal oblique muscle, havf 

by 10.0 - 12.0 microns in width a' 

The shape of myonucleJ 

The figures given are for 

comparis©n with satellite cell~ 

m;yonuclei in normal muscle remain cen~

fibre. There, they assume a more oval shape, 

in width, and about lOoO microns in length. 

Nucleo-cytoplasmic ratio. 

Am accepted criterion for the recognition of a satellite cell 

is that it should have a high nucleo-cytoplasmic ratio. The measurement 

of this ratio however presents its own problems. Being fusiform in 

shape, it is easier to obtain transverse sections than true longitudinal 

sections of satellite cellso The nucleus adopts the general shape of 

the cell, and fills the centre part of it, but does not extend far into 

its tapering ends (fig. 4). Accurate longitudinal sections, showing the 

full extemt of the tapering ends, are difficult to obtain, due to the 

inherent sampling difficulties of electron microscopy. 

Micrographs of 89 satellite eells in transverse section, 

obt :,ined from web muscles under different conditions, were enlarged to 

full plate size and cut out in tracing paper of standard thickness. 

The tracings of nuclei and cytoplasm were weighed, to an accuracy of 

O.l mg., with values between 12.9 and 215.5 mg., and ratios obtained. 
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in the internal oblique muscle, have a length of up to 20.0 microns, 
by 10.0 - 12.0 microns in width and 3.0 microns in depth. 

The shape of myonuolei varies with their position in the muscle. 
The figures given are for peripherally situated myonuclei, for 
comparis©n with satellite cell nuclei. But a small proportion of 
myonuclei in normal muscle remain centrally placed within the muscle 
fibre. There, they assume a more oval shape, from 5.0 - 7o5 microns 
in width, and about lOoO microns in length. 

Nucleo-cytoplasmic ratio. 

Am accepted criterion for the recognition of a satellite cell 
is that it should have a high nucleo-cytoplasmic ratio. The measurement 
of this ratio however presents its own problems. Being fusiform in 
shape, it is easier to obtain transverse sections than true longitudinal 
sections of satellite cellso The nucleus adopts the general shape of 
the cell, and fills the centre part of it, but does not extend far into 
its tapering ends (fig. 4). Accurate longitudinal sections, showing the 
full extent of the tapering ends, are difficult to obtain, due to the 
inherent sampling dii'ficulties of electron microscopy. 

Micrographs of 85 satellite cells in transverse section, 
obt : ,ined from web muscles under different conditions, were enlarged to 
full plate size and cut out in tracing paper of standard thickness. 
The tracings of nuclei and cytoplasm were weighed, to an accuracy of 
0.1 mg., with values between 12.9 and 215.5 mg., and ratios obtained. 
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The results are shown in Table 1, and portrayed in the histogram of 

Fig. 5. This represents a fairly ·normal distribution curve, from 

which the mean ratio of about 1.6 to 1.0 is obtained. This is of 

course only for transverse sections, applicable to the central part 

of the cell. In the few cases where accurate longitudinal sections 

were obtained, the ratio was nearer 1 to 1. 

The general conclusion that can be drawn here is that the 

nucleo-cytoplasmic ratio of satellite cells is between 1.0 and 1.6 

to 1.0, for the cells studied. This is in complete contrast witft 

the nucleo-oytoplasmic ratio of the muscle fibre syncytium, which is 

about 1 to 15 in these fibres. The implication from this is that the 

normal satellite cell is required to remain within the sarcolemmal 

sheath, but as it is not concerned with the contractile function of 

muscle, its cytoplasmic volume is reduced to a minimumo The only 

other common cell type which has a high nucleo-cytoplasmic ratio is the 

small lymphocyte or tbymocyte, about which so much, and yet so little, 

is knowno The lymphocyte has been described as a cell 'waiting to do 

something' (Lanoet, 1966). So also, it could be suggested, is the 

satellite oell - in this case, waiting to give rise to myoblasts, as 

required. 

The nucleo-cytoplasmic ratio of satellite cells, being greater 

than unity, could be taken as one of the cytological . criteria for t he 

recognition of these cells. This would then be in contrast with that 

of the myoblasta seen in regenerating muscle fibres, which steadily 
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a) X 5,550 

b) X 23,400 
Fig. 4. Electron photomicrographs of bat web muscle fibres 
in transverse section, showing in a) a myonucleus ·(bottom 
right), part of a nerve (bottom left), and the cytoplasm of 
a satellite cell (top right), the latter being more clearly 
seen at higher magnification, in b). 
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60 - 69 : 61. 
70 - 19 . 70. . 
Bo - 89 . 89 • . 
90 - 99 . 91. 9,1. 92. 92. 94. 99. . 

100 - 109 : 100. 101. 
110 - 119 : 110. 111. 116. 118. ll8. 
120 - 129 . 123. 124 • 127. 128. . 
130 - 139 . 131. 131. 134. 134. 135. 137. 138. 139 • . 
140 - 149 . 141. 143. 143. 145. 146. 147. 148. 149. 149 • . 
150 - 159 . 150. 151. 154. 157. 157 • 157. . 
160 - 169 . 162. 164. 166 • 167. 168. 169. . 
170 - 179 . 170. 172. 174. 175. 176. 177. 177 • 178. . 
180 - 189 . 181. 182. 187. . 
190 - 199 . 191. 196. 198. . 
200 - 209 : 200. 201. 201. 201. 204. 209. 
210 - 219 . 211. 215 • . 
220 - 229 . 220. 226. 229. . 
230 - 239 : . 239. 
240 - 249 . 240. 243. 244. 245 • . 
250 - 259 . 250. 257. . 
- -

280 - 289 . 285. . 
290 - 299 : 297. 299.. 
- -

390 - 399 : 399. 

Table No. 1. Array of values, arranged in classes of 10, for the 
nuclear volume of g5 satellite cells, expressed against a cyto
plasmic value of 100. 

30 

20 

10 

0 

0 

F'ig. 5. Histogram of the nucleo-cytoplasmic ratio of SS' satellite 
cells, arranged in classes of 0.4 (equivalent to 40 in Table No. 1). 
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increase their cytoplasm to reduce the nueleo-oytoplasmic ratio to 

less than 1.0 to 1.0. The practical problem here is again that of 

sampling, as it is impossible to deduce these ratios from single 

micrographs of individual cells. 

Basement Membrane. 

A well-defined basement membrane can be seen surrounding all 

adult skeletal muscle fibres. It is similar in structure to basement 

membrane elsewhere, and consists of a uniformly homogeneous layer 

about 400 - 700 A
0 

thick, with a variable amount of collagen closely 

applied to its outer aspect as, for instance, described by Robertson 

(1956b). In the present studies, its thickness was more variable, and 

in some situations it appears to merge with electron dense material 

lying between the muscle cells. This is interpreted to mean that 

the mucopolysaccharide which forms a main component of t~e extra

cellular fluid, and is also the essential component of "basement 

membranes, becomes dense enough in places to be seen in electron 

micrographs. The density of the extracellular mucopolysaccharide may 

vary considerably with the activity and metabolic state of the tissues. 

Basement membranes, however, are seen so consistently, and are generally 

so uniform, that it can be assumed that they change but little in vivo. 

A particular feature of the disposition of the basement membrane 

that has not been reported previously is that it does not always 

remain strictly on the external surface of the satellite cell it covers, 
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but oan become invaginated between the satellite cell and the fibre 

syncytiwn.,. The satellite eell is not then lying in a simple sub

sareolemmal position, but rather in an enclave of basement membrane. 

This disposition can be seen both in transverse and longitudinal 

sections. The extent to which the basement membrane penetrates 

between the two cells is most variable. Extreme cases of this 

invagination were seen in the external ocular muscles of the bat 

(figs. 6 and 7). Many of the sections of the satellite cells of these 

muscles appear to show that the satellite cells are surrounded by 

basement membrane, and but for the basement membrane would resemble some 

of the fibroblasts which lie between the fibres. However, the very 

presence of the basement membrane distinguishes them from fibroblasts. 

When sections pass through the mid-region of these satellite cells, 

their cell membranes can be seen to be in contact, as normal, with the 

syncytium, even if only over a limited area (fig. 7). 

The significance of this particular arrangement of the basement 

membrane is hard to evaluate. There has been considerable discussion 

about the mechanism of transmission of tension from the contracting 

myofilaments to the tendon of the fibre. Street & Ramsey (1965) demon

strated that the lateral mechanical coupling between myoplasm and 

sarcoplasm is adequate to bear and transmit the maximum active tension 

developed during stimulation. It could be assumed that where a satellite 

cell lies within the basement membrane, tension t r ansmission would be 

modified or reduced. The fusiform shape of the cell , on the other 

hand, would partially overcome the mechanical difficulty . But in the 
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a) X 4,170 b) X 10,100 c) X 10,100 
Fig. 6. Electron photomicrographs of bat external ocular muscle in transverse section, showing a) a satellite cell, fibroblast and myonucleus, b) basement membrane separating the satellite cell from its muscle fibre, and c) the tail of another satellite cell also enclosed with basement membrane, adjacent to the fibre with the myonucleus. 

Fig. 7. Electron photomicrograph of bat external ocular muscle in transverse section, showing a satellite cell almost entirely enclosed by basement membrane, but still retaining some plasma membrane contact with its muscle fibre. x 20,160 



~ 73 • 

type of fibre described here, where the basement membrane largely 

encloses the satellite cell, the area of basement membrane in contact with 

the fibre is increased again, without loss of the seemingly essential 

plasma membrane contact between satellite cell and syncytium.. 

Another consequence of the 'enclave' ef basement membrru:ie is 

that it presumably imprisons the satellite cell, so that it remains con

fined to one position, relative t0 the parent fibre. It is not yet 

known to what extent satellite cells are capable of movement, either 

within a fibre, or through basement membranes. Zhinkin & Andreeva (1964) 

noted, in light microscopy, that certain 'nuclei' migrate from undestroyed 

areas, where they have multiplied by mitosis, and accumulate in musele 

buds, in regenerating muscle. These 'nuclei' were probably satellite 

cells. Basement membranes have a marked restraining and guiding 

influence on the cells to which they are related, so that these 

observations would lead to the conclusion that the satellite cell, if 

mob:ile, would normally be restricted to movement up an.d down the fibre, 

or when enclosed by a basement membrane 'enclave' is essentially static. 

If the satellite cell bas the single function of lying 'dormant' 

as a reserve m.yoblast, it could be assumed that there is no necessity 

for it to be mobile under nonnal conditionso But f0llowing injury, when 

it divides to furnish myoblasts, it would be necessary for its 

daughters, at least, to become mobile. One of the features of the 

intermediary type of myoblast - intermediary in form between satell ite 

cells and large m.yoblasts - as seen in regenerating muscle fibres, is 
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that it shows a varying degree of detachment from the basement 

membrane, and large myoblasts lie free (fig. 43, p.180). Whatever 

the nature of the forces which normally operate to maintain contact 

between basement and plasma membranes, it could be assumed that 

pbysico-chemical changes in the plasma membrane could render it 

less adherent. Thus a satellite cell, when stimulated to divide, 

could also modify its cell membrane so that it becomes more mobile 

within the sarcolemmal tube. 

Basement membranes are known to be resilient and somewhat 

elastic. In the experimental studies on regeneration following 

crush injuries, described in Section IV, the sarcoplasm of damaged 

fibres was frequently removed by physical distraction or phago

cytosis to leave an empty tubeo Satellite cells were occasionally 

seen, soon after injury, still lying in their normal subsarcolemmal 

position, but within an otherwise empty tubeo This would indicate 

again that there are cohesive forces which maintain a satellite 

cell in its position under the basement membraneo Later, these 

cells became detached and the empty tubes collapsed, with multiple 

folding -of the basement membrane. This phenomenon was also observed 

by Allbrook (1962), and by Birks, Katz and Miledi (1959), the latter 

authors describing it as a dissociation of the 'surface membrane 

· complex' in atrophic fibreso 

The embryogenesis of the muscle cell basement membrane is con

sidered in detail in Section IIIo But it is appropriate here to 

note that when it is still scanty, it appears to be thin enough in some 
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places for the underlying satellite cell, or fibre syneytium, to 

protrude through it and send out blunt pseudopodia into the extra

cellular space between the developing fibres (fig. 26, po 132, and 

fig. 28, P o 139 ). 

Plasma Membrane 

The plasma membrane, or plasmalemma, of satellite cells appears 

similar to that of other cells, in electron micrographs. It frequently 

exhibits a marked degree of pinocytosis. The pinocytotic vacuoles 

are seen about equally on both the external surface, where it lies wider 
the basement membrane, and on the internal surface, where it lies 

adjacent to the fibre plasmalemma. The general degree of pinocytosis 

usually exeeeds that of the adjacent fibre. Laguens (1963), commenting 

on this phenomenon, suggests that this represents a 1 trophic 1 function, 

where the satellite cell acts as an intermediate cell between the 

tissue space and the fibre. As against this, the surface area of the 

satellite cell ie very small when compared with that of the fibre, so 

that its surface activity would have to be pronoU11ced to have a 

general effeet on the fibre as a wholeo In the osmotic experiment 

described by Muir et al (1965), the satellite cells of the affected 

fibres showed a marked degree of pinocytosis, presumably indicating an 

attempt to maintain homeostasis in those adverse conditionso 

In many electroR micrographs, plasma membranes are sectioned 

obliquely, so that where cells are lying closely together, the 
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adjacent plasma membranes are indistinct, or seem to disappear. This 

difficulty of interpretation of micrographs is of particular relevance 

to skeletal muscle, where eell fusion is such an important feature of 

developing and regenerating muscle fibres. In this way, the plasma 

membrane may appear to have br0ken down or fused between a satellite 

cell and the muscle fibre it lies againsto The cellular integrity of 

the satellite cell has been amply demonstrated by the osmotic experiment 

of Muir et al (1965), and in the muscle crush experiments, mentioned 

above. Further to this, the phenomenon of pinocytosis is a useful guide 

here. Finocytotio vacuoles, being spherical, are readily identified 

and do not disappear im 'oblique' sectionso Thus a line of pinocytotic 

vacuoles can be seen, in certain areas where adjacent plasma membranes 

are indistinct, to continue in the line of these membranes, demonstrat

ing their integrity and separate function in vivo. 

A specific type of pinooytotio activity is sometimes seen in 

certain cells of skeletal muscle. The vacuoles are larger, up to 150 

millimicrons in diameter, where normal pinocytotic vacuoles do not 

exceed 100 millimicronso Their wall is quite specifie, appeariBg denser 

than the smaller vac~oles. An early description is givem. by Fawcett 

(1964), who named them 1fuzzy-surfaced 1 pinocytosis. They are 

characterised by having three layers; i) an external amorphous coat, 

to which ferritin and other macromolecular particles can adhere; ii) the 

plasma membrane; and iii) an internal layer of relatively dense 

particles which give the vacuole its 1fuzzy 1 appearance (Jones, 1964). 

They have been variously named by different observers as •ooated 
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vesicles•, 'bristle vesicles', 'alveolate vesicles•, and •acanthous 

vesicles' (Fawcett, 1965)0 They are frequently seen in cells of the 

erythroblast series (Edmonds, 1966), where they are involved in 

normal ferritin absorption into the cells. Polioard and Bessi s (1958), 

Breeher & Bull (1966), coined the term 1 ropheocytoais 1 for the 

mechanism of macromolecular transport into erythroblasts, in vacuoles 

of this type. Jones (1964) states that the number of these vesicles 

decreases with maturation ef the erythroblasts. Tanaka et al (1966) 

indicate that this phenomenon is not peculiar to ferritin transport, 

but may be pertinent t@ the transport of other macromolecules into 

specific cells. 

The earliest appearance of these ':fuzzy' pinocytotic vacuoles 

is a thickening of the plasma membrane, which then becomes depressed 

to form a dimple. This extenQs inwards to become flask-shaped, 

and eventually rounds off to become wholly intracellular. 

Typical 'fuzzy' pinocytotic vacuoles of this type have not 

been seen in satellite cells, despite a thorough search of many micro

grapha. Neither are they seen on the surface ©f normal mature muscle 

fibres. They are regularly seen, however, in embryogenesis and during 

muscle regenerationo In embryogenesis they are seen near the surface 

of m;yoblasts and fibroblasts, and in later embryogenesis in some ef the 

satellite cells (fig. 8). The fully formed vacuoles never seem to pass 

very far from the surface of these cells. This may be because they 

break down, soon after formation, to release their contents into the 
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cytoplasm, but no evidence for this has been seen in electron micro

graphs in these studies. During regeneration, numerous myobl§sts are 

found within the aarcolemmal tubes of injured fibres. 'Fuzzy' 

vacuoles have been seen in these myoblasts, and even in one case, in a 

cell in mitosiso 

Though 1fuzzy 1 vacuoles are not seen in satellite cellsor 

muscle fibres of adult muscle, they are nonetheless seen in the fibro

blasts or endomycial cells between the muscle fibres, and also in the 

hidtiocytes occasionally seen between the fibres. 

The significance of these observations is at present hard to 

evaluate. It is clear that this mechanism represents at least one 

means by which specific macromolecules can gain entry into cells. It 

is interesting that it is seen predominantly in developing cells, both 

in haemopoiesis and embryonic muscle, and that in both these, iron-rich 

compounds, haemoglobin and myoglobin respectively, are synthesized. 

However this would not account for its regular appearance in other cell 

types such as fibroblasts and histiocytes. There are a number of 

similarities between the pattern of cellular activity during muscle 

embryogenesis and regeneration. It is tempting to speculate that both 

situations, involving dynamic cellular changes, require specific control 

mechanisms, and that the secretion of macromolecules, and their selective 

absorption by cells at a distance, would constitute one such comtrol 

mechanism. It is to be hoped that :t'u.rther study of these 1fuzzy' pimo

cytotic vacuoles in a wider range of cells will lead to the emergence 

of some common denominator which will clarify their function in muscle 
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a) X 25,200 b) X 25,200 o) X 36,400 

Fig. 8. Electron phetemicrographs of 'fuzzy' pinocytotic 
vacueles in cells in develeping muscle. a) in a myoblast, 
b) in a satellite cell, and c) in a fibroblast, showing 
three stages ef f0rmation ef the vacuoleso 

and other cellso 

Cilia 

One of tme most striking features of the satellite oell is a 

cilium-like structureo This takes origin in a basal body similar in 

appearance to a centriole, containing nine double filaments arranged in 

a ring, but no central pair, as in 'motor' cilia. These structures 

were described by Muir et al (1965), who noted that they could extend 

for over 3 microns in serial sectionso 

IB the present studies, similar structures have frequently been 

seen in cells in embryonic muscle, in myoblasts in regenerating muscle, 

in fibroblasts between muscle fibres, and, less frequently, in adult 
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muscle satellite cells. Comparison of electron micrographs with 

those of Muir et al (1965), and others in published reports on cilia, 

indicates that these structures have a distinct and identical form in 

many different cell types, and are definitely cilia (fig. 9). 

In early embryonic mesenchyme, cilia of this type are seen 

so regularly that the assumption can be made that each cell carries 

at least one. The basal body is frequently seen lying close to the 

surface of the cell so that the cilium projects directly out into 

the extracellular space (fig. 9d). Though difficult to section 

longitudinally, these cilia have been seen to project as much as 

1.3 microns from the surface of the cell. As muscle fibres begin to 

lay down actomyosin, cells carrying cilia can be seen lying between 

them. At this stage the basal bodies lie deeper within the cytoplasm 

of the cell, so that the cilium, though still projecting from the cell, 

now lies in an invaginated sheath of the plasmalemma. In cells in 

adult muscle, these cilia are deeply set in plasmalemmal sheaths. 

When sectioned transversely or obliquely, the plasmalemmal sheath 

appears as a vacuole, and may be misinterpreted as such. On the other 

hand, the formation of cilia, as studied by Sorokin (1962) in fibro

blasts, starts with the production of an intracellular ciliary 

vesicle, into whioh the developing cilium projects, steadily elongat

ing it until the surface of the cell is reached when the vesicle breaks 

down to form the sheath, now continuous with the plasmaiemma, 0£ the 

definitive cilium. When isolated micrographs are seen of transversely 

or obliquely cut cilia, it is impossible to tell whether they are lying 
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within an intracellular vesicle or a plasmalemmal sheath. 

In contradistinction to the many types of epithelia which 

classically carry them, cilia have now been observed associated with 

many different types of non-epithelial cell (Munger, 1958; Sorokin, 1962; 

Grillo & Palay, 1963; Roberts & Latta, 1964; Wyllie, More & Haust, 1964; 

Abdel-Bari & Sorenson, 1965; Stubblefield & Brinkley, 1966). The cell 

types on which they have been seen include fibroblasts, smooth muscle 

cells, spleriic pulp cells, chromaffin cells, neurons in sympathetic 

ganglia, Schwann cells, parenchymal cells of the adenohypophsis, 

tumour cells, and beta cells of the pancreatic islets of Langerhans. 

Grimstone (1962) gives a good account of the structure and distribution 

of cilia on epithelia. All these cilia have the same essential structure 

of 9 sets of filaments arranged around the periphery, though they may 

be with or without a central pairo 

Cilia protruding from an epithelial surface have a clear motile 

fwaction, whereas the function of cilia protruding from mesenchymal 

cells is at present quite obscureo Munger (1958), describing the cilia 

on pancreatic islet cells, considered three possible functions for these 

cilia; a) that they represent embryonic remnants; b) that they are motile; 

and c) that they are chemoreeeptors, possibly related to the control of 

insulin production by the beta cellso 

It is possible that cilia projecting from mesenchymal cells have 

in fact a dual role, both motor and sensory. By agitating the extra-
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a) X 36,400 b) X 32,760 

c) X 19,800 d) X 25,480 
Fig. 9. Electron photomicrographs of cilia in cells of developing and adult bat tissues. a) a myoblast in the web of a 16 mm. embryo. b) a mesenchymal cell in the forelimb bud of an 11 mm. embryo. c) a fibroblast in adult superior oblique muscle. d) a mesenchymal cell in the web of a 13 mm. embryo . 
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-cellular fluid they would encourage its circulation at microenviron

mental level, and would thus be exposed to changes in the microenviron

ment more rapidly than otherwise. The nature of their possible chemo

reoeptivity must remain speculative until further studies are directed 

towards these particular structures. 

Close to the basal body of the cilia seen in the present studies, 

is a centriole of similar shape to the basal body, and frequently lying 

at right angles to it. Centrioles are essential to the formation of a 

spindle in mitosis. It is possible therefore that these mesenchymal 

cilia have a specific role in the control of mitosis in the cells which 

carry them. Certainly, all cells which carry them are capable of 

mitosis. Conversely, in muscle, the mature muscle fibre contains many 

myonuclei, but no centrioles or cilia, and the Jilo'Onuclei are incapable 

of mitosis. Holtzer (1967) states that centriolea disappear from the 

muscle fibre syncytium soon after fusion of the mononuclear cells 

which form it. Munger (1958) found no cilia on the alpha cells of 

the pancreatic islets, or on the aoinar or duct cells, and noted that 

the only cells undergoing mitosis in his studies were the beta cells, 

carrying cilia. Gall (1961), in a detailed account of the f0rmation 

of eentrioles and flagellae, suggests that eentrioles possess a con

stant polarisation, and that the 1distal end forms the flagellum or 

other centriole products, while the proximal end represents the pro

centriole and is concerned with replication1 o Thus the intriguing 

possibility remains that cilia on mesenchymal cells, and on the 

satellite cells of skeletal muscle in particular, may be concerned with 
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the contr0l of mitosis. 

Sub-satellite cell elefts. 

The space between the satellite cell plasmalemma and that of 

the muscle fibre is described by Mauro (1961) and Muir et al (1965) as a 

narrow cleft only a few hundred A
0 wide. In the present studies, it 

was seen to vary considerably from this •normal' pattern. In some cases 

it appears to have become grossly distended with fluid so that the 

satellite cell is lifted away from the muscle fibre, and the basement 

membrane is distorted outwards (fig. 10)o If this process occurs 

to a lesser extent, only part of the satellite cell is lifted away from 

the muscle fibre, or smaller clefts appear between the two cells 

without a general disturbance of position. Occasionally, these sub

satellite cell clefts are seen to contain electron dense bodies with 

the general appearance of myelin figures (fig. lOd). When seen in its 

gross form in electron miorographs, this phenomenon can also be seen 

on review of the light microscopy sections of tissue from which the 

thin electron microscope sections were cut. This puts the phenomenon 

into better perspective, as it can be seen to be more apparent in 

certain regions of the muscle, and not in others. There is apparently 

no correlation between the occurrence of this phenomenon and other 

factors - it appears to occur randomly. 

It may be that these distended clefts represent agonal changes 

which occurred as the cells died and were fixed, in which ease it might 
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represent a terminal burst of pinocytotio activity, to fill 

satellite cell space with fluido As against this, there is no 

marked increase in the number of pinocytotic vacuoles in the cells 

seen in this condition. It is also pertinent to note that these 

changes are always seen between the satellite cell and the muscle 

cell, but never between the satellite cell and the basement membrane, 

implying again that there are cohesive forces between the latter two 

which maintain the satellite cell in its subsarcolemmal position. 

Cytoplasm. 

Organelles oommon to all cells are found in the cytoplasm of 

satellite cells. Mitochondria, few in number and generally small 

in size, are found in the tapered ends where there is more room for 

them. The Golgi apparatus is seen close to the centriole, and is 

usually small in amount~ Free ribosomes are found scattered thr0ugaout 

the cytoplasm. Endoplasmic reticulum is nonnally not in evidence, 

though it is seen in the satellite cells of late embryogenesis and 

those of regenerating muscle fibres. These features of the cytoplasm of 

the •resting' satellite cell w©uld imply that, apart from the essential 

metabolic requirements, there is little specific activity or specific 

protein synthesis. 

A peculiar feature of the satellite cells examined in the 

human internal oblique muscle was the presence, in the cytoplasm, of 

electron dense bodies suggestive of lipid inclusions (fig. 11). 
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·a) x ll ,520 b) ':x. 12,200 

c) X ll,520 
Fig. 10. Electron photomicrographs of bat web muscle fibres in 
transverse section, showing sub-satellite cell clefts. a) in 
muscle denervated for 13 wk. b) 1 mm. proximal to a muscle 
transaction 13 wk before. c) in muscle denervated for 8 wk. 
d) in normal muscle, showing electron dense 'myelin' figures in 
the sub-satellite cell cleft. 
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Similar inclusions were also seen in the sarcoplasm of these muscle 

fibres, implying that they were not peculiar tg the satellite cells 

aloneo Bodies of this type have never been seen in the bat muscles, 

or their satellite cells, and their nature is obscure. Phagocytio 

vaeuoles or lysosomes have also not been seen in the cytoplasm of 

satellite cells . 

Nucleus. 

In Mauro 1 s (1961) report, the satellite eell nucleus is 

'indistinguishable from a peripheral muscle nucleus'. Similarly, Muir 

et al (1965) indicate that the satellite cell nuclei and the myonuclei 

1 do not show any significant differences within the structure of the 

nuclei themselves'. 

In the present studies, a number of differences have been noted 

between myonuolei and satellite cell nuclei, though there is a certain 

degree of pleomorphism in both. Myonuclei are frequently larger than 

satellite cell nuclei. The shape of the myonucleus is less dependent 

on the surrounding sarcoplasm, so that in general myonuclei are more 

rounded at their ends, whereas satellite cells, being fusiform and 

containing little cytoplasm, tend to have fusiform nuclei. The nuclear 

chromatin is finely distributed in the myonuclei, with a tendency to 

be more concentrated, with some clumping, at the periphery. The 

chromatin in satellite cell nuclei is usually more densely staining, 

and more clumped throughout the nucleus, giving it a denser appearance 
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X 14,000 

b) X 12,960 c) X 14,400 
Fig. 11. Electron photomicrographs of human internal oblique 
muscle fibres. a). in longitudinal section. b) and c) in 
transverse section, showing satellite cells with electron dense 
inclusions in their cytoplasm, and myelin figures in .the sub
satellite cell space. In b) and c) the satellite cells are 
lying adjacent to myonuclei. 

II I 
1, 
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(figs. 1 and 2, po63 and 64). The nuclear membrane of the satellite 

call is sometimes deeply crenelated (fig . 46 p. 195) . Nucleoli are 

usually seen in the myonuclei, whereas they are not seen in the satellite 

cell nuclei of normal ad~lt muscle. They are however seen in the nuclei 

of satellite cells during developmemt of muscle, and during regeReration. 

In the latter case, the appearance of a nucleolus may represent the 

earliest sign of transformation into an intermediary form of myoblast. 

During the development of muscle, satellite cells are sometimes 

seen in mitosis (fig. 34 b & c, p.150). Myonuclei have never been 

seen in mitosis. 

As there is a certain degree of pleomorphism, certain myonuclei 

will appear similar to satellite cell nuclei, particularly if they are 

not sectioned through a nucleolus. Furthermore, there are minor 

species differences, and even differences between the appearances of 

these nuclei in different muscles of the same animal. A meticulous 

study of a given muscle soon reveals the minor differences for that 

particular muscle. Conf~sion between the two types need never arise 

in electron microscopy, because of the other clear-cut features of the 

satellite cell. 

Distribution 

Katz (1961), in his detailed analysis of the structure of the 

frog muscle spindle, noted that satellite cells were seen more frequently 
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near the central region of the intra:fusal muscle f i bres. In the bat 

muscles, Muir et al (1965) state that they are regularly distributed 

along the length of the muscle fibres. This finding was corroborated 

in the present study. 

The quantitation of a cell population presents its problems, but 

these are accentuated when the cell in question - the satellite cell -

can only be recognised with certainty in electron micrographso Even 

low power electron microscopy d@es mot allow wide enough sampling. So 

the problem to be solved was how to quantitate satellite cells, with 

acceptable accuracy, in the light microscope. Sections 5 microns thick, 

out from wax embedded material, do not give a elear enough distinction 

between myonuclei and satellite cell nuclei, so that methods for the 

accurate counting of myonuclei, as for instance described by Abercrombie 

(1946), are less applicable to this problem. Thinner sections, 1 - 2 

microns thick, can be cut for light microscopy from araldite embedded 

material, but a limitation then is the overall size af the biopsy, 

which should not be more than a millimetre across in at least one 

dimension. 

These problems have been largely overcome by the use of the bat 

web muscles, from which whole segments can be excised and embedded in 

araldite for light and electron microscopy (fig. 1 , po63). 

Individual muscles vary somewhat in their general architect ure, 

and in the specific morphology of their contained fibres , as already 
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indicated above. As most of the w@rk described here was undertaken 

on the bat web muscles, a considerable experience was gained of their 

particular appearances and features. Thus it became apparent that 

satellite cells, having been studied in some detail in eleotron micro

graphs, could be recognised with regularity in sections 1 - 2 microns 

thick, stained routinely with toluidine blue for light microscopy o The 

clumped chromatin of the satellite cell nuclei stains a dark blue with 

toluidine blue, in marked contrast with the myonuclei, whica appear 

paler in the centre, and have one or two nucleoli, stained a slightly 

different &ue9 The nuclei of the endomycial fibroblasts are also darkly 

stained, so that they look very like those of the satellite cells. In 

longitudinal sections tbe two can be virtually impossible to distinguish, 

so that quantitation is only really feasible in transverse sections. In 

these too, it was necessary to stuay electron micrographs initially, so 

that criteria could be laid down for the recognition of the three 

nuclear types, myonuclei, satellite cell nuclei, and fibroblast nuclei. 

Many of the fibroblasts lie well between the muscle fibres and are thus 

easily recognised. Others lie partly adjacent to a muscle fibre, but 

the nucleus and cytoplasm extend away from the fibre at aR acute angle. 

Those which are most likely to be confused with satellite cells are the 

ones lying closely applied to the muscle fibre in such a way that the 

general contour of the cell mimics that of a satellite cell. T~e 

distinction would be obvious in low power electron microscopy, but may 

be difficult in light microscopy. However, fibroblasts of this type are 

seen but rarely, and generally have more cytoplasm than the satellite 

cells. Therefore, despite the magnitude of the problem and the 
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limitations of the technique, quantitation of satellite cells, 

m;yonuclei and fibroblasts was found to be feasible in bat web muscles. 

The individual fibres in the bat web muscles are randomly 

distributed, and have a mean length of about 10 mm., so no attempt was 
made, in this study, to follow single fibres through and quantitate the 
m;yonuclei and satellite cells within them, though this would clearly be 
pessible, using serial sections. In this study, counts were routinely 
made of whole transverse sections, where every fibre, together with all 
the myonuolei and satellite cells, could be counted. 

Myonuclei are slightly longer than satellite cell nuclei in the 
bat web muscles, so that in transverse section they will be seen pro

portionately more often. A correction must thus be made, to ensure a 
more accurate ratio between icy-onuclei and satellite cell nuclei. The 
ratio of lengths is approximately 9 7, so that satellite cell coumts 
must be m~tiplied by a factor of x 1.3 to give a more accurate figure. 
Another complicating factor is that icy-onuclei are generally well rounded 
at their ends, and so are readily recognised in transverse section along 
the greater part of their length, whereas satellite cell nuclei, taking 
the shape of the cell in which they lie, are more fusiform, tapering to 
narrower ends. Sections through these ends are less likely to be 

recognised in light microscopy. The morphology of these nuclei is too 
varied to allow the application of a further mathematical correction, 
but the general statement can be made that counts of satellite cell 

nuclei would tend to be lower than they actually are, in view of this fact. 
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This technique has been used in both normal and injured muscle. In 

normal muscle the ratio of satellite cells to myonuclei varies between 

l "~ 7 and 1 - 16, (or 6 - 14%, with a mean of about l - 8 (or 12.5%). 

In certain pathological situations it may rise to as much as one 

satellite cell to 2 or 3 myonuclei (30 - 50%). 

The Satellite Cell Segment 

As the sotellite cell is a regular feature of all mammalian 

muscle so far studied, and has been seen in different species from 

amphibia to man, it can reasonably be assumed that it is a regular feature 

of all skeletal muscle. With its assured place in skeletal muscle 

morphology, it must now be considered as part of the normal fibre, and 

therefore be represented when muscle morphology is described in terms 

of its basic units. 

From the standpoint of its physiology, skeletal muscle can be 

broken down to its motor unite, which are defined as the number of 

fibres which are supplied by a single motor axon. When an action 

potential passes down the axon, the muscle fibres it supplies, though 

somewhat separated from each other in the muscle, contract as one. 

Histologists would describe the basic unit of skeletal muscle as the 

single muscle fibre. Cytologists would perhaps prefer the sarcomere as 

the smallest functional unito But the satellite cell is also a unit, 

and must be accounted for, at least in terms of the histolegioal unit 

of muscleo 
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The basie histological unit of skeletal muscle could be defined 

therefore, not as a sarcomere, muscle fibre or motor ui:i.it, but as that 

segment of a fibre which contains one satellite oell and its appropriate 

number of adjacent myonuclei. This could then be designated the 

Satellite Cell Segment (figo 53, p. 239) 0 This concept is of relevance 

to this thesis in several ways. From the evidence presented above, 

satellite cells are regularly spaced along the musele fibre, and in 

their •resting' state are probably static within the fibre, especially 

if lying in an 'enclave' of basement membrane. Whatever their function, 

it can be assumed that they are s~itably placed to fulfil it. If they 

are reserve myoblasts - the central theme of this thesis - then they 

are strategically placed to be available wherever the fibre is injured. 

The ratio of satellite cells to myonuclei is indicated in the size of 

the Segment, as is also the number of mitotic divisions of myoblasts 

(in this case three or four divisions) which would be required to 

restore a damaged Segment. If satellite cells are themselves destroyed 

in a damaged region, surviving satellite cells in neighbouring undamaged 

regions could divide to supply them and again restore the Segment. This 

type of behaviour was noted by Zhinkin & Andreeva (1964), who saw 

certain 1nuclei 1 -migrate from undestroyed areas where they had multiplied 

by mitosis. 

The ratio of satellite cells to myonuclei, as expressed in the 

Satellite Cell Segment, must be determined genetically. If the satellite 

cells are a separate cell line, with function as yet unknown, it would 

be unnecessary to relate them to the mechanism of production of myoblasts, 
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for which another source cell would have to be foundo But the weight 

of available evidence is in favour of the satellite cell being itself 

a myoblast, and in adult muscle a reserve myoblast, where it nonetheless 

retains its identity by not fusing with the fibre syncytium. The 

Satellite Cell Segment concept is therefore used as the basis of a 

model for myogenesis, applicable both to developing and regenerating 

muscle. This question is taken up in the General Discussion of Section v, 
p. 237 , after tbe embryological and experimental studies. 

Summary 

The observations on tbe structure of the satellite cell, as 

reported by other workers, are conf'irmed in this study. In addition, 

further features have been noted; the disposition of the basement membrane, 

forming an enclave in which the satellite cell lies; the sub-satellite 

cell clefts occasionally seen separating the satellite cell from tae fibre; 

differences in the appearances of myonuclei and satellite cell nuclei, 

and the feasibility of quantitation in light microscopy. Certain other 

features are correlated, for convenience, with observations from the 

embryogenesis and experimental studies described below. Such are; the 

occurrence of 'fuzzy' pinocytotic vacuoles, which are seen in many cells 

in developing and regenerating muscle, and in normal muscle fibroblasts, 

but seemingly not in normal adult muscle satellite cells; and further 

observations on cilia on cells in developing, normal alll.d regenerating 

muscle. 
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Satellite cells were seen in all the skeletal muscles examinea.,i 
Satellite cells were also seen in the spindles i~ the interosseus 
muscles aBd web muscles. Their distribution was studied in the bat web 
muscles, and found t0 range between 6 - 14% of myonuclei, witlt a mean 
of about 12.5%. From this it is suggested that the basic unit of the 
skeletal muscle fibre could be designated the Satellite Cell Segment; 
the segment of a fibre containing one satellite cell and its appropriate 
number of myonuclei. 

- - - 0 - - -
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Section III 

THE EMBRYOGENESIS 

0 F S A T E L L I T E C E L L S. 

A study 0f the biology of a new cell type must logically include a 

study of its embryogenesis. The cell in question here - the satellite 

cell 0f skeletal muscle - is an integral part of the muscle fibre, lying 

in a subsarcolemmal position, at regular intervals along the fibre. A 

study of the embryogenesis of satellite cells cannot, therefore, be 

separated from the embryogenesis of skeletal muscle itself, but rather 

must be integrated with it. Though much is known of the embryology of 

skeletal muscle, it must now be examined with renewed interest, to 

determine the origins of the satellite cells it contains, and to determine 

the part they might play in its embryogenesis and development. 

In studies of embryonic and developing muscle, satellite cells are 

not mentioned until 1964. MacConnachie et al (1964), studying in light 

microscopy the mode of increase in the number of myonuclei in the post

natal rat, saw mitotic figures in subsarcolemmal cells, and suggest 

that one or both daughter cells could pass through the plasmalemma to 

add to the nuclear content of the multinuclear fibre. They conclude 

that 1if this is valid then the satellite cells can be regarded as 

reserve myoblasts'. The earliest report on the ultrastructure of 

embryonic muscle, in which satellite cells are specifically studied, is 

that of Ishikawa (1966), who studied a large series of human foetuses, 

I / 
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from 40 mm. (10wks) to 260 mm. (31 wks). Ishikawa suggests that 

satellite cells might participate in the separation of individual 

developing muscle fibres, and favours a 1fibroblastic 1 rather than a 

1myoblastic 1 nature for these cells. Przybylski & Blumberg (1966), 

reporting on the ultrastructural aspects ef IDJ"Ogenesis in the chick, 

conclude that satellite cells very probably account for an increase in 

nuclear number, and are 'remnants of the once abundant, rapidly dividing 

stem cell line observed in the embryo'. Shafiq et al (in press), 

studying postnatal muscle, indicate that proliferation of the satellite 

cells appeared to result from mitotic activity only, and that 'probably 

some of them fused with the muscle fibres and contributed to the post

natal increase in the numter of fibre nuclei'. 

These are the only reports to date which specifically mention 

satellite cells in embryonic or developing muscle, and the predominant 

conclusion drawn is that they are myoblasts. In other recent studies 

of the embryogenesis of muscle, by Van Breeman (1952), Herman (1952), 

Frost (1954), Ruska & Edwards (1957), Ferris (1959), Bergman (1962), 

and Fenichel (1965), no mention is made of satellite cells or their 

equivalent. There is thus a clear need to investigate further the 

place of satellite cells in myogenesis~ 

Certain criteria have now been laid down for the recognition of 

satellite cells. In normal adult muscle, they retain a uniformity of 

structure, and can be recognised without difficulty. However, in 

injured muscle, the satellite cells 'disappear' during the course 
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of regeneration in damaged muscle fibres, and are replaced by myoblasts 

and cells of intermediary from (Church et al, 1966). Later, when the 

myoblasts have fused to form new fibres, satellite cells are seen again 

in their 'normal' form. This pleomorphism of mononuclear cells which 

appear during the regeneration process, renders the certain identification 

of a:r,iy given cell diffic11lt, if not impossible, at that time. 

A generally accepted concept of skeletal muscle regeneration is 

that the cellular responses involved recapitulate or mirror the cellular 

activity of embryogenesis. This is perhaps particularly striking where, 

in both, myoblaste fuse to form myotubes which develop into mature 

fibres. It could be anticipated therefore that a study of satellite 

oells in embryogenesis would further elucidate their function in regener

ation. As against this, if the two processes are essentially similar, 

difficulties of individual cell identification, already encountered in 

regeneration, might also be encoUl!l.tered in embryogenesis. 

An essential criterion for the recognition of satellite cells is 

that they should be lying in a aubsarcolemmal position, beBeath the 

basement membrane of the parent fibre. In early embryonic muscle, 

there are no basement membranes, so at least at this stage it must be 

ascertained whether the remaining criteria are adequate for the recog

nitioD of these cells. To complicate the issue further, the morphology 

of cells in a given tissue va~ies with the degree of development of that 

tissue. As this is true of muscle, it could be assumed that satellite 

cells, even if appearing from an early stage , would themselves be 

I I 



subject to progressive, though perhaps only minor, changes of their 

morphology, with development, and would not necessarily have the same 

appearance as the satellite oells of adult muscle. 

If these preliminary considerations are valid, it would seem 

that the certain identification of satellite cells in developing muscle 

presents a somewhat formidable problem. Assuming however, that satellite 

cells are nonetheless to be seen in embryonic and developing muscle, 

as indicated from the specific reports outlined above, an attempt must 

also be made to evaluate their behaviour. Is the individual satellite 

cell, once laid down, destined to remain 1fixed 1 , in the sense that 

the myonuclei are 'fixed', that is, dividing no more? Or does it 

continue to divide to furnish furt~er myoblasts, and in the end to be 

set aside as a definitive satellite cell of the mature fibre? If 

satellite cells are a separate and distinct cell line, with their own 

specific function and role in adult muscle, can they be separately 

recognised from the 'myoblast line' in embryonic muscle? These are 

basic considerations underlying the present studyo 

No study -has previously been undertaken of the embryogenesis of 

the fruit bat webs, or their contained muscles. As these muscles have 

been subjected to extensive study in the adult animal, it was clearly 

appropriate to study their embryogenesis. The advantages inherent in 

the adult web, as an experimental tissue, are equally applicable to the 

embryo, and the ize and distribution of the web muscles renders them 

more easily quantitated than others. The developing web is easily seen 
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from an early stage, projecting from the body wall, and can be removed 

from the embryo with the minimum of damage. Being translucent, its 

contained stru.cturee can be studied in situ, before histology, and problems 

of orientation and sampling, so acute for electron microscopy, are 

largely overcomeo 

A minor problem using this species of animal for embryological 

studies is that it only reproduces once a yearo The general pattern of 

this reproductive behaviour is described more fully below, in Appendix (i). 

A considerable asset, however, is that the cycle is regular and pre

dictable; implantation occurs in September and October, and young are 

born in February and March, each yearo Bats collected on 5th November, 1965 

showed, for instance, the same distribution of early embryos as a 

similar sample collected on 3rd November, 19660 The large number of bats 

in the wild colony facilitates the collection of adequate samples of 

embryoso 

- - -0 - - -
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Methods 

Bats were obtained from the wild colony at approximately 

monthly intervals from early November till the end of February (Table 

No. 2)o The bats cluster very elosely together so that one shot from 

a twelve-bore shot gun will bring down between 30 and 40 animals. The 

majority are damaged in their wings, though a few are undamaged and drop 

with the others. Embryos are well protected by the maternal tissues, 

particularly in early pregnancy. 

The wild colony is only one mile from the medical school, so 

that bats could be taken to the laboratory with the minimum delay. 

The already dead ones were sectioned first. The live but injured ones 

were anaesthetised and t~e embryos removed by hysterotomy. The uninjured 

ones were then anaesthetised and their embryos obtained in the same way. 

The anaesthetics were carried to lethal doses after hysterotom,yo 

All embryos were immersed directly into 7% glutaraldehyde in 

Kreb-Ringer's aolutiono The earliest embryos were prepared intact. 

The webs of slightly larger embryos were dissected from the boey wall 

under the dissecting microscope and prepared as whole mounts. Later 

webs became too large for preparation in this way, and biopsies were 

taken from selected parts of the web. These biopsies were generally 

about 3 mm. in length by 1.0 - 1.5 mm. in breadth, containing a segment 

of a developing web muscle. Longitudinal orientation was therefore 

preserved, in the long axis of the biopsy. The uistal end of the 



- 103 ... 

biopsy was cut obliquely, so tbat the proximal and distal ends of 

the biopsy could be recognised when embedded in araldite. 

The crown-rump length of early embryos was measured, and all 

embryos were weighed prior to taking biopsies. In all but the very early 

embryos the wings could be extended and the mean length of the first . 
four ulnar group web muscles measured. (Table -3). 

Purther preparation of these embryos was routine, as described 

in Appendix II. Conditions of preparation were standardised as much as 

possible for each batch of embryos so that subsequent results could be 

comparativeo Fixation with osmium stains the web tissues dark brewn to 

black, so that the developing web muscle.s can be observed in the 

araldite blocks, by transillumination, revealing certain features of 

~heir development which would be difficult to ascertaiR by routine 

sectioning of the material. 

The web muscles were sectioned transversely and longitudinally 

in all but the smallest embryos. The midpoint of the ulnar group 

muscles was ohos.en for the main series o:f transverse sections, to give 

a comparative serieso Light and electron microscope studies were made 

concurrently at each stage. 

Embryo weights were plotted against time, for each batch of 

embryos obtained. Standard deviations were calculated and a growth 

curve constructed, (fig. 12). The ulnar group web muscle length was 
I 

I 
I 
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plotted against embryo weight (figo 13). From these 

muscle length could be plotted against gestation age 

this last curve, muscle lengths were selected to giv 

sequence of stages, from which the pattern of the web muscle embryo
genesis could be studied. Embryos having web muscles of these selected 
lengths were then chosen for more detailed study. As rapid and dramatic 
changes occur in the early weeks, early embryos were examined at more 

frequent intervals. Embryos were numbered (1 - 6), for ease of 

reference, from the time that the web muscle length oould first be 

measured. Two neonatal bats were also studiede 

Quantitation of the number of muscle fibres and myonuclei 

was undertaken for the embryos and neonates specifically studiedo 

Satellite cells were also counted from the time that they could be 

clearly made out in light microscopy (Table 4)o 

- - - 0 - - w 

I I 
I 

I 



- 104 -

plotted against embryo weight (fig o 13). From these two curves the web 

muscle length. could be plotted against ges'tation age (fig. 14). From 

this last curve, muscle lengths were selected to give a suitably spaced 

sequence of stages, from which the pattern of the web muscle embryo

genesis could be studied. Embryos having web muscles of these selected 

lengths were then chosen for more detailed study. As rapid and dramatic 

changes occur in the early weeks, early embryos were examined at more 

frequent intervals. Embryos were numbered (1 - 6), for ease of 

reference, from the time tnat the web muscle length could first be 

measured. Two neonatal bats were also studied o 

Quantitation of the number of muscle fibres and myonuclei 

was undertaken for the embryos and neonates specifically studiedo 

Satellite cells were also counted from the time that they could be 

clearly made out in light microscopy (Table 4)o 

- - - 0 - - ... 
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Fig. 12. Graph of embryo weights for embryos 
collected on 5 dates, from 3.11.1966 to 22.2.1967, 
showing the distribution (dotted lines) and 
standard deviations (solid lines) of each sample, 
and a growth curve plotted from the mean values. 
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Fig. 13. Graph of embryo weights plotted 
against the ulnar group web muscle length. 
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Fig. 14. Graph of the ulnar group web muscle 
length plotted against gestation age. The 
numbered embryos (1 - 6) are those described 
in the text. 

.rate. Males. Non-preg- Pregnant Young. Total. Notes. 
nant females. 
females. 

3.11.1966. 18 3 16 - 37 
30.11.1966. 14 - 18 - 32 1 twin pregnancy. 
4. 1.1967. 19 2 21 - 42 
1. 2.1967. 7 - 1 - 8 Roosting high. 

7 3 26 - 36 Roosting low. 
22. 2.1967. 26 6 10 5 47 

Totals. 91 14 92 5 202 

Table No. 2. The numbers of bats obtained from the local wild colony 
on 5 dates from November 1966 to February 1967. 
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Results 

Bats were obtained from the local wild colony on five dates, 

from November 1966 to February 1967. The overall numbers of animals 

obtained on each date, with the numbers of males, non-pregnant and 

pregnant females, and young, are given in Table 2. Of 202 animals, 

there was a slight preponderance of femaleso The majority of mature 

females were pregnanto Nine females were half-grown and non-pregnant, 

indicating that these animals grow to maturity between the first and 

second years, and become sexually mature in their seeond year. The 

young obtained on 5th February, 1967 were all neo-nates, clinging 

to their mothers. 

Pregnancies occurred in either horn of the bicornuate uterus, 

and were single in all cases except one of twins, with an embryo in 

each horn. Embryos have been collected before by Mutere (1965a) and 

others, but this is the first reportea instance of twins in this species, 

indicating that it is probably a rarity. Remarkably few embryos were 

damaged, particularly in early pregnancy, as they were protected by 

the maternal tiesueso 

The weights of all embryos obtained were plotted against time, 

for each sample collected, as shown in figo 12. The resultant curve 

is sigmoid, and indicates the marked degree of synchrony of preenancies. 

The actual scatter in time can be estimated by superimposition of the 

curve onto the points of extremes of the sample distributions, or on 
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the standard deviations. From this it aan be ascertained that 60% of 

pregnancies~ one standard deviation) · are synchronous within a 6 wk 

period, and the majority of pregnancies are synchronous within an 8 wk 

period, from October to March . 

This degree of scatter was such that it was deemed unnecessary 

to collect animals more frequently than once a month , though a better sampl -

ing would be obtained by collecting animals at fornightly intervalso 

Nonetheless a consecutive range of embryos weighing from several mg 

to 50 g was obtained, enabling considerable ohoiee of definitive embryos 

for the web muscle embryogenesis study. 

The actual date of implantation is difficult to determine 

accurately, but by comparison with the rates of development of other 

species, and calculation from the curve of fig. 12., it is probably 

centred on the early days of October. Similarly the date of birth 

can be imputed from the degree of maturity of late embryos, and the 

study of neo-nates, and is about the end of February and early March. 

This would give a gestation peri@d of 21 - 22 wk. 

Of the 5 neonates collected on 22nd February, 1967 (weights 

not included in fig. 12), the smallest weighed 45.3 g, had no ventral 

hair and its shrivelled umbilical cord was still attached. The Dext in 

size weighed 47.l g, had no ventral hair, but its cord had dropped offo 

The third weighed 5208 g, had some ventral hair and had also lost its 

card. The largest weighed 71.1 g and had hair of adult distributiono 

I 
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3.11.1966. 30.11.1966. 4.1.1967. 1.2.1967. 22.2.1967. 

Wt. Muscle Wt. :Muscle Wt. Muscle wt. Muscle wt. Muscle (g) length (g) length (g) length (g) length (g) length (mm.) (mm.) (mm.) (mm.) (mm.) 

'1100 small Too small · 0.95 - 18.85 15.0 25.30 19.0 Too small 0.63 - 4.02 6.0 21.38 17.0 28. 85 18.0 0.05 - 0.81 - 5.10 8.0 22.47 19.0 37.15 25.0 0.09 - 0.83 - 6.65 7.0 23.30 17.0 37.50 25.0 0.10 - 0.97 2.2 7.50 9.0 23.70 16.0 42.35 24.0 0 .11 - 1.18 - 7.50 9.0 23.90 18.0 44.25 25.0 0.12 - 1.40 - 8.27 9.0 23.90 19.0 49.40 26.0 0.17 - 1.73 - 8.90 9.0 24.20 19.0 50 .00 26.0 0.32 - 1.94 3.8 9.10 10.0 24. 82 18.0 64.30 30.0 0.40 1.0 2.22 - 9.72 - 26.55 19.0 1.22 - 2.26 - 10.27 12.0 28.95 20.0 Mean wt. 1.40 - 2.54 - 10.95 11.0 29.40 19.0 42 .12 1.77 - 2.91 - 14.77 14.0 30.10 20.0 
1.84 - 3.15 - 16.84 15.0 31. 85 21.0 
2.17 - 3.95 - 17.77 16.0 32.70 20.0 

6.20 - 17.82 17 .o 35.35 24.0 Neonates. 6.82 - 18.61 19.0 39.25 23.0 
7.74 7.0 19.97 17.0 39. 37 25.0 45.30 32.0 9.00 9.0 20.97 18.0 39.70 23.0 47.10 37.0 

40.90 22.0 52.80 38.0 
40.95 23.0 71.10 54.0 
42.30 23.0 
46.60 26.0 Mean wt. 
46.80 27.0 54.00 
47.65 24.0 
48.30 28.0 

Mean wt. 
0.70 2.96 11. 35 32.82 

Total. 
16 embryos. 19 embryos. 19 embryos. 26 embryos. 9 embryos. 

4 neonates. 

Table No. 3. We ights, and web muscle lengths, of embryos and neonates obtained on 5 dates from November 1966 to February 1967. 
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Embryo No.l. Embryo No.2 . Embryo No. 3, Embryo No.4. Embryo No. 5. 

Agg- Nuclei. Agg- Nuclei. Agg- Nuclei. Fibres. Nuclei Fibres. Nuclei reg- reg- reg-
ates. ates. ates. 

4 37 19 38 57 38 198 70 735 182 5 32 22 44 83 60 330 116 410 113 2 26 16 28 78 48 295 134 556 101 6 35 20 40 51 39 247 77 469 62 4 37 20 54 53 35 112 26 373 53 2 28 12 28 44 27 275 76 431 76 4 39 14 37 
2 28 23 39 
4 32 
5 43 
4 33 

Totals. 
42 370 146 308 366 247 1,457 499 2,974 587 Means. 
3.8 33.6 18.3 38.5 61 41 243 83 496 98 . 

Embryo No.6. Neonate No.l. Neona.te No.2. 

Fibres. Myo- uatell- F'ibres. Myo- Satell- Fibres. Myo- Sa tell-nuclei. -ite nuclei. ite nuclei. ite cells. cells. cells. 
566 193 47 452 129 25 485 157 45 7cj4 332 )9 736 277 47 368 138 29 273 125 14 499 180 25 668 245 65 579 299 38 389 124 20 419 162 53 1,055 430 60 737 214 44 535 236 34 612 258 31 750 245 29 573 237 37 

Totals. 
3,t)69 1,637 229 3,563 1,169 190 3,048 1,175 263 if/leans. 

645 273 38 594 195 32 508 196 44 

Table No. 4. Counts of fibre aggregate and muscle nuclei number,in Embryo Nos. 1 - 5, and mus cle fibre, myonuclei and satellite cell number, in Embryo No.6, and Neonate Nos. 1 - 2, in transverse sections of developing web muscles. 
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All these neonates had their eyes open. 

Allowing for a weight drop of several grams after birth, and 

calculating from the curve of fig. 12, the birth weight of this 

species is probably 45 - 50 g o It is relevant to indicate at this 

point that the term 1 embryo 1 is used in this study for all stages of 

intra-uterine development, particularly as many of the parameters of 

development have yet to be measured in this species. It is also 

interesting to note that as maternal weight varies between 250 - 300 g, 

young are born weighing between 1/5 and 1/6 of the maternal weight, and 

are subsequently carried in flight until they are considerably heavier. 

A detailed study of the general features of embryogenesis was 

not undertaken in this study, but the general development appeared to 

be similar to that of other vertebrates. The developmeRt of the webs is 

however quite distinctive. The web primordium is seen first as a thick 

blunt fold on the lateral aspect of the body wall in the 9 mm. embryo. 

The cranial end of this fold is particularly prominent and forms a 

rounded knob, with a cleft between it and the fore-limb bud, which 

appears at about the same time. The web fold grows laterally and 

forwards, so that the cleft between it and the fore-limb bud is 

deepened at first, and is well marked up to the 16 mmo (approx. 4 wks) 

stage. Thereafter fusion occurs between the developing fifth digit 

and the cranial end of the web fold thus obliterating the cleft, which 

bas disappeared by the 20 mm. (approx. 6 wk) stage. This would indicate 

that the main web develops as a separate entity from the fore-limb, and 
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not as a secondary development betweep the two limbs. It could also 

be presumed that structures developing in the web either develop in situ, 

or migrate into the web from the body wall, but do not migrate from 

the fore-limb bud. 

Study o~ individual embryos. 

11 mm. embryo; 100 mg, estimated age 3 wk 

This embryo had well-developed limb buds, projecting antero

laterally from the body wall, the forelimb bud being slightly larger 

than the hindlimb bud, and measuring about 2 mm in length. Between 

them the web fold, with .its anterior rounded end, was projecting about 

l mm. from the body wall. The excised web fold, embedded in araldite 

before sectioning, was transilluminated through the araldite and 

photographed (figo 15 a.). It could be seen to contain a network of 

capillaries, with a more prominent series entering the mid-point of the 

fold. 

Sections were out in a sagittal plane, parallel to the body wall, 

through the apex of the web protuberance. On light microscopy, tme 

predominant cell type throughout the fold is a primitive mesenchymal 

cell, containing a large nucleus and non-specific cytoplasm. A few 

capillaries are forming (fig. 15, b, c and d)o The mesencbymal cells 

are well spaced, and their cytoplasm extends out in prolonged strands 

or pseudopodia which establish occasional contact with each other. 

Electron microscopy establishes that the majority of cells deep 



to the epidermal layer have t 1 

cells. The most striking fe 

that the web fold is alreaf 

axons (fig. 15, e and f). 

to contain neurofilament 

from Oo25 - 1.0 micron 

free between the mese· 

taken to be the earl. 

myelinated. 

,· 
'' 

There is no evidence of actozey-osin in the cytop-

1.00 

the mesenehymal cells in the web fold at this stage. It would be 

presumptuous therefore to call any of them zey-oblasts. However, certain 

cells are seen to contain lipid-filled vacuoles, whieh are a regular 

feature of the earliest form of myoblast, as seen in slightly later 

embryoso 

No basement membranes are seen around the primitive capillary 

endothelial cells·,_ though very small amounts of collagen are visible, 

particularly in the vicinity of these capillaries. 

A distinctive feature of many of the mesenchymal cells is 

that they appear to carry cilia. This phenomenon has been .discussed 

above in Section II, p. 79. These cilia are rarely sectioned longitudin

ally, but the longest seen protruded 1.3 microns from the cell, into 

the inter-cellular space. They 1ike origin from basal bodies which are 
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to the epidermal layer have the appearance of non-specific mesenohymal 

cells. The most striking feature revealed by electron microscopy is 

that the web fold is already, at this stage of development, invaded by 

axons (fig. 15, e and f). These, when sectioned transversely, are seen 

to contain neurofilaments and micro-tubules. They vary in diameter 

from Oo25 - 1.0 micron, and are seen mainly in groups, either lying 

free between the mesenchymal cells or embraced by cells which could be 

taken to be the earliest form of Schwarm cell. The axons are all non

myelinated. 

There is no evidence of actomyosin in the cytoplasm of any of 

the mesenchymal cells in the web feld at this stage. It would be 

presumptuous therefore to eall any of them myoblasts. However, certain 

cells are seen to contain lipid-filled vacuoles, which are a regular 

feature of the earliest form of myoblast, as seen in slightly later 

embryos o 

No basement membranes are seen around the primitive capillary 

endothelial cells, though very small amounts of collagen are visible, 

particularly in the vicinity of these capillaries. 

A distinctive feature of many of the mesenchymal cells is 

that they appear to carry cilia. This phenomenon has been discussed 

above in Section II, p. 79. These cilia are rarely sectioned longitudin

ally, but the longest seen protruded 1.3 microns from the cell, into 

t he i nter-cellular space. They "like origin from basal bodies which are 
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a) :x: 25 

d) X 

e) :x 1000_ f) :x: 11,520 
Fig. 15. 11 mm. embryo. a) the web primordium, protruding from 
the lateral body wall. b) section through the apex of the web bud. 
c) section through the base of the web bud. d) the central area of 
c) enlarged, showing mesenchymal cells and primitive capillaries. 
e) enlarged from d), showing faint grey structures between the 
mesenchymal cells. f) electron micrograph to show that the 'grey' 
structures are axons, embraced by'Schwann'cells. 
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similar in type to those seen in other cell types, and a centriole is 

sometimes seen lying in the cytoplasm, close to the basal body. They are 

seen so regularly at this stage that it can be assumed that the majority 

of the mesenchymal cells carry at least oneo Their function remains 

obscure. 

In summary, from this early stage of its development, the web 

fold, projecting omly l mm. from the body wall, contains not only 

primitive mesenchymal cells and capillaries, but is invaded by collections 

of small axons which are partially supported by 1Schwann 1 cells. There 

is n0 specific evidence of myogenesis at this stage. 

13 mm. embryo; 170 mge, estimated age 3! weeks 

Thi s embryo r epresents a stage of development a few days l a t er 

than the previous oneo The limb buds are now small paddles , with 

blunt digits. The web primordium, photographed through the araldite 

(figo 16), is a more definite fnld, most prominent cranially where it 

ends in a rounded knob, close to the f i fth digit, but separated from 

it by a deep cleft. The pattern of vessels passing into the web from 

the bo dy ~vall is now more regular , wit h a wel l - formed centrnl leash , 

corresponding to the definitive neuro- vascular axi s of t.h 0 ma t ure ~eb, 

which P.nters the web at t he el bow. No evidence of muscle fibres can 

be seen through the transilluminated web. 

Light microscopy of sagittal sections through the apex of the 

web fold reveals the same loose arrangement of mesenchymal cells as 

II 
I 

I 
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seen at the 3 wk stage . The main leash of vessels are l arger in diameter 

(fig. 17). Close to the main vessels a number of faintly stai_ning 

amorphous structures can be seen, and some of these appear to be 

embraced by 1mesenchymal 1 cellso In the same vicinity other cells have 

group~d themselves together and have taken on a distinctive granular 

appearance in their cv~oplasm. Little else can be determined, in tbeRe 

sections, by light microscopy. 

Electron microscopy reveals that the 'amorphous' structures 

lying close to . the main vecsels are large numbers of minute axons, as 

were seen in smaller groups in the previous embryo. Axon diameters vary 

between 0.25 and 1.25 microns. They lie closely packed together, with 

0 contiguous plasma membranes separated by a gap of about 150 A, and 

embraced by a 'Schwann' oell. The 'Schwann 1 cell cytoplasm extends 

around the axons as a group, without penetrating to any extent between 

individual axons. The number of axons in the groups studied varied 

between 20 and 40. 

The collections of cells with 1granular 1 cytoplasm, lying close 

to the main vess~ls, are seen in electron microscopy to be differentiat

ing myotubes, containing actomyosin in their cytoplasm (figs. 18 and 19). 

The actomyosin is being laid down as myofibrils , varying in diameter 

from Oo25 - 1.0 microns, situated in scattered groups throughout the 

cytoplasm, but not showing any preponderance in the periphery of the 

cell or juxta-nucleqr region. When seen in transverse section, these 

cells are lying closely applied to each other, with occasional 
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Fig. 16. 13 mm. embryo. 
The web fold projecting 
from the lateral body wall , 
as seen embedded in araldite. 
A leash of vessels is 
entering the fold. X 27•5 

Fig. 17. 13 mm.embryo. A light photomicrograph of a section through the central part of the web fold, showing the developing neuro-vascular axis. The grey areas around the vessels are bundles of axons. The groups of cells, upper right, are the earliest muscle fibres to appear in the web. x 450 
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desmos ome-like j unctions i n their pla sffifl membraner 

basement membranes, neither is there any collag, 

these cells. The actomyosin is present in relativ, 

accounting for less than 30% of the cytoplasmic volume. 

In addition to the desmosome-like junctions between these 

cells, the specific type of pinocytosis, for which the term 'fuzzy

surfaoed' pinocytosis was coined by Fawcett (1964), is regularly seeno 

These vacuoles are seen in different stages of formation, and when 

fully formed appear to remain within 200 millimicrons of the plasma 

membrane o They vary in size up to 150 millimicrons in diameter, and 

are characterised by a densely staining, triple-layered wall. Their 

form and function have been discussed above. (Section II, p. 76 and 

fig. 8, P• 79 ). 

Surrounding the developing muscle fibres, and at times closely 

applied to them, are numbers of other cells looking similar in 

appearance to the 'non-specific' mesenchymal cells in general, and 

containing no actomyosin in their cytoplasm though they sometimes 

contain lipid vacuoles. Their position would indicate that they are 

presumptive myoblasts, though the certain identification of any given 

cell is not possible. They are easily distinguished from the 

occasional histiocyte, which contains large densely staining vacuoles 

in its cytoplasm. Cilia are seen protrudi ng from some of.the mesenchymal 

cells, but not from the developing mus cle f i bres . 
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desmosome-like junctions in their plasma membranes. There are no 

basement membranes, neither is there any collagen in the vicinity of 

these cells. The actomyosin is present in relatively small amounts, 

accounting for less than 30% of the cytoplasmic volume. 

In addition to the desmosome-like junctions between these 

cells, the specific type of pinocytosis, for which the term 1fuzzy

surfaced1 pinocytosis was coined by Fawcett (1964), is regularly seeno 

These vacuoles are seen in different stages of formation, and when 

fully formed appear to remain within 200 millimicrons of the plasma 

membraneo They vary in size up to 150 millimicrons in diameter, and 

are characterised by a densely staining, triple-layered wall. Their 

form and function have been discussed above. (Section II, P• 76 and 

fig. 8, p. 79 ). 

Surrounding the developing muscle fibres, and at times closely 

applied to them, are numbers of other cells looking similar in 

appearance to the 'non-specific' mes enchymal cells in general, and 

containing no actomyosin in their cytoplasm though they sometimes 

contain lipid vacuoles. Their position would indicate that they are 

presumptive myoblasts, though the certain identification of any giv en 

cell is not possible. They are easily distinguished from the 

occasional histiocyte, which contains large densely staining vacuoles 

in its cytoplasm. Cilia are seen protrudi ng f r om some of the mesenchymal 

cells, but not from the developing mus cle f i bres . 

II 
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a) X 1,70d b) X 4,600 
Fig. 18. Electron photomicrographs showing the ear liest mus cl e 
fibres to appear in the web, in the 13 mm. embryo. a) at low 
magnification. b) at higher magnification, showing the 
aggregation of these early fibres. 

Fig. 19. Electron photomicrograph, enlarged from fig. 18 b), 
showing the synthesis of actomyosin in the early muscle fibres 
of the 13 mm. embryo web. A desmosomal junction is seen, left. 
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In summary, myogenesis in the web, as determined 

appearance of actom.yosin in the web mese:richymal cells 

between the two stages now described, that is between 3 

development of the embry0 (11 - 13 mm. crown-rump length). It 

' the 

appears to begin after the migration into the web primordium of neural 

elements, which are seen in the 13 mm. stage in considerable excess 

of the developing muscle fibres. Only two types of cell can be clearly 

defined in the region of the earliest muscle fibres, namely those 

containing actomyosin and those 'non-specific' lipid-containing mesenchy

mal cells closely applied to them. 

Embryo No. 1: 16 mm., 400 mg., estimated age 4 wks. 

Dramatic changes are seen in the period between the third and 

fourth weeks of development in these embryos . This is clearly illustrated 

in the developing web, which by 4 wks i s a definite fold attached to the 

lateral body wall, running cranio-caudally, with a blunt, knob-like 

cranial end lying close to the fifth digit, but still separated from 

it by a cleft. When transilluminated in situ in the araldite, the 

pattern of the developing web muscles can for the first time be made 

out. 

The striking feature of the web muscles at this stage is that 

they have appeared simultaneously, in an order and distribution exactly 

presaging the adult arr1-111gement (fig . 20 a)) • The web vessels are 

now quite distinct, entering obliquely and crossing the muscles to pass 

in the general direction of the lateral corner. The axillary muscle, 

I 
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In summary, myogenesis in the web, as determined by the first 

appearance of actomyosin in the web mesenchymal cells must commence 

between the two stages now described, that is between 3 - 3i wks 

development of the embryo (11 - 13 mm. crown-rump length). It 

appears to begin after the migration into the web primordium of neural 

elements, which are seen in the 13 mm. stage in considerable excess 

of the developing muscle fibres. Only two t ypes of cell ean be clearly 

defined in the region of the earliest muscle fibres, namely those 

containing actomyosin and those 'non-specific' lipid-containing mesenchy

mal cells closely applied to them . 

Embryo No . 1: 16 mm., 400 mg., estimated age 4 wks. 

Dramatic changes are seen in the period between the third and 

fourth weeks of development in these embryos. This is clearly illustrated 

in the developing web, which by 4 wks is a definite fold attached to the 

lateral body wall, running cranio-caudally , with a blunt , knob-like 

cranial end lying close to the fifth digit, but still separated fr0m 

it by a cleft. When transilluminated in situ in the araldite, the 

pattern of the developing web muscles can for the first time be made 

out. 

The striking feature of the web muscles at this stage is that 

they have appeared simultaneously, in an or~er and distribution exactly 

presaging the adult arrangement (fig. 20 a)) . The web vessels are 

now quite distinct, entering obliquely and crossing the muscles to pass 

in the general direction of the lateral corner. The axillary muscle, 
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always larger in the adult, is well seen in the more caudal part of the 

web. The remaining muscles, when counted, are e:i.uivalent to the normal 

adult number. In the lateral corner, smaller muscles can be made out, 

corresponding to the diminishing digital group of muscles in the adult 

web. It can be inferred from these opservations, that the web muscles 

are laid down from the outset in the position they are later to occupy, 

and do not migrate from elsewhere, such as from the body wallo The 

main group of web muscles, designated the ulnar group, measure about 

1 mm. in length at this stage. 

When the web is sectioned to cut the muscles transversely 

(fig. 20 b,c,d,) they are seen lying in a straight line in the web, 

and they contain lipid granules and actomyosin. Neural elements can 

be seen lying dorsal to the developing muscles and ramifying between 

them. The individual muscles are lying close to each other at this 

stage, and are themselves surrounded by mesenchymal cells whose 

orientation is essentially around them. 

Sectioning the web near the point of entry of the main vessels 

reveals the presence of large numbers of axons, accompanying the 

vessels, and clearly representing the main neural supply to the web 

musculature -that coming into the web at the elbow, in the adult. 

Thus essential relationships are established between the web musculature 

and its neuro-vascular supply at this early stage. 

Low power electron microscopy of the transversely sectioned web 
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Fig. 20. Embryo No. 1, 16 mm. a) the transilluminated web fold, 
showing the developing muscles. b), c) and d) light photomicro
graphs, at successive magnifications, of a transverse section 
through the mid-point of the developing muscles, showing the 
muscle fibre aggregates, and their neurovascular supply. 

Fig. 21. Embryo No. 1, 16 mm. Low power electron photomicro
graph, of a transverse section of developing muscle, showing the 
aggregation of fibres containing actomyosin and lipid vacuoles. 
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museles reveals the closely paeked nature of the developing muscle 

fibres (fig. 2l)o Between 28 and 43 nuclei were counted in these muscles, 

giving a mean of 34 nuclei. N0t all these cells contained actomyosin 

in their cytoplasm, though their position in relation to the developing 

fibres or muscle axons would indieate that they are respeetively 

presumptive myoblasts, or Schwann cells of the muscle nerves. 

The majority of developing muscle fibres are lying in close 

proximity to each other (fig. 22) with extensive areas of contiguous 

plasma membrane, and occasional desmosome-like junctions. Where there 

are inter-cellular spaces, they divide the fibres into groups or 

aggregates, which number from 2 - 6 at this stage. The majority of 

electron micrographs at higher magnifications indicate that there is no 

fusion of plasma membranes, though interpretation becomes difficult 

where membranes are obliquely cut, and thereby less distinct. In no 

case was more than one nucleus seen in transverse sections of these 

developing fibreso In longitudinal section, however, nuclei are seen 

in longitadinally arranged rows, with no plasma membranes between them, 

as typical myotubes. 

Some of the cells, lying between obvious muscle fibres, contain 

no aotomyosin but contain large numbers of polyribosomes in their 

cytoplasm. These are again presumptive myoblasts. Occasionally a 

cell of this latter category is seen bearing a cilium. 1Fuzzy' 

pinocytotic vacuoles are seen, as in the previous stages. 
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The actomyosin is being laid dolffl. as myofibrils, which are of 

similar diameter to the stage before (0.25 - loO micron), and occupy 

less than 3o% of the cytoplasmic volume. They are arranged peripherally, 

but not in close apposition to the plasma membrane. They are occasionally 

seen in close relationship to the nuclear membrane. Lipid-contain-

ing vacuoles, measuring up to 1.2 microns across, are again in evidence, 

generally ih cells containing actomyosin. 

No basement membranes are evident at this stage. The proximity 

of the majority of the adjacent cell plasma membranes would preclude the 

presence of basement membranes between them, but in situationswhere there 

is more space between cells there is a patchy distribution of homo

geneous, electron-dense, material, closely related to the plasma membrane , 

but by no means constituting a regular membrane. This is interpreted 

as the earliest sign of basement membrane formation by these cells. 

Progressively more of this material is seen in later embryos. There is 

again no evidence of collagen in the vicinity of the developing muscles, 

or between their fibres. 

In summary, by the 4 wk stage, the web muscles have appeared in 

the entire web, in adult distributiono Neural elements are ramifying 

between the developing fibres, which themselves are packed as aggregates, 

and joined to each other by occasional desmosomes. Actomyosin, though 

being actively synthesized, still occupies less than 1/3 of the cytoplasm, 

and m;yonuclei are central - the classical myotube stage. Apart from the 

m;yotubes, the neural elements and the occasional histiooyte, cell 

i' 
I 
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Fig. 22. Embryo No. 1, 16 mm. An electron photo
micrograph of a transverse section of developing 
muscle fibres in a fibre aggregate, showing the plasma 
membrane relationships of' the fibres, and the acto
myosin and lipid vacuoles which they contain. 

X 23,400 
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identification is non-specific, though certain cells, lying between or 

adjacent to muscle cells, and containing polyribosomes, are presumed 

to be myoblasts. There is still almost total absence of basement 

membrane and collagen. 

Embryo No. 2: 20 mm., 970 mg., estimated age 6 wks 

By this stage the limbs are well formed, the digits of the 

hand have elongated and developed small webs between them, and the cleft 

between the fifth digit and the crqnial end of the maiID web is 

obliterated. When viewed through the transilluminated araldite, the 

main web structures have a clear relationship to the adult form; the 

neurovasoular axis now enters the web from the region of the elbow, the 

web muscles are spaced further apart, are of roughly uniform width, and 

taper at their ends. The web fold is itself proportionately thinner, 

and the individual web muscles now are represented by ridges on the 

ventral surface of the web. The mean length of the first 4 ulnar group 

web muscles is 2.2 mm. 

Transverse sections through the mid-point of the web muscles 

(fig. 23) reveal the muscle fibres to be more widely spaced and 

arranged in smaller aggregates, the individual fibres within an 

aggregate bearing the same type of relationship that the majority of 

fibres bore to each other at earlier stages. The number of aggregates 

Taries from 12 - 23, with a mean of about 18. The number of nuclei in 

the cells of these aggregates total about 38 per musclo, or about 2 per 

aggregate. 
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Electron microscopy reveals that the relationships of the 

developing fibres within the fibre aggregates are essentially the same 

as observed at previous stages, with plasma membranes separated in 

0 many places by a gap of less than 500A, and containing no basement 

membrane between them. The myonuclei are still placed centrally in 

the fibres, but are surrounded by proportionately more actomyosin, 

which now occupies up to 50% of the cytoplasm, when seen in cross 

section. Large lipid vacuoles, measuring up to 1.5 microns across, 

are again a regular feature. Between the fibre aggregates occasional 

cells with elongated protrusions of cytoplasm can be seen, and these 

are interpreted as being early fibroblasts. 

A distinctive cell type is seen at this stage, closely related 

to the fibre aggregates. It is a compact cell, having relatively little 

cytoplasm, and with nuclear chromatin less uniformly distributed than 

the myonuclear chromatin (fig. 24). Its cytoplasm contains no actomyosin, 

though it contains free ribosomes, mitochondria and small amounts of 

granular endoplasmic reticulum. Its cell membrane occasionally 

exhibits 'fuzzy' .Pinocytosis . It is possible that this cell represent s 

the earliest distinguishable form of satellite cell, t hough i n the 

absence of definit ive basement membranes it is impossible to be 

conclusive at this stage . 

On the outer surfaces of cells lying in the f ibre aggregates 

can be seen, at this stage, a definitive layer of electron dense 

material, which has the appearance of basement membrane. It is by no 
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a) X 200 b) X 2, 720 
Fig. 23. Embryo No. 2, 20 mm. a) light photomicrograph of a 
transverse section throug~ two web muscles, with the main neuro
vascu+ar bundle of the web below them. b) low power electron 
photomicrograph of developing muscle fibres, in aggregates. 

Fig. 24. Embryo No. 2, 20 mm. An electron photomicrograph of 
a transverse section of developing muscle fibres, showing a 
fibre with central myonucleus, and an adjacent cell with little 
cytoplasm and clumped nuclear chromatin, possibly a satellite 
cell.. :x: 23,400 
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means uniform, but can be seen to be bridging from one cell to 

another at the periphery of the aggregate, and is far more definiti!Te 

than at the previously described stage. In the tissue spaces between 

fibre aggregates small amounts of collagen can now be seen, generally 

in fairly close proximity to the long cytoplasmic protrusions of the 

presumptive early fibroblasts. 

In summary, by 6 wk, the web has assumed more adult proportions, 

the individual web muscles are now well separated from each other and 

of uniform width except at their tapering ends. Their contained fibres 

are still of the myotube type, with centrally-placed nuclei, and are 

arranged in about 18 aggregates. Basement membranes are recognisable, 

but limited to the outer surface of the aggregated cells, and are patchy . 

in distribution even there. A distinctive cell type, which could 

possibly be an early satellite cell, is seen in association with the 

developing fibres, within the patchy basement membrane. Small amounts 

of collagen are now being laid down between the fibre aggregates. 

Embryo No. 3: 25 mm., 2.17 g., estimated age 8 wks 

All the definitive tissues of the web are in evidence by this 

stageo The general proportions of the web muscles and their neuro

vascular supply are more adult in form than at the previous stage, 

indicating that the web and its contained structures are growing uniformly. 

The mean length of the first 4 web ulnar muscles is now 3.8 mm., or 

nearly twice their length at the 6 wk stage. 

I 
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When viewed through the araldite with transillumination 

(fig 25a), a great deal of detail can now be made out. The fibre aggreg

ates can be distinguished, and the neurovasoular distribution very 

clearly mapped out. With control of the depth of focus, the scattered 

mesenchymal cells between tne muscles can be seen to conform to patterns 

of orientation. This is particularly evident at the distal ends of the 

web muscles where the general orientation of these oells is in radiat

ing lines away from the end of the muscle. The significance of this 

is not clear but it indicates that, whereas these cells seem to lie 

randomly when seen in histol0gical preparations, when viewed in the whole 

mount they clearly have distinctive orientation. 

When sectioned transversely the web muscles are seen to lie 

towards the ventral aspect of the web, and are represented by ridges 

of the ventral skin overlying them (fig. 25b). Elastin is being laid 

down between the muscles and the dorsal skin. The general shape of the 

muscle is. rounded in transverse section (fig. 25c), in contrast to the 

adult form which is more flattened in the axis of the web. The fibre 

aggregates are smaller, more numerous, and are separated by developing 

connective tissue {fig. 25d). It is not always possible to distinguish 

in light microscopy between the individual fibres in these aggregates, 

but the aggregates themselves can be oounted and Tary between 51 and 83 

in the 6 muscles counted, with a mean of 610 The nuclei are more 

readily counted, and varied between 27 and 60 with a mean of 41. By 

this stage the nuclei of fibroblasts, vascular and neural elements can 

be clearly distinguished from the nuclei of the muscle f ibres, and were 

I I 
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b) X 92 

d) X 1000_ 

e) :X: 2,550 f) X 9,360 
Fig. 25. Embryo No. 3, 25 mm. a) the whole web, embe dded in 
araldite. b), c) and d) light photomicrographs, at successive 
magnifications, of the web muscles in transverse section~ e) low 
power electron photomicrograph, showing fibre aggregates. f) 
electron photomicrograph, showing two developing fibres, and two 
adjacent cells with different nuclei, which are presumptive 
myoblasts or possibly satellite cells. 
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Fig. 26. An elect~on photomicrograph of developing muscle fibres 
in transverse section in Embryo No 3, showing a fibre with about 
50% of its sarcoplasm filled with myofibrils, and a basement 
membrane surrounding it and several other cell processes. At one 
point, top left, the sarcoplasm appears to have protruded through 
the basement membrane. On the right are neural elements with 
end-plate vesicles, and a thicker layer of 'basement membrane• 
between them and the muscle fibre. x 25,200. 
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not included in these nuclear counts. 

Electron microscopy reveals that the fibre aggregates 

are smaller and vary from 2 to 6 cells (fig. 25e & f) . Basement 

membranes are readily seen, and extend around the component cells of 

the aggregates (fig. 2,). Some cells have at this stage separated off 

from others, and are entirely surrounded by basement membrane. The 

areas of contact between cells within an aggregate are more limited, 

more irregular, and there are fewer desmosome-like structures. In 

places the basement membrane can be seen bridging over the gap between 

the adjacent external edges of two cells within an aggregate. 

There is considerable variation in the amount of aotomyosim 

in the individual fibres at this stage. The more advanced fibres 

contain up to 50% but they can be seen lying against fibres with 

only minimal amounts, or cells with none at allo These latter are by 

their position presumptive myoblasts. Some of them have relatively 

little cytoplasm, and clumped chromatin in their nuclei, and could again 

be the earliest fo:rm of satellite cell, particularly in that they are 

now clearly seen lying beneath a basement membrane enclosing develop

ing muscle fibres. Lipid containing vacuoles appear to be less 

numerous at this stage, as do 1fuzzy' pinocytotic vacuoles. 

Each muscle has a well developed neurovascular bundle running 

al0ng its lengtho The axons are still small (0.25 - 1.0 micron), and 
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are lying closely packed in groups, surrounded by single Schwann cells. 

One Sohwann cell was noted to be embracing 118 axons, without any 

attempt ta enclose single axons or lay down myelin. Developing end 

plates were seen for the first time at this stage. At earlier stages, 

neural elements could be seen in close proximity to individual fibres, 

but without any specific dispositiom and without endplate vesicles. 

In summary, by 8 wk all the definitive web tissues are in 

evidence, growing uniformly, in clase correlation with adult proportians. 

The web muscles are still made up of fibre aggregates, but these are 

more numerous, contain fewer cells, and are separated by developing 

connective tissue. Within the aggregates, there is a wide range of 

development from cells containing no aetomyosin to maturing fibres with 

up to 50% actomyosin and an eccentric nucleus. Some of the aggregate 

cells resemble satellite cells in that they are lying beneath the 

basement membrane of the aggregate, are lying adjacent to maturing fibres, 

have little cytoplasm, with no actomyosin, and contain clumped chromatin 

in their nuclei. 

1 
Embryo No •--:.4...;.:_..:.4_2_mm __ •• , __ 9...;.o...;.0_...g""" ..... ,_e_s_t_i_m_a_t_e_d_a.,,.g_e_l_l""2_w_k_s_. 

This embryo represents the mid-point of intrauterine development, 

in a gestational period o~ 21 - 22 wks. It is however considerably 

less than half the neonatal weight and size, as growth is accelerated 

in the second half of intrauterine development. Thus its weight is 

only 1/5 of neonatal weight. The limbs are well flexed, and the 
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forelimbs, being inherently longer, are ·wrapped around the trunk in 

the roosting posture of adults, so that the webs lie applied to the body 

wail. The web muscles measure 9o0 mm. or about! the length of the 

neonatal web muscles. 

Apart from the overall increase in size, little difference can be 

noted in the gross organisation of the web structures, particularly in 

that adult proportions are attained at earlier stages. The individual 

web muscles are represented by pronounced ridges in the ventral skin of 

the web (figo 27a). When viewed in low power light microscopy the 

muscles have by this stage a definite grouping into fascicles, with 

considerably more development of the connective tissue architecture 

(fig. 27b). Higher magnifications reveal the by now familiar pattern of 

fibre aggregates, and individual fibres within the aggregates are more 

easily recognised. :Fibre counts varied between 112 and 330 in the 6 

muscles counted, with a mean of 243 fibres. Npclear counts varied 

between 26 and 134, with a mean of 830 Not enough distinction could 

be made in light microscopy between the nuclei of muscle fibres and 

those of possible· ~atellite cells lying beside them, so that these 

counts represent all the nuclei seen in the fibre aggregates, or in 

individual fibres lying singly, in a given transverse section of a 

whole muscle. 

In the electron microscope, the gemeral features of the fibre 

aggregates (fig. 27c) are similar to those described for the stage 

before. There is considerably more aetomyosin in the more mature 
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fibres, which now measure up to 8 microns in diameter, with a mean 

diameter of about 5 microns (c.f. adult fibre dia11.eter of 10 - 13 micr@ns). 

Some fibres contain up to 80% mf actomyosin in their cytoplasm, and 

myonuclei are more frequently seen i n a peripheral position in the fibre o 

There is still however a complete range of pleomorphism in the con

stituent cells of individual aggregates, varying from the compact cell 

containing little cytoplasm and no actomyosin, through myoblast and 

Dcy"otube stages to the more mature-looking fibre . Individual maturing 

fibres are again seen isolated from others, with their own basement 

membranes, but immature forms are never seen in isolation, and are 

always in close apposition to more mature fibres. Occasional desmosome

like structures and 1fuzzy' pinocytotie vacuoles are seen within fibre 

aggregates. The important conclusion that can be drawn at this point is 

that newly developing fibres seem to arise only within fibre aggregates, 

alongside well established and more mature fibres, and not in isolation 

from them.· It is also relevant to note here that total fibre number is 

still less than i the adult number for these web muscles. 

Basement membranes are so clearly defined by this stage that 

the relationship of a given cell to a basement membrane can be more 

precise (fig. 29)o Some of the cells lying within the aggregate base

ment membranes are again quite distinctive, containing little cytoplasm, 

no actomyosin, and irregularly clumped chromatin in their nuclei. These 

cells can be recognised without difficulty in transverse sections, but 

are more difficult to discern in longitudinal sections, particularly 

because plaema and basement membranes are so frequently sectioned 
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obliquely in this plane and therefore appear indistinct. However, where 

a given aggregate of fibre is cut in true longitudinal section, at about 

its widest point, plasma and basement membranes are more distinct. In 

these accurate longitudinal sections, some of the undifferentiated cells 

can be seen to have limited amounts of cytoplasm, to be fusiform in 

shape, and to be lying closely applied to a more mature fibre. Their 

nuclei are again quite distinctive and can be contrasted readily with 

the nzy-onuclei. They have therefore all the essential characteristics 

of adult satellite cells and must be labelled as such on these criteria 

(figs. 27d and 28)o 

The nerves in the web muscles are much more adult in form by this 

time. Individual axons vary in diameter from 0.3 - 1.5 microns, and 

are supported by Schwann cells, the cytoplasm of which is enfolding the 

majority of the axons, but without development of myelin. Endoneurial 

collagen is present in abundance and perineurial cells are seen extend

ing around groups of Schwann cells and their enclosed axons. 

In summary, at the chronological mid-point of gestation, the web 

muscles are about i their length at birth, though body weight is still 

only 1/5 of birth weight. There is considerably more architectural 

development of the web muscles by this stage, and the fibres are loosely 

arranged in fascicles. Fibre aggregates are still in evidence, though 

they contain in general only 2 or 3 fibres. Basement membranes are 

well defined, and can be seen around the fibre aggregates and around 

the increasing number of singly placed fibres. Within aggregates there is 
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a) X 43 

d) X 5,600 
Fig. 27. Embryo No. 4, 42 mm. a) and b) light photomicro.graphs 
of the web muscles in transverse section, at low and higher 
power. c) low power electron photomicrograph of developing fibres, 
in small aggregates. d) electron photomicrograph of a longitudinal 
section, showing a satellite cell alongside a developing fibre. 
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Fig. 28. An electron photomicrograph 0£ a longitudinal section 0£ a developing muscle £ibre in Embryo No. 4, showing part 0£ a satellite cell lying beside the £ibre, under a common basement membrane. The satellite cell cytopl a sm has protruded throug~ the basement membrane at one point. x 18,000 

F'ig. 29. An electron photomicrograph 0£ a transverse section 0£ developing muscle £ibres in Embryo No. 4, showing a more mature £ibre adjacent to a f ibre just beginning to synthes ize actomyosin, both under a common basement membrane. x 22,300 
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still a complete pleomorphism from 1113Toblast to maturing fibre. Certain 

mononuclear cells, containing little cytoplasm, fusiform in shape, and 

with distinctive nuclei, fulfil the essential criteria fer satellite 

cells, and are therefore distinguished as such. The important conclusion 

is drawn that new fibres are still being formed at this stage (fibre 

number is still less than! aault number), and that these new fibres 

are laid down alongside already established fibres, and closely applied 

to them, within a common basement membrane. 

Embryo Noo 5: 21.0 g., estimated age 15 wks. 

This embryo, though only about 3! wks older than the last, is 

over double its weight, indicating the increased rate of growth seen at 

this stage of development. The web muscles are 18 mm. in length, again 

double that of the previ0us embryo. The web has increased in size in all 

dimension,, so that growth can be reckoned to have occurred uniformly 

throughout the web tissues. This is of importance when considering the 

manner in which the web muscle fibres are lengthening. The web tissues 

can again be studied by transillumination through the araldite in which 

they are embedded, but little extra can be learnt at this level of 

magnificationo 

When seen in low power light microscopy, the web muscles have a 

more definitive connective tissue architecture than previously, the 

muscle fibres being grouped into well marked fascicles (fig. 30). About 

half the fibres are now lying singly, and are thus clearly discernable. 

I 
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The remainder are lying in small aggregates of 2 or 3 fibres. The 

fibre number, counted for 6 muscles, varied between 373 and 735 fibres, 

with a mean of 496. ~onuclei and satellite cell nuclei together numbered 

between 53 and 182, with a mean of 98. Thus total fibre number has 

approached the normal level for adult web musclles (200. 1000 fibres, 

with a mean of 650), though the number of nuclei seen in transverse 

section is still less than half the adult numbero 

Electron microscopy reveals a picture which is essentially the 

same as the previous embryo, but with the following differences. The 

single fibres, which now number about half the total, are much more 

mature, and though still only measuring 3 - 6 microns in diameter , 

contain much more aetOIZJJTOsin, which now occupies about 95% of the 

cytoplasm (fig. 31). Cells fulfilling the criteria for sat ellite cel ls 

are again regularly seen in close relation to maturing fibreso Within 

fibre aggre~atee, the majority of fibres exhibit a marked degre e of a 

maturity, and m;yoblasta or fibres with minimal amounts of aotomyosin 

are rarely seen. An attempt was made to count the satellite cell s at 

this stage, in light microscopy, but this was not feasible, due to the 

degree of pleomorphism still existing in the cell s wit hin the f ibre 

aggregates . 

In summary , this phase of development is characterised by an 

increased r ate of growt h , whereby in 3} wks the embryo i s over t wice 

its previous weight , and the web muscles have doubled in length. The 

web muscle fibre number is now approaching the adult level, with about i 
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a) X 96 X 1 ,080 

Fig. 30. Embryo No. 5. Light photomicrographs of a transverse 

section through a web muscle, a) at low power, and b) at higher 

power. Note the fascicle formation and myelination of the 
axons in the nerve. 
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Fig. 31. An electron photomicrograph of a transverse section of 

developing muscle fibres in Embryo No. 5, showing a satellite 

cell lying beside a more mature fibre, the sarcoplasm of which 

is largely filled with myofibrils. x 23,000 I 
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the fibres lying singly in the muscle, and the remainder arranged as 

small aggregates of two or three fibres. All fibres are at a more 

advanced state of development, and sat ellite cells are seen lying beside 

maturing fibres. 

Embryo No. 6: 48 g., estimated age 19 wkso 

This embryo , about 4 wks older than the previous one, has 

again more than doubled its weight in the timeo The web muscles now 

measure about 24 mmo which is only a 30% increase ©n the previous stageo 

The web muscles have increased more in bulk than in length o 

When seen in light microscopy, the most striking feature is 

that there appear to be no more fibre aggregates, and the fibres are 

of a uniform size and shape, arranged in fascicles (figa32). They are 

thus readily counted, and numbered between 273 and 1055 in 6 muscles 

counted, with a mean of 645 fibres. The muscle nuclei are resolvable 

into two distinct categories, large paler staining myonuclei with 

nucleoli, and the darkly staining nuclei of satellite cellso The Rum.her 

of myonuclei varied between 125 and 430, with a mean of 273, and satellite 

cells varied between 14 and 60, with a mean of 380 At first sight these 

counts would seem to vary over rather wide limits, but they must be 

correlated with the adult anatomy of the web muscles. These muscles, 

though appearing to be of fairly unifonn size, do in factvary in 

thickness and width to the extent that their contained fibre number can 

range between 200 and 1000 fibres, which is the range found in the small 

sample counted iR this embryoo Of further importance is the ratio of 
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myonuclei to fibre number and satellite cell number to myonuclei. 

These ratios (Table No. 5) show a distribution which is proportionately 

more restricted than the fibre counts alone, indicating that the 

relationships, within these muscles, of their constituent cells and 

cell nuclei, are fairly consiatento Further elucidation of these ratios 

could be achieved by taking a larger sampleo 

Electron microscopy reveals a distinctive pattern of the muscle 

fibres. The majority now lie singly, with a well defined, regular 

basement membrane surrounding themo They present a well rounded con

tour when seen in transverse section, and vary in width from 4 - 8 

microns. Fibre aggregates, as seen in early stages, are now no longer 

seen. The fibre sarcoplasm is now almost completely filled with myo

fibrils , in an adult type of distribution. Myonuclei are situated at 

the periphery of the fibre, though some retain a central position, 

surrounded by densely-packed myofibrilso 

Satellite cells are easily recognised and quite distinctive 

(fig. 33). They tend to adopt the general contour of the fibre, thereby 

indenting the sarcoplasm of the fibre they lie againsto Their nuclei 

contain densely clumped chromatin, and occasionally contain nucleoli. 

Their cytoplasm varies in amount, but is in general reduced in amount, 

giving a nucleo-cytoplasmic ratio or more than unity. When their cyto

plasm is increased in amount it contains increased numbers of mitochondria, 

free ribosomes and granular endoplasmic reticulum. Desmosome-like 

regions between the adjacent plasma membranes are now not seeno 
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a) X 78 b) X 1,000 
Fig. 32. Embryo No.6. Light photomi cr ographs of a transver se 
section through a web muscle, a) at low power, and b) at higher 
power. The majority of muscle fibres are now separate from 
each other. 

a) X 23,400 b) X 23,400 
Fig. 33. Electron photomicrographs of web muscle fibres in 
transverse section, in Embryo No. 6, showing satellite cells 
lying in a subsarcolemmal position, with a morphology more 
similar to that of satellite cells in adult muscle. 
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The nuclei usually have a smooth contour, though are occasionally 

crenelated, in the manner seen in the satellite cells of adult musole. 

Some fibres are seen with more than one satellite cell related to them, 

in a given transverse section, but in this case the two satellite cells 

are staggered along the parent fibre so that the tapering end of one 

would be seen opposite the mid-region of the other. These satellite cells 

are therefore essentially the same as those seen in adult muscle, 

though they exhibit rather more pleomorphism. If the presence of nucleoli 

is taken to exclude a cell from being designated a satellite cell, them 

it can be stated that certain of the cells seen in these fibres are in 

general morphology similar to satellite cells but contain nucleoli. 

Collagen is being laid down much more extensively by this stage, 

and can be seen in sheets of closely packed fibres between the individual 

muscle fibres, and in larger masses delimiting the fascicleso It is in 

the main orientated in the long axis of the muscle, as in the adult. 

Fibroblasts are by now very distinctive; their cytoplasm extends in long 

pseudopodia between the muscle fibres, contains large amounts of granular 

endoplasmic reticulum, and has no basement membrane related to ito 

In summary, myogenesis in the web muscles, in terms of fibre 

number, can be taken to have been achieved by the later stages of intra

uterine development, as typified by this 19 wk embryoo The number of 

myonuolei and satellite cells are also of adult range, though this must 

be offset by the fact that these muscles are still less than! @f the 

adult length. The satellite cells, though still showing more pleomorphism 

than in the adult, fulfil the essential criteria for satellite cells, 
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and can be justifiably labelled as such. 

Study of neo-natal bats. 

Though this study was essentially c0nfined to the period of 

intrauterine development, several young bats in the neonatal period 

were collected during the study, and their webs were also studied. Two 

of these were selected for more detailed study, and the results are 

included here. 

Neonate No. 1: 45. 3 g., estimated age; within 1 wk of birth 

This young bat had its umbilical cord still attached, and had 

no ventral hairo Its weight was less than that estimated to be the 

mean birth weight, probably indicating that it had lost weight in the 

immediate post-natal period. Its web muscles measured 32 mm., indicat

ing that it is probably 2 or 3 wks older than the previ0usly described 

embryo. 

The webs present very little gross difference from the previous 

stage, and they still have no hair in the axillao The muscles were 

studied in their middle section, and of 6 muscles counted, fibre number 

varied from 389 - 750, with a mean of 5940 Myonuclei counts varied 

from 124 - 277, with a mean of 1950 Satellite cells were found in 

numbers from 20 - 47, with a mean of 320 The majority of myonuclei 

are now seen to lie peripherally in the fibres, the diameter of which 

varies from 5 - 9 microns, with a mean of 7 microns. This can be 



- 148" 

compared with adult fibre diameter, which varies from 9 ~ 20 micronso 

The mean length of m;yonuclei at tlilis stage is 17 microns. 

Satellite cells are regularly seen, and have a more uniform 

morphology, the majority of them having only small amounts of cytoplasm, 

and a nucleo-cyteplasmic ratio of more than one. 

In summary, the essential features at this stage are similar 

to those of the embryos of late pregnancy. Muscle fibres are wider 

and more adult in form, and satellite cells are less pleomorphic. 

Neonate No. 2: 7lol g., estimated age; 5 wks post-natal. 

This young bat had full coverage of hair, in adult distribution, 

and was estimated to be about 5 wks pos~tal. Its weight shows a 

considerable increase, by comparison with the previous one, but this 

is difficult to evaluate until larger samples of young bats are obtained, 

and parameters of neonatal weight and development worked outo The web 

muscles measured 54 mm., or rather more than i the adult length. Of 6 

muscles counted, fibre number varied from 368 - 668, with a mean of 

508. Myonuclei varied in number from 138 - 245, with a mean of 196, 

and satellite cells varied from 29 - 65, with a mean of 440 

Fibre diameters now vary between 9 - 15 microns, with a mean 

of 12 microns. The general morphology of the muscles, is, as would 

be expected, very similar to that described for the previous two 

peri-natal bats. Satellite cells are readily seen in eleetron microscopy, 
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and have a more uni:form morphology (fig. 35). They are about 27 microns 

in length, with a nucleus of about 12 microns. An important 

observation was that of a mitotic figure in a satellite cell (fig. 34b and 

c). 

The neurovascular elements now eonfonn much more nearly to 

the adult pattern. Some of the axons, though still quite small (0.25 

1.5 microns), are well m;}'elinated, containing about 16 layers of 

membrane at this stageo 

In summary, the web muscles at this stage conform very closely 

to the adult histological pattern. Fibre number and m;}'Onuolei are 

still short of the adult range as seen in transverse section, though 

satellite cell counts are higher than the normal adult range. The 

muscles are 60% of the adult length, and must therefore increase their 

length by 40% before reaching maturity. 

Increase in number of myonuclei during embryogenesis. 

When the number of nuclei seen in transverse sections is 

multiplied by the length of the muscle, a scale can be obtained of 

the relative rate of increase in their number during embryogenesis 

(Table 5). From these figures a curve can be plotted, as shown in 

fig. 36. The uninterrupted curve in fig. 36 represents the rate of 

increase of a value, increasing in a geometrical progression, calculated 

to reach 6000 at about the same timeo From the two curves it can be 
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a) X 1,400 b) X 1,400 c) X 1,400 
Fig. 34. Neonate No. 2. Light photomicrographs of web mus cle 
fibres in transverse section, showing in a) a normal satellite cell, 
and in b) and c) t wo sections of a satellite cell in mitosis . 

a) :x 2,800 b) X 11,200 
Fig. 35. Electron photomicrographs of web muscle fibres in 
transverse section, in Neonate No. 2. a ) at lower magnification, 
showing a satellite cell and its contrast with myonuclei. b) at 
higher magnification, showing a satellite cell and part of a 
myonucleus in its adjacent fibre. 
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seen that the rate of increase of myonuclei approximates to that 

of a geometrical progression, and is far from being an arithmetic 

progression, which would be a straight line on the graph. 

Discussion 

The importal!lt facts that emerge from this study are as 

follows: 

1) The web primordium develops as a distinct entity from 

the lateral body wall, .and is invaded by axons before myogenesie has 

eommeneedo 

2) The web muscles are laid down, from the earliest, in a 

form and distribution presaging the adult arrangememt. Early 

muscle fibres lie closely bunched, in aggregateeo 

3) Subsequent development of the web muscles involves a 

steady increase in the number of fibres, increase in the number of 

aggregates, but decrease in the number of fibres per aggregate. New 

fibres are always laid down in the fibre aggregates, and do not appear 

singly. Single maturing fibres appear in increasing numbers from the 

middle of gestation onwards. 

4) As the number of fibres within fibre aggregates decreases, 

so the pleomorphism seen at earlier stages is reduced to 2 cell forms, 

the maturing fibre filled with :m;yofibrils, and satellite cells closely 

i 
I 

I 

I' 
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applied to the side of it, beneath a definitive basement membraneo 

5) The number of fibres and IIIJ'"OnUclei, as seen in transverse 

i n t he 
section/neonatal period, is about so% of the adult number, with 

proportionately more satellite cells. Considerable growth in length 

of the fibres has still to occur, with ooncomitan.t increase in IIIJ'"Onuclei, 

from birth to maturity. 

6) Growth of the web is steady and uniform with uniform 

growth of its contained structures. 

From this, certain of the questions raised at the outset of 

this study can be answered categoricallyo Myogenesis in the web is 

distinctive and readily studied . Satellite cells are seen throughout 

the latter half of intrauterine development, and are particularly clearly 

seen in the perinatal period. The main question to be discussed here 

is the behaviour of the satellite cell, its own embryogenesis and its 

role in the formation of developing fibres. 

In this st~dy, only the mid-region of the web muscles was studied 

to any depth. This is valid for a comparative study of this region, 

but it must be asked whether this is representative of the muscle 

development in its entire length. Several factors must be considered 

hereo In the few cases where muscles were studied at points other than 

the middle region, no difference could be seen between the stage of 

development throughout the muscle. Longitudinal sections bear out the 

same observation. The muscles themselves, from an early stage, are 

adult in form, with uniform width in the middle section and tapering 

I I 
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Embrio. Web No. of No. of No. of s/M M/F Muscle 
muscle fibres. myo- satell- ratio. ratio. length 
length, nuclei. ite x myo-
(mm.). cells. nuclei. 

No. 1. 1.0 4 34 34 
No. 2. 2.2 18 39 214.0% 85 
No. 3. 4.0 61 41 67.2% 164 
No. 4. 9.0 243 83 34.2% 141 
No. 5. 18.0 496 98 19.8% 1,764 
No. 6. 24.0 645 273 38 13.9jo 42.3% 6,552 

Neonate. 

No.I. 32.0 594 195 32 16.4% 32.8% 6,240 
No.2. 54.0 508 196 44 22.4% 38.6% 10,584 

Adult. 90.0 650 250 31 12.4% 38.5% 

Table No. 5. Mean values of data from the embryos and neonates 
studied, compared with adult figures. In the last column, the 
rate of increase of myonuclei is calculated. Fibre aggregates 
were counted in Embryo Nos. 1 - 3. 
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Fig. 36. A graph to show the rate of increase in number of 
myonuclei in the web muscles, during intrauterine development. 
The uninterrupted line represents the curve of a geometrical 
progression calculated to reach 6000 at about the same time. 
The proximity of the two curves would indicate that the majority 
of myoblasts undergo a number of mitotic divisions, before 
fusing to form fibres, the myonuclei of which divide no more. 
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ends, and their growth within the web indicates a uniform develop-

ment along their length. Adult web muscles are about 90 mm. in length, 

yet contain short fibres with a mean length of only 10 mm, arranged at 

random along the muscle. As the web muscles are developing uniformly, 

it can be assumed that their contained fibres are Deing laid down in a 

manner presaging the adult arrangemento This is substantiated by the 

manner in which the nerves are seen to be distributed to the develop-

ing muscleo It can then be assumed that in any given transverse section 

in the centre part of the muscle, different fibres will be sectioned at 

different points along their length, and at their ends. If there were 

marked differences in form between the middle and the ends of developing 

fibres, these would be noticed in transverse sections of the whole 

muscle. This could indeed be the case where so much pleomorphism is seen 

in the early fibre aggregates, but it is not the case in later embryos, 

where the salient feature is the marked degree of uniformity of develop

ment of all the fibres at any given stage. Thus it is concluded that 

a detailed study of the mid-region of these particular muscles, valid 

anyway as a comparative series, is also representative of the whole 

muscle. 

In earlier embryos, where there is still a wide range of pleo

morphism within fibre aggregates, 2 or more cell lines could easily 

exist, rendering it difficult to identify any given cell with certainty. 

But in later embryos, the cell types are reduced essenti~lly to 2, the 

maturing muscle fibre and its accompanying satellite cells. There are 

no myoblaste of the classic type (large nucleus with nucle@lus, 

I i 

I I 

I 
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profuse cytoplasm containing polyribesomes and mitechondria), in these 

later embryos. Yet there is a steady increase in myonuclear number. 

The only mononuclear cell type is the satellite cell, and it is seen in 

mitosis, so the obvious inference must be that it is the progenitor of 

myoblasts. Indeed, all myoblasts may appear like satellite cells at 

this stage of embryogenesiso If there are two cell lines - myoblast 

and satellite cell - they are indistinguishable in this present study. 

The salient feature of the fibre aggregate arrangement is that new fibres 

are formed within a common basement membrane, alongside more mature fibres, 

implying that myoblasts arise in tRe very situation where satellite cells 

are always found. Basement membranes are only seen around aggregates 

oontaining fibres that have reached the myotube stage, with 50% or more of 

their cytoplasm occupied by myofibrils. The inference from this is 

that basement membrane is only synthesized after fibres have reached a 

certain degree of maturation. Basement membrane has a limiting and 

guiding effect on myoblasts in regenerating muscle, and it can be 

assumed to have the same effect in developing muscle. 

Before basement membrane appears, in earlier embryos, the 

aggregated fibres and myoblasts are held together by desmosomal 

attachments, indicating again the necessity to maintain myoblasts in 

close contact with developing fibres. Desmosomes become progressively 

less frequent during embryogenesis, and none are seen when basement 

membranes are well establishedo 

Though it is clear that myoblasts are regularly being added to 
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the developing fibres, by fusion witn. them, the actual moment of fusion 

was not observed. Certain micrographs give the appearance of disappear

ing membranes but where these are sectioned obliquely, accurate inter

pretation can be difficult. By contrast, there was every indication 

that fibres, once formed, were retained in close contiguity, whether by 

desmosomes in early stages, or by common basement membranes in later 

stages, and despite this, did not fuse o Rather, as a younger fibre 

developed within the basement membrane of an older one, new basement 

membrane was formed between the two to separate them. The inference 

from these observations is that fibre plasma membranes will not fuse 

with each other,. but will accept at all stages mononucleated myoblasts 

which are ready for fusion. 

It is significant that 1 classic 1 large myoblasts are not seen 

in late intrauterine development or thereafter, but only cells with 

the morphology of satellite cells. In the economy of the growing fibre, 

it oouJ.d be suggested that the essential ~eed is not for cells with 

large amounts of undifferentiated cytoplasm, but rather for more 

nuclei to add to the syncythun. Once within the syncytium, each new 

nucleus will contribute its share of the controlled production of 

actomyosino Myonuclei can move freely within myotubes (Holtzer et al, 

1958), so that wherever a new cell is incorporated into the syncytium, 

appropriate redistribution of the myonuclei could take place. There 

is no need to think of myoblasts being added only at the ends of the 

myotube, though new sarcomeres probably are. Satellite cells are seen 

evenly distributed along developing fibres, so it could be assumed 

I 

'I · 
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that their daughters, once ready for fusion, will be absorbed into a 

fibre wherever they are. MacConnachie et al (1964), using tritiated thy

midine in post-natal rats, saw that the majority of labelled subsarcolemmal 

cells were paired, indicating a recent mitotic division, and daughter 

cells moved apart so that there was an average of 100 microns between 

them by 72 hours. Another point that must be made is that satellite 

cells must be of two distinct types, those that will fuse with, and-

those that will not fuse with, developing fibres, otherwise they would 

all fuse and be 1lostR. This subject is taken up and developed in 

the General Discussion of Section V, below, where a model for embryo

genesis is proposed, incorporating these observations. 

The need for small myoblasts in the later stages in develop

ing muscle can be contrasted with the need for large myoblasta in 

regenerating muscle. In many types of injury to adult muscle fibres, 

the sarcoplasm is _disrupted, and removed by phagocytosis, to leave an 

empty sarcolemmal tube, which collapses into folds. The need here is 

for large cells to fill these empty tubes, fuse together and then lay 

down the requisi~e actomyosin. Similarly, it could be suggested that 

in the earliest stages of embryogenesis, where there is as yet no 

muscle, the need would be for large myoblasts. 

Ishikawa (1966), in his detailed and elegant study of the 

cytology of skeletal muscle embryogenesis, rightly indicates that 

'there is no structural evidence for the differentiation of satellite 

cells into muscle cella 1 • The implication from the present study is 
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that there is no need for 1differentiation 1 until the myoblast has 

fused with the developing fibre it is lying against, at least in the 

later stages of development. Ishikawa also suggests, as a possible 

function of satellite cells, that they might participate in the separation 

of individual muscle fibres. This would be mechanically difficult, in 

view of the relative sizes of the two, but remains a possibility. 

The observation that there are only two cell types, maturing 

fibres and satellite cells, from late gestation into the neonatal 

period, runs counter to an observation of Muir et al (1965), who refer 

to certain tsatellite cells 1 containing· a few myofibrils, as seen in 

3 - day post-natal mice. Okazaki & Holtzer (1966), studying myo

genesis, state that_ both in viva and in vitro mononucleated myoblasts 

from early (3-day) chick embryos show typical striated myofibrils, and 

that, later in development, these myoblasts fuse to form multinucleated 

myotubes. Mononucleated myoblasts were relatively rare in 11-day chick 

embryos, and in older muscle, synthesis of contractile proteins was 

confined primarily to multinucleated myotubes. In an earlier paper on 

myogenesis (Okazaki & Holtzer, 1965), these authors also showed that 

mononucleated elongated myoblasts engaged in myosin synthesis never 

exhibited a mitotic figure. These studies indicate that mononucleated 

cells containing aotomyosin are only seen in early embryogenesis, and 

even there are committed to fusion with0ut further cell division. 

Betz & Reznik (1964), studying regeneration of striated muscle fibres 

under different experimental conditions, say they never saw myofibrils 

in mononuclear cells, even when they were fusing. Against this, 
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Recondo et al (1966), studying atrophic muscle, describe 'formations 

filamentaires' in the cytoplasm of some of the satellite cells, and 

Allbrook (1962), studying crush lesions of the tibialis anterior in 

mice and rabbits, also saw certain mononuclear myoblasts containing 

actomyosin. Further,studies would reveal the exact nature of the 

rsatellite cells' containing myofibrils, as reported by Muir et al. --
But even if mononuelear cells of this type are regularly seen in the 

later stages of muscle development, it could be argued that they are 

not itrue' satellite cells in that they are committed to fusion with a 

muscle fibre, without further mitotic division, whereas a 'true' 

satellite cell can be defined as a cell which retains the ability to 

divide to furnish myoblasts, but never itself fuses with a muscle fibre, 

as it would then be 1lost•. 

A number of interesting facts emerge from the quantitation of 

fibre number, myonuclei and satellite cellso Fibre number increases 

at a greater rate than muscle length, so that in the neonatal. period 

fibre number is up to so% of adult number, but is still only i of the 

adult length. Myonuclei in the neonatal period are longer than adult 

myonuolei, being about 17 microns against the adult 10 - 12 microns. 

They will thus be seen more frequently in transverse sections, in neo

natal muscle, and their number must be reduced by a factor of!, to 

correlate them with the definitive adult number. From this, it can be 

estimated that there ust be a 4 - 5-fold increase in the number of 

myonuclei from birth to maturity. This can be correlated with the 

observations of Enesco (1961), who showed that in rats the number of 
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fibres did not increase after birth, but there was a 3-fold increase in 

the number of myonuclei in 3 mths. Gordan et al (1966) showed a steep 

increase in DNA in rat muscle up to 90 days when it stopped, implying 

the regular addition of myonuclei to the fibres during this time o 

Satellite cells are seen in the nee-natal period in greater than 

normal numbers, though they are slightly longer, so that in muscles 

which are about i of the adult length at birth, they would have to 

increase in total number by about 3 times during growth to maturity o 

If satellite cells are a separate cell line, only needing to furnish 

further satellite cells, each cell would only need to divide once or 

twice from birth to maturity, to provide the adult number . As these 

animals mature in 18 • 24 months, the chances of seeing mitotic figures 

in these cells would be very remote o But the very reverse is the 

caseo MacConnachie ~ al (1964) saw large numbers of mitotic figures, 

particularly in young animals. Shafiq _!! al (in press) also saw the 

satellite cells proliferating by mitosis. 

The conclusion that must be drawn from all these observations is 

that the satellite cell is a source cell for myoblasts in developing 

muscle. The pleomorphism of early embryogenesis renders their recog

nition difficult, but from late embryogenesis to maturity they assume 

their subsarcolemmal position and form. In post-natal muscle, myonuclei 

are supplied by the regular mitosis of satellite cells, the daughters 

of which have little cytoplasm and are incorporated into fibres as 

small cellso As maturity is reached, the stimulus for mitosis is 
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withdrawn so that a certain number of satellite cells remain 'dormant' 

in their eubsarcolemrnal position. They are then better named reserve 

myoblasts. 

The findings and interpretations 0f this study are summarised 

in fig. 37. This diagram portrays a possible sequence of events in 

the development of a small group of fibres, from 4 - 20 wks of intra

uterine development. At the 4 wk stage two closely related fibre aggreg

ates are shown, the cells of which are lying in close proximity, held 

together by desmosomes. A cilium (not to scale) is shown protruding 

from a cell which does not contain actomyosin, but which is closely 

related to cells, which do. The nwnber of young fibres at the 4 wk 

stage is about: } of the adult number. By 8 wk the fibre mwnber has 

increased 4-fold, but the majority of fibres remain in aggregates. 

Some maturer fibres are separate. Basement membranes are beginning to 

be formed so that certain subsarcolemmal cells, such as the one depicted 

beside fibre noo 2, oan be named satellite cells. By 12 wks fibre nos. 

1, 3 and 4 have matured enough to separate from each other, but meanwhile 

younger fibres have developed alongside fibre nos. land 3, under 

common basement membranes. By 16 wks the fibre number is approaching 

adult figureso Fibre nos. 3, 5 and 6 have separated from each other, 

and fibre noo 4 is now nurturing a young fibre, no. 8. A satellite 

cell is shown alongside fibre no. 3, and a fibroblast is also depicted, 

laying down collagen between the now well-separated fibres. By 20 wks 

adult fibre number is attained, and all fibres are separate from each 

other. The pleomorphism of earlier stages is reduced to two cell 
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4 WEEKS , 

l 
8 WEEKS, 

12 WEEKS , 

I \ 

Fig. 37. A diagram to summarise the se~uence of events in the 
development of a small group of web muscle fibres, as seen in 
transverse section, from the 4th - 20th wk of gestation. The 
numbering of the individual fibres (1 - 8) is in the order of 
their appearance. For fuller explanation seep. 161. 
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forms - well developed fibres, and satellite cells which are multiply

ing by mitosis. The majority of the myonuclei are now peripheral in 

position and the sarcoplasm is packed with myofibrils. These fibres are 

still narrower, and considerably shorter, than adult size. 

- - - 0 - - ... 

Summary 

In this study of the embryogenesis of the fruit bat web, a 

detailed analysis is undertaken of the embryogenesis of the web muscles, 

studying in particular the origins of satellite cells and the part they 

play in myogenesis. The web arises as a bud on the lateral body wall, 

and is invaded early by axons. The web muscles appear, from the 

earliest, in a pattern and distribution presaging the adult arrangement. 

The earliest muscle fibres are grouped together in aggregates. As fibre 

number increases, aggregate number also increases, but with fewer fibres 

per eggregate. A very pleomorphic situation develops while the 

majority of new fibres are being formed, but new fibres are always laid 1, 

down alongside older ones. As basement membranes are formed, they are 

initially around fibre aggregates, but come to surround each fibre as it 

matures and separates from others. Satellite cells are clearly recog-

nisable from the time that basement membranes are appa·rent. Toward 

the end of intra-uterine development, the pleomorphio situation of 

earlier stages i s reduced to two cell types; the maturing muscle 
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fibres, and the satellite cells ly~ng alongside them. The satellite 

cells divide actively to provide further 1I13"oblasts which are incorporated 

into the lengthening fibrese By birth, fibre number is approaching the 

adult range, but the muscles are only i of adult length, so that 

continued recruitment of myonuclei has to occur from birth to maturity. 

The conclusion is drawn that the satellite cell is a source cell 

for myoblasts in embryonic and developing muscle. It is distinct from 

its daughters which can fuse with developing fibres. Myonuclear increase 

approximates to a geometrical progression in the first 16 wks of 

development, indicating that the majority of myoblasts destined to fuse 

multiply by mitosis before fusiono 
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Section IV · 

THE FUNCTION OF 

T H E S A T E L L I T E C E L L 

IN MATURE MUSCLE. 
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The £uncti0n of the satellite cell of skeletal muscle can not be 

immediately inf'erred from a study of its morphology in normal muscle . 

Having no actomyosin in its cytoplasm, it is clearly not contractile 

like the m~scle fibre. Yet it is regularly found in developing and 

adult muscle, under normal and pathological conditions, so that the 

general assumption can be made that it is essential to the full function 

of muscle. The high nucleooytoplaslriic ratio, and scanty evidence of 

protein synthesis in the cytoplasm, would imply that it is normally 

in a 1resting 1 state. 

A number of questions can be askedo Is the satellite cell static, 

remaining in the same situation in the fibre, or can it move up and 

down the fibre? Can it pass through the basement membrane of the 

sarcolemmal sheath? Is it interchangeable with other cell types, such 

as fibroblasts, or histiooytes? Is it capable of phagooytosis? Is 

it necessary to the normal fibre in some 1supportiver or 1trophic 1 

role? Does it synthesize basement membrane? What is its normal 
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life-span? None of these questions can yet be fully answered, though 

some can be partly answered from past and presemt studies. All of them 

are subsidiary to the fundamental question of this present study: Is 

the satellite cell the reserve myoblast of skeletal muscle? 

The experiments described here were designed to elucidate the 

behaviour, under various specific experimental conditions, of the 

satellite cell and in particular to seek an answer to the last question. 

Certain recognition of this cell is only assured in the electron micro

scope, so that any experiment designed for the study of satellite 

cells must be subject to the practical applications and limitations of 

that research technique. A severe limitation of electron microscopy 

is that biological tissues can only be observed in the fixed state, so 

that dynamic biological situations are frequently hard to assess. The 

ideal is to so standardise experimental technique, that cell behaviour 

becomes less varied, and can be more accurately observed at successive 

stages. Only small biopsies, of 1 - 2 mm. in size, are suitable for 

preparation for electron microscopy. Thus experimental lesions, if 

possible, must be small, so Lhc1t problems of orientation and sampling 

can be overcome. 

The fruit bat web, with its contained small skeletal muscles, 

offers a tissue which is particularly suitable for application to these 

problems. The individual web muscles are only about 2 mm. wide, and 

are separated from each other in the web by distances of between 50 and 

75 mm, with their neurovascular supply crossing them obliquely, so that 
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effective access can be had to 30 or more individual muscles, in any one 

animal. Small lesions can be accurately placed in the muscles, so that 

the whole lesion is of suitable size for subsequent light and electron 

microscopic study. The use of the fruit bat as a laboratory animal is 

described in detail in Appendix (i), and reprints of previous reports, 

using this animal, (Church & Noronha, 1965; Church et al, ·1966 } are 

attached at the end of the thesis. 

CRUSH LESIONS IN THE WEB MUSCLES. 

Skeletal muscle can be experimentally injured in many differen~ 

ways, by using physical or chemical agents, or depriving it of its 

neurovasoular supply. The most frequently employed techniques have 

been transverse section, crushing with forceps, heat coagulation, 

freezing, ischaemia and denervation. The regeneration process, follow

ing a simple injury such as transverse section, can also be m0dified by 

such agents as x-rays, colchieine, Aotinomycin D, and oortico-steroids. 

The general process of regeneration, whereby myoblasts appear and fuse 

to form new fibres, is seen following most, if not all of these types 

of injury, iridicating that the potential response is uniform, and 

independent of the nature of the injurious agent. The overall result 

however, depends on a number of factors, the most important of which 

are the extent to which the architecture of the muscle is disturbed or 

destroyed in the lesion, the preservation or recovery of the neuro

vascular supply, and infection. 
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An ideal experimental lesion could be defined as one in which 

all variables are reduced except one, which is then studied. In 

skeletal muscle a number of variables have just been mentioned, and are 

controllable. The essential process to be studied here is the behaviour 

of the subsarcolemmal satellite cellso Thus an ideal lesion for the 

study of these cells would be one in which the architecture of the 

muscle remains undisturbed, with intact basement membranes and endomycial 

collagen, and the neuro-vascular supply is undamaged or recovers rapidly. 

Infection must also be rigorously avoided, if possible. If these 

factors are all controlled, the sarcoplasm should then be damaged 

maximally, so that the potential for regeneration can be severely tested, 

and yet be given a good chance for optimal recovery, within the intact 

basement membraneso 

The bat web muscles are readily accessible to different types 

of experimental injury, but the most easily standardised is percutaneous 

crushingo The percutaneous crush lesion comes closer than any other 

to the ideal lesion defined above; skin and blood vessels are unbroken, 

so that haemorrhage and in:fection are avoided; the architecture of the 

web muscle remains intact; there is gross disruption of the sarcoplasm 

of every fibre in the segment of muscle crushed. 

Methods 

Different types of apparatus used for inflicting crush lesions to 

the bat web muscles are shown in fig. 38. The crushing blocks are made 
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in perspex, as its transparency f'acilitates the placing of lesions on 

preselected sites. The essential f'eature of the design is the area of' 

the crushing block, which in the three types shown, is 1 X 8 mm., 4 X 10 

mm., and 5 X 14 mm. respectively. It is mounted under a perspex strip, 

together with a foot-piece at the other end of the strip, so that the 

crushing surf'ace lies squarely on the web, ensuring an even distribution 

of' the crushing force to the tissues. The rigid perspex baseboard, or 

frame, on which the bat is extended, provides a firm base on which the 

webs rest, and being smooth, further ensures an even distribution of 

force when the crushing blocm is placed on the web. 

A light can be placed below the extended web so that the web 

tissues can be transilluminated. As the perspex crushing block is 

also translucent, the distortion of the tissues during crushing can be 

directly observed. A series of photographs taken of the transilluminated 

web , before, during and after crushing, are shown in fig. 39. For 

the majority of lesions in this study, the smaller crushing block, with 

crushing surf'ace of 1 x 8 mm., wee used, as the resultant lesions were 

of suitable size for biopsy excision, together with undamaged muscle 

either side, for processing for electron microscopy. A weight of l K. 

was placed on the crushing block for 10 min. Other details of the 

methods employed in this experiment are given in the reprint (Church.!£ al 

(1966). 

Results. 

As pressure is applied to the crushing block the web muscle 
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Fig. 38. A photograph of 3 types of apparatus used for 
inflicting crush lesions to the bat web muscles. The area 
of the crushing block is indicated on each. That on the 
right, with crushing block of surface area 1 x 8 mm, was used 
for the major_ity of the experiments. x 0.5 
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beneath it is seen to splay out from its normal width of about 2 mm. 

to about 6 mm. This would indicate that the number of muscle fibres 

in the thickness of the web muscle, about 10 - 15, is reduced during 

crushing to about 3 - 5. The greater the weight applied, the greater 

the degree of splaying, and the more nearly each individual fibre is 

exposed directly to the crushing force between the crushing block and 

the perspex baseboard. Under the standard conditions used for the 

majority of the lesions (1 K. applied for 10 min.) every fibre in the 

crushed muscle segment exhibited the same type of disorganisation, 

indicating from the histology that the crushing force had been standard, 

not only to the whole muscle, but also to individual muscle fibres. 

On gentle removal of the weight and crushing block, the crushed 

segment of muscle remains splayed out for a few moments, and the vessels 

remain occluded. Arterial pulsations can be seen proximally where the 

vessel becomes occluded as it enters the lesion, and similarly there 

is venous engorgement distallyo Though the crushing force, under these 

conditions, is severe enough to cause extensive and irreversible damage 

to the skeletal muscle fibres, it is not severe enough to disr~pt 

basement membranes or collagen, so that the general architecture of the 

tissues is retained, and there is no disruption of the skin or haemorrhage 

from the crushed vessels, though the force is sufficient temporarily to 

occlude them by compression together of their wallso 

After a few minutes the arterial pressure is sufficient to force 



• .. 
J 
' 

a) X 5.5 

b) :x 5.5 

:x 5.5 

- 172 -

Fig_. 39. A photographic series to 
show the structures visible in vivo 
in the transilluminated web,-a:nd the 
effects of a crush lesion. 

a) Normal web vessels, with elastin 
strands crossing them obli~uely, and 
a nerve running between them. 

b) The web tissues viewed through the 
perspex crushing block, to demonstrate 
how the block can be accurately placed 
over a desired part of the web. 

c) A few moments after the crush injury. 
The crushed web skin is more transparent 
t han normal, the arterial flow has 

• returned, but the crushed segment of' 
vein is still occluded and dis tended 
distally. 

d ) 24 hr. after i n j ury, showing 
dilat ation of the damaged vessels, 
with some splaying due to oedema of 
the region. 
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apart the adherent walls of the .vessel, and arterial flow returns 

through the lesion. A few moments later the venous flow similarly 

returns. Meanwhile the splayed muscle regains its former shape, and 

the heape« up sarooplasm proximal and distal to the lesions 

gradually returns to a normal appearance. The deformation of 

individual fibres can not be seen in viTO. 

The smooth muscle fibres in the walls of the crushed vessels 

are subjected to the same crushing force as the skeletal muscle 

fibres, and are similarly disrupted. This leads to immediat e visible 

effects in the lesion. The web veins are normally pulsatile, 

exhibiting a rhythm of 15 40 contractions a minute. The crushed 

segment of vein ceases to pulsate, after injury, though distal and 

proximal contractions of the vein continue, and appear to occur 

synchronously. The crushed segment of the artery develops aneurysmal 

dilatations, particularly marked at the two points of maximal 

shearing force, at each end of the lesion, (fig. 40). 

The study of these vascular lesions, and their subsequent 

recovery, is in itself of considerable interest, but is only 

incidental to the present study. However, the in vivo appearance 

of the damaged vessels provides an exact location of the lesion. 

Once the gross deformity of the muscle, occasioned by the crushing 

force, has been restored to normal, within the first half hour after 

injury, little further can be seen in. TiTo, - the muscle appears 
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Fig. 40. A photograph taken through a dissecting microscope, to 
show the transilluminated web structures in vivo, following a 
crush lesion to the muscle. The site of the lesion is indicated 
by the arterial aneurysms. The vein, emptied above by a 
pulsatile contraction, is being filled again from below. Elastin 
strands can be seen running transversely to the muscle, the 
individual fibres of which are just visible. x 40 

I . 
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normal - and it is because of this that it is so valuable to have 

the anatomical 'marker' of the damaged vesselso 

The smooth muscle fibres in the crushed vessels also 

recover, as seen by the progressive diminution in size of the 

arterial dilatations, and their eventual disappearance by 3 - 12 wk., 

depending on the size of the artery. Similarly, the damaged 

venous segment regains its tone, and eventually becomes pulsatile. 

If the vessels are of small calibre, they may appear completely 

recovered by about 3 wko after injury, so that the skeletal muscle 

injury might thereafter be losto But this can be avoided by 

photography of the webs, and also if necessary by making small 

punch holes in the web skin opposite the lesion at a stage before 

the vessels have completely recovered. 'Tagging• of the lesions 

in this way was particularly important i~ the study of well-

recovered lesions, 12 wk. or so after injury , where the skeletal 

muscle fibres have by then completely recovered, and are indistinguish

able from normal, both in vivo, and in histologyo 

A further means of location of the lesion, while still 

in .li.Y.£, is provided by the changes which occur in the skino When 

epidermis is injured it responds by an increased rate of mitosiso 

In the web crush lesions, this is demonstrated by a thickening and 

hyperkerat0sis of the crushed area, particularly on the dorsal 

aspect of the webo This process is maximal about three weeks after 
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injury, when the crushed area appears darker on transillumin

ationo This again lies in the plane of the skeletal muscle 

lesion, confirming its locationo In later lesions, however, 

these skin changes revert t@ nermalo 

In summary, the crush lesions to the web muscles, as made 

under these conditions, are not only standard and repeatable, 

but much can be learnt about them in viva, they can be identified 

on repeated observations of the web, and they are of sufficiently 

small size to be excised whole for light and electron microscopy. 

Histology. 

The histol@gioal appearances of the crushed web muscle 

fibres, and their subsequent recovery, have been fully described 

in the earlier report (Church et al, 1966). There is a shearing 

force at the two edges of the crushing block, together with 

violent compression and distraction of sarcoplasm. This leads 

to a characteristic deformation of the disrupted sarcoplasm, and 

distortion but not rupture of the sarcolemmal tube (fig. 41 a, b 

and o)o When followed through serial transverse sections, every 

fibre is seen to be disrupted in the same way, so that to this 

extent, the lesion is maximal. NerTes and the smooth muscle fibre 

in the larger vessels, are also disrupted (fig. 41 d and e) . 

Distortion in the centre part of the crushed segment is more 

varied, and a certain amount of distorted cross striation is still 
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visible in early lesions o This disappears within the first few 

days after injury, large numbers of histiocytes appear within 

the fibres, engulf the debris, and later disappear. The satellite 

eells disappear, and the myoblasts which follow them divide 

aetively by mitosis to fill the empty tubes, fuse and form new 

fibres, recovery being practically complete by 4 wks. after 

injury (figo 41 f). The process is summarised in fig. 42. 

Discussion 

The results of this study have been discussed in the 

previous reporto As satellite cells are not seen in regenerating 

fibres from the third to the sixth day after injury, but are 

replaced by cells of intermediary form and large myoblasts 

(fig. 43} the inference is that the former have given rise to 

the latter. Two other cell types, polymorphonuclear leucocytes 

and histiocytes , are seen in the early stages after injury, but 

their morphology is quite distinctive, and they are not seen 

after debris has been engulfedo It is possible that all these 

cell types are interchangeable, but the evidence of previous work 

is against thieo Bintliff and Walker (1960) showed that 

labelled leucooytes invaded injured muscle, and left without 

becoming permanently involved in the regeneration of new tissue, 

and that 1new muscle fibers were derived mainly or entirely from 

elements of injured muscle fibers' o Walker (1963) also showed 

that connective tissue oells do not participate in muscle 
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b) X 740 c) X 770 

d) X 650 e) X 650 f) 
Fig. 41. Light photomicrographs of crush lesions to the web muscles. a) the whole lesion, in longitudinal section. b) the region of maximal damage to the muscle fibres, showing the disruption of sarcoplasm without rupture of the sarcolemmal 
tubes. c) the same region, in transverse section. d) part of 
a crushed vessel, showing disrupted smooth muscle fibres in its wall. e) a crushed nerve, showing disruption of the axons and myelin sheaths. f) the crushed segment of muscle, 2.8 days after injury, seen as a montage viewed very obliquely, to demonstrate the continuity of the regenerated muscle fibres through the 
previously damaged region. 
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a) x 10,800 b) X 13,450 

C) X 10, 800 d) X 12, 600 
Fig. 43. Electron photomicrographs of cells in damage d web 
muscle fibres, following crush injury. a) a cell very similar 
to a satellite cell, but throwing out pseudopodia. b) a cell 
detached from the basement membrane, with long pseudopodia. 
c) a cell detached from the basement membrane, with multiple 
short pseudopodia and a nucleus similar to that of a satellite 
cell. d) a myoblast filling a collapsed sarcolemmal tube, 
showing no pseudopodia and a nucleus similar to a myonucleus. 
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regenerationG Zhinkin and Andreeva (1964) noted that during 

regeneration certain •nuclei migrate fromundestroyed areas of 

muscle fiber, where they have proliferated by mitosis, and 

accumulate in muscle buds 1
o Shafiq and Gorycki (1965) record 

that in regenerating muscle the appearance of new myoblasts is 

very similar .to that of satellite cells, and conclude that 

1it therefore seems likely that the new myoblasts may be produced 

from satellite cells'. Shafiq et al (1967), studying muscular 

dystrophy in man, state that though some satellite cells are 

similar to those of normal muscle, others are more comparable 

to early myoblasts. 

The combined evidence of these studies is that non

muscle cells do not participate in muscle regeneration, and that 

satellite cells, derived from the injured muscle or adjacent 

undamaged muscle, give rise to myoblasts, which fuse to form 

new fibres. 

It is also evident that satellite cells are capable of 

transformation, as they are not seen, in their 1 normal 1 form 

during certain stages of regeneration. It is necessary therefore 

at this point, to clarify the meaning of certain terms as used 

to describe satellite cells in this atudyo Criteria have been 

laid down for 1 typical 1 or 1 normal 1 satellite cells, which are 

small fusiform cells, with a high nuoleocytoplasmic ratio, 
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and no nucleolus, lying beneath the basement membrane of the 

sarcolemmal sheatho This particular morphology may only 

represent a phase, albeit a relatively long one, of the normal 

cyele of activity of the cell. Similarly a •normal' satellite 

cell is described as •resting' in that its scanty cytoplasm shows 

~ittle protein synthesis. This may be again rather arbitrary in 

that the 'resting' satellite cell may have quite specific 

biochemical or other roles in the normal economy of healthy 

muscle. An 'active• satellite cell is then one which starts to 

look 'abnormal', by throwing out pseudopodia, detaching itself 

from the basement membrane, and developing increasing amounts of 

endoplasmic reticulum and ribosomes in its cytoplasmo These 

terms are used in this way in this thesis, but other terms could 

equally well be applied. An 'active' satellite cell could also 

be described as 1 detached 1 or 1metamorphic 1 • 

An important observation, made clear in the previous report, 

was that satellite cells are seen again in their 'typical' form 

in normal-looking fibres which have been formed in the damaged 

region. The implication here is that, in addition to providing 

the requisite number of myoblasts to form the new segments of 

muscle fibre, certain daughter cells are destined to be set aside 

as new satellite cells, so that the morphology of the fully 

regenerated fibre is similar to that before injuryo The possibility 

remains though that the satellite cells seen in these regenerated 

fibres have migrated in from regions adjacent to the lesion, 
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where they have divided by mitosis, in order to make up the 

loss of satellite cells in the lesiono Those surviving in the 

lesions might, indeed, 1 disappear 1 by becoming pleamorphic 

during and after mitosis, but only with the purpose of furnish

ing further satellite cells. That is to say, the satellite cell 

could still be a separate cell line, essential to muscle in 

some way, but not related to myoblasts or muscle fibre syncytium. 

If this is so, then another source of myoblasts must be demon

strated, and the function of satellite cells would remain obscure. 

- - - 0 ~ - -
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QUANTITATION OF THE REGENERATED CRUSH LESIONS 

The quantitation of skeletal muscle regeneration presents a 

number of problems, amongst which are those of satisfactory 

sampling of tissue, and the identification of different cell 

types during the pleomorphic stage of early regeneration. In 

most accounts, the results of regeneration are expressed in 

general or relative terms. Thus Adams et al (1962) state 

that provided the architecture of the muscle survived, the re

construction of •considerable lengths' of muscle fibre is possible. 

Walter and Israel (1963) state .that 1 in general, damaged muscle 

is not replaced', and in striated muscle, when individual 

muscle fibres are damaged, there may be 1 limited regeneration'. 

Pearce (1965) states that the 1 degree of regeneration• will depend 

largely upon the intactness of the endomycium and sarcolemmal 

tubeso 

Wright (1963), discussing the limit to which skeletal 

muscle fibres can regenerate, concludes 'In studies of the effect 

of trauma on striated muscle, the ability or inability of its 

nuclei for multiplication is one of great significance and provides 

a problem which hitherto has hardly attracted the attention it 

deserveso The restricted concept of regeneration ••• oan, I believe, 

only be approached fruitfully by the application of new cytologic

al techniques for the detection of nuclear multiplication 

coupled with o•o quantitative methods •• o• 'The task will 
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necessarily be arduous, but with the choice of some muscle that 

is sµfficiently small for counting and measuring techniques 

to be reasonably applicable, it should not prove insuperable' e 

Wright 1 s. 1sufficiently small I muscle has been found i:n the bat 

web. 

Satellite cells have not been counted in experimental 

lesions, or histopathological studies, though their number, when 

referred to, is again only indieated in general terms. Thus 

Shafiq and Gorycki (1965) see them 1much more commonly' in the 

injured area, in regeneration following heat coag~lationo Lee 

(1965) indicates that similar cells are seen 'more frequently' 

in denervated than in normal muaclee Laguens (1963) sees 'a 

large number' of satellite cells in human dystrophio muscle, 

and Shafiq ~ al (1967) report that they are 1 commonly seen' 

in human dystrOphic and polymyositic muscle where they are •more 

numerous• at the foci of regenerationo Recondo Jl.1 al (1966) 

refer to their frequent appearance in the early stages of neuro

genia atr6phyo On the other hand, Aleu and Afifi (1964), though 

they specifically looked for satellite cells in human dystrophic 

muscle, say they •were not apparent 1
o In a number of other 

reports, though satellite cells, or cells which are probably the 

same, are seen, no indication is given of their frequency, or 

distributiono 
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The bat web muscles, used in the experiment described 

above, have clear advantages over other conventional experimental 

tissues. Muscles can be crushed transversely so that an entire 

segment is injuredo Furthermore, with the experience gained in 

the quantitation of satellite cells in normal web muscle, it 

was clear that the same technique could be applied to the 

regenerated lesions, following the crush injuries o As early 

lesions are so pleomorphic, quantitation was only undertaken of 

well- healed lesions o Though it was evident that the capacity for 

regeneration, under those conditions , was considerable, it was 

desirable to document this response in order to further strengthen 

the conclusion that skeletal muscle can regenerate completely, 

following the disruption of sarcoplasm in every fibre in a given 

segment. 

Methods. 

An adult male bat, weighing 256 g. was extended on the 

perspex frame, and crush lesions were made to the web muscles, in 

the standard way, as already described. Special care was taken to 

mark the site of the lesionso The lesions were allowed to 

recover completely, the animal being sacrificed 13 wks after 

injury. The animal was fixed, and the lesions recovered, for 

study in light and electron microscopy, as described in the 

previous studyo 
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Serial transverse seetions about 2 microns thick, were 

~ut with the ultramierotome, at intervals of 250 microns along 

the muscle biopsy. In this way, at least four of the serial 

sections could be expected to pass through the region of the 

previously crushed muscle. As already indicated, regeneration 

is virtually complete by four weeks in these lesions, so that 

the sections appeared normal. Counts were made of muscle fibres, 

myonuclei, satellite cells and fibroblasts,using the method and 

criteria outlined in Section II, p o 890 The data obtained is 

represented in Table 6 and in the histogram of fig . 4~ in the 

histogram, the mean of each series of values is expressed at about 

the same height so that variations about the mean can be compared 

for the four serieso 

Results 

The muscle fibre cowit s show that t.b.are is, if anything, 

a s l ight inc r ease in fibre number in the previously damaged 

region o The myonuclei are proportionately more variable in 

number, particularly i n the region of the lesion. The satellite 

eells show a significant rise in the region of the lesiono 

The fibroblasts show a similar rise, though of a broader base, 

extending over about 3 mmo of the muscleo 

Discussion 

These results corroborate the earlier general statement 
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'l'. s. No. of No. of No. of No. of S/M M/F Satell- Corr-no. fibres. myo- satell- fibro..:. ratio. ratio. ite eoted nuclei. ite blasts. cells S/M cells. X 1.3 ratio. 

1. 643 251 42 37 16.7% 39.0% 54.6 21.8% 
2. 660 250 26 33 10.4% 37-9% 33.8 13-5% 
3. 647 270 33 33 12.2% 41.7% 42.9 15.9% 
4. 673 277 26 35 9 • 47~, 41.2% 33.8 14.0% 
5. 687 237 24 35 10.1% 34-5% 31.2 13.2% 
6. 671 272 33 32 12.1% 40.5% 42.9 15.8% 
7. 683 254 24 66 9-4% 37-2% 31.2 12.3% 
8. 701 257 25 75 9-7% 36. 7% 32.5 12.6% 
9. 704 251 20 57 8.0'fo 35-7% 26.0 10.4% 

10. 704 252 38 65 15.1% 35.8% 49.4 19.6% 
11. 692 262 41 103 15.6% 37-9% 53-3 20.3% 
12. 704 283 42 73 14.8% 40.2% 54.6 19-3% 
13. 690 263 54 68 20.5% 38.1% 70.2 26.7% 
14. 693 194 36 81 18. 6~; 28. Ofo 46.8 24.1% 
15. 683 208 28 59 13.5% 30.5% 36.4 17. 51~ 
16. 695 298 29 64 9-7% 42°9% 37.7 12. 7f;, 
17. 696 233 31 47 13.3% 33.5j, 40-3 17.3% 
18. 669 242 31 46 12.8% 36. 21~ 40-3 16.7% 
19. 674 224 20 50 8.9% 34°7% 26.0 11.6% 
20. 686 245 28 31 11.4% 35. 7% 36.4 14.9% 
21. 680 262 23 38 8.8% 38. 5?& 29.9 11.4% 

Table No. 6. The numbers of muscle fibres, myonuclei, satellite cells and fibroblasts, as counted in serial transverse sections (1 - 21) at 250 micron intervals in a segment of muscle crushed 13 wk previously. The ratios of satellite cells to myonuolei (s/M) and myonuclei to fibres (M/F), are given in column 6 and 7. Satellite cell nuclei are shorter than myonuclei, so that a more accurate s/M ratio is obtained by multiplying the satellite cell number by a factor of x 1.3 (columns 8 and 9). 
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Fig. 44. A histogram of the number of muscle fibres, 
myonuclei, satellite cells, and fibrobla.sts, seen in 
serial transverse sections (1 - 21), cut at 250 micron 
intervals through a muscle biopsy, 13 wk after a crush injury to the segment indicated. The mean of each series 
of values is at about the same height, for more direct 
comparison. 
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that these crush lesions heal completely, with restoration 

of the muscle fibres to normal . The quantitation reveals that, 

overall , there is increased cellularity in tme injured area , 

at least as revealed by the significant increase in the numbers 

of fibroblasts and satellite cells . The satellite cells are 

seen in a ratio of one ta nine or ten myonuclei o~ either side of 

the lesion , but rise to a ratio of one to six or seven, and 

as high as one to five at one point , in the lesion. 

The increase in the number of satellite cells in the 

injured area is in keeping with the observations of other workers 

who have noted that they are more commonly seen in regenerating 

muscle, or in various myopathies . The significance of this is 

further discussed below, but the immediate inference from this 

observation here is that, as all the normal elements of muscle 

are replaced following injury, the whole process should be 

repeatable, so that satisfactory regeneration would occur after 

repeated injury, at least under these experimental conditionso 

... - .... 0 .. ~ w 
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DOUBLE CRUSH LESIONS TO THE WEB MUSCLES 

The bat web muscles, being so accessible to percutaneous 

crush injury, are by the same token most useful for multiple 

injury experiments. It has been shown above that the specific 

crush injuries inflicted in short segments of the muscle, not 

only recover completely, but with, if anything, an increased 

cellularity in the injured area, including an increase in the 

number 0f satellite cells. To test the response to repeated 

injury, the following modification of the previous experiment 

was undertakeno 

Methods 

The experimental method was essentially the same as for 

the single crush experiments 1using the same animal. Standard crush 
were 

lesions/made in two of the web muscles. Photographs were taken 

of the lesions, and their position also marked with a small hole 

in the web opposite the crushed segment of muscle. They were 

then allowed to recover over a four week periodo Standard crush 

lesions were then made again, at the exact sites of the previous 

lesionso Four weeks after the second injury, the animal was 

sacrificed, and the tissues prepared as routine, for light and 

electron microscopy. Serial transverse sections were then cut 

through one of the lesions, as in the previous experiment, at 

250 micron intervals, and counts ma.de of the muscle fibre number, 
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myonuclei, satellite cells and fibroblasts. 

Results. 

The recovery of the initial lesions was observed .in vivo, 

and followed t~e usual pattern for these standard lesions. The 

recovery of the second lesions was exactly similar to that of 

the first. The results of the quantitation are shown in Table 7, 

and as a histogram in fig. 45. Normal-looking satellite cells 

(fig. 46) are seen in the twice-injured muscle fibres. 

These results show that the muscle fibre number remains 

virtually unchanged, despite the double injury. Myonuclei, 

in contrast to the previous experiment, show an increase of up to 

20% in the region of the lesiono Satellite cells show a dramatic 

increase of over 100% in the injured areao Similarly, fibroblasts 

show a pronounced rise, up to 150%. The nerve running in the 

muscle was observed in the serial sections, and it was noted that, 

though axons were present through the dama§ed region and distal 

to it, myelin was only present in sections at one end of the 

biopsy, and terminated abruptly about 1 mm. from the proximal end 

of the damaged region. 

Discussion 

These results reveal the value of quantitation. Superficial 

histological examination of the lesions, four weeks after the 
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T.S. No. of No. of No. of No. of S/M M/F Satell- Corr-
no. fibres. myo- satell- fibro- ratio. ratio. ite ected 

nuclei. ite blasts. cells S/M 
cells. X 1.3 ratio. 

1. 550 217 22 32 10.0% 39.1% 28.6 13.2% 
2. 568 224 27 39 12.1% 39.8% 35 .1 15.1% 
3. 577 237 26 31 11.0% 41.1% 33.8 14.3% 
4. 577 202 45 46 22.3% 35.0% 58.5 29.0% 
5. 594 257 75 100 29.2% 43.3% 97.5 37 -9% 
6. 575 312 75 115 24.0% 54.3%, 97.5 31.3% 
7. 579 294 · 66 llO 22.4% 50.8% 85.8 29.2% 
8. 560 266 70 106 26.3%, 47-5% 91.0 34.2% 
9. 588 221 67 99 30.3%, 37.6% 87.1 39.4% 

10. 572 195 30 63 15.4% 34.1% 39.0 20.0% 
11. 591 228 31 51 13.6% 38. 61b 40.3 11.1% 
12. 573 214 27 28 12.6% 37-3% 35.1 16.4% 
13. 575 219 31 41 14.2% 38.1% 40.3 18.4~ 
14. 578 245 26 39 10.6% 42.4% 33.8 13.8% 
15. 594 233 36 41 15.5% 39.2% 46.8 20.1% 

Table No. 7. The numbers of muscle fibres, myonuclei, satellite 
cells and fibroblasts, as counted in serial transverse sections 
(1 - 15) at 250 micron intervals in a segment of muscle crushed 
twice, 8 wk and 4 wk previously. The ratios of satellite cells 
to myonuclei (s/M), and myonuclei to fibres (M/F) are given in 
columns 6 and 7. Satellite cells are shorter than myonuclei,so 
that a more accurate s/M ratio is obtained by multiplying the 
satellite cell number by a factor of x 1.3 (columns 8 and 9). 
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Fig. 45. Histogram of the number of muscle fibres, myonuclei, 
satellite cells, and fibroblasts, seen in serial transverse 
sections (1 - 15), cut at 250 micron intervals through the 
muscle biopsy. The muscle was crushed at the same site, 8 wk 
and 4 wk previously. The nerve running in the muscle was 
myelinated to the point shown, but axons continued through the 
injured region. The mean for each series of values is at 
about the same hight, for more direct comparison. 
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Fig. 46. An electron photomicrograph of a transverse section 
of muscle fibres from the regenerated segment of muscle, after 
crush lesions inflicted 4 and 8 wk before, showing a satellite 
cell in a regenerated fibre. x 19,450 
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second injury, reveals normal-looking muscle, indistinguishable 

from undamaged muscle either side of the damaged segmento 

Even in electron microscopy, with. its limited sampling, there 

is little to distinguish the individual fibres, or satellite 

cells within them, from those in undamaged regions. The doable

injured segment is however revealed by the increased number of 

fibroblasts, which are more numerous than those seen following 

the single injury of the previous experimento The fibroblast 

peak is mirrored by the satellite cell and myonuclei peaks, so 

that the three together provide a clear indication of the site of 

the previously damaged segment of muscleo Further corroboration 

of this is provided by the muscle nerve, the myelin of which 

terminates abruptly about 1 mm. from the proximal end of the 

lesion. This would indicate that Schwann cells in the damaged 

segment of muscle extended as much as 1 mm. from the lesion , or 

that nodes of Ranvier would be spaced at 1 ~ 2 mm. intervals 

in these nerves. 

Wright (1963), in discussing the result of skeletal muscle 

regeneration suggests that it must be limited by the extent to 

which surviving nuclei oan multiply or be redistributed in 

regenerating fibreso He argues that as myonuclei are incapable 

of mitosis, the redistribution of surviving nuclei must be all 

importanto If this is the essential mechanism, then it would 

be expected that myonuclear counts would be lower in a previously 

injured region, and lower still following repeated injury - the 
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exact reverse of the results obtained here. It might be 

suggested that the migration and accumulation of myonuclei in 

a previously injured region could nonetheless be so pronounced 

that they ultimately exceed normal counts for the uninjured 

muscle. If this were so, it might then be expected that there 

would be a relative deficit either side of the lesion, due to 

the passage of myonuclei into the damaged area from adjacent 

undamaged areas. This would be shOWll on a histogram, of the 

type given in fig. 44 and 45, as a depression either side of the 

lesion. This again is not seen in this studyo 

These considerations would be valid if there was no 

mechanism for the provision of new oells in regenerating muscle. 

The majority of recent studies indicate that this mechanism exists 

- mononuclear cells appear in injured areas, divide by mitosis 

and fuse to form new fibres. There is thus little need to stress 

a possible redistribution of myonuclei, though this oould still 

ocour, as a subsidiary process. Holtzer et al (195s), for instance, 

showed that myonuclei can move as much as 80 microns in one hour 

in myotuoes grown in tissue culture. 

The laying down of extra fibroblasts in the damaged area oan 

be understood from the general behaTiour of these cells in all 

woundso It is not immediately clear why the satellite cells, and 

to a lesser extent, the myonuclei, should also be present in 

greater than normal numbers. More could be learnt of the ultimate 
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distribution of these cells by similar counts at different 

time intervals after injury. From the point of view of the 

clinician, who wants to know when his patient has recovered 

from a muscle crush injury, it could be indicated from this 

study that within a month after injury the muscle has recovered 

completely, and will recover again, even after repeated injury. 

In summary, the results of these two quantitation 

experiments show that the previously noted full recovery pattern 

following the specific crush lesions to the web muscles, oan 

now be expressed as a complete numerical restoration of the 

formed elements of the muscle fibres, with if anything, an 

exuberant cellular response in the l - 3 month period after 

injuryo Furthermore, skeletal muscle can withstand repeated 

injury of this type, and still recover completelyo 
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THE GROWTH OF SKELETAL M1JSCL.E FIBRES INTO THE SCAR TISSUE OF 

BAT WEB WOUNDS 

When portions of the bat web membrane are excised, the resulting 

wound heals in a spectacular way (fig. 4-7). The narrow rim of 

the wound edge epithelizes rapidly, new tissue is then formed 

under the epithelium of the wound edge, and the wound contracts 

to reduce the hole size. Defects 2 x 2 cm. will contract to 

obliterate the hole by about 4 wks after injury. Continuity is 

restored to the dorsal and ventral skin, and the scar becomes 

progressively less vascular, but with little further change in 

sizeo A report on the recovery of these wounds, in innervated 

and denervated webs, is given elsewhere (Church and Warren, in 

press). 

Though the main purpose of this study was to further 

elucidate the process of wound contraction - so well demonstrated 

in the web wounds - an incidental benefit of this preparation is 

that these wounds provide a scar which measures about 7 mm. 

across after obliteration of the central hole, and into which the 

transeoted web muscles will growo ~his provides a oomplet~ly 

different situation from that of the previous studieso In those, 

the web muscle architecture was intact throughout, providing 

an optimal chance for recovery of the crushed fibreso In this 

situation, the divided muscle fibres are separated by dense 

soar tissue, whioh is laid down in the healing wounds, and which 
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Fig. 47. Wound healing in the bat web. 1, immediately after 
excision of a 2 x 2 cm. portion of web. 2 - 5, at weekly 
intervals after injury, showing the marked wound contraction, 
and soar tissue formation. 6, 12 wk after injury. x 0.7 

II 



has no preformed architectural pattern for the muscleo 

A study of tne growth of muscle fibres from the divided 

end of a muscle can onl y be accurate if the point of the 

transecti on can at all times be marked. This is not easy to 

achieve in conventional experimental models, such as the mouse 

tibialis anterior o The webs present a very useful anatomieal 

marker in the form of the elastin bands which they contain . 

These bands run in regula r array across the web in its longitudin

al axis , spaced fr0m 0 . 5 - 1 . 0 mmo apart o These bands can be 

clearly seen in .Y.l!:.Q., and are best seen in the transilluminated 

web, viewed with a dissecting microscope, (fig. 40, pol74) o 

In histological preparations of the cranial.or caudal edge of 

the web wounds, elastin bands will be seen transversely cut . 

Elastin bands at the lateral and medial edges of the wound will 

be sectioned at the initial injury, and their cut ends retrac~ 

away. This produces the oblong distortion seen in the early 

stages after injury, (fig o 47, 1 and 2). Thus the last intact 

elastin band seen in the cranial or caudal edge of the wound 

represents the edge of the original incision, t0 within 1.0 mm. 

Tissue seen within this last elastin band is new tissue laid 

down during healing of the defect. It ia non-specific vascular 

connective tissue, which becomes steadily devascularised in 

· older soars. 

Another advantage of the bat web wounds is that infection 



is reduced or absent. The narrow rim is rapidly sealed by the 

growth and fusion of the epithelium, so that there is strictly 

no ulcer by 46 hr. after injury. The minor degree 0~ infection 

which may then be present is rapidly overcome. In this study 

no animals had to be discarded from the series because of 

infecti Ono 

Methods 

The aetails of this experiment are given elsewhere 

(Church and Warren, in press). In the course of this study 

biopsies were taken from the cranial and caudal edges of the 

web wounds, so as to incorporate the cut ends of the injured 

web museleso Biopsies were taken at 2 days and 3 days, and 

7 days after injury, and also from a well healed lesion, .at 

13 weeks. Tissues were prepared, as routine, for light and 

electron microscopy. Counts of myonuclei, satellite cells and 

fibroblasts were undertaken in the 13 week lesion. 

Results~ -

Biopsies 0f the lesion taken 2 days after injury reveal 

that the transected muscle fibres have retracted away from the 

wound edge, which is itself sealed by the fusion of the dorsal 

and ventral epithelium. There is disruption and disorganis

ation of the sarcoplasm in the immediate vicinity of the 

transection, but apart from this the muscle appears normalo 



By three days there is a cellular response in the edge of the 

wound, but little change in the muscle. 

By 7 days after injury, considerable changes have 

occurred in the wound edge, which has become thicker, and more 

infiltrated with cells. There is proliferation of the connective 

tissue elements distal to the last elastin band, and the 

epidermis is thicker and less pigmented than normal. The muscle 

fibres show evidence of activity, with numbers of presumptive 

myoblasts appearing at the ends of the cut fibres, and early 

sprouting of the fibres into the vascular connective tissue of 

the wound edgeo 

One animal was sacrificed 13 weeks after injury, by which 

time the web wound had been well healed for about 9 weeks, 

and the scar had become less vascular, and thinner. Histological 

section across the soar revealed it to be about 7 mmo in diameter, 

from the last cranial to the last caudal elastin band. When 

sectioned longitudinally (fig. 48 a and b) muscle fibres were 

seen to extend into the scar tissue for about 3 mm. from the 

cranial end, and about lo5 mm. from the caudal end. As the fibres 

extended out into the soar tissue, there was a progressive loss 

of normal structure, and pleomorphism, with the appearance of 

large numbers of spindle-shaped cells, lying orientated in the 

axis of the muscle fibres. The muscle fibres themselves rapidly 
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a) X 27 b) X 64 

o) X 5,780 d) X 15,840 
Fig. 48. Photomiorographs of regenerating muscle fibres in the 
soar tissue of the bat web wound. a) and b) show the scattered 
muscle fibres, surrounded by large numbers of fibroblasts. o) 
and d) are electron photomicrographs, showing part of a 
regenerating muscle fibre, containing many vacuoles, and beside 
which are lying two cells which could be satellite cells, with 
nuclei which are distinct from myonuolei and fibroblast nuclei. 



decreased in number, and lost their cross striations o Mitotic 

figures were seen in the soar tissue where the muscle 1fibro

blasts1 had penetrated furthest into it. 

Electron microscopy showed that the web muscles in the 

cranial edge of the wound appeared normal in every respect up 

to the level of the last elastin band. The satellite cel ls 

appeared normal, though were more numerous than normal . Beyond 

the last elastin band progressive changes were seen (fig . 48 c 

and d) . The spindle-shaped cells seen in light microscopy had 

the appearance of fibroblasts, separated by collagen fibres o 

Their chief characteristic was their orientation in the line of 

the sprouting muscle fibres. Large numbers of normal- looking 

fibres could be seen extending for about 1 mm. beyond the last 

elastin band. Thereafter, their morphology became more variable, 

with diminishing amounts of actomyosin o Satellite cells were 

seen in the normal-looking fibres within 1 mm. of the original 

wound edgeo Beyond that, the basement membranes became less 

distinct, or were absent. Certain 'fibroblast-like' cells were 

seen closely applied to the surface of the more distal muscle 

sprouts, but in the absence of basement membranes, it was impossible 

to label these cells anything other than 'fibroblasts'. 

Electron microscopy of the caudal edge of the wound 

revealed a very similar pattern to that of the cranial edge. The 
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muscle fibres in this case had been denervated for 13 weeks, and 

showed a diminution in the amount of actomyosin they contained, 

though not to any marked degree. Satellite cells were seen in 

similar numbers to normal in the region of the last elastin band, 

but were again not identifiable within the scar tissue, where the 

basement membranes were indistinct around the sprouting muscle fibreso 

The results of the myonuclear, satellite cell and fibroblast 

counts, in the cranial and caudal edges of the wound, are shown in 

Table Noo 80 Counts could only be made up to the level of the 

last elastin band, as beyond that there was too much pleomorphism 

and basement membranes became indistincto Fibroblasts were increased 

at both sides of the wound, though satellite cells were only sig

nificantly increased on the cranial, innervated, sideo 

Discussion. 

The behaviour of the muscle fibres in the web wounds is 

similar to that observed before in transected muscle woundso 

Though there was an attempt to cross the scar, the 7 mmo gap 

had not been crossed by 13 weeks after injuryo It is interesting 

that the sprouting muscle fibres were seen to extend further into 

the scar from the innervated than from the denervated sideo 

This would imply that the response of the muscle was more 
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T.S. No. of No. of No. of No. of s/M M/F Sa tell- Corr-
no. fibres. myo- satell- fibro- ratio. ratio. ite acted 

nuclei. ite blasts. cells S/M 
cells. X 1.3 ratio. 

1. 657 218 30 54 13.8% 33.2% 39.0 17.9% 
2. 658 158 68 159 43.0% 24.0% 88.4 55.9% 
3. 658 218 74 278 33.9% 33.1% 96.2 44.1% 

- scar tissue of the wound -

4. 659 281 32 244 11.4% 42.4% 41.6 14.8% 
5. 537 246 33 62 13.4% 45.8% 42.9 17.4% 

Table No. 8. The numbers of muscle fibres, myonuolei, satellite 
cells and fibroblasts, counted in serial transverse sections in 
the previously sectioned muscle in the cranial and caudal edges 
of the bat web wound, 13 wk after injury. T.S. nos. l, 2 and 3 
are from the cranial edge of the wound. T.S. no. l is 1 mm 
cranial to the last elastin band, T.S. no. 2 is opposite the last 
elastin band, and T.S. no. 3 is 0.5 mm within the last elastin 
band, at the edge of the scar tissue of the wound. Quantitation 
was not feasible within the scar tissue. T.S. no 4 is opposite 
the last elastin band on the caudal side, and T.S. no 5 is 1 mm 
distal to it. 
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effective from the innervated side, though this can net as yet 

be considered significant as only the one lesion was examined. 

The striking feature of the histo-pathology of these 

wounds is the appearance 0f the large numbers 0f orientatem 

1fibroblasts• seen streaming out from the region of the previously 

transected museles, and extending for seTeral millimetres into 

the non-specific sear tissue of the wound. The impression gained 

is that they represent a population of fibroblasts specific to 

the muscle from which they are derived. Some of them might also 

be mononucleated myoblasts that have failed to fuse with eaoh 

other to form new fibreso ~one of these cells contained acto

myosin, which was only seen in the muscle fibre sprouts. 

The quantitation bears out the general resp0nse seen in 

the previous experiments, with increasing numbers of satellite 

cells in the region of transectiono It must be emphasised that 

these figures indicate a trend, and oan not have full statistical 

significance, as despite the large number of individual cells 

counted only one lesion was documented in eaeh case. However, 

the crush lesions of the earlier two experiments are standard, and 

the study of over 400 such lesions revealed that their recovery 

pattern is regular and predictable. It is note-worthy that the 

response of the muscle is essentially similar in the two extremes 

of injury represented here - the one with no architectural loss, 

and the other with complete architectural transection. Moreover, II 

I 
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these results substantiate those of the majority of other 

observers, who when they have seen o:r estimated their number, 

have indicated that satellite cell are more numerous at the 

foci of regenerationo 

In conclusion, it can be said of this experimental model, 

that it has considerable advantages over previously used 

experimental models for the study of wound healing, and that it 

also has the added advantage that the behaviour of the trans

ected muscles can be precisely determined, for the following 

reasons; infection is minimal or absent; the web elastin 

affords a good wound edge marker, so that the extent of muscle 

sprouting can be measured; the scar tissue is entirely non

specifio in that, apart from the web muscles, no other specific 

tissues are seen in ita 

---0-- .... 
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MYCOBACTERIU~ LESIONS IN THE BAT WEB MUSCLES. 

The experiments described above were designed to avoid, 

as far as possible, infection of the injured muscle, so that 

the cellular responses involved could be better studied. This 

study was the reverse, delivering a known organism into the 

web, and studying the resulting infection. 

The organism used, Mycobacterium buruli, was chosen for 

several reasons. Palmer ~ al (1965 ), and , Rees ~ al (1967) 

have studied the behaviour of Mycobacteria in experimental 

lesions, and report, in the earlier paper, the presence of 

~- leprae both within muscle fibres and within the satellite 

cells. They go further, and state that only Myco. leprae has 

a specific prediliction for skeletal muscle fibres, and no 

other species is taken up by, or multiplies in, muscle fibres 

or satellite cells. There is, at the present time, no other 

specific report on the appearances or behaviour of satellite 

cells in infected muscle. It was clearly appropriate to study 

an organism -which ts closely related to the one organism which 

has been seen in satellite cells. 

Mycobacterium buruli is the causative organism of a 

chronic ulcerating and necrotising infection of the subcutan

eous tissues - a condition first reported in Buruli county of 

Uganda, near the river Nile (Clancey~ al, 1961; Dodge & 



Lunn, 1962; Clancey et al, 1962). It is an aoid-fast 

bacillus, related t.o other Mycobacteria causing tropical skin 

lesions, but culturally distinct (Clancey, 1964)0 It grows 

slowly on Lowenstein-Jensen medium, growing best at a temp-
. 0 . 0 

erature between 32 C - 33 Co In experimental animals, definit-

ive lesions have only developed in the testicles of rats, or 

the footpads of mice, tissues which are generally cooler than 

body temperature. Well developed oedematous lesi0ns, con

taining large numbers of organisms, were established in the 

mice foot-pads by 3 - 8 weeks, the skin sloughed by 10 - 15 

weeks, and the ulcers became secondarily infected. Testicular 

lesions were of slower evolution, and did not ulcerate (Clancey, 

1964; Dodge, 1964). 

The fruit bat web, when extended , is uniformly at ambient 

temperature over its entire area, except where it is hair

bearing near the forearm, axilla and body wallo The web muscles 

contract optimally at 24°c, rather than at body temperature 

(Padsha, 1965), indicating that the web would normally be at 

ambient temperature during flight, when the web muscles are 

active. The web temperature probably rises to near body temp

erature when the bat is roosting, particularly as bats of this 

species roost in clusterso However, the mean temperature of 

the web must be lower than body temperature over a 24 hour 

periodo In view of the finding that Myooo buruli grows best 

0 0 
at 32 - 33 0 in oulture, it was anticipated that it would also 
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multiply in the web tissues, and the ensuing lesions would 

then be readily ace essi ble to study. 

Methodso 

An immature female bat, weighing 167 g., was placed 

on a perspex frame, with its wings extended. A suspension 

of Myco. buruli, grewn on Lowenstein-Jensen medium, was made 

up in saline, so that 0 0025 ml. 0f inoculate would contain 

6 
approximately lo25 x 10 organismso The animal was given a 

light general anaesthetic with open ether, and inoculations 

were made into the webs, using a Mantoux syringe and needleo 

The bevel of the needle was held downwards, and the ventral 

skin of the web pierced, overlying a web muscle. The needle 

was run along the muscle, between it end the ventral skin, 

for about 15 mm., and the inoculate run in slowly to form a 

1 bleb 1
, spreading between the dorsal and ventral skin of the 

web, to an area of about 10 mm. diameter (figo 49, a and b) o 

In one sit_e, that over the most lateral muscle in the right 

web , 0.05 mlo was inoculated, but in all remaining sites the 

inoculate was standardised at 0.025 ml. 

Some of the inoculation sites were further injured in 

the following ways. The muscle in the fifth site of the right 

web wae orushed immedi a tely after inoculationo The muscle orush 
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was made with the standard apparatus used for the earlier 

experiments, with crushing area of 1 x 8 mm., over which a 

weight of 2.3 ko was plaaed for 1 minute. In the sixth site 

of the right web a similar crush was made, before the inocul

ation, which was seen to run up to the crushed site, but not 

extend into it or beyond it. In the left web, the lateral 

three sites were complicated after inoculation by incision 

of the skin over the centre of the inoculated area, and trans

ection of the muscle at the same point, without buttonholing 

the dorsal skin. In this way, the inoculation was complicated, 

in some lesions, by soft tissue injury alone, and in others 

by soft tissue injury and an open wound. 

The webs were photographed and the animal returned to 

its cage, where it was fed with its normal diet of soft fruit 

and water, but it was kept isolated from other animals. 

The bat was observed at weekly intervals, and the web 

lesions were photographed at 4, 6 and 8 weeks after inoculation. 

At 4 weeks, two of the lesions were excised (figo 49, c and d) 

and the biopsies prepared for light and electron microscopyo 

The animal was sacrificed 8 weeks after inoculation. The 

fixation of the animal, and the preparation of the biopsies 

were again routine. 
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a. b. 

c . 

f. 

Fig. 49. Mycobacterium buruli lesions in the bat webs. 
a) immediately after inoculation of 6 sites, and crush lesions 
to the medial 2. b) immediately after inoculation of 5 sites 
and incisions over the lateral 3. c) and d) 4 wk after 
inoculation, and immediately after excision of the lateral 
lesion in each web. e) and f) 8 wk after inoculation, showing 
the resolving lesions and healed biopsy sites. x 0.75 

\ 
I 

,' 
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Results 

The total inoculate of Oo30 ml, in 11 sites in the 2 

webs, caused no systemic upset. The initial tblebs' soon 

subsided, and no naked-eye abnorm~lity could be detected 

for 3 weeks. The small skin wounds, in:flicted over 3 of the 

inoculated sites in the left web, were well healed by 2 weeks. 

By 4 weeks, well marked lesions had appeared in all 

the sites inoculated (fig. 49 o and d)o The first site in 

the right web, which had received double the dose of the other 

sites, nonetheless presented a lesion of similar size to the 

otherso Similarly, the lesions which had been •complicated' 

·-
by muscle crushes, or skin and muscle incision, appeared no 

different from other 1uncomplicated1 lesionso There was no 

ulceration though certain of the lesions in the right web were 

desquamating, on their ventral surface. It was noted that 

the 3 skin incisions in the left web had healed to the extent 

that the soar tissue had apparently inhibited the development 

of the myobaoterial lesions, which formed on both sides of 

the soar, but more so distally. It was also clear that the 

lesions had all formed over or within the segment of muscle 

involved in the original inoculation, and that though the 

1 bleb 1 had spread to an area of about 10 mmo diameter, the 

definitive lesions only measured about 2 x 5 mm. 
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When the 2 lesions were excised from the webs at 4 weeks, 

the web tissue sprang apart to an area of 7 - 11 mmo diameter, 

due to the elasticity of the web. These biopsy wounds then 

constituted a further type of lesions, namely a skin wound in 

the region of an established Myoo. buruli infection. These 

biopsies, when sectioned for light microscopy, showed an ex

tensive inflammatory reaction in the dermis and muscle, with 

numerous organisms in the dermis but not in the muscle. The 

muscle fibres were disorganised, and showed some attempt at 

regenerationo There was no suppuration~ Fixation of the 

biopsies was inadequate for extensive electron microscopic 

study. 

At 6 weeks after inoculation the web lesions had begun 

to resolve, and had not at any time uloeratedG The biopsy 

wounds, now 2 weeks old, showed evidence of attempted healing. 

The epidermis aroa.nd the rim of these lesions was healed by 

this time, but the rim was thickened and inflamedo The rate 

of resolution of the other lesions seemed to be variable, 

certain of the left web lesions being quite small by this timeo 

By 8 weeks all lesions had resolved further (fig. 49 1e 

and f)o The 2 biopsy wounds had contracted, with obliteration 

of the central hole, though the scar tissue was still vascular 

and 'reactive'. The general condition of the animal was goodo 
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When seen in microscopy, all the lesions, though now 

8 weeks old, still showed extensive damage to the muscle and 

dermis, with infiltration of inflammatory cells between the 

muscle fibres and in the dermis (fig. 50). Organisms were 

seen in the dermis and epidermis, but only in macrophages in 

the nectrotic muscle. 

Muscle fibres in the centre of these lesions showed 

extensive necrosis, with loss of all internal structure, and 

dissolution of basement membraneso Considerable amounts of 

collagen had been laid down in the regiono In less damaged 

regions at the edge of the lesion, normal-looking fibres could 

be seen lying between moderately or severely damaged ones 

(fig. 50 d). No organisms were seen in any of these fibres. 

Satellite eells could be seen in their •resting' form, in the 

more normal-looking fibres. The basement membrane around the 

moderately damaged fibres, showed a patchy dissolution, being 

quite conspicuous in some places, but absent in others. 

Normal-lo·oking satellite cells were not seen adjacent to these 

fibres, but certain pleomorphic cells, with large amounts of 

cytoplasm containing ribosomes and endoplasmic reticulum., 

could be seen between them9 In areas where the basement mem

brane had disappeared, their cytoplasmic process.es were in contact 

with the fibre synoytium, in the position that a satellite 

cell would be, were the basement membrane to be intacto No 

organisms were seen in the satellite cells. 
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b) X 240 

. { •. \~ }:~;_::~ 
~, ~ ' ,• ~.~ ,: 
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d) X 2,380 
Fig. 50. Mycobacterium buruli lesion in a bat web muscle, 8 wk 

after inoculation. a) light photomicrograph at low magnification 
showing the central area of necrosis in the muscle. b) light 
photomicrograph at higher magnification, showing necrotic and 
damaged fibres at the edge of the lesion. c) electron photomicro
graph showing organisms in cells in the necrotic area. d) electron 

photomicrograph showing damaged muscle fibres and cellular 
infiltzation between them, at the edge of the lesion. 
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Discussion 

This study shows that Myco. buruli, when inoculated 

into the fruit bat web, will establish itself to form well 

defined lesions. Being readily visible and accessible, these 

lesions have distinct advantages over those in other experi

mental tissues, such as, for this organism, the rat testicle 

and mouse foot-pad. 

Muscle necrosis was seen in all the lesions, though 

seemingly in the absence of many organisms. The extent of 

the muscle necrosis was apparently unrelated to the injury 

inf'licted at the time of inoculation, be it crush lesions, or 

transectiono The implication here is that as there was a 

3" 4 week delay before the Mycoo buruli infection became 

established, the injured muscle had had some opportunity to 

recoyer. As all the lesions were similarly affected, without 

mbyious interference to the blood supply, the implication is 

that the muscle necrosis is a direct effect of toxins from 

the organisms. Muscle neor@sis was widespread, involving 

every fibre in the centre of the lesiono The wide range of 

damage seen at the edge of lesion, where normal-looking fibres 

could be seen near to necrotic ones, c;uld be explained by 

the degree of overlap of the fibres in these web muscles. 

fibre running predominantly in the necrotic region would 

A 

( 

I I 
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presumably be affected along its length, whereas a fibre 

lying predominantly in normal muscle beyond the lesion, would 

be more resistent to damage. It is significant that satellite 

cells were only seen in this latter type of fibre o The 

evidence of this study would indicate that the toxic effects 

of this organism are sufficient to destroy nonnal fibres, 

and also to inhibit myoblast activity or any attempts at 

regeneration, at least in the period studiedo 

Certain of the pleomorphic cells seen lying in contact 

with partially damaged fibres, where the basement membrane 

had been destroyed, could be satellite cells, but within the 

limits of this study, certain identification of these cells 

was imposs ibleo 

This study was only the first of its kind, and clearly 

has great potential for the further study, not only of the 

organism chosen here, but of a range of other organisms. 

Multiple inoculations can be made in selected sites. Biopsies 

can be removed before sacrificing the animalo Specific sub

stances, such aa antibiotics or antisera, could be introduced 

into the lesions, and their evolution followed in the manner 

described hereo Dosage of the organisms inoculated could be 

regulated so that small lesions are produced, with no general 

constitutional upset to the animalo 
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The observations of Palmer et al (1965) have been 

corroborated here, in that no Mycoo buruli organisms were 

seen in the dam.aged muscle fibres. HoweYer, this comes n0 

nearer to explaining why Mycoo leprae should show its ~re

diliction for muscle fibres, and for the satellite cells 

within themo 

The effectiveness of regeneration, if any, at the 

edge of the lesions, was impossible to assess because of 

the wide divergence of damage seen at the edge of the lesiono 

The overall size of the majority of the lesions had been 

reduced by 8 weeks, implying that the muscle damage had been 

more extensive at the earlier 4 week stageo Quantitation 

was not undertaken in this preliminary study, so that the 

only clear statement that can be made is that satellite 

cells appear, within relatively undamaged fibres, well into 

the edge of the lesion, and that, whatever their part in 

attempted regeneration, the whole process is inhibited or 

reversea by the necrotiaing effects of the mycobacterial 

toxinso 

ZENKER 1S DEGENERATION 

The disruption of the sarcoplasm seen in the crush lesions 

described above, is somewhat reminiscent of that of the 

( 
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classical hyaline degeneration described by Zenker (1864), 

quoted by Adams et al, 1962. A search was undertaken, 

therefore, to procure an example of 1 classical 1 Zenker's 

degeneration, for correlation with the present studies. 

By kind permission of the Curator of the Pathology 

Museum of the Royal College of Surgeons of England, some 

sections were cut from a block of a muscle biopsy obtained 

by Dr. J.M. Ross iR 1948. The patient, a soldier aged 34, 

was admitted to Cairo hospital with typhoid fever. The 

spleen was enlarged, and the patient died in profound tox

aemia 8 weeks after the onset of the disease. The biopsy 

was taken from the rectus abdominus muscle. The muscle is 

mounted as a whole specimen (s.105.2) in the Pathology 

Museum of the Royal College of Surgeons. 

The naked eye appearance of the sections shows a 

fairly clear line of demarkation between damaged and normal 

muscle. -Light microscopy reveals the I classical I changes 

described, with disruption of the sarcoplasm, and the appear

ance of spindle-shaped cells and macrophages within the 

fibres (figo 51 and 52). 

No electron microscopy could of course be undertaken 

with this material, but 1 t was clear that electron microscopy 

\ 
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Fig. 51. A light photomicrograph at low magnification, of 
hyaline or Zenker's degeneration of muscle, as seen in a patient 
aged 34, who died of typhoid fever. Note the disrupted 
sarcoplasm. x 42.5 

Fig. 52. A light photomicrograph at higher magnification, of 
damaged muscle fibres from the region shown in fig. 51 above. 
Note the amorphous sarcoplasm, showing no cross striation, and 
the presence of cells, some of them spindle-shaped, in the 
sarcolemmal tubes. x 680 
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would be of considerable value, in the more certain recog

nition of mononucleated cells in this damaged muscle. 

Satellite cells could not be distinguished as such with light 

microscopy, but again, electron microscopy would undoubtedly 

reveal their presence. There is therefore a clear indication 

for histopathological material of this type to be studied 

further in the electron microscope. 

EXPERIMENTAL STUDIES 

Summary and Conclusions 

The main question underlying these experimental studies 

was the nature of the satellite cell: Is it a reserve myoblast? 

In the first study, using standard crush lesions to the web 

muscles, the conclusion was drawn tbat the satellite cell is 

capable of transformation into myoblasts, wlilich divide by 

mitosis to form new muscle fibres. In the next two studies, 

recovery of these standard crush lesions was assessed 

qua~titatively, and it was shown that despite the disruption 

of all fibres in the damaged segment, complete restoration 

is possible, even after double injury. Satellite cells are more 

numerous in these recovered lesions, suggesting an exuberant 

response, at least in the 1 - 3 month period after injuryo 

In the fourth experiment, the overall result of the 

growth of muscle fibres into scar tissue was largely ineffectual. 
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would be of considerable value, in the more certain recog

nition of mononucleated cells in this damaged muscle. 

Satellite cells could not be distinguished as such with light 

microscopy, but again, electron microscopy would undoubtedly 

reveal their presence. There is therefore a clear indication 

for histopathological material of this type to be studied 

further in the electron microscope. 

EXPERIMENTAL STUDIES 

Summary and Conclusions 

The main question underlying these experimental studies 

was the nature of the satellite cell: Is it a reserve myoblast? 

In the first study, using standard crush lesions to t4e web 

muscles, the conclusion was drawn that the satellite cell is 

capable of transformation into myoblasts, wlitlch divide by 

mitosis to form new muscle fibres. In the next two studies, 

recovery of these standard crush lesions was assessed 

quantitatively, and it was shown that despite the disruption 

of all fibres in the damaged segment, complete restoration 

is possible, even after double injury. Satellite cells are more 

numerous in these recovered lesions, suggesting an exuberant 

response, at least in the 1 - 3 month period after injuryo 

In the fourth experiment, the overall result of the 

growth of muscle fibres into scar tissue was largely ineffectual. 
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Satellite cells are more nuni'erous in the region of transection 

of the muscle, but, if present, are unrecognisable in the scar 

tissue of the wound, where muscle fibres become rapidly reduced 

in numbers, and separated by large numbers of 'fibroblasts•. 

In the fifth experiment, inoculation of .Mz_cobacterium 

buruli caused necrosis of the muscle, without extensive invasion 

by the organisms, and all attempts at regeneration were inhibited 

in the necrotic area, which was being replaced by fibrous tissue. 

Satellite cells were seen in normal-looking fibres at the edge of 

the necrotic area. 

In conclusion, the behaviour of the web muscles under these 

varied experimental conditions has been clearly demonstrated, and 

the place of satellite cells also clarified in the lesions studied. 

Nonetheless these studies only represent a preliminary excursion 

into this field. Future experiments, which could be developed 

in t he further study of the nature and function of the satellite 

cell, are considered at the end of the general discussion (po 258). 

---0---
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Section V 

GENERAL 

D I S C U S S I O N 

In the introduction to this thesis, an outline was given of the 

reasons for undertaking a study of a single cell type - in this 

case, a specific cell in skeletal muscle. The view might be taken 

that this represents a rather narrow cytological field·, from which 

little can be learnt of general biological interest. However, in 

the course of these studies, certain themes have recurred, and 

concepts emerged, which must be evaluated against generally 

accepted biological concepts, and the cytology of other tissues. 

The salient theme here is that the satellite cell is a reserve 

myoblast, and that it will seemingly remain 'dormant' for long 

periods until stimulated to divide and furnish further myoblasts, 

fo llowing injury. 

An immediate question which follows from this statement is 

whether the satellite cell represents the only source, or whether 

there are other possible sources, of myonuclei. The concept of 

amitotic division must therefore be reconsidered, as also the 



227 w 

suggestion of a central source of myoblastso If the place of the 

satellite cell can be established as the reserve myoblast of 

skeletal muscle, it is then of some interest to determine whether 

other tissues might similarly possess reserve cells, particularly 

those most closely related to it, namely cardiac and smooth 

muscle. 

Having assessed the present limits of our understanding 

on these themes, it is appropriate, in concluding to outline the 

type and direction of possible further studies in this field. 

Reserve Cells and Stem Cells 

The term 'reserve' cell has been used frequently in this 

thesis, so that its use must be clarified, and it must also be 

compared and contrasted with the more established term 'stem' cello 

Tissues can be divided into three general types, depending 

on the turn-over rate of their constituent cells (Walter & Israel, 

1963). 1Labile1 tissues are those with a high cell turn-over, 

such as bone-marrow, or the epithelium of the .small intestine. 

'Stable' tissues are those which normally exhibit little or no cell 

turn-over, but whieh can regenerate, following injury and cell 

death, to replace lost cells. Such tissues are skeletal and smooth 

muscle, glands such as the liver, and supporting cells of the 

nervous system, such as Schwann and neuroglial cells. Thirdly, 
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1fixed 1 or 'permanent' tissues are those with no apparent cell 

tum-over, the injured cells of which, being incapable of division, 

are replaced by scar tissue. The neurones of the nervous system are 

the obvious example, though myocardium and mature hyaline cartilage 

are also thought by some to be incapable of regenerationo 

When new cells appear in the course of tissue regeneration, 

the origins of these cells must be traced, and their mode of pro

duction understoodo In 1fixedr tissues, where regeneration does 

not occur, there would be no source of new cells. On the other 

hand, 1labile 1 tissues, with their high cell turn-over, have high 

mitotic indices, so that mitotic figures can frequently be seen 

where new cells are being formed. Examples are the stratum 

germinativum of the epidermis, or the base of the crypts of Lieber

kuhn in the small bowel mucosa. An intermediary situation exists 

in 'stable' tissues, where the majority of cells appear to be 

fully differentiated, and new cells, if they appear, have no 

immediately obvious source or region of productiona Even in injured 

regions, where regeneration is taking place, with a high local 

mitotic index, the source of the new cells is not readily apparent, 

and has for instance been assumed, in skeletal muscle, to be by 

'd~differentiation1 of surviving cells in the vicinity of the 

damaged area (Bintliff! Walker, 1960; Walker, 1963), or by 

1 potocytosis 1 - protrusion of part of the cytoplasm with a nucleus 

(Lee, 1965)0 Now that the satellite cell is an established 

entity, it presents itself as the probable source of myoblasts 
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in skeletal muscle, but the source of new cells in other •stable• 

tissues is as yet by no means clear. 

A 'reserve• cell can thus be defined as an undifferentiated 

cell, lying between differentiated cells of its own line, whose 

essential function is to furnish new cells in that line, as 

required. 1Reservet cells could exist in any or all of the 'stable• 

tissues. 

By contrast, a 'stem• cell can be defined as an undifferen

tiated cell, unrelated to any particular cell line, and pluri

potential in that it can give rise to 'blast' cells of a number 

of cell lines, as required. In practice, this term has been used 

to describe the large non-specific mesenchymal cells found through

out the connective tissues, but especially in the bone marrow, 

giving rise to different cells of mesenchymal origin. 

It could be suggested, from these two definitions, that the 

two cell _types represent different stages in differentiationo 

A 'reserve' cell would then represent the earliest form of differen

tiation in that, though undifferentiated itself, it is committed 

to a specific cell line, and its daughters will only differentiate 

into cells of that line. Further, a reserve cell . would probably 

be more readily recognisable in a given tissue, and its behaviour 

thereby more readily studied and understood. By contrast, a 1 stem1 

cell, being pluripotential, and non-specific in appearance and 
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situation, would be virtually impossible to study, at least in 

terms of its behaviour under varying circumstances. Moreover, it 

could, by definition give rise to a number of different types 

of reserve cell. 

Another possibility is that the classic mesenchymal 'stem' 

cell does not in fact exist, but rather that cells which resemble 

each other are already committed to different cell lines 9 To 

complicate the issue further, there is now increasing evidence 

for the ability of lymphocytes to become transformed, and it is 

possible that stem cell populations are replenished from source 

strains or clones of lymphocytes, developing elsewhere in the body. 

Where there are still so many unknowns, this subject must remain 

at present in the realm of speculation, and need not be developed 

further here. By contrast, the concept of reserve cells is basic 

to this thesis, and can be explored further. 

The satellite cell fulfils all the criteria suggested above 

forth~ definition of a reserve cello It is undifferentiated, 

containing no actomyosin, yet is easily recognised in its 1 restingt 

form, and appears to be capable of transformation and mitosis, 

to supply daughter myoblasts, which fuse to form muscle fibreso 

It is quite possible that this arrangement is unique to skeletal 

muscle, where the majority of nuclei - the myonuclei - are in

capable of further division. But it is equally possible that this 

type of cell behaviour is applicable to other tissues, and that it 
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has been more easily demonstrated in skeletal muscle because of 

the particularly obvious distinction between it and the multi

nucleated fibre syncytium. 

Amitosis and Mitosis 

The concept of arnitotic division of myonuclei arose in an 

attempt to account for the increase in number of myonuclei in 

certain conditions, without an observed concomitant increase in 

the mitotic rate. Waldeyer (1865), Volkmann, (1893), Dawson (1909), 

Forbus (1926), Millar (1934), Pfuhl (1937), and Le Gros Clark (1946), 

(quoted by Gilbert & Hazard, 1965), all accepted amitosis. Even 

more recently, Achaval & Rebollo (1964), refer to myonuclei 

presenting 1aspectos de amitosis 1 , and Klishov (1965) upholds 

amitosis as the principal mode of muscle nuclei divisiono Chevre

mont (1940), studying chick embryo muscle in tissue culture, 

indicates that after numerous fruitless attempts, direct division 

wa.s seen in two cases, though in both, the daughter nuclei remained 

contiguouso Capers (1960), using similar embryonic muscle, con

cludes that multinucleation is the result of myoblast fusion, 

and observed that as myonuclei moved, they tended to rotate, lead

ing to a folding of the nuclear membrane, so that lines appeared. 

He suggests that this appearance has probably been interpreted 

as fission in the past, but these lines disappear as the nuclear 

membrane unfolds later on. 

The strongest evidence against amitosis is provided by studies 
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with tritiated thymidine, which is incorporated into nuclei 

synthesizing DNA. Thus Kitiyakara & Angevine (1960), Holtzer 

(1961), Stockdale & Holtzer (1961), Okazaki & Holtzer (1965, 1966) 

and Marchak (1966), have all shown that tritiated tbymidine is 

taken up by mononucleated cells but not by my~nuclei within multi

nucleated myotubes or maturer fibres. If myonuclei resulting 

from amitotic division are to retain their normal amount of DNA, 

it must be synthesized at som€ time prior to division, and this 

has not been demonstrated. Alternatively, the daughter nuclei, 

by simple fission, would only contain half the DNA. Myonuclei are 

taken as a standard for the estimation of the normal interphase 

2n amount of DNA in microspectrophotometry (Holtzer, 1967), and 

if a proportion of myonuclei had half this amount or less, this 

would have been observed. 

Pietsch (1961) studied the effects on muscle regeneration 

of colchicine, which inhibits mitosis at metaphase. The tibial~s 

anterior of mice was transected and colchicine injected locally. 

When colchicine was given during the period of greatest cell 

division, regeneration was almost completely curtailed. If amitosis 

had been an effective alternative means of production of myonuclei, 

it could be assumed that regeneration would have proceeded, despite 

the colchicine. 

The concept of amitosis was favoured because mitotic 

figures were seen so rarely, at least by earlier workers. However, 

~ I 
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the majority of observers in . recent years, whether studying 

histological material, or muscle in tissue culture, now report 

the frequent appearance of mitotic figures in mononuclear cells 

in developing or regenerating muscle, sufficient to provide the 

myonuclei later seen. The observations of the present studies 

were also entirely in keeping with this. 

Amitosis must therefore be regarded as an intriguing alternat

ive to mitosis, which was never convincingly demonstrated, and is 

now barely tenable when tested with modern experimental techniques. 

Central Source of Myoblasts. 

Though amitotic division of myonuclei is now discredited 

in favour of mitotic division of myoblasts, the problem still 

remains of the origins of the latter. At least two possibilities 

must be considered; origin from local mononuclear cells, within 

the muscle; and origin from a distance, from a •central sourceto 

The evidence for the former possibility is very strong. 

Explanted developing muscle, gives rise to fusiform cells, which 

develop into myoblasts and new fibres, (Lewis & Lewis, 1917; 

Chevremont, 1940; Holtzer et al, 1957; Capers, 1960; Konigsberg, 

1961, 1963; Holtzer 1961; Stockdale & Holtzer 1961, 1964; Yaffe 

& Feldman 1964, 1965; Okazaki & Holtzer, 1965, 1966). Explanted 

adult muscle also gives rise to spindle-shaped cells which go into 
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mitosis (Pogogeff & Murray, 1946), though the fate of the mitotic 

cells was not traced, in that reported study. 

Bintliff & Walker (1960), labelling nuclei with tritiated 

thymidine, demonstrated that leucocytes are not involved in the 

regeneration of new tissue, though they invade the wound area in 

the early stages of regeneration, and draw the conclusion that 

'new muscle fibers were derived mainly or entirely from elements 

of injured muscle fibers 1 o Walker (1963), in similar studies, 

concluded that connective tissue cells did not participate in 

muscle regeneration or rnyogenesis. Pietsch (1961, 1964), and 

Williams & Pietsch (1965), in a series of studies involving the 

inhibition of mitosis in regenerating muscle, have shown that 

regeneration is severely depressed when mitosis is locally inhibitedo 

The general conclusion that can be drawn from these tissue 

culture and labelling studies is that myoblasts are derived from 

injured muscle, and divide locally by mitosis to fuse and form 

new fibres, and that leucocytes and connective tissue cells do 

not participate in the production of myoblasts. It could also be 

implied that if cells are recruited from a 'central source', then 

they must also divide locally by mitosis to provide the necessary 

myoblasts. 

The theory of a 'central source' of rnyoblasts goes back a 

hundred years to Maslowsky (1868) (quoted by Field, 1960), who 
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suggested that muscle cells could be formed from the leucocytes 

of the bloodo Field (1960), in his general summary of skeletal 

muscle regeneration, states that there is a remo~e possibility 

that lymphocytes which appear at the site of muscle damage may be 

1 replacement 1 nuclei, colonising fragments of surviving sarcoplasmo 

This theme was revived by Bateson et al (1967), using 

tritiated thymidine to label nuclei in regenerating muscle. These 

workers gave tritiated thymidine up to 48 hr before muscle injury 

in one experiment, and later found numbers of labelled nuclei 

in the regenerating muscle. They imply that as tritiated thymidine 

' is cleared from the general circulation within hours of injection, 

it must enter the muscle lesions in the form of nuclear chromatin 

in cells which were dividing and took it up at the time when it 

was administered. Study of their reported figures reveals that 

muscles injured 6 hr before, and muscles injured from 12 - 48 hr 

after, tritiated thymidine administration, showed a very similar 

range of labelling of the myonuclei in the injured sites. This 

would imply that label was available at a consistent level during 

the time of the experiment, at least from the time that cells first 

started synthesising DNA in the wounds. Pietsch & McCollister (1965), 

studying the uptake of tritiated thymidine by injured muscle in mice, 

determined that there are three peaks of uptake, representing three 

waves of mitosis, at 42, 52 and 64 hr after injury. Thus in the 

experiments reported by Bateson~ al, also using mice, muscles 

injured 6 hr before giving tritiated thymidine, would not in all 
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likelihood start to take it up until at least 12 hr after the 

last thymidine injection, that is well after it has been cleared 

from the circulationo In effect, all the lesions in these experi

ments were exposed to rdelayed 1 thymidine - th;ymidine not record

able in simple solution in the circulation. 

Whatever the origin of myoblasts, they increase in number 

by mitosis in the injured area. If well-labelled cells were to 

enter a damaged area, and divide by mitosis, their contained label 

would be rapidly diluted, and the resulting myonuclei would be 

faintly labelled, if at all. The interesting feature of the 

myonuclei in these experiments is that they were uniformly labelled, 

implying that, despite the dilution of label by mitosis, further 

label was available, in an assimilable form, for incorporation in 

the successive phases of DNA synthesis. 

Though circulating levels of tritiated thymidine are un

recordable within a few hours of administration, delayed labelling 

of nuclei with tritiated thymidine has been reported by a number 

of workers (Bryant, 1962, 1965; Diderholm, Fichtelius & Sinder 1962; 

Robinson & Brecher, 1963). It is thus quite possible that within 

the time limits of the experiment performed by Bateson et al, there 

was adequate label available, as DNA precursors, to give the results 

shown. 

It must be concluded, therefore, that although the concept 
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put forward by Bateson and her co-workers, is of far-reaching 

significance, and, in their own words, 1 at variance with current 

views on muscle regeneration', the evidence of their reported 

studies is somewhat equivocal, and would need substantiating by 

further studies. It would be appropriate, for instance, to 

correlate their studies with electron microscopy, and observe, if 

possible, the well-]ebelled cells from a 'circulating source' 

entering the damaged region. Sloper (1967), commenting on these 

studies, states that he does not think that emigration plays any 

more than a part in the regeneration of muscle. 

From the discussion so far, the role of amitosis in furnish

ing new myonuclei has been discredited, and the role of 'circulat

ing' myoblasts is still speculative, so that the position of the 

satellite cell, as a source of myoblasts, is greatly strengthened. 

The Satellite Cell Segment 

The concept of the satellite cell segment was introduced 

in the aiscussion on the morphology and distribution of satellite 

cells. This concept can be accepted simply at the histological 

level, illustrating the ratio of satellite cells to myonuclei. But 

as the weight of evidence increased in favour of the satellite cell 

being the reserve myoblast of skeletal muscle, it is logical to 

consider whether this ratio illustrates an inherited genetic 

constitution in the two cell types, and how it might be related to 
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the controlled development of muscle, or the control of re

generation in injured muscle. Also, a working model must fit the 

majority of available experimental facts. To develop this further, 

one must consider first the possible ways.in which cell constitution 

might differ from generation to generation, in a dividing cell 

population. 

Garven (1965), in discussing mitosis and cell replacement, 

indicates that ther e are three fundamentally different processes 

involved. (i) The simple multiplication of cells, with daughters 

identical to the parent cell ( a -+ a + a). (ii) The production 

of a new stage of development (m ~ n + n). (iii) Transformation 

without further mitosis, where mitotic potentialities are lost 

( x + y). 

To these could be added two further possibilities; that a 

cell could give rise to unequal daughters, one of which is similar 

to the parent and the other different (a -+ a + b); or both daughters 

distinct from each other and different from the parent (a ~ b + o). 

These different types of cell division are illustrated in 

the suggested sequence of events in the development of a satellite 

cell segment (fig. 53). In this model, the 1premyoblast 1 divides to 

give a first generation myoblast, and another 1premyoblast•, an 

(a...,. a + b) division. The first generation myoblast divides 

asymmetrically to give a second generation myoblast and a satellite 
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MYOBLAST GENERATIONS 
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Fig. 53. Diagram of a suggested model for myogenesis, whereby 
a 'premyoblast' gives rise to a Satellite Cell Segment, or one 
satellite cell and its related myonuclei. 
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cell, an (a ~ I> + c) division. The second generation myoblast 

divides, by a simple (a - a + a) division, to give two third 

generation myoblasts, which would divide in the same way to give 

fourth and fifth generations. There is some evidence for a 

9 critical 1 division of myoblasts, before the daughter cells start 

to synthesize actomyosin or fuse together (Okazaki & Holtzer, 1966). 

This could occur, in this model, between the fourth and fifth myo

blast generations, and would be of Garven 1 s (m ~ n + n) type. 

Alternatively, transformation, of the (x -,; y) type, could occur 

in the fifth generation myoblasts, which would thereafter divide 

no more, but fuse to form myotubes and synthesize actomyosin. 

If all this is so, it would give a genetically controlled 

sequence to the genesis of a satellite cell segment. There might 

be considerable admixture of the fifth generation myoblasts, but 

the overall ratio of satellite cells to myonuclei would be the same. 

Stockdale & Holtzer (1961), and Yaffe & Feldman (1965), showed that 

myoblasts from different sources will fuse, in tissue culture, to 

form hybrid multinucleated muscle fibres, indicating that homo

typical cells will fuse without distinction of their origins. 

It might be asked why the sat•llite cell should be given 

off early in the development of the segment, as suggested in the 

model. Might it not as easily, in fact more probably, be given off 

as a daughter cell in the fifth generation of myoblasts? The 

problem here is that if the fifth generation myoblasts are homo-
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-typical, as suggested above, the satellite cell would fuse with 

them and be r1ost'. If it is distinct, and is given off as a 

'b' cell, in an (a ~ a + b) type division, and if the whole process 

is genetically programmed, the coding of information, so that 

1 in 8 of the fifth generation myoblast divides in this specific 

way, would be far more complex than the generation-by-generation 

coding implied in the model. 

Though the genetic coding in each generation of myoblasts 

might be quite specific, this does not imply that the morphology 

of the cells of each generation need also be specific, or different. 

It is significant that satellite cells are seen, in a recognisable 

form, from an early stage in embryogenesis, together with pleo

morphic myoblasts$ Later in embryogenesis, and during post-natal 

growth, all mononucleated cells lying alongside maturing fibres 

resemble satellite cells. As these dividing cells are committed 

to development in the restricted subsarcolemmal space, it could 

be assumed that myoblasts of different generations would look 

essentially the same, at least at that stage. Further detailed 

study of the cytological features of the satellite cells of grow

ing post-natal muscle might reveal that there are in fact different 

subpopulations. It is of interest to recall here that cilia are 

seen on 'primitive mesenchymal cells' in early embryogenesis of 

muscle, but that cells with cilia are also seen, less frequently, 

at all stages of development, through to maturity, when the 

definitive satellite cells themselves are sometimes seen bearing 
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a cilium. These cilia take origin in a basal body which resembles 

a centriole, and near to which another centriole lies. If the basal 

body and its companion centriole move apart, in the prophase of 

mitosis, to spin out a mitotic spindle between them, the cell 

would thereupon develop polarity, and the daughters be different 

in that one would carry the centriole and the other the basal body. 

This would be representative of an asymmetrical (a ~ b + c) division 

such as suggested in the model, where a first generation myoblast 

gives rise to a second generation myoblast and a satellite cello It 

was tentatively suggested earlier that these cilia might have a 

part to play in the control of mitosis, and it is worth recalling 

that they were only ever seen on cells not synthesizing actomyosin, 

though these cells were sometimes seen adherent, by desmosomal 

attachments, to cells containing actomyosin, in early embryogenesis. 

This discussion has so far been focussed on the possible 

genetic control of the successive generations of cells in the 

satellite cell segment model. However, the behaviour of all cells 

is modified, not only by their genetic constitution, but also by 

their environment. It is important therefore to consider the 

environment, or more accurately, the micro-environment, in which 

myogenesis takes place, both in developing and regenerating muscle. 

Much has been learnt from tissue culture, where to some extent 

the cell environment can be controlled and its constituents known. 

Konigsberg (1964) showed that a young colony of myoblasts in 
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tissue culture, fed with the nutrient medium of an older colony, 
will differentiate faster. The essential constituents of a 
nutrient medium are frey_uently synthesized by the cells themselves. 
But if the volume of the medium relative to the number of cells 
is too great, these essential constituents are diluted out, and 
however fast the cells may produce them, they can not differentiate 
further. Thus, in culture, differentiation is favoured by 
maintaining cells in a compact mass. This is corroborated, for 
chondrocytes, by Abbott & Holtzer (1966 ). Konigsberg (1963) 
also showed that a single myoblast can be isolated in tissue 
culture, and will give rise to a colony of myoblasts which 
develop into fibres. The nuclei of the earliest rnyotubes, under 
these conditions, would have passed through only 4, 6 or 8 divisions. 
These observations would fit the proposed model for myo.genesis. 

In the model, it is suggested that the mitotic divisions 
between the second and third, third and fourth, and fourth and 
fifth myoblast .generations would all be similar, of the (a-a + a) 
type. The genetic control of this process could then be limited 
to ensuring that all daughter cells are similar, and would not 
necessarily be concerned with the number of divisions, which could 
be more specifically under environmental control. Similarly, 
the transformation of fifth generation myoblasts could be 
environmentally induced. 

These factors give added significance to the observation 
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that all myogenesis occurs in the presence of myotubes and maturing 

fibres. In the earliest embryos, developing fibres are held 

together by desmosomal attachments. Thereafter, newly forming 

fibres are seen beneath the basement membrane of more mature 

fibres. Both these features would indicate that new fibres are 

being formed in a micro-environment which is optimally conducive to 

a rapid differentiation sequence, such as suggested in the modelo 

It must be pointed out that the implied behaviour of the 

- satellite cell, once formed, as shown in figo 53, is that it 

remains inactive, at least initially, and does not divide at the 

time when its sister cell, the second generation myoblast, is 

dividingo This of course need not necessarily be the case. But 

it must be asked what the satellite cell would divide to become, 

if it went into mitosis at this stage. At least one of its 

daughters must be a satellite cell if i ts own segment is to retain 

one. It is unlikely that i t would divide to give two s atel lite 

cells, as t he pr edominant need i s fo r myobl asts . It i s likely 

ther efore that i t divides to gi ve another sat ellite cell and a 

myoblast, an (a ~ a + b) division, which would align it wit h the 

1premyoblast', in the model. 

A distinction must be made between the two environmental 

factors postulated ; the control of mitosis, and the control of 

transformationo The former is related to the stage of growth of 

the whole organism. The latter would be a feature of local 



- 246 -

environment, related to the degree of maturity of surrounding 

fibreso MacConnachie ~ al (1964), studying the mitotic index of 

developing muscle, saw a progressive decrease in post-natal muscle, 

from which it can be inferred that the general stimulus to mitosis 

is gradually withdrawn during post-natal growth. By contrast, 

muscle fibres are mature in type before birth, so that the environ

ment, conducive to fusion of new myoblasts with these fibres, 

would be optimal from that time to maturity. 

The threshold for initiation of mitosis could however be distinct 

for different cell typeso Thus, in this case, the threshold for 

mitosis of the 1premyoblast 1 population could be set higher than 

that for the myoblast generations. If the satellite cell is in 

fact a 1premyoblast', or if its threshold for mitosis is anyway 

set higher, then its mitotic rate would be slower than that of its 

sister myoblasts. Control of the rate of development of muscle 

could then be entirely related to the control of the mitotic rate 

of 1premyoblasts 1 and/or satellite cells, the 1 dominant' cell popul

ations. 

In injured muscle, there is a renewed stimulus to mitosis, 

so that the satellite cells would be activated, and would behave 

as they are genetically constituted to do, dividing to give new 

cells, and ultimately new satellite cell segments, as required. 

In the experimental studies described above, where the 
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architecture of the muscle was retained after injury, there was 

complete regeneration of the damaged muscle fibres, but the 

general tendency was always to end with more satellite cells than 

before. This fact must be acceptable to the segment concept and 

the myogenesis model, if these are to remain valid. It must be 

recalled that all the quantitation was done between one and three 

months after injury, and that the picture might prove to be 

different, with possible return to normal, if examined at a pro

longed interval, such as twelve months, after injury. Similarly, 

it has been pointed out above that during post-natal growth the 

only cell type seen in the subsarcolemmal position looks like a 

satellite cell, but could be of the different types indicated in 

the myogenesis modelo The same could hold good for the later 

stages of regeneration, where new fibres have again filled the 

previously empty sarcolemmal tubes. The cells seen and counted 

as satellite cells in those conditions could then either be 1true 1 

satellite cells or second to fifth generation myoblasts. It 

could also be assumed that the micro-environment in the later 

stages of skeletal muscle regeneration is very conducive to 

differentiation, therebeing a high proportion of mature fibres, 

so that transformation could occur earlier. If myoblasts were 

absorbed a generation earlier than normal, the satellite cell 

index would be twice normal. Finally, both factors might be 

operative, and both would tend towards the actual appearance of 

increased numbers of satellite cells following regeneration. 
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The remaining experimental situation not yet considered 

is that of the growth of muscle fibres into web scar tissuea It 
was indicated that, in these lesions, once the basement membranes 
were lost to view, the certain identification of individual cells 
was difficult if not impossibleo The micro-environment of the 
myoblasts arising in the scar tissue is quite distinct from that 
of the crush lesions where the sarcolemmal tubes are intact. Here, 
myoblasts are dividing in a matrix of actively dividing fibroblasts 
which are themselves laying down collagen. There being no muscle 
fibres in the scar initially, the tendency would be for the myo

blasts to continue to divide without fusion and synthesis of acto
myosin. The net result would be the separation of individual 

myoblasts, and ineffectual formation of new muscle fibres. Some 
of the large numbers of 1fibroblasts 1 lying in the general orient
ation of the muscle from which they are growing, could be myoblasts 
which have failed to fuse. As it is impossible to identify 

individual cells, the myogenesis model can not be strictly applied, 
though it is possible that this situation demonstrates the repeat
ed division,of the ( a ~a + a) type, of myoblasts of the second 
generation onwards, where fusion and synthesis of actomyosin are 
not achieved. 

Fusion of myoblastso 

The fusion of mononucleated myoblasts, both with each other 
and with developing or regenerating fibres, is an essential process 
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in the formation of muscle fibres. It was indicated above that 
this could be both genetically and environmentally controlledo 
Several other aspects of cell fusion must be considered hereo 
An essential aspect of satellite cell behaviour would seem to be 
that it must retain the closest contact with muscle fibres or 
myoblasts, but must never fuse with them. Similarly, in embryo
genesis, young fibres are seen developing alongside more mature 
ones, in cell to cell contact, yet without fusiono Rather, they 
become steadily separated from each other as basement membranes 
are laid down between them. Yet it must be presumed that during 
the contiguous phase of development, these adjacent fibres are 
regularly incorporating further myoblasts into their syncytium. 
The implication from these observations is that the pbysico
chemical properties of the cell membranes of these different cell 
types must be distinct. 

Okazaki & Holtzer (1965) state that the properties of cell 
surfaces during the mitotic cycle differ in different phases of 
the cycle. Cells in the s, G2 and M phases differ from those in 
G

1 • The same authors (1966), in a paper on fusion, myosin synthesis 
and the mitotic cycle in myogenesis show that cells in S, G2 and 
M phases can not fuse, and that fusion is initiated by the recog
nition of homotypic cells in G

1 • 

The indication from the discussion so far, is that satellite 
cells are distinct from myoblasts and will not fuse with them. 
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The possibility then arises from the observations of Okazaki and 

Holtzer, that satellite cells are distinct in that they are in 

the s, G2 or M phasee In their 'resting' state they are clearly 

not in the M, or actual mitotic, phaseo They are unlikely to be 

arrested in the S phase, during which nuclear chromatin is·being 

synthesized and duplicated. The conclusion could be drawn therefore 

that they are arrested in the G2 phase, after completion of DNA 

synthesis, and before the onset of mitosis. 

The nuclear chromatin of satellite cells frequently appears 

different from that of myonuclei. In the former it is more densely 

clumped and the nucleus as a whole stains more densely, especially 

in light microscopyo In the latter, it is more finely distributed, 

usually more dense in a narrow region around the periphery of the 

nuclear membrane. This apparent increase in density of satellite 

cell nuclei could be due to the DNA quantity being doubled. This 

could be ascertained by microspectrophotometry. However, Holtzer 

(1967) points out that, as myonuclei are used as standards for 

nuclei containing 2n DNA, a respectable number of satellite cells 

with 4n nuclei should have been found, and this has not, to his 

knowledge, been reported. Against this, one could state that 

satellite cell nuclei appear very similar to fibroblast nuclei 

in light microscopy and might be excluded on these grounds. 

It is possible that certain cells are arrested in G2 for 

definitive periods. Celfant (1963), in autoradiographic studies 
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of the epidermis in mice, noted that a subpopulation of cells was 
arrested in G2 for as long as two days, the normal G2 period being 
only a few hours. These cells differed in their physiological 
requirements, and passed directly into mitosis following the 
stimulus of an injury. Gelfant proposes that the mechanism of cell 
division should be reconsidered in the light of these findingso 

It is thus an intriguing possibility that satellite cells 
are arrested in G

2• This would be most appropriate to their 
function, in that they could proceed directly into mitosis when 
required to furnish new cells. However, in the absence of further 
evidence, this must remain conjecturalo Whatever the mechanism 
for ensuring the non-fusion of satellite cells with other cells, 
it is in all probability related to the physico-chemical nature of 
its cell membrane, which in turn is controlled by the •readable' 
DNA in the nucleus. This again implies that satellit e cells are 
distinct from other myoblasts. 

Unitar y Concept of Myogenesis 

The concept of the satellite cell segment , with the suggested 
s equence of cell multiplicati on as put forward i n the myogenesis 
model, is appli cable to both embryogenes i s and regener ation in 
skeletal muscle. When tested against the facts emergi ng f rom the 
studies described earlier, it is f ound to be compatible with them, 
and is t hereby s t rengthened. 
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A unita:ry concept for all myogenesis can thus be put forward. 

The results may be somewhat different in that the environment 

differs, particularly in damaged muscle, but the genetic con

stitution of any given cell would be the same, whatever the environ

mento Where the environment is conducive to full recovery, the 

processes observed exactly recapitulate those of embryogenesis and 

development. Though skeletal muscle has, from the time of Volk

mann (1893), been described as regenerating in two different ways 

- 'continuous' and 'discontinuous' - these processes can also be 

resolved into one sequence. Where fibres have been described as 

1 sprouting 1 into a damaged region, this could be achieved by the 

recruitment of rapidly multiplying myoblasts at the end of the 

sprout. Similarly, in 'discontinuous' regeneration, myoblasts 

initially unrelated to ~tact fibres would fuse with each other 

to form myotubes which would later fuse with the 'sprouting' 

fibres from the intact edge of the lesion. 

Nomenclature 

The discussion above has consistently led to the general 

conclusion that the satellite cell is specific, and distinct from 

myoblasts destined to fuse, and from the muscle fibres formed 

thereafter. The question of suitable nomenclature for this cell 

must therefore be reviewed. The term 'satellite• as suggested by 

Mauro (1961) indicates simply its position, and as such is apt, 

though tells nothing of its possible function. Muir~ al (1965) 
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suggest that 1if satellite cells are shown to be embryonic remnants 

only able to form skeletal muscle fibres in the adult they could 

be labelled as I residual or pre-myoblasts "• Ishikawa (1966), 

though suggesting that 1 the satellite cells in developing muscles 

have fibroblastic characteristics rather than myoblastic ones', 

does not suggest any alternative appellationo 

The conclusion drawn from the present studies is that the 

satellite cell is a specific myoblast, set aside both during 

development and following regeneration, to act as a reserve cell, 

capable of producing further myoblasts and satellite cells, when 

required. It is suggested therefore that this cell could be better, 

and more specifically, named the Reserve Myoblast of skeletal 

muscleo Alternatively, in order to retain the word •satellite', 

which now has definitive associations in this context, it could 

be termed -the Satellite Myoblast. 

Reserve Cells in other tissues 

Are -there reserve cells in other tissues comparable to the 

satellite cell or reserve myoblast of skeletal muscle? The immediate 

answer is that none are described, though it would be in keeping with 

general biological principles to assume that there could be, having 

ascertained their nature and function in skeletal muscle. Cardiac 

and smooth muscle are the tissues most closely related to skeletal 

muscle, and are considered briefly here. 



- 254 -

Cardiac muscle has bee~ extensively studied in light and 

electron microscopy under normal and pathological conditionso 

Reports by Hibbs (1956), Moore & Ruska (1957), Muir (1957) and 

Leak & Burke (1964) on the ultrastructure of developing and adult 

cardiac muscle, give no indication of cells which could be con

sidered as reserve oellso Muir (1965), gives further details 

of the cellular structure of adult cardiac muscle, but gives no 

suggestion of reserve cells. Many authors have examined the re

generative capacity of cardiac muscle and expressed varying opinions. 

The majority have found little, and some deny that regeneration 

takes place at all, though others believe that it may (Field, 1960)0 

Thus, for example, Harrison (1947), inflicting diathermy lesions 

in the myocardium of rabbits, with similar control lesions in the 

gracilis muscle, states that there was no attempt at regeneration 

of the myo.cardium, though there was clear evidence in the gracilis. 

There is evidence however that the number of adult myo

cardial cells can increase under certain conditions. Linzbach (1960) 

indicates that the human heart can increase in size, by hypertrophy 

of its fibres, up to about 500 g., but thereafter, as a result of 

pathologic demands for increased heart work, there is 1 an absolute 

increase in the number of fibres, nuclei and capillaries with little 

further thickening of the muscle fibers 1 • The increase in the 

number of muscle fibres is attributed to 'longitudinal cleavage 

between points of anastomosis of the myocardial syncytium'o 
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Satellite cells have been reported in the cardiac muscle 

of crabs, by Midzukami (1964). These cells are exactly similar 

to those seen elsewhere in skeletal muscle, but the myocardium 

in which they lie is itself 'similar to that of skeletal muscle', 

and is therefore not strictly comparable with that of other 

specieso 

.An important recent report is that of Shafiq, Gorycki and 

Mauro (in press), studying mitosis during postnatal growth in 

skeletal and cardiac muscleo These authors describe 1free 1 cells 

in the heart. These cells contained no actomyosin and were always 

separated from the myocardial fibres by their plasma and basement 

· membraneso Mitotic figures were seen in these 1free 1 cells as 

well as in other cells of the connective tissue and blood vessels, 

but not in the myocardial fibres. The point is also made that 

true satellite cells were not found in the heart. It is relevant 

to recall that in the present studies, in certain skeletal muscles, 

satellite cells were seen almost entirely surrounded by basement 

membrane, and would be more comparable to the tfree 1 myocardial 

cellso It remains to be seen whether these 1free 1 cells can be 

found in adult cardiac muscle. 

Smooth muscle is found in a wide variety of organs and 

tissues. Bloom & Fawcett (1962) state that mitosis has been 

observed in the smooth muscle cells of the walls of the intestine 

or stomach, in the vicinity of injured regions, but that the 
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capacity for regeneration is small. There is however evidence 

that this capacity for regeneration can be considerable. Bohne, 

Osborn & Hettle (1955) performed total cystectomies on dogs and 

in place of the bladder inserted a plastic mould through which 

ran ureteric and urethral catheters. Not only did a new bladder 

form around the plastic mould, but it was lined by transitional 

epithelium and contained smooth muscle fibres in its wall. 

Oppenheimer & Hinman (1955) demonstrated a similar pattern or 
regeneration in the uretero Jones (1957) reports good regener

ation of smooth muscle following operations on the stomach and 

intestines. 

There is no suggestion of reserve cells in these reports 

on smooth muscle regeneration. Smooth muscle cells retain their 

eentrioles, in contrast to skeletal muscle fibres, so that it can 

be assumed that they can divide by mitosis, and would thus all be 

potential reserve cells. Further than this, it appears that smooth 

muscle cells can be derived from other cell types. Arterioles 

in granulation tissue acquire a muscular coat (Walter & Israel, 

1963), and smooth muscle cells can develop from the 1peri-

vascular mesenchymal cells' (Bloom & Fawcett, 1962). Bohne 

.!:.! al (1955) concluded that the new muscle fibres found in the wall 

of the regenerating bladder originated in situ. 

It seems therefore that there are at least two mechanisms 

by which new smooth muscle cells may be formed; mitosis of surviv4tng 
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cells near an injured region, and transformation of 1mesencbymal 1 

cells. These latter cells would be 1 stem 1 cells, in the sense 

defined above. It could be concluded that reserve cells do not 

exist, or are unnecessary, in smooth muscle. 

To summarise, both cardiac and smooth muscle, on the evidence 

given, can form new cells, though the origins of these are not 

clear, at least in heart muscleo It is an intriguing possibility 

that the 'freet cells seen in developing cardiac muscle persist 

as a reserve cell population in the mature heart, but they have yet 

to be described in the adulto Sub-populations of smooth muscle 

cell precursors are not described, but rather it seems probable 

that all smooth muscle cells can divide to provide new cells, and 

also that they can be derived from 1mesencbymal 1 cells. 

Undifferentiated cells have recently been described in the 

epithelium of the gastro-intestinal tract. Johnson & Young (1966) 

describe a new epithelial cell in the mucosa of the stomach 

(c.fo Ito & Winchester, 1963), and Johnson (1967) regards them as 

precursors to 'immature surface cells or mucous neck cells both 

of which can divide and differentiate into other cell types 1
o These 

views are based on the occasional appearance of cells of an inter

mediary type, and are supported by the finding of similar cells 

in the crypts of Lieberkuhn (Trier, 1963). Johnson strongly 

supports the view that certain tissues have a reserve population 

of undifferentiated cells with limited possibilities open to them, 
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but underlines that the problem in a tissue such as gastric 

mucosa, with its different types of cells, is the nature of the 

factors which direct the differentiation into these different cells, 

so that their ratios remain constanto 

The indication from these few reports is that new cell 

types, previously unrecognised, are now being found in different 

~issues, and are of the general category of reserve cells. This 

subject has only been touched on briefly here, but indicates that 

there is a vast field of research into the origins and nature of 

the precursor cells in all tissues which exhibit a cell tum-over, 

and which can regenerate following injury. 

Further Studies. 

The studies described in this thesis represent little more 

than a preliminary excursion into the study of the biology of 

the satellite cell of skeletal muscle. Certain questions still 

remain unanswered. The DNA content of the satellite cell nucleus 

is not yet known, and could be determined by suitably applied 

microspectrophotometryo The significance of its cilium is still 

entirely speculative, and mus t await further study on this structure, 

which is now so widely reported in mesenchymal cellso Whether the 

satellite cell is interchangeable with other cells, or can move 

in and out of the sarcolemmal sheath, is still unknown. 
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Its behaviour in a wide range of myopathies is still largely 

undeterminedo As it is the only cell oapable of mitosis in adult 

muscle, its role in the genesis of certain rhabdomyosarcomata could 

be quite specific. The suggestion that circulating cells can 

supplement the activity of satellite cells, in providing myoblasts, 

is so fundamental that it must be further tested, experimentally. 

As the satellite cell is only clearly distinguishable in 

electron 'microscopy, all future studies of this cell must include 

this techniqueo A suitable labelling technique should also be 

devised. Autoradiography with tritiated thymidine is already well

tried in the experimental study of muscle. Many of the auto

radiographic experiments reported to date have yielded much 

information about skeletal muscle behaviour, but have not been 

correlated with electron microscopy. A whole series of experiments 

could therefore be planned, combining the two techniques. In 

addition, quantitation could be undertaken, using methods such 

as those developed in the present studies. Lastly, a whole new 

field is open, in the search for reserve cells in other tissues, 

and the study of their behaviour. 

- - -- ... 0 .. - -
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This work was undertaken to further elucidate the form and 

function of the satellite cell of skeletal muscleo Though mono

nucleated cells have been described in relation to developing 

and pathological muscle since the earliest studies of a century 

ago, little was known of this subsarcolemmal cell until it was 

described, in electron microscopy, by Mauro in 19610 

The first section of the work is a review of relevant 

literature. Reports are divided into three general groups: a) 

studies of normal morphology in developing and adult muscle, b) 

studies of pathological states in muscle, and c) experimental 

investigations. The salient fact arising from the first group 

is that though mononucleated cells are an obvious feature of 

developing muscle, undifferentiated mononuclear cells in adult 

muscle fibres were not suspected until the descriptions of Mauro 

(1961), and Katz (1961), who named them satellite cellso Later 

reports have further established the place of the satellite cell 

in the morphology of normal skeletal muscle, in a wide range of 

species from amphibia to man. In the second group, the majority 

of workers do not mention or describe the satellite cell, but 

those who do, indicate that in general it is found in increased 

numbers in pathological muscle, and that it is seen, in some cases, 

together with large myoblasts and intermediary forms. In both 
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these groups there is divergence of opinion over the possible 

function of the satellite cell, though the dominant suggestion is 

that it is a reserve myoblast. In the third, and largest, group 

covering experimental investigations, reports are considered in 

three sub-groups; experimental lesions, labelling techniques, and 

tissue culture. In the first of these, though there is uniformity 

of description of the general process of regeneration following 

injury, the satellite cell is only mentioned in a few of the 

studies to date, and there is again considerable difference of 

opinion over its origins and function. In the latter two, though 

a wide range of techniques is covered, and though mononucleated 

and spindle-shaped cells in muscle are extensively studied, satellite 

cells are not mentioned at all, as such. They can however, 

generally be equated with the spindle-shaped cells, so that much 

can be learnt of their probable behaviour in vivo, from these 

studies. 

The conclusion drawn from this review of published work, is 

that there is still much to be learnt about the structure and 

function of the satellite cell, and that much more could have been 

learnt had many of the studies been correlated with electron micros

copy. 

In Section II, a description is given of studies on the 

morphology of satellite cells in muscles of the fruit bat, and in 

man. Earlier observations on the structure of this cell are 
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confirmed in this study. In addition, further features have been 

noted. The basement membrane is sometimes seen to form an enclave, 

in which the satellite cell lies. Differences in the appearance 

of satellite cell nuclei and myonuclei are noted, facilitating in 

the bat web muscle, the quantitation of satellite cells in light mi

croscopy. Other features, such as the nucleo-cytoplasmic ratio, 

sub-satellite cell clefts, 'fuzzy' pinocytotic vacuoles, and cilia 

are also described and discussed. Satellite cells were seen in 

all the skeletal muscles examined, so that, when considered with 

other studies, the general conclusion can be drawn that these cells 

are a regular feature of all skeletal muscleo Their mean distribu

tion varies, but was found to be about 1 to 8 myonuclei in the bat 

web muscles. From this it is suggested that the basic unit of 

skeletal muscle could be designated the Satellite Cell Segment, 

~eing that segment of a fibre containing one satellite cell and 

its appropriate number of myonuclei. 

In Section III, a study is described of the embryogenesis 

of the bat web muscles, with particular attention to the origins 

of satellite cells and the part they play in myogenesis. The web 

arises as a bud on the lateral body wall of the embryo, and is 

invaded early by axons. The web muscles appear, from the earliest, 

in a pattern and distribution presaging the adult arrangemento The 

earliest muscle fibres are grouped together in aggregates, and as 

fibre number increases, aggregate number also increases, but with 

fewer fibres per aggregate. A very pleomorphic situation develops 
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while the majority of new fiQres are being formed, but new fibres 

are always laid down alongside older ones. As basement membranes 

are formed, they are initially around fibre aggregates, but come 

to surround each fibre as it matures and separates from others. 

Satellite cells are clea rly recognisable from the time that base

ment membranes are apparent. Toward the end of intra-uterine 

development, the pleomorphic situation of earlier stages is reduced 

to two cell types, the maturing muscle fibres and the satellite 

cells lying alongside them, beneath common basement membranes. The 

satellite cells divide actively to provide further myoblasts which 

are incorporated into the lengthening fibres. By birth, fibre 

number is approaching the adult range, but the muscles are only 

i of adult length, so that continued recruitment of myonuclei has 

to occur from birth to maturity. 

The conclusion drawn from this study of myogenesis in the 

bat web is that the satellite cell is a source cell for myoblasts, 

and is distinct from its daughters which can fuse with developing 

fibres or with each other. 

In Section IV, a description is given of a number of experiment

al studies designed to test the hypothesis that the satellite cell 

is the reserve myoblast of skeletal muscleo Standard crush lesions 

were inflicted to the bat web muscles, and the recovery pattern 

assessed in light and electron microscopy. In recovered lesions, 

quantitation waa undertaken of the number of satellite cells, 
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myonuclei, muscle fibres and fibroblasts. Despite the disruption 

of all fibres in the damaged segments of muscle, restoration was 

complete, even after double injury. Satellite cells were more 

numerous in the recovered lesions, suggesting an exuberant response, 

at least in the l - 3 mth period after injury. In a further 

experiment, web wounds were inflicted, and the growth of muscle 

fibres into scar tissue was studied~ Satellite cells were more 

numerous in the region of transection of the muscle. Muscle fibres 

grew out into the scar to a distance of several millimetres, but 

became rapidly reduced in numbers, were separated by numerous 

'fibroblasts' and lost their basement membranes, rendering certain 

identification of cells lying adjacent to them difficult if not 

impossible. In another experiment, inoculation of Mycobacterium 

buruli into the web muscle caused extensive necrosis and attempts 

at regeneration were inhibited in the necrotic area which was re

placed by fibrous tissue. 

The conclusion drawn from these experiments is that skeletal 

muscle has a remarkable potential for regeneration, and this is 

mediated -by the activity of satellite cells which divide in 

damaged regions to provide myoblasts which fuse to form new fibres. 

Ultimately, further satellite cells are set aside, so that the pro

cess is repeatableo The end result of regeneration depends on the 

extent to which the architecture of the muscle is disturbed; if 

basement membranes are intact regeneration is complete, whereas re

generation in soar tissue is largely ineffectualo 
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In the general discussion of Section v, the use of the term 

1 reserve 1 cell is clarified, and possible sources of reserve myo

blasts are consideredo Amitotic multiplication of myonuclei is now 

largely discredited, and evidence for a 'circulating source' of 

myoblasts is still equivocal, so that the position of satellite cells 

as the source ofmyoblasts is strengthened. The concept of the 

Satellite Cell Segment is further developed, to show that the sequence 

of cell multiplication suggested, as a myogenesis model, is applic

able to both developing and regenerating muscle. From this, a 

unitary concept of myogenesis is proposed, and it is suggested that 

the satellite cell be more appropriately named the Reserve Myoblast 

of skeletal muscle. It is suggested that similar reserve cells may 

exist in other tissues, though the evidence for this is fragmentary, 

as yet. 

Much has yet to be learnt about the satellite cello The type 

and direction of further studies is outlined, but it is stressed 

that all studies should be correlated with electron microscopy, as 

it is only with this technique that satellite cells can be 

identified with certaintyo 

The overall conclusion drawn from this work is that the 

satellite cell of skeletal muscle is a source cell for myoblasts, 

distinct from rnyoblast daughter cells to which it gives rise, and 

responsible for myogenesis in developing muscle, as much as in adult 

muscle, following injury. In normal adult muscle, where the demand 



- 266 -

for myoblasts may be minimal, the satellite cell is a true reserve 

cell, in that it may remain inactive for long periods, but always 

retains the potential for mitotic division to furnish further myo

blasts as necessary. 

In Appendix (i) the fruit bat Eidolon helvum Kerr, a new 

laboratory animal used extensively in these studies, is described, 

Details are given of the ecology of the local wil d colony, methods 

of capture, handling, housing and use as an experi mental animalo 

The bat web has proved to be an eminently suitable tissue for the 

type of experiments undertaken, and the suggestion is made that 

much greater use could be made of this animal, both for continuation 

of these studies, and for other studies in other fields o Appendix (ii) 

contains details of the methods used in the studies and experiments 

described, with particular attention to modifications or improve

ments on standard techniqueso Two reprints, relevant to the present 

work, are attached at the end of the thesis. 

- - - 0 - - -
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Appendix (i) 

The megachiroptera, the majority of which are large, fruit-eat-

ing bats, are found throughout the tropics. A good general 

description of African bats is given by Rosevear (1965), who studied 

mainly West African bats. Rosevear describes the megachiroptera, 

including Eidolon helvum, which is one of the commoner species, but 

does not describe the web anatomy in any detail. Mutere (1965a) 

studied the local Eidolon helvum Kerr colony at Kampala, Uganda, and 

was particularly interested in the migratory and reproductive 

behaviour of the colony. 

Fruit-eating bats, being easier to maintain in captivity than 

the insect-eating microchiroptera, have been successfully kept in 

zoological collections, or in research institutions, but have not 

been used before, to any extent, as laboratory animals for research. 

Mohos (1961) gives a good description of the use of bats as 

laboratory animals, but concentrates on insectivorous species in 

America, and does not mention fruit bats. Pye (1966), in the UFAW 

Handbook on the care and management of laboratory animals, describes 

in some detail the general management of mega- and microchiroptera, 
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deal ing with caging, nutrition, exercise, diseases, hazards to 

man, etc., but is not concerned with the specific uses to which 

these animals might be put in the laboratory, and gives nothing 

specific on Eidolon as a species. 

A preliminary report on the use of Eidolon helvum Kerr 

as an experimental animal in surgical research, was given by 

Church & Noronha (1965)0 A reprint of this report is attached at 

the end of the thesis. This species has been observed and handled 

in the laboratory since 1964. It has been used for the majority 

of the studies and experiments described in this thesis, and has 

proved itself so useful for studies of this type, that a fuller 

report is given here, covering the general ecology of the species , 

and describing its gross anatomy and detailed structure of the web, 

together with details of capture, housing, feeding and handling 

in the laboratory. 

- - - 0 - - -
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The fruit bat, Eidolon helvum Kerr is indigenous to East 

Africa. It is found in large colonies which roost in high trees 

such as the local forest tree, mvuli, and the Australian blue gum 

or eucalyptus. The onl y colonies readily ac cessible to study are 

those near townships or roads. A very large colony has roosted 

for many years i n a copse of eucalyptus near Kampala, and is quite 

possibly the largest colony of this species in Uganda. 

It is interesting to surmise why these bats should be 

attracted to roost near townships. It may be, in this case, that 

they find the eucalyptus trees particul arly easy t o r oost in, as 

they have well spaced branches, and flight from them is easy. These 

trees are not native to East .Africa, but were introduced from 

Australia in the past century. Thus most of the planting, whether 

singly or in copses, has been in townships or along roads, and 

this in itself may be a simple geographical reason for the siting 

of a colony. 

The bats never roost less than 30 ft. from the ground, though 

they may appear to be nearer if the ground is steeply sloping. 

Their pattern of roosting is quite characteristic. They cling to 

the underside of the branches, mainly in large clusters, with as 

many as 40 bats huddled together as a group, under one short section 

of branch (fig. 54). A possible reason for this behaviour is that 

they are thereby able to maintain a higher body temperature, and 

are then all the more prepared for flight. There seems to be no 
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Fig. 54. a) and b). Fruit bats (Eidolon helvum Kerr) roosting 
in eucalyptus trees near Kampala, Uganda. (Photographs taken 
with a telephoto lens) . 
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discrimination of sex or size, and it is not known whether they 

regularly roost in the same tree or the same part of the colony. 

When the females are heavy during late pregnancy they tend to roost 

in lower branches, so that at least at that time, the males tend 

to predominate in the higher branches. 

They fly but little during the day, unless disturbed, but 

keep up an incessant clamour, so that one gains the impression that 

they never sleep. Certainly there are always a sufficient number 

of bats awake enough to raise the alarm if danger threatenso Even 

then they will appear to remain unconcerned so long as the potential 

danger is a sufficient distance away, but will all immediately fly 

if, for instance, an object is thrown up at themo They appear to 

have no natural enemies, but numbers of them fly into electric 

cables in townships, and are electrocuted. 

At dusk the colony becomes increasingly restless, and as the 

sun sets the majority of the bats are in the air, circling the trees 

to gain height and orientationo Then the air is black with the 

seemingly chaotic flight of coutj.tless thousands of bats, and their 

raucous squeaking is at full pitch. But their flight is not aimlesso 

As soon as they have gained sufficient height, clear of the trees, 

they set off on a straight course, in different directions away from 

the colony. Sometimes the majority wi l l move off in one or two 

main directions, steadily gaining height, and gradually diverging from 

each other. 
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These bats eat a wide variety of soft fruit of all descriptions, 

cultivated or wild. There is such an abundance of wild fruit locally, 

particularly in the forests, that they do not at present constitute 

an economic hazard, despite their numbers. This is partly due to 

the enormous area which they cover. They have been netted as far as 

20 miles away from the colony (Mutere, 1965b). If they are observed 

about 2 miles away from the colony at dusk, they are flying high, 

between 500 and 1000 ft. up. They fly singly, and for all their 

obvious gregariousness in the colony seem to ignore each other com

pletely when in flight. Then suddenly the occasional bat will cease 

its regular flight, of about two beats per second, and start to glide 

down in long picturesque sweeps, until quite near the ground, where 

it will roam about for a while until it selects a tree of choice for 

f eedingo 

By total darkness most bats will have left the colony, but a 

minority always seems to remain in the colony at night. Certainly, 

t her e are always bats in the colony, day and nighto I t may be that 

certain bats stagger their feeding time and leave the colony late, 

by which time others, particularly tho se feeding nearby, have returnedo 

Most have returned well before dawn, and by daybreak the colony is 

again complete. 

The l ocal colony at Kampala has an annual migratory cycleo In 

June and July increasi ng numbers of bats l eave the roost at Kampala, 

and the total number, variously cal culated at between quarter and half 
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a million, may dwindle to only a few thousand. Numbers begin to 

increase in September, and the ·colony is up to full strength again 

by October. Where the majority of bats go during the period from 

July to September is not conclusively recided. These months are 

relatively dry, and during this period large numbers of them roost 

in the forest trees on certain islands in Lake Victoria, from 10 -

20 miles away. Why they migrate so regularly each year is debat

able, but it may be related to the cycle of fruit-bearing of 

certain forest trees. It is also possibly related to their annual 

reproductive cycle, though the significance then, of these migratory 

movements, would remain just as obscure. 

The annual reproductive cycle is remarkably regular. Mating 

occurs in May or June (Mutere, 1965a)o Implantation occurs in the 

latter part of September and early October. Mutere has provided 

evidence for delayed implantation, by finding sperms in the female 

genital tracts in the earlier part of this period, and then finding 

blastocysts at the same stage of development, unattached to the 

uterine wall, until September, when implantation occurs and the 

embryos begin to developo The gestation period is about 22 wks, 

and young are born in late February and early Marcho That this 

should be such a regular cycle in a tropical country, where the 

climate varies but little throughout the year, and extremes of 

temperature or humidity are unknown, is in itself a· mystery. 

The migratory movements of the colony are of considerable 
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importance to the prospective research worker, who would find it 

difficult to obtain bats during the months when they are away from 

the main colonyo The precise annual reproductive cycle can, on the 

other hand, be of great advantage in that large numbers of females 

can be obtained at the same stage of gestation. Problems of capture 

are considered below, but where maternal damage is not a critical 

factor, they can be obtained very readily with fine shot from a 

shot-gun (fig. 55)o One round, aimed at a cluster of bats, will 

bring down between 30 and 40 animalso 

The young have birth weight s between 40 - 50 g., or about 

1/6 of the maternal weight. They are blind and virtually hairless 

ventrally at birth, though their eyes open soon after, and they 

have abundant hair within a few weeks of birth. They cling to the 

abdomen of the mother, using their thumbs and feet, but relying 

particularly on a very firm oral grip of the nipple (fig. 56b)o 

Young probably learn to fly within a few weeks of birth, though 

they cling to their mothers for several months. They grow to maturity 

over 2 years, so that a group of half-grown females will be found 

with the pregnant females each yearo Pregnancies are usually single, 

in either hO:Ib. of the bicornuate uterus, though one set of twins 

was obtained in the 1966 season. 

Animals can be obtained without difficulty from the wild 

colony by using a shot gun, as mentioned aboveo A terrific disturbance 

is caused in the colony by such shooting, but within a short while 
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Fig. 55. An adult fruit bat (Eidolon helvum Kerr), with wings 
extended to show its general morphology. This bat was shot in 
the local wild colony at Kampala. x 0.15 

a) 
Fig. 56. 
youngster 

:X: 0 • 25 b) X O • 25 
Fruit bats in cages. a) 5 adults. b)aault female with 
at the breast. 
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the bats have all roosted again, and occasional shooting does not 

seem to affect the overall pattern of activity in the colonyo The 

overwhelming disadvantage of shooting them is that the majority 

are dead or injured, and those not already dead must be destroyed 

as soon as possible after capture. An advantage is that sampling 

of the colony can be accurately undertaken. But the wings and webs 

are particularly liable to damage, rendering them quite useless 

for study. Further, a completely unharmed bat is essential for 

long-term study in captivity, so that other methods of obtaining 

them must be adopted. 

For reasons explained above it is extremely difficult to 

catch these bats unawares. They can be caught singly in suitably 

placed mist nets near fruit trees at night, but this method 

involves a lot of netting and supervision, and is unrewarding. 

A number of different ways of netting them in the colony have been 

tried, but with singular lack of success due to their wariness, 

and the need to place a net high enough to catch them in flight. 

Even the water jet from a fire brigade hose, though sufficient 

to thoroughly soak them, was inadequate to bring them to the 

ground. However, a group of African boys devised an eff ective 

technique for catching healthy bats, but this they have never 

divulged. 
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Maintenance in captivity 

Since April 1964 a small colony of captive bats numbering 

between 30 and 60 animals, has been housed in the animal house of 

the Anatomy department, in Makerere University College Medical 

School. They have responded to prolonged captivity entirely satis

factorily. Being so gregarious in the wild, up to 30 animals can 

be housed in a wire cage 3 ft. square without any difficulty 

(fig. 56). In practice, a number of cages have been used, so that 

bats could be segregated into experimental groups 9 Within a group 

a suitable tagging system, for the recognition of individual bats, 

is to notch the leading or trailing edges of the ears in a coded 

sequenceo As they hang together, they can be readily spotted, as 

their ears hang dovmwards. Having a wingspan of up to 3 ft., flight 

is impossible, so their activ~t y is confi ned to crawling about the 

cage, and hanging froll.l. the roof' the major part of the time. This 

in itself renders cleaning the floor of the cage a simple procedure. 

Cages of simple design have been used for the most par t, with a 

single door openi ng f orwards. A mor e sophisticated cage is depict

ed in fig. 570 The essential features of this design are that it 

has sloping sides so that as the bats hang from the roof their 

excreta fall within the floor trayo The food and water compart

ment of this tray is accessible by a separate trap door, and is 

protected from excreta by projecting forwards from the main cageo 

When the tray is removed for cleaning, the trap door drops down to 

close off the lower par t of the cage. The cage can be constructed 



Fig. 57. A design for a cage suitable for housing 
fruit bats. The tray is divided into two compart
ments, the front for food and water, with access via 
the trap-door above it, and the rear for excreta. 
When the tray is removed for cleaning, the trap-door 
swings down to close off the cage. 
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of simple materials such as perforated angle iron and fine wire mesh. 

Captive bats have been fed with a variety of soft fruit, and 

seem to do equally well on any of the commonly available varieties 9 

banana, pawpaw, pine-apple, etco The morbidity and mortality in 

the captive colony has been remarkably low, and several long-term 

experiments (e.go of nerve regeneration in the web) have be!lll 

successfully concluded. A useful indication that a bat is ailing 

is that it starts to hang with fully extended legs, the healthy 

bat hanging with well flexed legs. 

Young have been born in captivity, though chiefly of mothers 

brought in pregnanto To ascertain whether delayed implantation 

could be demonstrated in captivity, males and females were separated 

from the end of June 1965, but no young were born of these females 

in February/March 19660 This is negative evidence, and does not 

disprove delayed implantation, it being quite possible that normal 

reproductive behaViour was disturbed in captivity. As against this, 

the following breeding season males and females were left to-

gether in their cages, and several young were born in captivity 

the following March, in phase with the wild colonyo The actual 

birth of a bat was observed in captivity on February 24th, 1967. 

The female lay supine on the bottom of the cage. The baby squeaked 

lustily as soon as the head was delivered. When fully delivered 

the baby rooted for t he nipple and promptly grasped it. The pro

longed breeding season renders the question of breeding these 
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animals in captivity rather impracticable, but this is offset by 

the large numbers available in the local wild colony. 

Handling. 

These animals are never easy to handlep unless anaesthetised 

or sick, and they seem impossible to tamea They can be satisfactor

ily handled with thick leather gloves. When the cage door is opened 

they scramble about and retreat to the further corners of the cage, 

but do not attempt to fly out of the cage as a bird wouldo They 

exhibit great individuality of character; some will tend to be 

docile and allow themselves to be handled or extended on an observ

ation frame without much objection, whereas others are consistently 

irascible and will scream as long as they are handled. These are 

best left in the cage or released. This variation of character is 

seen in males and females, young and old, though males tend to be 

more belligerento The choice of docile bats for certain experiments 

is important where their webs may need to be observed for periods 

of up to 2 hrs, while extended on a perspex frame. They can be 

rendered more docile by suitable doses of Largactilo For many 

experimental procedures it is essential to anaesthetise them. A 

variety of anaesthetic agents have been tried, but open ether on a 

face mask has been found to be the easiest to administer, and the 

safest. Several reflexes give a guiooto the depth of anaesthesiao 

Ear twitching and nostril dilatation reflexes remain under light 

anaesthesia, but disappear with moderate depths of anaeathesiao 
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The pupils remain constricted until the depth of anaesthesia is 

dangerously low, when they dilate. Sometimes considerable shiver

ing accompanies a light anaesthetic. They recover very rapidly 

from these ether anaesthetics and promptly hang upside-down -

the ideal position for postoperative lung drainage. 

To observe the webs and perform experiments, a perspex frame 

has been designed on which the bat can be laid supine, with its 

wings extended and held firm by battens lined with foam rubber 

(fig. 58 and 59)(Church & Noronha, 1965). The feet are held to the 

frame with a rubber band running through suitably placed holes in 

the perspex. In this position a docile bat will remain relatively 

unperturbed, whereas a restless bat will struggle and make 

observation impossible un+ess it is anaesthetised. 

For further immobilisation, a drop of water or glycerine can 

be run under the web, which is then gently pressed down onto the 

perspexo This provides near ideal conditions for observation of 

the webs, by epi- or trans-illumination, naked eye or with a 

microsco~e. 

General Morphology. 

An adult male fruit bat of this species weighs about 300 g., 

and has a wingspan of 70 - 90 cm. (30 - 36 inches)o Adult females 

weigh about 50 go less, with proportionately shorter wingspano I 

Ii 
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Fig. 58. An adult fruit bat, extended on a perspex frame, 
showing the foam-rubber l ined battens holding the wings , and 
a rubber band around the ankles . x 0.2 

Fig. 59. A close-up of an 
perspex frame, showing the 
relatively smaller ears. 

adult fruit bat, extended on a 
well developed nose and eyes, and 

X 0.6 I 

I 
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They measure up to 26 cm. from nose to feet with the legs fully 

extended. The striking feature of the head is its dog-iike 

appearance (fig. 59). The eyes are well-developed, and the pupils 

can dilate enormously in the dark. 

The pectoral muscles, being the major flight muscles, are 

very powerfully developed. The fore-limb bones are all lengthened 

to form the skeleton of the wing. The ulna is represented mainly 

by its olecranon process, and its shaft dwindles to a sliver, closely 

applied to the well-developed radius. No pronation or supination 

is possible. Antebrachial webs extend from the side of the neck to 

the base of the thumb, leaving the rest of the thumb free and mobile. 

Further webs extend between the digits. The main web (mesopatagium) 

lies between the fifth digit and the ankle, taking origin from 

the dorsal aspect of forearm, arm, trunk and leg respectivelyo A 

small membrane extends between the legs and the tail, which is very 

short in megachiroptera. The trunk tapers to a small pelvis, 

deficient anteriorlyo The symphysis pubis is represented by a 

band of elastic tissue in the female, to allow adequate dilatation 

of the birth canal during parturition. 

The legs are relatively short and are so externally rotated 

at the hip that the knees face postero-laterallyo The flexor and 

extensor muscle groups acting on the hip and knee a~e about equally 

developed. The bat normally hangs with its legs well flexed, as 

mentioned above, but it flies with its legs fully extended. The leg 
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muscles, particularly the extensors, form therefore an essential 

part of the flight apparatus. The plantar aspect of the feet 

normally faces forwards, but the feet are very mobile, and can be 
0 rotated through 180. The movement occurs in the ankle and tarsal 

joints. The 5 toes are of similar length and are clawed to act as 

a simple hanging hook. 

The disposition of the limbs renders the animal particularly 

helpless on the ground. But if it is placed prone on a flat 

surface it can, by powerfully flexing all limbs together, leap 

about three feet into the air. Then if it has a clear way ahead, 

it can just gain enough airspeed to become airborne. If the ground 

is rough or bushy this is impossible, but if there is a tree to 

hand the bat can claw its way up the trunk until it has sufficient 

height to drop and fly. Due to its size it needs space to manoeuvre, 

and is incapable of the complicated aeronautics performed by smaller 

bats . The t humb, being web-free, and pr ojecting cranially, is 

furnished with a well-developed claw, which is actively used when 
is 

the bat/roosting, climbing or feeding . 

Anatomy of t he Web 

The mai n features of the web anatomy (fig. 60) have been 

des cribed in the r eport s at t ached as reprints o A comparison of this 

species of fruit bat with other species locally, has revealed that 

in all species, the main webs contain small muscles o The large 



Fig. 60. The right main web of a fruit bat (Eidolon helvum 
Kerr) showing the distribution of the web muscles, and their 
neuro~vascular supply, which enters the web at the elbow, 
and passes obli~uely across the web to the distal corner. 

X 0.7 



hammer head fruit bat, Hipsignathus horridus, has larger web muscles, 

but fewer in number. Epomorphorus, a smaller fruit bat, has as 

many web muscles, but they are more delicate and lie more closely 

together in the web. These other species are either so rare 

(e.g. Hipsignathus) that to obtain a live specimen is almost 

impossible, or they are obtainable but not so easily maintained in 

captivityo Epomorphorus frequents the eaves of large buildings and 

sheds. About 20 were obtained in 1965 and were maintained under 

similar conditions to the Eidolon, but they all died within 6 mths 0 

A preliminary study of local microchiropters has revealed that 

some species also have similar types of web muscle. An example is a 

Vespertilionid bat (fig. 6lJ,which has 7 small muscles in its main 

web , 4 extending from the body wall, and 3 others lying in parallel 

in the centre of the webo The middle one of these has its own 

nerve supply, coming across the web from the proximal end of the 

muscle medial to ito This could be a very useful isolatable neuro

muscular preparation for in viva studies. The maintenance of 

insectivorous bats in captivity presents its own problems, though 

these smaller bats, once established in captivity, could be handled 

in the same way as Eidolon, and would prove most useful for certain 

types of study. 

It is therefore a happy coincidence that the very species 

. which offers such a spectacular web structure should also be found 

locally in large numbers, and be easily maintained in captivity0 
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Fig. 61. The extended right main web of a vespertilionid bat 
(microchiroptera), showing the main features of the web. There 
are several small web muscles. One extends obliquely out from 
the elbow, ahother from the axilla, and two from the groin. 
3 shorter muscles lie in parallel in the centre part of the web, 
and the nerve supply to the middle of these can be seen coming 
across to it from the end of the axillary muscle. x 1. 5 
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The main web of an adult Eidolon, when fully extended, measures 

about 17 cm. along its free border, and about 13 cm. along the fifth 

digito It is roughly rectangular in shape, though it is accommodated 

to the elbow, which cannot be ful ly extended, and medially, to the 

shape of the body wall and lower limb. The webs consist of dorsal 

and ventral skin layers, with a variety of structures contained in 

the narrow space they enclose. Coll agen and elastin are found in 

varying proportions, and the amount and orientation of these fibres 

largely determines the strength and extensibility of the webs. All 

the webs are el astic, but elastin is particularly concentrated in 

the leading edge of the ante-brachia! web (propatagium), and in the 

trailing edge of the main web (mesopatagium). The latter is so 

elastic that it can be stretched to twice its resting lengtho 

Collagen of the web skin dermis is arranged in a reticular 

fashion, giving a limit to the extensibility of the web, a maximum 

stretch point, in any directiono The collagen between the skin 

layers is more specifically orientated in the main web, and extends 

in bands from the carpal corner out into the web, rendering it 

practically tnextensible in any radial line from the carpus. These 

collagen bands are therefore lying obliquely across the elastin bands 

of the main web, which run in strictly parallel lines in the long 

axis of the wing (figo 62)o 

The outstanding feature of the web anatomy is the disposition 

of the small striated muscles within the main web (fig. 60). The 



- 289 -

Fig. 62. A dried specimen of the left main web of a fruit bat, 
with the ventral skin dissected off to reveal the web muscles 
and their neuro-vascular supply, and also to show the arrangement 
of the collagen and elastin bands. The elastin is best seen at 
the free edge of the web, running in parallel bands. ~ne collagen 
is seen in strands radiating from the carpal corner of the web 
(top, right). Life-size. 
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larger group, about 15 in number, named here the ulnar group because of 

their proximal relation to the ulnar border of the forearm, lie 

across the greater width of the web. They are about 9 cm. long, 

2 mm. wide, and 1 mm. thick. The middle! is of roughly uniform 

thickness, and the ends taper to filamentous elastic tendons which / 

blend with the elastin of the free edge of the web distally, and ex-

tend in radiating fashion from the proximal end of the muscle, to the 

ulnar border of the forearm. The smaller group, named the digital 

group here because of its relation to the fifth digit, contains 

about 8 muscles. It is quite different from the ulnar group; the 

muscles lie more obliquely as a group, yet still parallel to each 

other, and they rapidly diminish in size towar ds the corner of the 

web, the longest being about 3 cm. and the shortest about 1 cm. 

Nearer the medial end of the web a large muscle extends up towards 

the axilla, and can be named the axillary web muscleo It can be 

dist inguished from the ulnar group muscles lateral to it by i t s 

g r eat er size and lengt ho Medial to it, sever al more smaller muscles 

lie obliquely i n the postero-medial part of the web, near the lower 

limb, and can be named the inguinal group as t he ir nerve supply 

comes from the inguinal region. 

The nerve sup ply of the ulnar and digital group muscles 

ent ers the web at the el bow, as a branch of the ulnar nerve. The 

web ulnar nerve travels al mos t parallel to t he l ong axis of the 

web at first, crossing the proximal ends of the muscles. Then it 

passes more obliquely across the web, in the direction of the distal 

I

I 
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corner, to supply the digital group muscles. As it crosses each 

muscle it gives off proximal and distal branches which pass up and 

down the muscle. It also gives a constant branch which passes 

towards the carpal corner of the web, suppiying the proximal part 

of the laterally placed ulnar group muscles9 Another large branch, 

given off near the elbow, passes obliquely back towards the knee, 

supplying the medially placed ulnar group muscleso The axillary 

muscle has its own nerve supply from the axilla, but this may be 

supplemented by the medial branch of the web ulnar nerveo The 

actual limits of distribution of a given nerve can be readily demon

strated by suitable percutaneous stimulation of the nerve, and ob

servation of the resulting contraction of the web muscleso A 

detailed knowledge of the pattern of the web muscle innervation is 

necessary for any neuromuscular study undertaken in the web o 

Vessels accompany all these nerves, to form a triad of 

neurovascular supply to all the web tissueso The main vessels of 

the web enter it at the elbow, and diminish in size as they pass 

distallyo They finally anastomose with a whole series of capill

aries along the ulnar border of the forearm, and along the fifth 

digit, so that if the main vessels are interrupted at the elbow 

the collateral circulation is perfectly adequate to maintain the 

nutrition of the web. This in itself is a most useful feature in 

that a complete neurotomy can be easily perfo:rmed by, for instance, 

sectioning the neurovascular axis near the elbow, to give total 

denervation in the distribution of the web ulnar nerve, without 
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devascularisation$ The vessels are very readily observed by trans

illurnination of the web, and can thus be studied in themselves, 

but can also give useful information about the vascular supply of 

lesions inflicted in the web, and can be used to monitor the pro

gress of intra-arterial perfusion when the animal is fixed for 

histology. The veins are pulsatile, and contract rhythmically 

from 15 - 40 times per minute, depending on temperature and other 

conditions. The main axis vein has its own rhythm, and tributary 

veins have theirs, so that they may not be synchronous at junctions, 
is 

but flow in a proximal direction/controlled by the small valves, the 

function of which can be observed at these junctionso This rhythmic 

venous contraction would seem to constitute a peripheral venous 

pump. It is modified by the nerve supply, but is not dependent on 

it, as denervated webs soon recover venous pulsation. At higher 

magnifications with microscopy, individual red blood corpuscles 

can be seen, and the pattern of flow studied. There is no rouleaux 

formation or sludging in the normal web vesselso A particularly 

large vein, most suitable for intravenous work, runs in the leading 

edge of the antebraehial web. 

Small sebaceous glands are found scattered in the web. They 

are more frequent in the hair-bearing part of the web, along the 

ulnar border and in the axillao The remainder of the web is hair

lesso The dorsal skin is more pigmented than the ventral, giving 

a brown colour to the web, but not too dense to prevent trans

illumination and study of the web tissues. An advantage of this 
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web pigmentation is that new skin formed in the course of wound 

healing is relatively non-pigmented and can thereby be distinguished 

from the normal skin around ito 

The webs are attached to the more dorsal aspects of the 

digits, trunk and limbs, as already mentioned, so that when they are 

viewed from the dorsal aspect, the wings present a smooth web surface, 

admirably suited to uninterrupted air flow dorsally, and consequent 

lift in flighto The function of the web muscles is less certaino 

They contract together as a group, and can clearly constrict the 

main web in its antero-posterior axiso They are not essential to 

flight, as a bat has been seen to fly with the web muscles of one 

wing denervated. They probably give added control to the tension 

and shape. of the main web during flight. 

Despite their toughness, the webs are susceptible to injury, 

probably from thorns, or when the bats fight. The web membranes 

show a remarkable capacity for regeneration, and defects as large 

as 2 x 2 cm. can be filled in by wound contraction and new skin 

formation. The resulting shrinkage of the web may be quite drastic, 

but the bats can still fly despite a quite marked deformity of the 

webo 

Pine structure of the Web Muscles 

The web ulnar group muscles contain, in cross section, between 

I : 



- 294 -

200 and 1000 muscle fibres, with a mean of about 6500 Individual 

fibre lengths vary between a few mm. and 30 mm. with a mean length 

of about 10 mm. The evidence for this has been obtained in 

several ways. Staining the motor end-plates for choline-esterase 

activity reveals that they are arranged in leashes scattered along 

the muscle at intervals of one to several mm. (fig. 63)o They do 

not extend across the whole muscle, and are probably related to 

fascicles within it. Their general distribution and proximity would 

preclude the possibility of very long fibres in these muscles, 

unl ess there was multiple innervationo If the nerve supply to 

these muscles is divided at the elbow, and the cut ends of the nerve 

are approximated to allow maximal chance of recovery, the subsequent 

pattern of re-innervation of the muscles can be easily followed 

(Church, 1965). After a delay period of several days, axons begin 

to cross the lesions and to grow down the nerve distal to the 

sectiono As they reach a given muscle and re-innervate the fibres, 

a small segment of the muscle begins to contracto This segment is 

only about 1 cm. long at firsto Later the next muscle begins to 

contract, and the contractile segment of the first muscle is longero 

This process extends across the web rather like the bow-wave of a 

shipo By this means, it was seen that the axons grow about 2o4 mm. 

per dayo Study of the shape of the 'bow-wave' gives an indication 

of the length of the fibres in the muscles being re-innervated. The 

length of single fibres from these muscles was measured directly 

by Ladhani (1966), who stripped off the ventral skin to expose the 

musclei in viva, stimulated the nerve proximally and recorded the 
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Fig. 63. A light photomicrograph of a portion of bat web 

~uscle, stained specifically for choline esterase activity, 

showing a leash of neuro-muscular endplates. x 200 

the l ocation of monophasi c action pot entia ls along singl e f i breso 

By these physiological means it was de t ermi ned t hat the mean l ength 

of 12 fibres was 10.l mm. Attempts to dissect out whole fibres 

have been unsati sfactory as the delicate fibres break before their 

.f us i form ends are reachedo Ladhani al so showed, by choline es terase 

staining and dissection of fibres, that the single motor end-plates 

are situated approximately in the centre of the fibreo 

The ultrastructure of the web muscle fibres, particularly 

that of their contained myonuclei and satellite cells, has been 

considered above in Section II. Muscle spi ndles have been but rarely 

seen, and their number and distribution are unknown. The ultra

structure of the web nerves is characteristic of peripheral nerve 

in general, and has a ratio of myelinated to non-myelinated fibres 

of about 25%. 

- - - 0 - - -
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In summary, the fruit bat ·Eidolon helvum Kerr has been 

shown to be an excellent laboratory animalo Though present in 

large numbers in the local wild colony, it is difficult to obtain 

undamagedo However, once obtained, it responds well to captivity, 

and morbidity and mortality rates are lowo Maintenance in captivity 

is relatively simple, and problems of handling have been largely 

overcome. Though breeding only once annually, the regularity of 

the breeding season is useful for embryogenesis studieso The main 

web, with its contained small muscles, has been used successfully 

for a number of experimental studies, and has undoubted potential 

for further studieso The web muscles, being distinct from each 

other, yet numerous, allow a number of experiments to be performed 

in one animal, giving standard conditions, and economy in the use 

of animals. Other species of mega- and microchiroptera have 

similar muscles in their webs, with a further potential for 

laboratory studyo 

- - - 0 - - -
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Appendix (ii) 

In this Appendix a general description is given of the .methods 
employed in the preparation and examination of the tissues 
studied. A more detailed description is given of specific methods devised for the particular requirements of the work, or where a 
technique generally accepted elsewhere has been modified or improved. 

Fixation 

In all experiments early and rapid fixation was of paramount importance, as most tissues were to be prepared for electron 
microscopyo Adult bats were fixed in the following standard way 
(fig. 64). A simple perfusion apparatus is used with a pressure head of about 4 ft. The apparatus consists of 2 funnels connected to a glass ,yr piece with rubber tubing , so that , with separate 

clips ,the contents of either funnel can be perfusedo One funnel is filled with Kr~bs- Ringer saline, and the other with a solution 
of glutaraldehyde in Krebs-Ringer saline. The concentration of 
the glutaraldehyde solution was varied during the couxse of these . studies, but the quality of fixation did not appear to vary 
significantly between concentrations of 2o5 - 7.5%. For any given series of experiments, the concentration of glutaraldehyde was not 
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Fig. 64. Perfusion of a fruit bat. The animal is extended on a 
perspex frame, and anaesthetised. A polythene canula is tied into 
the left ventricle. DrainagB of perfusate is via an incision in 
the inferior vena cava. The dissecting microscope is set over the 
right web, so that the transilluminated web vessels can be observed, 
and the progress of the perfusion noted. 

I, 
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varied, to standardise conditio~s. 

The bat is extended on the perspex frame, and anaesthetised 

to a depth sufficient to permit abdomino-thoracotomy. The upper 

abdomen is opened via a midline incision, and the incision extended 

cranially by division of the lower part of the sternum, keeping as 

strictly as possible to the midline. In this way the large inter

costal vessels supplying the pectoral muscles are avoidedo If they 

are divided, they provide a wide-bore short circuit from the dorsal 

aorta, so that perfusate runs out of the animal without circulat

ing further in the systemic system. To be quite sure of prevent

ing this, a pair of curved forceps is usually placed on the divided 

edges of the thoracotomy incision. This has the added advantage 

that an assistant can hold these forceps to steady and retract the 

edges of the thoracotomy wound. 

Once the thorax is opened respiration is embarrassed, and 

the perfusion must be set up without delayo The heart is exposed 

by dividing the pericardium, if this was not done with the original 

incision, and the wall of the right ventricle is grasped with a 

curved haemostat. The apex of the heart is then brought up into 

the wound, and a loose ligature of string placed around the two 

ventricleso The apex of the heart is excised with a clean cut with 

scissors, and a polythene canula, of calibre just too large to pass 

into the ascending aorta, is inserted into the left ventricle. The 

string ligature is drawn tight around both ventricles, to retain the 

I 
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canula in positiono Thick string is a good type of ligature 
material as it does not cut into the myocardium, neither does 
it slipo The perfusion is then started with Ringer's saline. 
The liver is next pulled down to reveal the inferior vena cava 
as it passes through the diaphragm into the right atrium. An 
incision is then made in the inferior vena cava, to allow free 
efflux of perfusate from it and the right atrium. 

A perfusion set up in this way gives rapid and uniform 
fixation of the systemic circulation. The pulmonary circulation 
is excluded by the ligature around the two ventricles. If the 
canula is of a small enough size to pass into the ascending aorta 
it can be thrust up too far, and becomes wedged at the site of 
branching of the left and right innominate arteries, with the 
undesirable consequence of uneven fixation. 

Progress of the perfusion can be observed directly by trans
illumination of the web vessels. Under good conditions the arteries 
will be seen to be flushed out within moments of starting the per
fusion, and a few minutes later the venous blood will also clear. 
In practice the glutaraldehyde perfusion was started once the 
arteries were clear, as this indicated free access to the entire 
capillary bed of the animal. Another indication of good fixation 
is that the animal stiffens rapidly, and within 15 min. should be 
rigid. 
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In most instances the tissues required for examination 

were solely in the webs, so that while the intra-arterial per

fusion was in progress the webs were also exposed to fixative 

directly, by placing pads on them, soaked in glutaraldebyde solu

tion. By this means the web tissues were exposed to fixative from 

all directions, giving optimal fixation. 

Immature bats can be fixed in the same way, a smaller 

canula being chosen for the left ventricle. In the embryogenesis 

study, the embryos were delivered and immersed directly into 7.5% 

glutaraldehyde solutiono The webs are thin and diaphanous in bat 

embryos, so that direct exposure to fixative was found to be satis

factoryo With larger embryos, whole webs were immersed directly 

into fixative solution, and then biopsies were taken from selected 

sites in the webs. 

Biopsies. 

In the majority of cases, the tissues to be biopsied were 

from the main webs of the animalo Lesions were usually small 

enough to allow the whole lesion to be excised together with normal 

tissue either side of it, so that the whole biopsy could be embedded 

in araldite for subsequent electron microscopic examinationo The 

web muscles are up to 2 mm. wide, by 1 mm. thick, and crush lesions 

were to 1 mm. segments of muscle, so that a biopsy 4 mm. long 

adequately contained the whole lesiono This is a somewhat large 
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biopsy for electron microscope study, but the fixation by perfusion 
and direct exposure to fixative was satisfactory, and at least one 
dimension of the biopsy was 1 mm. or less, so that penetration of 
the tissue by embedding medium was also satisfactory. The great 
advantage of having the whole lesion in one biopsy was that orien
tation could be retained. In some cases, where _it was important to 
distinguish proximal from distal ends of a biopsy, one end of it 
was cut obliquely, to distinguish it from the other, transversely 
cut, endo 

A problem of the web tissues is that the elastin, which is 
very profuse, retains some elasticity, even after prolonged fixation. 
The elastic bundles run in parallel array in the long axis of the web, 
about 0.5 - 1.0 mm. apart, so that they are crossed at right angles 
by the ulnar group of web muscles. A biopsy of a portion of web 
containing a segment of muscle 4 mm. long would therefore cut across 
between 4 and 8 of these elastin bundles. If they retract evenly 
into the biopsy, it will remain straight and flat, but if they re
tract unevenly it will tend to curl or wrinkle. This presents a 
hazard where problems of longitudinal and transverse orientation 
are vital to later study of the contained muscle. To overcome this, 
large numbers of lesions can be placed simultaneously in the 

multiple web muscles, so that if some biopsies are too distorted 
after excision, they can be discardedo 
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Post-fixation, dehydration and embedding. 

Tissues were post-fixed in a 1% osmic acid solution in 
Palade sucrose buffer, for 1 hr. They were then dehydrated in 
graded alcohols. The technique of dehydration was varied, but the 
most routinely employed sequence was: 10% alcohol, 3 changes; 
50%; 7o% and loo%, 3 changes, with 30 min. in each. From the 
third change of absolute alcohol, tissues were transferred to 
propylene oxide for 20 min., and then into a mixture of equal parts 
of propylene oxide and araldite (Durcopan - ACM, Fluka), for 
12 - 24 hr. They were then transferred to an araldite mixture, and 
left at room temperature for 24 hr o For the final araldite embedding, 
the biopsies were arranged in plastic troughs, with small labels 
for identification, with araldite to a depth of 3 - 4 mm., and 

. . 0 placed in an oven at 60 C to harden. 

For any given series of biopsies from one experiment, the 
details of this sequence of preparation were repeated meticulously , 
to standardi se preparation. At different times in the course of 
the study, techniques were modified to ascertain whether results 
could be improved. Thus, for instance, better penetration of aral
dite was obtained using the mixture of equal parts of propylene 
oxide and araldite befor e transferring to the pure araldite. 
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Sectioning. 

Sections were cut for light and electron microscopy on a 

Reichert ultramicrotome up till 1965, and subsequently on a Porter

Blum hand-operated ultramicrotome. Glass knives were used through

out. Different thicknesses of plate glass were used, but the 

thickness most favoured was i inch. This is rather more difficult 

to break accurately, but once a good knife is obtained, it provides 

a much longer edge, and this is of considerable practical import

ance where it is desirable not to alter the relative positions of 

knife and specimen in the course of serial sectioning. 

Different methods were employed for breaking glass but the 

following procedure was found to give the best results. Glass

breaking pliars are prepared by attaching three narrow strips of 

aluminium, 2 mmo wide, to the jaws of the pliars, as depicted in 

fig. 650 Particular attention is paid to the siting of the middle 

strip, so that it lies exactly in the mid-Joint, between the other 
two. Plate glass is scored to 10 inch squares, with scoring runn

ing the full length of the glass to ensure accurate breaking at 

that stage. The squares are washed and dried, and thereafter 

handled with clean hands, and only handled at points from which a 

knife edge would not be made. Glass breaks most evenly if it is 

broken symmetrically, and if the breaking force is applied accurate
ly and evenly over a scored lineo This line must run right to the 

edge from which the break will start, but need not be very long. 
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Fig. 65. A diagram to show the method used for the making 
of glass knives for the ultramicrotome. The glass is broken 
in the sequence 1 - 7, showing the extent of the scoring 
for each break. Break no. 6 is also depicted in the three 
dimentional sketch, with the eventual knife edge at 'e'. 
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The greater part of the resulting break is then a free break. 

Using a lined sheet of paper as a guide, the 10 inch square 

is broken successively into halves. Each resulting 2! inch square 
has at least l corner, and usually 2 or 3 corners which are suit
able for making a knife edge. The best corner having been selected, 
the opposite corner is then removed (fig. 65, 5). Breaks start 
most readily in a direction at right angles to a previous break, 

and this is achieved by removing the unwanted corner. The final 
score line is started within 1 mm. of the good corner, but just to 
one or other side of it, and carried evenly across the glass. The 
final break should end just to one side of the corner. The last 
unwanted corner is then rem9ved, to fit the knife into the microtome. 
Sellotape is applied to the knife to make a trough, -the lower 

corner of which is sealed with wax to make it watertight. This 
method of preparing glass knives gave consistently good results, 
the knife edge being square to the front surface, with an accurate 

45 0 1 ang eo 

Most of the tissues studied demanded careful orientation, 

and in some, serial sectioning. To undertake serial transverse 
sections, longitudinal sections were cut first for light microscopy. 
As soon as sufficient detail could be made out in the longitudinal 
sections, the cut surface would be marked in millimetres, sub
divided into quarters or eighths, with binocular microscope control. 
The block would then be rotated through 90° for serial transverse 
sectioning. In this way very accurate placing of sections could be 

ii 
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assuredo When it was necessary to study certain regions in more 

detail in the electron microscope, the specimen would be carefully 

trimmed so that the area coned down on, for thin sections, projected 

only just above the general surface of the block. In this way 

tissue deeper in the block was not disturbed, and after obtaining 

the thin sections, little further trimming was necessary to return 

to the full cross-section of the tissue. 

Sections for light microscopy varied in thickness from 1 - 4 

microns. They were stained with a 1% solution of toluidine blue 
0 for about 15 seco at 20 Co By varying the thickness of any given 

batch of sections, more latitude was possible in the staining, as 

there would always be some sections in the optimally stained range. 

This also gave some latitude of choice for subsequent photomicros-

copy. 

Thin sections showing interference colours from grey to 

silver (500 - 800 A0
) were picked up on uncoated Athene grids with 

483 perforations. They were tstained 1 with a 5o% solution of 

uranyl acetate in ethyl alcohol, for 15 - 20 mino The uranyl 

acetate solution was prepared by agitating a small quantity of 

powder in about 4 mlo of 5o% alcohol until the solution was satur

ated, centrifuging for 2 mino, decanting the supernatamt, and using 

immediatelyo Grids were submerged in the solution or laid, 

sections down, on the surface. After 'staining' the grids were 

washed in two changes of distilled watero 

I 
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After dessication the grids were observed in a Zeiss EM9 

with condenser. Operation of the electron microscope was routine, 

as was the developing and printing of electron micrographic film. 

Considerable operational difficulties were encountered from time 

to time, delaying the work or affecting the quality of the electron 

micrographs, but these were technical problems which need not be 

described here. Photomicroscopy was also routine, using a Zeiss 

photomicroscope with a green filtero 

- - ... 0 ... - ... 
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methods. Attempts made too early at intubation or surgical inter
ference will cause him to react ( often violently) and will spoil the 
smooth conduct of the anaesthesia. The time taken from thiopentone 
injection to 15 per cent ether is about 2t minutes, but a further St minutes or even more· will be needed before intubation or surgery 
is possible. The time will depend on the age and bulk of the patient. 

The fact that halothane vapour corrodes aluminium alloys gave us cause for anxiety at first, as it was felt that it might damage the controls of the E.M .O. ether inhaler, but a communication from the manufacturers assured us that though there was a theoretical danger, the low concentrations employed should cause no such trouble. 

SUMMARY 
A simple, safe method of administering small quantities of halothane in conjunction with the E.M.O. ether inhaler to facilitate induction is described. 
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THE USE OF THE FRUIT BAT IN SURGICAL RESEARCH* 

By J. C. T . CHURCH AND R. F. X. NORONHA 

THIS is a preliminary report on tissue studies currently in progress in the 
Anatomy Department of Makerere University College Medical School. The 
tissues being studied are those found in the web of the fruit bat Eidolon 
helvum Kerr. An account is given of how this web is used and its potentialities 
for further research. 

Experimental material 
The source of fruit bats is a colony of 140,000 living in a copse of Eucalyp

tus about a mile from the Medical School. A small colony of these bats has 
been maintained in captivity for ten months. There has been a steady turn
over, but about thirty bats have been retained throughout this time. They 
are housed in wire cages and hang from the roof making routine cleaning of 
the cage a simple matter. They readily eat yellow bananas and remain healthy 

· on these alone. They never become tame and have to be handled with leather 
gloves. In the wild state and in captivity they breed once a year and normally 
single young are produced weighing about one fifth of the adult weight. 
They are very gregarious and can be kept together in one cage. Furthermore, 
remarkably few have been lost from disease. 

Experience indicates that these bats are easy to maint_ain in captivity 
and are a most satisfactory experimental animal. This should be of particular 
interest to research workers in those tropical countries where this animal is 
readily available. 

Both for the performance of experiments and for prolonged observation 
and photography, it is necessary for the bat to be held in a position of comfort 
to the animal. A perspex frame has been designed and built for this purpose. 
The bat is placed supine with its outstretched wings held firmly under batons 
lined with plastic foam (Fig. 1). The feet are anchored to the frame with a 
rubber band round the ankles. The bat normally tolerates this position for 
up to two hours, allowing freedom for the observer to study the web str~ctures 
with trans- or epi-illumination through a dissecting microscope. Contmuous 
or intermittent photographic records are easily obtained. The web can be 
moistened dorsally and with gentle pressure will adhere to the perspex base
board rendering it even more immobile for study. A wide range of procedures, 
for example electrical stimulation, micro-injection of drug_s and ~mall . crush 
lesions, can be performed with a conscious bat as the web 1s relauvely msen-
*The substance of this paper was read at the Conference of the Assocaton 1 %fi~geoks of East Africa on December 4th, 1964 and introduced b):' Professor avi roo , Professor of Anatomy, Makerere University College Medical School. 
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sitive. For operations likely to produce pain an open ether anaesthetic can be 
administered with a face mask. We have found ether to. be the safest anaes
~hetic and with a little care repeated anaesthesia can be given without risk. 
Recovery is rapid and free from morbidity. 

The anatomy of the web (Fig. 2) 

The main web extends from the fifth digit, forearm and arm to the trunk 
and leg down to the ankie. The most striking feature of these large webs is 
the presence in them of a number of striated muscles arranged parallel to 
each other, at right angles to the main axis of the wing. The larger group 
can be named the ulnar group as their proximal attachment is to the inferior 
border of the ulna. The smaller group rapidly diminish in size towards the 
distal corner of the web and can be named the digital group. A neuro-vascular 
supply enters the web at the elbow and passes obliquely across the ulnar 
group to the digital group of muscles. The nerve is a branch of the ulnar 
nerve and supplies all the structures of this part of the web. The vessels 
continue beyond the muscles to anastomose distally with other small vessels 
along the fifth digit. A typical adult ulnar group muscle is about 8 cm. 
long by 1-2 mm. wide and 1 mm. thick. In cross-section it contains about 
200 muscle fibres. Individual muscle fibres have a length of about 1 cm. 

The vessels of the web are readily visible in vivo. The main arterial axis 
gives off branches to each muscle it crosses and these branches generally 
run along the muscle they supply. The venous distribution closely follows 
that of the arteries. No arterio-venous anastomoses have been demonstrated. 
The veins are typical of bat webs in that they' exhibit a rhythmical pulsation 
of from 15 to 40 contractions a minute, propagated proximally, which would 
seem to constitute a peripheral venous pump. Veins which arise in damaged 
web skin do not show this pulsation. 

The use of the web for surgical research 

The tissues of these webs are so accessible that it is clear they have a wide 
range of usefulness in fundamental research on tissue reaction to trauma, 
drugs, etc. Our group's particular interest has been the study of nerve and 
muscle regeneration patterns following specific, localized and repeatable 
lesions. The unique arrangement of the web muscles enables multiple lesions 
(for example up to 30) to 1;,e made in one bat. The lesions can be minute and 
therefore cause no constitutional upset. Also, preparation of the tissues for 
light and electron microscopic examination, by intra-arterial gluteraldehyde 
perfusion, results in simultaneous fixation in situ of all lesions. Thus optimum 
conditions for comparison of results can be obtained, a situation unattainable 
in other more commonly used experimental animals. Furthermore bat tissue 
is very satisfactory for electron microscopy and the web muscles are of suit
able size for whole lesions to be recovered accurately for electron microscopy 
studies. · 
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Fig. 1 
Adult male fruit bat, Eidolon helvum Kerr, on perspex frame 

(Scale: 1/ 6 life size) 

Fig. 2 Left web showing ulnar and digital web muscles and neurovascular bundle (cm . scale under web). 
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Method used for crush lesions of the web tissues 

Crush lesions are made using a small block of perspex bevelled to a flat surface of approximately 8 mm. by 1 mm. This is mount~d under a strip of perspex to the other end of which a stabilizing foot-piece of similar thickness to the small block is fixed (Fig. 3). The strip is laid over the web and by direct vision the small crushing block can be accurately placed over a selected site. Weights are placed on the strip for any desired time. A standard lesion of muscle is produced by a one kilo weight resting directly over the crush block for ten minutes. The web is lying flat on the perspex base-board so an estimated pressure of 125 g. per square mm. ( approx. 172 lb. per square inch) is delivered to the tissues . 

a. 

b. 

I ! 

I 

I ' 

c~ p 

Fig. 3 

I 
:___' 

Diagram of apparatus used for crush lesions ; weight (W), perspex strip (P), crushing block (C). (a) Side View. (b) From above. 

The crush lesion 
This technique repeatedly produces a lesion of standard size and intensity. Within the crushed segment of 1mm. every muscle fibre is internally divided and disorganized. The sarcoplasm is broken up in a very characteristic fashion but always remains within the unbroken sarcolemmal tubes. The prominent feature is a clumping and compression of the actomyosin into 'dumb-bell' 
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shapes at either end of the crushed segment with a corresponding distraction 
ofit at the centre of the lesion and extraction at either end beyond the 'dumb
bells' (Figs. 4 and 5). The appearance of the myonuclei is variable; so.me are 
fragmented and displaced, others appear to be u~dama~ed. A_ dramatic con
firmation of the disposition of the satellite cells 1s obtamed; m some ~f the 
empty sarcolemmal tubes satellite cells can be seen, still attached to the mner 
aspect of the tube and apparently normal in size and shape._ Man~ are e~gaged 
in active pinocytosis further confirming their cellular mtegnty (Fig. 6). 
(Mauro, 1961; Muir, Kanji and Allbrook, 1965.) 

Fig. 4 
Light photomicrograph of longitudinal section of 'dumb-bell' region of crush lesion 

(Scale: X 100) 

Fig. 5 

h 1 · through 'dumb-bell' Light photomicrograph of transverse section of crus es1on b (E) region showing 'dumb-bells' (D) and empty sarcolemmal tu es · 
' (Scale: x 300) 
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Fig. 6 
El~~tron photomicrograph of transverse section of crush lesion through 'dumb-bell' region showing\;eippty sarcolemmal tube and satellite cell. 

(Scale: X 11,000) 

Other tissues in these lesions are affected as follows: extra-cellular struc
tures (for example, collagen, elastin and basement membranes) remain 
intact. The skin is never broken and therefore infection is avoided. Haemorr
hage is minimal. The arteries in the crush segment develop fusiform 
aneurysms and the veins cease to contract indicating probable disruption 
of the contractile protein of their smooth muscle fibres. The gross structure 
of the nerves appears normal though a total axonotmesis develops, 
demonstrable by striated muscle paralysis distal to the lesion. 

A study of an initial series of lesions at intervals up to twenty days has 
confirmed the well-known findings of past workers that regeneration and 
reconstitution of internally damaged striated muscle fibres occurs (Field, 
1960; Godman, 1958; Allbrook, 1962; Allbrook and Kirkaldy-Willis, 1964). 
Within twenty-four hours large numbers ofhistiocytes appear in the lesion, at 
first outside the damaged muscle fibres but later predominantly within them. 
These histiocytes can, by electron microscopy, be clearly distinguished from 
the myonuclei and muscle satellite cells (Figs. 7 and 8) which appear inactive 
for at least the first two days after injury. The 'dumb-bells' and intra-fusal 
debris are rapidly phagocytosed over the course of the first four days. Within 
ten days new actomyosin begins to appear, possibly laid down by the satellite 
cells. By twenty days the lesion is hard to distinguish from normal muscle. 

These new findings have been relatively easy to obtain by means of the 
selective techniques used on the bat wing which has proved to be a particularly 
suitable naturally occurring preparation for this type of study. 
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Fig. 7 
Elbectron photomicrograph of transverse section of normal fibre of web muscle showing 
su sarcolemmal myonucleus. · 

(Scale : x 12,000) 

Fig. 8 
Electron photomicrograph of transverse section of normal fibre of web muscle showing 
satellite cell w1thm sarcolemma. 

(Scale : x 12,500) 
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Fig. 7 
Elbectron photomicrograph of transverse section of normal fibre of ~eb muscle showing su sarcolernrnal myonucleus. 

(Scale : x 12,000) 

j. 

Fig. 8 
Electron photom!crograph of transverse section of normal fibre of web muscle sh · 
satellite cell w1thm sarcolemma. owmg 

(Scale: x 12,500) 
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SURGERY OF MIDDLE EAR DEAFNESS 

By S. D. SETHI 

IT IS not many years (just over twelve) since the concept of middle ear surgery 
has changed from that of eradication of disease only to that of eradication 
of disease combined with reconstruction of the hearing mechanism or, in 
cases where disease has been quiescent, to that of repair of its sequelae. 

It is only some twelve years since Wullstein (1953, 1956, 1962) and Zollner 
(l 955, 1956) in Germany described the first tympanoplasties, i.e. surgical 
reconstruction of the hearing mechanism destroyed by suppurative processes. 
Their work was followed by that of Thorburn (1954, 1960) in Blackpool. 

At this stage it may be worthwhile to remind you of the elementary 
mechanics of hearing; the tympanic membrane; a diaphragm which trans
forms sound waves into mechanical° vibrations. These vibrations are trans
mitted to the oval window through the three ossicles, malleus, incus and stapes 
with the footplate of the stapes lying over the oval window. The difference 
between the surface area of the tympanic membrane and the oval window 
membrane, together perhaps with a lever action in the ossicular chain, results 
in augmentation of the movement taking place and multiplies the pressure 
change in the perilymph, probably as much as 26 : 1. These vibrations at 
the oval window set up vibrations in the perilymph, to the round window. 
This, in the normal ear, acts as a relief opening at the opposite end of the 
cochlear duct to give maximum movements of the fluid in the bony cochlea. 
Thus the movements in the round window membrane are passive in response 
to the movements of the stapes footplate, having compensatory movement 
in the opposite direction and therefore should be protected from sound waves. 
This is done by the tympanic membrane. 

It follows that for normal hearing the pre-requisites are: 
1. An intact tympanic membrane and ossicular chain, with no hindrance 

to their normal movement. 

2. Correct balance of action of the labyrinthine windows. 
3. Finally, as equal pressure on each side of the tympanic membrane is 

essential for its movement, a functioning Eustachian tube. 
It is easy therefore to see that any disease process or trauma which affects 

any of the foregoing will result in a hearing loss. In perforation of the tympanic 
membrane the sound protection is removed from the round window with the 
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SATELLITE CELLS AND SKELETAL MUSCLE REGENERATION 
BY J. C. T. CHURCH,* R. F . X. NORONH * 

FROM THE DEPARTMENT OF ANATOMY M A, AND D. B. ALLBROOKt 
' AKERERE UNIVERSITY COLLEGE MEDICAL SCHOOL UGANDA EAS 

REGE~ERA TI<;:>N of skeletal muscle is a frequent, though 
sometimes !nconsp1cuous, feature of the recover 
pa~e~n durmg the n~tural history of many animil 
an uman m~opath1es, and after surgical trauma 

I 
FIG. r.-Main web of left wi f f · b . Kerr, showing arrangement of th ng O b run 

1 
at, E1.dolo~1 helvum 

vascular supply (cm. scale underew:b). musc es and their neuro-

an_d devascularization (Clark 1946. Allbrook and 
Kirkaldy-Willis, r 964). ' ' 

In recent ye~rs the . cytological processes involved 
have attracted _mcreasmg attention. The techniques 
of fl~ctron microscopy, radio-isotope labelling of 
n uc ei, and the use of fluorescent antibodies to label 

. * Lecturer, Department of Anatomy, Makerere Univer
sity College Medical School, Uganda, East Africa. 
Mt lrolfeSssohr olf UAnatomy, Makerere University College e ica c oo , ganda, East Africa. 
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specific myosins have greatly increased our d standmg of th f d un er-6 . ese un amental processes (Holtzer 
r9 r, Allbrook, 1962; Walker 1963) Ho h' t al bl ' · wever t e cen r pro em_ of the origin of the myogenic cells in 
rai:nmals remams unsolved, partly because of the 
i11:itat1ons of the com1:1only available experimental 

ammals. The East African fruit bat, Eidolon helvum 
Kerr, possessmg multiple small muscles in its . 
1embranes (Fig. 1), is suitable for the precise anaf;~! 
Ok regenerative processes and in particular that of 
s e etal mus~le (Church and Noronha, 1965). 

Of potential importance to the understandin of 
muscle reg~neration is the satellite cell of skeTetal 
g1us~le, which lies within the sarcolemma1 membrane 

ut is separated from the muscle syncytium by 't 
own plasma membrane (Fig. 2) (Mauro r 6ir ~ 
Muir, Kanji, and Allbrook, r965). In the bat ~eb 
m~scles, satellite cells occur in a proportion of 
I · 7 myonuclei. It has been suggested that they are 
reserve cells,. capable of becoming myoblasts, and 
thus producm_g new segments of muscle-fibre 
followmg physical and chemical injury. Autoradio
g~ap~ic studies suggest that myoblasts arise only from 
~lthm dama~ed muscle-fibres and appear to be 
mcorporated mto new fibres (Walker r963) W 1k 
al~o showed that histiocytes labelled 'prior t~ m~sc1! 
mJury ~ntered damaged muscle-fibres to ingest 
disorganized cytoplasmic debris, but a few days later 
returned to the tissue spaces. 

The regenerative potential of skeletal muscle has 
been recogmzed for about a century (Walde 
(r 865), quoted by Field (r960)). Volkmann (r8~;) 
described_ two processes contributing to muscle 
regenerat10n : a ' contmuous' sprouting from viabl 
fibres a~ the edge of an injured area and a 'discon~ 
tmuous buddmg off, from surviving fibres, of single 

CHURCH ET AL.: SATELLITE CELLS IN REGENERATING MUSCLE 

cells which appear to develop into chains of cells, 
ultimately giving rise to new fibres. As mitoses were 
rarely seen in regenerating muscle, amitotic _ division 
of myonuclei was postulated to account for the 
increase in numbers of nuclei. Recently, however, it 
has been stated that, as myonuclei do not divide, 
regeneration is predominantly the result of sprout
ing from surviving fibres (Payling Wright, 1963). 
Moreover, Pearce (1965), reviewing the histopathology 
of voluntary muscle, refers to the spindle-shaped 

FIG. 2.-Electron photomicrograph of transverse section of 
normal web muscle-fibres showing subsarcolemmal satellite cell. 
( X 7333,) 

mononucleate cells commonly seen both in experi
mental regeneration and in certain myopathies, and 
concludes that 'the role which such cells play in the 
regeneration of muscle in viva is not known'. 

This report attempts, by accurate cell identification, 
using light and electron microscopic studies on the bat 
web muscle, to clarify the role of the satellite cell in 
regeneration. 

MATERIALS AND METHODS 
Adult bats, held on a perspex frame with their 

wings extended under foam-rubber lined batons, 
had crush lesions placed ih r-mm. segments of the 
individual web muscles (Church and Noronha, 1965). 
Precise siting of the lesions on preselected portions 
of each muscle was made possible by the trans
parency of the perspex. Lesions were made at varying 
time intervals from 28 days to half an hour prior to 
fixation. Up to 30 lesions were possible in any one 
animal. In the present study 144 crush lesions were 
made in 7 adult bats. · 

For fixation the animal was anaesthetized with 
open ether and perfused through a polythene 
cannula in the left ventricle, using 2·5 per cent 
gluteraldehyde in Krebs-Ringer solution. This 
ensured rapid, uniform, and simultaneous fixation 
of all lesions. The sites of the lesions were previously 
marked with small holes in the web adjacent to the 
muscle. After fixation the segments of muscle con
taining the lesions could thus be recovered accurately. 
They were then post-fixed in osmium tetroxide, 
dehydrated in alcohol, embedded in paraffin wax or 
araldite, and subsequently sectioned for light and 
electron microscopy. Araldite sections, 0·5 µ, thick, 
were stained with toluidine blue (Ito and Winchester, 
1963). Thin sections for electron microscopy were 
cu t with glass knives on a Reichert microtome and 

stained with uranyl acetate. Examination and serial 
photography of the thick sections were carried out 
with a Zeiss ·photomicroscope, and a study of the 
electron-microscope sections with a Zeiss EM9 
microscope. 

RESULTS 
The small size of the lesions favours the quantita

tive and qualitative study of the regenerative process. 
All lesions are similar and show severe damage to the 

FIG. 3.-Light photomicrograph of longitudinal section of a 
crush lesion in the region of maximal damage, showing damaged 
fibres and intact sarcolemmal sheaths, 12 hours after injury. 
( X 300 .) 

F IG. 4.- Light photomicrograph of transverse section of a crush 
lesion in the region of maximal damage, showing distended and 
empty fibres, 12 hours after injury. Note the histiocytes between 
fibres . ( x ·767.) 

skeletal muscle syncytium with little disturbance 
to the surrounding tissues. Collagen, elastin, and 
basement membranes appear undamaged. Thus 
skin and blood-vessels remain intact, though smooth
muscle fibres in the walls of the larger blood-vessels 
are severely damaged, as are the axons of the intra
muscular nerves. 

Every skeletal muscle-fibre in the crushed segment 
is affected, with characteristic disruption and dis
organization of the actomyosin and sarcoplasm. 
The effects of the crush are maximal in the two 
regions at either end of the lesion (Fig. 3). · A trans
verse section through these regions shows numbers of 
empty sarcolemmal tubes and many other tubes 
distended with amorphous syncytial debris (Fig. 4). 

Immediately after the crush there is a local 
inflammatory response, which subsides by 24 hours. 
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SUMMARY 
New techniques are described for the detailed 

analysis of the process of skeletal muscle regeneration 
following crush injuries to the web muscles of the 
fruit bat, Eidolon helvum Kerr. The role of the 
satellite cell of skeletal muscle has been evaluated. 
The conclusion is reached that this is a true reserve 
cell, capable of transformation into myoblasts. 
These, in turn, increase in number by mitotic 
division and ultimately form new muscle-fibres. 

The electron microscope used in this study was 
purchased through a grant from the Wellcome Trust. 
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