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ABSTRACT:

A pure population of myogenic precursor cells was isolated by
explanting single mature myofibres from adult mice together with their associated
sat=llite cells and basal lamina into culture. The satellite cells contained within these
myofibres subsequently proliferated and differentiated to form meshworks of mature
myotubes given the appropriate growth conditions. This is the first report describing
the isolation of a population of satellite cell progeny in a primary culture that was
completely free of contaminating fibroblasts, macrophages or other non-myogenic
cells. Furthermore, it is the first report whereby satellite cells, and their progeny,
derived from a single myofibre have been isolated.

In the presence of media which promoted maximal cell proliferation
fewer myofibres derived from old mice demonstrated satellite cell growth than
myofibres derived from young mice, and those myofibres from old mice which did
show satellite cell growth had fewer cells per colony. Application of basic Fibroblast
Growth Factor (bFGF) to satellite cell cultures derived from young mouse myofibres
resulted in a dose dependent increase in cell proliferation, however there was no
difference from basal medium levels in parallel cultures derived from old mice.
Despite age differences in the effect of bFGF on cell proliferation, its inhibitory
effect on differentiation was present in both old and young mice.

Myofibre explants derived from old dystrophic, dy” and mdx, mice

rarely resulted in satellite cell proliferation, regardless of media in which they were



cultured. Those colonies which did grow from myofibres derived from old dy”
mouse, however, contained similar number of cells to those derived from age
matched normal mice. Colonies derived from old mdx mouse myofibres contained
fewer cells than the age matched normal mouse satellite cell colonies. Those satellite
cell colonies derived from old mdx and old dy* myofibres appeared morphologically
similar to those obtained from age-matched normal mice.

Satellite cells derived from myofibres of old mdx mice demonstrated
a different pattern of proliferation as compared to satellite cells derived from old
normal mice. Rather than detaching from the original parent myofibre and
proliferating on the substratum covering the culture plate surrounding the myofibre,
satellite cells derived from old mdx mice remained within the basal lamina tube of
the parent myofibre where they proliferated and differentiated to form a single new
myotube which replaced the parent myofibre. This was also seen more frequently in
cultures derived from old dy” mice than those from old normal mice, aithough the
difference was not statistically significant. The mean number of myonuclei in the
newly formed single myotube within the basal lamina sheath was similar to the mean
number of myonuclei in the adult myofibres.

The purity of adult myogenic precursor cell populations obtained by
isolating single myofibre gives this method the potential for being a ready source of
pure myoblasts, given the appropriate medium conditions, which could be a viable

vehicle for various gene therapy strategies.
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CHAPTER I

INTRODUCTION

History and theories of skeletal muscle regeneration:

Skeletal muscle regeneration has long been a topic of investigation,
however it was a subject largely ignored by English language texts until the early 20
century. Many of the early observations on muscle regeneration were published by
German researchers. In the early and mid-nineteenth century microscopic changes
in skeletal muscles following injury were observed and interpreted as being
regeneration (Waldeyer, 1865; Bottcher, 1858 both as cited by Allbrook, 1981).
Zenker (1864, as cited by Allbrook, 1981) quite accurately described the regeneration
process as being fibre degeneration surrounded by spindle-shaped cells. He suggested
that these cells gave rise to observed ribbon-like formations and eventually formed
new muscle fibres. Volkmann (1893, as cited by Allbrook, 1981) further described
such ideas as budding and new fibre formation from the ends of old striated
myofibres, in addition to the important role of the sarcolemmal tube, and its resident
cells (defined later as being satellite cells), in skeletal muscle regeneration. More
recent research has confirmed many of these early observations and ideas, and

disproven many others.



Observations of living tadpole muscle gave a clear picture of
regeneration following injury (Speidel, 1938), as did experimental proof that muscle
regeneration played a part in the reconstitution of partly devascularized skeletal
muscle (LeGros-Clark, 1946), and the first electron microscopic study of regenerating
muscle (Allbrook, 1962).

More recently, Studitsky (1964) studied the plasticity of skeletal muscle
following injury. In his basic experiment Studitsky excised, minced and grafted a
muscle back into its original bed. One month later, he observed that the minced
muscle had been replaced by a regenerated muscle (smaller, yet fully functional in
the best cases). Since then it has been well established that mammalian skeletal
muscle has the ability to regenerate (Mauro et al, 1970; Carlson, 1973; Mauro,
1979).

It is important to note that the term skeletal muscle regeneration
generally refers to the process of myogenesis in mature skeletal muscle. There are
two types of regeneration: epimorphic and tissue (Carlson, 1973). Epimorphic
regeneration involves the regeneration of a muscle as a component of a regenerating
limb. Among the vertebrates epimorphic regeneration is confined principally to the
amphibia and reptiles.

Tissue regeneration is the common mode by which injured vertebrate
skeletal muscle normally repairs itself. This type of regeneration has been found in
all classes of vertebrates. It is the processes underlying tissue regeneration that this
thesis will address. Within the domain of tissue regeneration there are continuous
(regeneration of damaged muscle fibres to repair the original fibre) and
discontinuous (regeneration to form completely new muscle fibres that are distinct
from the old fibres) regeneration (see Fig. 1.1). The processes of these two types of
tissue regeneration may differ, although there is no evidence to support this.

Two theories have been proposed by various researchers to explain the
origin of the myogenic cell responsible for regenerating damaged muscle. Initially it

was proposed that new myogenic stem cells would be formed from existing myonuclei
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Figure 1.1: Types of muscle regeneration.

in the injured muscle fibre (Reznik, 1969; Hess and Rosner, 1970) through the
formation of a plasmalemma around a single peripheral myonucleus and adjacent
cytoplasm which subsequently buds off from the injured myofibre to become a
regenerating mononucleated cell (Bintliff and Walker, 1960; Reznik, 1969; Kahn and
Meyer, 1970; Terdvdinen, 1970; Walker, 1972). However, current evidence would
suggest that there exists a distinct population of reserve undifferentiated myogenic
stem cells (satellite cells arrested in G, phase) which divide by mitosis after injury
and fuse to form a new population of fibres (Carlson, 1970; Bischoff, 1975; Snow,
1979; Konigsberg, 1979; Allbrook, 1981; Stockdale and Feldman, 1990). Current
research is exploring the "mitogenic signal", suspected to be one or more growth
factors, that is responsible for triggering myogenesis in satellite cells, thus starting the
process of skeletal muscie regeneration.

Certain diseases, such as Duchenne muscular dystrophy (DMD),
involve the processes of skeletal muscle degeneration and regeneration without the
trigger of trauma applied from external sources (je. injury). DMD is characterized

by persistent skeletal muscle necrosis and eventual loss of satellite cell proliferation



and differentiation which would normally form new muscle fibres. Failure of skeletal
muscle regeneration is also seen in the autosomal recessive murine model of
dystrophy, dy”/dy”, which is phenotypically rather similar to DMD. Another murine
model, mdx, is genetically similar to the human condition, X-linked recessive,
however it appears that the regenerative capability of mdx skeletal muscle is not lost.
It is not knowr. why dy” muscle has a reduced capacity for regeneration. Is it because
the mitogenic signal ("regeneration signal"), normally triggering satellite cell growth
following fibre damage or death, is not present, or released, by the degenerating
mauscle? Or, is it because the satellite celis cannot respond to the mitogenic trigger
even though it is present? If the fault lies within the satellite cells then is it simply
because the satellite cells have reached their maximum number of cell divisions at
a very early age, as a result of ongoing regeneration?

The dy” and mdx murine models of muscular dystrophy present
pathologies that are useful for studying some of the processes involved in, and

factors affecting, skeletal muscle regeneration.



CHAPTER 11

REVIEW OF THE LITERATURE

2.1 Myogenesis:

It is generally accepted that the growth and development process which
occurs following injury in mature muscle (Jones, 1982), and which is exhibited by
normal and diseased satellite cells in culture (Cossu et al., 1980), resembles the
process seen during normal prenatal/neonatal growth and development, albeit on a
smaller scale (see Figure 2.1.1; Campion, 1984; Alameddine et al., 1989). Therefore,
a review of normal myogenesis (ic. during embryonic and fetal development), as we
presently understand it, must be covered before one may study any potential
abnormalities of myogenesis or muscle regeneration, as in Duchennne muscular
dystrophy.

The process of myogenesis has been investigated in vivo and in vitro,

proving that under these two conditions the same process of proliferation and
differentiation of myoblasts to myofibres occurs (Bischoff, 1974; Konigsberg, 1979).

In vitro, however, myogenesis rarely proceeds beyond the myotube phase unless



cocultured with nervous tissue (Ecob, 1983), therefore most of the evidence

presented in this section has been limited to in vivo studies.

Muscle growth and development is a continuum of new fibre formation,
growth and maturation of these fibres, and regeneration of damaged fibres, that
occurs over a long period of time from early embryonic development through life
into the aged adult (Stockdale and Feldman, 1990).

SOTITE
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4
activation
l + DAMAGE
mitosis mitosis
v v
fusion fusion
v v
MULTINUCLEATED MULTINUCLEATED
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growth and growth and
maturation maturation
ADULT NEW ADULT

MYOFIBRES MYOF!BRES

Figure 2.1.1: The processes of myogenesis and muscle regeneration.



It is well established that essentially all vertebrate muscles (striated and
smooth) develop from the embryonic mesoderm, the middle <{ three cell layers in
the embryo (See Fig. 2.1.2). The mesoderm divides to form a series of somites (well-
defined masses of cells) which eventually divide to give rise to either myogenic

(muscle forming) or chondrogenic {cartilage ferming) lineages. The myogenic stem
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Figure 2.1.2: Developmental origin of muscle.




cell (in the dermatome) now has the potential to form either myoblasts or fibroblasts.
Once determination has occurred the myogenic stem cells are called presumptive
myoblasts, which proceed to proliferate extensively by undergoing multiple mitoses.
They eventually become fusion-competent post-mitotic myoblasts which line up end
to end, fusing to form multinucleate myotubes (Bischoff and Holtzer, 1969; Holtzer
and Bischoff, 1970). It is generally believed that during late embryogenesis some
presumptive myoblasts withdraw from the cell cycle and stay suspended in the G,
phase; these are muscle satellite cells (reviewed in Cossu and Molinaro, 1987; Hartley
and Yablonka-Reuveni, 1992; Stockdale, 1992; Yablonka-Reuveni, in press, as cited
by Yablonka-Reuveni and Rivera, 1994).

In culture, fusion occurs only during the G, phase, and only after the
cell has been in this phase for at least five hours (Bischoff and Holtzer, 1969). Fusion
of the myoblasts only takes about 8-10 minutes and involves the breakdown of the
contiguous membranes so that the nuclei are aligned along the centre of the newly
formed myotube. At this point the nuclei are post-mitotic (they can no longer
undergo mitosis; Stockdale and Holtzer, 1961), and they become somewhat larger
and rounded. More myoblasts may fuse to this new myotube and contribute their
nuclei to the existing central chain. The myotubes continue to develop; their
cytoplasmic volume increases, and synthesis and assembly of myofibrillar proteins
occurs. Organization and differentiation of myofilaments, sarcoplasmic reticulum and
transverse tubular systems results in the formation of myofibrils with highly organized
sarcomeres. By this time, the nuclei have moved from the centre of the cell to take
up new positions under the sarcolemma. It must be noted that in contrast to the
myonuclei in developing muscie fibres and regenerated muscle fibres in some other
species (for example, the rat; Carlson et al, 1979), the myonuclei of regenerated
mouse muscle fibres do not marginate but instead remain central (Schmalbruch,
1986).

The time and place of diversification of myoblasts within embryonic

and fetal development is an unresolved issue. There has been, and continues to be,



much research into the questions surrounding myogenic lineage. The possibility of
the existence of different myogenic cell lineages stems from the fact that in adult
tissue there are muitiple types of muscle fibres (in mammals: myosin isoforms type
I, I1A, 11B, and IIX). Differences have also been found among myoblasts during
development. In contrast to later stage fetal myoblasts (chick embryonic day (e) 8-12,
or mouse €l15-18), early, or embryonic myoblasts, isolated on chick e3-7
(approximately equivalent to mouse e7-13) form myotubes which express different
isoforms of myosin heavy chain in culture (Miller et al,, 1985); they will form
myotubes, in culture, in the presence of 12-O-tetradecanoylphorbol-13-acetate (TPA;
Cossu et al, 1988); they require special types of media if they are to form myotubes
in culture (White et al., 1975; White and Hauschka, 1971); they respond differently
to growth factors (Seed and Hauschka, 1988); they form small myotubes (2-3 nuclei)
with irregular morphology (Miller and Stockdale, 1986a,b); they constitute a
relatively small number of cells of the limb bud; and are a transient population
(Miller and Stockdale, 1986b).

Muscle fibre formation occurs in two temporally-defined phases
(primary and secondary) which are concomitant with the embryonic and fetal stages
of the developing mammal or bird (Rubinstein and Kelly, 1981; Bennett, 1983; Kelly
and Zachs, 1969, Ontell and Kozeka, 1984). During the first stage of myogenesis
(embryoric phase, mouse e11-12) embryonic myoblasts proliferate and fuse to form
primary myotubes (mouse el3-14) before morphogenesis is complete. During the
subsequent fetal phase of development, proliferation of fetal myoblasts occurs
(mouse e15-17) and results in the formation of secondary myotubes (mouse e16-17)
which run parallel to the primary myotubes (Ontell and Kozeka, 1984; see reviews
by Miller, 1992; Miller and Stockdale, 1987). Satellite cells appear during late fetal
development and through the early neonatal phase. Diversity in contractile protein
gene expression in developing rodent muscle is evident and has been accounted to
different lineages of myoblast populations. Initially, only embryonic myoblasts are

present (e9-¢12) and they express slow and embryonic myosin heavy chain (MHC;



Vivareili et al., 1988; Condon et al., 1990; Smith and Miller, 1992; Pin and
Merrifield, 1993). Fetal myoblasts, appearing later (e15-e17) also coexpress slow and
embryonic MHC (Vivarelli et al., 1988; Smith and Miller, 1992), however, unlike the
embryonic myoblasts, a large percentage of the myocytes express perinatal MHC.
Even when cultured under identical conditions, embryonic and fetal myoblasts appear
to have intrinsically different abilities to express perinatal MHC upon differentiation
(Smith and Miller, 1992).

Normal postnatal muscle growth is generally considered to be due to
muscle cell hypertrophy, rather than to muscle cell hyperplasia as occurs in the
embryo (Allen et al, 1979). Due the apparent requirement that the
cytoplasmic/nuclear ratio remains constant, muscle cell hypertrophy is usually
accompanied by increases in the number of nuclei contained within the myofibre, and
these new nuclei are contributed by the myofibre satellite cells (Rosenblatt and
Parry, 1993). Modest increases in fibre number have been reported in neonatal rats,
mice and humans, although this phenomenon seems to be confined to the neonatal
period of life (Goldspink, 1972).

Recent advances in the field of molecular biology have allowed muscle
biologists to explore the ultimate controlling factor in myogenesis; the myogenic
determination genes. Extrinsic controls, such as growth factors or innervation, merely
superimpose their modulatory effects on the message dictated by the myogenic

determination genes.
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2.2 Myogenic determination genes:

As discussed previously, establishment of a skeletal muscle phenotype
requires commitment of multipotential stem cells to the myogenic lineage, followed
by proliferation of, and then differentiation of skeletal myoblasts to form terminally
differentiated myotubes.

Early evidence suggested that a "master gene" could set in motion a
cascade of events culminating in the formation of mature muscle fibres. These
studies (Constartinides et al., 1977, 1978; Taylor and Jones, 1979, 1982; Konieczny
and Emerson, 1984) demonstrated that the immortalized fibroblasts cell line
C3H10T1/2 (10T1/2) could be converted to myoblasts by exposure to the
demethylating agent, 5-azacytidine. The high frequency of conversion {up to 50%, as
compared to less than 10° in the absence of S-azacytidine) suggested that
demethylation of one closely linked locus (gene) by S-azacytidine exposure was
responsible for generation of the myogenic phenotype (Konieczny and Emerson,
1984). Lassar and colleagues (1986) showed direct evidence that a single locus was
respousible for fibroblast to myoblast conversion through a genomic transfection
study. A single myoblast-specific cDNA was then identified (named MyoD1) and
hypothesized to be a regulatory locus (perhaps the "master gene"), continually
expressed by myoblasts, which both activates the expression of lineage-specific
markers in proliferating myoblasts and makes these cells competent to express other
muscle-specific genes when induced to differentiate (Davis et al, 1987).

Subsequently, three MyoD related mammalian factors were
independently isolated using different isolation strategies; myogenin (Wright et al.,
1989, Edmondson and Olson, 1989), myfS (Braun et al, 1989a) and
MRF4/herculin/myf6 (Rhodes and Konieczny, 1989; Miner and Wold, 1990; Braun
et al,, 1990) (See Table 2.2.1). Each of these factors can convert 10T1/2 fibroblasts
to myoblasts and they each induce virtually all of the morphologic and biochemical
aspects of myogenesis. Not only does each member of the MyoD family activate

those genes "downstream" associated with myogenesis (eg. muscle creatine kinase,
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myosin light chain-1/3, acetylcholine receptor a-subunit, myosin heavy chain and a-

skeletal actin genes), but they also appear to autoregulate their own, and cross-

Table 2.2.1: The MyoD gene family. There is remarkable conservation
of the four genes among vertebrates and each family member shares
about 80% homology within a segment of approximately 70 amino
acids (Murre et al., 1989a,b). (Table modified from Emerson, 1993.)

HUMAN RODENT AVIAN XENOPUS
(Pownall and Emerson, (Gurdon et al,,
1992; Fujisawa-Sehara 1992)

et al,, 1992)
my{3 MyoD QMyoD{qmf1)/CMD1 XMyoD

{Braun et al., 1989b) {Davis et al., 1987)

myf4 myogenin Qmyogenin/Cmyogenin Xmyogenin
{Braun et al., 1989b) (Wright et al, 1989) {qmf2)

myf5 myf5 Qmyf5(qmf3) KXmyf5
(Braun et al., 1989%a)

myf6 MRF4/herculin CMRF4 XMRF4

{Braun et al,, 1990) (Rhodes and
Konieczny, 1989;
Miner and Wold,
1990)

activate one anothers’ expression to varying degrees (Thayer et al, 1989; Braun et al,,
1989b). These genes are expressed exclusively in muscle and each has a basic amino
acid rich region which form as a helix-loop-helix conformation (pHLH). The bHLH
region is homologous with a domain in the myc family of oncogenes which regulate
cell proliferation (Murre et al., 1989a,b).

Distinct, but overlapping, and differential patterns of expression (within
skeletal muscle) of the various members of the MyoD gene family have been
demonstrated. During mouse embryogenesis myf5 is first expressed (e8; Ott et al,
1991), then myogenin (e8.5; Wright et al., 1989) and MyoD (e10.5; Sassoon et al.,
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1989). MRF4 is only expressed very briefly following reexpression of myogenin at
14.5 embryonic days (Emerson, 1993; D. Sassoon, personal communication cited
from Li and Olson, 1992). In contrast, MyoD is the first gene activated in avian
somites, followed over a 12 hour period by the sequential activation c;f myf5 and
myogenin (Pownall and Emerson, 1992). Species differences in myogenic gene
expression therefore exist.

The fact that distinct temporal patterns of gene expression during
embryogenesis exist suggests that each MyoD family member plays a unique role in
the regulation of determination and differentiation of the myogenic lineage. BC3H1
cells (a murine muscle-derived cell line) are unable to fuse and commit to terminal
differentiation. It was also found that these cells do not express MyoD, yet do
express myogenin (Spizz et al., 1987; Taubman et al., 1989). When transfected with
exogenous MyoD, BC3H1 cells regain the ability to fuse, suggesting that MyoD may
be important for fusion and that myogenin cannot duplicate this function (Brennan
et al., 1990; Miller, 1990). The temporal pattern of MyoD expression in muscle
during limb development where it appears coordinately with myotube formation
(Sassoon et al., 1989) is consistent with this potential function of MyoD. Myogenin
appears to be required for differentiation. BC3H1 cells normally differentiate into
mononucleated myocytes, yet when their myogenin expression is blocked by antisense
oligonucleotides the cells are unable to express muscle specific genes (Brunetti and
Goldfine, 1990). Myf5, also expressed by BC3H1 cells, appears unable to activate the
myogenic program alone (Florini and Ewton, 1990).

In vivo studies have also been undertaken to elucidate the specific roles
of the various MyoD family members. Inactivation of the MyoD gene through
introduction of a null mutation of MyoD into the germline of mice (iermed
"knockout" mice) produces viable and fertile mice which present normal skeletal
muscle morphology and normal levels of skeletal muscle-specific mRNA's (Rudnicki
et al., 1992). This study also found that compared to normal control mice the

postnatal mutant mice had significantly higher myf5 mRNA levels. These findings
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indicate that MyoD is not essential for normal skeletal muscle development in mice
which in turn suggests that some degree of functional redundancy exists in the
control of the skeletal myogenic developmental program (Rudaicki et al., 1992). In
contrast, it has been found that forced overexpression of MyoD1 during mouse
embryogenesis is incompatible with normal development and leads to embryonic
lethalities {Faerman et al., 1993).

Similar to the MyoD knockout studies, mouse myf5 knockout reveals
that myf5 is not essential for skeletal muscle formation during embryogenesis. The
homozygous mutant mice show no obvious defects in skeletal muscle development,
however they suffer from severe rib abnormalities that cause perinatal death, (Braun
et al., 1992). The myf5 mutants express MyoD, myogenin and MRF4 which would
suggest that myfS, the protein product of the first MyoD-related gene activated in
mouse embryos, does not regulate activation of these genes. It appears, however, that
myfS plays a crucial role in the initiation of myotomal muscle differentiation in
somites of early embryos, and also in the formation of specific sclerotomal
derivatives (Braun et al., 1992).

Unlike the apparent functional redundancy of MyoD and myf5
(Rudnicki et al., 1992; Braun et al., 1992), myogenin appears to be essential for the
development of functional skeletal muscle and other members of the MyoD gene
family cannot compensate for its absence (Hasty et al., 1993; Nabeshima et al., 1993).

Differential expression of the MyoD family occurs between different
muscle cell lines, and only subsets of the 4 gemes are expressed. Every skeletal
muscle line examined thus far expresses myogenin during differentiation, but MyoD,
myfS and MRF4 are expressed only in certain cell lines (Li and Olson, 1992). It has
been suggested that the differential expression of these genes could be due to
selective repression of certain family members by a specific inhibitor or the lack of
a gene-specific activator (Peterson et al., 1990; Thayer and Weintraub, 1990). It is
also possible that DNA methylation could cause the lack of MyoD expression in
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certain muscle cell types and the lack of MyoD autoregulation in others (Jones et al.,
1990b).

The multiplicity of myogenic determiation genes suggests that each
might regulate a distinct subset of genes (Smith et al., 1993) and recent findings
support the possibility that this differential myogenic determination gene expression
might explain myogenic cell diversity (different fibre types, etc.) in developing and
adult skeletal muscle tissue (Voytick et al.,, 1993). There are distinct patterns of
expression of MyoD, myogenin, myf5 and MRF4 mRNA’s in developing and adult
rodent muscles (Smith et al., 1993; Bober et al., 1991; Hinterburger et al,, 1991;
Hannon et al, 1992). Changingt™ » expression of myogenic determination genes alters
myogenic cell line phenotypes (Brennan et al., 1990; Miller, 1990; Block and Miller,
1992). Finally, in transfection assays it has been found that the promotors of several
muscle-specific genes are differentially activated by individual myogenic
determination genes { Yutzey et al., 1990; Chakraborty et al., 1991b; Fujisawa-Sehara
et al,, 1992).

The literature reviewed thus far suggests that the myogenic
determination genes are just that; they regulate the differentiation of uncommitted
cells to cells expressing skeletal muscle-specific proteins. There is also evidence that
the myogenic determination genes induce a complete block of muscle cell
proliferation (Sorrentino et al, 1990; Crescenzi et al, 1990) prior to the
differentiation process. Trouche and colleagues (1993) found that upon cell
differentiation, concomitant with increased MyoD expression, there is a large
decrease in c-fos expression (c-fos activates cell proliferation). They subsequently
identified a MyoD binding site overlapping with the serum-responsive element in the
c-fos promotor suggesting that MyoD may exert its negative effect on muscle cell
proliferation by transcriptional inactivation of growth-responsive genes (Trouche et
al.,, 1993).

In summary, it appears that myogenic determination genes are more

complex than originally postulated. Rather that the existence of a simple singie
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"master gene" for myogenesis, there appears to be at least four genes, and many

other putative factors, which form a complex network of myogenic determination

genes.
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2.3 The skeletal muscle satellite cell:

In mature adult muscle, damage, due to injury or disease, triggers
proliferation of myogenic satellite cells during the process of muscle regeneration.
Ever since Mauro (1961) described the satellite cells in frog skeletal muscle the
satellite cell has been most frequently implicated in the reserve cell hypothesis of
regeneration.

The satellite cell is a mononucleated cell which lies between the basal
lamina and the plasma membrane of the skeletal muscle fibre (Muir, 1970; Campion,
1984).

basal lamina

plasmalemma :
satellite cell true myonucleus

Figure 2.3.1: The skeletal muscle satellite cell
(modified from Muir, 1970).

Satellite cells generally have a fusiform shape with their long axes
directed along the associated muscle fibres. Small laterally-criented processes or tails
have been observed to emanate from the satellite cells of scme species (refer to a
review by Mazanet and Franzini-Armstrong, 1986, for more detail). Those, however,
observed in the rat (Smow, 1977a; Schmalbruch and Hellhammer, 1977) and the
mouse (Schultz, 1974) are generally the typical fusiform shape.
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Satellite cells do not contain myofilaments in their cytoplasm, and they
contain only a few mitochondria. Those mitochondria that are observed have less
internal cristae and are smaller when compared to myofibre mitochondria. The
satellite cells do contain some Golgi apparatus, a pair of centrioles and some
occasional rough endoplasmic reticulum. The ribosomes, of which there are many,
tend to be found free in the cytoplasmic matrix of the satellite cell. Some vesicles are
also observed within the cytoplasm. These findings all demonstrate that the satellite
cell does not have any specializations which would indicate major phagocytic or
secretory activity; neither does it seem to demonstrate any other specialist activity
characteristics. The existence of the centrioles, however, does indicate that the
satellite cell has the capacity to divide mitotically. This is supported by the
observation that the satellite cells on the myofibres are in the null phase of the cell
cycle (G,) when placed in culture (Bischoff 1986a, 1989). (See review on satellite
cells by Campion, 1984; Muir, 1970).

Campion (1984) notes that evidence accumulated over the years has
demonstrated that in young growing animals there is a high proportion of
metabolically active satellite cells which are characterized by a lower nuclear-
cytoplasmic volume ratio which is a result of the elaboration of cytoplasmic
organelles. In contrast, the inactive satellite cells observed in older animals have a
relatively greater nuclear-cytoplasmic volume ratio.

The gross structure of satellite cell nuclei is similar to myonuclei in the
associated muscle fibre. However there are some key characteristics which distinguish
a satellite cell nucleus from a myonucleus. Satellite cell nuclei are heterochromatic
and slightly smaller (10-12 zm in length, 4.5 um in width, 2.5 um in depth) than the
euchromatic myonuclei of the muscle fibres in which they reside (Muir, 1970;
Campion, 1984). Venable (1966) noted the absence of a nucleolus, whereas there is
a nucleolus present in myonuclei.

The location and distribution of satellite cells is neither constant

between species, nor between skeletal muscle types within a species (Campion, 1984).
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There appears to be a random distribution of satellite cells along the length of
normal extrafusal fibres (approximately one satellite cell/125-250 pm length of
skeletal muscle; Muir, 1970). The average percentage of satellite cell nuclei is less
than 5% of the total nuclear population in adult extrafusal fibres (Moss and Leblond,
1971). However, this ratio does vary with muscle fibre type. Kelly (1978, 1979) has
found that in adult rat red muscle (iype I, slow oxidative and type Ila, fast oxidative;
eg. soleus) there are more satellite cells present as a proportion of total nuclei in the
muscle fibre (4.5%) than in rat white muscle (type IIb, fast glycolytic; eg. tibialis
anterior superficialis, extensor digitorum longus) in which only 1% of the muscle
fibre nuclei belong to satellite cells. Since it is known that the percentage of fibre
types in certain muscles changes with age from fetal development to the adult state,
it follows that the regenerative capacity of a particular muscle will change with age.
Also the proliferation potential of satellite cells is inversely proportional to animal
age (Schultz and Lipton, 1982).

Schmalbruch and Hellhammer (1977) observed that there was a
positive relationship between the concentration of satellite cells per volume of muscle
and the concentration of myonuclei per volume of muscle. Therefore, one may
conclude from this finding that a muscle (or fibre type) that possesses a high
concentration of myonuclei will have a correspondingly high concentration of satellite
cells, and presumably a greater potential for regeneration.

Rumpelt and Schmalbruch (1969) and Snow (1977a) both reported that
satellite cells are also present on intrafusal muscle fibres in the mouse. This
relationship has also been found in numerous other species, such as the frog
(Karlsson and Andersson-Cedergren, 1971), rat (Rumpelt and Schmalbruch, 1969),
cat (Adal, 1969), dog (Banker and Girvin, 1971) and man (Rumpelt and
Schmalbruch, 1969).

Fetal myoblasts (mouse e15-17) and satellite cells appear to be

functionally equivalent both in vivo and in vitro, however much evidence exists

suggesting that satellite cells and fetal myoblasts represent different subclasses of
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myogenic cells (Cossu and Molinaro, 1987). In vitro, cells grown from adult satellite
cells demonstrate a cell shape distinct from those originating from fetal myoblasts
(Cossu and Molinaro, 1987; Lunt and Parry, personal observations). Fetal myoblasts
typically exhibit a spindle-shape, while initially, satellite cells exhibit a round-shaped
cell morphology. Most of the round-shaped satellite cells then elongate, contact each .
other, and begin to fuse into myotubes. Studies based on the ability of mouse
satellite cells to incorporate [’H]TdR (indicating proliferation) suggest that the round
cell morphology is presented during the undifferentiated, proliferative phase of the
adult myogenic precursor cell cycle (Cossu et al.,, 1980). A more recent study (Colley
et al,, 1990), however, demonstrates that fetal myoblasts from chick embryos (e12)
present similar patterns of morphology to adult mouse satellite cells although it must
be noted that the chick embryo fetal myoblasts only maintain the round cell
morphology for approximately 24 hours, as compared to 2-3 days in the mouse
satellite cells. In contrast to the findings of Cossu and coworkers, Colley et al. (1990)
found many round cells, derived from fetal myoblasts, to be post-mitotic (no uptake
of BUdR therefore indicating no proliferation), and in addition, some pre-mitotic,
BUdR-positive cells. There were many BUdR-negative and BUdR-positive round
cells which expressed muscle-specific proteins (titin, myofibrillar myosin heavy chain
and zeugmatin) indicating that myogenic precursor cells exhibiting a round-shaped
morphology are not always pre-mitotic or undifferentiated. Furthermore, muscle-
specific proteins do not appear to be expressed exclusively in post-mitotic cells.
Differences between fetal myoblasts and adult muscle satellite cells are
also seen in their biochemical responses in vitro. TPA (a tumour promotor) has no
effect on mouse satellite cell differentiation, whereas it reversibly inhibits
differentiation in mouse fetal myoblasts (Cossu et al., 1983). Accumulation and
expression of muscle specific proteins also appears to differ between fetal myoblasts
and satellite cells: rat satellite cells show some expression of desmin (Yablonka-
Reuveni and Nameroff, 1985) and functional acetylcholine receptors (Cossu et al.,

1987), whereas fetal myoblasts do not. The myotubes derived from fetal myoblasts,
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however, demonstrate greater accumulation of a-actin per myonucleus than those
derived from satellite cells (Allen et al., 1982).
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2.4 Review of evidence for the satellite cell being the reserve myogenic
cell:

Many lines of evidence indicate that the regeneration of skeletal muscle
fibres following various injuries is directly linked to the ability of satellite cells to
undergo mitosis. In other words, the satellite cells that are inactive under normal
circumstances in adult muscle are triggered during injury to undergo mitosis and
differentiate to form new myotubes, eventually forming new skeletal muscle fibres.

Early studies linking the satellite cells to the regenerative process were
largely descriptive and the evidence was circumstantial. For example, regeneration
was seen only in muscle that possessed satellite cells (skeletal muscle) and not in
cardiac muscle which does not possess satellite cells. However, the conclusion drawn
from this observation (that satellite cells are the source for regeneration) does not
consider the fact that the trigger for regeneration may be missing in cardiac muscle,
rather than the apparatus (presumed to be the satellite cells in this instance) for
regeneration.

Asintroduced previously, there was controversy surrounding the origins
of the myogenic cells in regenerating muscle. There were two possible explanations;
a population of mononucleated cells with myogenic potential could be present in
adult muscle prior to injury, or these cells could be formed as a response to injury.
. Evidence mounted demonstrating that during normal post-natal growth
a source of myogenic cells was contributing to muscle fibre nuclei. It was known that
once myoblasts fuse to form myotubes their nuclei no longer synthesize DNA or
divide, they are irreversibly post-mitotic (Stockdale and Holtzer, 1961). However,
tritiated thymidine ([H?|TdR)-labelled cells (indicating ongoing mitosis) were
observed within the basal lJamina of myofibres (Messier and Leblond, 1960), yet not
of myofibre nuclei (Bintliff and Walker, 1960). This was consistent with Enesco and
colleagues (1960, 1964) findings that the number of myonuclei increased with age
while the number of myofibres remained constant. These conflicting observations
could be reconciled by the possibility that the muscle satellite cells, and not the true

muscle nuclei, were the nuclei which were undergoing mitosis.
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Using [H*]TdR autoradiography to label newly proliferating myonuciei
and subsequent analysis with electron microscopy, Moss and Leblond {1970, 1971)
presented compelling evidence that the source of new myonuclei which appear during
post-natal muscle growth is invariably from muscle satellite cells, never from true
muscle nuclei. The satellite cell nuclei undergo mitosis, following which half of the
daughters of the satellite cells are incorporated into the muscle fibres to become
myonuclei; the remaining half remain as satellite cell nuclei. Recently it has been
shown that in adult rat (Rosenblatt and Parry, 1993; Rosenblatt, Yong and Parry,
1994) and adult mouse (Rosenblatt 2nd Parry, 1992) muscle hypertrophy does not
occur when the muscle contains satellite cells which are unable to undergo mitoses
(made mitotically non-viable by a high dose of radiation), despite experiencing the
same stresses which induce compensatory hypertrophy in control animals which
contain healthy satellite cells. These studies indicate that satellite cells in young
growing rodents have the capacity to divide repeatedly and, in normal adult muscle
undergoing hypertrophy, they function as a source of new true myonuclei.

Subsequently, Bischoff (1974) demonstrated, through enzymatic
liberation of myogenic cells from uninjured, non-regenerating mature muscle, that
myogenic cells could be obtained only with enzymes that dissolved the basal lamina
sheath surrounding the myofibres. This confirmed the earlier studies which suggested
that a reserve population of myogenic cells resides beneath the basal lamina of
normal, non-regenerating myofibres, the location of satellite cells.

It was suggested that satellite cells could be similarly capable of
participating in myogenesis during regeneration following injury as they are during
normal postnatal growth. The first true studies investigating the satellite cell - reserve
myogenic cell theory during muscle regeneration indicated that following injury there
is an increase in the number of satellite cells in the region of trauma (Church, 1970;
Teravéinen, 1970) and that these satellite cells are the major source of regenerating

myoblasts in rat skeletal muscle (Snow, 1977¢).
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2.5 Skeletal muscle regeneration:

It is well established that the essential process of skeletal muscle
regeneration is similar regardless of the cause of injury or disease (Carlson, 1973;
Allbrook, 1981). However, there are some obvious conditions that must be met in
order for regeneration to occur successfully. They are:

i) necrosis and subsequent phagocytosis of the myofibre and myofibre
debris, since regeneration is inhibited by persisting necrotic
tissue (Grounds, 1987),

ii) satisfactory revascularization in order that the regenerating tissue
receives the basic nutrients required for growth (Roberts and McGeachie,
1992),

iii) the presence of healthy myogenic cells (presumed to be satellite cells;
Rosenblatt and Parry, 1992), and

iv) an intact basal lamina surrounding the myofibre to act as a

framework around the regenerating fibres (if the basal lamina is torn,

regeneration still occurs, yet at a lower level)
(Carlson and Faulkner, 1983; Marechal, 1986; Grounds, 1991). Furthermore, in order
for complete regeneration to occur (ie. viable, functioning myofibres) regeneration
of the neuromuscular junction and successful reinnervation must be achieved
(Carlson et al., 1983; Cote and Faulkner, 1984; Bader, 1981). The myogenic cell
requirement also implies that in order for regeneration to occur the injury inflicted
upon the muscle cannot be so extensive as to destroy all of the myogenic cells
present. For example, a completely frozen muscle cannot regenerate unless a new
source of myogenic cells (namely minced muscle fragments) is introduced in that
muscle (Schultz et al., 1986).

Research investigating skeletal muscle regeneration has used both in

vivo and in vitro approaches. There are some important implications involved in each
of these two methods, each with their advantages and disadvantages.

Many researchers (Carlson, 1970; Snow, 197%; Schultz et al., 1986;
Carlson and Faulkner, 1989; Alameddine et al., 1989; Grounds and McGeachie,
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1989) have studied regeneration of skeletal muscle in_vivo, principally using the
technique of minced tissue grafting by autotransplantation (grafting minced muscle
back into its original location in the animal) or by cross-transplantation (grafting
donor minced muscle into a space vacated in the host). The muscles are later studied
through histological and autoradiographic analyses from cryostat sections.

The obvious problem with these methods is that the cells cannot be
monitored dynamically as they grow, but can only be seen statically at progressively
longer periods of time after injury and after sacrifice of the animal (Konigsberg,
1979), therefore one obtains a composite of results of many animals. Another
problem with these in vivo experiments is the complicated and uncontrollable
environment within and surrounding the experimental tissue. It is very hard to
regulate, or even monitor, the environment and factors affecting the tissue in vivo.

One aspect of the regenerative response in vivo that an in vitro study
cannot mimic is the spatial ordering of cell types within the embryo or adult. Bischoff
(1974, 1975), Konigsberg (1979) and others have observed that in_vivo cells fuse to

form myotubes within a single plane and in one direction (that of the future muscle

fibre). In vitro, however, the myotubes normally form in random directions over the
surface of the petri dish. Evidence suggests that this is probably due to the lack of
tension and mechanical forces, normally present in vivo, to act upon the regenerating
fibres in vitro (Vandenburgh et al., 1991a,b).

There is also the problem of different selection pressures in the in vitro

environment, compared to the in_vivo environment. Cells less able to survive and

proliferate in their new surroundings gradually disappear from the population. This
aspect of cell culture can be minimized if one only studies primary cell cultures (cells
recently transferred from a living organism), rather than studying secondary cell
cultures. Established cell lines are a convenient and useful tool for exploring cell
behaviour, however one must remember that strong selection pressures may have
been exerted on the cell line. Those selection pressures may have caused deficiencies

or alterations in the growth control pathways compared to those found in vivo. For
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example, as mentioned earlier, some immortalized myogenic cell lines do not express
MRF4 (Rhodes and Konieczny, 1989) while others do not express MyoD1 (Braun
et al., 1989b). This therefore limits the knowledge transferrable from studies on these

cell lines to the situation in vivo. Furthermore, cell lines are immortalized cells (in

itself different from the true physiological condition) cloned from tumours, which are
obviously not a normal or healthy physiological condition.
Primary cell cultures are more difficult to work with than cell lines.

However, the cells are similar to those in vivo; they are not in culture long enough

to be affected by selection pressures, and they can be derived from healthy tissue.

Primary cell cultures still differ from the true situation in vivo since the surrounding

environment is quite different. For initial studies on cell behaviour this fact offers an

advantage; all of the extrinsic factors are controllable, unlike the situation in_vivo

(such as, nutrient delivery, oxygenation, presence of growth factors, etc.).

An ideal culture system should maintain a microenvironment similar

to that seen in vivo in order that the cells might be subject to a similar physiological
condition.

Studies of satellite cells in vitro generally utilize large populations of

satellite cells released enzymatically from minced muscle tissue (Dusterhoft et al,
1990; Allen et al., 1984). For all future reference these will be referred to as mass
satellite cell cultures. Mass satellite cell culture studies have resulted in a wealth of

information regarding satellite cells and their behaviour in vitro. However, despite

the use of various (time-consuming and complicating) techniques to purify the
myogenic cultures (panning, pre-plating, Percoll density-gradient) there are always
contaminating non-myogenic cells (generally fibroblasts) present in the final culture
(Allen et al., 1984; Yablonka-Reuveni and Nameroff, 1987). These purifying
techniques also increase the risk of selecting only a part of the populaticn of
myogenic cells.

It is generally accepted that fibroblasts and myogenic precursor cells

cannotbe distinguished morphologically in live cultures at the light microscopic level.
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Distinction between the two is only possible after differentiation of the myogenic
cells to multinucleated myotubes (can be observed in live cultures) or after staining
fixed cultures for a muscle- or fibrobjast-specific marker. There are conflicting
reports as to the efficacy of the various markers; after extensive study most appear
to be specific for only a portion of the total population of a given cell type. For
example, desmin was reported to be present in proliferating rat satellite cells (Allen
et al., 1991) as was neural cell adhesion molecule (NCAM, Covault and Sanes, 1986),
therefore antibodies against desmin or NCAM could be used to immunolabel
satellite cells. However, bovine satellite cells only express desmin post-mitotically, not
when they are still proliferating. Therefore species differences in desmin expression
exist (Allen et al,,1991). Further study of NCAM expression revealed that a
subpopulation of fibroblasts also express NCAM (Gatchalian et al., 1989; Covault
and Sanes, 1986; Grumet et al, 1982; Moore and Walsh, 1985).

Conversly, one may attempt to label any non-myogenic cells. This
potentially presents a problem in that muscle fibroblasts appear to be a very
heterogeneous population of cells (Yablonka-Reuveni et al., 1988). An antigen, Thy-
1, is described to be present on mouse and rat fibroblasts (Stern, 1973) but absent
from human skeletal muscle and human basement membranes (Reif, 1989).
However, it has been shown that Thy-1 antigen is present on myoblasts but not
myotubes of rat L6 muscle cells and rat muscle primary culture cells (Lesley and
Lennon, 1977; Walsh and Ritter, 1981).

Cloning single cells from mass satellite cell cultures would result in a
pure myogenic cell population. This technique would not employ primary cultures
since at least one passaging of the original primary myogenic cell culture would have
to be performed. Therefore, similar to the method of using cell lines, there would
be an increased chance that selection pressures would be exerted on the cells in
culture, as previously discussed. When picking out the individual cells to be cloned
there is a chance that the cell may be a non-myogenic cell (wasted time for each

non-myogenic cell plated) and, furthermore, the microenvironment surrounding the
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cell would be very different from that normaily experienced in vivo; ie. no adult

myofibre, intact or degenerating would be present.

In summary, studies of the proliferative behaviour of satellite cells (for
example, monitoring (HPTdR uptake by proliferating cells) are very difficult to do
without including proliferating non-myogenic cells, as well as being inefficient and
time-consuming.

In order to investigate the proliferative behaviour of satellite cells
which results in skeletal muscle regeneration, a primary tissue culture method to
isolate a pure population of satellite cells and their myogenic progeny, without the
interference of contaminating non-myogenic cells, must be developed.

In 1974, Bischoff demonstrated that proteolytic enzymes, such as
trypsin and pronase, which dissoive the myofibre basal lamina, are effective in
releasing myogenic cells from adult rat muscle which subsequently proliferate and
differentiate in culture. Other enzymes, such as collagenase, which leave the myofibre
basal lamina intact, do not release myogenic cells and merely result in the release
and growth of fibroblasts and macrophages. Further evidence demonstrating that
satellite cells were the reserve myogenic cells was given by teasing single muscie
fibres, with their basal lamina and satellite cells intact, away from a muscle fibre
bundle and explanting them in cuiture (Bischoff, 1975; Konigsberg, 1979). The
satellite cells could be induced to proliferate beneath the basal lamina sheath and
form myotubes within it. This technique, however, was very labourious and did not
lend itself easily to extensive testing protocols. Single muscle fibres (Bekoff and Betz,
1977a,b) were being used to examine single myofibre physiological properties,
therefore Bischoff (1986a) modified their relatively simple technique by digesting
muscle tissue in a collagenase solution. This resulted in the release of single muscle
fihres which retained their satellite cells beneath the intact basal lamina sheath.
These myofibre-satellite cell complexes remained viable for at least two weeks if the
complex was not damaged during the dissociation process and if the fibre attached

properly to the appropriate substratum. Furthermore, given the appropriate media
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the satellite cells proliferated, forming myotubes within the myofibre basal lamina
sheath (Bischoff, 1986a; 1989).

The evidence presented by previous research is a compeliing statement
as to the role of satellite celis in skeletal muscle regeneration: satellite cells appear
to be the primary, if not the sole, source of myogenic precursor cells for vertebrate
skeletal muscle regeneration. This leads one to ask another question: assuming
satellite cells are the source of myogenic precursor cells, then what is the signal, or
trigger, that normally causes the regenerative process in skeletal muscle? This has

been the focus of more recent research into regeneration.
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2.6 Satellite cell regulation:

Two processes are involved in satellite cell growth and development -
cell proliferation and cell differentiation. With the onset of growth and development
satellite cells, normally in the quiescent phase of the cell cycle (Gy), are triggered to
enter the presynthetic period (G,) of the cell cycle (first described by Howard and -
Pelc, 1951; see Fig. 2.6.1). A period of DNA synthesis (S) then occurs, followed by
a postsynthetic phase (G,) which leads up to cell mitosis (M). If conditions dictate
cell proliferation then the daughter cells continue around this cell cycle.

GO G1 JUS|0N
M S

G2

Figure 2.6.1: The cell cycle.

Studies on the MM14 cell line (derived from mouse satellite cells)
suggest that once cells are in the S phase they are committed to complete the cell
cycle through to the end of mitosis despite removal of the original proliferation
stimulus (Clegg et al.,, 1937). Some daughter cells will withdraw from the cell cycle
into G,; however they may then be triggered to reenter the cell cycle given
appropriate conditions for proliferation. At some point the cells become committed
to differentiation, exiting from the G, phase of the cell cycle to eventually become
post-mitotic myotubes with muscle gene expression.

Satellite cell growth control may be exerted at a variety of points
through the cell cycle and effectors for this control may come from a variety of
possible sources. Mounting evidence suggests that proliferation and differentiation
are distinct processes. For example, fibroblast growth factor (FGF) is known to
stimulate proliferation (Gospodarowicz et al., 1976; Linkhart et al., 1980) and inhibit
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differentiation (Linkhart et al., 1980; Bischoff, 1986a; Allen et al.,, 1985) of muscle
cells (discussed further in Section 2.7 - Fibroblast growth factor). However, using
non-mitogenic conditions (no stimulation of cell proliferation; eg. low serum
concentration) basic fibroblast growth factor still exerts its inhibitory effect on
differentiation (Linkhart et al., 1982; Lathrop et al., 1985a,b; Spizz et al.,1986; Clegg
et al., 1987) suggesting that differentiation is not simply a default condition when
proliferation is not occurring. The possibility therefore exists that there are multiple
effectors of satellite cell growth and development (see Figure 2.6.2). Bischoff
(1990a,b,c) suggests that perhaps not only mitogens which act positively on growth
and development exist, but also inhibitors of growth and development.
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Figure 2.6.2: Putative effectors for the control of myogenic
precursor cell (MPC) growth and development.
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Recent evidence suggests that myogenic regulatory factors are
expressed by activated satellite cells and they play a role in satellite cell growth and
development during muscle regeneration. Fuchtbauer and Westphal (1992) found
that during the regeneration process in vivo, mouse skeletal muscle expressed
MyoD1 and myogenin. These proteins were also expressed in the nuclei of the newly
regenerated myofibres for up to two weeks following the formation of myotubes. In
contrast, neither regulatory factor protein was expressed in normal uninjured adult
muscle. Yablonka-Reuveni and Rivera (1994) observed that satellite cells which were
proliferating, but not those which were quiscent, coexpressed PCNA (Proliferating
Cell Nuclear Antigen which labels proliferating cells; Bravo et al., 1987) and MyoD.
There were also similar numbers of cells expressing MyoD and PCNA. Following a
decline in PCNA and MyoD expression there was an increase in the number of cells
expressing myogenin. The similarities in temporal appearance and disappearance of
PCNA and MyoD would suggest that, during cell proliferation, some, if not all,
satellite cells express MyoD only; following a decline in their proliferative activity the
satellite cells appear to express myogenin, as well as the differentiation-specific,
cytoskeletal proteins, developmental sarcomeric myosin and a-smooth muscle actin.
Yablonka-Reuveni and Rivera (1994) also reported that inhibition of either satellite
cell proliferation or differentiation resulted in a drastic decrease in the number of
satellite cell nuclei expressing MyoD, and the complete elimination of myogenin
expression. This offers further support that during skeletal muscle regeneration the
two myogenic regulatory factor proteins, MyoD and myogenin, are expressed in
satellite cells during, or subsequent to, their proliferation.

As mentioned above, FGF stimulates proliferation and inhibits
differentiation of satellite cells and their progeny (Clegg et al., 1987; Allen and
Boxhorn, 1989; reviewed by Grounds and Yablonka-Reuveni, 1993). bFGF, however,
was not found to affect the time course of progression of activated satellite cells

through the myogenic program; simply put, myogenic satellite cells appear to follow
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a highly coordinated, multistep program of regulatory and structural protein
expression (‘Yablonka-Reuveni and Rivera, 1994).

Evidence is accumulating which indicates antagonism between growth
factor signalling pathways and pathways controlled by members of the MyoD family.
This would suggest that the decision of a myoblast to proliferate or differentiate is
determined by a balance between these antagonistic programs (Li and Olson, 1992).
Growth factor signals (eg, FGF and TGF-B) appear to inhibit myogenesis at multiple
levels; at the level of MyoD and myogenin gene transcription (Davis et al., 1987,
Vaidya et al, 1989), and, farther "downstream", by suppressing activity of the
myogenic regulatory factors (Edmondson and Olson, 1989). It has been found that
high concentrations of mitogenic growth factors or high levels of expression of
activated oncogenes (eg. ras, jun or fos, which initiate a proliferation response) can
overcome the actions of myogenic determination gene proteins, thereby preventing
differentiation (Bengal et al.,, 1992; Li et al,, 1992).

Despite much research, the exact mechanism(s) through which growth
factor signals may inhibit myogenic gene activity remains unclear, although several
possibilities are suggested (see Figure 2.6.3).

Growth factors may mediate the induction of inhibitory helix-loop-helix
(HLH) proteins. One such inhibitory HLH protein is /d which lacks a basic domain
and is able to form heterodimers with other non-DNA binding HLH proteins, such
as, E12, E47 and weakly with MyoD (Jen et al., 1992). An E-box is a DNA consensus
sequence motif, CANNTG, where N represents any nucleotide, present in the
enhancer element of contractile protein genes (Olson, 1990; Wright, 1992; Brennan
et al., 1991a; Davis and Weintraub, 1992). It is postulated that in order for MyoD
protein to be able to activate muscle specific genes MyoD must form
heterooligomeric complexes with another gene product, such as E12 or EA7 (Murre
et al., 1989b; Davis et al, 1990; Brennan and Olson, 1990; Chakraborty et al., 1991a;
Murre et al., 1991). Proliferating myoblasts express relatively high levels of /d, but
it is down-regulated with cell differentiation (Benezra et al.,, 1990). These three
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findings suggest that Id expression, perhaps up-regulated by the presence of
mitogenic growth factors, results in sequestration of E47 or E12 by its gene product,
Id; thereby preventing MyoD from being able to exert its action on muscle-specific
genes (Li and Olson, 1992; Emerson, 1993) (see Fig. 2.6.3, pathway A). This is
further supported by the observation that in proliferating myoblasts that express high
levels of Id, MyoD and myogenin are unable to bind the MCK (a muscle specific
gene) enhancer (Buskin and Hauschka, 1989; Muelier and Wold, 1989; Brennan et
al., 1991b). This however does not appear to be the case with differentiation
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Figure 2.6.3: Possible genetic pathways for growth factor regulation
of myoblast proliferation and differentiation (modified from Emerson,

1993).
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suppression exerted by nonmitogenic peptide growth factors, such as TGF-8.
Myoblasts which have their differentiation capabilities blocked by TGF-8 express Id
at low levels, similar to those seen in differentiated myotubes; however, myogenin
and MyoD are still able to bind DNA (Brennan et al,, 1991b). This suggests that
nonmitogenic peptide growth factors inhibit the transcription-activating properties
of myogenic HLH proteins through a mechanism independent of DNA binding.

Another posible pathway through which growth factors may exert
negative control of myoblast differentiation is through inducing immediate early gene
(eg. fos, jun, myc) products which activate cell cycling (see Fig. 2.6.3, pathway B)
(Spizz et al,, 1987; Li and Olson, 1992; Emerson, 1953). This hypothesis is supported
by the fact that a variety of growth-related signaling pathways, which lead to the
induction of c-fos, junB, c-jun and c-myc, are initiated at the cell membrane, the
binding site of most growth factors in muscle (Lewin, 1991).

A third mechanism through which growth factors may suppress
myogenic gene expression is through changes in myogenic HLH protein
phosphorylation (see Fig. 2.6.3, pathway C). It is known that MyoD and myogenin
are phosphorylated, and there are many examples in which transcription factors are
regulated by phosphorylation; however, the sites in the genes of the MyoD family
that are phosphorylated and the kinases for which they are substrates are presently
unknown (Olson et al., 1991; Emerson, 1993).

7 The final hypothesis is that various proteins which collaborate with
myogenic HLH, including coregulators (such as the previously discussed E12 and
EA7), may be targets for negative regulation of differentiation by growth factor
signals (see Fig. 2.6.3, pathway D) (Li and Olson, 1992). Little is known of these
putative myogenic HLH collaborators, however it has been siiown that myogenin and
MyoD activation of muscle-specific enhancers requires cooperative interactions with
other enhancer-binding proteins that bind sites adjacent to the E-boxes (Sartorelli
et al., 1990; Gossett et al., 1989; Lin et al., 1991; Weintraub et al., 1989).
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Slater (1976) determined that the proliferation of myogenic cells in
vitro is maximal with the addition of 5% chick embryo extract (CEE) to the culture
medium. This suggests that chick embryo extract might contain a mitogenic factor(s)
that directly trigger(s) muscle regeneration, or it preseats an environment needed for
an intrinsic signal in the satellite cells to act and trigger regeneration. Similarly, CEE
may supress an inhibitory factor which normally maintains satellite cells in G,
(inhibiting their growth and development) thereby allowing the satellite cells to
become mitotically active.

Cossu et al. (1989) investigated the mitogenic effects of peptides
derived from proopiomelanocortin (POMC) in murine satellite cell and fetal
myoblast cultures. They found that adrenocorticotropin (ACTH) and a-, 8- and y-
melanocyte-stimulating hormones (MSH) caused a three- to fourfold increase in the
proliferation of myogenic cells, reflected by an increased accumulation of skeletal
myosin. No increase in proliferation of mouse embryo skin fibroblasts, muscle
fibroblasts, or vertebral chondroblasts was seen. This mitogenic effect was greatly
enhanced by the addition of basic fibroblast growth factor (bFGF). Therefore, it
would appear that ACTH may be specific for myogenic cells. This would agree with
the fact that any event which leads to muscle degeneration causes a stress response
in the animal, resulting in a rise in the serum ACTH level; this may selectively
stimulate the proliferation of satellite cells which would result in the observed
regeneration rather than fibrosis. Cossu et al. (1989) also suggested that since bFGF
potentiates the mitogenic effect of ACTH it might indicate that at any developmental
stage, or in a given pathophysiological condition, the proliferation of a specific cell
type may be regulated by the combined action of different growth factors.

These findings support those of Bischoff (1986a,b), who tested the
mitogenicity of bFGF, epidermal growth factor, multiplication stimulating activity and
platelet-derived growth factor (PDGF). It was found that only bFGF induced the
proliferation of satellite cells to form myotubes, although it also stimulated the

growth of fibroblasts (Bischoff, 1986a). Another study using crushed adult muscle
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extract (CME) as the mitogen showed that this crushed muscle extract is specific to
the myogenic satellite cells only, and not to the fibroblasts (Bischoff, 1986b).

Contrary to Bischoff’s (1986a) findings on PDGF, Yablonka-Reuveni
et al. (1990) have found that PDGF does exert a mitogenic effect on the myogenic
cells, and, furthermore, that satellite cells from adult mouse skeletal muscle express
receptors to PDGF. Moreover, they determined that, for the most part, only the B8-
PDGF isoform (PDGF with two B chains) will bind to the myogenic cells, therefore
indicating the presence of selective receptors with 88 subunits, rather than aa or aB
subunits. Bischoff (1986a) did not indicate the isoform of PDGF used in his
experiments, therefore the discrepancy of results could be due to his use of aa-
PDGF or aB-PDGF rather than 88-PDGF.

Transforming growth factor-beta (TGF-8), a widely and variably active
protein, is present in relatively large quantities in the a granules of platelets,
activated lymphocytes and macrophages, and it has been found (at least in small
quantities) in every cell line examined (Roberts and Sporn, 1990). TGF-8 is a very
potent reversible inhibitor of differentiation in all measured aspects (fusion, CK
elevation, acetylcholine receptor appearance, transition from 8- and 7- to a-actin, the
formation and expression of MHC and other muscle specific proteins and their
mRNA’s) in rat L6 and L8 myoblasts (embryonic myoblast cell lines; Massagué et
al, 1986; Florini et al., 1986), mouse C2 (embryonic myoblast cell line) and BC,H1
(non-fusing myogenic cell line) myoblasts (Olson et al., 1986) and rat satellite cells
(Allen and Boxhorn, 1987). All of these studies, except for that on BC,H1 cells,
found that this inhibitory effect is seen only if TGF-8 is added early in the process,
before the cells become irreversibly committed to myogenic differentiation. BC;H1
cells only exhibit a partially irreversible commitment to differentiation; once BC,H1
cells are in a differentiated state, TGF-B exposure results in the myocytes losing their
differentiated functions, however they still remain in the post-mitotic state (Olson et
al., 1986).
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TGF-B involvement in regeneration appears feasible since during the
degeneration process platelets, lymphocytes and macrophages invade the trauma site
to clear debris during necrosis, therefore presenting a viable source for TGF-8
release. It could be argued that TGF-B acts to inhibit differentiation of the satellite
cells, thereby freeing them to continue cycling through mitosis fulfilling the
proliferation phase of regeneration. Once necrosis ends and the source of TGF-8
withdraws, or deactivates, the newly generated population of myogenic cells could
continue on to differentiate, forming new myotubes and eventually new muscle fibres.
As previously discussed, TGF-8 does not appear to inhibit differentiation through an
action on myogenic regulatory factors by affecting their DNA-binding abilities
(Brennan et al., 1991b). Perhaps it inhibits the transcription-activating properties of
myogenic HLH proteins through a mechanism independent of DNA binding (Li and
Olson, 1992).

Although the normal role of fibroblast growth factor (FGF) has yet to
be established, it is believed that bFGF (basic FGF) plays an important role in
various regeneration processes; such as cartilage repair (Cuevas et al., 1988), brain
wound repair (Finkelstein et al.,, 1988), mouse muscular dystrophy (DiMario et al,,
1989) and normal wound repair (Broadley et al., 1989). Much evidence also exists
showing FGF to be widely implicated in embryonic and adult myogenic cell growth
and development. Strohman and coworkers (1990) found elevated levels of bFGF in
hypertrophied rat muscle. Furthermore, bFGF is the only purified mitogen that has
been shown to independently inhibit myogenic differentiation and stimulate myogenic
proliferation, rather than simply stimulating one or both processes (reviewed by
Florini et al,, 1991). Also, as discussed in greater detail in the following section,
bFGF is a heparin-bound growth factor stored in the extracellular matrix of the
muscle fibre (Yamada et al.,1989). This is an ideal location for its release into action
during injury to trigger the regenerative process in muscle.

The above evidence for bFGF implication in muscle growth presents

a strong case for its involvement in the mitogenic trigger. This study, therefore, will

38



concentrate on the further investigation of bFGF as a component of the mitogenic
trigger for muscle regeneration through the use of purified recombinant bFGF and
its neutralizing antibody, anti-bFGF (abFGF).
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2.7 Fibroblast growth factor:

To date, six members of the FGF family have been discovered; basic
FGF (bFGF; Gospodarowicz, 1974; Gospodarowicz and Moran, 1974), acidic FGF
(aFGF; Gospodarowicz et al., 1975), int-2 (Moore et al., 1986), hst/K-fgf (Sakamoto
et al., 1986), FGF-5 (Zhan et al., 1987) and keratinocyte growth factor (KGF or
FGF-6; Rubin et al., 1989). All are structurally related proteins (homologous within
a "core" of 120 residues), with large divergence among family members’ sequences
(33-69% core homology). In contrast, each FGF type is highly conserved tarough
mammalian evolution, with greater than 92% sequence identity within the core
region and substantial homology in flanking regions between human and murine

clones. This suggests that FGF's are not interchangeable in vivo and have evolved

to possess distinct biological functions (Goldfarb, 1990). All FGF'’s are mitogenic for
a broad range of mesoderm- and ectoderm-derived cells (reviewed by Burgess and
Maciag, 1989), and are expressed in a broad range of developing and adult tissues.
Int-2 and hst/K-fgf are found in embryonic tissues only; FGF-3 and FGF-6 are found
in restricted sets of non-muscle adult tissues, as well as in embryonic tissues
(reviewed by Goldfarb, 1990). bFGF has been localized in embryonic and adult
muscle (Anderson et al, 1991; Joseph-Silverstein et al, 198%; DiMario and
Strohman, 1988; Yamada et al., 1989; DiMario et al,, 1989; Vaca et al., 1989,
Morrow et al., 1990), extracted from adult muscle (Kardami et al., 1985a) and its
mRNA is expressed in primary rat satellite cell cultures (Alterio et al., 1990).
Similarly, aFGF has been localized to, and extracted from rat satellite cells (Groux-
Muscatelli et al., 1990), and its mRNA is expressed in primary rat satellite cell
cultures (Alterio et al, 1990).

The export mechanisms of aFGF and bFGF are unclear since thay are
not synthesized with signal sequences which direct the proteins into the secretory
pathway. bFGF has been detected in the cytoplasm of producer cells growing in vitro
(Schweigerer et al., 1987; Becker et al., 1989) and in vivo (Joseph-Silverstein et al,,
1989). Many studies have verified that bFGF is deposited into the extracellular
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matrix (ECM, also called the basal lamina) in both tissues and cultured cells (Baird
and Ling, 1987; Vlodavsky et al., 1987; Folkman et al., 1988; Yamada et al., 1989;
DiMario et al.,, 1989; Kardami et al,, 1985a,b). The storage of aFGF is variable
among producer cell types; newly synthesized aFGF is efficiently deposited into the
ECM of cultured cardiac myocytes (Weiner and Swain, 1989), however a study by
Groux-Muscatelli et al. (1990) suggests that aFGF is deposited in the cytoplasm, not
the ECM, of rat satellite cells in vitro.

Not only are bFGF (Bischoff, 1986a; Allen et al., 1985) and aFGF
(Clegg et al., 1987) mitogenic for satellite cells (ie. increasing cell proliferation) but
they also delay myogenic differention of satellite cells (Allen et al., 1985; Bischoff,
1986a). As already discussed these two actions are independent of each other, most
likely occurring through different mechanisms. The question therefore remains as to
what stage of differentiation FGF acts upon to exert its inhibitory effect. Satellite
cells replicate through the cell cycle. Each time they pass through G, phase they may
either continue through the cell cycle (see Fig. 2.6.1) and continue to replicate, or
they may exit the cell cycle and commit to differentiation. FGF must therefore act
upon some point within the G, phase of the cell cycle. Much evidence has
accumulated suggesting that FGF blocks an early event (Kelvin et al,, 1989; Clegg
et al., 1987). Lathrop and colleagues (1985b) suggest that FGF causes myoblasts to
exit the G, phase to a point in G, from which commitment to differentiation is not
possible. More recently, Glaser and Wice (1989) defined two restriction points in G,
which determine the the cell cycle fate of the myoblasts. G,y occurs in early G, and
permits synthesis of muscle-specific proteins, while G, occurs approximately 4 hours
later and does not permit synthesis of muscle-specific proteins. Addition of FGF
causes movement of the cells from G,, to G, and reversal of this pattern occurs with
removal of the mitogen (Glaser and Wice, 1989).

Much circumstantial evidence exists to suggest that acidic and/or basic
FGF is bound in the ECM ready for release during trauma to trigger skeletal muscle
regeneration through activating the ECM apposed satellite cells. aFGF and bFGF
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have very high affinity for heparin and heparan sulfate proteoglycans (Gospodarowicz
et al., 1984; Burgess and Maciag, 1989) which are present in abundance in muscle
fibre endomysium ECM (Fernandez et al, 1991; Bayne et al, 1984; Mayne and
Sanderson, 1985). aFGF and bFGF have been localized to the ECM and shown to
be mitogenic for satellite cells. bFGF was detected in the basal lamina of muscle
fibres at a much higher concentration in muscle from mdx mouse mutants (muscles
are continuously regenerating) than in normal non-dystrophic muscle (DiMario et
al,, 1989). Furthermore, Strohman and coworkers have shown that heparin inhibits
the myogenic activity of bFGF in chick myoblasts (Kardami et al., 1988) and of adult
mouse skeletal muscle derived satellite cells (DiMario and Strohman, 1988).
Therefore, it could be postulated that modulation of FGF binding to heparin
components of the ECM may determine availability of bound FGF to satellite cells.
Disruption of the normal FGF-heparin interaction may range from mechanical
distortion of the muscle fibres (eg. physical activity; Irintchev and Wernig, 1987), to
an inflammatory response which accompanies focal or more extensive damage to
muscle fibres (Naparstek et al., 1984).

Despite much research into FGF effects on growth and differentiation
little is known about cell receptors for FGF (Olwin and Hauschka, 1989). Both aFGF
and bFGF bind to the same receptor (Olwin and Hauschka, 1986; 1989) which could
be expected due to the degree of structural homology between them. The FGF
receptor is highly specific for FGF only, and neither bFGF or aFGF bind to other
growth factor receptors (Gospodarowicz ét al., 1986a,b).

During myogenic differentiation of rat L6 and mouse Sol 8 myoblasts
the mRNA encoding aFGF, bFGF and FGF receptor are coordinately downregulated
while the expression of myogeniu, 2 myogenic determination gene, increases (Moore
et al., 1991). It is suggested that a coordinate decrease in endogenously produced
aFGF, bFGF and their receptor may participate in the regulation of myogenic
differentiation through the regulation of expression of myogenic determination genes
{Moore et al, 1991; Vaidya et al, 1939, Brunetti and Goldfine, 1990).
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Similarly, p.-roliferating skeletal muscle-derived MM14 and C2C12 celis
express FGF receptor; following terminal differentiation FGF receptor expression is
lost (Olwin and Hauschka, 1988). In contrast to the findings of Moore et al. (1991),
Olwin and Hauschka (1988; 1989) reported that rat L6 cells did not express FGF
receptor. It must be noted, however, that Olwin and Hauschka’s studies identified
receptors through a '¥I-aFGF binding assay, working on the assumption that aFGF
and bFGF mediate their actions through 2 common receptor. Moore's group used
the more sensitive technique of a FGF receptor mRNA assay.

There appear to be similar patterns of aFGF mRNA expression in both
developing muscles and cultured satellite cells. Alterio and colleagues (1990) found
that during myogenic growth (bovine fetal muscle and proliferating bovine adult
satellite cells) aFGF mRNA was expressed at high levels, while there was no, or very
low levels of expression in the differentiated state (neonatal bovine muscle and
myotubes derived from bovine adult satellite cells). This, along with the finding that
FGF receptor expression is lost following terminal differentiation (Olwin and
Hauschka, 1988), and the, previously discussed, fact that exogenous FGF keeps cells
in a proliferative state, suggests a causal relationship between proliferation ability
and the presence of FGF mRNA. Considering the previously discussed findings that
bFGF is more ubiquitous and usually detected in higher concentrations in muscle
ECM than aFGF, it is surprising that Alterio and colleagues (1990) found that bFGF
mRNA was only weakly expressed, as compared to aFGF mRNA, in bovine
proliferating satellite cell cultures. All of these findings together, however, suggest
that aFGF, as well as bFGF, may play a role in myogenesis, possibly through

autocrine action.
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2.8 Crushed muscle extract studies:

The preceding review of various mitogenic substances for myogenic
precursor cells demonstrates the vast spectrum of contenders for the trigger of
skeletal muscle growth, development and regeneration. All of these factors fulfill at
least one of the criteria for a role as the trigger for regeneration (ie. stimulates
proliferation of myogenic precursor cells, stored in a structure within the muscle
environment, etc.). For all of these substances, however, there is at least one
contradictory aspect of its involvement in muscle. For example, TGF-B does not
promote satellite cell proliferation (Allen and Boxhorn, 1987), therefore it could not
be the sole factor involved in the regeneration triggering process. Another example
is bFGF which not only triggers satellite cell proliferation, but also fibroblast
proliferation (Gospodarowicz, 1974; Gospodarowicz and Moran, 1974). During
normal skeletal muscle regeneration only satellite cells appear to be affected.

Numerous studies have demonstrated that extracts from damaged
muscle {for example, muscle undergoing stretch-induced (chicken, Summers et al.,
1985) or exercise-induced hypertrophy (rat, Chromiak et al., 1991), minced muscle
(mouse, Vandenburgh et al., 1984; rat, Chromiak et al., 1991) or crushed muscle (rat,
Bischoff, 1986b; mouse, Chen and Quinn, 1992; rat, Johnson and Allen, 1993)}
induce proliferation of myogenic but not non-myogenic cells (including fibroblasts)
in culture. Cuitures grown in control conditions (ie. extracts from undamaged
muscle) did not induce myogenic cell proliferation beyond basal levels.

Some intriguing work by Bischoff (1986a,b; 1990a) investigated the
properties of a crude saline extract of crushed rat muscle. The crushed muscle
extract was able to induce proliferation of all the satellite cells on a single intact
myofibre, yet muscle extract from intact muscle (not crushed) only yielded basal
levels of proliferation. This response to crushed muscle extract was greatly enhanced
if the myofibres were killed by brief exposure to the myotoxic local anaesthetic
Marcaine (which kills the myofibres, but does not affect the apposing satellite cells
(Hall-Craggs, 1974b), therefore indicating that some aspect of the undamaged
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myofibres suppressed satellite cell proliferation. In fact, Bischoff's experiments
(1990a) demonstrated that contact of the satellite cell with the differentiated end cell
(viable adult myofibre) was able to reverse or even suspend the cell cycle
commitment of its precursor stem cell (satellite cell) produced by exposure to muscle
extract. Bischoff (1989) demonstrated that in both live and dead myofibres the
satellite cells are in contact with the basal lamina and they appear to be the same
shape. The basal Jamina, therefore, does not appear to be involved in this effect seen
with live fibre contact. Instead, Bischoff (1990b) concluded that the growth
suppression seen during contact with live fibres appears to be mediated by contact
with the plasma membrane of the myofibre, since following myofibre death the
plasmalemma disappeared and satellite cell proliferation subsequently occured.
The satellite cells remained in the cell cycle for a period of two to

three days and then cell fusion occured at 84 hours in vitro (Bischoff, 1990a). The

crushed muscle extract appears to be specific for satellite cell proliferation, since very
little fibroblast growth was seen (Bischoff, 1986b). Also the crushed muscle extract
appeared to act simply as the frigger for satellite cell proliferation, and was not
required to remain present for the proliferation cycle to continue. The crushed
muscle extract alone, however, could not support proliferation. The serum factors
present in the growth medium were needed for satellite cell proliferation and for
subsequent fusion of satellite cells to continue once they were triggered by the
crushed muscle extract. Consequently, Bischoff (1990a) proposed that the mitogens
present in the crushed muscle extract act transiently as a "competence factor,” while
serum factors appear to be a "maintenance factor."

Attempis to characterize the mitogen responsible for these specific
myogenic effects have been largely unsuccessful. This may very well be because the
mitogenic effects are exerted by more than one factor which, acting together,
constitute the mitogenic trigger. It has been determined that the activity in the
extract has a molecular weight greater than 30kD (Bischoff, 1986b; 1990c) and is
heat and trypsin senstive (Bischoff, 1986b). Chen and Quin (1992) tested the additive
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activity of crushed muscle extract from adult mouse with saturating doses of other
growth factors. When the optimal concentration of crushed muscle extract was added
with optimal concentrations of bFGF alone or bFGF and IGF-I there was an
increase in myogenic cell proliferation over that produced by these factors without
crushed muscle extract. Similar results were found with the addition of’ crushed
muscle extract to saturating doses of transferrin, IGF-I, bFGF, EGF, PDGF,
macrophage colony-stimulating factor (M-CSF) and ACTH alone or combined
together. Western blot analysis found transferrin present in the crushed muscle
extract, estimated at a concentration of 30 pg/mg crushed muscle extract protein. All
these results (Chen and Quinn, 1992) indicate that crushed muscle extract contains
transferrin as well as one or more uncharacterized mitogens for myoblasts which are
distinct from transferrin, the IGF’s, bFGF, EGF, PDGF, M-CSF and ACTH.
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2.9 The dy, dy” and mdx mouse models of muscular dystrophy:

The hypotheses and questions raised thus far concerning skeletal
muscle regeneration have been related to regeneration of damaged normal muscle.
Degeneration and subsequent regeneration can occur, not only as a result of
mechanical trauma, but also as a result of disease, such as in Duchenne muscular
dystrophy. The trigger for regeneration seems to be from the degenerating fibres.
This is supported by the finding that during externally induced trauma the fibres
begin to degenerate before the satellite cells appear to enter the regeneration
process (Komorowski et al., 1990; Carpenter and Karpati, 1989).

Human Duchenne muscular dystrophy (X-linked recessive inheritance)
is characterized histologically by greatly increased intrafascicular connective tissue
(collagen and fat) with consequent fibre rounding, atrophy of some fibres and
hypertrophy of others (resulting in a wide range of muscle fibre sizes), macrophage
invasion and splitting of hypertrophic fibres (Mrak, 1985). Ultimately, the
degeneration of muscle overrides the regenerative capacity of the muscle resulting
in severe atrophy and fibrosis of the skeletal muscles.

The first recognition of a hereditary muscular dystrophy in an animal
model was reported by Michelson et al. (1955). The murine dystrophy (designated
as dy/dy) was found to display simple autosomal recessive inheritance. By two weeks
of age the affected animals start to show clinical symptoms of a waddling gait with
splaying and stiffening of the hindlimbs and toes. With progression of the disease
there is overt dragging of the hindlegs, while there is much less functional
impairment of the forelimbs. The histological features (Mrak, 1985) of the dystrophic
mouse (dy/dy) muscle are quite similar to those seen in human muscular dystrophies;
including variation in myofibre size, increase in endomysial connective tissue,
segmental necrosis of myofibres, internal nuclei and regenerative activity. Also
similar to the human condition is an elevation in serum level of muscle-specific
enzymes. There is some fatty replacement of fibres, however this is not as extensive

as that seen in human Duchenne muscular dystrophy (DMD).
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Due to the fact that the life-span of dy/dy mice is considerably shorter
than normal, healthy mice (less then 6 months, as compared to greater than 2 years)
and the mice are so severely incapacitated by the time they reach sexual maturity,
another hereditary myopathy in mouse (dy*/dy”) is more commonly used as a model.
The dy”/dy” myopathy gives rise to a slower developing, more mild disease as
compared to dy/dy. However, when the two alleles (dy and dy”') are expressed in the
same strain of mice, the two myopathies (dy/dy and dy”/dy”) are clinically and
histologically similar (Macpike and Meier, 1976). Another advantage of the dy*//dy”

form is that it appears to be capable of successful regeneration in vitro (Hamburgh

et al., 1975; Parsons, 1974) and in vivo (Dribin and Simpson, 1977), at least in the
early stages of the disease, whereas most of the studies on dy/dy muscle have
suggested that it is virtually incapable of regenerating either in vitro (Moore, 1975;
Parsons, 1974; Paul and Powell, 1974) or in vivo (Banker, 1960, 1967, Bray and
Banker, 1970; Denny-Brown, 1960; West and Murphy, 1960). Successful in vivo
regeneration in dy”/dy” mice is clearly age-dependent. For example, Schiaffino et al.
(1993) have shown that in dy”/dy” mice older than six months there is much less

regeneration following cold injury, than in age-matched healthy C57BL mice, or
younger dy?/dy” mice.

Human DMD is characterized by persistent skeletal muscle necrosis
and is believed to be the consequence of a deficiency of dystrophin (Hoffman et al.,
1988), a component of the sarcolemma. This is not the case in dy”/dy”’ murine
dystrophy; like normal mice, the dy”/dy* animals still have dystrophin. Therefore, the
cause of the dystrophy in dy”/dy* mouse muscle is not a lack of dystrophin.

Another mouse dystrophy model, mdx, which lacks dystrophin is better
suited to study the effects of missing dystrophin. The mdx genotype, like human
DMD, is inherited as an X-linked recessive and, similarly, necrosis of myofibres
occurs as a result of the dystrophin deficiency. In fact, recent research has
demonstrated that the genes for both the human and the murine defects can be

mapped to the same region of the X-chromosome (Brockdorff et al., 1987). The two
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diseases also share some histopathological features. The degeneration/regeneration
characteristic of human DMD muscle fibres appears very similar to the pathology
initially seen in the mdx mouse (Hoffman et al, 1987). However, unlike the human
condition and the dy/dy and dy”/dy” models, the extensive connective tissue
proliferation (fibrosis) appears to be largely absent in mdx muscle (Bridges, 1986).

Mdx mice display a pronounced, but transient phase of debilitating
muscle degeneration that starts at about ten days of age and lasts until approximately
the third week after birth. Thereafter necrosis progresses at a much slower pace
(Woo et al, 1987). Most of the degenerated fibres from the initial massive
degeneration phase are replaced by newly regenerated myofibres and adult mdx mice
display few, if any, clinical symptoms (Anderson ¢t al., 1987; Coulton et al., 1988).
This is unlike the human and dy” mouse conditions where the degeneration process
proceeds at a constant pace throughout life.

As a result of this initial phase of massive muscle degeneration and
regeneration mdx mice present a high proportion of centrally nucleated muscle fibres
and a large variation in muscle fibre diameter (Morgan et al., 1989). Therefore, one
may assume that the high proportion of centrally nucleated myofibres in adult mdx
mice is a reflection of the complete replacement of degenerated fibres with newly
regenerated myofibres derived from, or the repair of only partially damaged
myofibres by, satellite cells. These new myofibres are still missirg dystrophin, as a
result of a mutation in the gene encoding this protein. Yet the new myofibres remain
healthy for the life of the animal. This may indicate that the function of dystrophin
is taken over by another protein or dystrophin analogue (Campbell and Kahn, 1989;
Turner et al., 1988; Franco and Lansman, 1990); perhaps utrophin, previously known
as dystrophin-related protein (DRP; Matsumara et al., 1992; Takemitsu et al., 1991).

Dystrophin is the protein product of the Duchenne muscular dystrophy
(DMD) gene (Hoffman et al., 1987). It is associated with a large oligomeric complex
of sarcolemmal glycoproteins (reviewed by Matsumara and Campbell, 1994),

including dystroglycan which provides a linkage with laminin, an extracellular matrix
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component (Ibraghimov-Beskrovnaya et al,, 1992). Recent evidence suggests that
dystrophin is also linked to the subsarcolemmal cytoskeleton (Klietsch et al., 1993).
Dystrophin therefore appears to be an important component of the structural
dystrophin-glycoprotein complex and its absence may disrupt the linkage of the
dystrophin-associated proteins to the subsarcolemmal actin-cytoskeleton in DMD
skeletal muscle. Under such conditions the sarcociemma may be vulnerable to physical
stress.

Evidence (reviewed by Hoffman et al., 1987) indicates that, like the
human condition, the deficiency of dystrophin in mdx mice can be presumed not to
be a secondary consequence of a non-homologous genetic disorder. More simply, the
major mdx lesion, the persistent sporadic necrosis of muscle fibres, is innate to the
muscle of mdx genoiype and is not secondary to any other neuropathic, or
extramuscular primary lesion.

The fact that the adult mdx mouse shows very little of the clinical
phenotype seen in the later stages of the human DMD could be due to the fact that
the mdx mouse has successfully regenerated its muscle fibres, whereas in human
DMD regeneration is not as successful. The inverse relationship between myogenesis
and fibrosis suggests that perhaps these two phenomena are linked; ability to
regenerate seen in mdx mice and loss of it in DMD may be a function of the
difference in endomysial fibrosis occurrence between the two disease states. Hoffman
et al. (1987) state that the prominent fibrosis seen in human DMD muscle is
probably an indirect or secondary consequence of the primary lesion causing
myofibre degeneration, the absence of dystrophin. The endomysial fibrosis may
interfere with the ability of individual muscle fibres to regenerate: as the muscle ages
its fibre number would progressively decrease as the connective tissue content would
increase. This process would ultimately result in insufficient muscle fibre numbers
for mobility and respiration. This hypothesis agrees with the clinical manifestation
of human DMD. In comparison, the muscles of mdx mice do not exhibit significant

fibrosis (Bridges, 1986; DiMario et al., 1991 and there is some evidence suggesting
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that they retain the ability to regenerate throughout the life of the mouse (DiMario
et al,, 1991), suffering no threat to either mobility or normal life span of the mouse.
Furthermore, and perhaps the most significant difference between the two disease
states is the relative absence of continued degeneration in mdx mice.

Following the initial massive muscle degeneration phase that occurs in
the early life of the mdx mouse the rate of degeneration decreases, thereby allowing
the muscles of the mdx mouse to regenerate almost completely. On the other hand,
dy/dy and dy”/dy* mice exhibit a similar clinical manifestation of the disease to the
human condition (continuing myofibre degeneration, eventual loss of regeneration
capabilities, and fibrosis), yet they do not lack the protein dystrophin. It has been
hypothesized that mdx mouse muscle is able to achieve normal muscle function,
following the initial phase of degeneration and regeneration, perhaps by producing
a dystrophin analogue or other molecule(s) which compensates for the lost function
of dystrophin (DiMario et al.,, 1991; Campbell and Kahn, 1989; Turner et al., 1988,

Franco and Lansman, 1990) and thereby escape from further myofibre degeneration.

Table 2.9.1: Summary of the murine models of Duchenne muscular

dystrophy.

I Human DMD dy?/dy” mouse mdx mouse |
inheritance X-linked recessive autosomal recessive X-linked recessive
dystrophin status absent present absent
muscle necrosis persistent persisteat transient
regenerative ability || eventually disappears | eventually disappears yes (persistent?)
endomysial fibrosis yes ves no

Study of the loss of skeletal muscle regeneration ability in human DMD

is best achieved through the most clinically similar murine model, dy”/dy”.
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To summarize, in both the human DMD and murine dy” disease state
skeletal muscle regeneration eventually fails. It is not clear from the literature
whether this is true for mdx mice since degeneration does not continue at the same
rate. It is not known whether the lack of dystrophin plays a role in the decreased
regenerative capacity of DMD. If it does, however, then this may appear to present

a paradox in the mdx mouse if their muscles retain the ability to regenerate.
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2.10 Thesis objectives:

1. To investigate the effect of various "regeneration factors" on growth and

differentiation of satellite cells in culture in order to explore the mechanism which

results in normal activation of muscle regeneration.
2. To assess the effects of these same factors on satellite cells from dystrophic

muscle in an attempt to determine the nature of the fault which results in the

eventual absence of the regeneration process in the dy”/dy” murine model of

muscular dystrophy.

3. To investigate the regenerative capacity of old mdx mice to gain further insight

into the ongoing ability of mdx mice to regenerate in contrast to dy”/dy” mice.

In order to carry out these objectives it is essential to;

A. establish a method of obtaining a pure population of myogenic precursor cells

from adult mouse muscle, and

B. characterize the growth and development of this pure population of satellite

cells.
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CHAPTER IIT

MATERIALS AND METHODS:

3.1 Animals and muscles

Mice were originally obtained from Jackson Laboratories (Bar
Harbour, Maine, USA) and have since been bred in the animal care facility in Roger
Guindon Hall, University of Ottawa. The mice were quartered in standard cages with
food (Prolab RMH 4020 pellets, Agway, Syracuse, NY) and water supplied ad
libitum. Constant temperature and relative humidity were maintained for optimal
health conditions.

Normal mice were divided into two groups as a function of age. Young
mice were between 3 and 5 months of age. Old mice were 12-26 months of age.

No significant difference was found among satellite cell cultures
derived from single myofibres obtained from +/+ or +/? C57BL mice, therefore,
skeletal muscle from phenotypically normal (+/?) or normal (+/+) mice of the

CS57BL strain was used as the control.
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Genetically dystrophic mice of the strains CS7BL dy”/dy* and C57BL
mdx were used.

All muscles were removed while the animals were anaesthetized with
an intraperitoneal injection of sodium pentobarbital (0.07 mg/g body weight;
Somnotol, M.T.C. Pharmaceuticals, Cambridge, Ontario, Canada). The animals were
sacrificed by an overdose of Somnotol.

The flexor digitorem brevis (FDB) muscle of the mouse was used as
the source for single fibres since it has relatively short fibres compared to other

muscles. FDB is a multi-pennate muscle, and is the most superficially placed muscle

in the plantar surface of the foot.

3.2 Tissue Cultores

Explants of intact muscle fibres with their associated satellite cells and
basal lamina sheath were isolated from mouse flexor digitorum brevis muscle (FDB)
using a method similar to that described by Bischoff (1986a, 1989). Initially, many
fibres were plated per dish (as per Bischoff’s method), however much fibroblast-like
cell growth was observed. This complicated ihe quantification of satellite cell growth
and development, since satellite cells and fibroblasts are morphologically very similar.
To increase the purity of the culture (ie. decrease the number of fibroblast cells
present) the isolated fibres were plated one at a time on multiwell plates, so that
there was one fibre per well. Once the myogenic purity of cell growth, which resulted
following plating of single fibres, was confirmed (see Results) it was assumed that
any growth observed on the culture plate must be the progeny of the satellite cells
associated with that individual myofibre.

The donor animal was sterilized by spraying with 70% ethanol
following anaesthesia and sterile procedures were employed during removal of the
muscle from the animal and during the subsequent plating and culturing procedure

to minimize the risk of contamination to the cultures.
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Following exposure of the FDB muscle, the muscle was gently removed
so as to avoid damage to muscle fibres and stretching of the muscle. First, the
proximal FDB tendon was severed close to the calcaneous bone. The muscle was
then gripped by the proximal tendon and peeled distally. Rather than pulling the
muscle against the force of the fascia retaining the FDB, fine scissors (Fine Science
Tools Inc., Vancouver, B.C.) were used to cut the fascia. The muscle was peeled
down to the point where the toes joined, so that the three distal FDB tendons were
well exposed (FDB is a multipennate muscle) and could be cut easily. As a result,
any adjacent excess tendons, connective tissue, fat, blood vessels, nerves and
extraneous muscle were also taken to minimize damage to the FDB. The muscle was
carefully pinned by its four tendons to a 60 mm petri-dish containing cured silicone
elastomer (SYLGARD 184 silicone elastomer, Dow Corning) bathed by sterile Tris-
buffered saline (TBS, pH 7.4). Under a dissecting microscope, fine dissecting
instruments (8.5cm Vanna-Tubingenspring scissors with Smm cutting edge, Dumont
#5 Biologie fine forceps, Fine Science Tools Inc., Vancouver, B.C.) were used to
remove any non-FDB muscle, visible connective tissue, blood vessels and nerves.
Following removal of excess tendon, the cleaned muscle was transferred by its tendon
stumps to another sterile 60 mm petri dish containing a sterile filtered, freshly
prepared solution of 0.2% crude collagenase (Sigma Type ], lot no. 12H 0539) in
Minimal Essential Media (MEM, GIBCO). The muscle was then digested in a 37°C
gentle shaker water bath. Following the first hour of digestion gentle trituration
(about 10 cycles) using a pasteur pipette with a broken and fire-polished 2 mm wide
tip helped loosen the outer layers of digested connective tissue from the underlying
muscle tissue. It was generally found that muscles from old normal and old
dystrophic mice of both strains required up to three hours of collagenase digestion,
while those from young normal mice needed no more than a two hour digestion.
Following the collagenase treatment the muscle was transferred, by grasping the
remaining wisps of collagenous tendons, to a new petri dish containing 10% Horse

Serum Medium. Very gentle trituration was performed using a wide-mouth pipette
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(2 mm wide mouth). Progressively smaller-mouthed (1.5 mm and 1 mm wide mouths)
pasteur pipettes were used for subsequent trituration. The loss of fibres through
adhesion to the pipette walls was lessened considerably by pre-flushing the pasteur
pipettes with 10% horse serum medium, therefore all pipettes were treated this way
just prior to their use. Trituration was continued until there were mainly single fibres
covering the bottom of the plate, and a few remaining on the tendons. Any large
muscle/tendon chunks, remaining collagen wisps and fibre clumps (2 or more fibres)
were removed using fine forceps. The remaining single fibres were transferred, using
a normal size pasteur pipette (pre-flushed with 10% horse serum), to a 10 cm
column of MEM in 15 ml conical tube (Falcon polystyrene, Becton Dickinson,
Mississauga, Ont.) for sedimentation at 1 g for 15-20 minutes, until the fibres could
be seen at the bottom of the column and the debris was still in suspension. Following
sedimentation the upper layer of basal medium and non-myofibre tissue was gently
removed so as to leave about 5 mm of medium over the muscle fibres at the bottom
of the tube. This sedimentation cycle was repeated twice more. Due to the fact that
fewer fibres were recovered from the old, dy¥ and mdx muscles often only one
sedimentation was done under these conditions. This allowed for a higher single fibre
yield (some fibres are inadvertantly lost with each sedimentation), but did result in
a slightly larger proportion of the wells being contaminated with non-myogenic cells.
The tubes used for the 3 sedimentation columns were pre-treated with 10% horse
serum medium at room temperature for 2 hours and air dried prior to use. This
prevented attachment of the myofibres to the walls of the tube. Following the final
sedimentation the concentrated myofibre suspension was diluted into 10 ml MEM
in 60 mm petri dishes pretreated with 10% horse serum (to prevent attachment of
the fibres to the plate). These dishes were incubated at 37°C with 5% CO, for
approximately 15 minutes. This allowed any damaged cells to hypercontract so they
were visibly non-viable and lowered the chances of plating a non-viable cell, damaged
by the dissociation process. Only single intact viable myofibres were plated since it

was observed that non-viable fibres do not attach to the substratum but tend to float
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which decreases the likelihood that their associated satellite cells would proliferate
(their growth is attachment-dependent). A pasteur pipette was then used to carefully
pick out single viable myofibres which were subsequently plated onto a thin, dilute
extracellular matrix substrate (Matrigel, Collaborative Biomedical Products, 1:10 in
MEM) in tissue culture wells (1 fibre per well, Falcon Primaria surface-modified 24
multiwell plate). A substratum such as Matrigel was required as satellite cells and
myofibres are attachment-dependent cells. It was found that the myofibres attached
to the culture surface much more readily under serum-free conditions. Before adding
any media to the culture, the multiwell plate and its plated fibres were incubated at
37°C for 60 minutes to allow some time for the fibres to settle onto the substratum.
0.5 m! of the specified medium was then added to each well. The cultures were
incubated at 37°C with 5% CO, and humidified with milli-Q water. Unless noted
otherwise, the specified medium was added at the time of fibre plating and not
changed throughout the 7 day culture period. The amount of proliferation resulting
from the satellite cells derived from one myofibre was small enough that a regular
change of media was not required. It was desirable to maintain the myofibre in the
satellite cell environment so it could exert any of its potential effects on the satellite
cells. It was decided that this was more similar to the true physiological condition.
Furthermore, the myofibre may have contained some satellite cells which remained

within the basal lamina sheath.

3.3 Solutions:

All powdered media and other solutions were made using Milli-Q
water and filter-sterilized using Millipore 0.22pm sterilizing filters (Millipore
Corporation, Bedford, MA). The Collagenase Solution and any media used to feed
the cultures were filter-sterilized, after addition of all the media components, with
Millipore 0.45pm (to catch large debris often present in horse serum and/or CEE)

and 0.22um (to sterilize) low protein-binding filters.
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Collagenase Solution (muscle digestion)

98.7% Minimal Essential Medium (MEM)
1% penicillin/streptomycin (100 U/ml)
0.1% Fungizone
0.2% Collagenase type I (Sigma, lot no. 12H 0539)

10% Horse Serum Medium

88.9% Minimal Essential Medium (MEM)
10% horse serum (HS)
1% penicillin/streptomycin (100 U/ml)
0.1% Fungizone

Tris-buffered Saline (TBS)

50 mM Tris (Bio-Rad Laboratories, Richmond, CA)
0.9% NaCl (BDH Inc., Toronto, Ont.)
- brought to pH 7.4 with HCI

The Media (to feed the cultures) were as follows :

Basal Medium (BM)
78.9% Minimal Essential Medium (MEM)
20% horse serum (HS)
1% penicillin/streptomycin (100 U/ml)
0.1% Fungizone

CEE Growth Medium (CM)
78.4% Minimum Essential Medium (MEM)
20% horse serum (HS)
0.5% Chick Embryo Extract (CEE)
1% penicillin/streptomycin (100 U/ml)
0.1% Fungizone

CPSR-2 Medium
77.9% Minimal Essential Medium (MEM)
20% Controlled Process Serum Replacement Type-2
(CPSR-2)
1% horse serum (HS)
1% penicillin/streptomycin {i00U/ml)
0.1% Fungizone
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bFGF Media
- the required amount of bFGF (recombinant human bFGF,
R&D Systems) was added to Basal Medjum, which had its
volume of MEM adjusted to account for the extra volume of
bFGF

All of these reagents were from GIBCO (Grand Island, New York), unless otherwise

specified.

3.4 Crushed Muscle Extract:

Similar to the tissue culture methods, sterile procedures and
instruments were used. The mice were anaesthetized with sodium pentobarbitol (80
mg/kg body weight, intra-peritoneally; Somnotol, M.T.C. Pharmaceuticals,
Cambridge, Canada), the hindlimbs were shaved and sterilized by spraying with 70%
ethanol. The muscles of both hindlimbs were exposed so that the anterior thigh and
leg, and posterior leg muscles could be excised by cutting proximal and distal tendons
with as little pulling as possible. The muscles were weighed and then crushed gently
at 7-10 sites along each muscle length with a pair of broad pattern forceps (2.5 mm
wide, Fine Science Tools Inc., Vancouver, B.C.) which had had their serrations filed
smooth. The tissue from one animal was placed in 1 ml cold Tris-buffered saline
(TBS, pH 7.4) and incubated at 4°C with very gentle shaking for 90 minutes.
Subsequently, the entire muscle plus TBS was centrifuged for 10 minutes at 1500g
and the supernatant (CME) transferred to a sterile eppendorff tube. The CME could
be stored at 4°C until needed (however, it was never stored more than 24 hours).
The protein content of each sample isolated in this manner was determined by the
Bradford microassay technique (Bio-Rad Protein Assay Dye Reagent Concentrate,
Bio-Rad Chemical Division, Richmond, CA) using bovine serum albumin (BSA) in

TBS to generate a standard curve.
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3.5 Determination of Myogenicity:

Two criteria were tested to prove the myogenicity of cultures in the
preliminary experiments. The first was the formation of myotubes, identified visnally
in live cultures. The second was the expression of sarcomeric myosin heavy chain,
identified immunohistochemically using a mouse monoclonal antibody, MF-20, to all
sarcomeric myosin heavy chain (Bader et al, 1982; generously donated by Dr. M.
McBurney, University of Ottawa).

Cultures were fixed in AFA Fixative (20:2:1 - ethanol:10% buffered
formalin:glacial acetic acid) for 15 minutes at room temperature (RT), rehydrated
in 50% ethanol, and washed in phosphate buffered saline (PBS) for 30 minutes,
changing the PBS every 10 minutes. Fixed cultures were incubated at RT for 16
hours with MF-20 diluted 1:5 in 5.0% bovine serum albumin (BSA) in 25 mM
phosphate buffered saline (PBS). This high BSA concentration was found to
markedly reduce non-specific staining. Each well was incubated with 200 pl diluted
MF-20. The PBS was made by mixing 25 mM K;HPO, with 25 mM KH,PO, to pH
7.4, adding NaCl to a final concentration of 0.9% w/v. At the end of the incubation
the MF-20 was removed by suction and each well was washed in PBS (3x10 minutes).
Subsequently, each well was incubated for 2 hours at RT with a horseradish
peroxidase (HRP)-conjugated (Cedarlane Laboratories, Hornby, Ont) goat-
antimouse IgG secondary antibody. The amount of non-specific staining found with
the Cedarlane HRP-conjugated anti-IgG was very much less than that observed with
comparable antibodies from other companies. The secondary antibody was removed
by suction and each well was again washed in PBS (3x10 minutes). The
immunohistochemistry was developed following the final PBS wash using 500ml of
0.1% (w/v) 3’3 diaminobenzidine (DAB; Sigma Chemical, St. Louis, MO) and 0.03%
(v/v) H,O, in PBS for 30 seconds only. Development was stopped by removal of the
DAB solution and washing in tap water. A maximum of 6 wells were developed at
a time due to the short development time. Each well was coverslipped with glycerol

and a 12mm coverslip circles (Fisher Scientific Inc., Nepean, Ont.)
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Once jt was established that the culture method resulted in pure
populations of satellite cells and I was satisfied that I could visually identify those
cultures that were or were not myogenic these criteria (myotube formation and
sarcomeric myosin expression) were not necessarily tested. All of the culture
conditions tested did not necessarily result in differentiation of the myogenic
precursor cells, therefore it was not always possible to test these criteria. For
example, as shown in the results section (Figure 4.2.1.1), the presence of bFGF in
concentrations greater than 1.0 ng/ml inhibits satellite cell differentiation. Therefore,
most of the myogenic cells resulting from satellite cell proliferation under these
conditions do not express sarcomeric myosin, nor do the cells fuse to form
multinucleated myotubes, since the cells remain in the cell cycle and do not
differentiate. As shown in the results section (Figures 4.1.1.2 and 4.1.2.2) fibroblast-
like cell growth was clearly identifiable following 7 days in culture.

3.6 Assessment of culture growth and development

Quantitative assessment of cultures was initially carried out by means
of cell counts of live cultures taken at 24 hour intervals over a 7 day culture period.
Live cultures were observed through an inverted microscope (Leitz Wetzler, Leica,
Nepean, Ont.) on the highest power possible, such that the entire colony could be
seen in a single field of view. Visual counts were made of single cells and recorded
using a hand counter. This was relatively simple to do with fewer than 100 cells in
the field of view, however following 4 days in culture the colonies usually consisted
of more than 100 cells and had a high density, especially when grown in CEE
Medium. For large colonies a representative area of 100 cells was counted and then
the total area population was estimated by:

(total area/100 cell area) x 100 cells

eg. totalarea _
100 cell 2rea

> approx. 500 cells
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Any myotubes or multinucleated structures were not included in these cell counts;
only single cells were counted. This method allowed for proliferation rates of the
satellite cells to be determined, as shown in Results, Section 4.1.3.

The number of single cells approximated for a colony is obviously very
inaccurate for those colonies with more than 100 cells, therefore those counts taken
following 4 days in culture would be expected to have a large error factor.

Success was achieved through a method whereby counts of the nuclei
of fixed cells were taken. The cultures were grown undisturbed for 7 days, after
which they were fixed in AFA fixative, rehydrated in 50% ethanol, and washed in
PBS for 30 minutes, changing the PBS every 10 minutes. MF-20
immunohistochemistry was then done as described (Section 3.5), followed by
hematoxylin staining at RT to identify all nuclei. Each plate was stained in 1000 ml
beaker containing Harris-modified Hematoxylin (BDH Inc., Toronto, Ont.) for 7
minutes. Following rinsing in tap water to remove all excess hematoxylin the plates
were dipped for 1-2 seconds in 1% acid-alcohol (v/v HCl in 70% ethanol) to
differentiate the stained nuclei, and again rinsed thoroughly in tap water. The stain
was blued in Lithium Carbonate (50% of a saturated, filtered Lithium Carbonate
solution) for 1 minute and then rinsed under running tap water for 10 minutes.
Those wells containing cellular growth were coverslipped as described previously.

Following MF-20 immunohistochemistry and hematoxylin
histochemistry all nuclei contained within differentiated (MF-2C positive) or
undifferentiated (MF-20 negative) cells could be visualized. Nuclei were then scored,
as being in either MF-20 positive cells or in MF-20 negative cells, using a digitizer
tablet (Hipad Plus, Houston Instrument, Austin, TX) connected to an IBM 486
computer with SigmaScan software (Jandel Scientific, San Rafael, CA). The satellite
cell colonies were visualized using a microscope (Leitz Laborlux 11, Leica, Nepean,
Ont.) with a drawing tube attachment. The colony was centred in the field of view
through the 4x objective. While maintaining the colony at the same coordinates the

10x objective was flipped into place. Nuclei were then scored using the digitizer and
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tally function of SigmaScan, and stored in the computer. Later, the nuclei counts
were easily retrieved into SigmaPlot for graphing purposes and SigmaStat for
statistical analysis. It must be noted that the entire colony was not necessarily
counted; only the central 1.70 mm? area was counied (all nuclei within the field of
view seen through the 10x objective). This area, the same for all colonies analyzed,

is referred to as "standard area” in the text.

3.7 Histochemistry of whole muscle cross-sections

The FDB muscle was removed from the animal, bathed in a solution
of 0.9% saline and blotted dry. The muscle was placed in a drop of O.C.T.
Compound (Tissue Tek, Miles Canada, Inc., Etobicoke, Ont.) such that the O.C.T.
Compound surrounded the muscle. The muscle, together with its coat of O.C.T.
Compound, was frozen in melting isopentane that had been frozen in liquid nitrogen.
The frozen muscle was placed in a small plastic vial and stored at -80°C until further
processing. The muscle was mounted on the specimen holder iz an upright position
such that the long axis of the muscle was perpendicular to the flat surface of the
specimen holder. Transverse sections, 10 pm thick, were cut from the mid-belly
region of the muscle using a Microm MedGV Class 4 cryostat microtome
(Heidelberg, Germany) which was set at -22°C. The cut sections were placed on
slides (Superfrost Plus, Fisher Scientific, Nepean, Ont.) and then stored at -20°C, or
stained immediately with either Hematoxylin and Eosin or with monoclonal

antibodies (mAb) against myosin heavy chains (MHC).

Hematoxylin and Eosin Stain
The slides with the attached muscle cross-sections were brought to

room temperature (RT) and then stained with Harris-modified Hematoxylin for 7
minutes. Following rinsing in tap water to remove all excess Hematoxylin the sections

were dipped for 1-2 seconds in 1% acid-alcohol (v/v) to differentiate the stained
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nuclei, and again rinsed thoroughly in tap water. The stain was blued in Lithium
Carbonate solution for 1 minute and then rinsed under running tap water for 10
minutes. The cytoplasm was counter-stained with Eosin Y (EM Diagnostic Systems,
Inc., Gibbstown, NJ) for 1 minute. The sections were briefly rinsed in water,
dehydrated in successive alcohol baths of increasing concentration, cleared in Xylene

substitute (BDH Inc., Toronto, Ont.) and mounted in Permount (Fisher Scientific,
Nepean , Ont.).

Myosin Immunohistochemistry

Monoclonal antibodies (mAb) against type Il MHC (BA-D5), type I1A
MHC (SC-71), all MHC isoforms excluding type IIX (BF-35) and type IIB MHC -
(BF-35) were used (Schiaffino et al., 1986, 1989). They were generously provided by
Dr. S. Schiaffino, Padua, Italy. Sections were incubated in a moist chamber with the
primary mAb at RT for approximately 16 hours. All antibodies were optimally
diluted (see Table 3.7.1) in 0.5% BSA in PBS. The sections were then rinsed in PBS
(3x10 mins.). Excess PBS was removed from the spaces between the sections with a
Kimwipe tissue and then incubated for 2 hours at RT with a HRP-conjugated rabbit-
antimouse IgG secondary antibody (Cedarlane Laboratories, Hornby, Ont.) or, in the
case of BF-F3, anti-IgM (Kirkegaard & Perry Laboratories, Gaithersburg, MD). The

sections were rinsed again in PBS (3x10 mins), developed by submerging in DAB

Table 3.7.1: Myosin heavy chain monoclonal and secondary antibodies
and relative concentrations used for inmunohistochemistry.

MHC IPrimary mAbl Dilution l Secondary mAb I Dilution I

I BA-D5 1:100 IgG HRP 1:50

1A SC-71 undiluted IgG HRP 1:50

1IB BF-F3 1:250 IgM HRP 1:50
LIIAIIB BF-35 undiluted IgG HRP I:L

65



solution and processed in the dark for 5-10 minutes. The sections were washed in tap
water, dehydrated through successive alcohol baths of increasing concentration,

cleared 2x5 minutes in Xylene substitute and mounted in Permount.

3.8 Experimental protocols and definitions

This report uses the term "experiment" to describe all those single
fibres, and their subsequent progeny, which were isolated and plated at the same
time. All experiments using young mouse fibres utilized one mouse per experiment.
As discussed briefly in Section 3.2 (Tissue cultures) the FDB muscle from old mice
gave a much lower yield of single myofibres. The yield was even lower with the FDB
muscle from dy” and mdx mice. This would be expected since old age and dy”
dystrophy are conditions in which there is more connective tissue or fibrosis. In order
that there were enough viable single fibres to be able to plate similar numbers of
fibres for each condition I usually used two mice per experiment for old mouse
experiments (13/16) and always used two mice per experiment when isolating dy”
fibres. If possible, the two donor mice were littermates. The fibres were combined
together from both animals during the fibre isolation procedure. All mdx mouse
experiments used one mouse per experiment due to a shortage of old mdx mice.

In each experiment for testing optimal growth conditions and bFGF
effects in young and old mice one plate (24 wells) of single fibres was plated per
condition. In experiments using old dy”, old mdx and age-matched normal mice two
plates (48 wells) of single fibres for Basal Medium and CEE Medium, and 4 plates
for each bFGF concentration were tested. The total number of fibres plated per
experiment was similar (8-10 plates; 192-240 fibres), thus explaining the need for
similar fibre yields for each experiment during the single fibre isolation process.

Inadvertently, an occasional well would contain no fibre or more than
one single fibre. Therefore, imnediately following plating, each well was inspected

and marked if it contained no, or more than one, fibre. These wells were not
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included in the total number of fibres plated, nor assessed for myogenic cell growth
and development in the reported analyses. Those wells containing more than one
fibre and which exhibited myogenic growth were usually used during
immunohistochemistry as secondary antibody controls.

Observations showed that, following 7 days in culture, myogenic cells
are morphologically distinct from non-myogenic cells (see Results, Figure 4.1.2.2).
Any colonies exhibiting stellate-shaped cells were assumed to be contaminated with
fibroblasts and/or macrophages. These colonies, despite the preseuce of myogenic
cell growth, were not assessed.

Unless indicated otherwise, those single myofibres which were replaced
by a single myotube within the original basal lamina sheath (see Resulis, Section
4.1.3) were also not assessed. Quite frequently, single fibre replacement by a
myotube occurred along with a satellite cell colony growing external to the parent
myofibre. These cultures were assessed; nuclei in the colony and nuclei in the single
fibre myotube were combined together as one colony.

Adoption of the above criteria resulted in the rejection of
approximately 25% of the single fibres initially plated.

In addition to the plates of single fibres being tested for various
conditions, each experiment had one plate of single fibres cultured in Basal Medium
and another cultured in CEE Medium. This served as a control to check that the
viability, morphology and proliferation of the satellite cells and fibres from that
particular experiment were consistent with that of similar experiments. The viability,
morphology or proliferation could have potentially been affected by slight differences
in the isolation procedure and plating technique, batch number of the various media
components, or bacterial or fungal coniamination.

All single fibres and their progeny were cultured for 7 days (the day

of plating being considered as day ) prior to fixation, unless indicated otherwise.
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For the remainder of this report the term “satellite cell colony
(culture)" refers to the colony of myogenic precursor cells which were derived from

a single myofibre.

3.9 Statistical analyses

All statistical analyses were done on SigmaStat (Jandel Scientific, San
Rafael, CA), except for split plot ANOVA’s (analysis of variance) and Duncan’s
multiple comparison tests which used SAS (SAS Institute Inc., Cary, NC).

All data tested for significant difference were first tested for normal
distribution (Kolmogorov-Smirnov test) and equal variance (Levene Median). If the
data passed both tests parametric tests were performed, otherwise nonparametric
tests (for single factor analysis) or transformation of the data (for two factor analysis)
were performed. All nonparametric data, analyzed for the effects of two factors,
(Figures 4.3.2 and 4.3.3) were transformed using a Jog function. The transformed
data passed the normality and equal variance tests, yet there were no alterations to
the statistical conclusions obtained using parametic (transformed data) as compared
to using the original, nonparametric data.

The unpaired student t-test (parametric data) or Mann-Whitney rank
sum test (nonparametric data) were used for comparing two treatment groups. To
compare the effect of a single factor on more than two treatment groups one way
ANOVA (parametric data) or the Kruskal-Wailis ANOVA on ranks (nonparametric
data) were used. The effects of two different factors, and their possible interaction,
on two or more treatment groups was tested using a general linear model two way
ANOVA (parametric data) or a general linear model split plot two way ANOVA
(transformed nonparametric data). The split plot two way ANOVA is designed to
accept data from test groups of different sizes, as was the case for all results

pertaining to dy* and mdx genotypes of mouse.
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If a statistically significant difference was indicated by the test
(ANOVA's) then a suitable multiple comparison test (M.C.T.) was used to determine
exactly which groups were different, and the size of the difference. If the one way
ANOVA (parametric data) or two way ANOVA (parametric data) indicated a
significant difference then the Student-Newman-Keuls test (all pairwise comparisons)
or Dunnett’s test (multiple comparisons against a single control group) were used to
locate these significant differences. If a significant difference was indicated by the
Kruskal-Wallis ANOVA on ranks (nonparametric data) then the nonparametric
Student-Newman-Keuls test, nonparametric Dunnett’s test or Dunn’s test (used for
nonparametric data when the sample sizes in the different treatment groups are
different) were used. If the split plot ANOVA indicated a significant difference then
Duncan’s multiple range test was used.,

The level of significance for all differences was defined as being
p<0.05.

Normalization for variation among experiments was performed for all
data obtained from fixed cultures (counts of nuclei). Data from fibres obtained from
the same treatment group within the same experiment were first averaged. The
results reported here represent we means of the averages obtained from similar
treatment groups from all experiments. For additional clarity, I have included in the
results the total number of fibres scored in all experiments, which resulted in satellite
cell proliferation, combined together, indicated as f; or, when appropriate, the total
number of fibres scored in all experiments, which did or did not result in satellite cell

proliferation, combined together, indicated as t.
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CHAPTER IV

RESULTS

4.1 Establishing single fibre-derived satellite cell cultures
4.1.1 Development of single fibre isolation method

Much time was spent developing and optimizing the method of isolated
single fibre cultures. Therefore, a brief description of the evolution of the method
from that originally described by Bischoff (1986a, 1989) to the final method used is
included below.

All data and observations presented in this section were derived from
satellite cell cultures from young, normal mice, unless indicated otherwise. Multiple
single fibre cultures (as per Bischoff’s method) or isolated single fibre cultures were
used as specified.

The flexor digitorum brevis (FDB) muscle was used as the source of
single myofibres. Immunohistochemical fibre typing revealed that FDB has very few,
if any, fibres which express IIB myosin isoform. Approximately 60% of the fibres
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express type IIX, 30% express type IIA, and the remaining 10% express type I
myosin (see Figure 4.1.1.1). |

As mentioned briefly in Methods Section 3.2 (Tissue cultures), the
method for obtaining single-fibres with their associated satellite cells and basal
lamina, as described by Bischoff (1986a, 1989), was initially used. At first, very few
intact myofibres were obtained. Most fibres were enucleated fibre pieces as shown
in Figure 4.1.1.2 (Panel A). Neither hematoxylin nor ethidium bromide (nucleus-
specific stains) identified nuclei in these fibre pieces. Further proof of the fibres
being non-intact was that the fibre ends were square and ragged, rather than tapered
as described by Bischoff. The collagenase digestion of the muscle was found to be
the crucial step for obtaining single intact myofibres. Various solutions (Dulbecco’s
PBS, Gibco, NY; Tyrode’s Solution) were tried as the solution used for collagenase
dilution. MEM was found to give the best results. It was also found that the lot of
Collagenase greatly affected the digestion results. Optimal muscle digestion, to obtain
single intact fibres (see Figure 4.1.1.1, Panel B) was found with Collagenase type I,
lot number 12H 0539 (Sigma, St. Louis, MO). This lot of Collagenase had the
following specific activities:

Collagenase (FALGPA hydrolysis) 0.80 units/mg

Collagenase (Collagen digestion) 320 units/mg
Neutral Protease (Caseinase) 53 units/mg
Clostripain 0.60 units/mg

Other lot numbers tried were either too harsh, leaving the outer fibres as a sticky
mass with the inner fibres undigested, or too gentle and unable to digest the muscle
beyond large fibre clumps.

The sedimentation procedure suggested by Bischoff (1986a; 3x7
minutes) resulted in a large loss of single fibres which remained suspended in the
supernatant. The sedimentation time was therefore lengthened to approximately 3x15
minutes, or until few fibres were seen remaining in the supernatant. It was possible
to see any single fibres remaining in suspension by holding the sedimentation tube
up to the light.
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Further changes were made to the sedimentation procedure when it
was found that the fibres were not sticking to the culture plate. It was realized that
horse serum prevents adherence of cells to surfaces. Until this point sedimentation
was done through columns of 10% Horse Serum Medium, thereby exposing the
fibres to horse serum up until just prior to plating. Also the fibres were plated as a
suspension in a drop of 10% Horse Serum Medium. This problem was resolved by
sedimenting the fibres through a column of plain MEM. However, as described in
the methods section, the tubes for these columns were pre-treated with 10% horse
serum to prevent sticking of the fibres to the tube walls.

Problems remained concerning inadequate attachment of the fibres to
the culture surface. Various substrata, and combinations thereof, were tried. Collagen
(Vitrogen 100, Collagen Corporation, Palo Alto, CA) allowed relatively good fibre
attachment, however the Collagen coat frequently detached from the surface of the
culture dish. Gelatin and poly-L-lysine permitted essentially no fibre attachment.
Better results were achieved with a poly-L-lysine treatment of the culture surface
followed by a coat of collagen. The best fibre attachment was obtained with a thin
coat of Matrigel (diluted 1:10 in MEM).

As discussed previously, the presence of fibroblasts was a constant
problem. Following 3-4 days in culture the surface of the culture dish was frequently
covered with a mat of fibroblast-like growth. The single fibres were often completely
enmeshed, and obscured from observation, in a clump of fibroblasts (see Figure
4.1.1.3). During the dissociation procedure many of the single fibres stuck to each
other and were inadvertently plated along with the single fibres. These fibre clumps
were thought to be fibroblast "traps” which retained fibroblasts during the
dissociation and plating procedure.

In order to decrease the chances of plating fibroblasts, single fibres
were plated on Matrigel-coated multiwell plates so that there was one single
myofibre per well. Furthermore, Primaria plates, rather than regular tissue culture

grade dishes, were used since Primaria plates have a special modified surface which
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inhibits fibroblast growth. It was found that the fibres attached quickly and securely.
Only the occasional well was observed to have fibroblast-like cell growth. Cellular
growth on the plate was easily observed, mainly in the form of round-shaped and
spindle-shaped cells, which finally gave rise to myotubes. These cell forms were seen
in the previous multiple single fibre cultures, however their growth and development
was hard to observe due to overgrowth by fibroblast-like cells.

Viability of the plated single fibres was confirmed by trypan-blue (BDH
Inc., Toronto, Ont.) exclusion. As shown in Figure 4.1.1.4, all those fibres in a
hypercontracted state were non-viable (allowed trypan blue entry), while those
appearing as slender striated fibres with tapered ends were viable (excluded trypan
blue). Most single fibres plated hypercontracted at times ranging from a few hours
after plating to the third day in culture; however, on occasion the myofibre remained
viable for longer and was replaced by myotubes growing within the basal lamina
sheath (shown later in Results Section 4.1.3, Figures 4.1.3.1 and 4.1.3.2)

For each set of single fibres plated there were a few wells which had
no fibres plated. These wells conveniently served as a control to ensure that the cells,
assumed to be satellite cells and their progeny, were not simply derived from
conhective tissue cells (for example, fibroblasts, macrophages, etc.) released during
the dissociation procedure and floating free in the medium containing the single
fibres ready for plating. No satellite cell-like growth was observed on these fibre-free
wells, however on rare occasions small colonies of stellate-shaped cells were
observed. These were assumed to be fibroblasts originating from some debris or
collagen from the digestion procedure that were inadvertantly plated. As mentioned
previously any wells containing cells with this stellate-shaped morphology were not

used in the analysis.
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Figure 4.1.1.1 Immunohistochemical fibre typing of the serial cross-sections of the
flexor digitorum brevis muscle from a young mouse. Mouse monoclonal antibodies
to (A) type IIB myosin heavy chain (MHC) (BF-F3), (B) type IIA MHC (SC-71), (C)
type I MHC (BA-D5), and (D) all MHC's, except type IIX (BF-35), followed by
HRP-conjugated goat anti-mouse IgG were used. BAR = 50 pm.
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Figure 4.1.1.2
(A) A typical enucleate fibre piece isolated from mouse flexor digitorum brevis
(FDB) muscle fixed and stained with hematoxylin (specific for nuclei) and

counterstained with eosin {cytoplasm). The fibre ends are square and ragged.

(B) A typical intact myofibre isolated from mouse FDB muscle, fixed and stained
with hematoxylin and eosin immediately following the fibre isolation and
sedimentation method. The nuclei are hematoxylin-positive and the fibre ends are
tapered.

BAR = 50 pm.
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Figure 4.1.1.3 A live culture of single fibres isolated from mouse flexor digitorum
brevis and plated many fibres per plate. Fibroblasts have surrounded the myofibres

by the 7th day in culture, obscuring them from view. BAR = 200 pm.
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Figure 4.1.1.4 A live culture of single myofibres exposed to trypan blue on the
fourth day in culture. Viable cells are trypan blue-negative and non-viable cells are

trypan blue-positive. BAR = 200 pm.
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4.1.2 Purity of satellite cell culture

All satellite cell colony data presented in this section were derived from
single fibres from young, normal mice.

Figure 4.1.2.1 shows a representative area of the progeny derived from
a single intact myofibre stained with MF-20, a monoclonal antibody to sarcomeric
myosin, following a seven day (7d) culture period in a growth medium containing
20% horse serum and 0.5% CEE. This clearly shows multinucleated myotubes
staining positively for sarcomeric myosin. Most of the "round cells" are also positive
for myosin.

Figure 4.1.2.2 illustrates cells with fibroblast-like, flattened, stellate-
shaped morphology that were considered non-myogenic. None of these cells were
ever observed to be positive for sarcomeric myosin. Those colonies containing cells

with this stellate-shaped morphology were not included in cell counts.
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Figure 4.1.2.1 (A) Immunchistochemistry of a satellite cell culture fixed following
7d in culture (CEE Medium) and labelled for sarcomeric myosin heavy chain using
MF-20 followed by HRP-conjugated goat anti-mouse IgG. (B) A parallel culture in
which the primary antibody, MF-20, was not applied. All of the multinucleated

myotubes, and occasionally round-shaped cells, were labelled for sarcomeric myosin.

BAR = 50 pm.
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Figure 4.1.2.2 Photomicrographs of cells demonstrating stellate-shape morphology:

(A) A live 5d culture (phase contrast optics), demonstrating flattened stellate-shaped
cells (») and round-shaped cells ().

(B) A culture fixed and stained (immunohistochemistry against sarcomeric myosin
and hematoxylin counterstain for all cell nuclei) following 7d in culture,
demonstrating myosin-positive myotubes (-}, stellate-shaped cells (») and round-
shaped cells (%).

BAR = 50 pm.
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4.1.3 Assessment of myogenicity

Unless noted otherwise, all satellite cell colony data presented in this
section were derived from single fibres of young, normal mice. Initial analysis was by
single cell counts of live cultures (Figures 4.1.3.5/.6/.7), while later analysis was by
counting the number of puclei/standard area from the centre of a colony that was
fixed following 7 days in culture and stained with hematoxylin (Figure 4.1.3.2/.8).

Figure 4.1.3.1 shows photomicrographs of the same live culture over
time. This shows the typical proliferation of myogenic precursor cells derived from
an isolated single myofibre. Fusion of the myogenic precursor cells started by the
sixth day (6d) and was almost complete by the tenth day (10d). Note that by 2 days
in culture (2d) the myofibre hypercontracted and died. This myofibre
hypercontraction happened in most cultures, usually occurring between a few hours
after plating and the third day in culture. On occasion, however, the myofibre
remained viable for longer and was replaced by myotubes growing within the basai
lamina sheath as seen in Figure 4.1.3.2 (Panel A). This situation was seen most
frequently with fibres isolated from old dy” and old mdx mice, and very infrequently
in young normal mouse myofibres (shown later in Results Section 4.3, Figure 4.3.4,
Panel A).

Figure 4.1.3.3 demonstrates that given the correct media conditions
virtually all of the satellite cell progeny fused to form sarcomeric myosin-positive
multinucleated myotubes.

Figure 4.1.3.4 demonstrates that medium containing 0.5% or 1% CEE
resulted in high cell proliferation as compared to BM which contained no CEE.
However, those cultures grown with 1% CEE Medium stopped proliferating and
started to fuse quite early, as seen by the sharp drop in single cells observed after 4
days in culture.

Cells which are triggered by a growth factor to exit the quiescent (Gg)
phase of the cell cycle may exhibit three patterns of growth as compared to control

conditions (no growth factor present). One may see (1) earlier proliferation, (2) a
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greater probability of any given cell to enter mitosis, or (3) faster progression
through the cell cycle. Evidence suggests that the time to go through one cell cycle
remains constant among cells (Biscnoff and Holtzer, 1969; Yablonka-Reuveni and
Rivera, 1994; reviewed by Johnston, 1990). Therefore, the effects of growth factors
on this culture system using simple proliferation curves would be a result of two
distinct variables (1 and 2 above). It would follow that the proliferation curve would
shift to the left for the first pattern of growth and/or would have a greater slope for
the second. Given these assumptions the proliferation curve in Figure 4.1.3.4
demonstrates clearly that with increasing CEE content (up to 0.5 % CEE) there was
an increase in the number of cells which entered the celi cycle, illustrated by a
steeper slope. Since there is no shift of the curve the start time for proliferation
appezrs similar under all conditions.

The results of Figure 4.1.3.4 therefore indicate that the use of at least
0.5% CEE Medium induced optimal cell proliferation in this single myofibre-derived
satellite cell culture system.

Determination of the optimal culture conditions are summarized in
Figure 4.1.3.5 and 4.1.3.6. Figure 4.1.3.5 shows that addition of 20% horse serum to
Basal Medium (BM) or CEE Medium (CM) did not lead to enhanced proliferation
over that induced in the presence of 10% horse serum. CM, however, clearly
enhanced cell proliferation as compared to BM. Assessment of CEE Medium (CM)
effects compared to Basal Medium (CM) effects was better evaluated by comparing
counts taken from cultures fixed and stained with hematoxylin (stains all nuclei)
following 7 days in culture (Figure 4.1.3.6). The counts were obtained as number of
nuclei/standard area from the centre of a colony. Cultures grown in BM maintained
a relatively low level of cell proliferation, indicated by fewer nuclei. Data was
normalized for each experiment. As discussed in Methods Section 3.8 (Statistical
analyses), within each experiment the data obtained from the same treatment group
was averaged. The results that are reported here represent the mean of the averages

from each experiment. Therefore, the reported mean value for a given treatment
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group represents the mean from different experiments (which comprise many

colonies) and not of each satellite cell colony observed.
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Figure 4.1.3.1 Photomicrographs of the same live fibre over time to show typical
proliferation of satellite cells derived from an isolated single myofibre. Round-shaped
cells predominated prior to the sixth day in culture (6d) when fusion started to occur
(—). Fusion of the myoblasts to form large multinucleated myotubes was almost
complete by the tenth day in culture (10d). Note that by 2 days in culture the
myofibre had hypercontracted. BAR = 200 pm.
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Figure 4.1.3.2 (A) Photomicrographs of the same myofibre in culture over time to
show the replacement of the fibre with a new myotube. The appearance of myotubes
out of both ends of the viable myofibre occurred on the fourth day in culture (4d).
By the sixth day in culture (6d) the original myofibre had hypercontracted and
myotubes were clearly visible out of both ends of the myofibre. The basal lamina
sheath of the original myofibre was clearly visible surrounding the new myotube on
the eighth and tenth days in culture (—, 8d and 10d). BAR = 200 pm.
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Figure 4.1.3.2 (B) The same culture as in (A) fixed following 10 days in culture.
Immunohistochemical labelling for sarcomeric myosin (using the monoclonal
antibody, MF-20; nuclei counterstained with hematoxylin) reveals the new myotube
within this basal lamina sheath. BAR = 100 pm.
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Figure 4.1.3.3  Photomicrograph of the progeny derived from satellite cells
contained within a single intact myofibre. The culture was grown in Basal Medium
for 10 days, fixed, stained with MF-20/DAB immunohistochemistry, and the nuclei
counterstained with hematoxylin. This culture demonstrated the typical morphology
throughout the culture period as described in Figure 4.1.3.1. Virtually all of the cells
have fused by seven days and stain positively for sarcomeric myosin. There remain
only a few round- and spindle-shaped cells, some of which are myosin-positive.
BAR = 200 pm.
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Figure 4.1.3.4 Proliferation curves of myogenic precursor cells as a function of chick
embryo extract (CEE) concentration. All cultures were grown in the presence of 10%
horse serum. Bars represent standard error of the mean number of single cells

scored from § satellite cell colonies. Data were combined from 5 experiments (5

mice).

* . significantly different from value for Basal Medium (BM) at the same day in

culture (Kruskall-Wallis one way ANOVA on ranks; p<0.05).
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Figure 4.1.3.5 Daily single cell counts of satellite cell colonies derived from single
myofibres grown in various medium conditions. Bars represent standard error of the
mean of f colonies, combined from N mice. Statistical analysis was done only on
those counts taken on the Sth day in culture. 10% horse serum (HS) is not
significantly different from 20% HS (Kruskal-Wallis one way ANOVA on ranks).

* : significantly different from value for Basal Medium (BM) at the same day in

culture (Kruskal-Wallis one way ANOVA on ranks and Dunn’s method of pairwise
M.C.T.; p<0.05).
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Figure 4.1.3.6 Assessment of myogenicity of satellite cell colonies derived from
single myofibres at 7 days. Counts were obtained as number of nuclei/standard area
from the centre of a fixed and hematoxylin stained colony. Cultures were grown in
Basal Medium (BM) containing 20% horse serum or in CEE Medium (CM)
containing 20% horse serum and 0.5% CEE. Bars represent mean * standard error
of the mean of N experiments. In total, f satellite cell colonies derived from single

myofibres were scored.

* : significantly different from value for BM (paired student t-test; p<0.05)
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4.2 Effects of bFGF on satellite cell growth and development

4.2.1 Effects of bFGF on satellite cells from young normal mice

All satellite cell colony data presented in this section were derived from
single fibres from young normal mice. All cultures were grown in medium containing
20% horse serum, and any additional components as indicated. For all results in this
section counts were obtained as number of nuclei/standard area from the centre of
a colony that was fixed and stained with MF-20 and hematoxylin following 7 days in
culture.

Satellite cells derived from young mice proliferated in a dose
dependent manner to bFGF as shown in Figure 4.2.1.1, panel A.

Effects of bFGF on the differentiation of satelli’e cells derived from
single myofibres was assessed by counting those nuclei contained in cells which
stained positively for MF-20 as a percent of the total nuclei. Those cells which
expressed sarcomeric myosin (MF-20 positive) were assumed to be differentiated,
while MF-20 negative cells were assumed to still be undifferentiated. Figure 4.2.1.1,
panel B demonstrates that with increasing bFGF concentration there were
proportionally fewer nuclei contained within cells which expressed sarcomeric myosin.

In order to demonstrate that we were able to inhibit bFGF activity we
tested for the effective dose of a neutralizing antibody for bFGF, abFGF (R&D
Systems, Minneapolis, MN). The effects of crushed muscie extract (CME) on the
proliferation of satellite cells from normal and dystrophic mice would be clearer if
any potential bFGF effects were inhibited. As discussed in Section 2.8 (Crushed
muscle extract studies), it has been suggested that CME contains some bFGF.
abFGF elicited a dose-dependent inhibitory response in satellite cell cultures derived
from single adult myofibres grown in the presence of 1.0 ng/ml bFGF (see Figure
4.2.1.2). It appears that abFGF concentrations of 5 pg/ml or greater reduced the
mitogenic effects of 1.0 ng/ml bFGF by more than 50%. Statistical analysis was not
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performed since the N values were too low, however an obvious pattern of bFGF

inhibition, dependent on abFGF concentration, could be seen.
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Figure 4.2.1.1

(A) bFGF dose response curve of satellite cells derived from young mice. Bars
represent mean =+ standard error of the mean of N experiments. In total, f colonies
were scored. Numbers in parentheses represent (N/f). Basal Medium (BM) -induced
level of proliferation is represented by the solid (mean of N experiments) and broken

(standard error of the mean) lines.

* : Significantly different from Basal M¢dium (BM; one way ANOVA and Dunnett’s
method of M.C.T.; p<0.05).

(B) bFGF effect on the differentiation of satellite cells derived from young mice.
Bars represent mean * standard error of the mean percent of nuclei within MF-20
positive cells per total number of nuclei scored from N experiments. The Basal
Medium (BM) -induced value is represented by the solid (mean of N experiments)
and broken (standard error of the mean) lines. With increasing bFGF concentration
there were proportionally fewer nuclei contained within cells which were MF-20

positive.
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Figure 4.2.1.2 Percent inhibition of the effect of bFGF in basal medium by the
neutralizing antibody, abFGF. All cultures were grown in the presence of 1.0 ng/ml
bFGF dissolved in basal medium (containing 20% horse serum). abFGF was added
to the media prior to feeding the plated fibres. Similar symbols represent cultures
from the same experiment. Statistical analysis was not performed since the N value
was low, however the f value, representing the number of fibres scored for each

experiment, is shown.
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4.2.2 Influence of age of mice on the effect of bFGF

All satellite cell colony data presented in this section were from single
myofibres from young normal or old normal mice, as indicated. All cultures were
grown in medium containing 20% horse serum, and any additional components as
indicated. For all results in this section counts were obtained as number of
nuclei/standard area from the centre of a colony that was fixed and stained with MF-
20 and hematoxylin following 7 days in culture.

Two variables may be assessed when studying the regeneration of
muscle by growing satellite cells in culture which originate from single myofibres.
Firstly, it may be possible that the ability to regenerate may depend on the
proportion of myofibres which contain viable satellite cells. Furthermore, the ability
to regenerate may also depend on the capacity of those viable satellite cells to
proliferate. Therefore, when appropriate, these two variables were assessed; the
former by counting the percentage of single fibres plated from which satellite cell
proliferation occurred, and the latter by assessing the proliferation potential (number
of nuclei) of those satellite cell colonies which were observed. These two variables
were assessed separately to simplify interpretation of the resuits (see Discussion for
more detail).

. Figure 4.2.2.1 shows the proportion of single myofibres plated which
contained satellite cell colonies after 7 days in culture. The proliferation potential of
those colonies is shown in Figure 4.2.2.2. Both graphs revealed statistically significant
differences between young and old mice (two way ANOVA’s; p<0.05). Therefore,
in this culture system, young and old mice differed with respect to both the number
of myofibres which gave rise to satellite cell proliferation and the proliferative
capacity of those satellite cells and their progeny.

Further analysis of both figures reveals the conditions under which
these differences existed. Figure 4.2.2.1 demonstrates that fibres derived from young

mice were more likely to exhibit satellite cell proliferation in CEE Medium (CM)
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than when cultured in Basal Medium (BM). Fibres derived from old mice showed
satellite cell growth with a similar frequency regardless of culture medium used. It
is also interesting to note that fibres derived from old mice showed growth with a
frequency similar to that seen in cultures of fibres derived from young mice grown
in BM. In CM, however, colonies were seen more frequently from myofibres from
young mice than from myofibres from old mice. This suggests that there are fewer
satellite cells which are available, or which have the ability, to proliferate in
myofibres from old mice.

Figure 4.2.2.2 shows that within the same age group CM enhanced
satellite cell proliferation. However, when comparing young to old mouse satellite
cells, those derived from old mice exhibited a significantly lower proliferation
potential in the presence of CM than those from young mice. In the presence of BM,
no significant differences in the proliferation potential were observed between
satellite cells derived from young as compared to old mice. This suggests that, in this
culture system, satellite cells derived from old mice have a lower capacity for
proliferation than those derived from young mice.

Further evidence to support this finding may be revealed through using
other known myogenic growth factors, such as bFGF, to induce proliferation of, and
compare the effects on, satellite cells derived from single myofibres from young and
old mice. Figure 4.2.2.3 reveals differences between bFGF dose response curves
generated for young and old normal mice. The most striking difference was the
inability of satellite cells derived from old mice to proliferate beyond a certain
number of cells (313+36), despite high concentrations of bFGF (= 1.0 ng/ml bFGF).
This again suggests that satellite cells from old mice have a lower capacity for
proliferation than those from young mice. With increased bFGF concentrations the
proliferation of satellite cells derived from young mice increased to levels
significantly higher than that induced by BM. In satellite cell cultures derived from
old mice similar numbers of nuclei were seen with bFGF concentrations less than 1.0

ng/ml when compared to those derived from young mice. However, with bFGF
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concentrations of 1.0 ng/ml, or greater, there were significantly fewer nuclei present
as compared to satellite cell cultures derived from young mice. Furthermore, except
for those cultures grown in 10.0 ng/ml bFGF, bFGF failed to induce satellite cell
proliferation to levels significantly higher than that seen in the presence of BM.

It is important io note that the proliferation potential of satellite cells
from old mice, in the presence of Basal Medium, though not significantly different,
is half that of satellite cells from young mice. If old mice have fewer satellite celis
per fibre, perhaps due to a progressive decrease in the number of viable satellite
cells with ageing which would eventually result in some fibres having no viable
satellite cells, then we might expect the result seen in Figure 4.2.2.1. This could also
explain the decrease in the number of cells derived per myofibre since, for example,
if there was only one satellite cell in the old myofibre and two in the young then one
would expect to see half as many cells possible even if the proliferative capacity of
all satellite cells is identical.

Similar to the analysis on satellite cell cultures derived from young
mice (see Section 4.2.1), the bFGF effect on differentiation of satellite cells derived
from old mice was assessed (see Figure 4.2.2.4). Similar to satellite cells derived from
young mice, there was a decrease in the proportion of nuclei contained within MF-20

positive cells as bFGF concentration was increased.
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Figure 4.2.2.1 The percentage of single fibres from which satellite celi (SC)

proliferation was observed as a function of media type and mouse age. Bars

represent mean * standard error of the mean of N experiments for each age group

and media condition. There was no significant interaction between media type and
mouse age (two way ANOVA).

¢ : Significantly different from Basal Medium (BM) value within the same age group
(two way ANOVA and Student-Newman-Keuls M.C.T.; p<0.05).

* : Significantly different from young mouse value within the same media treatment
group (two way ANOVA and Student-Newman-Keuls M.C.T.; p<0.05).
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Figure 4.2.2.2 The effect of media type on the proliferation potential of satellite
cells derived from young and old normal mice. Bars represent mean * standard
error of the mean from N experiments. A total of f single fibre colonies were scored.
Numbers in parentheses represent (N/f). There was a significantinteraction between

mouse age and media condition (2 way ANOVA; p<0.05).

¢ : Significantly different from Basal Medium (BM) value within the same age group
(two way ANOVA and Student-Newman-Keuls M.C.T.; p<0.05).

* : Significantly different from young mouse value within the same media treatment
group (two way ANOVA and Student-Newman-Keuls M.C.T.; p<0.05).
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Figure 4.2.2.3 Comparison of bFGF dose response curves of satellite cells derived
from young and old normal mouse single myofibres. Bars represent mean + standard
error of the mean of N experiments. A total of f colonies were scores. Numbers in
parentheses represent (N/f). Basal Medium (BM) -induced level of proliferation is
represented by the solid (mean of N experiments) and broken (standard error of the
mean) lines. Age of the donor mouse had a significant effect on the growth response
of the satellite cells derived from those mice (two way ANOVA; p<{.05). No
significant interaction between donor mouse age and bFGF concentration was found
(two way ANOVA).

¢ : Significantly different from Basal Medium (BM) value within the same age group
(one way ANOVA and Dunnett’s method of M.C.T.; p<0.05).
* : Significantly different from young mouse value within the same media treatment

group (paired student t-test; p<0.05).
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Figure 4.2.2.4 bFGF effects on the differentiation of satellite cells derived from old
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MEF-20 positive cells per total number of nuclei scored from N experiments. With

increasing bFGF concentration there were proportionally fewer nuclei contained
within cells which were MF-20 positive.
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4.3 Proliferation and differentiation of satellite cells derived from
dystrophic, dy” and mdx, mice

As discussed in Section 2.9 (The dy, dy” and mdx mouse models of
muscular dystrophy), there appears to be much less regeneration in dy” mice older
than six months than in age-matched controls. Since we were interested in the
possible causes of the loss of the regenerative capacity of muscle in old dy*’ mice, old
mice were used as the source for muscle in all experiments which addressed this
question. Therefore, all satellite cell colony data presented in this section were from
single myofibres from old normal (control group), old dy”, or old mdx mice as
indicated. All cultures were grown in medium containing 20% horse serum, and any
additional components as indicated. For all results in this section counts were
obtained as number of nuclei/standard area from the centre of a colony that was
fixed and stained with MF-20 and hematoxylin following 7 days in culture.

Histological examination of flexor digitorum brevis muscle from old
normal, old dy” and old mdx mice revealed extensive fibre atrophy and fibrosis in
both dystrophic genotypes (see Figure 4.3.1).

Morphologically, those satellite cell cultures derived from single fibres
from dy” and mdx mice appear similar to age-matched normal mice (see Figure
4.3.2). No obvious abnormalities in shape or size of either the satellite cell progeny
or the myotubes are apparent.

As in Section 4.2.2, the two variables which may affect the ability of
muscle to regenerate were assessed; the proportion of myofibres which contained
viable satellite cells, and the proliferation potential of those viable satellite cells.

Figure 4.3.3 clearly demonstrates that the percentage of fibres which
contained mitotically viable satellite cells was significantly lower in old mdx and old
dy” mouse fibres than those from old normal mice. Except for fibres derived from
mdx mouse which were cultured in the presence of bFGF, there were no significant
differences among the various media conditions as compared to Basal Medium

values. Despite the differences in media for mdx mice a clear pattern was evident for
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the different mouse genotypes: the proportion of fibres which contained viable
satellite cells was greatest when the fibres were derived from old normal mice and
least when they were derived from old dy” mice.

Those cultures which exhibited satellite cell proliferation were analysed
for their proliferation potentiai as a function of media type and mouse genotype (see
Figure 4.3.4). Statistical analysis was difficult to perform since so few fibres from mdx
and dy” genotypes showed satellite cell proliferation. :i would appear that those
satellite cells from old dy” mice, which remain capable of proliferating do so with
a similar (in the presence of CEE Medjum, Basal Medium or 10.0 ng/ml bFGF) or
greater (in the presence of 1.0 ng/ml bFGF) proliferation potential to those from old
normal mice. Satellite cells derived from mdx mice, which remain capable of
proliferating, show similar proliferation poteatials to old mouse satellite cells in the
presence of Basal Medium and 1.0 ng/ml EFGF. However, in the presence of CEE
Medium or 10.0 ng/ml bFGF their proliferation potential is lower than that of old
mouse satellite cells under similar conditions. Another difference between the
proliferation potential of satellite cells derived from mdx mouse and the two other
genotypes, normal and dy?, is that it does not vary with media type present in the
mdx mouse, however the proliferation potential of normal and dy” mouse satellite
cells does depend on the media type present.

As discussed briefly in Results Section 4.1.3, the plated myofibres
occasionally remained viable for longer and were replaced by myotubes growing
within the basal lamina sheath as shown in Figure 4.1.3.2 (Panel A). The frequency
of this phenomenon was not affected by the type of medium present in the culture
(split plot two way ANOVA; p<0.05), therefore for each mouse genotype data from
all medium conditions tested were combined (see Figure 4.3.5). Single myofibres
were replaced by a single myotube most frequently with fibres isolated from old mdx
mice, and very infrequently in young normal mouse myofibres. However, the
replacement myotubes had similar numbers of nuclei despite originating from

different mouse genotypes or being grown in different media (except for satellite
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cells derived from old dy” mice grown in the presence of CEE Medium, see Figure

4.3.6).
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Figure 4.3.1 Histology of a cross-section of the flexor digitorum brevis muscle of (A)
old normal mouse, (B) old dy” mouse, and (C) old mdx mouse, as revealed by

hematoxylin (nuclei) and eosin (cytoplasm) staining. BAR = 50 pm.
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Figure 4.3.2 Satellite cell cultures, derived from single fibres, fixed and stained
following 7d in culture from (A) old normal, (B) old dy”, and (C) old mdx mice. All
cultures were grown in Basal Medium. All cultures show immunohistochemical
labelling against sarcomeric myosin and hematoxylin stain for all nuclei.

BAR = 50 pm.
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Figure 43.3 The percentage of single fibres from which satellite cell (SC)
proliferation occurred as a function of media type and mouse genotype. Bars
represent mean * standard error of the mean of N experiments for each age group
and media type. The data did not fit a normal distribution, therefore a log

transformation of the data was performed.

¢ : Significantly different from dy” and mdx values within the same media type (split
plot two way ANOVA and M.C.T.; p<0.05).

* : Significantly different from dy” values within the same media type (split plot two
way ANOVA and M.C.T,; p<0.05).

7 : Significantly different from Basal Medium (0.0 ng/m] bFGF) values within the
same mouse genotype (split plot two way ANOVA and M.C.T.; p<0.05).
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Figure 4.3.4 The proliferation potential of satellite cells as a function of media type
and mouse genotype. Bars represent mean * standard error of the mean of N
experiments for each age group and media condition. A total of f single fibre-derived
satellite cell colonies were scored. Numbers in parentheses represent (N/f). The data
did not fit a normal distribution, therefore a log transformation of the data was
performed. There was a significant interaction between mouse genotype and media
type (split plot two way ANOVA; p<0.05).

¢ : Significantly different from Basal Medium (0.0 ng/ml bFGF) within the same
mouse genotype (split plot two way ANOVA and M.C.T.; p<0.05).

r : Significantly different from old normal mouse values within the same media type
(split plot two way ANOVA and M.C.T,; p<0.05).

108



OLD mdx MICE

OLD NORMAL MICE
XX OLD dy2J MICE

= UWMHWMH (6¢/¢)

© (£/¢)
©. (zez/0L)

NN (He/6)

(v/2)
© (g9z/¢c1)

(z/1) O
(toi/91)y O

o /mﬁﬂmMUWMmenw (/%)

- a/y =
@,

S (9gt/91)

T

10.0

ng/ml bFGF

1.0

800
700 F

| ] J I 1
o o Q o O
O ) o o O
0w e} < ™ o™

A1314/13700N # OAV

]
O
Q

I08. A




100

— /, | L] YOUNG NORMAL MICE (YN)(10/425)
= 30y OLD NORMAL MICE (ON)(16/1653)
- L | &S OLD DY24 MICE (DY2J)(3/601)

. 25 d OLD MDX MICE (MDX)(3/571)

a8 i

i 20 F

D_ L

L i

o 15 |

" I

o 10 F

a8 [

Lo 5 L

& 3

0

YN ON DY2J MDX

Figure 4.3.5 The proportion of plated fibres replaced by a single myotube growing
within the original fibre basal lamina sheath. For each mouse genotype the data from
all media conditions tested (CM, BM, 1.0 ng/ml bFGF and 10.0 ng/ml bFGF) were
combined. Bars represent mean * standard error of the mean of N experiments.
Numbers in parentheses represent (N/t), where t is the total number of single fibres

scored (with or without single myotube replacement of the myofibre) for the analysis.

* : Significantly different from young normal mouse genotype (Kruskall-Wallis one
way ANOVA on ranks and Dunn’s method of M.C.T.; p<0.05).
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Figure 4.3.6 Average number of nuclei per single myotube which replaced the
parent fibre. All cultures were grown in the indicated medium for 7 days. Bars
represent mean = standard error of the mean of N experiments. No significant
interaction was found between media type and mouse genotype (split plot two way
ANOVA). The data did not fit a normal distribution, therefore a log transformation
of the data was performed. No significant differences were detected among values
from different genotypes within the same media type (split plot two way ANOVA
and Duncan’s M.C.T.; p<0.05).

¢ : Significantly different from Basal Medium (0.0 ng/ml bFGF) values within the
same mouse genotype (split plot two way ANOVA and M.C.T.; p<0.05).
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4.4 Effects of crushed muscle extract on single fibre-derived satellite cell
growth and development
By using the method described in the Methods (Section 3.5), we were

unable to obtain crushed muscle extract that could be used on this satellite cell
culture system. This method and variations of it were originally described by Bischoff
(1986b), Chen and Quinn (1992) and Johnson and Allen (1993). Slight modifications
of the method following personal communication with L. Quinn improved the CME
somewhat, however major problems remained such that it was not usable for testing
the thesis questions as originally intended. Therefore, this section of the results is
dedicated to a description of the CME we were able to obtain, the problems that it
presented and our attempts at solving these problems.

Bischoff (1986b) extracted soluble proteins from crushed rat muscle in
Dulbecco’s Phosphate Buffered Saline (D-PBS) and concentrated the supernatant.
This was the method iritially used in this study, however three problems arose.
Firstly, very little concentrate was obtained from one mouse which drastically limited
the number of fibres, and their associated satellite cells, which could be tested per
experiment (approximately 5 fibres/experiment). Secondly, all fibres cultured in the
presence of CME turned black, usually by the third day in culture. This was
suspected to be contamination of some sort. Thirdly, all culture wells containing
CME developed a white precipitate which was spread throughout the media. The
amount of white precipitate increased with increasing days in culture and obscured
viewing of any round cell (satellite cell) growth that may have been occurring.

To improve the first problem we switched to a simpler method of CME
preparation as described by Chen and Quinn (1992). This method allowed collection
of a larger amount of CME, such that we were able to treat many multiwell plates
of single fibres (the number of plates depending on the concentration of CME that
was being tested). We realized that the white precipitate could be Ca**-phosphate.
Ca?* was probably released in large amounts from the crushed muscles used to make

the CME, and was therefore free to bind with phosphate present in D-PBS. This was
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confirmed when we observed that CME (simply the supernatant from crushed muscle
extracted into D-PBS) left at 4°C for a few days also formed this precipitate. Use of
Tris-buffered saline (TBS; Chen and Quinn, 1992) eliminated formation of the white
precipitate, however the single myofibres still turned black after a few days in the
presence of CME and yet another substance was seen forming in those cultures
containing CME. This substance was also present in the D-PBS/CME cultures,
however was often obscured by the white precipitate. The substance had a flattened,
membranous, disc-like form (see Figure 4.4.1), appeared colourless, and increased
in size with each day in culture. Many of these structures were seen in each well
containing CME, and their growth was accompanied by an increase in "debris’
covering the culture surface. By the end of 7 days in culture the "debris" covering the
bottom of the culture well and the disc-like structures obscured satellite cell growth
from view. Furthermore, the round cells that were seen often died by the end of the
7 day culture period. It was difficult to distinguish viable round-shaped cells and
dead round-shaped cells from all of the "debris" surrounding them. This was the case
even with cultures that had been fixed and stained for sarcomeric myosin expression
and hematoxylin.

It was initially thought that the disk-like structures, "debris" and
blackened fibres may be the result of some sort of bacterial or fungal infection.
Various methods were tried to get rid of the "contamination”; such as boiling the
CME (although it was quite likely that this would also eliminate any myogenic
properties through denaturing the proteins), being very vigilant about using sterile
culturing techniques and equipment, testing a different lot of sterile 0.22um filters
used for sterilizing liquids, irradiating the CME, using higher concentrations of
penicillin-streptomycin and Fungizone than usnal and using gentamycin, however
none of these appraoches improved the "contamination” problem. CME from rat
muscle was prepared and tested on single fibres from rat and mouse. The rat CME
gave similar results to those obtained with the mouse CME. This eliminated the

possibility that the mice being used to prepare the CME were suffering a systemic

112



infection which was somehow affecting the CME. A bacteriologist at the Children’s
Hospital of Eastern Ontario (CHEO) tested the CME, and the CME treated
cultures; no bacterial, fungal or mold contamination was detectable. Further support
for this conclusion was that cultures grown in the absence of CME (for example, in
Basal Medium or CEE Medium), in wells adjacent to the CME wells, never showed
any signs of the "contamination”. One would expect a bacterial, fungal, mold or viral
contamination to spread to adjacent culture wells.

The "contamination” was not a reaction between CME and the
myofibre, since it developed with or without the presence of plated fibres. Nor was
it a reaction with Matrigel, the substratum used to coat the culture surface of the
wells, since it was also seen in untreated wells, wells coated with collagen, and wells
coated with gelatin. There was no reaction between the horse serum contained within
the medium, in fact with decreasing concentrations of horse serum there was an
increase in the rate of "contamination" development.

Changing the medium every 2-3 days did not alleviate the problem as
the "debris" clung to the Matrigel substratum, the single myofibre, and any round
cells that were present.

It was possible that the "debris" and disk-like structures were clots,
formed by various clotting agents found in blood. Blood was present in the muscles
used for preparing the CME. In an attempt to eliminate this possiblity we tried to
remove as much blood as possible from the mouse and its muscles by perfusing the
mouse with saline solution prior to removal of the muscles for CME preparation.
The mouse was perfused by a cardiac puncture with 1% heparin in D-PBS and 100
ml sterile D-PBS. Following the perfusion the muscles used for CME preparation
were pale and did not appear to have any blood remaining in them. The cultures
grown in CME prepared from perfused mice, however, still exhibited fibre
blackening, and formation of "debris” and disk-like structures.

Various concentrations (according to protein content) of CME were
tested, ranging from 25 pg/ml to 500 pg/ml. Chen and Quinn (1992) determined the
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optimal concentration (results in the most myogenic cell proliferation) of mouse
CME to be 240 pg/ml. As expected, increased CME concentration resulted in a

larger amount of "contamination” present.
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Figure 4.4.1 Photomicrograph detailing an aspect of the "contamination” seen in
cultures treated with crushed muscle extract. Following 2-3 days in culture, flattened,
membrancus, disk-like structures were observed floating in the culture medium. They

appeared colourless and increased in size over time. Bar = 100 pm.
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CHAPTER V

DISCUSSION:

5.1 Development of single fibre-derived satellite cell cultures

This is the first report describing the isolation of a population of
satellite cell progeny in a primary culture that was completely free of contaminating
fibroblasts, macrophages or other non-myogenic cells. A pure colony of satellite cell
progeny was obtained through the simple step of isolating and plating only a single
viable myofibre per well. Viable myofibres were visually identified by their slender
appearance, clear bumps of nuclei bulging from the fibre and tapered myofibre ends
(Figure 4.1.3.2; 4.1.1.2, Panel B). Myofibres presenting this morphology always
excluded trypan blue, indicating they were viable, while fibres with differing
morphologies, such as those which were hypercontracted, always took up trypan biue
indicating they were non-viable. Recent testing of the contractility of single fibres
isolated in the described manner demonstrates that most fibres isolated, which
exhibited this "viable" appearance, were able to contract following a maximal
stimulation and had a resting membrane potential within the expected range for
fibres from the FDB muscle (J.-M. Renaud, unpublished observations). By plating

only a single myofibre per well the chances of plating fibroblasts (released into the
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medium during the dissociation procedure) were decreased in three ways; by
decreasing the amount of medium plated along with the myofibre, diluting the fibre
suspension prior to plating also diluted any contaminating cells, and, finally, by not
plating clumps of fibres we were able to eliminate the possibility of plating any
fibroblasts that were trapped among the fibres.

The fibres were plated on a coat of dilute Matrigel, a gel composed of
basement membrane components (including type IV collagen, laminin, heparan
sulfate proteoglycan and entactin) extracted from the Engelbreth-Holm-Swarm
mouse tumour. Matrigel also contains some growth factors, such as TGF-8 and
bFGF, however these factors, supplied by Matrigel, did not have an overbearing
influence on the culture growth. Despite the presence of Matrigel in all culture
treatments there was significatly more growth of satellite cells in the presence of
exogenously supplied growth factors (CEE, bFGF) than in Basal Medium (Figures
4.1.3.6,4.2.1.1 and 4.2.2.2). Cultures had two possible sources of bFGF; Matrigel and
exogenous bFGF added to the basal medium (horse serum does not contain bFGF).
abFGF elicited a dose-dependent inhibitory response in satellite cell cultures grown
in the presence of 1.0 ng/ml bFGF (Figure 4.2.1.2). One would expect a-bFGF
supplied at the optimal concentration to eliminate most, if not all, bFGF activity.
Visual observations and absolute cell counts (not shown) suggested that abFGF was
inhibiting more than just the effect of exogenous bFGF that was added to the basal
medium. Satellite cell colonies treated with more than Spg/ml abFGF were smaller
than those in basal medium only, suggesting that the bFGF activity contained within
the Matrigel was also being inhibited.

In most previous studies of satellite cells in culture the medium was
changed every 1-2 days. Frequent changing of the culture medium was not desirable
in the present stady, since with each change there was the possibility of losing the
single parent myofibre. The presence of the dying fibre in the culture was desirable
to help maintain an environment similar to the true physiological condition. During

trauma to muscle tissues in vivo the fibres start to degenerate (Komorowski et al,
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1990; Carpenter and Karpati, 1989). It has been shown that a saline extract from
crushed muscle induces satellite cells to proliferate (Bischoff, 1986b; Chen and
Quinn, 1992) therefore it is postulated that the injured degenerating myofibres
release a mitogenic factor, or factors, responsible for triggering satellite cells to start
the regeneration process. Bischoff (1990b) has also shown that viable myofibres exert
an inhibitory effect on satellite cells in contact with the fibre plasmalemma.
Therefore, it would seem that, during muscle regeneration in vivo, muscle fibres
influence the growth and development of satellite cells. This relationship is
maintained in the present culture system albeit between a single myofibre, its
resident satellite cells and their progeny.

As described by Bischoff (1986b) 10% horse serum in Minimal
Essential Medium was initially used as the Basal Medium in this study. Many studies
investigating proliferation and differentiation of myogenic cells have used a Basal
Medium with higher concentrations (15-20%) of serum (De Angelis et al.,, 1992;
Alterio et al., 1990; Schultz and Lipton, 1982). In view of the fact that in the present
study the culture medium was not changed throughout the culture period, we used
a higher concentration of horse serum to maintain satellite cell proliferation for as
long as possible (as cells proliferate they exhaust the supply of mitogenic factors
present in the serum after which they differentiate). Higher amounts of horse serum
did not give significantly more proliferation (Figure 4.1.3.5), however it did maintain
proliferation of single sateilite cells for longer. Visual observations showed that
fusion was advanced by 5 days in culture with 10% horse serum and 0.5% CEE,
however was not evident until 6-7 days in culture with 20% horse serum and 0.5%
CEE.

The mouse sateilite cells investigated in the present study (derived
from isolated single myofibres) appear morphologically similar to those described in
the literature (isolated by the mass satellite cell culture technique). More specifically
the satellite cell progeny had a "round-cell" appearance which persisted for a number

of days prior to the cells becoming bipolar in shape and fusing to form
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multinucleated myotubes (Cossu and Molinaro, 1957; Colley et al., 1990). Similarly,
the present study frequently demonstrated that mononucleated round-shaped cells
are able to express sarcomeric myosin (Figure 4.1.2.1) indicating that the satellite cell
progeny are able to differentiate prior to fusion. Similar expression by round-shaped
cells of muscle-specific proteins (titin, myofibrillar MHC and zeugmatin)} indicative
of a differentiated state has also been observed by Colley and colleagues (1990).

Additional investigation of the satellite cell population isolated by the
method described in this study remains to be done. For example, the expression of
various muscle specific proteins (desmin, ACh receptors, adult MHC isoforms) and
myogenic regulatory factors (myogenin, MyoD, myf-5, MRF4), as well as the
temporal appearance and sequence of their expression.

A major limitation of the present study is the fact that there was so
much variation in the satellite cell proliferation observed among single fibres, even
when the fibres were derived from the same muscle from the same mouse. A large
part of this variation could potentially be attributed to the fact that the number of
satellite cells associated with a given myofibre may vary (see Discussion Section 5.3).
Perhaps a more appropriate method for studying the proliferative capacity of satellite
cells from mice would be to isolate the first satellite cell or satellite cell progeny
which is observed on the plate adjacent to the adult myofibre (myofibres isolated as
in the present study). All progeny that would result would then originate from a
single parent cell. The obvious problem with this method, however, is that the
isolated parent cell may not be the original satellite cell, but instead may be the

result of one or more mitotic events which originated from the parent satellite cell.
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5.2 Method of assessment of culture growth and differentiation

It was noted that within each experiment there were large variations
in satellite cell activity from well to well, especially when using old normal, old dy”
or old mdx mice. This may suggest that there is a large variation in the activity of
satellite cells derived from different fibres from the same muscle within the same
animal. However, the means from each experiment were similar. In this particular
culture system (satellite cells derived from a single myofibre) there may be three
possible explanations for this large variation; the number of satellite cells from each
myofibre may vary (discussed in Discussion Section 5.7), satellite cells from different
parent myofibres may start to proliferate at slightly different times, and, finally, each
satellite cell may replicate at different rates. The latter explanation seems highly
unlikely considering previous reports that myogenic precursor cells derived from the
same muscle proceed through the cell cycle at the same rate (Bischoff and Holtzer,
1969; Yablonka-Reuveni and Rivera, 1994; reviewed by Johnston, 1990).

Initially, the method of assessment for culture growth employed in this
study was by generation of cell proliferation curves (counts of mononucleated cells
taken every 24 hours over a 7 day period) of each colony of satellite cells derived
from a single myofibre. This method enabled us to assess the rate and onset of cell
proliferation. As explained in the Methods Section 3.6 {(Assessment of culture growth
and development), however, this was a very inaccurate way of assessing any colonies
consisting of more than 100 cells, so another more appropriate method of assessment
was developed and used throughout most of the study. Despite the drawback of
possible inaccuracy, the proliferation curves that were generated (Figures 4.1.3.4,
4.1.3.5) illustrate that with increasing CEE content (up to 0.5% CEE) there was a
concomitant and significant increase in the number of cells induced to enter the cell
cycle, and the start time for proliferation appeared similar in the presence of all
media types tested. No proliferation curves were generated for satellite cells derived

from old mice, however Schultz and Lipton (1982) reported that satellite cells
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derived from rats demonstrate an increase in the onset time for mitoses (cell
proliferation) with increasing age of the donor rat.

The method of assessment of culture growth and development used
throughout much of this study was through accurate counts of the nuclei present in
a standard area from the centre of satellite cell colonies, derived from single
myofibres, that were fixed following a seven day culture period. The nuclei were
visualized by staining with the nuclear stain, hematoxylin. Differentiation of the
satellite cell cultures was assessed by staining for all those structures which expressed
sarcomeric myosin heavy chain and subsequently comparing proportions of nuclei in
myosin heavy chain-positive and -negative cells or myotubes. This method of
assessment is similar to, although not exactly the same as, methods used by others
in studying myogenic precursor cells in vitro.

In the literature concerned with primary cultures of myogenic cells
there does not appear to be a single standard method for assessment of cell
proliferation and/or differentiation, thus the following points were considered when
deciding, for the present study, on a method to assess the satellite cell cuiture growth
and development.

Indices of cell proliferation usually involve counts of the total number
of cells or nuclei in a culture, or the uptake of [H*]-thymidine (TdR) or a thymidine
analogue, bromodeoxyuridine (BUdR) by proliferating cells (undergoing DNA
replication). Absolute cell counts of entire colonies taken at various time periods are
frequently presented (Schultz and Lipton, 1982; Cossu et al., 1989) as was initially
the case in this study. As discussed with reference to the present culture system, this
is very difficult to do accurately in colonies with more than 100-150 cells if using live
cultures, rather than fixed ones. Similar to the method of assessment used
throughout most of the present study, cell proliferation is frequently expressed as the
total number of nuclei scored within a randomly selected field on a fixed culture at
a single time point (Allen and Boxhorn, 1987, 1989; Allen et al., 1984; Cossu et al.,

1980). In the present study it was not possible to randomly select a field as there was
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only one colony covering only a small part of the culture surface per well (random
selection would usually result in scoring an area with no cells present). Therefore,
the central 1.70 mm? area of the satellite cell colony was selected in all cultures as
the area scored. [H*]-TdR uptake has been expressed as percent of the total nuclei
with [H’]-TdR uptake (Bischoff and Holtzer, 1969), counts per minute of [H’}-TdR
activity per plate (Hartley and Yablonka-Reuveni, 1990) or per 10" nuclei (Cossu et
al, 1980), and as pmol [H*}-TdR per mg protein (Alterio et al., 1990). A recent study
assessed cell proliferation by measuring DNA content in the culture being tested
relative to a control culture (Cook et al,, 1993).

Indices of differentiation generally involve counts of the number of
nuclei within myotubes (Bischoff and Holtzer, 1969; Allen and Boxhorn, 1987, 1989,
Allen et al,, 1984; Cossu et al., 1980) or within myosin-expressing structures
(DeAngelis et al., 1992; Hartley et al., 1991) and are expressed in many different
ways (such as percent of total nuclei, number per field or percent of maximum
fusion). More recently, the accumulation of various muscle specific proteins has been
used as an index of differentiation, such as pg myé)sin per culture plate (DeAngelis
et al,, 1992; Cossu et al., 1989) or units of creatine phosphokinase per mg protein
(Alterio et al, 1990). Similar to assessment of cell proliferation the cell
differentiation is usually assessed on fixed and stained cultures following a culture
period (usually 6-7 days). Assessment of cultures using myotube formation as the
indicator of differentiation is not a very appropriate method given the results of this
and other studies. It has been demonstrated that muscle-specific protein expression,
an indication of post-mitotic, terminally differentiated cells (Holtzer et al., 1957,
Coleman and Coleman, 1968; Moss and Strohman, 1976; Jockusch and Jockusch,
1980; Konieczny et al., 1982; Hill et al., 1986; and others), sometimes occurs prior
to cell fusion (Figure 4.1.2.1, this study; Clegg et al., 1987; Colley et al., 1990; Hill
et al., 1986; Cossu et al., 1987).
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5.3 Effects of growth factors on satellite cells derived from young and
old mice

There were differences in the number of mitotically viable satellite
cells, and in their proliferation potential, derived from single myofibres from young
(2-4 months) versus old (12-24 months) mice.

Fewer myofibres derived from old mice (464% = 11.5%)
demonstrated myogenic precursor cell growth than myofibres derived from young
mice (57.9% = 10.6%; Figure 4.2.2.1, Panel B). This difference was not seen with
Basal Medium treatment, however was clearly evident with the presence of CEE
Medium (Figure 4.2.2.1, Panel] A).

Satellite cells derived from old mice appear to have a lower
proliferation potential (ie. a lower maximum number of cells) despite high levels of
exogenously supplied bFGF (maximum: 314 * 115 cells) or CEE (maximum: 456 *
176 cells), as compared to satellite cells derived from young mice (bFGF maximum:
533 + 211 cells; CEE maximum: 785 = 278 cells). There was no age difference
between young and old mice in the amount of proliferation seen in Basal Medium
(Figure 4.2.2.2).

As expected, bFGF stimulated proliferation and inhibited
differentiation of satellite cells derived from young mouse single muscle fibres in a
dose dependent manner (Figure 4.2.1.1). However, satellite cells derived from old
mice did not exhibit a significantly greater degree of proliferation in the presence of
bFGF than they did with Basal Medium (Figure 4.2.2.3, Panel B). Despite this
apparent lack of mitogenic effect, exogenously supplied bFGF still inhibited
differentiation of satellite cells derived from old mice (Figure 4.2.2.4). This is further
proof that proliferation and differentiation of myogenic precursor cells (in this case,
adult mouse satellite cells) are two distinct processes that function independently of
each other (Linkhart et al., 1982; Lathrop et al., 1985a,b; Spizz et al., 1986; Clegg et
al., 1987), most likely through different mechanisms.
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In summary, it was found that with increased age of donor mouse there
were fewer fibres which contained viable satellite cells and those satellite cells which
were viable had a lower proliferative capacity. It must be noted that the present
study does not distinguish between fibres which contained differing amounts of
satellite cells, therefore the proliferation potential that is scored in this study yields
a value for the proliferative capacity of all the myogenic precursor cells in a given
single fibre in a given medium, pot of each individual satellite cell associated with
that fibre.

The finding that fewer myofibres from old mice contain mitotically
viable satellite cells in our cultures may simply be a product of this particular culture
system. Perhaps the satellite cells on some myofibres are killed by the enzyme
treatment used to isolate the single muscle fibres, or by a change in pH (becomes
alkaline) of the enzyme solution during the isolation procedure. However, it is worth
noting that this observation is consistent with the reports of Schultz and colleagues
(1978) who demonstrated reduced numbers cf satellite cells in old muscle by electron
microscopy, coupled with autoradiography (Snow et al., 1977a,c; Schultz et al., 1978),
and of Allen and colleagues (1980) who observed reduced numbers in culture.

The finding that fewer myofibres from old mice contain mitotically
viable satellite cells is also relevant to the question of the origin of satellite cells. It
is known that satellite cells arise during late embryogenesis (reviewed by Cossu and
Molinaro, 1987; Hartley and Yablonka-Reuveni, 1992; Stockdale, 1992; Yablonka-
Reuveni, 1994 as cited by Yablonka-Reuveni and Rivera, 1994). It is not clear,
however, whether the satellite cells arise as a unique subpopulation of myoblasts, or
if each population of developmental myoblasts (fetal and embryonic) contributes one
or more myoblasts per myotube which would become the resident satellite cell,
suspended in the G, phase of the cell cycle. Furthermore, it is unknown whether all
fibres necessarily contain one or more satellite cells. One would expect that if one

of the myonuclei derived from the fetal/embryonic myoblast populations within a
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Figure 5.3.1: Possible origins of satellite cells.

forming myotube withdraws from the cell cycle (Figure 5.3.1 (A)) then all fibres may
contain satellite cells. However, if satellite cells arise from a separate pool of
myoblasts (the satellite cell pool) which subsequently fuse with the myotube thea it
is conceivable that some fibres may not have satellite cells (Figure 5.3.1 (B)).
Single fibres isolated from mouse flexor digitorum brevis muscle were
approximately 350 um in length and usually contained about 30 myonuclei, including
satellite cells. As discussed in the Introduction, it is not possible to distinguish
quiescent satellite cells from true myonuclei within live myofibres using light
microscopy. We estimate, however, that the FDB myofibres contain between 0 and
3 satellite cells per fibre given that 4-6% of all myonuclei are satellite cell nuclei
(reviewed by Mazanet and Franzini-Armstrong, 1986). Therefore, it is possible that
some of the myofibres do not contain any satellite cells, as our results may suggest.
As pointed out in the Results (Section 4.2.2 - Influence of age of mice
on the effect of bFGF) the decreased proliferative capacity seen in satellite cell
cultures derived from old mice may be due to a decrease in the number of satellite
cells per fibre in old mice. However, the significantly lower level of proliferation
observed in the present study is in agreement with the report of Schultz and Lipton

(1982) who monitored jndividual rat satellite cells, in culture, from each donor age
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(6 days-30 months) to determine the number of progeny they were capable of
producing. They concluded that satellite celis derived from old rats had a lower
proliferation potential than those derived from young rat muscle. With increased
donor age they observed a progressively longer latent period following cell plating
before mitoses commenced and a reduction in the replication rate of the cells.
Furthermore, the proliferation rate of cells from older rats started to decrease or
plateau following 5 days in culture, whereas those from younger rats replicated at the
same high rate for the duration of the study. The net effect was that by seven days
in culture the colonies of satellite cells derived from older rats were much smaller
than those derived from younger rats. Schultz and Lipton's (1982) findings may also
apply to the present study although proliferation rates and time of onmset of
proliferation were not investigated.

The finding that cell proliferation is similar in Basal Medium but
different in CEE Medium and bFGF Medium (>1.0 ng/ml bFGF) for young and old
mouse satellite cells may indicate that satellite cells from old mice have an increased
tendency to enter differentiation, despite having higher mitogen content in the
medium. Alternatively, it may indicate that satellite cells derived from old mice are
capable of entering mitosis similar to those derived from young mice, but the
maximum number of mitotic events is lower in those derived from old mice. Satellite
cells, like many other cell types, may only be capable of a finite number of mitotic
divisions during the lifespan of the animal (Hayflick, 1973). Given the known role
of satellite cells in normal growth, hypertrophy and regeneration one might expect
satellite cells derived from old mice to be closer to this maximum than those from
young mice. This could clearly result in fewer proliferative cycles in culture and
hence fewer cells.

It must be noted that the fibre type composition of muscle has been
reported to change with age, demonstrating a proportional decrease in the type IIB
MHC-expressing myofibres with a corresponding increase in the more oxidative type
IIA of IIX MHC-expressing myofibres (Kugelburg, 1976; Zardini and Parry,
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submitted). It has been suggested that, rather than selective necrosis of the IIB fibres
and their replacement by type IIA or IIX fibres, there may be a transformation from
a IIB MHC to these other fibre types (Zardini, 1993). Therefore, it is conceivable
that the present method of isolating single fibres could be biased if fibres of a

particular type are more easily isolated than those of another type.

5.4 Replacement of single myofibres by a single myotube

A phenomenon was occasionally observed whereby single myofibres did
not give rise to a colony of proliferating satellite cells on the substratum adjacent to
the myofibre, but were replaced by a single myotube within the basal lamina sheath
of the parent myofibre (Figure 4.1.3.2). This was observed most frequently in satellite
cell cultures from old dystrophic mice of the mdx genotype (Figure 4.3.5). Although
not statistically significant, satellite cell cultures from old dy* mice consistently
demonstrated more single fibre replacement by a single myotube than satellite cell
cultures from old and young normal mice. These findings are made more relevant
by the fact that in both mdx and dy” mouse myofibre cultures a larger proportion
of fibres demonstrated satellite celi proliferation which resulted in replacement of
the parent myofibre with a single myotube, rather than satellite cell proliferation
external to the myofibre as is usually seen in fibres derived from young and old mice
(compare Figures 4.3.3 and 4.3.5). The majority of satellite cell proliferation in old
and young mice was seen external to the myofibre (compare Figures 4.2.2.1 and
4.3.5). For example, in the presence of CEE Medium 69.0% = 15.4% of single fibres
from young mice give rise to satellite cell growth external to the myofibre, while
0.7% = 1.9% of the fibres give rise to satellite cell growth within the fibre. For old
mice, 51.6% = 19.6% of single fibres give rise to external satellite cell growth while
3.0% = 7.1% give rise to internal satellite cell growth. The pattern changes however
with single fibres from old mdx mice; 17.3% =+ 5.0% give rise to external growth
while 15.5% + 12.8% give rise to internal growth; and in old dy” mice 1.9% = 3.2%
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give rise to external growth while 10.2% = 5.8% give rise to internal growth. It may
be concluded that in this culture system satellite cells from both dystrophic mouse
genotypes, dy” and mdx, are more likely to proliferate within the basal lamina sheath
of the adult myofibre than those from young or old mice, although the reasons for
this remain unclear.

It is worth noting that Bischoff (1986b) and Yablonka-Reuveni and
Rivera (1994) have reported satellite cell proliferation occurring within viable rat
single myofibres in culture. These studies maiztained the viability of the myofibre,
in the latter by using medium with CPSR-2 as a replacement for horse serum in the
basal medium. We also found that use of CPSR-2 medium maintained viability of
mouse single myofibres for a much longer period of time in culture (not shown).
However, in the present study, no satellite cell proliferation was detected in these
viable myofibres. Bischoff (1990b) has suggested that the plasmalemma of viable
fibres appears to exert an inhibitory effect on the proliferation of satellite cells in
contact with it. The finding that the presence of horse serum and/or CEE in the
medium usually causes myofibre degeneration and supports proliferation of these
satellite cells external to the myofibre (Figure 4.1.3.1) is in agreement with similar
findings by Yablonka-Reuveni and Rivera (1994). In light of the fact that during the
process of skeletal muscle regeneration in vivo the fibre undergoes necrosis and is
replaced by new myotubes, formed following satellite cell proliferation, and their
subsequent differentiation and fusion, the present study mimics the pathological

situation in_vivo more accurately. Furthermore, monitoring and quantitation of

satellite cell growth is much simpler with growth that is external to the myofibre. No
techniques to differentiate satellite cells from true myonuclei need to be employed
aswas the case in the above-mentioned studies (Yablonka-Reuveni and Rivera, 1994;
Bischoff, 1986a, 1990b).

In all medium treatments on fibres from all mouse genotypes (except
dy* myofibres in Basal Medium) the average number of nuclei scored following 7

days in culture was much greater in those cultures where satellite cell growth was
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external to the myofibre (=100 nuclei per satellite cell colony) than observed in
those cultures where satellite cell growth was within the single parent myofibre
(myofibre replaced by a single myotube; <40 nuclei per myotube). Cell density
promotes myogenic fusion (Buckley and Konigsberg, 1974; Konigsberg, 1963, 1971,
1976; Konigsberg and Buckley, 1974), therefore the present results are not surprising.
Within the confines of the basal lamina sheath the satellite cells are restricted as to
the area in which they may proliferate (high density) and as such fuse early, whereas
satellite cells growing external to the myofibre are not restricted in area for
proliferation (low density) so cell proliferation occurs for longer and fusion is
delayed.

It also interesting to note that the mean number of myonuclei observed
in the myotube within the basal lamina sheath (approximately 30 myonuclei) was very
similar to the number of myonuclei in the adult myofibres. It is difficult to speculate
what this might indicate since the environment surrounding the proliferating satellite
cells which form the myotube is quite different from that of the proliferating
myoblasts which form the original myofibre during prenatal muscle growth and
development; the latter do not have a basal lamina sheath formed prior to their
proliferation and differentiation. However, given that myofibres appear to be
programmed to maintain a specific cytoplasmic/nuclear ratio (Rosenblatt and Parry,
1993) it may be possible that the new myotube within the basal lamina sheath is
merely maintaining this ratio. This is certainly a possibility since the volume of the
new myotube looks similar (visual observations only) to that of the original adult
myofibre. The new myotube is slightly longer than the original fibre, but it is also
more slender.

It has been found (this study, visual observations not shown; Bischoff,

1990b; Yablonka-Reuveni and Rivera, 1994) that in vitro myogenic cells never fuse

with isolated adult myofibres, however occasionally they were observed to fuse with
myotubes which had "sprouted” from the ends of degenerating myofibres. Sprouting

has also been observed in damaged muscle in vivo (Le Gros Clark, 1946; Hall-
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Craggs, 1974a; Carpenter and Karpati, 1989; Shafiq and Gorycki, 1965) whereby the
sprouts bridge the gap that resulted from myofibre degeneration following trauma
to join myofibres from the opposite edge (Gay and Hunt, 1954; Hudgson and Field,
1973; Webb, 1973). These findings concerning myofibre sprouting may offer some

support for the theory for continuous regeneration (Figure 1.1) in skeletal muscle.

5.5 Effects of growth factors on satellite cells derived from dystrophic

mice.

Fewer myofibres derived from old dy” (2.5% = 1.4%) and old mdx
(22.6% =* 5.8%) mice demonstrated myogenic precursor cell growth than myofibres
derived from old normal mice (46.4% = 11.5%; Figure 4.3.3, Panel B). These
differences were consistent in the presence of all media types tested. The
proliferation potential of satellite cells derived from old dy” mice was similar to or
greater than that of satellite cells derived from old normal mice. This is also the case
for satellite cells derived from old mdx mice that are cultured in the presence of
Basal Medium or 1.0 ng/ml bFGF. In the presence of higher concentrations of
mitogenic substances (CEE Medium, 10.0 ng/m! bFGF), however, satellite cells
derived from old mdx mice show a lower proliferation potential than those satellite
cells derived from old normal mice and cultured in similar conditions. This
discrepency between the genotypes of proliferation potentials within the same
medium is due to the fact that medium has no effects on old mdx mouse satellite
cells, but does on those from old normal and old dy” mice.

The finding that so few fibres from dy” mice gave rise to satellite cells
capable of proliferation is consistent with the possibility that missing or faulty
satellite cells are responsible for the reduced capacity for regeneration of dy”’ muscle.
This, however, does not exclude the possibility that the mitogenic trigger is not
present, or released, by degenerating muscle in dy” mouse (see Discussion Section

5.6) and could also be at fault.
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It was somewhat surprising to find that myofibres derived from mdx
mice also contain fewer mitotically viable satellite cells. As discussed in the
Introduction, following a short phase of massive degeneration and regeneration in
the first month of life, mdx muscle maintains a low level of degeneration and
successful regeneration throughout the life of the animal (Coulton et al., 1988;
Danguain and Vrbova, 1984; Torres and Duchen, 1987, Woo et al.,, 1987). DiMario
and colleagues (1991) observed the level of regeneration in mdx mice to decrease
following the phase of massive degeneration and regeneration to about 1% in mdx
mice of one year of age. This was indicated by the frequency of fibres reacting with
antibodies specific for embryonic and fetal myosin heavy chains (MHC). Embryonic
and fetal MHC are coexpressed, albeit transiently, during the process of regeneration
in normal mouse muscle (Matsuda et al., 1983; Saad et al., 1987; Whalen et al,,
1990) prior to the expression of adult myosin isoforms. It was suggested that higher
regenerative activity could simply be redundant in older mdx mice, perhaps because
the newly regenerated muscles had acquired protein functions not present in the
initial fibre population which would provide for sufficient fibre stability (DiMario et
al.,, 1991). The present study would suggest that the low level of regeneration in old
mdx muscle (Di Mario et al, 1991) is due to the absence in old mdx mouse
myofibres of mitotically viable satellite cells.

It is important to note however that the present study made the
assumption that the isolation of single myofibres from adult muscle required the
same conditions for both normal and dystrophic mouse muscle. Therefore, the same
batch of collagenase enzyme was used for all dissociation procedures. The possibility
existed that the basal lamina of the myofibres derived from dystrophic mice was
more susceptible to damage using that particular ot of collagenase. This may have
led to the disruption of the basal lamina sheath and the loss of satellite cells during
the dissociation procedure, which would have ultimately resulted in fewer myofibres

from dystrophic mice which contained satellite cells.
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] Those satellite cells capable of proliferation demonstrated similar
proliferation potentials for old normal and old dy” mice, except for in the presence
of 1.0 ng/ml bFGF where it was significantly higher for old dy* mice (Figure 4.3.4).
Mdx mice, however, appeared to have a lower proliferation potential and,
furthermore, the maximum is attained with the addition of only 1.0 ng/ml bFGF. All
three mouse genotypes exhibited similar morphology and patterns of growth (Figure
4.3.2). Others have observed defective growth in culture of satellite cells derived
from other sources of dystrophic pathologies; dy/dy mouse (Hauschka et al., 1979,
Wright 1985; Ontell et al., 1992) and DMD patients (Blau et al., 1983; Hurko et al.,
1987, Webster and Blau, 1990). The present findings agree in part with these
published observations in that fewer satellite cells are mitotically viable, however,
unlike the other reports, the present study finds that those satellite cells derived from
old dy” mice which are capable of mitosis are no different in their proliferation
potential than satellite cells from old normal mouse. Similar to the present study
however, Cossu and colleagues (1980) also observed that in culture satellite cells
from dy/dy mouse exhibit similar morphology and proliferation potential to normal
mouse satellite cells. The results obtained regarding satellite cell proliferation
potential in the present study cannot be taken as conclusive, however, since there
were so few satellite cell colonies from which nuclei counts could be taken. Similar
numbers of fibres were plated for all genotypes (young normal: 425 fibres; old dy”:
601 fibres; old mdx: 571 fibres), with the exception of old normal (1653 fibres), yet
since so few fibres gave rise to satellite cell proliferation in old dy* and mdx mice

this restricted the number of fibres that could be scored.

5.6 Crushed muscle extract

We were unable to obtain a crushed muscle extract (CME) that was
suitable for testing on myogenic cultures. As described in Results Section 4.4, every

CME we prepared resulted in blackening of the single myofibre, and formation of
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debris and disk-like structures in the culture medium. it was ascertained that this was
not a result of bacterial, fungal or mould contamination, nor was it a reaction with
any of the components in the culture system (for example, horse serum, Matrigel,
MEM, myofibre), Saline perfusion of the mouse, prior to removal of the muscles
used for CME preparation, to remove the blood and any clotting factors it contained,
also did not improve the quality of the CME.

CME would be a useful tool for investigating regeneration in dy” and
mdx murine muscular dystrophy if the described CME "contamination" problem was
eliminated. As discussed in the Introduction and Review of the Literature there are
two possible explanations for the reduced capacity for regeneration in dy” muscle.
The mitogenic trigger may be absent in dy? muscle, or the satellite cells may be
unable to respond to it even though it is present. CME from a normal mouse
contains the mitogenic trigger responsible for regeneration in that mouse (Chen and
Quinmn, 1992). Therefore, by applying CME from dy” mouse to satellite cells derived
from normal mouse it would be possible to check the viability of the mitogenic
trigger in dy” muscle. By applying CME from normal mouse to satellite cells derived
from dy” mouse it would be possible to check the regenerative capabilities of dy”
muscle. Application of CME from mdx mouse to cultures of satellite cells and
fibroblasts from dy” mouse, and the reverse experiment, application of CME from
dy? mouse to mdx muscle satellite cells and fibroblasts may reveal some insight into

the reasons why mdx mice experience much less fibrosis than their dy” counterparts.

5.7 Future studies:

Due to the fact that the populations of myogenic precursor cells are
derived from isolated single adult myofibres, the methed described in this thesis
would be useful in determining myogenic lineage of satellite cells. Some questions
that may possibly be answered using this technique are whether the satellite cells

contained within a given myofibre give rise to new myofibres expressing the same
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myosin isoform (fibre type) as that expressed by the parent myofibre; and, if clonal
colonies are obtained , do the progeny of a single satellite cell give rise to similar
myosin isoform expression? Preliminary work in this area appears to indicate that the
progeny give rise to different isoforms despite being derived from the same parent
satellite cell and the same parent myofibre of a given myosin isoform (J.D.
Rosenblatt, personal communication).

The purity of adult myogenic precursor cell populations obtained by
this isolated single fibre method is useful for many applications and reasons. First
and foremost, analysis of cell growth and development is greatly simplified since the
method eliminates any need to distinguish between non-myogenic and myogenic celis,
as long as any cultures demonstrating stellate-shaped morphology are discarded from
analysis. It has the potential for being a ready source of pure myoblasts, given the
appropriate proliferation medium conditions, which many researchers believe are a
good vehicle for various gene therapy strategies.

Muscle fibres are multinucleate syncytia with which myoblasts are
capable of fusing (Karpati et al., 1989; Partridge et al., 1989) to contribute new
myonuclei to the host myofibre and express their own genetic program. Satellite cells
in culture have been stably transfected with a functional DMD gene construct
(Klamut et al., 1992). Therefore if such satellite cells, transfected with the gene
missing in DMD, could be injected into the muscles of DMD patients, then sufficient
dystrophin may be expressed to protect the myofibres from necrosis, thereby slowing
or halting the disease process. Two potential problems arise with this approach; a
pure population of mitotically viable satellite cells is desirable in order to maximize
the efficiency of the myoblast transplantion therapy, and maximal proliferative
capacity is desired so the myoblasts don't fuse with each other prior to fusing with
the defective myofibres which would decrease the efficiency of gene transfer.

Various techniques to purify satellite cells have been developed
although there exist potential problems with all of them. Isolation of pure

populations of human satellite cells is possible through labelling of satellite cells with
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a monoclonal antibody, 5.1.H11 (Walsh and Ritter, 1981) against a human cell
surface antigen following several days of culturing, and then sorting the labelled cells
from unlabelled cells with a fluorescence-activated cell sorter (FACS; Webster et al,,
1988). Recent development of a flow cytometry procedure, based on size separation,
for the purification of human satellite cells taken directly from freshly dissociated
muscle (Baroffio et al., 1993) involves fewer manipulations and decreases the risks
of microbial contaminants. Rodent satellite cells are not labelled by the 5.1.H11
antibody, therefore the former method is not feasible for any cells other than human
satellite cells. It is important to be able to purify rodent satellite cells so that
experimental procedures can be tested on rodents prior to the use of the same
procedures, but with human cells, in clinical trials on humans. The flow cytometry
procedure has not yet been attempted on rodent satellite cells.

Purification of rodent satellite cells has been attempted by preplating
and a modified panning technique (Jones et al., 1990a). Pre-plating selects for those
myoblasts which take longer to attach to the culture surface as compared to
fibroblasts, thereby allowing the unattached myoblasts to be easily harvested.
Segregation of myogenic and fibroblastic populations by panning relies on differential
expression of certain muscle specific proteins; for example, the expression of NCAM
(neuronal cell adhesion molecule; Walsh and Moore, 1986). However, as discussed
in the Introduction (Section 2.5), much evidence indicates that a subpopulation of
fibroblasts also express NCAM (Gatchalian et al., 1989; Covault and Sanes, 1986,
Grumet et al., 1982; Moore and Walsh, 1985).

Percoll density gradients are able to produce a fraction containing high
proportions of myogenic, and another fraction consisting largely of non-myogenic
cells (Morgan, 1988; Yablonka-Reuveni et al., 1988); however, the myogenic fraction
always contains some additional non-myogenic cells.

The method described in the present study is the only method reported
to date, whereby a pure population of myoblasts derived from rodent muscle can be
obtained.
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The gene transfer therapy problem remains concerning the finite
mitotic capacity of satellite cells. This capacity is decreased even further if the
myoblasts are cultured (ie. proliferate in culture) prior to their injection into the host
muscle, however, this is an easy way of increasing the number of myogenic cells
available for the gene transfer. While established cell lines have a virtually unlimited
mitotic capacity, they also have a tumorogenic tendency in vivo (Partridge et al,
1988, Wernig et al., 1991; Morgan et al, 1992). Therefore, the availability of

myogenic cells which combine the proliferative qualities of cell lines with the ability

of primary cells to form normal muscle (Morgan et al., 1990), but not tumours, in
vivo would benefit myoblasts transplantation research.

It would seem that if normal and healthy myoblasts were coupled with
an inducible immortalizing gene then these criteria would be fulfilled. Such a gene
has been isolated from H-2K®-tsA58 transgenic mice (Jat et al., 1991). These mice
express a tsA58 mutant of SV40 large T antigen, a thermolabile immortalizing gene
(Tegtmeyer, 1975), which is under control of an inducible promotor, H-2K® (David-
Wattine et al, 1990). The expression of a functional tsA58 protein is induced by
interferon-gamma. Cells grown in culture at 33°C in the presence of interferon-
gamma proliferate for at least 80 generations (Morgan et al., 1994), while removal
of interferon-gamma and increased temperature (39°C) resulted in the formation of
myotubes by 24 hours after the change, and myosin expression within the next few
days (Morgan et al., 1994). Following implantation into mdx mice these cells formed
normal muscle, but not tumours. Furthermore, the host mdx muscle, normally
missing dystrophin (Partridge et al., 1989), expressed dystrophin in a substantial
proportion of the myofibres.

Both problems (myoblast purity and mitotic capacity) would
theoretically be solved if this thermolabile immortalizing gene could be coupled with
pure populations of myogenic precursor cells, obtained by the method described in
the present study, by either transfecting the cells derived from normal mice with the

gene, or, more efficiently, by simply isolating the satellite cells, also as described in
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the present study, directly from transgenic H-2K"-tsA58 mice which already expressed
the desired gene.

The present satellite cell culture system presents a good model for
observing satellite cell growth and development. As such, this system would be ideal
for exploring the potential defects of satellite cells derived from dystrophiz mice, as
started in the present study, and for determining whether the mitogenic trigger is
defective in, or absent from, muscle from dystrophic mice (discussed previously in
Section 5.6 - Crushed muscle extract).

Further to the crushed muscle extract (CME) studies, the receptors for
the myogenic factor(s) contained within the CME must be investigated.
Downregulation, or the absence, of the receptors for the mitogenic trigger would
result in a decreased response of satellite cells to the mitogenic trigger. One might
expect from the present results that the receptors for the mitogenic trigger in dy”
and mdx muscle are downregulated, or absent, since it would appear that the
proliferative capacity of satellite cells from these two genotypes is the same as
satellite cells from control mice (Figure 4.3.4). Downregulation, or absence, of the
receptor might explain the decreased percentage of myofibres which result in satellite
cell growth (Figure 4.3.3).

The growth factors responsible for triggering and maintaining skeletal
muscle regeneration are not known, although there are many factors which show
potential for their involvement. Two distinct processes are involved in skeletal muscle
regeneration; proliferation of, and differentiation of, satellite cells.

LIF (leukemia inhibitory factor) is a growth factor that has, until
recently, largely been overlooked in the literature concerned with skeletal muscle
regeneration. LIF was found to be the most effective stimulator of mouse and human
myoblast proliferation in culture (Austin et al.,, 1992}, via direct receptor mediated
mechanisms. LIF has no effect on fusion in culture (Vakakis et al., in press, as cited
by Barnard et al., 1994). A recent study (Barnard et al., 1994) demonstrated that

perfusion of LIF into crushed skeletal muscle in vivo had a significant positive effect
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on the degree of regeneration iz the muscle, by increased rate of regeneration and
increased fibre size (rather than an increase in total number of myofibres). It is also
suggested that some structure(s) in muscle binds LIF (Barnard et al., 1994).
Furthermore, as early as 12 hours following the crush injury, and with an increase
over (at least) the three days post crush, LIF mRNA synthesis was extremely high
(Barnard et al, 1994); whereas, uninjured muscle does not express LIF mRNA
(Metcalf and Gearing, 1989; Barnard et al., 1994). The source of endogenous LIF
found in injured muscle is presently unknown, although preliminary work, in culture,
would suggests that proliferating myoblasts express LIF mRNA (unpublished results,
as cited by Barnard et al,, 1994). _

Localization of LIF expression, perhaps throughimmunohistochemistry,
could be identified using the present culture sysiem. Three possible sources of LIF
in regenerating skeletal muscle exist; invading cells (such as macrophages), the
degenerating adult myofibre or the proliferating myoblasts. The present culture
system would show no LIF expression if invading cells were the source in vivo, yet
would easily localize the expression to either, or both, the single adult myofibre
and/or the satellite cell progeny if they were the source of LIF.

Further experiments to elucidate the role of LIF and other growth
factors in crushed muscle extract could be performed using the myogenic cells

obtained by the present culture system.
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