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I. INTRODUCTION

The primary functions of skeletal musculature are
locomotor activity, postural behavior, and breathing.
However, skeletal muscle is susceptible to injury after
direct trauma (e.g., intensive physical activities, lacera-
tions) or resulting from indirect causes such as neurolog-
ical dysfunction or innate genetic defects. If left unre-
paired, these injuries may lead to loss of muscle mass,
locomotive deficiency, and in the worse cases lethality.
The maintenance of a working skeletal musculature is
conferred by its remarkable ability to regenerate. Indeed,
upon muscle injury a finely orchestrated set of cellular
responses is activated, resulting in the regeneration of a
well-innervated, fully vascularized, and contractile mus-
cle apparatus. The advances of molecular biology tech-
niques combined with the identification and development
of rodent models for muscular dystrophy have contrib-
uted to the identification of molecular pathways involved
in muscle regeneration. In particular, the identification of
muscle satellite cells has led to major advances in our
understanding of muscle regeneration. Significant re-
search into the biology of satellite cells has elucidated the
cellular and molecular mechanisms during muscle regen-
eration. These studies have also led to insight regarding
the development of therapeutic strategies that may alle-
viate some of the pathological conditions associated with
poor muscle regenerative capacity, such as the one ob-
served in muscular dystrophy patients and in the course
of normal aging. More recently, the identification of mul-
tipotent stem cells capable of myogenic differentiation in
the course of muscle regeneration has extended our view
on the muscle regenerative process and opened new per-
spectives for the development of novel therapies. How-
ever, despite extensive research to unravel the process of
skeletal muscle regeneration, the complex regulatory
pathways remain poorly understood.

In this review, the current understanding of the cel-
lular and molecular processes of skeletal muscle regen-
eration is presented. First, the embryonic development as
well as the structure and function of normal skeletal
muscle are briefly presented. Indeed, muscle regeneration
appears to recapitulate to some extent the embryonic
developmental process. Second, the morphological char-
acteristics of injured muscle and the various experimental
models used to study skeletal muscle regeneration are
introduced. Third, the role of adult muscle satellite cells
in muscle repair is discussed, focusing on the morpholog-
ical and molecular characterization of these cells and
their activation after damage. Fourth, the current knowl-
edge on the role for nonmuscle and muscle resident adult
stem cells in muscle regeneration is reviewed. Finally, the
Urodele dedifferentiation process is discussed in the con-
text of mammalian muscle regeneration.

A. Skeletal Muscle Development: An Overview

All vertebrate skeletal muscles (apart from head mus-
cles) are derived from mesodermal precursor cells origi-
nating from the somites (epithelial spheres of paraxial
mesoderm) (for review, see Ref. 15). During embryonic
development, specification of mesodermal precursor cells
to the myogenic lineage is regulated by positive and neg-
ative signals from surrounding tissues (summarized in
Fig. 1A). Specification to the myogenic lineage requires
the upregulation of MyoD and Myf5, basic helix-loop-
helix transcriptional activators of the myogenic regula-
tory factor family (MRF) (Fig. 1). This is demonstrated by
the total loss of skeletal muscle in MyoD:Myf5 double
knockout mice and the observation that putative muscle
progenitor cells remain multipotential and contribute to
nonmuscle tissues in the trunk and limbs of these mice
(155, 232, 259; for review, see Ref. 15). Proliferative MyoD

and/or Myf5 positive myogenic cells are termed myo-
blasts. Proliferating myoblasts withdraw from the cell
cycle to become terminally differentiated myocytes that
express the “late” MRFs, Myogenin and MRF4, and sub-
sequently muscle-specific genes such as myosin heavy
chain (MHC) and muscle creatine kinase (MCK) (Fig. 1B).
Myogenin-deficient embryos die perinatally due to a def-
icit in myoblast differentiation as evidenced by an almost
total absence of myofibers in these mutants (141, 223).
Similarly, MRF4-deficient mice display a range of pheno-
types consistent with a late role for MRF4 in the myogenic
pathway (236, 249, 357, 348). Finally, mononucleated
myocytes specifically fuse to each other to form multinu-
cleated syncytium, which eventually mature into contract-
ing muscle fibers (Fig. 1B). During the course of muscle
development, a distinct subpopulation of myoblasts fails
to differentiate, but remains associated with the surface
of the developing myofiber as quiescent muscle satellite
cells (Fig. 1B and discussed below). After sexual maturity,
skeletal muscle is a stable tissue characterized by
multinucleated postmitotic muscle fibers (85, 266).

B. Adult Skeletal Muscle Characteristics

The muscle fibers are the basic contractile units of
skeletal muscles. They are individually surrounded by a
connective tissue layer and grouped into bundles to form
a skeletal muscle (Fig. 2). As well as being rich in con-
nective tissue, skeletal muscles are highly vascularized to
provide essential nutrients for muscle function (Fig. 2A,
arrowhead). As the myofiber matures, it is contacted by a
single motor neuron and expresses characteristic mole-
cules for contractile function, principally different MHC
isoforms and metabolic enzymes (Fig. 2B). Both the mo-
tor neuron and the myoblast origin have been implicated
to play a role in specifying the myofiber contractile prop-
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erties, although the precise mechanisms remain to be
defined (reviewed by Ref. 335). Nevertheless, individual
adult skeletal muscles are composed of a mixture of
myofibers with different physiological properties, ranging
from a slow-contracting/fatigue-resistant type to a fast-
contracting/non-fatigue-resistant type. The proportion of
each fiber type within a muscle determines its overall
contractile property (Fig. 2B). Despite having different
physiological properties, the basic mechanism of muscle
contraction is similar in all myofiber types and is the
result of a “sliding mechanism” of the myosin-rich thick
filament over the actin-rich thin filament after neuronal
activation (for review, see Ref. 147). The connective tis-
sue framework in skeletal muscle combines the contrac-
tile myofibers into a functional unit, in which the contrac-
tion of myofibers is transformed into movement via myo-
tendinous junctions at their ends, where myofibers attach
to the skeleton by tendons. Thus the functional properties
of skeletal muscle depend on the maintenance of a com-
plex framework of myofibers, motor neurons, blood ves-

sels, and extracellular connective tissue matrix. Although
this review focuses on the regeneration process of the
myofibers, it is understood that revascularization, reinner-
vation, and reconstitution of the extracellular matrix are
also essential aspects of the muscle regeneration process.

C. Morphological Characteristics of Skeletal

Muscle Regeneration

Adult mammalian skeletal muscle is a stable tissue
with little turnover of nuclei (85, 266). Minor lesions
inflicted by day-to-day wear and tear elicit only a slow
turnover of its constituent multinucleated muscle fibers.
It is estimated that in a normal adult rat muscle, no more
than 1–2% of myonuclei are replaced every week (266).
Nonetheless, mammalian skeletal muscle has the ability
to complete a rapid and extensive regeneration in re-
sponse to severe damage. Whether the muscle injury is
inflicted by a direct trauma (i.e., extensive physical activ-

FIG. 1. Signaling factors and cellular
events involved in embryonic skeletal
muscle formation. A: mesodermal
somitic cells located in the dorsal part of
the somite [dermomyotome (DM)] re-
ceive signals from surrounding tissues,
which induce [Wnts, Sonic hedgehog
(Shh), Noggin] or inhibit (BMP4) the ex-
pression of the primary MRFs (Myf5 and
MyoD) and commitment to the myogenic
lineage. Commited myoblasts migrate lat-
erally to form the myotome (MT), which
eventually forms the skeletal muscula-
ture. Pax3 promotes myogenesis in the
lateral myotome. E, ectoderm; LP, lateral
plate; SC, sclerotome; NC, notochord;
NT, neural tube. B: Pax3 expression in
precursor cells contributes to myogenic
cell expansion. After Myf5 and/or MyoD

induction, mesodermal somitic cells are
committed to the myogenic lineage (myo-
blasts). Later, upregulation of the sec-
ondary MRFs (myogenin and MRF4) in-
duces terminal differentiation of myo-
blasts into myocytes. Finally, myocyte
fusion gives rise to multinucleated myo-
fibers. During the later phase of embry-
onic myogenesis, a distinct population of
myoblasts, derived from satellite cells,
fuses to existing myofibers enabling myo-
fiber growth. Some satellite cells remain
closely associated with myofibers in a
quiescent undifferentiated state. The em-
bryonic origin of satellite cells remains to
be determined; however, Pax7 expres-
sion is essential for the specification/ex-
pansion of the satellite cell population.
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ity and especially resistance training) or innate genetic
defects, muscle regeneration is characterized by two
phases: a degenerative phase and a regenerative phase
(Fig. 3A).

The initial event of muscle degeneration is necrosis
of the muscle fibers. This event is generally triggered by
disruption of the myofiber sarcolemma resulting in in-
creased myofiber permeability. Disruption of the myofiber

FIG. 2. Morphological characteristics
of adult mammalian skeletal muscle. The
primary components of skeletal muscles
are the myofibers grouped in bundles
within the perimysium. A: myofibers are
multinucleated syncytia with their post-
mitotic myonuclei located at the periphery
as seen in muscle cross-section stained
with hematoxylin and eosin (arrow). Skel-
etal muscles are highly vascularized to pro-
vide essential nutrients for muscle function
(arrowhead). B: myofibers are heteroge-
neous with respect to their contractile
properties, ranging from slow/oxidative to
fast/glycolytic types. The proportion of
each fiber type within a muscle determines
its overall contractile property. The slow
contracting soleus muscle is rich in myofi-
bers expressing the slow type I myosin
heavy chain isoform as illustrated by the
mosaic pattern displayed following immu-
nostaining with an antibody specific to
slow myosin heavy chain (arrows), whereas
the fast contracting plantaris muscle is de-
void of slow type I myofibers. C and D: the
adult skeletal muscle contains a population
of quiescent muscle satellite cells. Muscle
satellite cells are closely associated with
myofibers, located within the same basal
lamina as seen by electron microscopy (C).
Muscle satellite cell nuclei (white arrow) can
be distinguished from myonuclei (black ar-
row) by their abundant heterochromatin
reflecting their mitotic quiescence. Muscle
satellite cells are present on myofibers iso-
lated by mild enzymatic digestion (D) and are
characterized by their high levels of Pax7

expression as demonstrated by immunocyto-
chemistry (white arrow) compared with
myonuclei (black arrow).

FIG. 3. Skeletal muscle repair process. A: mammalian skeletal muscle repair process is characterized by a
degenerative phase followed by a regenerative phase. B: injury to the tibialis anterior muscle by cardiotoxin (CTX)
injection results in the rapid necrosis of myofibers and the activation of an inflammatory response leading to the loss of
muscle architecture (compare Fig. 3B with Fig. 2A). C: myofiber regeneration is characterized by the activation of
myogenic cells to proliferate, differentiate, and fuse to necrotic fibers for repair or to each other for new fiber formation.
Regenerating fibers are characterized by their small caliber and their centrally located myonuclei (arrows).
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integrity is reflected by increased serum levels of muscle
proteins, such as creatine kinase, which are usually re-
stricted to the myofiber cytosol. In human and animal
models, increased serum creatine kinase is observed after
mechanical stress (e.g., extensive physical exercises) and
in the course of muscle degenerative diseases such as
muscular dystrophies, all of which are characterized by
the induction of a muscle regeneration process (79, 226,
238; reviewed in Refs. 13, 184, 292, 355). Reciprocally, the
uptake of low-molecular-weight dyes, such as Evans blue
or procion orange, by the myofiber is a reliable indication
of sarcolemmal damage and is also associated with stren-
uous exercise and muscle degenerative diseases (46, 135,
201, 231, 297, 298). It has been hypothesized that in-
creased calcium influx after sarcolemmal or sarcoplasmic
reticulum damage results in a loss of calcium homeostasis
and increased calcium-dependent proteolysis that drives
tissue degeneration (reviewed in Refs. 2, 12, 30). Calpains
are calcium-activated proteases that can cleave myofibril-
lar and cytoskeletal proteins and hence are implicated in
the process (180; reviewed in Refs. 30, 90). Thus disrupted
myofibers undergo focal or total autolysis depending on
the extent of the injury.

The early phase of muscle injury is usually accompa-
nied by the activation of mononucleated cells, principally
inflammatory cells and myogenic cells. Present reports
suggest that factors released by the injured muscle acti-
vate inflammatory cells residing within the muscle, which
in turn provide the chemotactic signals to circulating
inflammatory cells (reviewed in Refs. 247, 315). Neutro-
phils are the first inflammatory cells to invade the injured
muscle, with a significant increase in their number being
observed as early as 1–6 h after myotoxin or exercise-
induced muscle damage (104, 230). After neutrophil infil-
tration and �48 h postinjury, macrophages become the
predominant inflammatory cell type within the site of
injury (230, 315). Macrophages infiltrate the injured site to
phagocytose cellular debris and may affect other aspects
of muscle regeneration by activating myogenic cells (7,
191, 212, 256). Moreover, studies demonstrating the stim-
ulation of peritoneal macrophages after intensive physical
exercise suggest that a systemic factor capable of induc-
ing an inflammatory response throughout the body is
released following muscle damage (99, 196, 339). Al-
though several mediators involved in the activation of the
inflammatory response have been characterized, further
studies are necessary to demonstrate their potential role
in the muscle regeneration process in vivo (reviewed in
Ref. 315). Thus muscle fiber necrosis and increased num-
ber of nonmuscle mononucleate cells within the damaged
site are the main histopathological characteristics of the
early event following muscle injury (Fig. 3B).

Muscle degeneration is followed by the activation of
a muscle repair process. Cellular proliferation is an im-
portant event necessary for muscle regeneration as dem-

onstrated by the reduced muscle regenerative capacity
after exposure to colchicine (an inhibitor of mitotic divi-
sion) or after irradiation (241, 244, 325, 331). Notably, the
expansion of myogenic cells provides a sufficient source
of new myonuclei for muscle repair (reviewed in Refs. 48,
129, 142). Numerous nuclear radiolabeling experiments
have demonstrated the contribution of dividing myogenic
cells to regenerating myofibers, and it is well accepted
that following the myogenic proliferation phase, new
muscle fibers are formed much as during bona fide em-
bryonic myogenesis; myogenic cells differentiate and fuse
to existing damaged fibers for repair or to one another for
new myofiber formation (82, 289, 290, 326). Long-standing
histological characteristics are still used to identify the
mammalian skeletal muscle regeneration process. On
muscle cross-sections, these fundamental morphological
characteristics are newly formed myofibers of small cali-
ber and with centrally located myonuclei (Fig. 3C). Newly
formed myofibers are often basophilic (reflecting high
protein synthesis) and express embryonic/developmental
forms of MHC (reflecting de novo fiber formation) (134,
333). On muscle longitudinal sections and in isolated
single muscle fibers, central myonuclei are observed in
discrete portions of regenerating fibers or along the entire
new fiber, suggesting that cell fusion is not diffuse during
regeneration but rather focal to the site of injury (41).
Fiber splitting or branching is also a characteristic feature
of muscle regeneration and is probably due to the incom-
plete fusion of fibers regenerating within the same basal
lamina (38, 41, 43). Fiber splitting is commonly observed
in muscles from patients suffering neuromuscular dis-
eases, in hypertrophied muscles, and in aging mouse mus-
cles, all of which are associated with abnormal regener-
ative capacity (42, 57, 61, 264). Once fusion of myogenic
cells is completed, newly formed myofibers increase in
size, and myonuclei move to the periphery of the muscle
fiber. Under normal conditions, the regenerated muscle is
morphologically and functionally indistinguishable from
undamaged muscle.

D. Animal Models of Muscle Injury

Although the degenerative phase and the regenera-
tive phase of the muscle regeneration process are similar
among different muscle types and after varying causes of
injuries, the kinetics and amplitude of each phase may
vary depending on the extent of the injury, the muscle
injured, or the animal model (149, 187, 217, 237, 255). To
study the process of muscle regeneration in a controlled
and reproducible way, it has therefore been necessary to
develop animal models of muscle injury.

The use of myotoxins such as bupivacaine (Mar-
caine), cardiotoxin (CTX), and notexin (NTX) is perhaps
the easiest and most reproducible way to induce muscle
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regeneration (81, 133, 138, 139). These toxins have a wide
range of biological activities, which are not entirely un-
derstood. For example, NTX is a phospholipase A2 neu-
rotoxin peptide extracted from snake venoms that block
neuromuscular transmission by inhibition of acetylcho-
line release. CTX is also a peptide isolated from snake
venoms, but it is a protein kinase C-specific inhibitor that
appears to induce the depolarization and contraction of
muscular cells, to disrupt membrane organization, and to
lyse various cell types. In our laboratory, 25 �l of 10 �M
CTX (from Naja nigricollis snake venom) injected in
adult mouse tibialis anterior muscle induces muscle de-
generation leading to a wound coagulum with mononu-
clear cell infiltration within 1 day of injection. Inflamma-
tory response and mononuclear cell proliferation is most
active within 1–4 days of injection (Fig. 3B). Myogenic
cell differentiation and new myotube formation is ob-
served �5–6 days postinjection. By 10 days postinjection,
the overall architecture of the muscle is restored, al-
though most regenerated myofibers are smaller and dis-
play central myonuclei (Fig. 3C). The return to a morpho-
logically and histochemically normal mature muscle is
seen at �3–4 wk postinjection. Although injection of CTX

is a highly reproducible way of inducing muscle regener-
ation, the potentially unknown effects of this toxin on
various muscle cell types including satellite cells is a
potential “caveat” to this protocol.

Alternative methods to myotoxin injection, which are
possibly more physiologically relevant, are available. For
example, the direct infliction of a wound by crushing
and/or freezing the muscle or the denervation-devascular-
ization by transplantation of a single muscle will trigger
the process of muscle regeneration (187, 272). Transplan-
tation of the extensor digitorum longus in the rat leads to
rapid degeneration (within 2–3 days) of the transplanted
fibers followed by the rapid appearance of regenerating
fibers (within 5 days) and leading to a normal muscle by
60 days (51, 136, 137). Muscle regeneration can also be
induced by repeated bouts of intensive exercise, and in
fact, eccentric exercise (lengthening contraction) is par-
ticularly potent at inducing muscle damage (149; re-
viewed in Refs. 13, 98). Thus appropriate procedures that
promote muscle damage will induce a controlled regen-
eration process.

Laboratory mouse models with abnormal degenera-
tion due to the spontaneous or artificial deregulation of

TABLE 1. Targeted germline mutations in mice affecting muscle degeneration/regeneration process

Targeted Mutation Adult Muscle Phenotype
Muscle Regeneration

Phenotype
Satellite Cell Phenotype

(In Vitro)

Transcription factors

MyoD�/� (210, 260) Minor alterations Impaired Increased proliferation
Delayed differentiation

Pax7�/� (275) (P. Seale and S. Chargé,
unpublished observations)

Growth deficit, satellite cells absent Deficient No satellite cell

Slug�/� (358) Fairly normal Impaired ND
MNF�/� (114) Growth deficit Impaired Decreased proliferation

Normal differentiation

DGC components

MCK (Cre)-dystroglycan (LoxP) (68) Increased degeneration without fibrosis or fat
replacement, muscle mass increase

Efficient ND

Dystrophin�/� (mdx) (42, 68, 235) Increased degeneration with fibrosis and fat
replacement

Impaired in older mice Normal proliferation

�-Sarcoglycan�/� (68) Increased degeneration with fibrosis and fat
replacement

Impaired in older mice ND

Growth factors

FGF-6�/� (109) Fairly normal Impaired ND
FGF-6�/� (106) Normal Normal ND
LIF�/� (178) Normal Impaired ND
MSTN�/� (208, 324) Muscle mass increase (hyperplasia and

hypertrophy)
Improved ND

Others

M-cadherin�/� (144) Normal Normal ND
Desmin�/� (193, 288) Some degeneration Delayed ND

MNF, myocyte nuclear factor; MCK, muscle creatine kinase; FGF, fibroblast growth factor; LIF, leukemia inhibitory factor; MSTN, myostatin;
ND, not determined. Reference numbers are given in parentheses.
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specific genes are also of interest (Table 1). For example,
the mdx mouse is commonly used as an animal model of
Duchenne muscular dystrophy (DMD) and as an alterna-
tive degeneration model for studying muscle repair (55;
reviewed in Refs. 39, 328). The mdx mouse is a sponta-
neously occurring mouse line deficient for dystrophin
because of a point mutation in exon 23 of the dystrophin
gene, which forms a premature stop codon (283). Dystro-
phin is a major component of the dystrophin-glycoprotein
complex (DGC), which links the myofiber cytoskeleton to
the extracellular matrix. Disruption of this complex leads
to increased susceptibility to contraction-induced injury
and sarcolemmal damage leading to myofiber necrosis.
Although mdx mice are normal at birth, skeletal muscles
show extensive signs of muscle degeneration by 3–5 wk of
age (79, 235, 304). This acute muscle degeneration phase
is accompanied by an effective regeneration process lead-
ing to a transient muscle hypertrophy (79, 235). After this
period, the degeneration/regeneration activity continues
at lower and relatively constant levels throughout the life
span of the animal. However, for reasons that remain
unclear, in the older animals (�15 mo), muscle regener-
ation process is defective and the mice become extremely
weak and die before wild-type littermates (68, 234, 235).
To date there are various animal models in which the
DGC has been disrupted by knocking out dystrophin-
associated proteins such as dystroglycans and sarcogly-
cans (Table 1). These also provide useful insight in the
degeneration/regeneration regulatory pathways (68, 297).

A large variety of animal models are available for
studying muscle regeneration; however, the mouse strain
influences muscle regeneration (125, 128, 149, 205, 217,
255). For example, the regeneration process in Swiss
SJL/J mice is more efficient than in Balb/c, C57BL6J, and
B6AF-1, while A/J mice appear the least efficient. The
underlying mechanisms for such strain differences are
unclear, but the correlation between regeneration capac-
ity and genetic background suggests the involvement of
modifier genes. Differential expressions of Pax7 isoforms
and MyoD have been correlated with efficiency of repair
(165–167, 197). Furthermore, expression levels of basic
fibroblast growth factor (FGF) have been correlated with
the efficiency of repair within Balb/c and SJL/J muscles
(10). Another experimental consideration is the observa-
tion that the muscle regeneration process follows a cen-
tripetal gradient (from the outer regions to the inner
regions), which results in the formation of different zones
within a regenerating muscle, each zone being in a differ-
ent phase of degeneration or regeneration (51). The use of
laboratory rodents has been fundamental in the under-
standing of mammalian skeletal muscle regeneration;
through the use of such models the primary cellular com-
ponent for muscle regeneration has been established to
be the adult muscle satellite cell.

II. ADULT MUSCLE SATELLITE CELLS

A. Identification of Muscle Satellite Cells

Muscle satellite cells are a population of undifferen-
tiated mononuclear myogenic cells found in mammalian
(49, 113, 202), avian (140), reptilian (157), and amphibian
(202, 242) skeletal muscles including muscle spindles.
When cultured in vitro, satellite cells display specific char-
acteristics allowing their distinction from embryonic and
fetal myoblasts (75, 77, 140). Muscle satellite cells are
apparent as a distinct population of myoblasts during the
midfetal (E12–13) to late stage (E18) of avian develop-
ment (100, 140), during the 10th to 14th week of human
limb development (75) and from around E17.5 in limbs of
mouse embryos (reviewed in Ref. 76). Thus, in all organ-
isms analyzed to date, the muscle satellite cell population
appears distinct from the embryonic and fetal myoblasts
populations. Furthermore, the temporal appearance of
satellite cells follows the appearance of both embryonic
and fetal myoblasts.

Since their first description by Mauro (202), muscle
satellite cells have been primarily identified in situ by
their morphological characteristics. Indeed, muscle sat-
ellite cells can unequivocally be identified by electron
microscopy due to their distinct location within the
basal lamina surrounding individual myofibers, juxta-
posed between the plasma membrane of the muscle
fiber and the basement membrane, hence their name
(Fig. 2C, white arrow). Other important morphological
features of satellite cells are an increased nuclear-to-
cytoplasmic ratio, a reduced organelle content, and a
smaller nucleus size displaying increased amounts of
heterochromatin compared with fiber myonuclei (Fig.
2C, white arrow). These characteristics reflect the find-
ing that satellite cells are mitotically quiescent and
transcriptionally less active than myonuclei (269, 291).
The identification of satellite cells by light microscopy
is more ambiguous, although the use of markers such
as laminin and dystrophin to respectively identify the
basal lamina and the myofiber sarcolemma facilitate
their identification. Moreover, the development of tech-
niques to isolate and study single muscle fibers with
their resident satellite cells in vitro has allowed great
advances in understanding this cell population (Fig.
2D) (33, 258). Nevertheless, the difficult in vivo identi-
fication of satellite cells has hindered the study of this
cell population and in effect the understanding of skel-
etal muscle regeneration. To circumvent such difficul-
ties, scientists are focusing on identifying molecular
markers specific to this cell population (summarized in
Table 2 and discussed herein) (reviewed in Ref. 142).
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B. Dynamics of Muscle Satellite Cells

Satellite cells are present in all skeletal muscles and
are associated with all muscle fiber types, albeit with
unequal distribution. For instance, the percentage of sat-
ellite cells in adult slow soleus muscle is two- to threefold
higher than in adult fast tibialis anterior or extensor digi-
torum longus muscles (Table 3) (117, 258, 265, 291). Sim-
ilarly, high numbers of satellite cells are found associated
with slow muscle fibers compared with fast fibers within
the same muscle (117). Although these differences in
satellite cell density between fiber types are well estab-
lished, the regulatory mechanisms behind this phenome-
non are less well understood. Increased density of satel-
lite cells have been observed at the motor neuron junc-
tions (312, 337) and adjacent to capillaries (265),
suggesting that some factors emanating from these struc-
tures may play a role in homing satellite cells to specific
muscle locations or in regulating the satellite cell pool by
other means. The regulation of satellite cell density at the
single fiber level is also suggestive of a role for the muscle
fiber in regulating the satellite cell pool.

The satellite cell population varies also with age (Ta-
ble 3). Compelling evidence suggests a decrease in satel-
lite cell density over time. During postnatal muscle
growth, there is a dramatic decrease in the proportion of
satellite cell nuclei. This decrease is mainly due to the
dramatic increase in myonuclei number following satel-
lite cell fusion. However, in some glycolytic muscles, it is

combined with a net decrease in total satellite cell num-
ber (118). At birth, satellite cells account for 30% of
sublaminar muscle nuclei in mice followed by a decrease
to �5% in a 2-mo-old adult (35). After sexual maturity,
satellite cell number continues to decrease, albeit not as
dramatically (42, 61, 118, 273). At 1–4 mo of age, most
murine single myofibers in culture yield satellite cells,
whereas from 9 to 12 mo of age, up to 50% of extensor
digitorum longus fibers fail to yield any satellite cells
under similar culture conditions (Table 3) (42, 61). Thus
the overall satellite cell number appears to decrease as a
function of age.

C. Embryonic Origin of Muscle Satellite Cells:

Somitic Versus Endothelial

Satellite cells are believed to constitute a myogenic
cell lineage distinct from embryonic and fetal myoblast
lineages (Fig. 1B). However, although the origin of em-
bryonic and fetal myoblasts has been extensively studied
and researchers have unanimously concluded that these
myogenic precursors originate from the multipotential
mesodermal cells of the somites (reviewed in Refs. 15,
229), the origin of satellite cells has been the subject of
fewer studies and remains unclear with, to date, two
standing hypotheses: a somitic versus an endothelial origin.

TABLE 2. Satellite cell markers

Molecular Markers

Satellite Cell Expression
Experimental

ProtocolQuiescent Proliferating

Cell surface
M-cadherin (74, 150) �/� � In vivo/in vitro
Syndecan-3 (73) � � In vivo/in vitro
Syndecan-4 (73) � � In vivo/in vitro
c-met (74) � � In vivo/in vitro
VCAM-1 (153) � � In vivo
NCAM (148) � � In vivo
Glycoprotein Leu-19

(148, 267) � � In vivo/in vitro
CD34 (28) �/� �/� In vitro

Cytoskeletal
Desmin (42, 74) � � In vivo/in vitro

Transcription factors
Pax7 (275) � � In vivo/in vitro
Myf5 (28, 74) �/� � In vivo/in vitro
MyoD (74) � � In vivo/in vitro
MNF (115) � � In vivo/in vitro
MSTN (73, 168, 211) � �/� In vitro/in vivo
IRF-2 (153) � � In vivo
Msx1 (73) � � In vitro

MSTN, myostatin; VCAM-1, vascular cell adhesion molecule-1;
NCAM, neural cell adhesion molecule; MNF, myocyte nuclear factor;
IRF-2, interferon regulatory factor-2. Reference numbers are given in
parentheses.

TABLE 3. Satellite cell number in skeletal muscle

of different ages and type

Animal Model Muscle
Age,
mo

Satellite
Cell

Nuclei,
%

Number
of

Desmin�

Cells/Fiber

Fiber
Yielding
No Cell,

%

Mouse cross-sections (291) EDL 5–7 1.2
Soleus 5–7 4.1

Rat cross-sections (118) EDL 1 7
12 2.9
24 1.9

Soleus 1 9.6
12 6.6
24 4.7

Rat cross-sections (265) TA 2 4
Soleus 2 11

Mouse single fiber explant (42) EDL 0.5 116 � 16 0
1 91 � 11 0
1.5 64 � 5 0
3.5 18 � 4 25

18 10 � 3 50
Mouse single fiber explant (61) EDL 1.5–2 30 � 6 1

4 37 � 5 0
12–13 3 � 1 50

Number of desmin� cell/fiber represents mean � SE of desmin�

cells associated with an explanted single fiber following 90 h of culture
in growth media (42) or 72 h in low growth factors media (61). Percent
fiber yielding no cell represents the proportion of single fibers associ-
ated with no mononucleated cells after at least 72 h in culture. EDL,
extensor digitorum longus; TA, tibialis anterior. Percent satellite cell
represents the number of satellite cell nuclei per total number of satel-
lite cell nuclei plus myonuclei. Reference numbers are given in paren-
theses.
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The somitic origin hypothesis emanates from tradi-
tional transplantation studies performed in avian models
(11). In this fate-mapping analysis, embryonic somites
from donor quail embryos were introduced into host
chick embryos. After embryonic development, the contri-
bution of quail cells to the host satellite cell compartment
is determined using ultrastructural characteristics spe-
cific to quail nuclei to identify the donor cells. In this
study, donor somitic cells are found to migrate from the
somites into the developing chick limb contributing to
both terminally differentiated muscle fibers and the host
satellite cell population. Although the identification of
quail nuclei was never definite and the somitic domain
generating satellite cells was never characterized, this
study suggests a common somitic origin for all myogenic
cell lineages, including muscle satellite cells.

Several recent observations have challenged the view
of a somitic origin for satellite cells. For example, bone
marrow-derived myogenic cells are able to participate in
skeletal muscle regeneration, although at low frequency,
when injected intravenously, suggesting that some myo-
genic cells with similar functional characteristics as sat-
ellite cells originate from bone marrow-derived stem cells
(discussed in sect. V) (37, 103, 132, 181). Subsequently,
more studies have demonstrated the ability of nonmuscle
resident cells to follow the myogenic lineage (reviewed in
Ref. 119). However, more definitive conclusions come
from the detailed clonal analysis of different mouse tis-
sues at various developmental stages by De Angelis et al.
(83). In this elegant study, the authors demonstrate the
presence of clonal myogenic precursors within the em-
bryonic dorsal aorta. When cultured in vitro, these clones
display similar morphological characteristics and express
myogenic and endothelial markers similar to that of adult
muscle satellite cells. Furthermore, the same study shows
that myogenic precursor clones can be derived from limbs
of c-Met�/� and Pax3�/� mutants, which lack appendic-
ular musculature due to the absence of migratory myo-
blasts of somitic origin. Thus myogenic precursors de-
rived from these mutant limbs may be of endothelial
origin. When directly injected into regenerating host mus-
cles, these cells are incorporated into newly regenerating
fibers, a hallmark of bona fide satellite cells. When em-
bryonic aortas are transplanted into muscles of newborn
immunodeficient mice, they can also give rise to many
myogenic cells within the treated muscles and also within
collateral untreated muscles. Moreover, when fetal limbs
are transplanted under the skin of host animals and be-
come vascularized by the host, myogenic cells of host
origin are observed within the transplant. Taken together,
these results suggest the presence of a multipotential cell
population within the embryonic vasculature, which may
differentiate as a function of the tissue it perfuses (83,
216). In the case of the skeletal muscle, the progenitors
have the capacity to adopt a myogenic fate (83). However,

although it is clear that these endothelial cells can con-
tribute to new muscle fiber formation during muscle de-
velopment and regeneration, it remains to be determined
whether these cells can contribute to the quiescent sub-
laminar cell population historically defined as a satellite
cell population (202). Indeed, the endothelial progenitors
could represent an alternative cell population to satellite
cells capable of muscle growth and repair. It is notewor-
thy, however, that adult satellite cells, in contrast to em-
bryonic and fetal myoblasts, express both endothelial and
myogenic markers, such as CD34 and MRFs (28).

The recent view of an endothelial origin for satellite
cells is not mutually exclusive with the more traditional
view of a somitic origin. In fact, during early embryogen-
esis the aortic endothelium and the somites are adjacent,
suggesting a close proximity in origin of these two lin-
eages (reviewed in Refs. 228, 233). Thus the presence of
myogenic cells within the embryonic dorsal aorta does
not rule out the possibility of an indirect somitic origin of
the satellite cells. Moreover, emerging evidence that sat-
ellite cells may represent a heterogeneous population
may be a reflection of this dual origin (reviewed in Ref.
213). Moreover, in the course of differing physiological or
pathological states, myogenic cells of different origin may
contribute differently to the myogenic repair. Thus myo-
genic repair may involve the activation of various myo-
genic cells depending on the extent of the injury or the
local environment, and in particular, in response to dam-
aged vasculature. Taken together, these studies highlight
the need for further experiments designed to unequivo-
cally identify the embryonic origin(s) of muscle satellite
cells. Such studies will require the use of classical chi-
meric studies combined with lineage analysis using retro-
viral or genetic labeling.

D. Specification/Expansion of Muscle Satellite

Cells: Role of Pax7

Although the embryonic origin of satellite cells re-
mains to be determined, the gene responsible for the
specification of progenitor cells to the satellite cell lineage
has been recently identified (275). Using representational
difference analysis (RDA) of cDNAs, our group has iso-
lated Pax7 as a gene specifically expressed in cultured
satellite cells and demonstrated its expression in quies-
cent and activated satellite cells in vivo (146, 275) (Fig.
2D). The Pax7 gene is a member of the paired box con-
taining gene family of transcription factors implicated in
development of the skeletal muscle of the trunk and
limbs, as well as elements of the central nervous system
(reviewed in Refs. 65, 198). Pax7 is closely related to
Pax3, based on highly similar protein structures and par-
tially overlapping expression patterns during embryonic
development (121, 154). Interestingly, Pax3 is a key reg-
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ulator of somitic myogenesis (200, 303). Detailed analysis
of the distribution of Pax7 mRNA using Northern blot
analysis by Seale et al. (275) demonstrated the expression
of Pax7 in proliferating satellite cell-derived myoblasts
and a rapid downregulation of Pax7 transcripts upon
myogenic differentiation. Low levels of Pax7 expression
were also detected in proliferating C2C12 mouse myo-
blasts, which is an established cell line originally derived
from satellite cells (40, 344). However, Pax7 was not
expressed at detectable levels in a variety of nonmuscle
cell lines. In addition, analysis of poly(A)� RNA from
selected mouse tissues revealed expression of Pax7 at
low levels in adult skeletal muscles only. Specific expres-
sion of Pax7 within muscle satellite cells in vivo was
confirmed by in situ hybridization and immunocytochem-
istry analyses on fresh frozen muscle sections. Pax7

mRNA and protein were found in a subset of nuclei (�5%)
in discrete peripheral locations within undamaged wild-
type skeletal muscle. Furthermore, the number of Pax7-
positive cells increased in muscles undergoing regenera-
tion such as in MyoD�/�, mdx, and mdx:MyoD�/� skele-
tal muscles. Centrally located nuclei within newly
regenerated muscle fibers were also associated with Pax7

expression, suggesting that recently activated and fusing
satellite cells express Pax7. Together, these data demon-
strate the specific expression of Pax7 in quiescent and
activated muscle satellite cells (275).

The analysis of Pax7�/� skeletal muscles demon-
strated the important role for Pax7 in satellite cell devel-
opment. Indeed, Pax7�/� mice appear normal at birth but
fail to grow postnatally, leading to a 50% decrease in body
weight by 7 days of age compared with wild-type litter-
mates (199, 275). Pax7 mutant animals fail to thrive and
usually die within 2 wk after birth (199, 275). This runted
phenotype is characterized by a decreased skeletal mus-
cle mass resulting from a fiber size decrease rather than a
decrease in fiber number (S. Chargé, unpublished obser-
vation; Ref. 275). Pax7�/� skeletal muscles have a striking
absence of satellite cells (275). Under standard derivation
and growth conditions, primary cell cultures from mutant
skeletal muscles failed to generate myoblasts; instead,
mutant cultures were uniformly composed of fibroblasts
and adipocytes. Furthermore, morphological analysis of
mutant skeletal muscles by transmission electron micros-
copy confirmed the lack of satellite cells in Pax7-deficient
musculature. Overall, the data to date suggest a key role
for Pax7 in lineage determination, especially in the spec-
ification of myogenic progenitors to the satellite cell lin-
eage. Recent studies have highlighted the multiple func-
tions of the Pax genes, implicating Pax proteins in regu-
lating organogenesis and maintaining proliferating,
pluripotent stem cell populations (reviewed in Refs. 65,
198). Pax7 is unequivocally required for satellite cell de-
velopment. However, whether Pax7 has a role in the
specification or the survival of the satellite cell progenitor

pool remains unclear. Understanding the molecular path-
ways regulated by Pax7 should prove useful in under-
standing the early event of satellite cell development.

III. MUSCLE SATELLITE CELLS

IN MUSCLE REPAIR

The activation of satellite cells upon muscle injury
resulting from mechanical trauma, direct injury to the
muscle, or in the course of a disease is well characterized
(for review, see Refs. 48, 129, 142). Moreover, when trans-
planted into regenerating muscle, cultured satellite cells
contribute to new myofiber formation as well as to recon-
stitution of satellite cell population for later rounds of
regeneration (41, 124, 143, 194, 290). Furthermore, prelim-
inary experiments performed in our laboratory suggest
that in Pax7�/� mice, which lack muscle satellite cells,
normal skeletal muscle regeneration is dramatically re-
duced (P. Seale and S. Chargé, unpublished observa-
tions). Thus the activation of muscle satellite cells ap-
pears an important step in the ability of muscle to regen-
erate.

A. Activation of Muscle Satellite Cell Upon Injury:

Role of MRFs

In the course of muscle regeneration, satellite cells
first exit their normal quiescent state to start proliferating.
After several rounds of proliferation, the majority of the
satellite cells differentiate and fuse to form new myofibers
or to repair damaged one. Satellite cell activation is not
restricted to the damaged site. Indeed, damage at one end
of a muscle fiber will activate satellite cells all along this
fiber leading to the proliferation and migration of the
satellite cells to the regeneration site (272). However,
recruitment of satellite cells from adjacent muscles is
seldom observed and requires damage to the connective
tissue separating the two muscles (271, 272). After prolif-
eration, quiescent satellite cells are restored underneath
the basal lamina for subsequent rounds of regeneration
(272). The process of satellite cell activation and differ-
entiation during muscle regeneration is reminiscent of
embryonic muscle development. In particular, the critical
role of the MRFs is observed in both processes (Figs. 1
and 4).

Upon exposure to signals from the damaged environ-
ment, quiescent satellite cells are activated and start pro-
liferating at which stage they are often referred to as
myogenic precursor cells (mpc) or adult myoblasts (Fig.
4). At the molecular level, activation of mpc is character-
ized by the rapid upregulation of two MRFs, Myf5 and
MyoD (71, 73, 74, 110, 127, 197, 246, 285, 341, 353). In
general, quiescent satellite cells do not have any detect-
able levels of MRFs. Although a low level of Myf5-lacZ
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expression has been reported in a subset of quiescent
satellite cells using knock-in mice, this observation is
likely an allele-specific phenomenon (28). Upon satellite
cell activation, MyoD upregulation appears the earliest
within 12 h of activation and is detectable before any sign
of cellular division such as proliferative cell antigen nu-
clear (PCNA) expression (71, 73, 74, 79, 285, 341). A
sensitive multiplex expression analysis at the single-cell
level suggested that some satellite cells enter the MRF-
positive compartment by expressing either Myf5 or
MyoD; however, this state is rapidly followed by coex-
pression of the two (74). Activation of MyoD and Myf5

expression following muscle injury has also been ob-
served in various in vivo models for muscle regeneration
and in varying muscle types (32, 71, 110, 127, 246). Of
particular interest is the study by Cooper et al. (71), which
confirmed the initial upregulation of Myf5 and/or MyoD,
followed by the coexpression of these MRFs by using CTX
to induce muscle regeneration in Myf5-nlacZ mice com-
bined with MyoD immunostaining. These data suggest an
important role for MyoD in satellite cell differentiation.
Supporting this view is the observation by Megeney et al.
(210) that MyoD�/� mice have a reduced regenerative
capacity characterized by an increase in mpc population
and a decrease in regenerated myotubes. Furthermore,
MyoD�/� muscles display an increased occurrence of
branched myofibers suggestive of chronic or inefficient
muscle regeneration in vivo (73). By electron microscopy,
MyoD�/� satellite cells are morphologically normal (210).
However, in vitro cultures of MyoD�/� satellite cells dem-
onstrate a myogenic cell population with abnormal mor-

phology characterized by a stellate, flattened appearance
compared with the compact rounded appearance dis-
played by normal mouse myoblasts (260). Under low
serum conditions, which usually are favorable for myo-
genic differentiation, MyoD�/� cells continue to prolifer-
ate and eventually yield a reduced number of mononucle-
ated differentiated myocytes (73, 260, 342). The increased
level of insulin-like growth factor I (IGF-I) expression in
MyoD�/� cells is in accordance with the previously re-
ported role for IGF-I in promoting myoblast proliferation
(discussed in sect. IVC) (107, 260). In normal satellite cells,
MyoD may downregulate IGF-I expression to promote
myogenic differentiation. In addition, expression of M-
cadherin is decreased in MyoD�/� cells (73, 260), and a
requirement for M-cadherin has been reported for myo-
blast differentiation and fusion (150, 356). A recent study
has isolated Slug, a zinc-finger protein of the snail family,
as a direct downstream target of MyoD (358). Endoge-
nous MyoD was shown to bind to the Slug promoter, and
in vitro reporter analysis demonstrated the direct activa-
tion of this promoter by MyoD (358). Slug expression is
dramatically increased in the late phase (4–10 days post-
CTX injection) of muscle regeneration. Moreover, induc-
tion of muscle regeneration by CTX injection in Slug�/�

muscle reveals a defective regenerative capacity with rare
centrally nucleated fibers (i.e., rare regenerating myofi-
bers) and smaller regenerated muscle area. Even though
the data are suggestive of a role for Slug in muscle regen-
eration, the authors are rightly cautious in concluding that
a number of developmental abnormalities could give rise
to such defect. Indeed, Slug is a transcription factor with

FIG. 4. Schematic representation of
the molecular events regulating muscle sat-
ellite cell activation during skeletal muscle
regeneration. Following damage to the myo-
fiber (A), quiescent satellite cells are acti-
vated to enter the cell cycle and proliferate,
allowing for expansion of the myogenic cell
population (B). Activated satellite cells are
characterized by high expression of the
MRFs MyoD and Myf5. The proliferative
phase is followed by terminal differentiation
(C) and fusion of myoblasts to damaged
myofibers for repair or to each other for new
myofiber formation (D). Myoblast terminal
differentiation is characterized by the up-
regulation of the MRFs Myogenin and MRF4.
Finally, repaired or new myofibers grow to
resemble original myofibers (E). During the
course of muscle regeneration, a subset of
myoblasts reenters the quiescent state to re-
plenish the satellite cell pool for subsequent
muscle repair (F). In vitro and in vivo exper-
iments have highlighted the possible role for
several growth factors among which positive
(green arrows) and negative (red lines) reg-
ulators are presented. HGF, hepatocyte
growth factor; FGF, fibroblast growth factor;
IGF, insulin-like growth factor; IL-6, interleu-
kin-6; LIF, leukemia inhibitory factor; TGF-�,
transforming growth factor-� family.
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a broad expression pattern and is likely to play regulatory
roles in multiple processes (67, 276). Nevertheless, one
attractive hypothesis is that the muscle regeneration de-
fect observed in MyoD�/� mice stems from the inappro-
priate expression of Slug. Understanding the downstream
targets of Slug may shed some light on the molecular
pathways regulating mpc activation. Overall, these data
suggest an important role for MyoD in the process of
satellite cell differentiation during muscle regeneration.
However, further studies are required to determine the
downstream targets of MyoD important in the regenera-
tive process. Moreover, it remains unclear whether lack of
MyoD during embryonic development or in mature fibers
has an effect on muscle regeneration independently of
satellite cell activity. A recent study argues against this
possibility, wherein antisense nucleotides to inhibit MyoD

expression during adult muscle regeneration were used
successfully and muscle regeneration appeared some-
what delayed (352). In the future, this technique should
prove useful in inhibiting individual factors during muscle
regeneration in mice that have a similar developmental
background.

Identifying a role for Myf5 in muscle regeneration
has been more problematic. Indeed, until recently no
viable Myf5�/� mice were available (164). Although Myf5-
deficient mice display a delayed epaxial (deep back mus-
cle) embryonic myogenesis and a normal hypaxial (trunk
and limb muscles) embryonic myogenesis, no apparent
phenotype in the adult muscle has been reported to date
(reviewed in Ref. 156). These data combined with the
reciprocal delay in hypaxial myogenesis in MyoD-defi-
cient mice and the mutually exclusive expression of Myf5

and MyoD in early stages of embryonic muscle precursor
cells have led to the hypothesis that Myf5 and MyoD
support distinct myogenic lineages during embryonic
muscle development (reviewed in Ref. 156). Similarly,
circumstantial evidence suggests that Myf5 and MyoD
may play distinct roles during muscle regeneration: Myf5
promotes satellite cell self-renewal (discussed below),
whereas MyoD promotes satellite cell progression to ter-
minal differentiation (discussed above). Analysis of viable
Myf5-deficient mice under regeneration conditions and of
Myf5-deficient myoblasts in culture should shed some
light into these mechanisms.

After the mpc proliferation phase, expression of
Myogenin and MRF4 (MRF members) is upregulated in
cells beginning their terminal differentiation program
(Fig. 4) (73, 74, 110, 127, 197, 285, 341). This is followed by
the activation of the cell cycle arrest protein p21 and
permanent exit from the cell cycle. The differentiation
program is then completed with the activation of muscle-
specific proteins, such as MHC, and the fusion of mpc to
repair damaged muscle. The observation that MRF4 ex-
pression is in myonuclei of newly regenerated myofibers
or young myotubes at a time after fusion suggests a

distinct role from Myf5, MyoD, and Myogenin, possibly in
myofiber maturation (359). Gross defects in embryonic
muscle development of mutant mice for Myogenin and
MRF4 have impeded further study of these genes in mus-
cle regeneration.

Other factors important in regulating myogenic dif-
ferentiation, possibly by acting upstreams of the MRFs,
have been identified. Mice deficient in myocyte nuclear
factor (MNF), a winged helix transcription factor impor-
tant in regulating myoblasts cell cycle progression, are
impaired in their ability to regenerate skeletal muscle
(114, 115, and reviewed in 142). Recently, Fernando et al.
(102) have demonstrated the requirement for caspase-3/
MST1 signaling in initiating myoblasts differentiation in
vitro. However, the requirement for caspase-3 activity for
normal muscle regeneration remains to be demonstrated.
Thus the activation of satellite cells following muscle
injury results in the activation of the myogenic program,
which allows expansion of the myogenic cell pool neces-
sary for new myonuclei fusion and myofiber formation
(Fig. 4).

B. Fusion of Muscle Precursor Cells

During the course of muscle regeneration, akin to
during muscle development, mpc are required to specifi-
cally fuse to each other to form syncytial muscle fibers.
Semi-stable intercellular junction structures that mediate
cell-cell adhesion and regulate intracellular cytoskeleton
architecture are important in the course of such complex
tissue organization. Classical cadherins, which are trans-
membrane proteins mediating cell-cell interactions in a
calcium-dependent manner, are thought to play important
roles in these processes (reviewed in Refs. 116, 163).
M-cadherin, in particular, has been postulated as an es-
sential molecule for the specific fusion of myoblasts with
each other during embryonic myogenesis and muscle re-
generation (163, 219, 356). First, the preferential expres-
sion of M-cadherin in developing and regenerating skele-
tal muscles, as well as in skeletal muscle cell lines, is
suggestive of a role for this molecule in myoblast fusion.
More specifically, although M-cadherin mRNA can be de-
tected in only a small subset of quiescent satellite cells, its
protein remains constant in most of these cells. Moreover,
M-cadherin expression within satellite cells is markedly
induced upon muscle injury, suggesting a possible role for
this protein in the muscle repair process (150, 219). Sec-
ond, in vitro experiments using antagonistic peptides and
antisense RNA strategies have demonstrated the essential
role played by M-cadherin during myoblast fusion process
without affecting the biochemical differentiation of myo-
blasts, as seen by normal upregulation of muscle-specific
genes (175, 356). Finally, MyoD�/� satellite cells, which
fail to fuse upon injury-induced activation, display a
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marked decreased in M-cadherin expression (73, 260).
However, the essential role for M-cadherin in myoblast
fusion has recently been placed in question by the analy-
sis of M-cadherin�/� mice (144). In this careful analysis,
M-cadherin-deficient mice did not show any gross devel-
opmental defect. In particular, the mutant mice developed
normal skeletal musculature and demonstrated normal
kinetics of muscle regeneration after CTX injection (144).
The authors rightly suggest that such observation may be
the result of a compensatory mechanism by other cad-
herins, such as N-cadherin and R-cadherin, which are
present in skeletal muscle and may substitute for M-
cadherin function. N-cadherin expression is upregulated
in activated satellite cells following injury, but its function in
myoblasts fusion remains to be determined (62). Thus, al-
though M-cadherin may have an important role in fusion of
myoblasts during muscle regeneration, it is not essential and
other cadherins may also play a role during this process.

The role of m-calpain has also been suggested in
cytoskeletal reorganization during myoblast fusion. M-
calpain belongs to a family of calcium-dependent intra-
cellular nonlysosomal cysteine proteases of relatively un-
known functions (reviewed in Ref. 293). M-calpain activ-
ity is dramatically increased during fusion of embryonic
primary myoblasts (78, 86, 180). In vitro fusion of myo-
blasts is prevented by calpastatin (a specific inhibitor of
m- and �-calpains) or by decreasing levels of m-calpain
using an antisense strategy (20, 311). Conversely, myo-
blasts fuse earlier and faster after m-calpain injection or
artificial decrease of endogenous calpastatin levels using
antisense RNA (20, 311). The biological role for m-calpain
in myoblast fusion is unclear because substrates for this
proteinase during this process are unknown. A potential
target of m-calpain is the intermediate filament desmin
(90). Interestingly, cytoplasmic intermediate filament pro-
teins such as vimentin, desmin, and nestin have been
implicated in myoblast fusion during muscle regeneration
(288, 319). Moreover, although the overall muscle forma-
tion in Desmin�/� mice appears normal, muscle regener-
ation appears impaired with delayed myoblast fusion
(193, 288). Further analyses are required to determine the
specific role for m-calpain and/or desmin in satellite cell
fusion during regeneration. Recent advances uncovering
the interacting extracellular molecules and the intracellu-
lar effectors that facilitate myoblast fusion in Drosophila

should benefit the understanding of the mammalian myo-
blast fusion process (reviewed in Ref. 93).

C. Self-Renewal of Muscle Satellite Cells

Satellite cell self-renewal is a necessary process with-
out which recurrent muscle regeneration would rapidly
lead to the depletion of the satellite cell pool. Radiolabel-
tracing experiments demonstrated that activated satellite

cells contributed to both new myonuclei and satellite cell
after muscle damage (124, 131, 143, 268, 272, 287, 347).
Moreover, labeling experiments in the growing rat dem-
onstrated the presence of two satellite cell populations
(268). One population, representing �80% of the satellite
cells, divided rapidly and was responsible for providing
myonuclei to the growing rat. The other population,
called “reserve cells,” divided more slowly and was sug-
gested to replenish the satellite cell pool (268). These
observations are consistent with the idea that a small
proportion of satellite cells that has undergone prolifera-
tion returns to the quiescent state, thereby replenishing
the satellite cell pool (23, 24, 29, 268, 349). Satellite cell
self-renewal may result from an asymmetric division gen-
erating two distinguishable daughter cells, one committed
to myogenic differentiation and one stem cell “self.” Al-
ternatively, satellite cells may undergo symmetric division
with one daughter cell being able to withdraw from the
differentiation program and return to quiescence. Neither
hypothesis has been proven wrong. Determining the mo-
lecular process involved in this mechanism remains a
challenge.

In favor of satellite cell asymmetric division is the
recent observation by Conboy and Rando (70) that Numb,
a plasma membrane-associated cytoplasmic protein, is
asymmetrically segregated within dividing satellite cells
in vitro. Segregation of Numb proteins has been associ-
ated with cell fate determination in both invertebrate and
vertebrate developmental processes including during
Drosophila myogenesis (54, 58, 169, 252). Numb may
influence cell fate by repressing Notch signaling, a path-
way which is known to regulate cellular differentiation in
different systems and species (88). In cultured satellite
cells, activation of Notch-1 appears to promote the pro-
liferation of “primitive” satellite cells (Numb�/Pax3�/
Desmin�/Myf5�/MyoD�), whereas its inhibition leads to
the commitment of the progenitor cells to the myoblast
cell fate (Numb�/Pax3�/Desmin�/Myf5�) and their
myogenic differentiation (70). Overall, the data suggest
that asymmetric satellite cell division as marked by asym-
metric inheritance of Numb may lead to satellite cell
self-renewal by causing different patterns of gene expres-
sion. However, the specific role for Pax genes and Myf5 in
this process remains to be substantiated.

Several lines of evidence suggest a role for Myf5 in
facilitating satellite cell self-renewal. The increased pro-
liferation and decreased differentiation phenotype of
MyoD�/� cells is consistent with the notion that MyoD-
deficient cells represent an intermediate stage between
quiescent satellite cells and mpc (73, 260, 342). That ob-
servation and the demonstration that upon activation sat-
ellite cells express either Myf5 alone or MyoD alone, prior
to coexpressing both MRFs and initiating terminal differ-
entiation, have led to the hypothesis that Myf5�/MyoD�
cells represent a developmental stage during which satel-
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lite cells undergo self-renewal. Interestingly, when human
satellite cells or C2C12 murine cell line are induced to
differentiate, a small population of undifferentiated
Myf5�/MyoD� cells persists (24, 349). Moreover, these
cells retain the capacity to self-renew and to give rise to
differentiation-competent progeny (24, 349). However, ex-
pression of Myf5 in quiescent satellite cells is controver-
sial (28, 74), suggesting that return to the quiescent state
may require downregulation of Myf5. Thus satellite cell
symmetric division followed by dedifferentiation of one
of the daughter cells remains a possibility, especially in
light of recent findings that mammalian myotubes are
capable of dedifferentiation in vitro. This process may
involve the activation of the transcriptional inhibitor
Msx1 (discussed in sect. VI).

Furthermore, renewal of the satellite cell pool may
not rely exclusively on the satellite cell compartment.
Indeed, adult stem cells, other than satellite cells, capable
of myogenic differentiation and of contributing to the
satellite cell pool following transplantation have been
described (discussed in sect. V). The observation that in
the absence of Pax7 the number of hematopoietic precur-
sors in muscle-derived stem cells is increased at the ex-
pense of myogenic precursors suggests a role for Pax7 in
this process, by Pax7 promoting the determination of
satellite cells and restricting alternative developmental
pathways in multipotent stem cells (275).

Whatever the cellular mechanism(s) for satellite cell
self-renewal, this does not appear to compensate for the
chronic loss of myonuclei throughout a lifetime as re-
flected by the reduction in satellite cell number with aging
(see sect. IIB and Table 3), nor does it compensate for the
depletion of the satellite cell pool resulting from contin-
uous activation of muscle repair in dystrophic muscles
(42, 235, 329, 340). Exhaustion of the mitotic potential of
satellite cells, or replicative senescence, may be respon-
sible for the decrease in the satellite cell pool with age
(85, 273, 329). For example, in DMD patients, where sat-
ellite cell proliferation is accentuated, telomere lengths
(an indicator of the cell replicative age) are prematurely
reduced compared with normal human senescence (84).
Moreover, proliferative potential of satellite cells is re-
duced with age or after repeated rounds of regeneration
in animal models (240, 270, 273, 340). Alternatively, the
inability to sustain a constant satellite cell number may
reflect an alteration in the aging environment rather than
intrinsic defect in cellular capacity (26, 42, 50, 59, 60).
Furthermore, the observation that multiple rounds of
acute muscle regeneration do not deplete the satellite cell
pool suggests that satellite cell self-renewal after a short
but acute loss of myonuclei (i.e., muscle injury) is more
efficient than after chronic covert myonuclei turnover
(i.e., life time of day-to-day wear and tear). Thus different
mechanisms for satellite cell self-renewal may be at play
during varying muscle injuries and at varying ages.

D. Multipotentiality of Muscle Satellite Cells

It has been established for several years now that the
commitment of skeletal myocytes is reversible under ap-
propriate tissue culture conditions. Primary myoblasts
from newborn mice and C2C12 can differentiate into os-
teogenic or adipogenic cells after in vitro treatment with
bone morphogenetic proteins (BMP2) or adipogenic in-
ducers (thiazollidinedione or fatty acids), respectively
(162, 310). However, it is only recently that similar mul-
tipotential properties have been demonstrated for the
adult muscle satellite cell (14, 323). Until these reports,
the adult muscle satellite cell was generally considered a
stem cell committed to the myogenic lineage. Work from
our laboratory and others demonstrated the BMP induced
osteogenic and adipogenic conversions of isolated adult
murine satellite cells (14, 323). The osteogenic differenti-
ation of primary myoblasts is characterized by a transient
coexpression of myogenic markers (such as MyoD, Myf5,
and Pax7) and osteogenic markers (such as alkaline phos-
phatase), suggesting a direct transdifferentiation from the
myogenic lineage to the osteogenic lineage, rather than
the passage through a common noncommitted progenitor.
In vitro culture of single myofibers suggests the sponta-
neous conversion of satellite cells to the osteogenic and
adipogenic lineages is a rare phenomenon. Satellite cells
on freshly isolated muscle fibers do not express the myo-
genic markers Myf5 and MyoD, suggesting that quiescent
satellite cells are more plastic and may enter nonmyo-
genic pathways more readily (74, 197, 285, 341). Support-
ing this view is the finding that Msx1, a homeobox protein
involved in C2C12 dedifferentiation (see sect. VI), is ex-
pressed in quiescent satellite cell but downregulated upon
satellite cell activation (73). Myoblasts from MyoD�/�

mice do not display increased propensity to osteogenic
and/or adipogenic differentiations, suggesting that MyoD

alone may not suppress differentiation of myoblasts to
these lineages (14). Overall, these data demonstrate the in
vitro ability of satellite cells to differentiate into osteo-
genic or adipogenic lineages. However, satellite cell dif-
ferentiation potential appears to be restricted to the mes-
enchymal range of cell lineages as demonstrated by their
inability to undergo hematopoietic conversion (16).

Several in vivo observations have suggested the ex-
istence of mesenchymal progenitors within skeletal mus-
cles. For example, ectopic bone formation within skeletal
muscle has been described in some human diseases (re-
viewed in Ref. 282). Furthermore, accumulation of adi-
pose tissue has been widely reported in skeletal muscle
undergoing degeneration such as in DMD patients or the
related mdx mice model and in other models of muscle
regeneration (91, 235, 261). Overall, the data support the
hypothesis that muscle satellite cells may be involved in
the formation of adipogenic and osteogenic tissues under
certain in vivo circumstances. Aberrant activation of sat-
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ellite cells during muscle regeneration may lead to such
reversal of lineage commitment at the expense of effec-
tive muscle regeneration. However, the hypothesis re-
mains to be proven in vivo.

IV. ROLE OF SECRETED FACTORS IN THE

REGULATION OF MUSCLE REGENERATION

Skeletal muscle regeneration is a highly orchestrated
process that involves the activation of adult muscle sat-
ellite cells to proliferate and differentiate (Fig. 4). Activa-
tion of satellite cells requires the timely, controlled up-
regulation of muscle transcription factors and muscle
specific genes (discussed in sect. III). This process is
regulated through mechanisms involving cell-cell and cell-
matrix interactions as well as extracellular secreted fac-
tors. Muscle injuries have been shown to cause the re-
lease of biologically active molecules into the extracellu-
lar space. For example, extracts from crushed muscle, but
not from intact muscle, contain mitogens for satellite cells
(34, 63). Different stimuli have been proposed as initiators
of satellite cell activation; extract from the injured fibers,
molecules released by the invading macrophages, and
soluble factors from connective tissue have all been pro-
posed (96, 191, 299; for review, see Ref. 126). In vitro
studies have implicated an extensive number of trophic
factors, including members of FGF and transforming
growth factor-� (TGF-�) families, IGF, hepatocyte growth
factor (HGF), tumor necrosis factor-� (TNF-�), interleu-
kin-6 (IL-6) family of cytokines, neural-derived factors,
nitric oxide, and ATP, in maintaining a balance between
growth and differentiation of satellite cells to restore a
normal muscle architecture (reviewed in Refs. 142, 296).
These studies have contributed to our knowledge on the
effect of trophic factors, singly or in combination, on the
proliferative and differentiative capacity of satellite cells
in vitro. Nevertheless, the physiological functions in skel-
etal muscle regeneration in vivo have been shown for
relatively few of these factors.

A. HGF

Scatter factor/HGF was originally isolated from sera
of partially hepatectomized rats and found to have mito-
genic activity on hepatocyte primary cultures (224, 225).
HGF is now considered as one of the most important
growth factors involved in organ regeneration through its
mitogenic and motogenic properties (reviewed in Ref.
354). Of particular interest, HGF is a key regulator of
satellite cell activity during muscle regeneration. The first
association of HGF with skeletal muscle regeneration was
reported by Jennische et al. (152) who detected HGF
transcripts in regenerating muscles. It is now commonly
accepted that HGF transcripts and protein levels are in-

creased during the early phase of muscle regeneration,
and this increase is in proportion to the degree of injury
(300, 306, 308). Furthermore, HGF isolated from extracts
of injured muscles was shown to be the primary muscle
factor capable of inducing quiescent satellite cell activa-
tion, on the basis of immunoneutralization experiments
(306). In vitro, HGF can stimulate quiescent satellite cells
to enter the cell cycle and thus increase mpc proliferation,
as well as it can inhibit mpc differentiation (6, 111, 214,
306). The role for HGF signaling in mpc proliferation is
supported by the demonstration that forced expression of
an activated form of c-met, the HGF receptor, in C2C12

results in their morphological transformation and subse-
quent inhibition of differentiation (8). Furthermore, injec-
tion of HGF protein to injured muscle blocks the repair
process, while increasing mpc number by approximately
threefold, confirming the mitogenic role of HGF on satel-
lite cells in vivo (214, 306). HGF’s role in muscle regen-
eration is most important during the early phase of the
repair process as demonstrated by the decrease in HGF
immunostaining with time after injury and the inability of
exogenous HGF injection to affect muscle regeneration
when performed at later stages of muscle regeneration
(214, 306). Moreover, HGF may play a role in promoting
satellite cell migration to the site of injury, via activation
of the Ras-Ral pathway, as demonstrated by the in vitro
chemotactic activity of this factor on satellite cells and
C2C12 (36, 301). Taken together, these data demonstrate
the pleiotropic role that HGF probably plays during the
early stages of muscle regeneration. HGF appears to in-
crease the mpc population by means of mitogenic and
chemotactic activities, possibly resulting in an optimal
myoblast density whereupon fusion can commence.

HGF appears to act directly on muscle satellite cells
as suggested by its receptor c-met expression in quiescent
and activated satellite cells (74, 306). Furthermore, the
presence of HGF transcripts in newly regenerated myo-
tubes and in satellite cells suggests that HGF activity is
mediated through paracrine/autocrine mechanisms (8,
111, 281). HGF may also be released from the muscle
extracellular matrix through damage to the basal lamina.
Indeed, in vitro and in vivo data have suggested that
release of nitric oxide synthase (NOS) from the basal
lamina after myofiber stretch or damage leads to the
production of nitric oxide (NO), which in turn may acti-
vate the release of HGF from its extracellular binding to
heparan sulfate proteoglycans (HSPGs) (9, 307). How-
ever, the recent finding that a rapid (within an hour)
upregulation of HGF transcripts and protein is observed
in the spleen following muscle injury in the rat suggests
that HGF from intact organs may also have an important
role in muscle regeneration (300). Thus HGF activation of
quiescent satellite cell may be the result of endocrine and
paracrine/autocrine regulatory mechanisms.
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B. FGFs

In addition to HGF, several FGFs have been de-
scribed as potent activators of mpc proliferation and as
inhibitors of mpc differentiation, suggesting a role for
these factors in the expansion of the mpc compartment
(5, 92, 122, 161, 188, 203, 281, 336, 343, 345). However,
their role in muscle regeneration remains unclear. Of
particular interest is FGF-6. FGF-6 expression is muscle
specific and is upregulated during muscle regeneration
(87, 109, 161). However, contradictory results have been
obtained from the study of FGF-6-deficient mice. Floss et
al. (109) have shown the reduced muscle regeneration
capacity of these mice after crush injury or when inter-
bred with mdx mice. This regenerative deficit was char-
acterized by a decrease in the number of MyoD and
myogenin-positive cells and an increase in collagen dep-
osition. In contrast, Fiore and colleagues (105, 106) ob-
served no regenerative defects in response to either NTX
injection, crush injury, or mdx interbreeding in mice car-
rying a similar targeted null mutation in FGF-6. This dis-
crepancy is not well understood; similar protocols for
inducing muscle injury and similar targeting constructs
for deleting FGF-6 were used. As in many other cases of
knockout analyses which fail to provide a detectable ab-
normal phenotype, redundant factors may be involved.
Other FGFs, and in particular FGF-4, are potential redun-
dant factors to FGF-6. Interbreeding FGF-6�/� mice with
other FGF knockouts could be informative. FGF-2 is also
a likely candidate for regulating satellite cell activity dur-
ing regeneration. Indeed, FGF-2 is particularly potent on
myoblast activation in vitro. Moreover, FGF-2 is present
in basement membrane surrounding developing and ma-
ture myotubes (72). The injection of a neutralizing anti-
body against FGF-2 into the muscle at the time of lesion
reduced the number and diameter of regenerating myofi-
bers, suggesting a delay in proliferation and/or fusion of
activated satellite cells (189). Moreover, injection of
FGF-2 in mdx mice appeared to improve satellite cell
proliferation and muscle regeneration (188). On the con-
trary, the injection of FGF-2 at various doses and different
time schedules after muscle injury in mice did not affect
muscle repair, suggesting that FGF levels in some regen-
eration models are not a limiting factor of muscle repair
(218). Nevertheless, even though FGFs may not play a
critical role in activating satellite cells during muscle
repair, their role in muscle regeneration may reside in the
revascularization process during regeneration through
their recognized angiogenic properties (190).

Four receptors for FGF, FGFR 1–4, have been iden-
tified, each having differing affinity for individual FGFs.
FGFR-1 and -4 are the most prominent transcripts in
satellite cells. Moreover, FGFR-1 expression is upregu-
lated dramatically during the early phase of satellite cell
activation in vitro in response to FGF-1 exposure, and this

effect is further potentiated by addition of HGF (280).
However, FGFR-1 is not specific to muscle, since it is also
expressed in fibroblasts. The availability of these recep-
tors plays a crucial role in myogenesis as demonstrated by
the increased myoblast proliferation and decreased dif-
ferentiation upon expression of a full-length FGFR-1 and
the converse decrease in proliferation and increase in
differentiation upon expression of a truncated FGFR-1 in
myoblasts in vitro (263). Thus FGFs released from muscle
and nonmuscle cells appear to act directly to activate
satellite cell proliferation and inhibit their differentiation.

FGFRs and c-Met are transmembrane receptor ty-
rosine kinases. Upon FGF or HGF binding, the receptor
dimers autophosphorylate and activate complex down-
stream signaling events that remain poorly understood.
FGFs and HGF are dependent on heparan sulfate to fa-
cilitate receptor activation and intracellular signal trans-
duction (reviewed in Ref. 248). Cell surface HSPGs are
found almost ubiquitously on the surface and in the ex-
tracellular matrix of mammalian cells. In particular, Syn-
decans, a family of cell-surface transmembrane HSPGs,
have been implicated in FGF signaling. The recent iden-
tification of Syndecan-3 and Syndecan-4 on quiescent and
activated satellite cells in vivo and in vitro is supportive of
a role for FGFs and/or HGF in the initial activation of
quiescent satellite cells (72). Indeed, all components nec-
essary for activation through these growth factors (i.e.,
receptors and HSPGs) are present on quiescent satellite
cells. Moreover, in the same study, the use of sodium
chlorate to reduce protein sulfation and soluble heparin
to restore FGF but not HGF activity in freshly isolated
satellite cells suggests that FGFs rather than HGF are
more likely candidates for regulating the early event of
satellite cell activation (72).

C. IGFs

The role of IGF-I and -II in regulating growth and
development of various tissues has been known for many
years. More recently, the paracrine/autocrine regulation
of these hormones and their activity during skeletal mus-
cle development and repair have become apparent. In
vitro, IGF-I and IGF-II are able to alter MRFs expression
and promote both the proliferation and the differentia-
tion/fusion of myoblasts (5, 69, 89, 97, 108, 122, 203, 321).
Increasing the levels of IGF-I within muscle cells by var-
ious in vivo and in vitro methods leads to increases in
muscle mass due to an augmentation of muscle protein
and DNA content (1, 26, 60, 69, 222). The hypertrophic
effects of IGF-I are attributed to both the activation of
satellite cell to proliferate providing more myonuclei and
to the “true hypertrophy” (i.e., increase cytoplasmic-to-
DNA volume ratio) through increased protein synthesis
within existing myofibers (21, 27, 221, 277, 278).
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IGF-I and IGF-II levels are upregulated in skeletal
muscle undergoing regeneration (19, 95, 174, 192). IGF-I
and IGF-II appear to ameliorate the aging muscle pheno-
type and the dystrophic muscle phenotype in mdx mice
(25, 222, 286). As in normal muscle, this process is likely
due to an effect of IGF on promoting satellite cell prolif-
eration and differentiation as suggested by the hyperpla-
sic (increased fiber number) and hypertrophic phenotype
in transgenic mdx mice expressing mIGF-I (mdx:

mIGF�/�) (25). IGF-I may also improve muscle regener-
ation via promoting cell survival. IGF-I promotes myo-
genic cell survival in vitro, primarily through the phospha-
tidylinositol 3-kinase pathway and Akt activation (182,
183; reviewed in Ref. 3). Increased level of apoptosis has
been observed in mdx muscles, but these levels are too
low to allow any reliable comparison between mdx and
mdx:mIGF�/� muscles (25, 262, 295). Increased levels of
phosphorylated Akt in mdx:mIGF�/� suggest that the cell
survival pathway is activated in this model and may con-
tribute to the increased regenerative capacity (25). How-
ever, further work is necessary to confirm this hypothesis,
since Akt is also involved in myogenic differentiation.
IGFs may also be implicated in promoting reinnervation
during muscle repair, since motor neurons also respond
to these growth factors (56, 322). Thus, although the role
for IGFs in promoting muscle repair is evident, the exact
mechanisms through which these growth factors act re-
main to be defined. IGFs most certainly promote muscle
repair by signaling to both the satellite cells and the
myofibers. Whether distinct roles are played by different
IGFs is possible, since IGF-II appears to be upregulated
later during the process of muscle regeneration. Addi-
tional studies identifying the expression of IGF receptors
and levels of IGF binding proteins (IGFBPs), which are
known to inhibit IGFs functions, would be useful in un-
derstanding the role for these factors in muscle repair.

D. TGF-� Family

TGF-� growth factors are important cytokines regu-
lating cell growth. TGF-� docks at a pair of receptors on
the cell membrane which activate phosphorylation of
SMAD proteins, resulting in their translocation to the
nucleus where they trigger the activation of target genes,
depending on the state of the cell (reviewed in Ref. 64).
TGF-� family members have long been recognized as
modulators of myoblast activity, inhibiting both prolifer-
ation and differentiation (4, 5, 122, 189, 190). The roles of
TGF-�1, -�2, and -�3 during muscle regeneration are com-
plex, involving myoblast fusion, regulation of an immune
response, and motor neuron survival (reviewed in Ref. 207).

More recently, myostatin (MSTN) or growth and dif-
ferentiation factor-8 (GDF-8) was identified in a screen for
new members of the TGF-� family (208). The inhibitory

effect of MSTN on muscle growth is demonstrated by the
hypertrophic (increased fiber size) and hyperplasic (in-
creased fiber number) muscle phenotype displayed by
MSTN�/� mice (208). This property of MSTN was further
demonstrated in several murine models (302, 360) and
extended to other species by the identification of muta-
tions within the MSTN gene in various European cattle
breeds which exhibit a “double muscling” phenotype (123,
158, 160, 209). However, the mechanism of MSTN func-
tion remains unclear (reviewed in Ref. 279). A recent
study suggests that MSTN signaling may be achieved by
binding to activin type II receptors, particularly Act RIIB
(186). In vitro studies of chicken myoblasts suggest that
MSTN expression is highest during differentiation and
fusion (170). Furthermore, recent in vitro experiments
demonstrated that at high levels, MSTN inhibits prolifer-
ation and affects differentiation of C2C12, via cyclin-Cdk2
inactivation of retinoblastoma protein (Rb) (253, 254, 309,
313). In vivo studies analyzing MSTN expression in nor-
mal muscles suggest that endogenous MSTN expression is
strongly associated with fast contracting muscles, which
contain a low number of satellite cells, rather than muscle
mass (52, 330). Furthermore, rodents subjected to hind-
limb unloading, which suppresses satellite cell prolifera-
tion, demonstrate increased levels of MSTN (52). Taken
together, these findings suggest that MSTN may regulate
muscle mass by functioning as an inhibitor of satellite cell
proliferation.

During muscle regeneration, MSTN appears to have a
similar role as in muscle growth, although the number of
studies is limited. First, some factor(s) capable of induc-
ing MSTN expression in fibroblasts is present in regener-
ating skeletal muscle extract, suggesting that MSTN ex-
pression is regulated during muscle regeneration (346).
Confirming this idea, several studies have shown tempo-
ral and spatial regulation of MSTN expression after mus-
cle injury. Kirk et al. (168), using immunostaining after
NTX injection, showed high levels of MSTN within ne-
crotic fibers and connective tissues at a time when degen-
eration is high and satellite cell activation is low, support-
ing the concept that MSTN may act as an inhibitor of
satellite cell proliferation while the degeneration process
takes place. However, high levels of MSTN at this early
time of muscle regeneration could also suggest that MSTN
acts as a chemoattractant for phagocytes and inflamma-
tory cells, a role that has been ascribed to the related
TGF-�1. Later during the regenerating process, the same
study showed that MSTN levels are low in the mononucle-
ated cells located in regenerating areas where activated
satellite cells are most abundant, and low in nascent and
newly regenerated myotubes. Finally, MSTN levels rise
back to normal in more mature muscle fiber. These find-
ings are supported by a similar study performed on total
protein and mRNA MSTN expression after NTX injection
(211). However, in situ hybridization analysis performed
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48 h after bupivacaine injection demonstrates high levels
of MSTN within myogenic and nonmyogenic cells within
the regenerating area (346). The discrepancy between
MSTN mRNA and protein localization between these two
studies may reflect differential activities in myotoxins
used, or reflect the secretory properties of the molecule,
or posttranslational regulation. MSTN proteins with dif-
ferent molecular masses have been isolated in different
rat muscles (330), suggesting that posttranslational mod-
ifications of MSTN occur in different muscle types. In any
case, more careful analyses of localizing MSTN mRNA
and protein are necessary to identify MSTN role in muscle
regeneration.

Further evidence for a role of MSTN during muscle
regeneration comes from the analysis of murine models of
muscular dystrophy. Indeed, MSTN mRNA is greatly re-
duced in limb muscles undergoing muscle regeneration
such as in mice models for muscular dystrophy mdx and
Gsg�/� (�-sarcoglycan null mice) (316, 318, 360). The
authors postulated that MSTN downregulation may play a
role in the fiber hypertrophy observed following the de-
generative process in the mdx muscle, which conse-
quently maintains the muscle mass, leading to the func-
tional rescue of mdx muscle. To support this hypothesis,
a very recent study showed the improved muscle dystro-
phic phenotype in mdx:MSTN�/� mice (324). This func-
tion of MSTN could be adapted to alleviate symptoms
associated with muscle mass loss during muscular dys-
trophies. In conclusion, the kinetics of MSTN expression
during muscle regeneration support the view that MSTN
may regulate muscle regeneration by acting as an inhibi-
tor of myoblast proliferation and regulator of fiber growth
similarly to its assigned function in muscle development.
However, further experiments are required to determine
whether MSTN acts directly and specifically on satellite
cell regulation during regeneration.

E. IL-6 Family of Cytokines

Compelling in vitro and in vivo evidence supports a
role for leukemia inhibitory factor (LIF) and IL-6 in mus-
cle regeneration. In vitro, LIF stimulates myoblast growth
via direct receptor-mediated mechanisms without affect-
ing myoblast differentiation and fusion (17, 44, 294, 320).
The in vitro effect of LIF on myoblast proliferation ap-
pears to involve activation of the JAK2-STAT3 signaling
pathway (294). In vivo, administration of LIF to the site of
muscle injury or in mdx muscle results in increased rate
of muscle regeneration, characterized by increased myo-
blast proliferation and increased regenerated myofiber
number and size (18, 22, 177, 178, 334). Furthermore,
using a muscle crush model, Kurek et al. (178) showed
that muscle regeneration in LIF�/� mice is significantly
reduced compared with control littermates, and this de-

ficiency is rescued by injection of LIF. After muscle injury,
LIF transcripts have been shown to increase in both hu-
man and murine models (22, 159, 177, 250). LIF expres-
sion upon injury appears ubiquitous, with mRNA tran-
scripts detected in resident nonmuscle cells, such as mac-
rophages and Schwann cells, as well as in muscle cells
(159, 179). Although IL-6 has homology to LIF and has
similar expression pattern to LIF following muscle injury
and similar in vitro effects on myoblasts, in vivo admin-
istration of IL-6 does not appear to affect the muscle
repair process (159, 177, 178). Recently, Wallenius et al.
(327) described IL-6-deficient mice that develop a mature-
onset obesity, but no muscle phenotype has been de-
scribed so far.

V. CONTRIBUTION OF OTHER STEM CELLS

TO THE MUSCLE REPAIR PROCESS

Until recently, the muscle satellite cell was presumed
to be the sole source of myonuclei in muscle repair (Fig.
5). However, recent findings have demonstrated the pres-
ence of multipotential stem cells in various adult tissues
and challenged the widely held view that tissue-specific
stem cells are predetermined to a specific tissue lineage.
In fact, adult stem cells isolated from various tissues
appear to differentiate in vitro and in vivo into multiple
lineages depending on environmental cues. Progenitor
cells isolated from bone marrow (BM) (37, 103, 132, 181),
the adult musculature (16, 132, 151, 245, 317), the neuro-
nal compartment (66, 112), and various mesenchymal
tissues (350, 351) can differentiate into the myogenic
lineage. In particular, BM and muscle adult stem cells
have been shown to differentiate into muscle cells in vitro
and to contribute to muscle regeneration in vivo (Fig. 5)
(for review, see Refs. 119, 129, 274).

A. Nonmuscle Resident Stem Cells

A striking demonstration that nonmuscle stem cells
participate in muscle regeneration was presented in sem-
inal work by Ferrari et al. (103). In this study, donor BM
from transgenic mice expressing the bacterial lacZ re-
porter gene under a muscle-specific promoter (ML3CF-
nlacZ transgene) was intramuscularly or intravenously
transplanted into severe combined immunodeficient
scid/bg host mice (mouse strain combining characteris-
tics of scid animals which lack functional B and T cells
and beige animals which have intrinsically low natural
killer cell activity) (103, 173). Donor-derived myogenic
cells (LacZ�) were unambiguously identified within the
host musculature following either type of transplants.
However, the frequency at which this event occurred was
very low compared with myoblast incorporation and ne-
cessitated the induction of extensive muscle regeneration
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(103). Similarly, the rare incorporation of donor-derived
BM cells into both heart and skeletal muscles of mdx

mice was observed in other studies (37, 132). Gussoni et
al. (132) demonstrated that myogenic activity was found
in an enriched population of BM-derived stem cells called
BM side population (SP), which contains hematopoietic
stem cells. The isolation of a highly enriched population
of SP cells by fluorescence-activated cell sorting (FACS)
relies on the unique property of these cells to actively
exclude dyes like Hoechst 33342 due to high expression of
mdr (multidrug resistant) genes (120). These BM SP cells
are Sca-1 (stem cell antigen-1)�, cKit�, CD43�, CD45�,
linage marker (B220, Mac-1, Gr-1, CD4, CD5, CD8)
�low/� and CD34� (132). Following tail vein injection,
BM SP cells are capable of contributing to myofiber nuclei
and restoring dystrophin expression to regenerating mdx

muscle, albeit at similarly low levels since only 1–4% of
total myofibers expressed dystrophin with 10–40% of
which containing detectable fused donor-derived nuclei
at 8–12 wk postinjection (132). Recently, LaBarge and
Blau (181) unequivocally demonstrated that BM-derived
cells not only contribute to regenerating myofibers but
also to the muscle satellite cell pool. In this careful study,
syngeneic mice received whole body irradiation followed
by transplantation via tail vein injection of donor GFP(�)
BM-derived cells. Two to six months after transplanta-
tion, GFP(�) cells expressing satellite cell markers were
identified at the correct anatomical location for satellite
cells. Moreover, clonal progenies of GFP(�) satellite cell
isolated from recipient muscles expressed satellite cell
markers underwent myogenic differentiation when ex-

posed to low-mitogen media in vitro and contributed to
new fiber formation when injected in tibialis anterior
muscles of scid recipient mice. Together, these data dem-
onstrate that following a BM transplant, BM-derived cells
can adopt characteristics of muscle satellite cells. Further-
more, depletion of endogenous muscle satellite cell popula-
tion by localized hindlimb irradiation potentiated the incor-
poration of GFP(�) BM-derived cells into the satellite cell
compartment and exercise-induced muscle damage in-
creased the frequency at which GFP(�) BM-derived cells
contributed to new fiber formation (181). Thus, under cer-
tain conditions, the frequency of conversion of BM-derived
cells to myogenic lineage can be increased.

These observations made in murine models recapit-
ulate what is occurring in human muscular dystrophy
patients as suggested by the study of a DMD patient who
received a BM transplant at an early age (130). In this case
study, fused donor nuclei were detected in the patient
musculature. However, as in the mouse model, these did
not appear to significantly increase the number of dystro-
phin-positive myofibers. These findings highlight the ineffi-
cient and slow incorporation of such BM-derived cells into
the musculature, compared with myoblasts, making them at
present an ineffective therapeutic intervention (103, 143,
332). It appears therefore that further studies are necessary
to establish the optimal cellular and environmental condi-
tions to promote recruitment and myogenic conversion of
nonmuscle stem cells for therapeutic use. Moreover, these
findings suggest a minor role, if any, for nonmuscle stem
cells in normal skeletal muscle repair.

FIG. 5. Possible sources of myonuclei during skeletal muscle regeneration. Mammalian skeletal muscle regeneration
involves the activation of the quiescent muscle satellite cell population to proliferate, differentiate, and fuse to provide
new myonuclei for muscle repair (large black arrows). In this process, the transcription factor Pax7 is required for
muscle satellite cell specification/survival, whereas MRFs are essential in satellite cell proliferation and differentiation.
Recently, in vitro and in vivo studies have demonstrated the presence of multipotential stem cells in adult muscles (adult
muscle-derived stem cells) capable of myogenic commitment. Adult muscle-derived stem cells contribute to both muscle
satellite cell pool and myonuclei, albeit at very low frequency (small black arrows). Similarly, stem cells capable of
myogenic commitment can be isolated from other adult tissues (bone marrow stem cells, neuronal stem cells, and
various mesenchymal stem cells) (red arrows). Finally, although dedifferentiation of myonuclei is the primary source of
new myonuclei during amphibian regeneration, the ability of mammalian differentiated myonuclei to reenter the cell
cycle in the course of muscle repair remains a hypothesis (green dashed arrows).
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B. Muscle Resident Stem Cells

Similarly to BM, an enriched population of adult stem
cells can be isolated from skeletal muscles by FACS anal-
ysis on the basis of Hoechst 33342 staining (16, 132). This
muscle stem cell population, also called muscle SP (mSP),
is capable of reconstituting the entire hematopoietic rep-
ertoire after intravenous injection into lethally irradiated
mice, albeit less effectively than BM SP cells (132). More
importantly for this review, mSP can commit to myogenic
conversion in vivo, as demonstrated by the presence of
3–9% of dystrophin-expressing myofibers, of which 3–9%
contain donor-derived myonuclei, following intravenous
injections (132). The presence of mSP in Pax7�/� muscu-
lature, which lack satellite cells, suggests that mSP cells
and satellite cells represent distinct cellular populations
(275). This hypothesis is substantiated by the observation
that mSP do not express the satellite cell markers Myf5-

nlacZ, Pax7, or desmin (16). Furthermore, the increased
propensity of Pax7�/� mSP cells to form hematopoeitic
colonies in vitro and the competence of normal mSP to
give rise to satellite cells within the recipient muscle
suggest that mSP cells may represent satellite cell pro-
genitors (16, 132, 275). The in vitro conversion of mSP to
the myogenic lineage requires coculture with myoblasts,
suggesting that the process is subject to regulation via
cell-mediated inductive interactions (16). Thus there is
strong evidence for the presence of progenitor cells with
myogenic potential other than satellite cells within skel-
etal muscles. Although mSP represent a separate cellular
population than satellite cell population, they may repre-
sent satellite cell progenitors and/or myogenic progeni-
tors capable of direct myogenic fusion (Fig. 5).

The SP phenotype results from the efficient efflux of
Hoechst dye and therefore provides a mixed cellular pop-
ulation with little information on cellular characteristics
or origin. Therefore, it is becoming increasingly important
to characterize muscle-derived stem cells on the basis of
cell surface markers. Of interest are those that have been
previously used to define murine BM SP, primarily Sca-1,
CD34, and CD45. Most of the mSP cells (92%) express
Sca-1, whereas only 16% express CD45 consisting of both
Sca-1� (9.2%) and Sca-1� (6.8%) (16, 132). CD45�, but
not CD45�, cells are responsible for the majority of the in
vivo and in vitro hematopoietic activity derived from mu-
rine muscle (16, 206). A fraction of both CD45� (9%) and
CD45� (5%) mSP cells undergo myogenic conversion when
cocultured with myoblasts in vitro (16). However, myogenic
potential appears greater in CD45� than CD45� muscle-
derived cells after intramuscular injection (206). The myo-
genic conversion of Sca-1�/CD45� cells, a population gen-
erally associated with hematopoietic differentiation poten-
tial, suggests that reversal of fate determination or
transdifferentiation is possible albeit at a low rate.

Another interesting cell population is the Sca-1�/

CD34� population isolated from murine muscle (151, 245,
317). CD34 is a sialylated transmembrane glycoprotein
that is expressed in myeloid progenitors and endothelial
cells (101, 172, 220). A muscle culture system of succes-
sive preplating combined with FACS sorting was shown
to facilitate the enrichment and purification of Sca-1�/
CD34� cells of both myogenic and hematopoietic differ-
entiation potential (317). When injected into the arterial
circulation of the hindlimb of mdx mice, the late-passage
(late-adhering) Sca-1�/CD34� cells adhere to the endo-
thelium (317). Moreover, after muscle regeneration in-
volving vascular damage, Sca-1�/CD34� cells migrate
from blood vessels to incorporate into regenerating myo-
fibers at a relatively high percentage (12% of the fibers)
(317). These data suggest that bipotential stem cells
present within the vasculature may be activated to enter
the myogenic lineage when the muscle receives extensive
damage. However, the data do not preclude the possibility
of the muscle-derived Sca-1�/CD34� cells representing
progenitors of satellite cells. Another population of highly
proliferative, late-adhering, Sca-1�/CD34� cells (MDSC)
obtained from preplating enrichment technique also ap-
pear to have myogenic potential and high regenerative
capacity in vivo (245). MDSC have unique characteristics
usually associated with noncommitted progenitor cells
such as high self-renewal capacity, high proliferation ca-
pacity, and multipotential capacity (245). However, MDSC
are c-Kit�/CD45� eliminating their potential hematopoi-
etic origin. Moreover, several observations suggest that
they are progenitors of satellite cells. First, the MDSC
have a high potential for myogenic conversion in vitro and
in vivo. Second, they can spontaneously express myo-
genic markers, MyoD and desmin. Finally, they have sim-
ilar phenotypic characteristics (Sca-1�/m-cadherin�) to
a subpopulation of cells that have been identified as sat-
ellite cells in situ (245). Another in vivo study confirmed
the enhanced regenerative capacity of a CD34�, late-
adhering population of muscle-derived stem cells com-
pared with the CD34� cell population (151). Thus it ap-
pears that CD34 plays an important role in identifying
myogenic progenitors. However, the identification of a
subpopulation of mouse satellite cells expressing CD34
suggests that CD34 antigen is also expressed in myogenic
cells and therefore highlights the need for multiple mark-
ers for identification of muscle-derived stem cells other
than satellite cells (28, 185).

The data available to date support the notion that
muscle-derived progenitors, other than muscle satellite
cells, are capable of myogenic differentiation and of inte-
gration into the regenerating musculature in vivo. Under-
standing the signaling and molecular pathways involved
in this commitment is becoming an important question in
the fields of muscle regeneration and cellular biology.
Further studies are required to determine whether multi-
ple types of muscle-derived stem cells exist and whether
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they display differential ability to regenerate muscle. To
this aim, rigorous phenotypic characterizations of donor
population including clonal analyses before transplanting
will be necessary.

VI. CONTRIBUTION OF DEGENERATING FIBER

NUCLEI TO NEW MYOFIBER FORMATION

The muscle degeneration process is commonly
thought to induce proteolysis and degradation of the sar-
coplasmic contents and DNA of the injured fibers or the
injured segment of the fiber. The newly regenerated fibers
are produced by the differentiation and fusion of acti-
vated satellite cells and possibly other mononuclear stem
cells as discussed earlier. However, another possibility is
the “recycling” of myonuclei, as suggested by early elec-
tron microscopic observations of sequestered myonuclei
during regeneration (discussed in Ref. 129). The subse-
quent demonstration that such events are critical during
amphibian regeneration combined with more recent re-
ports that mammalian myonuclei are capable of reverting
their differentiated state have reinstated this possibility.

A. The Amphibian Versus Mammalian

Regenerative Process

It has long been established that in urodele amphib-
ians, such as the newt, the repair process in response to
tissue injury or amputation is highly competent, since it
can regenerate entire adult limbs and various other struc-
tures (reviewed in Ref. 45). However, the more intriguing
aspect of this regenerative phenomenon is that it involves
dedifferentiation of postmitotic cells, which reenter the
cell cycle to proliferate and differentiate, generating new
tissues without the necessary activation of a “reserve”
stem cell (176, 195). Newt myonuclei cell-cycle reentry is
induced by phosphorylation of Rb in the presence of
thrombin and serum (305). Using in vivo fluorescent la-
beling of single muscle fibers, Echeverri et al. (94) re-
cently demonstrated the in vivo dedifferentiation of
urodele muscle upon amputation. The same study esti-
mated that up to 29% of nondermal-derived cells in the
blastema (or growth zone) come from dedifferentiation of
mature muscle fibers. Thus it is generally accepted that, in
these organisms, the cellular terminal differentiation is
reversible when appropriate signals are present within
the tissue. Moreover, mononucleated cells generated by
dedifferentiation can contribute to the blastema and the
regenerative process (reviewed in Ref. 45).

In comparison, mammalian regenerative capacity is
more limited resulting in significant scar tissue formation.
This discrepancy in regenerative capacity between the two
systems has been mainly attributed to the lack of the cellular
machinery necessary to undergo a similar dedifferentiation

process within mammalian cells. Indeed, contrary to newt
muscle, mouse myocytes were shown to be incapable of cell
cycle reentry when triggered by the active newt serum-
derived factor (305). However, this finding has been chal-
lenged by a recent study demonstrating the presence of an
active molecule (most likely a protein or a protein complex)
within a crude newt limb regeneration extract which in-
duces in vitro dedifferentiation of C2C12 myotubes (204).

B. In Vitro Mammalian Cell Dedifferentiation

The first report challenging mammalian myonuclei
dedifferentiation came from an in vitro study on a small
microtubule-binding molecule called myoseverin (257).
When exposed to myoseverin, C2C12 multinucleated myo-
tubes underwent fission to form viable mononucleated
fragments capable of DNA synthesis and proliferation
after removal of the molecule and exposure to growth
medium (239, 257). Expression profile analysis suggests
that myoseverin does not affect most cell-cycle specific
transcripts but rather induces changes in the expression
of genes normally associated with tissue injury such as
growth factors and genes involved in extracellular matrix
remodeling. Myoseverin did not downregulate the expres-
sion of MRFs, suggesting that commitment of the cells to
the myogenic lineage was not affected. Overall, these data
suggest that disassembly of the cytoskeleton by myos-
everin promotes mammalian myotube cytokinesis and
myonuclei cell cycle reentry possibly resulting in the re-
versal of terminal differentiation of murine muscle.

In the same year, another in vitro study demonstrated
the capacity of C2C12 myotubes to reenter the cell cycle
using ectopic expression of the homeobox Msx1 transcrip-
tion factor (227). Using C2C12 combined with a conditional
tetracycline promoter regulating Msx1 cDNA expression,
Odelberg et al. (227) confirmed previous findings that exog-
enous expression of Msx1 inhibits muscle terminal differen-
tiation (314). The failure of myoblasts to differentiate under
low serum conditions was attributed to the reduced level of
nuclear protein MyoD (314). Furthermore, overexpression
of Msx1 in terminally differentiated myotubes resulted in the
downregulation of MyoD, myogenin, and MRF4 and the cell
cycle inhibitor p21 in 20–50% of the myotubes (227). Impor-
tantly, a low number of myotubes underwent cytokinesis,
producing smaller multinucleated myotubes and proliferat-
ing mononucleated cells. Clonal analysis of the newly de-
rived mononucleated cells demonstrated their ability to re-
differentiate into cells expressing chondrogenic, adipogenic,
myogenic, and osteogenic markers under appropriate cul-
ture conditions. Overall, these findings suggest that follow-
ing appropriate in vitro stimulation mammalian myotubes
are capable of dedifferentiation.
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C. Role of Msx Genes in Mammalian

Muscle Regeneration

The role for Msx genes during mammalian muscle
regeneration is suggested by the observation that Msx1

appears to be involved in the repression of muscle differ-
entiation in chick and mouse muscle progenitor cells
during migration of these cells to the limb bud. This
inhibition seems to involve direct protein-protein interac-
tion of Msx1 with Pax3 (31). In both chick and mouse
migrating limb muscle precursors, expression of Msx1

and Pax3 overlaps (31, 145). In addition, Msx1 suppresses
MyoD gene expression in vitro through the binding of
Msx1 to the regulatory region of MyoD gene (338). Ec-
topic expression of Msx1 in the forelimb and somites of
chicken embryos inhibits MyoD expression and muscle
differentiation (31). As well as playing an important role
during mammalian muscle development, Msx1 expres-
sion correlates with regenerative processes in various
systems such as in the digit tip of newborn and fetal mice
(251), in the blastema of urodele limb (53, 80, 171, 284),
and zebrafish fin (243). Msx1 transcripts were also de-
tected in a PCR-based analysis of isolated murine satellite
cells (73). Moreover, Msx1 gene expression is upregu-
lated by FGFs (47, 215, 243), a factor important in mam-
malian skeletal muscle regeneration. Overall, these data
are suggestive of a role for Msx1 in mammalian muscle
regeneration. Whether this role is to prevent myogenic
differentiation to allow expansion of a myogenic or stem
cell pool or whether it is in the induction of myonuclei
dedifferentiation remains to be determined.

D. Conclusion

Overall, these data suggest that myogenic mamma-
lian cells are capable of dedifferentiation at least under
tissue culture conditions and that Msx1 and myoseverin
can contribute to this process. It raises the old question of
whether myonuclei dedifferentiation during mammalian
muscle regeneration is a source of mononuclear cells for
new fiber formation (Fig. 5). The development of new
techniques enabling the in vivo labeling of individual myo-
fibers may one day allow researchers to identify this
process in vivo. Nevertheless, understanding the signaling
events leading to the dedifferentiation of myotubes may
lead to the development of new therapeutic strategies in
the context of mammalian muscle regeneration.

VII. PERSPECTIVES

The muscle satellite cell population is the principal
cellular component of mammalian skeletal muscle regen-
eration. Although compelling evidence suggests satellite
cells are stem cells capable of self-renewal, this is yet to

be directly addressed. Advances in identifying satellite
cell molecular markers will prove useful in further char-
acterizing this cell population. Non-muscle-derived and
muscle-derived stem cells, other than satellite cells, are
capable of myogenic differentiation and integrate into the
regenerating musculature in vivo. However, the relation-
ship between these stem cell populations and satellite
cells has not been defined. Understanding the signaling
and molecular pathways involved in recruitment and
myogenic commitment of these progenitors is an impor-
tant question in the fields of muscle regeneration and
cellular biology. Furthermore, by focusing on donor pop-
ulation with enhanced regeneration abilities, advances in
clinical cellular therapies for muscular dystrophies
should be observed in a near future.
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