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Satellite cells are essential for skeletal muscle regeneration:
the cell on the edge returns centre stage
Frederic Relaix1,2,3,* and Peter S. Zammit4,*

Following their discovery in 1961, it was speculated that satellite
cells were dormant myoblasts, held in reserve until required for
skeletal muscle repair. Evidence for this accumulated over the
years, until the link between satellite cells and the myoblasts
that appear during muscle regeneration was finally established.
Subsequently, it was demonstrated that, when grafted, satellite
cells could also self-renew, conferring on them the coveted status
of ‘stem cell’. The emergence of other cell types with myogenic
potential, however, questioned the precise role of satellite cells.
Here, we review recent recombination-based studies that have
furthered our understanding of satellite cell biology. The clear
consensus is that skeletal muscle does not regenerate without
satellite cells, confirming their pivotal and non-redundant role.
Key words: Muscle regeneration, Pax7, Satellite cells, Skeletal
muscle, Stem cells

Introduction
Skeletal muscle has evolved to allow precise movement in animals.
By some estimates, there are around 640 skeletal muscles in the
human body, which together account for ~38% of total body mass
for men and 30% for women (Janssen et al., 2000). The functional
unit of skeletal muscle is the long cylindrical muscle fibre that
generates force by contraction. Each myofibre is packed with
myofibrils composed of thousands of sarcomeres that contain the
actin and myosin filaments that interact to produce the force (Fig.
1A). Myofibres are multinucleated, often containing hundreds of
myonuclei, and are formed by the fusion of many myoblasts during
embryonic and foetal development (Mintz and Baker, 1967).
Skeletal muscle has a robust regenerative capacity, with rapid reestablishment (by 3 weeks) of full power occurring even after
severe damage that causes widespread myofibre necrosis
(Rosenblatt, 1992). Indeed, regeneration is so efficient that function
is restored even when a muscle is removed, minced and replaced
back in situ (Studitsky, 1964). As myonuclei are post-mitotic,
muscle repair and regeneration parallels developmental
myogenesis, with myoblasts again fusing together for de novo
myotube formation, or fusing to damaged myofibres to replace lost
myonuclei. Furthermore, skeletal muscle will continue to
regenerate even after repeated injury, requiring the generation of
thousands of myoblasts on each occasion (Luz et al., 2002).
The cell responsible for generating myoblasts in postnatal
skeletal muscle is the satellite cell, which is located in a niche on
the surface of the myofibre (Katz, 1961; Mauro, 1961) (Fig. 1A-E).
Satellite cells initially provide myoblasts for muscle growth, before
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becoming mitotically quiescent as the muscle matures. In adults,
satellite cells can be recruited to supply myoblasts for routine
muscle fibre homeostasis, or for the more sporadic demands of
myofibre hypertrophy or repair (Zammit, 2008). In addition to
producing progeny destined for differentiation, satellite cells also
maintain their own population by self-renewal, thus fulfilling the
defining criteria of a stem cell (Collins et al., 2005).
Although satellite cells had long been thought of as the primary
source of postnatal myoblasts, the description of bone marrow cells
with myogenic potential (Ferrari et al., 1998) opened the floodgates
to a series of high-profile papers describing various non-satellite
cell myogenic precursors (reviewed by Tedesco et al., 2010;
Zammit et al., 2006). The controversy surrounding the relative
input of satellite cells versus these ‘unorthodox’ myogenic
precursors to skeletal muscle growth and repair has thus become a
major pre-occupation of many researchers in the field.
Satellite cells have become inextricably linked to the paired box
transcription factor Pax7, since a defining study by Michael
Rudnicki and colleagues showed that satellite cells express Pax7
and that inactivation of Pax7 results in severe depletion of these
muscle stem cells (Seale et al., 2000). Indeed, Pax7 expression is
maintained in virtually all quiescent satellite cells in adult mouse
muscle (Gnocchi et al., 2009) (Fig. 1B-E) and in many other
species as diverse as salamander, chicken and human (Morrison et
al., 2006; Yablonka-Reuveni, 2011). Thus, the Pax7 gene also
provides a valuable target locus to facilitate genetic manipulation
of the satellite cell genome (see Box 1, Fig. 2). Here, we review
how such sophisticated recombination-based technology has helped
resolve some questions that are central to satellite cell biology, with
a particular focus on the seminal observations that muscle
regeneration fails after the genetic ablation of satellite cells (Lepper
et al., 2011; McCarthy et al., 2011; Murphy et al., 2011;
Sambasivan et al., 2011b).
An overview of the muscle satellite cell
A cell on the edge

Skeletal muscle regeneration was first properly described in the
1860s, but almost a century elapsed before the cellular mechanisms
of this process were resolved (Scharner and Zammit, 2011). A series
of pioneering papers published between 1960 and 1961 provided
compelling evidence that multinucleated myofibres in both
developing and regenerating muscle arise from the fusion of multiple
myoblasts (Bintliff and Walker, 1960; Capers, 1960; Konigsberg et
al., 1960; Pietsch, 1961; Stockdale and Holtzer, 1961). Controversy
surrounded the source of these myoblasts in regenerating muscle,
with theories that they emanated from amitotic division of surviving
myonuclei, from de-differentiation of viable myonuclei back into
myoblasts, or from cells in the interstitium and/or circulation
(reviewed by Scharner and Zammit, 2011). Concurrent with the
confirmation of cell fusion as the mechanism of myotube formation,
the satellite cell was discovered and proposed as a new candidate for
providing such myoblasts (Katz, 1961; Mauro, 1961).
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was not until the culture of isolated myofibres, however, that it was
unambiguously demonstrated that satellite cells generate progeny
that become myoblasts (Bischoff, 1975; Konigsberg et al., 1975).
Much as haematopoietic stem cells have been tested by
transplantation into hosts whose own bone marrow has been
destroyed (e.g. by irradiation), the function and fate of myogenic
precursors has been assayed by grafting them into skeletal muscle.
Such transplantation studies showed that satellite cells provide
myoblasts for muscle growth and repair in vivo (Collins et al., 2005;
Lipton and Schultz, 1979; Snow, 1977; Snow, 1978). The contribution
of endogenous satellite cells to muscle regeneration is clearly
illustrated using recombination-based lineage tracing (see Box 1);
when Cre-ERT2 is activated by tamoxifen in either adult Pax7CE/+:
R26RlacZ/+ or Pax7CreER/+: R26RlacZ/+ mice, only satellite cells have
b-galactosidase activity. After muscle damage, however, many of the
regenerated myofibres also exhibit robust reporter expression, because
of the incorporation of satellite cell-derived myoblasts carrying the
recombined Rosa locus (Lepper et al., 2009; Shea et al., 2010).

Fig. 1. Muscle structure and the satellite cell niche. (A)The
structure and ultra-structure of skeletal muscle [adapted, with
permission, from Shahragim Tajbakhsh (Tajbakhsh, 2009)]. The satellite
cell niche is on the surface of the myofibre, beneath the surrounding
basal lamina, as indicated. (B,C)A quiescent murine satellite cell
retained in its niche on a myofibre isolated from the extensor digitorum
longus muscle of an adult mouse. The preparation has been coimmunostained for Pax7 (B; red-nuclear) and caveolin 1 (B; green) to
reveal the satellite cell (indicated by an arrow). DAPI counterstaining (C)
reveals both the nucleus of the same satellite cell (arrow) and the
myonuclei of the myofibre. (D,E)Confocal image of a transverse section
of an adult mouse extensor digitorum longus muscle coimmunostained for Pax7 (D; red), together with dystrophin (D,E; white)
to delimit the plasmalemma of the myofibre, and counterstained with
DAPI (D; blue). The arrow indicates a Pax7-expressing satellite cell
located on the surface of a myofibre; the arrowhead highlights a
myonucleus. Scale bars: 20 mm in B,C; 100 mm in D,E.

Satellite cells reside in a niche on the surface of the muscle fibre,
beneath the ensheathing basal lamina (Fig. 1A-E), and are found in
a similar location in many vertebrate species (Yablonka-Reuveni,
2011). Studies throughout the 1960s indicated that satellite cells
were the likely myogenic precursors for muscle regeneration (e.g.
Church et al., 1966; Shafiq and Gorycki, 1965), and they were seen
to undergo cell division in regenerating muscle (Reznik, 1969). It

Satellite cells not only generate myoblasts, but also re-appear in their
niche as myotubes reform (Church et al., 1966). That this was selfrenewal was implied from lineage tracing in growing muscle, where
it was observed that a satellite cell division could lead to one progeny
that differentiated into a myonucleus, while the other remained a
satellite cell (Moss and Leblond, 1971). In adults, grafting an isolated
myofibre with a small number of associated satellite cells (Collins et
al., 2005), or even just a single fluorescence-activated cell sorting
(FACS)-isolated satellite cell (Sacco et al., 2008), produces many
more donor-derived satellite cells in the host muscle than originally
transplanted. Such amplification requires extensive proliferation from
the donor satellite cells and/or their progeny, showing that selfrenewal had occurred. Importantly, donor satellite cells remain
viable, being able to again participate in regeneration if the muscle
is damaged (Collins et al., 2005). Donor-derived satellite cells can
also be recovered from muscles after transplantation, and serially
transplanted/recovered several more times, showing the extent of
their potential for self-renewal (Rocheteau et al., 2012). Thus, as
satellite cells not only generate differentiated progeny, but also
maintain their own population by self-renewal, they can be classified
as myogenic stem cells.
The term ‘stem cell’, however, also evokes thoughts of multipotency. In vitro, evidence has been presented that satellite cells can
be pushed towards the adipogenic and osteogenic lineages (e.g.
Asakura et al., 2001), but contamination of such cultures from nonmyogenic cells is sometimes hard to dismiss as the underlying cause
of this observed multipotency (Day et al., 2010; Starkey et al., 2011).
Recent examination using recombination-based lineage tracing
indicates that, although satellite cells can be stimulated to accumulate
lipid, they do not undergo terminal adipogenic differentiation in vitro
(Starkey et al., 2011). Furthermore, whereas exposure to bone
morphogenetic proteins (BMPs) inhibits myogenic differentiation in
satellite cells in vitro, it does not result in any overt change to the
osteogenic lineage (Ono et al., 2011). In vivo, there is also a
negligible (<5%) contribution of satellite cells to BMP-mediated
ectopic osteogenesis (Lounev et al., 2009). Therefore, satellite cells
can be considered monopotent muscle-resident myogenic stem cells.
Satellite cell heterogeneity

Multiple lines of evidence point to functional heterogeneity of
satellite cells, which indicates that they do not all have stem cell
characteristics. Not only do satellite cell populations from different
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muscles exhibit heterogeneity in their proliferation rate, clonogenic
capacity, extent and rate of differentiation, and ability to self-renew,
these variations also exist between satellite cells of the same muscle
(Day et al., 2010; Lagord et al., 1998; Molnar et al., 1996; Ono et al.,
2010; Ono et al., 2012; Schultz, 1996). Heterogeneity is also revealed
by transplantation studies, as only a limited number of grafts result
in large numbers of new satellite cells being produced, so extensive
self-renewal does not appear to be a universal feature of satellite cells
(Collins et al., 2005; Sacco et al., 2008).
Myogenic progression and self-renewal in satellite cells can be
modelled ex vivo (Halevy et al., 2004; Olguin and Olwin, 2004;
Zammit et al., 2004). The transcription factor myogenic
differentiation 1 (Myod1; previously MyoD) [which, together with
myogenic factor 5 (Myf5), myogenic factor 6 (Myf6; previously
MRF4) and myogenin, makes up the myogenic regulatory factors] is
rapidly induced in virtually all satellite cells during activation
(Yablonka-Reuveni and Rivera, 1994; Zammit et al., 2002). After
proliferation as Pax7/MyoD-expressing myoblasts, most cells
maintain MyoD but downregulate Pax7 and commit to differentiation
via activation of myogenin. Other myoblasts, however, maintain
Pax7 but downregulate MyoD and eventually withdraw from the cell
cycle, regaining markers that characterise myogenic quiescence (Day
et al., 2007; Nagata et al., 2006). These observations suggest that all
satellite cells pass through a common stage of co-expressing Pax7
and MyoD, before the decision to either self-renew or differentiate
is made. However, whether such uniform induction of MyoD occurs
in all activated satellite cells in vivo remains unknown (Cooper et al.,
1999; Grounds et al., 1992) and awaits further examination; for
example, by using an inducible MyoDCreERT allele.
Various markers distinguish between satellite cell populations
[e.g. activity of the Pax3 locus (Relaix et al., 2006)], but it is often
difficult to link this to different functional abilities. For example,

although different regenerative potentials are ascribed to satellite
cell subpopulations isolated by FACS (Conboy et al., 2010), it is
sometimes difficult to confirm their provenance in vivo, or the size
of any putative satellite cell subpopulation, as the antibodies used
for FACS are often not effective for immunocytochemistry.
Recombination-based lineage tracing has also been used to try
and identify any putative ‘satellite stem cell’. Most satellite cells in
adult Myf5cre/+: RosaYFP/+ mice have undergone recombination, but
~10% of satellite cells are yellow fluorescent protein (YFP)
negative yet can produce both YFP-negative and YFP-positive
progeny (Kuang et al., 2007). It has been proposed that these YFPnegative cells are a dedicated subset of satellite stem cells, as they
have never activated the myogenic program, whereas the YFPpositive cells are their transit-amplifying progeny (Kuang et al.,
2007). However, all satellite cells have a degree of Myf5 locus
activity when reported by b-galactosidase activity in Myf5nlacZ/+
mice, although this activity is variable, with some satellite cells
requiring prolonged exposure to X-gal (Day et al., 2010). Levels
of Myf5 protein are also variable, with ~10% of satellite cells not
immunostaining for Myf5 at all (Gayraud-Morel et al., 2012).
Alternatively, YFP-negative satellite cells in Myf5cre/+: RosaYFP/+
mice could reflect the sensitivity of YFP as a readout, as the same
Myf5cre allele in Myf5cre/+: Rosa26nlacZ/+ mice results in 96% of
satellite cells with b-galactosidase activity (Brack et al., 2009).
Crucially though, if MyoDicre/+ is used instead of Myf5cre/+ to drive
recombination, then virtually all satellite cells express the reporter
gene (Kanisicak et al., 2009). As quiescent satellite cells do not
generally contain MyoD protein (Yablonka-Reuveni and Rivera,
1994; Zammit et al., 2002), this clearly indicates that they, or their
predecessors, have expressed MyoD at some point and have had a
‘myogenic experience’, but then downregulated MyoD before
becoming quiescent.
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Box 1. Recombination-based technology: genetic tools to examine satellite cell function
Recombination-based technology generally uses the enzymatic activity of Cre recombinase to target loci that contain engineered loxP sites – the
Cre-lox system. The cellular distribution of Cre is dictated by creating a transgene or by targeting Cre to a particular genetic locus. When targeted
to a locus, Cre can be placed in the reading frame (usually to create a null allele of the targeted gene), such as in Pax3Cre (Engleka et al., 2005).
Alternatively, the use of an internal ribosome entry site (IRES) to drive Cre in the 3⬘UTR allows the endogenous locus to remain functional, as in
Pax7iCre (Keller et al., 2004). In cells where Cre recombinase is present in the nucleus, it excises sequences flanked by loxP sites and recombines
the cut ends (termed ‘floxing’) to cause irreversible rearrangement at the ‘floxed’ locus to produce a heritable change in the genome.
The regulatory elements of the transgene or targeted locus define the spatiotemporal expression of Cre, so the expression of the locus
engineered to contain loxP sites does not need to be restricted. The ubiquitously expressed Rosa locus has been targeted with numerous
constructs that only express after blocking sequences have been floxed (Soriano, 1999). Of relevance here are examples in which the Rosa locus
drives reporter genes (e.g. Rosa26lacZ and RosaYFP) after recombination, so that all progeny of the cell in which recombination was induced will
continue to express the reporter, regardless of whether Cre remains active (Soriano, 1999). In another example, Cre-mediated recombination
of R26RDTA results in expression of diphtheria toxin fragment A (DTA) (Wu et al., 2006), a potent inhibitor of protein translation that kills the
cell in which it is produced (see Fig. 2).
More sophisticated genetic tools allow temporal control of Cre recombinase activity in those cells that express Cre, by fusing Cre to the
mutated ligand-binding domain of the human oestrogen receptor (Cre-ERT) (Metzger and Chambon, 2001). Cre-ERT, or the more efficient CreERT2, protein is produced in a cell-restricted distribution, as controlled by the transgene or locus to which it is targeted but, as it remains
cytoplasmic, it does not recombine loxP sites. The ability of Cre-ERT to recombine is then dictated by administration of the oestrogen receptor
agonist tamoxifen (or its derivatives). Tamoxifen binds to the mutated ligand-binding domain of the human oestrogen receptor and causes CreERT to enter the nucleus, where it can then recombine loxP sites and excise intervening sequences (Metzger and Chambon, 2001). Of interest
here, Cre-ERT2 has been inserted into the Pax7-coding sequence to create a knock-in/knockout conditional allele called Pax7CE (Lepper and Fan,
2012), which produces Cre-ERT2 (but not Pax7) in cells expressing Pax7, but which only recombines target sequences on administration of
tamoxifen (Fig. 2). An IRES-CreERT2 cassette has also been inserted into the 3⬘UTR of the Pax7 gene to express Cre-ERT, while preserving Pax7
expression, as in Pax7iCreERT2 (Murphy et al., 2011) and Pax7CreER (Nishijo et al., 2009).
Finally, it is important to note some of the caveats of using recombination-based technologies. First, loci or transgene-driven Cre expression
is not always restricted to the intended target cells, and constructs vary in the degree that they have off-target expression – referred to as
‘leakiness’. Furthermore, Cre-mediated recombination can be less than 100% efficient, meaning that a failure of recombination does not always
imply a lack of Cre expression, as expression may be low and/or some loxP sites are less accessible and/or easily recombined than others. Last,
for conditional Cre alleles, careful testing of the tamoxifen administration regime is needed to ensure widespread recombination, which can,
for example, be particularly difficult when dosing the mother to activate Cre in embryos.
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Satellite cell specification and function during
muscle growth
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Fig. 2. Satellite cell ablation strategy using Cre-lox
recombination. The Pax7 locus was targeted with Cre-ERT.
Pax7CreERT2/+ mice were crossed to a line in which the Rosa26 locus was
engineered to contain a stop cassette flanked by loxP sites, upstream of
sequences encoding diphtheria toxin fragment A (DTA). (A)Pax7CreERT/+:
Rosa26DTA/+ mice generate Cre-ERT2 in all Pax7-expressing satellite cells,
but it remains in the cytoplasm if tamoxifen is not present. Owing to
the stop cassette in the modified Rosa26 gene, there is no DTA
produced without recombination at the locus. In such untreated mice,
satellite cells are viable and muscle regenerates effectively after acute
injury. (B)When tamoxifen (T) is administered systemically to
Pax7CreERT/+: Rosa26DTA/+ mice, it binds to the cytoplasmic Cre-ERT
encoded by the Pax7 locus. Tamoxifen-bound Cre-ERT enters the
nucleus and recombines the engineered Rosa26 locus between the loxP
sites and excises the intervening stop cassette. The Rosa26 gene is then
able to drive expression of DTA, which inhibits protein translation and
kills the satellite cell it is expressed in. When satellite cells are genetically
ablated in this way, muscle regeneration fails following severe injury.

Therefore, the satellite-cell population may be composed of both
lineage-based satellite ‘stem’ cells together with more committed
myogenic precursors, or satellite cells may acquire variable stemcell characteristics over time, perhaps because some cells have
been activated fewer times, or have undergone fewer divisions.
Alternatively, satellite cells could be a more uniform population,
with environmental cues dictating cell fate following activation.

In vertebrates, skeletal muscles of the trunk and limb are derived
from cells of the somite. These paraxial mesoderm-derived pairs of
transient epithelial balls flank the neural tube and form in an anteriorposterior progression during the process of somitogenesis (Pourquie,
2003). Somites undergo maturation into the sclerotome and
dermomyotome. Cells in the dermomyotome are then specified to
the myogenic lineage by Pax3 (Fig. 3). Later, Pax7 is activated
within these Pax3-expressing myogenic precursors, which produce
progenitor cells of the embryonic and foetal body muscles (Gros et
al., 2005; Kassar-Duchossoy et al., 2005; Relaix et al., 2005). Pax3
is also expressed in cells that migrate from the somite to the limb,
tongue and diaphragm, providing the muscle progenitor cells for
these locations, with Pax7 induced once migration is complete
(Kassar-Duchossoy et al., 2005; Relaix et al., 2004; Schienda et al.,
2006). Indeed, Pax genes directly control activation of the myogenic
programme in the limb by binding and activating the myogenic
regulatory factors Myf5 and Mrf4, followed by MyoD (Bajard et al.,
2006; Buckingham and Relaix, 2007; Hu et al., 2008; McKinnell et
al., 2008). Pax7 is maintained in foetal myogenic precursors and
satellite cells in adults, whereas Pax3 is downregulated during the
foetal period (Horst et al., 2006), although the Pax3 locus remains
active in a subset of satellite cells of particular muscles in the adult,
as shown by reporter gene expression in Pax3eGFP/+ mice (Montarras
et al., 2005; Relaix et al., 2006).
Only when the basal lamina forms around myotubes towards the
end of foetal development, however, can morphology and location
be first used to classify cells as satellite cells (Kelly and Zacks,
1969; Ontell and Kozeka, 1984). Both grafting quail somites into
chick embryos (Armand et al., 1983) or tracing cells after dye
injection (Gros et al., 2005; Schienda et al., 2006) show that
myogenic progenitors of the somite give rise to satellite cells.
Lineage tracing in Pax3Cre/+: Rosa26lacZ/+ and Pax7CE/+: R26RlacZ/+
mice reveal that it is specifically the Pax3- and Pax7-expressing
cells of the somite that not only contribute to both the trunk and
limb musculature, but also to their satellite cell populations
(Engleka et al., 2005; Lepper et al., 2009; Lepper and Fan, 2010;
Schienda et al., 2006).
Pax3 acts as an early survival factor in the dermomyotome, as
Pax3-null mice display trunk muscle defects, while limb and
diaphragm muscles fail to form owing to loss of the long-distance
migrating cells (Buckingham and Relaix, 2007). Inactivation of Pax7
has no obvious effects on embryogenesis or foetal development, but
loss of both Pax3 and Pax7 leads to defective muscle specification
and little muscle formation (Fig. 3), revealing redundancy between
these two transcription factors (Relaix et al., 2005). The importance
of these Pax3/7-expressing progenitors is further confirmed after
they are ablated in Pax3Cre/+: R26RDTA/+ embryos, where myogenic
cells are lost in the embryonic limbs and trunk (Hutcheson et al.,
2009). Although ablation of Pax7-expressing cells in Pax7iCre/+:
R26RDTA/+ mice has little effect on embryonic myogenesis (up to
E14.5), there is a complete absence of foetal myogenic progenitors
and myofibres (Hutcheson et al., 2009).
Inactivation of the Notch/Delta pathway in these Pax3expressing cells reveals that they also contribute to satellite cells
found in the perinatal period. Pax3Cre/+: RBP-Jkflox/flox mice have
severe foetal muscle hypoplasia owing to disproportionate
myogenic differentiation (Vasyutina et al., 2007), with a similar
phenotype observed in hypomorphic Delta-like-1 mutant mice
(Schuster-Gossler et al., 2007). Although these mice die just after
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birth, the satellite cell niche is unoccupied in foetal/newborn mice,
implying that the excessive myogenic differentiation causes
depletion of the Pax3-expressing myogenic progenitor cells that
would normally become, or generate, satellite cells (Vasyutina et
al., 2007).
Unlike body and limb muscles, the musculature of the head
derives from non-somitic cranial mesoderm (Noden and FrancisWest, 2006; Sambasivan et al., 2011a), and Pax genes are not part
of the transcriptional networks that control formation of this tissue
(Bismuth and Relaix, 2010). Mesp1Cre/+- or Isl1Cre/+-mediated
lineage tracing shows that, again, both muscle and satellite cells in
the head are derived from a common progenitor, but instead located
in the cranial mesoderm (Harel et al., 2009). Interestingly, despite
the distinct genetic regulation of muscle and satellite cell
development in the head, satellite cells still activate Pax7 in the
foetal period and maintain expression in adult (Sambasivan et al.,
2009; Gnocchi et al., 2009).
Postnatal muscle growth is perturbed by the loss of
satellite cells

Despite having no obvious phenotype when born (Mansouri et al.,
1996), Pax7-null mice fail to thrive and have retarded growth, with
most dying within 2 weeks of birth (Seale et al., 2000). The extent
to which this growth defect and early death is linked to the lack of
Pax7 function in skeletal muscle, or in other sites such as the
central nervous system, remains unclear. Satellite cell numbers fall
rapidly in Pax7–/– mice postnatally, with a severe reduction already
evident by P10/11 (<80%). Muscle weakness has been reported,
with muscle fibres of smaller calibre containing fewer myonuclei
present (Kuang et al., 2006; Relaix et al., 2006; Seale et al., 2000),
although others find the juvenile musculature to be overtly normal
(Oustanina et al., 2004).
In the conditional Pax7CE allele, Cre-ERT2 is inserted into the
Pax7-coding sequence, and so Pax7CE is a null allele for Pax7
(Lepper et al., 2009). A combination of Pax7CE with a Pax7 allele
that can be flox inactivated (Pax7f) generates heterozygous
Pax7CE/f mice in which the functional Pax7 allele can be
inactivated by Cre from the Pax7CE-null allele. Administering
tamoxifen to Pax7CE/f mice at different stages of postnatal growth
(P7-11 and P14-18) established that regeneration was compromised
when muscle was damaged up to P21. However, satellite cells have

a decreasing requirement for Pax7, as regeneration was normal if
Pax7 was deleted after P21 (Lepper et al., 2009), defining a crucial
period of Pax7 requirement in postnatal satellite cells (Fig. 3).
Unfortunately, the condition of undamaged growing muscle with
postnatal Pax7 inactivation was not reported.
What is the significance of P21 in mouse? The number of
myofibres does not change after birth, so postnatal muscle growth
is achieved by both an increase in myofibre size and the addition
of further myonuclei (Enesco and Puddy, 1964), with an
approximate fivefold (from ~50 to ~250) increase in myonuclear
content per myofibre between P3 and P21 (White et al., 2010).
Satellite cells proliferate in growing muscle to supply these new
myonuclei (Moss and Leblond, 1971; Shafiq et al., 1968), with the
extent readily visualised in Pax3Cre/+: Rosa26lacZ/+ and Pax7CE/+:
R26RlacZ/+ mice (Lepper et al., 2009; Lepper and Fan, 2010;
Schienda et al., 2006). However, there are at least two populations
of satellite cells identifiable with respect to the length of their cell
cycle (Schultz, 1996), which indicates that not all satellite cells
produce myonuclei at the same rate. Furthermore, the overall
number of satellite cells gradually falls during this early postnatal
period and so not all satellite cells contribute to the adult pool
(Schultz, 1974; White et al., 2010). The supply of myonuclei from
satellite cells gradually decreases, so that by around P21, further
muscle growth is achieved by myofibre hypertrophy (Lepper et al.,
2009; White et al., 2010), with the remaining satellite cells
becoming mitotically quiescent (Moss and Leblond, 1971; Schultz
et al., 1978).
Therefore, satellite cells are clearly required for muscle growth.
Surprisingly, deletion of Pax7 (and of both Pax7 and Pax3) in
satellite cells after P21 does not affect their function, with robust
and efficient muscle regeneration maintained (Lepper et al., 2009).
This requirement of Pax7 for satellite cell function only during
muscle growth demonstrates clear differences between adult
quiescent satellite cells and their embryonic, foetal or postnatal
counterparts.
Satellite cell depletion compromises muscle
regeneration
In the rare (5-10%) constitutive Pax7-null mice that survive to
adulthood, satellite cell numbers are very low, with muscle reported
as being weaker with myofibre loss (Kuang et al., 2006), or muscle
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Fig. 3. The dependence of myogenic stem cell populations on Pax genes. The timing of the embryonic and postnatal periods of muscle
development in mouse is indicated, with the distribution of skeletal muscle within the developing embryo shown in blue. The times when
embryonic and foetal muscle progenitor cells are the dominant myogenic stem cells are indicated in red, whereas the periods during which satellite
cells predominate is highlighted in yellow. The expression dynamics of Pax7 (green) and Pax3 (blue) in muscle progenitors and satellite cells are
shown. Finally, the time points at which embryonic and foetal muscle progenitor and satellite cells require Pax3 and Pax7 gene function are
indicated.

size being moderately reduced and containing more small-calibre
muscle fibres (Oustanina et al., 2004). The few remaining satellite
cells exhibit proliferation and differentiation defects ex vivo
(Kuang et al., 2006; Oustanina et al., 2004; Relaix et al., 2006).
This lack of satellite cells correlates with a general failure of
muscle regeneration.
Other interventions that deplete satellite cells and/or compromise
their function are also associated with defective muscle
regeneration. For example, loss of Notch signalling in satellite cells
in either Tg:Pax7-CT2: Rbpjflox/-: Rosa26mTomato-STOP-mGFP/+
(Mourikis et al., 2012) or Pax7CreER/+: RBP-Jf/f: RosaYFP/+
(Bjornson et al., 2012) adult mice leads to their spontaneous exit
from quiescence and rapid myogenic differentiation, often without
an intervening phase of cell division. Importantly, self-renewal is
reduced without Notch signalling and the quiescent satellite cell
pool is quickly depleted. Again, muscle regeneration is drastically
perturbed (Bjornson et al., 2012; Mourikis et al., 2012). Likewise,
inhibiting Notch signalling by simultaneous constitutive
inactivation of both Notch target genes Hesr1 and Hesr3 also
results in satellite cells differentiating rather than self-renewing,
and, again, depletion of the satellite cell pool and impaired muscle
regeneration (Fukada et al., 2011).
Finally, prevention of mature miRNA production in satellite cells
via targeted inactivation of the miRNA-processing enzyme Dicer,
causes most satellite cells to exit quiescence and undergo apoptosis
in Pax7CreER/+: Dicerflox/flox mice. The near complete loss of satellite
cells prevents muscle regeneration, with no recovery in muscle
morphology even 6 months after disruption of the Dicer gene
(Cheung et al., 2012).
These studies, which show defective muscle regeneration after
satellite cell loss, are complementary to others that indicate that
there is no obvious contribution of cells from elsewhere in the body
to muscle regeneration. An example is the lack of effective
regeneration after high local doses of irradiation to a limb to
prevent cell division (Heslop et al., 2000; Wakeford et al., 1991).
Unorthodox myogenesis: non-satellite cells with
myogenic potential
Although satellite cells were generally accepted as a major source
of myoblasts for muscle regeneration in adult, the description of
bone marrow cells with myogenic potential (Ferrari et al., 1998)
suggested that these cells could also contribute to muscle
regeneration. This report was followed by descriptions of other
non-satellite cell myogenic precursors (reviewed by Tedesco et al.,
2010; Zammit et al., 2006). To date, many cells with myogenic
potential have been described that are either in muscle tissue,
including side population (Gussoni et al., 1999; Jackson et al.,
1999), Sk-34 (Tamaki et al., 2002), mesangioblasts (Sampaolesi et
al., 2003), CD45+/Sca1+ cells (Polesskaya et al., 2003) and
PW1+/Pax7– interstitial cells (PICs) (Mitchell et al., 2010), or in the
circulation, such as AC133-expressing stem cells (Torrente et al.,
2004). The inherent myogenic potential of cells responsible for
such ‘unorthodox’ myogenesis is not understood, with most
expressing muscle genes only after undergoing myogenic
reprogramming following interaction/fusion with myoblasts and/or
myofibres (e.g. Asakura et al., 2002; Kirillova et al., 2007). Some
of these cell populations can also be found in the satellite cell niche
following grafting in adult muscle (Asakura et al., 2002; LaBarge
and Blau, 2002) and during muscle regeneration (Mitchell et al.,
2010), leading to the suggestion that they could act as satellite cell
precursors. Finally, de-differentiation of mammalian myonuclei to
generate myogenic cells has been observed following certain
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genetic manipulations (Odelberg et al., 2000; Pajcini et al., 2010),
but it is highly unlikely that this occurs normally during muscle
regeneration.
Although there is evidence that mesangioblasts can contribute to
muscle growth and the satellite cell pool during the postnatal period
(Dellavalle et al., 2011), whether non-satellite cell myogenic
progenitors have a physiological role in muscle regeneration in adult
is unclear. This role is often affirmed by cell grafting, but the
sensitivity of modern techniques to follow labelled cells often has
single cell resolution, so in some cases may be detecting nonphysiological levels of engraftment owing to cells merely being
passively incorporated into regenerating myofibres. Even if cells do
incorporate, they can fail to fully activate, or sustain, the myogenic
programme (Lapidos et al., 2004; Wernig et al., 2005). Furthermore,
it cannot be discounted that modification of cell properties by their
preparation and grafting, then influences their fate in vivo.
Satellite cells are indispensable for muscle
regeneration
Genetic strategies to ablate satellite cells

The universal expression of Pax7 in satellite cells (Seale et al.,
2000; Gnocchi et al., 2009) means that Pax7Cre alleles now provide
an effective means to genetically ablate satellite cells in a defined
temporal manner. Four papers using this strategy have recently
been published (Lepper et al., 2011; McCarthy et al., 2011; Murphy
et al., 2011; Sambasivan et al., 2011b). A comparative analysis of
the main experiments performed in these studies is presented in
Fig. 4.
Fan and co-workers used their Pax7CE allele (Lepper et al.,
2009), while the Kardon and Peterson groups used independent
mouse models in which an IRES-CreERT2 cassette was inserted
into the 3⬘UTR of the Pax7 gene, thus preserving Pax7 function
[Pax7iCreERT2 in the Kardon study (Murphy et al., 2011), and
Pax7CreER from the Keller laboratory (Nishijo et al., 2009) for the
Peterson work (McCarthy et al., 2011)]. All three groups crossed
their mice with Pax7CreERT alleles with mice carrying R26RDTA (Wu
et al., 2006) or Rosa26eGFP-DTA (Ivanova et al., 2005) to
constitutively express diphtheria toxin fragment A (DTA) once
blocking sequences are floxed.
All satellite cells are eliminated within 36 hours of a single
tamoxifen dose in Pax7CE/+: R26ReGFP-DTA/+ mice, such that even
Pax7 or Cre transcripts are no longer detectable. Interestingly, the
Pax7CE/+: R26ReGFP-DTA/+ mice die within 7-10 days of tamoxifen
treatment (Lepper et al., 2011) (Fig. 4). With Pax7CreER or
Pax7iCreERT2 alleles, about 90% of the satellite cells are ablated after
five daily tamoxifen doses, but both Pax7CreER/+: R26RDTA/+ and
Pax7iCreERT2/+: R26RDTA/+ mice then survive for several months at
least (McCarthy et al., 2011; Murphy et al., 2011) (Fig. 4). This
clear difference in lifespan is most likely because Pax7 is also
expressed in muscle spindles, which are lost in Pax7CE/+:
R26ReGFP-DTA/+ mice, and specific regions of the brain, so the
extent to which these other cell types are killed presumably
correlates with survival. This probably also relates to the level of
Cre expression, which is influenced by where Cre is inserted into
the Pax7 locus; higher levels may be achieved in Pax7CE with Cre
in the Pax7-reading frame, when compared with placing an IRESCreERT2 cassette in the 3⬘ UTR as in Pax7iCreERT2 and Pax7CreER.
There is also a difference in the potency of the DTA isoforms used
in the R26RDTA and Rosa26eGFP-DTA alleles, as R26RDTA contains a
slightly less toxic, attenuated form of fragment A (DTA176), which
is designed to minimise any potential off-target effects due to
‘leakiness’ (Ivanova et al., 2005; Wu et al., 2006).
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Fig. 4. Comparative analysis
of satellite cell ablation
studies. The main
experiments performed in the
four studies examining muscle
regeneration in the absence of
satellite cells are summarised
(Lepper et al., 2011; McCarthy
et al., 2011; Murphy et al.,
2011; Sambasivan et al.,
2011b). Within the ‘Protocol’
column, time is represented by
a vertical grey bar for each day
and by a vertical black bar for
each week. Administration of
tamoxifen (Tmx) is indicated by
blue arrows and intramuscular
injection of diphtheria toxin
fragment A (DTA) is shown by
brown arrows. The day of
injury is designated with a red
arrow, with the method noted
(BaCl2 or cardiotoxin; CTX).
The day of muscle injury and
transplantation is designated
as Day 0, with days before
injury indicated by –n d, while
days after injury are
represented by dpi (days post
injury). The percentage of
satellite cells ablated (% SC
ablated) in each approach is
indicated and the final
outcome is summarised.
MyHCemb, embryonic myosin
heavy chain isoform; ND, not
determined.
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The Tajbakhsh/Galy groups used a different approach and
targeted the diphtheria toxin receptor to the Pax7 locus (Pax7DTR).
Intramuscular injection of DTA leads to the ablation of Pax7-

expressing cells only in the locality of the injection site
(Sambasivan et al., 2011b) and not throughout the mouse, as
systemic administration of tamoxifen in Pax7CreERT mice does. The
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Muscle regeneration fails in the absence of satellite cells

The main conclusion of these four studies is that in the absence of
most, or all, Pax7-expressing cells, a profound failure of muscle
regeneration occurs (Figs 2, 4). Muscle injury was induced by
intramuscular injection of either cardiotoxin (a snake venom with
membrane-damaging activity inducing tissue necrosis) or BaCl2
(which causes muscle depolarisation and myofibre death by
stimulating exocytosis while blocking the efflux of Ca2+). Such
acute muscle injury in tamoxifen-treated Pax7CE/+: RosaeGFP-DTA/+,
Pax7CreER/+: R26RDTA/+ or Pax7iCreERT2/+: R26RDTA/+ mice results in
negligible myotube formation after 5-7 days, a time when control
muscle already has myotubes present (Lepper et al., 2011;
McCarthy et al., 2011; Murphy et al., 2011). Similarly, DTA
injection combined with cardiotoxin-mediated injury in Pax7DTR/+
mice also causes a near-complete lack of myogenic cells and an
absence of regenerating myofibres after 4 or 8 days (Sambasivan
et al., 2011b).
Apart from Pax7CE/+, the other Pax7 alleles fail to
completely ablate satellite cells, although the few survivors
would presumably be further reduced by cardiotoxin, which is
known to also kill satellite cells [probably more than BaCl2induced injury (Gayraud-Morel et al., 2009)]. However, any
Pax7-expressing cells that survived Cre-mediated DTA ablation
and cardiotoxin are unable to significantly regenerate muscle
(Fig. 4). It may be argued that more time is required before
effective regeneration could begin, to permit the few remaining
satellite cells to proliferate sufficiently, and/or to allow satellite
cells to be replenished from another source or to let nonsatellite cell populations establish themselves. However,
regeneration is prevented, and not merely delayed, as even 28
or 56 days later, no visible muscles reform in satellite cellablated tibialis anterior muscle of Pax7iCreERT2/+: R26RDTA/+
mice, even in response to a second cardiotoxin injury (Murphy
et al., 2011).
Snakebites (especially in Northern Europe!) or injuries that lead
to complete muscle degeneration are unusual. A more common
cause of muscle damage in man is strenuous resistance exercise
(Brentano and Martins Kruel, 2011). Modelling such vigorous
exercise in mice with forced daily running of 30 minutes for 5 days
in satellite cell-ablated Pax7DTR/+ mice, led to a striking loss of
myofibres, with inflammatory cell and adipocyte infiltration. It
needs to be remembered, though, that this effect could have been
exacerbated by the muscle damage directly elicited by the DTA
injection used to ablate the satellite cells (Sambasivan et al.,
2011b), and so should be confirmed using PaxCreERT alleles that do
not directly affect myofibres.
Collectively, these studies clearly demonstrate that satellite
cells are required for skeletal muscle regeneration following a
variety of acute myotoxic injuries (Figs 2, 4). It also appears that

a threshold number of satellite cells may be needed to even
partially regenerate such severely damaged muscle. Crucially,
unorthodox myogenic precursors are unable to substitute for this
regenerative function performed by satellite cells.
Ablated satellite cells are not replaced

It is possible that satellite cell ablation, quickly followed by
massive injury, does not allow the satellite cell population time to
recover. It is estimated that induction of Cre is finished within 24
hours of the final tamoxifen dose, but there were still no satellite
cells present in Pax7CE/+: RosaeGFP-DTA/+ mice 6.5 days later
(Lepper et al., 2011). Tamoxifen-treated Pax7iCreERT2/+: R26RDTA/+
mice also had a near-complete absence of satellite cells on day 5
of regeneration, with fewer than 15% present after 30 days
(Murphy et al., 2011). It is untested, however, whether satellite cellablated uninjured or injured muscle might gain more satellite cells
in the longer term.
If satellite cell precursors within the muscle, or elsewhere in the
body, also express Pax7, they too would be ablated by systemic
administration of tamoxifen, and so would not be available to restore
the satellite cell pool. As DTA is injected intramuscularly in
Pax7DTR/+ mice, it can be assumed that Pax7-expressing cells distant
from the site of injection would not be ablated, leaving the possibility
that these cells could be mobilised to replace the satellite cells in the
DTA-injected muscle. However, functional compensation by other
cell types did not occur, as muscle was unable regenerate following
cardiotoxin-induced injury, even with an intervening 14- to 35-day
recovery period after satellite cell ablation (Sambasivan et al.,
2011b). Although the muscle environment is clearly affected by DTA
treatment, it was not rendered completely hostile to satellite cells, as
wild-type satellite cells grafted into cardiotoxin/DTA-treated
Pax7DTR/+ muscle can still effectively regenerate areas of myotubes
(Sambasivan et al., 2011b).
The contribution of unorthodox myogenic progenitors to
muscle regeneration was also assayed using transplantation of
entire muscles (Lepper et al., 2011). A grafted muscle initially
undergoes near-complete degeneration, followed by myofibre
regeneration and re-establishment of both vasculature and
innervation, with the process complete within 1 month. When a
satellite cell-ablated extensor digitorum longus (EDL) muscle of
a Pax7CE/+: RosaeGFP-DTA/+ donor mouse is transplanted, it
degenerates in the wild-type host mouse, but then fails to
regenerate. However, a grafted EDL regenerates well if from a
non-tamoxifen treated Pax7CE/+: RosaeGFP-DTA/+ donor. If a host
mouse carrying a regenerated donor EDL muscle is given
tamoxifen, then only Pax7-expressing cells in the transplanted
muscle are ablated, not those of the wild-type host. If such
grafted, satellite cell-ablated, regenerated EDL muscles are
subsequently injured with cardiotoxin, they then fail to reregenerate (Lepper et al., 2011). Thus, even with access to the
circulation of the host for 1 month, and then for several days
after satellite cell ablation, the donor muscle is not repopulated
with host-derived unorthodox myogenic precursors (Fig. 4).
Conclusions and future perspectives
Once Pax7-expressing cells are ablated locally or systemically,
muscle is unable to regenerate and, importantly, does not recover
this ability. Ablation of Pax7-expressing cells clearly destroys
satellite cells, which are generally agreed to uniformly express
Pax7. Other proposed muscle-resident or non-resident myogenic
stem cell populations do not express Pax7, and so would be spared
ablation using targeted Pax7 alleles. Therefore, muscle does not
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number of satellite cells remaining after DTA treatment is estimated
to be between 1% and 5%, but these surviving cells do not generate
any functional myogenic cells ex vivo, suggesting that DTA may
impair cell function without leading to cell death (Fig. 4).
Unhelpfully, intramuscular injection of DTA in Pax7DTR mice also
leads to a mild inflammatory response and cellular infiltration, with
a sustained (assayed up to 8 weeks later) loss in muscle weight of
between 20% and 40%, although vasculature, innervation and
neuromuscular junctions are unaffected. Probably owing to
nonspecific cross-reactivity with the mouse receptor, the precise
cause of this muscle mass loss (e.g. myofibre hypotrophy or
degeneration) was not reported (Sambasivan et al., 2011b).

regenerate without satellite cells, and other potential myogenic
stem cells do not compensate for their loss. Furthermore, as
myonuclei do not express Pax7, they too would be immune from
ablation, yet the absence of measurable regeneration indicates that,
as expected, myonuclear de-differentiation does not occur to any
significant degree under normal circumstances.
These studies also confirm that satellite cells are responsible for
maintaining their own population via the closed loop of selfrenewal. Satellite cell precursors that do not express Pax7 are no
longer present in adult, or cannot be effectively recruited to the
satellite cell pool. This assumes that Pax7 is not expressed in any
of these precursors, but even if it was, the recovery periods after
tamoxifen treatment should have allowed for further differentiation
of non Pax7-expressing cells into new Pax7-positive satellite cell
precursors, which failed to happen. Some satellite cells clearly
remain after tamoxifen treatment in either Pax7CreER/+ or
Pax7iCreERT2/+ mice, yet it is striking that regeneration fails in both
genetic models, suggesting a threshold number for efficient satellite
cell function. However, effective regeneration can occur following
transplantation of only a few or even just one satellite cell (Collins
et al., 2005; Sacco et al., 2008). In these grafting experiments
though, the host muscle retains its endogenous satellite cell pool
(even if irradiated), suggesting a community effect and support
activity to the grafted satellite cells. Indeed, reciprocal support
between both satellite cells and endothelial cells (Christov et al.,
2007) and satellite cells and fibroblasts (Murphy et al., 2011) has
been demonstrated. It is also possible that unorthodox myogenic
precursors can not regenerate muscle without paracrine/physical
support from satellite cells, as has been observed for
mesoangioblasts or PICs in vitro (Tedesco et al., 2010) or that
dying satellite cells release factors that directly compromise nonsatellite cell precursors.
Questions remain regarding the role of satellite cells in skeletal
muscle homeostasis, hypertrophy and ageing. Uninjured muscles
that are depleted of satellite cells following Dicer gene disruption
in Pax7CreER/+: Dicerflox/flox mice still appear overtly normal 6
months later, but do exhibit a mild muscle fibre atrophy over time
(Cheung et al., 2012). Mice with satellite cells ablated using the
Pax7CreER or Pax7iCreERT2 alleles remain alive for at least several
months, but the condition of muscles in the longer term was not
reported, other than to state that the endothelial (CD31+) and
haematopoietic (CD45+) compartments of the muscle were
unaffected (McCarthy et al., 2011; Murphy et al., 2011). Ablation
of satellite cells in young mice with long-term follow up is
necessary to see how muscle ages without satellite cells. Studying
the effects of the loss of satellite cells in geriatric muscle would
also be interesting.
Hypertrophy was examined after satellite cell ablation in one
study, where the plantaris muscle in tamoxifen-treated Pax7CreER/+:
R26RDTA/+ mice was forced to hypertrophy by removing synergistic
muscles. Hypertrophy still occurred in the short term (2 weeks),
despite the absence of the majority of satellite cells (McCarthy et
al., 2011). Does this mean that satellite cells are not initially
required for hypertrophy, or that the few remaining cells were
sufficient (yet do not seem able to mount a regenerative response
to acute injury)? A detailed analysis of myonuclear content per
myofibre could resolve whether hypertrophy was accompanied by
an increase in myonuclei. Examination of whether muscle
hypertrophy is maintained longer term (>6 weeks) without satellite
cells needs to be addressed. Additionally, the deleterious effects on
muscle of strenuous exercise in the absence of satellite cells, as
revealed by DTA intramuscular injection in Pax7DTR/+ mice
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(Sambasivan et al., 2011b), should be confirmed using the
Pax7CreERT alleles that can be used to ablate satellite cells without
also causing overt myofibre damage.
These experiments demonstrate that satellite cells alone are
required for supplying myoblasts during acute skeletal muscle
regeneration. It would be interesting to ablate satellite cells at
various points during muscle regeneration to examine the dynamics
of Pax7 locus activity and the profile of differentiation and selfrenewal. The four studies discussed above concentrated on hind
limb muscle, but satellite cells throughout the body express Pax7,
so the relative role of satellite cells and other non-satellite cell
populations in muscle homeostasis and regeneration can readily be
assessed for many other muscles, including those of the head.
It is also necessary to determine the effects of satellite cell
ablation on the chronic degeneration/regeneration cycles seen in
some muscle diseases. The phenotype in the mdx mouse model of
Duchenne muscular dystrophy is more pronounced if teleomerase
activity is deleted (Sacco et al., 2010), although in this study, the
inactivation of telomerase was not restricted to satellite cells.
Ablating satellite cells in conditional Pax7cre: R26RDTA/+ mice on
an mdx background would assay the function of satellite cells in
chronic regeneration and also test whether non-satellite cell types
make an effective contribution in this situation.
The possibility remains that unorthodox myogenic progenitors
could be useful for cell therapy-based strategies. For example, it
will be interesting to test whether cell types such as the PICs
(Mitchell et al., 2010) or mesoangioblasts (Sampaolesi et al., 2003)
are able to contribute to myogenesis after local or systemic delivery
into muscle lacking satellite cells, as grafted satellite cells can
(Sambasivan et al., 2011b). Furthermore, specific ablation of these
individual non-satellite cell populations would show whether
satellite cells are also able to function in their absence, considering
that interactions with cell populations such as macrophages and
connective tissue fibroblasts are required for efficient satellite cell
function (Murphy et al., 2011).
Now that satellite cells are established as being responsible and
absolutely required for muscle regeneration, there is a need to
resolve the issue of whether there are subpopulations of satellite
cells within a common niche. Ultimately, resolution of the
composition and nature of the satellite cell pool probably awaits
single cell-based analyses and prospective endogenous markers that
are able to directly identify any satellite ‘stem cell’.
In summary, these recent studies on the depletion or genetic
ablation of satellite cells using complementary approaches (Fig. 4)
clearly demonstrate that satellite cells are responsible for skeletal
muscle regeneration after acute injury. Under such conditions, nonsatellite cell populations are unable to substitute for the function of
satellite cells, which are indispensable for muscle regeneration. The
cell on the edge has now returned centre stage!
Acknowledgements
We thank Elija Schirwis and Helge Amthor for their confocal images (Fig.
1D,E), and Shahragim Tajbakhsh for generously allowing parts of a schematic
from his fine review (Tajbakhsh, 2009) to be modified and incorporated into
Fig. 1A. We are also grateful to the three excellent reviewers whose comments
greatly improved the manuscript.
Funding
The laboratory of P.Z. is funded by the Muscular Dystrophy Campaign, the
Medical Research Council, The Wellcome Trust and Association Française
Contre les Myopathies (AFM), together with OPTISTEM (223098) and
BIODESIGN (262948-2) from the European Commission 7th Framework
Programme. This work is also supported by funding to F.R. from the INSERM
Avenir Program, AFM, Association Institut de Myologie, Agence Nationale

DEVELOPMENT

Development 139 (16)

pour la Recherche (ANR) via the labex REVIVE network, Ligue Nationale Contre
le Cancer (LNCC), Association pour la Recherche contre le Cancer (ARC),
Fondation pour la Recherche Médicale, Institut National du Cancer (INCa), ANR
grant Epimuscle and the European Union Seventh Framework Programme for
the project ENDOSTEM (241440). F.R.’s laboratory is also supported by the
German Research Foundation (DFG), French-German University (UFA-DFH) and
the AFM as part of the MyoGrad International Research Training Group for
Myology. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.
Competing interests statement
The authors declare no competing financial interests.
References
Armand, O., Boutineau, A. M., Mauger, A., Pautou, M. P. and Kieny, M.
(1983). Origin of satellite cells in avian skeletal muscles. Arch. Anat. Microsc.
Morphol. Exp. 72, 163-181.
Asakura, A., Komaki, M. and Rudnicki, M. (2001). Muscle satellite cells are
multipotential stem cells that exhibit myogenic, osteogenic, and adipogenic
differentiation. Differentiation 68, 245-253.
Asakura, A., Seale, P., Girgis-Gabardo, A. and Rudnicki, M. A. (2002).
Myogenic specification of side population cells in skeletal muscle. J. Cell Biol.
159, 123-134.
Bajard, L., Relaix, F., Lagha, M., Rocancourt, D., Daubas, P. and Buckingham,
M. E. (2006). A novel genetic hierarchy functions during hypaxial myogenesis:
Pax3 directly activates Myf5 in muscle progenitor cells in the limb. Genes Dev.
20, 2450-2464.
Bintliff, S. and Walker, B. E. (1960). Radioautographic study of skeletal muscle
regeneration. Am. J. Anat. 106, 233-245.
Bischoff, R. (1975). Regeneration of single skeletal muscle fibers in vitro. Anat.
Rec. 182, 215-235.
Bismuth, K. and Relaix, F. (2010). Genetic regulation of skeletal muscle
development. Exp. Cell Res. 316, 3081-3086.
Bjornson, C. R., Cheung, T. H., Liu, L., Tripathi, P. V., Steeper, K. M. and
Rando, T. A. (2012). Notch signaling is necessary to maintain quiescence in
adult muscle stem cells. Stem Cells 30, 232-242.
Brack, A. S., Murphy-Seiler, F., Hanifi, J., Deka, J., Eyckerman, S., Keller, C.,
Aguet, M. and Rando, T. A. (2009). BCL9 is an essential component of
canonical Wnt signaling that mediates the differentiation of myogenic
progenitors during muscle regeneration. Dev. Biol. 335, 93-105.
Brentano, M. A. and Martins Kruel, L. F. (2011). A review on strength exerciseinduced muscle damage: applications, adaptation mechanisms and limitations. J.
Sports Med. Phys. Fitness 51, 1-10.
Buckingham, M. and Relaix, F. (2007). The role of Pax genes in the development
of tissues and organs: Pax3 and Pax7 regulate muscle progenitor cell functions.
Annu. Rev. Cell Dev. Biol. 23, 645-673.
Capers, C. R. (1960). Multinucleation of skeletal muscle in vitro. J. Biophys.
Biochem. Cytol. 7, 559-566.
Cheung, T. H., Quach, N. L., Charville, G. W., Liu, L., Park, L., Edalati, A., Yoo,
B., Hoang, P. and Rando, T. A. (2012). Maintenance of muscle stem-cell
quiescence by microRNA-489. Nature 482, 524-528.
Christov, C., Chretien, F., Abou-Khalil, R., Bassez, G., Vallet, G., Authier, F. J.,
Bassaglia, Y., Shinin, V., Tajbakhsh, S., Chazaud, B. et al. (2007). Muscle
satellite cells and endothelial cells: close neighbors and privileged partners. Mol.
Biol. Cell 18, 1397-1409.
Church, J. C. T., Noronha, R. F. X. and Allbrook, D. B. (1966). Satellite cells and
skeletal muscle regeneration. Br. J. Surg. 53, 638-642.
Collins, C. A., Olsen, I., Zammit, P. S., Heslop, L., Petrie, A., Partridge, T. A.
and Morgan, J. E. (2005). Stem cell function, self-renewal, and behavioral
heterogeneity of cells from the adult muscle satellite cell niche. Cell 122, 289301.
Conboy, M. J., Cerletti, M., Wagers, A. J. and Conboy, I. M. (2010). Immunoanalysis and FACS sorting of adult muscle fiber-associated stem/precursor cells.
Methods Mol. Biol. 621, 165-173.
Cooper, R. N., Tajbakhsh, S., Mouly, V., Cossu, G., Buckingham, M. and
Butler-Browne, G. S. (1999). In vivo satellite cell activation via Myf5 and MyoD
in regenerating mouse skeletal muscle. J. Cell Sci. 112, 2895-2901.
Day, K., Shefer, G., Richardson, J. B., Enikolopov, G. and Yablonka-Reuveni,
Z. (2007). Nestin-GFP reporter expression defines the quiescent state of skeletal
muscle satellite cells. Dev. Biol. 304, 246-259.
Day, K., Shefer, G., Shearer, A. and Yablonka-Reuveni, Z. (2010). The
depletion of skeletal muscle satellite cells with age is concomitant with reduced
capacity of single progenitors to produce reserve progeny. Dev. Biol. 340, 330343.
Dellavalle, A., Maroli, G., Covarello, D., Azzoni, E., Innocenzi, A., Perani, L.,
Antonini, S., Sambasivan, R., Brunelli, S., Tajbakhsh, S. et al. (2011).
Pericytes resident in postnatal skeletal muscle differentiate into muscle fibres and
generate satellite cells. Nat. Commun. 2, 499.

Development 139 (16)
Enesco, M. and Puddy, D. (1964). Increase in the number of nuclei and weight in
skeletal muscle of rats of various ages. Am. J. Anat. 114, 235-244.
Engleka, K. A., Gitler, A. D., Zhang, M., Zhou, D. D., High, F. A. and Epstein,
J. A. (2005). Insertion of Cre into the Pax3 locus creates a new allele of Splotch
and identifies unexpected Pax3 derivatives. Dev. Biol. 280, 396-406.
Ferrari, G., Cusella-De Angelis, G., Coletta, M., Paolucci, E., Stornaiuolo, A.,
Cossu, G. and Mavilio, F. (1998). Muscle regeneration by bone marrowderived myogenic progenitors. Science 279, 1528-1530.
Fukada, S., Yamaguchi, M., Kokubo, H., Ogawa, R., Uezumi, A., Yoneda, T.,
Matev, M. M., Motohashi, N., Ito, T., Zolkiewska, A. et al. (2011). Hesr1
and Hesr3 are essential to generate undifferentiated quiescent satellite cells and
to maintain satellite cell numbers. Development 138, 4609-4619.
Gayraud-Morel, B., Chretien, F. and Tajbakhsh, S. (2009). Skeletal muscle as a
paradigm for regenerative biology and medicine. Regen. Med. 4, 293-319.
Gayraud-Morel, B., Chretien, F., Jory, A., Sambasivan, R., Negroni, E.,
Flamant, P., Soubigou, G., Coppee, J. Y., Di Santo, J., Cumano, A. et al.
(2012). Myf5 haploinsufficiency reveals distinct cell fate potentials for adult
skeletal muscle stem cells. J. Cell Sci. 125, 1738-1749.
Gnocchi, V. F., White, R. B., Ono, Y., Ellis, J. A. and Zammit, P. S. (2009).
Further characterisation of the molecular signature of quiescent and activated
mouse muscle satellite cells. PLoS One 4, e5205.
Gros, J., Manceau, M., Thome, V. and Marcelle, C. (2005). A common somitic
origin for embryonic muscle progenitors and satellite cells. Nature 435, 954-958.
Grounds, M. D., Garrett, K. L., Lai, M. C., Wright, W. E. and Beilharz, M. W.
(1992). Identification of skeletal muscle precursor cells in vivo by use of MyoD1
and myogenin probes. Cell Tissue Res. 267, 99-104.
Gussoni, E., Soneoka, Y., Strickland, C. D., Buzney, E. A., Khan, M. K., Flint,
A. F., Kunkel, L. M. and Mulligan, R. C. (1999). Dystrophin expression in the
mdx mouse restored by stem cell transplantation. Nature 401, 390-394.
Halevy, O., Piestun, Y., Allouh, M. Z., Rosser, B. W., Rinkevich, Y., Reshef, R.,
Rozenboim, I., Wleklinski-Lee, M. and Yablonka-Reuveni, Z. (2004).
Pattern of Pax7 expression during myogenesis in the posthatch chicken
establishes a model for satellite cell differentiation and renewal. Dev. Dyn. 231,
489-502.
Harel, I., Nathan, E., Tirosh-Finkel, L., Zigdon, H., Guimaraes-Camboa, N.,
Evans, S. M. and Tzahor, E. (2009). Distinct origins and genetic programs of
head muscle satellite cells. Dev. Cell 16, 822-832.
Heslop, L., Morgan, J. E. and Partridge, T. A. (2000). Evidence for a myogenic
stem cell that is exhausted in dystrophic muscle. J. Cell Sci. 113, 2299-2308.
Horst, D., Ustanina, S., Sergi, C., Mikuz, G., Juergens, H., Braun, T. and
Vorobyov, E. (2006). Comparative expression analysis of Pax3 and Pax7 during
mouse myogenesis. Int. J. Dev. Biol. 50, 47-54.
Hu, P., Geles, K. G., Paik, J. H., DePinho, R. A. and Tjian, R. (2008).
Codependent activators direct myoblast-specific MyoD transcription. Dev. Cell
15, 534-546.
Hutcheson, D. A., Zhao, J., Merrell, A., Haldar, M. and Kardon, G. (2009).
Embryonic and fetal limb myogenic cells are derived from developmentally
distinct progenitors and have different requirements for beta-catenin. Genes
Dev. 23, 997-1013.
Ivanova, A., Signore, M., Caro, N., Greene, N. D., Copp, A. J. and MartinezBarbera, J. P. (2005). In vivo genetic ablation by Cre-mediated expression of
diphtheria toxin fragment A. Genesis 43, 129-135.
Jackson, K. A., Mi, T. and Goodell, M. A. (1999). Hematopoietic potential of
stem cells isolated from murine skeletal muscle. Proc. Natl. Acad. Sci. USA 96,
14482-14486.
Janssen, I., Heymsfield, S. B., Wang, Z. M. and Ross, R. (2000). Skeletal muscle
mass and distribution in 468 men and women aged 18-88 yr. J. Appl. Physiol.
89, 81-88.
Kanisicak, O., Mendez, J. J., Yamamoto, S., Yamamoto, M. and Goldhamer,
D. J. (2009). Progenitors of skeletal muscle satellite cells express the muscle
determination gene, MyoD. Dev. Biol. 332, 131-141.
Kassar-Duchossoy, L., Giacone, E., Gayraud-Morel, B., Jory, A., Gomes, D.
and Tajbakhsh, S. (2005). Pax3/Pax7 mark a novel population of primitive
myogenic cells during development. Genes Dev. 19, 1426-1431.
Katz, B. (1961). The terminations of the afferent nerve fibre in the muscle spindle
of the frog. Philos. Trans. R. Soc. Lond. B Biol. Sci. 243, 221-240.
Keller, C., Hansen, M. S., Coffin, C. M. and Capecchi, M. R. (2004). Pax3:Fkhr
interferes with embryonic Pax3 and Pax7 function: implications for alveolar
rhabdomyosarcoma cell of origin. Genes Dev. 18, 2608-2613.
Kelly, A. M. and Zacks, S. I. (1969). The histogenesis of rat intercostal muscle. J.
Cell Biol. 42, 135-153.
Kirillova, I., Gussoni, E., Goldhamer, D. J. and Yablonka-Reuveni, Z. (2007).
Myogenic reprogramming of retina-derived cells following their spontaneous
fusion with myotubes. Dev. Biol. 311, 449-463.
Konigsberg, I. R., McElvain, N., Tootle, M. and Herrmann, H. (1960). The
dissociability of deoxyribonucleic acid synthesis from the development of
multinuclearity of muscle cells in culture. J. Biophys. Biochem. Cytol. 8, 333-343.
Konigsberg, U. R., Lipton, B. H. and Konigsberg, I. R. (1975). The regenerative
response of single mature muscle fibers isolated in vitro. Dev. Biol. 45, 260-275.

DEVELOPMENT

2854 REVIEW

Kuang, S., Charge, S. B., Seale, P., Huh, M. and Rudnicki, M. A. (2006).
Distinct roles for Pax7 and Pax3 in adult regenerative myogenesis. J. Cell Biol.
172, 103-113.
Kuang, S., Kuroda, K., Le Grand, F. and Rudnicki, M. A. (2007). Asymmetric
self-renewal and commitment of satellite stem cells in muscle. Cell 129, 9991010.
LaBarge, M. A. and Blau, H. M. (2002). Biological progression from adult bone
marrow to mononucleate muscle stem cell to multinucleate muscle fiber in
response to injury. Cell 111, 589-601.
Lagord, C., Soulet, L., Bonavaud, S., Bassaglia, Y., Rey, C., BarlovatzMeimon, G., Gautron, J. and Martelly, I. (1998). Differential myogenicity of
satellite cells isolated from extensor digitorum longus (EDL) and soleus rat
muscles revealed in vitro. Cell Tissue Res. 291, 455-468.
Lapidos, K. A., Chen, Y. E., Earley, J. U., Heydemann, A., Huber, J. M., Chien,
M., Ma, A. and McNally, E. M. (2004). Transplanted hematopoietic stem cells
demonstrate impaired sarcoglycan expression after engraftment into cardiac and
skeletal muscle. J. Clin. Invest. 114, 1577-1585.
Lepper, C. and Fan, C. M. (2010). Inducible lineage tracing of Pax7-descendant
cells reveals embryonic origin of adult satellite cells. Genesis 48, 424-436.
Lepper, C. and Fan, C. M. (2012). Generating tamoxifen-inducible Cre alleles to
investigate myogenesis in mice. Methods Mol. Biol. 798, 297-308.
Lepper, C., Conway, S. J. and Fan, C. M. (2009). Adult satellite cells and
embryonic muscle progenitors have distinct genetic requirements. Nature 460,
627-631.
Lepper, C., Partridge, T. A. and Fan, C. M. (2011). An absolute requirement for
Pax7-positive satellite cells in acute injury-induced skeletal muscle regeneration.
Development 138, 3639-3646.
Lipton, B. H. and Schultz, E. (1979). Developmental fate of skeletal muscle
satellite cells. Science 205, 1292-1294.
Lounev, V. Y., Ramachandran, R., Wosczyna, M. N., Yamamoto, M.,
Maidment, A. D., Shore, E. M., Glaser, D. L., Goldhamer, D. J. and Kaplan,
F. S. (2009). Identification of progenitor cells that contribute to heterotopic
skeletogenesis. J. Bone Joint Surg. Am. 91, 652-663.
Luz, M. A., Marques, M. J. and Santo Neto, H. (2002). Impaired regeneration of
dystrophin-deficient muscle fibers is caused by exhaustion of myogenic cells.
Braz. J. Med. Biol. Res. 35, 691-695.
Mansouri, A., Stoykova, A., Torres, M. and Gruss, P. (1996). Dysgenesis of
cephalic neural crest derivatives in Pax7–/– mutant mice. Development 122, 831838.
Mauro, A. (1961). Satellite cell of skeletal muscle fibers. J. Biophys. Biochem.
Cytol. 9, 493-495.
McCarthy, J. J., Mula, J., Miyazaki, M., Erfani, R., Garrison, K., Farooqui, A.
B., Srikuea, R., Lawson, B. A., Grimes, B., Keller, C. et al. (2011). Effective
fiber hypertrophy in satellite cell-depleted skeletal muscle. Development 138,
3657-3666.
McKinnell, I. W., Ishibashi, J., Le Grand, F., Punch, V. G., Addicks, G. C.,
Greenblatt, J. F., Dilworth, F. J. and Rudnicki, M. A. (2008). Pax7 activates
myogenic genes by recruitment of a histone methyltransferase complex. Nat.
Cell Biol. 10, 77-84.
Metzger, D. and Chambon, P. (2001). Site- and time-specific gene targeting in
the mouse. Methods 24, 71-80.
Mintz, B. and Baker, W. W. (1967). Normal mammalian muscle differentiation
and gene control of isocitrate dehydrogenase synthesis. Proc. Natl. Acad. Sci.
USA 58, 592-598.
Mitchell, K. J., Pannerec, A., Cadot, B., Parlakian, A., Besson, V., Gomes, E.
R., Marazzi, G. and Sassoon, D. A. (2010). Identification and characterization
of a non-satellite cell muscle resident progenitor during postnatal development.
Nat. Cell Biol. 12, 257-266.
Molnar, G., Ho, M. L. and Schroedl, N. A. (1996). Evidence for multiple satellite
cell populations and a non-myogenic cell type that is regulated differently in
regenerating and growing skeletal muscle. Tissue Cell 28, 547-556.
Montarras, D., Morgan, J., Collins, C., Relaix, F., Zaffran, S., Cumano, A.,
Partridge, T. and Buckingham, M. (2005). Direct isolation of satellite cells for
skeletal muscle regeneration. Science 309, 2064-2067.
Morrison, J. I., Loof, S., He, P. and Simon, A. (2006). Salamander limb
regeneration involves the activation of a multipotent skeletal muscle satellite cell
population. J. Cell Biol. 172, 433-440.
Moss, F. P. and Leblond, C. P. (1971). Satellite cells as the source of nuclei in
muscles of growing rats. Anat. Rec. 170, 421-435.
Mourikis, P., Sambasivan, R., Castel, D., Rocheteau, P., Bizzarro, V. and
Tajbakhsh, S. (2012). A critical requirement for Notch signaling in maintenance
of the quiescent skeletal muscle stem cell state. Stem Cells 30, 243-252.
Murphy, M. M., Lawson, J. A., Mathew, S. J., Hutcheson, D. A. and Kardon,
G. (2011). Satellite cells, connective tissue fibroblasts and their interactions are
crucial for muscle regeneration. Development 138, 3625-3637.
Nagata, Y., Kobayashi, H., Umeda, M., Ohta, N., Kawashima, S., Zammit, P.
S. and Matsuda, R. (2006). Sphingomyelin levels in the plasma membrane
correlate with the activation state of muscle satellite cells. J. Histochem.
Cytochem. 54, 375-384.

REVIEW 2855
Nishijo, K., Hosoyama, T., Bjornson, C. R., Schaffer, B. S., Prajapati, S. I.,
Bahadur, A. N., Hansen, M. S., Blandford, M. C., McCleish, A. T., Rubin, B.
P. et al. (2009). Biomarker system for studying muscle, stem cells, and cancer in
vivo. FASEB J. 23, 2681-2690.
Noden, D. M. and Francis-West, P. (2006). The differentiation and
morphogenesis of craniofacial muscles. Dev. Dyn. 235, 1194-1218.
Odelberg, S. J., Kollhoff, A. and Keating, M. T. (2000). Dedifferentiation of
mammalian myotubes induced by msx1. Cell 103, 1099-1109.
Olguin, H. C. and Olwin, B. B. (2004). Pax-7 up-regulation inhibits myogenesis
and cell cycle progression in satellite cells: a potential mechanism for selfrenewal. Dev. Biol. 275, 375-388.
Ono, Y., Boldrin, L., Knopp, P., Morgan, J. E. and Zammit, P. S. (2010). Muscle
satellite cells are a functionally heterogeneous population in both somite-derived
and branchiomeric muscles. Dev. Biol. 337, 29-41.
Ono, Y., Calhabeu, F., Morgan, J. E., Katagiri, T., Amthor, H. and Zammit, P.
S. (2011). BMP signalling permits population expansion by preventing premature
myogenic differentiation in muscle satellite cells. Cell Death Differ. 18, 222-234.
Ono, Y., Masuda, S., Nam, H. S., Benezra, R., Miyagoe-Suzuki, Y. and
Takeda, S. (2012). Slow-dividing satellite cells retain long-term self-renewal
ability in adult muscle. J. Cell Sci. 125, 1309-1317.
Ontell, M. and Kozeka, K. (1984). The organogenesis of murine striated muscle:
a cytoarchitectural study. Am. J. Anat. 171, 133-148.
Oustanina, S., Hause, G. and Braun, T. (2004). Pax7 directs postnatal renewal
and propagation of myogenic satellite cells but not their specification. EMBO J.
23, 3430-3439.
Pajcini, K. V., Corbel, S. Y., Sage, J., Pomerantz, J. H. and Blau, H. M. (2010).
Transient inactivation of Rb and ARF yields regenerative cells from postmitotic
mammalian muscle. Cell Stem Cell 7, 198-213.
Pietsch, P. (1961). Effects of colchicine on regeneration of mouse skeletal muscle.
Anat. Rec. 139, 167-172.
Polesskaya, A., Seale, P. and Rudnicki, M. A. (2003). Wnt signaling induces the
myogenic specification of resident CD45+ adult stem cells during muscle
regeneration. Cell 113, 841-852.
Pourquie, O. (2003). Vertebrate somitogenesis: a novel paradigm for animal
segmentation? Int. J. Dev. Biol. 47, 597-603.
Relaix, F., Rocancourt, D., Mansouri, A. and Buckingham, M. (2004).
Divergent functions of murine Pax3 and Pax7 in limb muscle development.
Genes Dev. 18, 1088-1105.
Relaix, F., Rocancourt, D., Mansouri, A. and Buckingham, M. (2005). A
Pax3/Pax7-dependent population of skeletal muscle progenitor cells. Nature
435, 948-953.
Relaix, F., Montarras, D., Zaffran, S., Gayraud-Morel, B., Rocancourt, D.,
Tajbakhsh, S., Mansouri, A., Cumano, A. and Buckingham, M. (2006). Pax3
and Pax7 have distinct and overlapping functions in adult muscle progenitor
cells. J. Cell Biol. 172, 91-102.
Reznik, M. (1969). Thymidine-3H uptake by satellite cells of regenerating skeletal
muscle. J. Cell Biol. 40, 568-571.
Rocheteau, P., Gayraud-Morel, B., Siegl-Cachedenier, I., Blasco, M. A. and
Tajbakhsh, S. (2012). A subpopulation of adult skeletal muscle stem cells
retains all template DNA strands after cell division. Cell 148, 112-125.
Rosenblatt, J. D. (1992). A time course study of the isometric contractile
properties of rat extensor digitorum longus muscle injected with bupivacaine.
Comp. Biochem. Physiol. Comp. Physiol. 101, 361-367.
Sacco, A., Doyonnas, R., Kraft, P., Vitorovic, S. and Blau, H. M. (2008). Selfrenewal and expansion of single transplanted muscle stem cells. Nature 456,
502-506.
Sacco, A., Mourkioti, F., Tran, R., Choi, J., Llewellyn, M., Kraft, P., Shkreli, M.,
Delp, S., Pomerantz, J. H., Artandi, S. E. et al. (2010). Short telomeres and
stem cell exhaustion model Duchenne muscular dystrophy in mdx/mTR mice.
Cell 143, 1059-1071.
Sambasivan, R., Gayraud-Morel, B., Dumas, G., Cimper, C., Paisant, S., Kelly,
R. G. and Tajbakhsh, S. (2009). Distinct regulatory cascades govern extraocular
and pharyngeal arch muscle progenitor cell fates. Dev. Cell 16, 810-821.
Sambasivan, R., Kuratani, S. and Tajbakhsh, S. (2011a). An eye on the head:
the development and evolution of craniofacial muscles. Development 138,
2401-2415.
Sambasivan, R., Yao, R., Kissenpfennig, A., Van Wittenberghe, L., Paldi, A.,
Gayraud-Morel, B., Guenou, H., Malissen, B., Tajbakhsh, S. and Galy, A.
(2011b). Pax7-expressing satellite cells are indispensable for adult skeletal muscle
regeneration. Development 138, 3647-3656.
Sampaolesi, M., Torrente, Y., Innocenzi, A., Tonlorenzi, R., D’Antona, G.,
Pellegrino, M. A., Barresi, R., Bresolin, N., De Angelis, M. G., Campbell, K.
P. et al. (2003). Cell therapy of alpha-sarcoglycan null dystrophic mice through
intra-arterial delivery of mesoangioblasts. Science 301, 487-492.
Scharner, J. and Zammit, P. S. (2011). The muscle satellite cell at 50, the
formative years. Skelet. Muscle 1, 28.
Schienda, J., Engleka, K. A., Jun, S., Hansen, M. S., Epstein, J. A., Tabin, C. J.,
Kunkel, L. M. and Kardon, G. (2006). Somitic origin of limb muscle satellite
and side population cells. Proc. Natl. Acad. Sci. USA 103, 945-950.

DEVELOPMENT

Development 139 (16)

Schultz, E. (1974). A quantitative study of the satellite cell population in postnatal
mouse lumbrical muscle. Anat. Rec. 180, 589-595.
Schultz, E. (1996). Satellite cell proliferative compartments in growing skeletal
muscles. Dev. Biol. 175, 84-94.
Schultz, E., Gibson, M. C. and Champion, T. (1978). Satellite cells are mitotically
quiescent in mature mouse muscle: an EM and radioautographic study. J. Exp.
Zool. 206, 451-456.
Schuster-Gossler, K., Cordes, R. and Gossler, A. (2007). Premature myogenic
differentiation and depletion of progenitor cells cause severe muscle hypotrophy
in Delta1 mutants. Proc. Natl. Acad. Sci. USA 104, 537-542.
Seale, P., Sabourin, L. A., Girgis-Gabardo, A., Mansouri, A., Gruss, P. and
Rudnicki, M. A. (2000). Pax7 is required for the specification of myogenic
satellite cells. Cell 102, 777-786.
Shafiq, S. A. and Gorycki, M. A. (1965). Regeneration in skeletal muscle of
mouse: some electron-microscope observations. J. Pathol. Bacteriol. 90, 123127.
Shafiq, S. A., Gorycki, M. A. and Mauro, A. (1968). Mitosis during postnatal
growth in skeletal and cardiac muscle of the rat. J. Anat. 103, 135-141.
Shea, K. L., Xiang, W., LaPorta, V. S., Licht, J. D., Keller, C., Basson, M. A. and
Brack, A. S. (2010). Sprouty1 regulates reversible quiescence of a self-renewing
adult muscle stem cell pool during regeneration. Cell Stem Cell 6, 117-129.
Snow, M. H. (1977). Myogenic cell formation in regenerating rat skeletal muscle
injured by mincing. II. An autoradiographic study. Anat. Rec. 188, 201-217.
Snow, M. H. (1978). An autoradiographic study of satellite cell differentiation into
regenerating myotubes following transplantation of muscles in young rats. Cell
Tissue Res. 186, 535-540.
Soriano, P. (1999). Generalized lacZ expression with the ROSA26 Cre reporter
strain. Nat. Genet. 21, 70-71.
Starkey, J. D., Yamamoto, M., Yamamoto, S. and Goldhamer, D. J. (2011).
Skeletal muscle satellite cells are committed to myogenesis and do not
spontaneously adopt nonmyogenic fates. J. Histochem. Cytochem. 59, 33-46.
Stockdale, F. E. and Holtzer, H. (1961). DNA synthesis and myogenesis. Exp. Cell
Res. 24, 508-520.
Studitsky, A. N. (1964). Free auto- and homografts of muscle tissue in
experiments on animals. Ann. N. Y. Acad. Sci. 120, 789-801.
Tajbakhsh, S. (2009). Skeletal muscle stem cells in developmental versus
regenerative myogenesis. J. Intern. Med. 266, 372-389.
Tamaki, T., Akatsuka, A., Ando, K., Nakamura, Y., Matsuzawa, H., Hotta, T.,
Roy, R. R. and Edgerton, V. R. (2002). Identification of myogenic-endothelial
progenitor cells in the interstitial spaces of skeletal muscle. J. Cell Biol. 157, 571577.

Development 139 (16)
Tedesco, F. S., Dellavalle, A., Diaz-Manera, J., Messina, G. and Cossu, G.
(2010). Repairing skeletal muscle: regenerative potential of skeletal muscle stem
cells. J. Clin. Invest. 120, 11-19.
Torrente, Y., Belicchi, M., Sampaolesi, M., Pisati, F., Meregalli, M., D’Antona,
G., Tonlorenzi, R., Porretti, L., Gavina, M., Mamchaoui, K. et al. (2004).
Human circulating AC133(+) stem cells restore dystrophin expression and
ameliorate function in dystrophic skeletal muscle. J. Clin. Invest. 114, 182-195.
Vasyutina, E., Lenhard, D. C., Wende, H., Erdmann, B., Epstein, J. A. and
Birchmeier, C. (2007). RBP-J (Rbpsuh) is essential to maintain muscle
progenitor cells and to generate satellite cells. Proc. Natl. Acad. Sci. USA 104,
4443-4448.
Wakeford, S., Watt, D. J. and Partridge, T. A. (1991). X-irradiation improves
mdx mouse muscle as a model of myofiber loss in DMD. Muscle Nerve 14, 4250.
Wernig, G., Janzen, V., Schafer, R., Zweyer, M., Knauf, U., Hoegemeier, O.,
Mundegar, R. R., Garbe, S., Stier, S., Franz, T. et al. (2005). The vast
majority of bone-marrow-derived cells integrated into mdx muscle fibers are
silent despite long-term engraftment. Proc. Natl. Acad. Sci. USA 102, 1185211857.
White, R. B., Bierinx, A. S., Gnocchi, V. F. and Zammit, P. S. (2010). Dynamics
of muscle fibre growth during postnatal mouse development. BMC Dev. Biol. 10,
21.
Wu, S., Wu, Y. and Capecchi, M. R. (2006). Motoneurons and oligodendrocytes
are sequentially generated from neural stem cells but do not appear to share
common lineage-restricted progenitors in vivo. Development 133, 581-590.
Yablonka-Reuveni, Z. (2011). The skeletal muscle satellite cell: still young and
fascinating at 50. J. Histochem. Cytochem. 59, 1041-1059.
Yablonka-Reuveni, Z. and Rivera, A. J. (1994). Temporal expression of
regulatory and structural muscle proteins during myogenesis of satellite cells on
isolated adult rat fibers. Dev. Biol. 164, 588-603.
Zammit, P. S. (2008). All muscle satellite cells are equal, but are some more equal
than others? J. Cell Sci. 121, 2975-2982.
Zammit, P. S., Heslop, L., Hudon, V., Rosenblatt, J. D., Tajbakhsh, S.,
Buckingham, M. E., Beauchamp, J. R. and Partridge, T. A. (2002). Kinetics of
myoblast proliferation show that resident satellite cells are competent to fully
regenerate skeletal muscle fibers. Exp. Cell Res. 281, 39-49.
Zammit, P. S., Golding, J. P., Nagata, Y., Hudon, V., Partridge, T. A. and
Beauchamp, J. R. (2004). Muscle satellite cells adopt divergent fates: a
mechanism for self-renewal? J. Cell Biol. 166, 347-357.
Zammit, P. S., Partridge, T. A. and Yablonka-Reuveni, Z. (2006). The skeletal
muscle satellite cell: the stem cell that came in from the cold. J. Histochem.
Cytochem. 54, 1177-1191.

DEVELOPMENT

2856 REVIEW

