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Abstract The myogenic stem cell (satellite cell) is almost
solely responsible for the remarkable regeneration of adult
skeletal muscle fibers after injury. The availability and the
functionality of satellite cells are the determinants of
efficient muscle regeneration. During aging, the efficiency
of muscle regeneration declines, suggesting that the
functionality of satellite cells and their progeny may be
altered. Satellite cells do not sit in isolation but rather are
surrounded by, and influenced by, many extrinsic factors
within the muscle tissue that can alter their functionality.
These factors likely change during aging and impart both
reversible and irreversible changes to the satellite cells and
on their proliferating progeny. In this review, we discuss the
possible mechanisms of impaired muscle regeneration with
respect to the biology of satellite cells. Future studies that
enhance our understanding of the interactions between stem
cells and the environment in which they reside will offer
promise for therapeutic applications in age-related diseases.
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Introduction

One of the characteristics of organismal aging is a
decline in tissue regenerative capacity leading to reduced
physiological function. One reason for this impaired
regenerative potential is an age-related decline in the
functionality of the resident stem cells that are essential
for tissue homeostasis and repair. In skeletal muscle,
many aspects of the regenerative process are impaired
during aging [1–6]. The role of the muscle stem cell
(“satellite cell”) and its contribution to the aging phenotype
of muscle tissue has recently been the subject of numerous
studies. The focus of this review is the age-related changes
in satellite cell function, specifically addressing evidence
for cell-intrinsic changes including those that appear to be
reversible, and aspects in the local and systemic satellite
cell environment that change with age and impact upon
satellite cell function.

Muscle Stem Cells

Anatomical Characterization

In response even to extensive injury, adult skeletal muscle can
completely regenerate within several weeks in adult mammals
[7–9]. This remarkable regeneration is attributed to the
function and capabilities of the satellite cells, located closely
apposed to the myofiber membrane, beneath its basal lamina
[10]. Interstitial cells that express myogenic markers and
have myogenic potential have been described [11, 12], and
the relationship between these cells those in the satellite cell
position remains to be determined. Other cell types, either
present in the circulation or otherwise associated with the
vasculature, may have some myogenic potential [13–16].
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Despite the presence of these other minor populations of
cells within the tissue that have myogenic potential under
experimental conditions, the satellite cell population appears
to be responsible for the regenerative capacity of skeletal
muscle [17].

Molecular Markers

Although initially identified by purely anatomic criteria,
satellite cells have increasingly been characterized by
molecular markers. Among the proteins and immunologi-
cally defined markers that have been found to be present on
quiescent satellite cells are c-met, M-Cadherin, CD34,
Pax7, Syndecan-3, Syndecan-4, and SM-2.6 [18–21]. It
has become clear that satellite cells (identified anatomical-
ly) represent a heterogeneous population of cells [18, 22,
23] and that not all satellite cells express the same
combination of markers. Furthermore, many of the markers
are expressed in non-myogenic cells and in myogenic cells
outside the satellite cell niche. Therefore, combinations of
anatomic and biochemical characterizations provide a more
complete and complex description of satellite cells and
related populations than either alone. A population of
myogenic progenitors has also been identified in skeletal
muscle on the basis of flow cytometric properties, the so-
called “side population” of cells [14, 24–26]. The relation-
ship between these cells and satellite cells also remains
undefined.

Functional Characterization: Quiescence, Activation,
Proliferation, Differentiation and Self-Renewal

Although their function is critical to the success of re-
generation, satellite cells represent a very small percentage
of the nuclear content of the tissue. For example, current
estimates suggest there are between 5 and 20 satellite cells
per muscle fiber containing approximately 300–500 myo-
nuclei in distal hindlimb muscles of the mouse [18, 27–29].
In uninjured adult muscle, satellite cells are mitotically
quiescent [30]. Physiological and pathological stimuli to the
muscle drive the normally quiescent satellite cell to
activate, enter the cell cycle and begin to express the
myogenic regulatory factors (MRFs) MyoD and Myf5.
Following a phase of proliferative expansion and myogenic
lineage progression, cells exit the cell cycle and terminally
differentiate. MyoD and Myf5 levels decline and other
MRFs, such as Myogenin are expressed at the onset of
differentiation (reviewed in [9]). The cells then fuse and
form nascent myotubes that ultimately mature into myo-
fibers. When muscle fibers with their associated satellite
cells are placed in culture, the satellite cells activate,
proliferate, and give rise to myoblasts and ultimately
multinucleated myotubes [31, 32].

In studies of satellite cell activation in vitro a small
fraction of satellite cells do not differentiate but rather, exit
the cell cycle and return to quiescence, as defined by the
loss of MyoD expression but persistence of Pax7 expres-
sion [27]. These cells can subsequently reactivate and
differentiate. Therefore based on marker expression, a
fraction of satellite cells appeared to undergo self-renewal
in vitro. Serial transplants of single muscle fibers with their
complement of satellite cells demonstrated that the trans-
planted cells could give rise to both differentiated cells and
new satellite cells [33]. Therefore two criteria of a stem cell
are fulfilled by the satellite cell: the capacity to give rise to
more differentiated tissue and self-renewal.

Aging and Muscle Stem Cells

The declining regenerative potential of skeletal muscle with
age raises the following question: To what extent can the
impaired regenerative potential of agedmuscle be attributed to
age-related changes in the satellite cell population? Although
there is considerable evidence that satellite cell function
declines with age, and that there may be both cell-intrinsic and
cell-extrinsic changes that underlie that decline, the basic issue
as to whether the number of muscle stem cells changes with
age has been studied using different approaches and yielded
divergent results (Table 1). Even more importantly, whether
any observed change in number could in fact account for
age-related changes in regenerative potential has been, in
general, poorly addressed. Therefore, before any age-related
changes in muscle stem cell functionality are discussed, the
issue of age-related changes in stem cell number, and its
consequences, will be considered.

Aging and Muscle Stem Cell Number

Determining Progenitor Numbers

Among the many studies that have sought to quantify
muscle stem cell number with age and yielded quite
different results, the divergent methodologies have preclud-
ed direct comparisons (Table 1). From these reports, it has
been variably concluded that stem cell number decreases,
changes very little if at all, and increases. However, few
studies have used the same methods, and the critical
differences include species and strain studied, muscle(s)
analyzed, ages compared, and methodologies of quantita-
tion. Clearly, it would be unwarranted to extrapolate from
one species to another, just as it would be to extrapolate
from one strain to another given the well-recognized,
profound biological differences between different inbred
strains. Likewise, it is impossible to compare one muscle
group to another since it is well known that the number of
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satellite cells associated with slow fibers is, on average,
quite different from the number of satellite cells associated
with fast fibers [27]. Even if these two variables were
controlled, the ages examined and methods of quantitation
would still profoundly influence the results and interpreta-
tions of estimates of changes in muscle stem cell number.

Ages analyzed There is no universal agreement about the age
at which an individual of any species is considered “old”, but
there are several important considerations that are often

neglected and that confound studies of aging. First, the
comparison age must be a mature adult, not a growing young
adult. It is well known that there is a sharp decline in satellite
cell number during postnatal growth [34] and it would be a
mistake to include this decline in the estimates of the effects
of aging. The starting point needs to be at an age when the
number of satellite cells in the muscle changes negligibly
over the next several months. Second, and equally important,
is the mistake of lumping “old” with “very old” animals. In
the case of mice, very old animals (e.g. around 30 months of

Table 1 Reports of age-related changes in satellite cell numbers

Reference Species Age ranges Method of
detection/
quantitation

Change in SC number from adult to old by
muscle or muscle group

Young Adult Old Very old Decline No change/
minimal change

Increase

[41] Rat 8–10 mos 19–20 mos 29–30 mos EMa Soleus1

[40] Mouse 1 mo 12 mos 24 mos EMa EDL2 Soleus2

[38] Human 20–30 yrs 65–75 yrs EMa Vastus lateralis
[83] Human 25 yrs 75 yrs IHCb Biceps,

Masseter3

[5] Mouse 2–3 mos 5–7 mos 23–24 mos FACSc Lower limb
muscles4

[39] Human ∼28 yrs
(average)

∼70 yrs
(average)

IHCd Vastus
lateralis5

[28] Mouse 2 mos 12 mos 24 mos IHCe TA5

[35] Mouse 3–13 mos 18–27 mos 28–33 mos IHCf EDL6 Soleus6

[29] Mouse 1–2 mos 22–30 mos IHCf TA7

Abbreviations
EM = electron miscroscopy; EDL = extensor digitorum longus; IHC - immunohistochemistry; FACS = fluorescent activated cell sorting; TA =
tibialis anterior

Legend for “Method of detection/quantitation”

a: EM analysis of tissue sections for sublaminar cells
b: IHC analysis of sublaminar, NCAM+ cells in tissue sections (N.B. could overestimate decline if there is an age-related decrease in NCAM
expression)
c: FACS analysis of CD34+ /PECAM− cells in tissue digests (N.B. likely to be overestimate of satellite cells because could include interstitial
cells with these markers, although CD34 has not been reported on any cells other than satellite cells and endothelial cells (which are PECAM+ ))
d: IHC analysis of sublaminar, M-cadherin+ cells in tissue sections (N.B. could overestimate decline if there is an age-related decrease in M-Cadherin
expression)
e: IHC analysis of Syndecan-4+ cells associated with isolated fibers (N.B. likely to be underestimate of satellite cells in aged muscle because
changes in the matrix may result in fewer satellite cells remaining tightly associated with fiber during isolation)
f: IHC analysis of Pax7+ cells associated with isolated fibers (N.B. same caveat as in “e”)

Legend for “Change in satellite cell number from “adult” to “old” by muscle or muscle group”

1: Negligible decline from adult to old, but ~44% decline from old to very old, with clear pathological changes in the muscle.
2: EDL: up to 40% decline in absolute or relative numbers of satellite cells at 24 mos compared to 12 mos
Soleus: Increase at both 12 mos and 24 mos compared to 1 month.
3: Up to 30-40% decline in old muscle compared to adult for each muscle
4: Decline of ~10-15% detected, but not statistically significant.
5: Up to 30-40% decline in old muscle compared to adult
6: EDL: It should be noted that the reported age-related decline in satellite cell number in this reference occurred in the transition between “old” and “very
old” mice. The data here are derived from the changes between “adult” mice (either 7-10 mos of age or 11-13 mos of age) and “old” mice (18-27 mos
of age).
Soleus: ~3% increase
7: Estimates of satellite cell number from young mice to very old mice revealed ~30% decline. This magnitude of decline would be expected
simply from the clear decline in satellite cell number from growing, young mice to adulthood, and the marked decline in satellite cell number in
very old mice that reflect different processes than normal aging. It should also be noted that a large percentage of fiber-associated cells in the aged
group did not express Pax7.
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age) virtually all develop a variety of systemic diseases and
pathologies that could easily influence any anatomical or
biochemical measure. Therefore, it is essential that the age
range used to evaluate normal aging begin, at the earliest, in
early adulthood (∼3–4 months) and extend only to the point
(∼24 months) after which age-related pathologies are likely
to confound studies of normal aging.

Methods of quantifying muscle stem cell number

i. Anatomical characterization

Satellite cells were initially identified by electron micros-
copy by virtue of their sublaminar position [10]. More
recently, anatomical methods have been used to quantify the
number of mononucleated cells associated with isolated
single fibers [28, 29, 35]. From the tibialis anterior and
extensor digitorum longus muscles in the mouse, such
analyses have yielded estimates of the number of satellite
cells per single muscle fiber. Combined with biochemical
markers analyzed by immunofluorescence, these estimates
are rigorous, but are likely to be underestimates of the
number of myogenic progenitors for two reasons. First, there
is increasing evidence that fiber-associated satellite cells are
likely to be in a dynamic relationship with cells in the
interstitium [11, 12], and that, with age, changes in
extracellular matrix may result in fewer myogenic progeni-
tors tightly associated with the muscle fiber. Thus, the
procedures used to isolate single fibers to study satellite cell
function may underestimate the number of myogenic
progenitors present, even though the functionality of
myogenic progenitors in the interstitium or loosely associated
with fibers may differ from the functionality of cells tightly
associated with fiber. Second, the identification of progenitors
based on this anatomical location but also by biochemical
markers has the added caveat of the uncertainty of age-related
changes in gene expression (see next section).

ii. Biochemical characterization

Because of the historical precedent of identifying satellite
cells based on anatomical location, the use of molecular
markers was initially combined with anatomical analysis.
However, molecular markers are increasingly being used to
identify and quantitate myogenic progenitors. This, of
course, comes with inherent uncertainties. No single marker
(including c-met, M-cadherin, CD34, Pax7, Pax3, Myf5,
Syndecan-4) is 100% sensitive. Thus, there is no gold
standard for comparison and the risk of circular reasoning is
high. The absence of a marker is not proof that a cell is not a
myogenic progenitor. Furthermore, none of the markers are
100% specific for satellite cells as they are expressed in cells
of other lineages (including c-met, CD34, Syndecan-4) or

are expressed in more differentiated satellite cell progeny
(including M-Cadherin, Pax3, Pax7, and Myf5). Finally, and
most important with regard to the issue of quantitating
changes in myogenic progenitor number with age, there is
no reason to assume that there are not changes in expression
patterns for any of these markers with age, even within
defined myogenic progenitor compartments such as satellite
cells [29]. Therefore, reports of reduced numbers of cells
expressing any of these “satellite cell markers” in muscles of
aged mice do not necessarily prove that there are reduced
numbers of satellite cells.

iii. Functional characterization

Estimating myogenic progenitor number based on
functional assays is probably the most problematic of all
when the methodologies involve growth in vitro, primarily
because of the increasingly well-recognized changes in the
functionality of satellite cells with age. Most notably,
estimating progenitor cell number based on colony size,
number following clonal plating of cells from young and
aged animals, or the number of myoblasts derived from
single myofibers of different ages all assume that all cells
will behave equally once placed in culture [36, 37]. Any
age-related cell-intrinsic change leading to lower rates of
activation or proliferation, even such changes that may be
reversed after more prolonged exposure to mitogenic
stimuli in vitro, would result in an underestimate of the
number of satellite cells plated. Therefore, such functional
read-outs cannot be used to estimate satellite cell number
with any accuracy.

Summary and Conclusions about Studies of Age-Related
Changes of Satellite Cell Number

From the studies listed in Table 1, it is clear that there are
no general conclusions about the changes in satellite cell
number with age. Even in the same species and muscle
(human vastus lateralis) using the same technique (elec-
tron microscopic analysis), the results range from no
significant change [38] to a 30–40% decline [39]. Among
the studies investigating age-related changes in satellite
cell number from mouse tibialis anterior and/or extensor
digitorum longus muscles, including only those results
that compare adult to aged mice (not very young or very
old mice), the results range from minimal change [29, 35]
to up to a ∼40% decline [28, 40], noting that the studies
differ in terms of methods of analysis. Importantly, it is
clear that the expression of a widely used marker of satellite
cells, Pax7, declines with age in fiber-associated cells [29],
highlighting the potential inaccuracy of relying on the
assumption that expression patterns of satellite cell markers
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do not change with age. Interestingly, in all studies, there is
no significant decline and maybe even an increase in
satellite cell number in the soleus muscle in rodents [35, 40,
41], consistent with the finding that in total hindlimb
muscle groups, there is, at most, a minimal decline in
satellite cell number with age [5].

Significance of Changes in Satellite Cell Number with Age

It is unlikely that differences in estimates of the changes in
satellite cell number with age will be easily reconciled
because of these critical methodological differences. How-
ever, even if all of these issues could be controlled and
systematic analyses, taking into accounts the caveats of each
method, could be performed on a range of muscles across
strains and species, the fundamental question that remains to
be answered is: Does it matter? The important issue is being
able to distinguish cause-and-effect from a mere association,
a distinction that would seem obvious but is often still
overlooked. The underlying assumption in many studies in
which changes in satellite cell number with age are measured
is that the results of those studies will be causally related to
the changes in muscle regenerative potential with age.
However, direct experimental evidence suggests any decline
in satellite cell number with age is of limited, if any,
functional significance. Given the right stimuli and environ-
ment, the complement of satellite cells in aged muscle are
perfectly capable of engaging in rapid and effective muscle
regeneration, yielding results that are essentially indistin-
guishable or negligibly different from those in young muscle.
This was first demonstrated by the studies of Carlson and
colleagues using a heterochronic transplantation approach
[2]. The conclusion of those studies was that the progenitors
present in aged muscle were as efficient in terms of
regenerating muscle as were the progenitors present in
young muscle as long as they were transplanted into a
young host. More recently it was shown, using a hetero-
chronic parabiotic approach, that aged muscle was as
efficient in regenerating following injury as was young
muscle if that aged muscle had been exposed to the systemic
environment which normally surrounds young muscle [42].
Thus, both of these lines of study argue strongly that any
normal changes in the number of progenitors present in aged
muscle are not significant determinants of age-related
changes in regenerative capacity. The experiment that has
not been done is one in which young muscle is depleted of
its progenitors to varying degrees to test at what point does
progenitor number become a limiting factor in terms of
promoting normal muscle regeneration. If the largest
estimates of age-related declines in progenitor number are
accurate, and if the heterochronic experiments described
above are correct, then it would seem that one could deplete
young muscle of more that half of its resident progenitors

and the muscle would still regenerate perfectly well. A
decline of progenitor number may be associated with aging,
but it appears not to be causally related to age-related
impairment of regenerative capacity.

Aging and the Decline in Satellite Cell Functionality

Clearly, the age-related decline in muscle regenerative
capacity is due primarily to an age-related decline in satellite
cell function, not to a depletion of stem cell numbers. As an
example of such a functional decline is the marked reduction
in satellite cell activation and proliferation during regener-
ation of aged muscle compared with young muscle, resulting
in the generation of fewer progeny [36, 37, 43]. It is possible
that such changes in satellite cell function are cell-intrinsic
changes resulting from acquired genetic mutations or to
epigenetic changes that occur with age. Any age-related
impairment of functionality assessed in vivo could also
result from cell-extrinsic influences arising from the local
microenvironment of the stem cell niche or from the
systemic environment, both of which change with age [2,
6, 42]. As such, many apparently cell-autonomous changes
with age may be reversible changes when cells are
maintained in the appropriate environment either in vivo
or in vitro. In order to differentiate among the various
influences of aging on stem cell functionality, it is useful to
distinguish cell-intrinsic changes (whether reversible or
irreversible) from cell-extrinsic changes in the local and
systemic environment.

Cell-Intrinsic Changes with Age

To study intrinsic aspects of cellular aging, differences in
the external environment need to be eliminated. Therefore
cells need to be transferred to identical environments, either
in vitro or in vivo. If cell-intrinsic changes are found to
occur with age, it is important to consider whether this
measured difference is stable and irreversible (such as
cumulative genetic mutations) or potentially reversible
(such as epigenetic regulation of gene expression).

Molecular and Biochemical Properties One irreversible cell-
intrinsic change that occurs with age in virtually all dividing
somatic cells is telomere shortening [44]. This process has
been associated with phenotypic changes in aging tissues
because the shortening of telomere length below a critical
level can result in cell death or senescence instead of
proliferation [45]. Satellite cells isolated from muscles of
human patients do not show a decrease in minimum or mean
telomere length during aging [46], but a correlation between
proliferation potential and telomere length has been observed
[47, 48]. Comparable studies have not been done in rodents,
but rodents have much longer telomeres than do humans so
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their satellite cells may not display critical telomere shorten-
ing. Furthermore, whether cell senescence occurs in vivo in
normal mammalian skeletal muscle aging has yet to be
determined. Since age-related impairment of skeletal muscle
regeneration extends across species, it is currently not clear to
what extent telomere shortening is an important cell-intrinsic
change contributing to the aging phenotype.

Gene expression studies from isolated satellite cells or their
progeny have demonstrated that the transcriptional profile
changes with age [49]. It is not known which of these
alterations are due to irreversible genetic change or reversible
epigenetic effects. During satellite cell activation and
proliferation of myogenic progeny, the expression of muscle
specific genes is regulated by epigenetic mechanisms [50].
Epigenetic regulation of gene expression is a possible
mechanism to explain stem cell aging as it influences both
self renewal and senescence [51].

In Vitro Functional Studies Beyond the elucidation of any
biochemical changes that may differ between muscle stem
cells from adult and aged animals, the more complex
physiological characterization using in vitro functional
assays is likely to reveal changes that reflect changes in
cell behavior in vivo. Although overlapping, different
sequential phases that satellite cell progeny progress
through from the quiescent stem cell to the differentiated,
multinucleated myotube can be analyzed for age-related
changes, as detailed in the following sections.

i. Activation and Proliferation

Satellite cells isolated from young and aged muscle have
been tested for their ability to activate and proliferate in vitro.
Myogenic cells from aged muscle show a delayed response to
activating stimuli [36, 52], which results in fewer progeny
compared to young satellite cells [5, 35, 37]. In contrast,
progenitors from old muscle that have been maintained in
culture after many passages proliferate almost as well as
progenitors from young muscle [35, 52]. Whether the
difference observed during initial growth in vitro is a cell-
intrinsic change in the aged satellite cells that is reversible, or
whether a similar subpopulation of cells are selected for over
time from both the young and old satellite cells, is not clear
and would require more detailed clonal analysis of the fates
of individual cells.

ii. Myogenic Lineage Progression

After initial activation, satellite cell progeny progress in
their lineage from early progenitors to fusion-competent
myoblasts. Notch signaling regulates the proliferative expan-
sion of transit amplifying cells in the transition from the

quiescent satellite cell to fusion-competent myoblasts [53]. In
aged muscle, an impairment of Notch signaling, related to a
failure of expression of the Notch ligand Delta in response to
stimuli that induce Delta expression in young muscle, results
in reduced proliferative expansion of progenitors and
ineffective regeneration [5]. Forced activation of Notch
signaling in injured muscle of aged mice restores regenera-
tive potential to that tissue [5].

We have found thatWnt signaling plays a critical role in the
lineage progression of satellite cell progeny after proliferative
expansion as Notch signaling declines (Brack et al, unpub-
lished observations). Wnt signaling increases during the
proliferative expansion of the transit amplifying cells,
decreases their proliferative capacity, and promotes their
progression to become fusion-competent myoblasts express-
ing high levels of desmin. It is not known whether the
transition from transit amplifying cell to committed myoblast
is affected by aging, but it is clear that effective regeneration
depends on a tightly controlled temporal switch between
Notch and Wnt signaling to control myogenic lineage
progression. In aged muscle, an increase in Wnt signaling in
early activated satellite cells shifts this balance and leads to
less proliferative expansion and premature differentiation,
resulting in less effective regeneration [6]. This argues that
altered key signaling pathways may impair lineage progres-
sion during aging. However, some satellite cells from old
muscle do progress down the myogenic lineage in vitro as
there are numerous reports of myoblasts expressing later
lineage markers such as desmin and myogenin [35, 37, 54].
Determining whether there is a specific defect in myogenic
lineage progression of aged satellite cell progeny will require
an analysis of individual cells to determine whether, once
they have begun proliferating, they proceed along the
myogenic lineage as readily as cells from young tissue.

iii. Alternate Lineage Pathways of the Satellite Cell

Satellite cells have the ability to express markers of
alternative mesenchymal lineage pathways, including in-
cluding osteogenic, chondrogenic, and adipogenic lineages
[55–57]. This raises the possibility that the satellite cell has
multipotentiality, although that potentially appears to be
restricted to the mesenchymal lineage.

Myogenic cells from mice lacking Wnt10b have an
enhanced adipogenic profile both in vitro and in vivo and
injury to the muscle results in an accumulation of fat deposits
[58]. It is interesting that Wnt signaling, while being
important in the regulation of myogenic lineage progression,
may also be important for lineage determination [58, 59]. We
have found that aged myogenic progenitors can diverge from
a myogenic lineage and adopt a fibroblast fate [6]. This
change of fate, or transdifferentiation, is due to increased
canonical Wnt signaling present in the aged progenitors.
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Furthermore, inhibition of Wnt signaling prevented much of
the elevated fibrosis that occurs in the aged muscle following
injury [6]. Given the pleiotropic effects of Wnts and the
number of different Wnts and Wnt receptors, it is possible
that specific combinations have either positive or negative
affects on maintaining the myogenic lineage. It may be that
the specific timing is critical as to whether a single Wnt may
have positive or negative effects on cell fate in aged muscle
progenitors and regeneration in vivo.

In addition to aged satellite cell progeny adopting an
alternate lineage, an increased tendency of aged satellite cells
to undergo senescence or apoptosis may also occur [60]. This
would also hinder effective muscle repair and be consistent
with a cell intrinsic property of the stem cell being responsible
for the impaired regenerative response of aged muscle.

iv. Myogenic Differentiation

Aged muscle does give rise to multinucleated muscle fibers
during regeneration, although the regenerating fibers are
smaller and therefore differentiation may be impaired. For the
limited number of satellite cells that do activate, proliferate, and
progress down the myogenic lineage pathway in aged muscle,
their ability to differentiate into multinucleated myotubes has
been compared to that of young cells. The ability of aged
myogenic progenitors to fuse to each other and become
multinucleated myotubes does not appear impaired in aged
satellite cells [35]. However, from single fiber or myoblast
cultures, fewer myogenic cells isolated from old muscle
expressed myosin heavy chain after 2 days in differentiating
conditions, consistent with impaired differentiation [54]. Even
after longer periods of time to allow differentiation to
proceed, fewer cells from aged animals expressed the
myogenic differentiation transgenic reporter 3F-NLacZ-2E
[29]. This argues against a subtle temporal delay in
myogenic differentiation of aged myogenic progenitors to
explain their phenotype. Conversely, no defects in differen-
tiation were observed if progenitor cells underwent multiple
passages prior to assessing myogenic differentiation [5].
These data suggest that there are cell-intrinsic changes with
age that render older satellite cells less effective in
undergoing myogenic differentiation, but that these changes
are in fact reversible when the cells are placed in an
environment that promotes the processes of growth and
differentiation necessary for effective regeneration.

Cell-Extrinsic Changes with Age

Clearly there are cell-intrinsic changes during aging are
indeed reversible, suggesting that satellite cell functionality
is influenced by the environment in which they reside, either
in their dormant state or their active state in response to injury
stimuli. The systemic environment of the aged animal does

influence the function of cells in general [61, 62]. Direct
evidence for an effect of the systemic environment comes
from two different kinds of heterochronic studies. The first is
a heterochronic transplantation experiment in rats in which
whole muscles were isolated from young or old donors and
then transplanted into young or old hosts [2]. These studies
demonstrated that engraftment success was improved if old
muscle was transplanted into a young host compared to an
old host, whereas the regeneration of young muscle trans-
planted into an old host was impaired relative to that in a
young host. These results strongly supported the hypothesis
that factors within the host tissue were more important than
the source of the cells in determining the effectiveness of the
regenerative response. Whether factors in the muscle that
influenced regeneration were produced locally or were
systemic and localized to the muscle were not addressed.
More recently, single muscle fibers from old mice were
transplanted into young irradiated mice; the engraftment
success of the old muscle fibers was not distinguishable from
young fibers injected into irradiated young mice [29]. This
provides further evidence that the host environment plays a
major role in satellite cell functionality and muscle regener-
ation.

Parabiotic studies have also demonstrated that the host
environment is critical to the success of regeneration by
aged satellite cells [6, 42]. In these studies, parabiotic
pairings of young and old mice were followed by muscle
injury to both mice, and muscle satellite cell activation and
regenerative response was analyzed. Consistent with trans-
plant studies, it was found that the efficacy of satellite cell
activation and muscle regeneration was determined by the
systemic environment. In heterochronic pairs (old mice
paired with young mice), the effectiveness of satellite cell
activation and muscle regeneration in old parabionts was
markedly improved by exposure to the youthful systemic
milieu [42]. Conversely, the young parabionts demonstrated
a decline in functionality by being paired to an old partner.
More recently it was demonstrated that the systemic
environment can mediate the lineage of satellite cells.
Using the parabiosis technique, satellite cells from a young
mouse paired with aged mouse were less able to maintain
their myogenic fate; the satellite cells acquired a fibrogenic
fate, whereas satellite cells from aged mice that had been
paired with young mice could better maintain their
myogenic fate [6]. These results suggest that there is some
combination of positive influences of the young systemic
environment and negative effects of the old systemic
environment on myogenic stem cell functionality.

Together, these results demonstrate that during aging the
cell-extrinsic environment (local and systemic) mediates stem
cell functionality. The environment is complex, ranging from
extrinsic factors that are in contact with the stem cell, the stem
cell niche, autocrine and paracrine factors both at rest and after

232 Stem Cell Rev (2007) 3:226–237



injury, and finally circulating factors. Each of these and how
they change with age, and ultimately, influence satellite cell
functionality will be considered separately.

Satellite Cell Niche The stem cell niche is the microenvi-
ronment that sustains the characteristic of the stem cell, the
ability to maintain quiescence until required to activate,
differentiate and self-renew. The study of the niche in
regards to the muscle stem cell biology is still in its infancy.
Therefore it is unknown what are the components that
comprise the satellite cell niche. The satellite cell is in close
association with the myofiber without any intervening basal
lamina, and an overlying basal lamina that separates the
satellite cell from other fibers and interstitial cells.
Therefore the muscle fiber and the basal lamina are likely
components of the niche. Other constituents in the niche
could also include fibroblasts, endothelial cells, infiltrating
inflammatory cells and local vascular components, partic-
ularly adjacent capillaries [63]. There is a reduced capilla-
rization in aged compared to young muscle [64]. This would
not only reduce blood flow to the muscle, but it could also
reduce the availability of systemic (circulating) factors
necessary for satellite cell function (discussed below).

There is an increase in connective tissue between the
fibers and surrounding the fibers in aged compared to young
muscle [65]. The basal lamina encapsulating the fiber is also
thicker [41, 65] resulting in more collagen surrounding each
fiber in aged mice [66]. This could influence both the
physical connection with the satellite cell as well as paracrine
factors released from the fiber and the basal lamina
(discussed below). Clearly, age-related alterations in the
composition and deposition of extracellular matrix compo-
nents could influence every aspect of satellite cell function.
Recently, it was reported that mesenchymal stem cells can
alter their fate depending on stiffness of the matrix the cells
reside [67]. Therefore with more collagen surrounding the
aged muscle fiber and a stiffer matrix, satellite cells may be
less able to maintain their myogenic fate in the aged niche.

Autocrine/Paracrine Factors There are growth factors that
have been isolated from crushed muscle extracts such as
hepatocyte growth factor (HGF) and fibroblast growth factor
(FGF), which can enhance the activation and proliferation of
aged satellite cells in vitro [35, 68–71]. There are many
cellular constituents in muscle and it is not completely
resolved which factors are secreted from which cell type. It is
known that muscle-resident fibroblasts can secrete soluble
factors that act on myoblasts [69, 72] and that TGFβ
secreted by invading macrophages can affect myogenic cell
function [73]. Any changes of these factors with age would
be important in terms of understanding declining satellite cell
functionality [74]. Indeed, muscle extracts from old mice
were less mitogenic to both young and old myogenic

progenitors than were extracts from young muscle, consistent
with an age-dependent change in paracrine regulation [75].
Whether differences in the aged muscle extract were due to
loss of factors that promote satellite cell function or an
increase in inhibitory factors was not determined. It is
plausible that age-related loss of satellite cell functionality is
due to an increase in inhibitory factors [74]. In cell culture,
myoblasts from old muscle had elevated TGFβ signaling
[76]. TGFβ impairs proliferation of myoblasts [73] and can
increase fibrosis [77] making it a candidate for an inhibitory
paracrine factor that changes during aging.

Systemic Factors of the Host Environment The systemic
environment is another potential source of growth-promoting
and growth-inhibitory factors that could alter satellite cell
function during aging (Fig. 1). Heterochronic parabiosis
experiments demonstrated that the systemic environment
plays a major role in the functionality of the satellite cell [6,
42]. From in vitro experiments, sera from young or old mice
have effects on satellite cell function that correspond to the
effects of age and heterochronic parabiotic pairings on Notch
activation and satellite cell activation was well as muscle
regeneration in vivo [42].

Serum has a vast array of constituents and the effects of
either young or old serum on satellite cell function is likely to
be multifactorial. Most protein growth factors that are known
to regulate myogenic progenitor proliferation in vitro are
present in the circulation such as IGF-1 and TGF-β. IGF-1 can
stimulate myoblast cell proliferation in cell culture [78]. In
aged humans, reduced serum levels of IGF-1 have been
observed [79], a change that could account for differences in
satellite cell activation and proliferation with age.

Following activation, satellite cells from aged muscle
have increased Wnt signaling compared to satellite cells
from young muscle [6]. We have observed that this is
mediated by the systemic environment using both in vivo
and in vitro assays [6]. Intriguingly, aged serum has
increased levels of proteins that bind to the canonical Wnt
receptor, Frizzled [6], raising the possibility that some form
of Wnt or Wnt-like molecule is present in the circulation
and may modulate satellite cell function. Recent evidence
also suggests that Klotho may act as a circulating Wnt-
inhibitory protein and that the premature aging phenotypes
seen in Klotho-deficient mice may be mediated by
heightened Wnt signaling in the stem cell compartments
of tissues throughout the body [80].

Steroid hormones are another category of circulating
factors that need to be considered as systemic modulators of
stem cell function. Androgens have been found to play a
role in proliferation and differentiation of satellite cells
[81]. Decreased levels of androgens have been reported in
aged men [82], raising the possibility that this could
account in part for declining satellite cell functionality.
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Conclusions

Clearly, muscle stem cell function is profoundly altered
during the aging process. Understanding the underlying
mechanisms will reflect the basic biology of aging that is

likely to affect all stems cells analogously. There may also
be unique aspects of satellite cell aging related to the
specific combination of signal transduction pathways and
transcriptional networks that are not shared with stem cells
in other tissues. However, understanding the aging of stem

Fig. 1 A model of systemic factors influencing the satellite cell
environment in uninjured and injured muscle. In uninjured muscle,
quiescent satellite cells reside underneath the basal lamina, surrounded
by connective tissue. In aged muscle, there is an increase in connective
tissue surrounding the myofibers compared to young muscle. The
myofibers and their complement of satellite cells are bathed in
stimulatory and inhibitory systemic factors present in the circulation.
In aged muscle there is an increase in inhibitory components. In
injured muscle, myofibers degenerate and the satellite cells are
activated. The satellite cells are exposed to stimulatory and inhibitory
systemic factors via the circulation. In the young environment,

stimulatory factors facilitate proliferation of satellite cells and their
progeny and the maintenance of their myogenic lineage, providing a
source of myoblasts to fuse to form nascent myofibers. In the aged
environment, an increase in inhibitory components inhibits the active
of satellite cells and the proliferation of their progeny. In addition, the
aged systemic milieu is less effective in maintaining the myogenic
lineage of satellite cell progeny, leading to a conversion of some of
these cells to a fibrogenic fate. As a result, there are not only fewer
myogenic progenitors available to form nascent myofibers, but the
increased production of fibroblasts in the regenerating tissue leads to
an increase in connective tissue deposition and an increase in fibrosis
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cell functionality by distinguishing irreversible from re-
versible cell-intrinsic changes is essential for every cell
type. Furthermore, elucidating the relative contributions of
cell-intrinsic changes from environmental influences at the
time of stem cell activation, proliferation, and differentia-
tion is necessary to understand the key factors that render
stem cells in aged tissues less effective in tissue mainte-
nance and repair.
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