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Abstract 
Satellite cells are responsible for growth, maintenance and repair of postnatal skeletal 
muscle. On the search for a specific marker molecule for the identification of satellite cells 
by light-microscopy, we examined M-cadherin, a Ca2+-dependent cell adhesion molecule 
which is present in quiescent as well as activated satellite cells but not in other cell types in 
skeletal muscle. To determine the frequency of M-cadherin positive satellite cells in 
relation to total satellite cells in intact adult mouse muscle, we evaluated every satellite cell 
found in spaced serial sections of single muscle fibre preparations immunostained for M-
cadherin by light and electron microscopy. 
We could identify 50 quiescent satellite cells this way and found M-cadherin antibody label 
in all of them. Statistically, this indicates that 94-100% of all satellite cells express M-
cadherin, thus rendering M-cadherin as a reliable marker of quiescent satellite cells in 
mouse muscle. 
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The generation of skeletal muscle tissue is not 
restricted to embryonic development but continues 
throughout life during episodes of tissue growth or 
repair. Post-natal myogenesis is brought about by 
mononucleated precursors called satellite cells (for a 
review see [36]). During muscle growth, satellite cells 
divide and supply nuclei to the enlarging myofibres 
which contain only division-incompetent post-mitotic 
nuclei [25, 34]. After cessation of muscle growth, 
satellite cells become mitotically quiescent [35] but 
retain the ability to re-enter rapidly the mitotic cycle as 
soon as muscle fibre enlargement (hypertrophy) or 
repair (regeneration) are required [23, 26]. Activated 
satellite cells give birth to daughter cells called 
myoblasts which, after several replication cycles, 
mature and fuse predominantly with either pre-existing 
fibres (growth) or with each other (regeneration) [34]. 
Other daughter cells, in contrast, withdraw early from 
cycling and settle as new quiescent precursors beneath 
the basal lamina ensuring further self-renewal and 
regenerative potential. This dual behaviour is still 
present and most apparent in the progeny of cultured 
satellite cells and in expanded primary muscle cultures, 

from which muscle tissue and satellite cells are formed 
in vitro or at ectopic sites in vivo [3, 15]. 

Identification of satellite cells prior to the use of 
marker proteins had to be made by structural criteria 
resolvable only by electron microscopy. According to 
Mauro [22]: these are mononucleated cells located 
between the sarcolemma and the basal lamina of muscle 
fibres. This definition does not imply, however, that 
subendomysially located cells are a homogeneous cell 
population. On the contrary, a number of phenotypically 
distinct cell types (quiescent progenitors, activated 
satellite cells, replicating and differentiating myoblasts) 
reside beneath the basal laminae of muscle fibres during 
growth and repair (for a recent review see [12]). 
Furthermore, the pool of “quiescent” cells itself appears 
to be heterogeneous, including a majority of rapidly 
dividing precursors and a minority of slowly replicating 
cells of stem cell character [5, 34]. Finally, skeletal 
muscle appears to contain rare pluripotent cells of 
unknown identity and localisation [13, 17, 21], some of 
which, however, according to recent evidence, might be 
of hematopoetic origin [18]. 
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Muscle precursors at different developmental stages 
(activated, proliferating, differentiated or maturing) can 
be identified by analyses of a variety of marker proteins 
[12]. However, for quiescent satellite cells, only few 
putative markers have been suggested: M-cadherin [6, 
9, 16], c-met [8], myocyte nuclear factor [11], CD34 
and Myf5 [4, 7], Pax7 [37] and NCAM [19]. A major 
problem concerning these markers is lack of definitive 
data as to whether they are expressed in all or in a 
fraction of the satellite cell pool only. In this study we 
analysed, at the electron- and light-microscopic level, 
whether satellite cells identified by morphological 
criteria are also labelled by a polyclonal antibody raised 
against M-cadherin. To avoid false negative results due 
to penetration problems in tissue blocks, we used 
enzymatically-dissociated whole single fibres of adult 
mouse muscles containing satellite cells and an intact 
basal laminae. The results of this study identify M-
cadherin as a reliable marker for all quiescent satellite 
cells in mouse muscle. 

Materials and methods  

Fibre preparation 
Individual fibres were explanted from the superficial 

portions of 4 tibialis anterior muscles of 2 male 
C57Bl/10 mice (8-week-old, Charles River 
Deutschland, Sulzfeld, Germany) as described 
previously [29, 30]. The muscles were incubated in 
collagenase type I (Sigma, Deisenhofen, Germany) at 
37°C for 1.5 hours and then liberated by repeated 
pipetting with a wide-mouth Pasteur pipette. 
Immediately thereafter, the fibres were fixed in 4% 
paraformaldehyde in PBS at 37°C for 5 minutes, 
washed in PBS and then permeablised by incubation in 
0.3% Triton X-100 (Sigma) in PBS for 5 minutes. 
Following another wash in PBS, the fibres were 
incubated in 20% normal goat serum (Jackson 
ImmunoResearch Laboratories, distributor Dianova, 
Hamburg, Germany) for 30 minutes at room 
temperature to reduce non-specific binding of antibody. 
Immunostaining for M-cadherin was performed by 
suspending the fibres in 0.7% lambda carrageenan (a 
non-gelling form of a vegetable gelatine, carrageenan 
type IV, Sigma) containing antibody at optimal dilution 
(1:50) for 20 hours at 4°C, followed by incubation with 
a horseradish peroxidase-conjugated goat anti-rabbit 
IgG (Jackson ImmunoResearch) for 1.5 hours at room 
temperature. The affinity-purified polyclonal antibody 
against M-cadherin was raised in rabbits as described 
previously [28] and its specificity was tested by Western 
blotting, ELISA and immunohistochemistry, which 
showed no cross-reactivity with other adhesion 
molecules (NCAM, N-cadherin and E-cadherin) [16]. 
The fibres were then immersed in peroxidase substrate 
solution containing diaminobenzidine (0.5mg ml-1, 
Sigma) and hydrogen peroxide (0.02% v/v) in PBS 

buffer for 10 minutes at room temperature. Following 
this the fibres were washed, post-fixed for 30 minutes in 
osmium tetroxide (1% w/v) in 0.05M phosphate buffer 
and embedded in synthetic resin (Epon, Roth, 
Karlsruhe, Germany). 

Electron microscopy 
The polymerised resin was cut into blocks that could 

be orientated in the microtome (Reichert Ultracut E) so 
that the fibres were sectioned as near transversely as 
possible. Sections were sampled at intervals of 10 µm. 
At each sampling point two serial 1 micron sections 
were cut, one of which was kept unstained while the 
other was stained with toluidine blue to check for the 
presence of myonuclei and/or satellite cell nuclei. If, 
under the light microscope, nuclei could be detected, 
ultrathin 80nm sections were then cut off the same 
block face. Some of these sections were left unstained 
while others were stained with uranyl acetate and lead 
citrate. Thus, four types of sections could be compared 
and cross-related: (1) 1 micron unstained, (2) 1 micron 
stained, (3) ultrathin unstained and (4) ultrathin stained. 
When, under the electron microscope (Philips CM100) a 
satellite cell was detected in an ultrathin stained section 
from its position between the basal lamina and the 
plasma membrane of the myofibre, an unstained section 
of the same cell was examined to determine whether it 
displayed the electron-dense reaction product of the 
peroxidase reaction following immunostaining for M-
cadherin. Care was taken that, due to the narrow spacing 
of the sample (10µm), a satellite cell nucleus was 
counted only once. 

Results  
Figure 1a shows a satellite cell on an isolated muscle 

fibre labelled with M-cadherin antibody and visualised 
with a peroxidase-conjugated secondary antibody. Such 
stained fibres were embedded in Epon and sectioned in 
a spaced-serial way at distances of 10µm. Semithin 
(1.0µm) sections were stained with toluidine blue to 
identify myonuclei (Figs 2a, 2b). All nuclei at the edge 
of a muscle fibre were consequently identified on the 
adjacent ultrathin sections (unstained or stained with 
uranyl acetate and lead citrate, Figs 2c, 2f and 2d, 2e 
respectively) in the electron microscope. In case of 
positive identification as a satellite cell on structural 
grounds, i.e. position external to the plasma membrane 
of the myofibre and internal to the basal lamina (Figs 
2d-f), the unstained adjacent serial section was searched 
for peroxidase reaction product (Fig. 2c and 2f). The 
electron-dense product of the peroxidase reaction was 
most concentrated towards the edge of the cells (Fig. 
2d) but was often seen throughout the cytoplasm (Fig. 
2e). The reaction product was also seen in the narrow 
gap between the satellite cell and myofibre as well as in 
those areas of the myofibre cytoplasm that faced a 
satellite cell (Figs 2d-f). 
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The necessity of the electron microscope for the 
identification of satellite cells without further label is 
illustrated in Fig. 3a; in the light microscope, the 
nucleus at the lower edge resembles a satellite cell 
nucleus because myofibrils in its vicinity are missing. 
Under the electron microscope, however, it is clear that 

the nucleus lies inside the myofibre plasma membrane 
rendering it a myonucleus (Fig. 3b). On the opposite 
side of the fibre there is a small cell process which, from 
its position between the plasma membrane and basal 
lamina, is most likely the process of a satellite cell (its 
nucleus being out of the plane of the section) (Fig. 3c). 
This small profile is heavily labelled with peroxidase 
reaction product. 

A second example of a labelled satellite cell process is 
shown in Figs 3d and 3e. Note the absence of 
peroxidase label around the myonucleus in the same 
field (Fig. 3d). A myonucleus may be located adjacent 
to a satellite cell (from which it may have been derived) 
(Fig. 3f); in such a case the labelling product is also 
present close to the myonucleus where it faces the 
satellite cell. 

Using this accurate examination procedure, 50 satellite 
cells were examined. All were positive for M-cadherin, 
none were encountered without the distinguishing 
peroxidase reaction product. No reaction product was 
seen associated with myonuclei except when adjacent to 
a satellite cell as described above. Importantly, each 
satellite cell identified ultrastructurally was found to be 
positive for M-cadherin in the adjacent unstained 
semithin section. The label was generally more clearly 
discernible from background in the light-microscopie 
than in the electron microscope (see Figs 2c and 2f). 
Even better signal-to-noise ratio can be achieved when 
using immunofluorescence technique to visualise 
quiescent satellite cells in cryostat sections of mouse 
(not shown, [16]), human (Fig. 1b) and rat muscles (Fig. 1c). 

No evaluation of the satellite cell to myonucleus ratio 
was attempted since only transverse sections were 
carried out and the relative lengths of the two types of 
nuclei could not be determined. The latter would be 
necessary, however, in order to evaluate the relative 
probabilities of sampling the two types of nuclei in a 
thin section [1, 40]. 

Discussion 
This study investigates how many of the satellite cells 

present in normal mouse muscle are associated with M-
cadherin protein. The number of satellite cells 
(normalised per number of muscle fibre profiles or 
myonuclei) in sections or on isolated single fibres 
immunostained for M-cadherin in this study were within 
the percentage ranges found in previous studies carried 
out in our lab with fine-structural analyses [16, 27, 31]. 
Statistically, the observed proportion of labelled cells 
(100%, sample size 50) allows the prediction that 94-
100% of all quiescent satellite cells are M-cadherin-
positive (95%-confidence intervals for proportions, 
[33]). The clear conclusion is that M-cadherin is present 
in most quiescent precursor cells. We still cannot 
exclude, however, that a small fraction of the satellite 
cell pool is M-cadherin-negative as claimed on indirect 
evidence by Beauchamp et al. [4]. 

 
Figure 1: Light-microscopic visualisation of mouse (a), 

human (b) and rat (c) satellite cells.  
 a: Peroxidase reaction product (brown) after 

immunostaining of a single muscle fibre for M-
cadherin delineates a satellite cell with spindle-
shaped cell body and slender cell processes at 
both poles. The muscle fibre has been 
enzymatically and mechanically dissociated from 
the tibialis anterior muscle of an adult C57Bl/10 
mouse. 

 b and c: Immunofluorescence staining for M-
cadherin (red in b, green in c) in transverse 
cryostat sections from m. vastus lateralis of a 12-
year old boy (b) and m. soleus of an adult rat (c). 
In b, an additional immunolabelling for laminin 
(green) delineates the basal laminae of muscle 
fibres. Note that the M-cadherin positive cell 
(prominent red staining at the site of apposition 
of the plasma membranes of the satellite cell and 
the myofibre) is located inside the basal lamina 
of the muscle fibre (green). Similar localisation 
at the opposing plasma membranes is seen in two 
satellite cells in the section of the rat muscle (c). 
Nuclear staining (BisBenzimide, not shown) was 
present in all three satellite cell profiles shown in 
b and c. Detection of the primary antibodies (M-
cadherin, laminin) was done using a DTAF 
(green) or a rhodamine-conjugated (red) 
secondary antibody. Muscle fibre sarcolemma 
are outlined in white dashes. Scale bar = 40µm 
for a and 20µm for b and c. 
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Figure 2. a: Transverse toluidine blue-stained 1.0µm Epon section through a single myofibre of mouse tibialis anterior 

muscle immunostained for M-cadherin using a peroxidase-conjugated secondary antibody. The reaction product 
makes the cell (arrow) on the right hand side of the fibre conspicuous. Scale bar = 10µm. Magnification = x 
2,000. 

 b: Transverse section of a myofibre treated in the same way as that in (a). In this case the reaction product on the 
presumed satellite cell is not so prominent. Scale bar = 10µm. Magnification = x 1,600. 

 c: Transverse section of the same fibre as that seen in (b) approximately 1.0µm further along the fibre but not 
stained with toluidine blue. This allows the peroxidase reaction product to be seen more clearly than in b. Scale 
bar = 10µm. Magnification = x 1,500. 

 d: Electron micrograph of the cell highlighted in (a). Its position between the basal lamina (BL) and plasma 
membrane (PM) of the myofibre distinguishes it as a satellite cell. Part of the basal lamina (arrowhead) on the 
left hand side of the cell is fractured. Electron dense peroxidase reaction product is seen in the cytoplasm of the 
cell, more concentrated towards its periphery. Section stained with uranyl acetate and lead citrate. Scale bar = 
1.0µm. Magnification = x 11,000. 

 e: Electron micrograph of the cell seen in (b). This cell is also positioned between the basal lamina (BL) and 
plasma membrane (PM) of the myofibre. It also contains peroxidase reaction product which in this case is 
distributed throughout the cytoplasm. Section stained with uranyl acetate and lead citrate. Scale bar = 1.0µm. 
Magnification = x 13,000. 

 f: Same cell as (b), (c) and (e), the section being taken approximately 2.0µm further along the fibre than that seen 
in (e). The section has not been stained with either uranyl acetate or lead citrate. Reaction product can be seen in 
the cytoplasm of the satellite cell and at the edge of the myofibre where it faces the cell. Scale bar = 1.0µm. 
Magnification = x 13,000. 
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The reliability of M-cadherin as a molecular marker of 
satellite cells has been questioned by other experimental 
evidence [8]. The authors have studied mononucleated 
cells, assumed to be satellite cells because of their 

association with explanted fibres and have used reverse-
transcriptase polymerase chain reaction to monitor M-
cadherin mRNA expression at single-cell level without 
simultaneous examination of protein expression 

 
Figure 3. a: Transverse toluidine blue-stained 1.0µm Epon section through a single myofibre of mouse tibialis 

anterior muscle immunostained for M-cadherin using a peroxidase-conjugated secondary antibody. Scale bar 
= 10µm. Magnification = x 1,700. 

 b: Electron micrograph of the myonucleus seen at the lower edge of the fibre in (a). Scale bar = 1.0µm. 
Magnification = x 8,000. 

 c: Another part of (a) viewed at higher magnification. The cell process is interpreted as being the tail of a 
satellite cell from its position between the basal lamina (BL) and plasma membrane (PM) of the myofibre. The 
cell cytoplasm contains electron dense peroxidase reaction product. Scale bar = 1.0µm. Magnification = x 
25,000. 

 d: Low power electron micrograph of an unstained transverse section through a fibre of mouse tibialis 
anterior muscle that has been immunolabelled for M-cadherin. To the left (arrow) is a cell process made 
conspicuous by the electron dense reaction product and to the right (arrowhead) is a myonucleus. Scale bar = 
1.0 µm. Magnification = x 6,000. 

 e: Higher power electron micrograph of the cell process seen in (d). Scale bar = 1.0µm. Magnification = x 
25,000. 

 f: Electron micrograph of an unstained section through a fibre that has been immunolabelled for M-cadherin. 
To the left is a myonucleus (N) and to the right a satellite cell (SC). Reaction product is only seen near the 
myonucleus where it faces the satellite cell. Scale bar = 1.0µm. Magnification = x 12,000. 



M-Cadherin in satellite cells 

 - 166 -

however. The results show that only a small fraction 
(<20%) of the examined cells express M-cadherin 
mRNA immediately after fibre explantation. This 
observation has been interpreted to mean that M-
cadherin is unsuitable as a molecular marker of 
quiescent satellite cells. However, our present results 
based on protein detection suggest that at least 94% of 
the quiescent satellite cells are M-cadherin positive. 
This apparent discrepancy is readily resolved if we 
assume that translational activity of the M-cadherin 
gene in quiescent cells is low or absent, and the protein 
has a considerable life time. Other gene expression 
studies have shown similar disparities between the 
expression levels for protein and mRNA [10, 38, 39]. 
The low or missing M-cadherin mRNA translational 
activity in quiescent satellite cells is enhanced after cell 
activation in vitro as indicated by the rapid increase in 
the proportion of positive cells (from <20% up to 100% 
within 96 hours; [8]). This observation correlates with 
the enhancement of mRNA and protein expressions 
after muscle injury in vivo when satellite cells become 
activated for myogenesis [16, 24]. 

The M-cadherin immunostaining of quiescent satellite 
cells on cross-sections of skeletal muscle is typically 
confined to the site of apposition of the plasma 
membranes of satellite cell and muscle fibre resulting in 
characteristic short (<10µm) and thin arc-shaped label at 
the level of the cell body (nucleus) (Figs 1b and 1c, 
[16]). Outside the nuclear region (cell processes, see 
Fig. 1a) even smaller profiles are recognisable. On 
longitudinal sections, mostly elongated, spindle-shaped 
profiles are seen indicating that most, though not all, 
satellite cells are oriented in parallel to the muscle fibres 
(see Fig. 1a). It is obvious that this antibody also labels 
quiescent satellite cells in other species than mouse, like 
human and rat (Figs 1b and 1c). We do not know, 
however, whether nearly all satellite cells carry the 
protein in these species. In fact, considering the much 
longer life span and the supposedly low level of mRNA 
in quiescent cells [8] it would be surprising to find high 
levels of protein in all human satellite cells quiescent for 
many years lest there is intermittent upregulation. We 
might not know all circumstances that lead to 
upregulation of the protein; however, we have seen 
upregulation of M-cadherin when satellite cells start to 
proliferate and myoblasts are incorporated e.g. with 
damage of muscle fibres [16]. Other situations might be 
postnatal fibre growth (when incorporation of 
proliferated satellite cells is prominent and causes a not 
well understood drop in their numbers, s. [34]) and 
hypertrophy, but also during recovery from atrophy 
(which supposedly goes along with loss of myonuclei, 
see [2, 14]). If all these situations were to occur, then 
activation of satellite cells might take place more often 
during a human life span than assumed. In fact, indirect 
evidence from the remaining growth capacity of satellite 
cells derived from biopsies of differently aged donors 

indicates that in the average each satellite cell divides 2 
times in a 10 years life span [20]. Such events might 
prevent the complete loss of M-cadherin protein from 
the aged human satellite cell and render M-cadherin as a 
marker also for quiescent satellite cells in humans [32]. 
It will be of interest to obtain quantitative data on the 
expression of other putative markers of quiescent 
satellite cells such as c-met, myocyte nuclear factor, 
CD34 and Myf5 [4, 8, 11]. This will improve our 
understanding of the biology of skeletal muscle 
precursor cells and the putative pluripotent stem cells 
residing amongst them. 

Conclusion  
This study provides direct evidence that the vast 

majority of muscle satellite cells in mouse muscle can 
be identified by immunolabelling with an antibody 
raised against M-cadherin. 
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