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Abstract Presently applied methods to identify and quan-
tify human satellite cells (SCs) give discrepant results. We
introduce a new immunofluorescence method that simulta-
neously monitors two SC markers (NCAM and Pax7), the
basal lamina and nuclei. Biopsies from power-lifters,
power-lifters using anabolic substances and untrained sub-
jects were re-examined. Significantly different results from
those with staining for NCAM and nuclei were observed.
There were three subtypes of SCs; NCAM*/Pax7* (94%),
NCAM™/Pax7~ (4%) and NCAM~/Pax7* (1%) but large
individual variability existed. The proportion of SCs per
nuclei within the basal lamina of myofibres (SC/N) was
similar for all groups reflecting a balance between the num-
ber of SCs and myonuclei to maintain homeostasis. We
emphasise that it is important to quantify both SC/N and the
number of SCs per fibre. Our multiple marker method is
more reliable for SC identification and quantification and
can be used to evaluate other markers of muscle progenitor
cells.

Keywords Stem cells - NCAM - Pax7 -
Trapezius muscle - Immunofluorescence - Anabolic steroids
Introduction

Skeletal muscle satellite cells (SCs) are, by definition, cells
located between the plasma membrane and the basal lamina
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of muscle fibres. They were first identified by electron
microscopy and suggested to be “dormant myoblasts that
failed to fuse with other myoblasts and are ready to recapit-
ulate the embryonic development of the skeletal muscle
fibre when the main multinucleate cell is damaged” (Mauro
1961). Indeed, their proposed functions in repair and regen-
eration of damaged muscle fibres have been confirmed
(Bischoff 1975; Lipton and Schultz 1979; Snow 1978). In
addition, SCs are also involved in muscle growth during
foetal and postnatal development and are essential for both
muscle fibre hypertrophy and maintenance of muscle mass
in the adult (Buckingham 2006; Zammit 2008).

Immunohistochemistry and the development of antibod-
ies (abs) to different molecular markers for SCs have made
their identification possible using light microscopy. The
body of knowledge on SC biology is at present mainly
based on studies on mice. SCs are heterogeneous in their
expression of different markers and composed of subpopu-
lations with different self-renewal capacity (Buckingham
and Montarras 2008; Kuang et al. 2007; Kuang and Rudnicki
2008; Zammit et al. 2006a; Zammit 2008). Furthermore,
other stem cells resident in muscle as well as circulating
stem cells may contribute to cells in the SC position and
may participate in muscle regeneration and repair, see
reviews (Cooper et al. 2006; Peault et al. 2007; Shefer and
Yablonka-Reuveni 2007).

In human muscle, the use of molecular markers for iden-
tification of SCs began in 1989 when abs to the Leu-19
antigen, a 200- to 220-kDa surface glycoprotein, were
shown to label SCs (Schubert et al. 1989). However, myo-
tubes, myotube projections in regions of muscle fibre repair
and periodically organised fibrillar structures in areas of
regeneration were also labelled (Schubert et al. 1989). Sub-
sequent studies showed that the Leu-19 antigen, CD56 and
neural cell adhesion molecule (NCAM) have the same

@ Springer



142

Histochem Cell Biol (2009) 132:141-157

immunological properties (Lanier et al. 1989; Mechtersheimer
et al. 1992) and that corresponding abs give identical staining
patterns (Illa et al. 1992). In most studies on human SCs
abs against the Leu-19 antigen or NCAM have been used.
Cells located at the periphery of myofibres showing a
NCAM stained rim around a nucleus have been judged as
SCs (Charifi et al. 2003; Crameri et al. 2004, 2007; Kadi
etal. 1999a, 1999b, 2004a, b, 2006; Kadi and Thornell
2000; Mackey et al. 2007a, b; Olsen et al. 2006; Petrella
et al. 2006, 2008; Renault et al. 2002b; Verney et al. 2008).

Two other markers which also have been used to identify
SCs in human muscle are the cell adhesion protein M-cad-
herin (M-cad) (Reimann et al. 2004; Sajko et al. 2004), and
the paired-box transcription factor Pax7 (Crameri et al.
2007; Reimann et al. 2004; Verdijk et al. 2007). M-cad is
an established marker for SCs in mice and was introduced
by Irintchev etal. (1994), who showed that M-cad was
present in SCs in normal mice muscle. As enhanced stain-
ing was seen at the sites of contact between SCs and the
parent muscle fibre they also suggested an additional, spa-
tially restricted expression of M-cad in the parent muscle
fibres. When the staining patterns of M-cad and NCAM
were compared, co-localisation of the abs was seen in
nearly all SCs of denervated muscles, while <12% SCs
were stained by NCAM in normal muscles (Irintchev et al.
1994). It is not clear whether the fraction of M-cad and
NCAM stained SCs differs in human muscle (Sajko et al.
2004).

Pax7 is expressed in the nuclei of myogenic progenitor
cells during development and is specifically expressed by
SCs in mature muscle (Oustanina et al. 2004; Seale et al.
2000). Pax7 has been widely used to identify SCs in animal
studies (Day et al. 2006; Ishido et al. 2009; Kuang et al.
2006; Olguin and Olwin 2004; Relaix et al. 2006; Shefer
et al. 2006; Zammit et al. 2006b) and has been proposed to
be the most reliable marker for SC in mice (Kuang and
Rudnicki 2008; Zammit 2008). The staining of M-cad and
Pax7 has been compared in biopsies of normal and patho-
logical human muscles (Reimann et al. 2004). M-cad was,
as in mice, present at the interface between the myofibre
and the SC in normal muscle, but was in pathological mus-
cle occasionally also seen in mononuclear cells outside the
basal lamina of muscle fibres, in myotubes and in regener-
ating muscle fibres. Since anti-Pax7 reactivity was not
found in all M-cad stained SCs and was also observed in
some myonuclei, these authors argued against the use of
abs against Pax7 alone as a SC “marker” in human muscle
(Reimann et al. 2004). On the other hand, Verdijk et al.
(2007) recently used Pax7 abs for SC quantification in
favour for NCAM abs and reported that, in the human vas-
tus lateralis muscle co-localisation of Pax7 and NCAM
staining occurred in approximately 96% of the SCs in both
young and elderly subjects.
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In our laboratory we have used staining for NCAM as
the main marker for SCs (Eriksson et al. 2005; Kadi et al.
1999a, b, 2000; Renault et al. 2002a; b; Thornell et al.
2003). During the years, we have tested the different mark-
ers recommended for SC identification in mice to evaluate
and improve our method for SC identification and quantifi-
cation in human muscle. With the exception of anti-Pax7,
other markers for SCs used in mice (Zammit 2008) have in
our hands not been useful for SC quantification in human
muscle sections (Thornell et al. 2003; Lindstrom and Thor-
nell unpublished).

In the present study we have used a multiple marker
(MM) method to evaluate the staining for NCAM in rela-
tion to Pax7 in the same section, in order to determine
whether the cells examined can unequivocally be identified
with the two markers. To verify the position of the SCs and
myonuclei we also included staining for laminin present in
the myofibre basal lamina and around capillaries and stain-
ing for nuclei. Our MM method using both NCAM and
Pax7 allows the detection of three SC subtypes in human
muscle. Using this new method the SC frequency in the tra-
pezius muscle of power-lifters differs substantially from
that reported in our previous studies of the same muscle
biopsies based on single immunoenzymatic/chromogen
labelling of anti-NCAM and Mayers HTX (Eriksson 2006;
Kadi et al. 1999a, b). We show that it is important to label
the muscle fibre border in order to be able to establish
whether stained cells are SCs or cells outside the muscle
fibres.

Materials and methods

Biopsies from the descending part of the trapezius muscle
from 11 male power-lifters and 8 sedentary controls (C)
were primarily investigated. Five of the power-lifters had
never used anabolic drugs (P) whereas six had used high
doses of anabolic substances (PAS). To verify that the MM
method also holds for other muscles, biopsies from the vas-
tus lateralis from four of the PAS subjects were re-investi-
gated. For a full description of the participant elite athletes,
their training regime and the substances used for doping see
Eriksson etal. (2005). Handling of biopsies and the
detailed analysis of them with respect to muscle fibre types,
muscle fibre area, muscle pathology and SC frequency on
basis of NCAM staining have been reported previously
(Eriksson 2006; Kadi et al. 1999a, b). In this study the ana-
lysed P and PAS subjects have the same individual label as
previously used in Eriksson (2006). Written consent in
accordance with the World Medical Association “Declara-
tion of Helsinki” was obtained from all the subjects. The
study was approved by the Ethical Committee of Umed
University.
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Immunohistochemistry using multiple labelling

Five-um thick muscle cross-sections were cut at —23°C
using a Reichert Jung cryostat (Leica, Nussloch, Germany).
The sections were collected on gelatine-coated slides and
stored at —23°C until further processing the same day. The
sections were brought to room temperature and post-fixed
in 2% paraformaldehyde (PFA) for 8 min and then rinsed in
0.01 M phosphate buffered saline containing 0.05% Tween
20 (PBST) for 3 x 5 min.

In previous studies (Eriksson etal. 2005; Kadi et al.
1999a, b; Renault et al. 2002b) we had preferentially used
unfixed sections sometimes cut in advance and stored at
—20°C until the day of labelling. However, for immunoflu-
orescence and multiple labelling as in the present study,
this resulted in inadequate antigen and specimen preserva-
tion. The use of newly cut sections and post-fixation was
therefore important. Improved staining results were
obtained using 2% PFA for 6—10 min when compared to
other fixatives such as acetone or methanol. The sections
were immersed in 5% non-immune donkey serum (Jackson
ImmunoResearch Laboratories. Inc, West Grove, PA,
USA) for 15 min before each incubation with primary
(+4°C overnight or 37°C for 60 min) and secondary (37°C
for 30 min) abs and washed in PBST 3 x 5 min after all
antibody incubations. Bound primary abs were visualised
by indirect immunofluorescence using affinity-purified abs
specifically prepared for multiple labelling and conjugated
with fluorochromes with different emission spectra, fluores-
cein (FITC), Rhodamine Red-X (RRX) and Cyanine 5
(Cy5) (Jackson ImmunoResearch Laboratories. Inc, West
Grove, PA, USA). Nuclei were identified with 4’,6-diami-
dino-2-phenylindole (DAPI) provided in the mounting
medium (Vectashield®, Vector Laboratories Inc, Burlin-
game, CA 94010 USA). Control sections were treated as
above except that the primary antibodies were exchanged
with non-immune serum. A detailed scheme of the staining
procedure is provided in Fig. 1.

Antibodies

For SC identification with the MM method we used the
monoclonal antibody (mab) CD56/NCAM against the Leu-
19 antigen (Becton Dickinson Immunocytochemistry Sys-
tems, San Jose, CA, USA) and the mab against Pax7
(Developmental Studies Hybridoma Bank, University of
Towa, Towa City, IA, USA). The polyclonal antibody (pab)
PC128 against human laminin (The Binding Site Ltd, Bir-
mingham, UK) was used for identification of the basal lam-
ina. On additional serial sections the mab NCL-Merosin
against laminin alpha 2 chain (Novocastra Laboratories
Ltd., UK) was used for identification of the myofibre basal
lamina and the pab GTX15277 (Gene Tex, Inc) against
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Dayl
Frozen muscle cross-sections cut and stored at -23 °C
Bring the sections to room temperature
Immediate post-fixation, 2% PFA in PBS 8 min
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
Ist primary mab CD56 (5ug/ml), at +4 °C over night
Day 2
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
Donkey anti-mouse-FITC (1:100), at +37 °C 30 min
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
2nd primary mab Pax7 (1ug/ml), at +37 °C 60 min
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
Donkey anti-mouse-RRX (1:1000), at +37 °C 30 min
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
3rd primary pab PC128 (0.7-1pug/ml), at +37 °C 60 min
Wash in PBST 3x5 min
Non-immune donkey serum (1:20) 15 min
Donkey anti-sheep-Cy5 (1:100), at +37 °C 30 min
Wash in PBST 3x5 min
Wash in PBS
Mount in Vectashield containing DAPI

Fig. 1 Multiple labelling protocol of NCAM, Pax7, laminin and nu-
clei. The above protocol shows the labelling procedure used for the
present experiments. Further experiments have shown that the proce-
dure can be shortened by simultaneous labelling of the 2nd and 3rd pri-
mary abs and simultaneous labelling of their conjugated fluorochromes

dystrophin was used for detection of the myofibre plasma
membrane.

Light microscopy and analysis of immunostained sections

The sections were evaluated using a Nikon eclipse ES800
microscope (Nikon Inc., Melville, NY, USA) equipped
with excitation filters for FITC (480 &+ 15 nm), Texas Red
(560 + 20 nm), HQ Cy5 (620 + 60 nm), dual-band filter
for FITC and Texas Red and triple band filter for FITC,
Texas Red and DAPI (Chroma Technology Corp., Rock-
ingham, VT 05101 USA). A SPOT RT KE slider camera
(Diagnostic Instruments Inc., Sterling Heights, MI, USA)
was used for image acquisition. This camera uses three-shot
digital technology to derive true, non-interpolated red,
green, and blue values to the CCD and has a slide mecha-
nism allowing light with longer wavelengths to reach the
CCD, which allows the capture of emissions from Cy5
fluorescence to be displayed in black and white.

The sections were analysed using different filter cubes
and x20 and x40 objectives. NCAM and Pax7 labelled
SCs were visualised using the dual-band filter for FITC and
RRX. The presence of a nucleus stained by DAPI was veri-
fied using the triple-band filter. The staining for NCAM
alone was analysed using the FITC filter and a weak stain-
ing for Pax7 was controlled using the Texas Red filter since
some fluorescence signal is lost when using the dual-band
filter. To verify the SC position inside the myofibre basal
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Fig. 2 Multiple labelled muscle cross-section for identification of SCs
with immunofluorescence microscopy. Cross-section from a control
subject stained with anti-NCAM, anti-Pax7, anti-laminin and DAPI
shown in single and merged images: a NCAM (green); b NCAM
(green + red = yellow) and Pax7 (red); ¢ NCAM (yellow), Pax7 (red),
Laminin (white) and DAPI (blue); d Laminin (white). Three SCs are
indicated with arrows in a and shown in higher magnification in

lamina labelled by Cy5 an additional live image or a cap-
tured image was needed.

Two abs developed from the same source can be identi-
fied on the same section using indirect immuno-labelling
technique if sequential labelling cycles are used and the
antigens are known to be located in different histological
structures such as NCAM in the cell membrane/cytoplasm
and Pax7 in the cell nucleus. The order in which the pri-
mary mabs were applied was considered because the first
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corresponding insets (a—c). Note the difference in degree of anti-
NCAM staining between the SCs. SC (a) would have been difficult to
identify without the positive reaction for Pax7. Note NCAM stained
structures not related to the SCs present between myofibres (large
arrowheads a and d) and autofluorescent lipofuscin granules (small
arrowheads in a and d). Capillaries (*). Bar 50 pm and insets 10 pm

primary antibody will be labelled by both secondary fluo-
rochrome abs. NCAM was applied as the first primary
mab since it was important that the thin and sometimes
weak NCAM staining of the SC membrane could be ana-
lysed both separately in the FITC filter and together with
labelling for Pax7 in the dual-band filter. Anti-Pax7 reac-
tivity in a SC nucleus could be distinguished without any
problem as a separate entity together with the NCAM
labelled cell membrane using the dual-band filter or on
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Fig. 3 Pax7 staining and myonuclei. Control section from a C subject
stained for Pax7 (red), dystrophin (green), and DAPI (blue) to examine
whether Pax7 might also stain myonuclei, i.e. nuclei located interior to
the anti-dystrophin staining of myofibres. a Pax7* nucleus (red) locat-
ed in a SC position exterior to the myofibre plasma membrane (green).
d Pax7" nucleus (red) surrounded by staining for anti-dystrophin. b
and e Merged images also showing nuclei stained by DAPI (blue). ¢
and f Anti-dystrophin. Arrows show the thin rim of labelling interior to
(e) and around (f) the SCs. Lipofuscin granules (arrowheads). Bar
20 um

merged images. The order of labelled fluorochromes,
FITC before RRX resulted in SCs with yellow cell
membranes and red nuclear staining. This gave a much
better contrast than using the reversed order of the fluoro-
chromes, which resulted in a yellow and green staining.
Similarly this preferred combination also gave better
staining for simultaneous visualisation of Pax7 and DAPI
using the triple-band filter or on merged images. Since the
emission of CyS5 only is detectable by the camera it was
used for visualisation of the basal lamina. Different ways
to analyse the frequency and staining pattern of SCs were
considered and by experience we found the following to
be most efficient: digital images were captured to cover
the area of the section using the 20x objective. For each
view, one image for each labelled fluorochrome was cap-
tured and used for merged image combinations. The
images were used for detailed analysis and quantification
using the Adobe Photoshop CS2 software (Adobe Systems
Inc., Mountain View, CA, USA).

Identification of SCs

We identified a cell as a SC if the following criteria were
fulfilled: the cell should be stained by NCAM or Pax7,
contain a nucleus stained by DAPI and reside in a
sublaminar position confirmed by the laminin staining. In

addition, the SC should show staining for NCAM on the
myofibre side of the nucleus. To exclude the presence of
Pax7* myonuclei we also analysed sections labelled by
anti-Pax7, anti-dystrophin and DAPI. The staining pattern
for anti-NCAM and anti-Pax7 identified SCs was ana-
lysed in detail on single and merged images using the
zoom function of the software or under the microscope.
The proportion of NCAM*/Pax7*, NCAM*/Pax7~ and
NCAM/Pax7* SCs was determined.

Quantification of NCAM and Pax7 stained SCs, myofibres
and myonuclei

The number of cross-sectioned myofibres and associated
SCs were marked and counted on separate image layers
using either an image reconstruction of the whole section
(merged images of NCAM, Pax7, DAPI and Laminin) or of
each image area separately. If the image areas were ana-
lysed separately, morphometric principles to bridge varia-
tion in myofibre size were used for the quantification of
myofibres, SCs and myonuclei (Gundersen 1986). In one
case, two sections of the same specimen obtained at differ-
ent levels were used for the quantitative analysis in order to
increase the number of fibres analysed to >200 fibres.
Regenerating muscle fibres having a basal lamina but lack-
ing a dystrophin labelled plasma membrane (verified in a
serial section labelled with anti-dystrophin) or fibres with
incomplete basal lamina were not included in the analysis.
The number of sublaminar nuclei (i.e. all nuclei enclosed
by the basal lamina) per fibre (N/F) was determined from
randomly selected images of the basal lamina and nuclei
visualised by staining for laminin and DAPI. The number of
nuclei was obtained in more than 75 fibres in C and more
than 100 fibres in P and PAS, however, with the exception
of one biopsy (PAS1) where only 60 fibres were available.
The number of N/F for each individual was used to calculate
the number of SCs expressed as a proportion of all nuclei
(myonuclei + SC nuclei) inside the myofibre basal lamina
(number of SCs/((N/F) x number of F) x 100) and the size
of myofibre CSA per nucleus i.e. nuclear domain (myofibre
CSA/(((N/F) x number of F) — number of SCs)).

Statistics

All statistical analyses were performed using SPSS stan-
dard Version 17.0 (SPSS, Chicago, Illinois, USA). Residual
analyses revealed no strong discrepancies from the one-way
analysis of variance (ANOVA) assumptions, except for a
large difference in variance between the groups in the mean
fibre cross-sectional area, and the number of SCs per mm?.
To compare the group means for those variables, since the
Kruskal-Wallis test suggested statistical differences, inde-

pendent sample ¢ tests not assuming equal variances was
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NCAM +Pax7(NCAM)

a.
d <+b

used for the mean fibre cross-sectional area and Mann—
Whitney test was used for the number of SCs per mm?. For
the other variables, between-group differences were tested
using ANOVA. When the ANOVA test suggested statisti-
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cal differences, the Tukey post-hoc test was applied to
establish the contribution of each group to the apparent sig-
nificance. Paired samples 7 test was used for repeated mea-
surements. A Chi-square test was used to evaluate if
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<« Fig. 4 Variability in NCAM/Pax7 staining in SCs. Images of selected

SCs from multiple labelled muscle cross-sections stained with anti-
NCAM, anti-Pax7, anti-laminin and DAPI (Rows a—f). Merged images
are shown in columns 2—4. Ist column NCAM (green), 2nd NCAM
(green + red = yellow) and Pax7 (red); 3rd DAPI staining (blue) is
added; 4th staining for laminin (white) is added and the 5th laminin
(alone). a SC with strong staining for both NCAM and Pax7. b Two
NCAM stained SCs. One has weak staining for Pax7 (arrow). ¢ Pax7
stained SC with weak staining for NCAM. d Two NCAM stained pro-
files; (a) NCAM staining is seen towards the basal lamina but not be-
tween the myofibre and the Pax7 negative nucleus, not counted as a
SC, whereas (b) was counted as a SC, a tip of a nucleus negative with
anti-Pax7 staining, but DAPI staining is observed. e NCAM stained SC
with no staining for Pax7. f Pax7 stained SC with undetectable staining
for NCAM. Autofluorescent lipofuscin granules are seen in all col-
umns, some examples are marked (arrowheads) in the 5th column.
(a: P subject and b—f: C subjects). Capillaries (*). Bar 20 pm

observed frequency of SC subpopulations was related to
group characteristics. Statistical significance for all analy-
ses was accepted at p<0.05. Data are reported as
means + SD.

Results
Immunoreactivity for NCAM, Pax7 and laminin

When the sections were examined in the dual-filter set for
both NCAM and Pax7 or the triple-filter set including
DAPI staining of nuclei, it was obvious that Pax7 was
present in nuclei, as expected, and that these nuclei in
general were related to a rim of NCAM staining. Staining
for laminin revealed that these cells were in a sublaminar
position, i.e. SCs (Fig.2). A Pax7" nucleus was never
observed inside the dystrophin labelled myofibre plasma
membrane, i.e., myonuclei were always unstained for Pax7
(Fig. 3). However, we sometimes observed dystrophin
staining surrounding a Pax7* nucleus found in SC position
(Fig. 3b—f).

There was a variation in the intensity of the staining for
both NCAM and Pax7 in the SCs from intense to lack of
detectable staining (Figs.2 and 4). Sometimes a weak
staining for laminin was noticed between a NCAM*/Pax7*
stained cell and the myofibre (Fig. Sb). Such cells were
included in the quantification as SCs, whereas occasional
NCAM*/Pax7*cells with a distinct anti-laminin reaction
around the cell separating it from the myofibre were not
assessed as SCs (Fig.5c—d). A few mono-nucleated
NCAMT/Pax7~ cells with positive laminin staining were
also observed between the myofibres (Fig. Se-f). NCAM
and Pax7 staining was also present in cell clusters within
injured myofibres (Fig. 6), the latter deduced from the pres-
ence of a basal lamina (Fig. 6b) and the lack of a plasma
membrane, i.e. no staining for dystrophin (Fig. 6¢). These

clusters represented cells involved in myofibre repair i.e.
macrophages (verified by immunolabelling for CD68, not
shown) and SC progeny in various stages of myogenic
differentiation; staining for NCAM and Pax7 differed with
more cells stained for only NCAM (Fig. 6d—e) and some
cells showed staining for desmin and developmental myo-
sin heavy chains (Eriksson et al. 2006). In other areas and
sections, staining for NCAM could also be seen at the con-
tour of muscle fibres, in structures in between muscle fibres
and in the sarcoplasm of some very small to normal sized
muscle fibres (Fig. 7).

A number of fluorescent structures often granular in
shape present close to SCs or being sublaminar were seen
in all sections and with all filters (Figs. 2-4). These struc-
tures are autofluorescent lipofuscin granules (Thornell et al.
1983).

Proportion of NCAM and Pax7 stained SCs

The majority (94-95%) of SCs was stained for both NCAM
and Pax7 in all groups. The mean proportion of SCs identi-
fied by NCAM staining only was 4.3% in the C group,
2.5% in the P group and 5.4% in the PAS group. Few SCs
showed Pax7 staining only (mean 1.4% all groups) but with
high individual variability (range 0-11.3%). The highest
frequency was seen in one biopsy from a power-lifter (P2)
(Table 1). The observed frequencies of NCAM*/Pax7*,
NCAM*/Pax7~ and NCAM~/Pax7* SC subpopulations in
the C, P and PAS groups were significantly different from
expected frequencies if occurred by chance (p = 0.0027).
The largest discrepancy between the observed and expected
frequencies was found in NCAM*/Pax7~ and NCAM™/
Pax7* SCs in the P and PAS groups (Table 2).

The number of N/F, SC frequency and nuclear domains

In Table 3 the mean fibre cross-sectional area (CSA), N/F,
the number of analysed fibres and SC data expressed as the
number of SC per fibre (SC/F) or relative to sublaminar
nuclei (SC/N) are given.

The mean number of N/F was of the same magnitude in
the P (4.2 £ 0.5) and PAS (4.0 & 0.9) groups but signifi-
cantly higher than the C group (2.7 £ 0.5) (p < 0.01). The
mean number of N/F was plotted against the mean fibre
CSA for all subjects. A significant correlation was observed
r=0.74 (p < 0.01) (Fig. 8a).

The number of SC/F was of the same magnitude in the P
and PAS groups, but differed significantly from that in the
C group (p <0.01). In other terms, the P and PAS groups
had approximately 6-7 more SCs per 100 fibres or about
50% more SCs than the C group. A positive correlation was
found between the number of SC/F and the mean fibre CSA
r=0.65 (p<0.01) (Fig.8b). There was no difference
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between the groups when the number of SCs was expressed  size of the nuclear domains differed significantly for the
as SC/N. The number of SCs per mm? was lower for the ~ PAS group (2575 4 540 um®) versus that of the P
PAS group (19.9 £ 5) compared to the P (28.4 £ 12.2) and (1727 £ 350 umz) and C (1819 £223 umz) groups
C (25.2 £ 3.7) groups but not significantly different. The  (p <0.01).
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<« Fig. 5 Necessity of labelled basal lamina for reliable detection of

NCAM and Pax7 stained SCs. Images of selected NCAM stained cells
from sections multiple labelled with anti-NCAM, anti-Pax7, anti-lam-
inin and DAPI (Rows a—f). Merged images are shown in columns 2—4.
Ist column NCAM (green), 2nd NCAM (green + red = yellow) and
Pax7 (red); 3rd DAPI staining (blue) is added; 4th staining for laminin
(white) is added and the 5th laminin (alone). a NCAM*/Pax7* SC in a
sublaminar position. b-d NCAM*/Pax7* cells with variable degrees of
laminin staining towards the myofibre: b weak staining for laminin (ar-
row) was counted as a SC. ¢ and d distinct staining for laminin (ar-
rows) were not counted as SCs. e One NCAM?/Pax7" and one
NCAM*/Pax7"~ cell. The NCAM*/Pax7* cell is a SC inside the myofi-
bre basal lamina whereas the NCAM™*/Pax7~ cell is stained by laminin
and is separated from the myofibre (arrow). The latter is not considered
to be a SC. f NCAM*/Pax7~ cell with its own basal lamina (arrows)
located in the space between myofibres close to two capillaries. Not
considered to be a SC. Capillaries (*). (a—c and e, f from PAS subjects,
d from C subject). Bar 20 pm

SC frequency identified by NCAM and Pax7 compared
to NCAM + Mayers HTX

With the present MM method we found almost half the
number of SC/F (mean difference —0.16 SC/F) compared to
the previously reported results for the samples in the P and
PAS groups (Table 4). Only one sample (P2) showed
slightly higher and more similar number of SC/F (+0.04
SC/F) with the new method. In this individual the highest
number of NCAM /PAX7* SCs was observed (11.3%).
Also when the number of SC/N was compared to previ-
ously reported data a considerable difference (p < 0.01) was

observed for the P and PAS subjects. For the C groups
comparable proportions were observed (Table 4).

Verification of the MM method in another muscle

Biopsies from the vastus lateralis muscle from four of the
PAS subjects were investigated to examine if the number of
SCs using the MM method differed from our previous
results based on staining for NCAM + Mayers HTX. Our
new method showed a fourfold difference in the number of
SC/F compared to previously reported data for the same
subjects: 0.15 =+ 0.05 vs. 0.63 £ 0.41 SC/F. The individual
new data versus the old data were: PAS1 (0.20 vs. 0.49),
PAS2 (0.18 vs. 1.17), PAS5 (0.12 vs. 0.64) and PAS6 (0.09
vs. 0.20).

From our staining results, it seems possible that NCAM
stained profiles, without the additional markers of the MM
method could easily have given rise to misinterpretations
and included in the analysis without fulfilling the criteria as
SCs (Fig. 9).

Discussion

In the present study we have described a new and robust
immunofluorescence MM method to identify and quan-
tify SCs in human muscle. The method allows the dis-
tinction of SC subtypes and is unquestionably more
accurate for the identification and quantification of SCs

Fig. 6 Injured myofibre under early repair. Muscle cross-section from
a PAS subject stained for NCAM (yellow), Pax7 (red), laminin (white)
and DAPI (blue) a Merged image of all four markers showing a cluster
of cells related to a myofibre under repair (*) and three SCs (arrows).
b Laminin staining of myofibre basal lamina and capillaries. Note pres-
ence of an intact basal lamina around the fibre under repair. ¢ Adjacent
section stained with anti-dystrophin (red) and DAPI (blue) to verify

that the muscle fibre under repair lacks an intact plasma membrane.
Bar 50 um. d and e The injured fibre shown in higher magnification to
reveal the heterogeneity in staining for NCAM and Pax7. d NCAM
(vellow) and Pax7 (red). e NCAM (yellow), Pax7 (red) and DAPI
(blue). Note that some nuclei are neither Pax7* nor NCAM*. Bar
20 pm
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Fig. 7 NCAM staining of muscle fibres. Multiple labelled cross-sec-
tion from a PAS subject. Merged images are shown. a NCAM (yellow)
and Pax7 (red), b staining for DAPI (blue) and laminin (white) is add-
ed. Staining for NCAM, apart from being present in three Pax7* SCs
(arrows) is also seen with variable degree in the cytoplasm of muscle
fibres of different size. Note the small sized myofibre (arrowhead)
which in the absence of additional staining for the basal lamina and nu-
clei might have been misinterpreted to be a SC. Bar 50 pm

than our previous methods. We demonstrate that cells in
the SC position in the human trapezius muscle form a
heterogeneous cell population. The vast majority of the
SCs (94%) were stained for both markers approximately
5% were only stained for NCAM and 1% only for Pax7.
Thus, staining for NCAM identified more SCs than
staining for Pax7. This was true for 18 of the 19 sub-
jects, whereas in one biopsy (P2) 11.3% of the SCs were
only stained with Pax7. Importantly, a more complete
description of the number and identity of SCs was
obtained with the use of both markers. We envision that
the MM method has a great potential also for further
studies on human muscle SCs and other cells in situ in
normal, experimental and pathological conditions as it
can be used for the evaluation of other markers for deter-
mination, quiescence, activation, proliferation or differ-
entiation.
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Disadvantages with anti-NCAM and anti-Pax7 as single
markers for SC quantification

Staining for NCAM has been used in a number of studies to
identify SCs and it has been regarded as a reliable marker
for SCs in human muscle (Charifi et al. 2003; Eriksson
et al. 2005; Kadi et al. 1999a, b, 2004b, 2006; Mackey et al.
2007a, b; Olsen etal. 2006; Petrella etal. 2006, 2008;
Verney et al. 2008). However, NCAM is expressed not
only in SCs but also on/in myoblasts, myotubes and muscle
fibres during development and in adults in regenerating or
newly denervated muscle fibres (Illa et al. 1992). NCAM is
also abundant along unmyelinated intramuscular nerves
and at the surface of motor nerve terminals and Schwann
cells related to neuromuscular junctions (Cashman et al.
1987; Mechtersheimer et al. 1992). Thus, it is of utmost
importance that stained SCs can be reliably separated from
other structures stained by NCAM.

It is conceivable that the synthesis and degradation of
NCAM and NCAM isoforms may vary in relation to the
degree of physical activity and other factors. This may be
reflected in variability in degree of NCAM staining. Differ-
ences in the specificity of different NCAM abs may also be
a problem. Studies in which the present antibody to NCAM
has been used report 4.3-5% SC/N for the vastus lateralis
muscle in sedentary young individuals (Mackey et al.
2007b; Olsen et al. 2006; Petrella et al. 2006), whereas in
studies using other abs to NCAM the mean proportion of
SC/N is just 2.5-2.86% (Crameri et al. 2004, 2007; Dreyer
et al. 2006).

Pax7, unlike NCAM and M-cad, is proposed to be
expressed only in SCs in mature muscle (Kuang and
Rudnicki 2008) and thus Pax7 ought to be an ideal marker
for SCs. However, the use of Pax7 as a single marker for
SCs in human muscle was not recommended by Reimann
et al. (2004), who found a discrepancy between M-cad and
Pax7 stained SCs in normal and pathological muscle biop-
sies. In their study staining for Pax7 identified about 95%
of the SCs in two normal muscles i.e., 5% were Pax7 /M-
cad*, whereas in pathological biopsies Pax7~/M-cad® SCs
ranged from 1.6% to 15.2%. In addition, the use of Pax7 as
a marker for SCs in ageing muscle warrants further caution
as a decline in Pax7 reactivity has been reported in muscle
of aged mice (Zammit 2008). Nevertheless, anti-Pax7 stain-
ing was recently used to assess the fibre type specific SC
content in the vastus lateralis muscle of young and elderly
men (Verdijk et al. 2007). As a control they compared the
staining of Pax7 with NCAM in three young and three old
subjects. More than 96% of the NCAM* SCs showed also
staining for Pax7, values in agreement with our present
study. However, their SC quantification using Pax7, lami-
nin and DAPI stained sections resulted in a considerably
lower proportion of SC/N (<3%) for the young subjects
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Table 1 The NCAM and Pax7

.. . Group Subject NCAM + Pax7 + Laminin + DAPI
staining pattern in SCs of the
trapezius muscle from sedentary Number % NCAM*/Pax7* % NCAM*/Pax7~ % NCAM ™ /Pax7*
subjects, power-lifters and of SCs of total SCs of total SCs of total SCs
power-lifters using anabolic
drugs C 1 44 95.5 4.5 0
2 36 91.7 55 2.7
3 39 100 0 0
4 73 95.9 2.7 1.4
5 92 88 8.7 33
6 97 94.8 3.1 2.1
7 139 95.0 43 0.7
8 88 92 5.7 23
Mean £+ SD 76 + 35 94.1+£3.6 43+25 1.6 +1.2
P 2 62 87.1 1.6 11.3
3 62 98.4 1.6 0
4 120 100 0 0
5 83 96.4 3.6 0
9 68 92.6 5.9 1.5
Mean + SD 79 £24 949452 25+23 2.6+49
PAS 1 36 100 0 0
2 79 91.2 8.9 0
3 161 91.3 8.7 0
5 97 95.9 4.1 0
6 29 96.3 3.5 0
7 116 92.2 6.9 0.9
Mean + SD 86 + 50 945+£3.5 54+£35 02404

Table 2 Test of independence between the observed frequencies of SC subpopulations and group characteristics

Group NCAM*/Pax7* SCs NCAM*/Pax7~ SCs NCAM /Pax7* SCs Total number
Observed frequencies

C 570 28 10 608

P 378 9 8 395

PAS 483 34 1 518

Total number 1,431 71 19 1,521
Expected frequencies

C 572.0 28.4 7.6

P 371.6 18.4 4.9

PAS 487.3 242 6.5

compared to the results reported in other studies when the
same NCAM ab has been used (Mackey et al. 2007b; Olsen
et al. 2006; Petrella et al. 2006). Variation in SC frequency
between different muscles or age groups may be explained
by different properties of individual muscles, different phys-
ical activity or by factors related to normal ageing (Thornell
et al. 2003). However, the large variation reported during
normal conditions for the same muscles and age in different
studies is more puzzling. Although such discrepancies
could reflect interindividual variations, in light of the

present results, they may also reflect the lack of a standard-
ised method to identify and count the SCs.

Comparison of the MM method and previous NCAM
results

When the proportion of SC/N for the power-lifters and con-
trol group was compared in our previous studies using only
NCAM as the SC marker, the proportion of SC/N was sig-
nificantly larger in the P and PAS groups than in the C
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Table 3 Changes in muscle fibre (CSA), the mean number of N/F and SC frequency in the trapezius muscle in response to high intensity resistance

training and supplementary intake of anabolic drugs

Group  Subject Age Mean fibre CSA (um?)?®  N/F NCAM + Pax7 + Laminin + DAPI
Number of fibres Number of SCs  SC/F SC/N
(%)
C 1 28 3,972 29 324 31 0.10 33
2 20 4,693 23 262 28 0.11 4.6
3 25 4,563 23 245 28 0.11 49
4 20 4,144 25 581 63 0.11 44
5 27 6,206 3.9 243 35 0.14 3.7
6 32 4,180 25 1,303 113 0.09 35
7 44 4,367 2.6 1,103 160 0.15 5.6
8 38 5,018 2.7 1,006 132 0.13 49
Mean + SD 293 +84 4,643 £715 27+£05 633 +439 74 +£53 0.12 £ 0.02 44408
P 2 27 4,878 3.6 254 62 0.24 6.8
3 32 8,159 4.8 333 62 0.19 3.8
4 27 5,161 4.0 997 120 0.12 3.0
5 26 8,020 3.9 420 83 0.20 5.1
9 46 8,244 4.5 236 41 0.17 39
Mean £ SD 31.6+84 6,892+ 1,715 42+£0.5% 448 £315 74 £ 30 0.18 £0.04* 45=£15
PAS 1 38 12,320 3.6 195 36 0.18 5.1
2 32 8,284 4.1 196 48 0.24 59
3 28 10,706 43 859 161 0.19 4.4
5 31 11,637 5.7 225 51 0.23 4.0
6 32 8,627 34 316 50 0.16 4.7
7 32 6,725 3.0 892 116 0.13 4.3
Mean + SD 322433 9,717 £ 2,174* 4.0+ 0.9* 447 +335 77 £ 50 0.19 £0.04* 4.7+0.7

2 Eriksson (2006)

The abbreviation (*) means significantly different (p < 0.01) from the C group

group (Kadi et al. 1999a, b). When the MM method was
used, the proportion of SC/N for the P and PAS groups was
very different from that previously reported for the same
individuals P (4.5% vs. 7.1%) and PAS (4.7% vs. 7.1%).
On the other hand, the proportion of SC/N for the C groups
was similar (4.4% vs. 4.0%). Thus, the proportion of SC/N
did not differ between the P, PAS and C groups using the
MM method. This indicates that the proportion of SC/N
was overestimated in the strength-trained subjects in our
previous studies (Kadi et al. 1999a, b). An overestimation
of NCAM identified SCs is supported by the fact that the
number of SC/F for the power-lifters with the MM method
was approximately half of the values previously calculated
on basis of the old method (Eriksson 2006). Different
results in the power-lifters but similar results in untrained
subjects indicate that the number of SC/N identified by
NCAM and Mayers-HTX staining for the power-lifters was
influenced by the exercise and/or the morphology of the
biopsies reflecting years of strength training with and with-
out stimulating substances. We know that strength training
undoubtedly will influence repair and growth of muscle
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fibres which results in a partly myopathic appearance of the
biopsies (Eriksson et al. 2005, 2006; Kadi 2000; Kadi et al.
1999a). An overestimation of SCs (as an explanation for
the different results) in the trained subjects was verified
through the analysis of biopsies from the vastus lateralis
of four of the PAS subjects where the MM-method
resulted in a four times lower figure than previously
reported (0.15 SC/F vs. 0.63 SC/F). The advantage of the
MM method in this context, except for using two SC
markers and the possibility to exclude staining for nuclei,
can be explained by the fact that staining for the basal
lamina allowed the separation of cells which were outside
the basal lamina from those inside the basal lamina (e.g.,
Fig. 9 where evident NCAM stained structures located
outside the basal lamina of muscle fibres might easily
have been counted as SCs). Thus, although our previous
studies were done with the stringency and accuracy per-
mitted by the method used at that time and with blinded
personal data, the same person doing the measurements
etc, it is obvious that the accuracy of the measurements
has been improved using our new technique.
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Fig. 8 Correlations N/F and SC/F to myofibre CSA. Positive correla-
tion between a the mean number of N/F and the mean myofibre CSA
and b the number of SC/F and mean myofibre CSA. Pearson’s correla-
tions (p < 0.01)

Implications of the MM method
Pax7 and NCAM staining patterns

We observed that the Pax7 antigen is sensitive to degrada-
tion as well as to strong fixation. For unfixed biopsies, the
sections need to be immediately used and lightly fixed to
prevent protein degradation and to preserve antigenicity of
Pax7 and other antigens as well as nuclei morphology. This
may explain why several groups have encountered difficul-
ties with staining for anti-Pax7 (Personal communication).
The observed variation in the staining intensity for Pax7
may be explained by higher or lower expression of Pax7 in
the nucleus, uneven distribution of Pax7 in the nucleus or

different proportions of the nucleus being present in the
stained section. SCs stained with NCAM but with undetect-
able staining for Pax7 were in a few cases obviously cut
close to the edge of the nucleus, which render the possibil-
ity that a small part of a nucleus is detectable by DAPI but
may not have sufficient anti-Pax7 reactivity to be noticed.
One might therefore speculate whether the only reason for
the reduced number of SCs identified by Pax7 is a conse-
quence of it being expressed in the nucleus instead of a pro-
tein expressed on the surface or in the cytoplasm of the cell.
However, NCAM*/Pax7~ SCs with a nucleus of normal
size were identified, which unequivocally confirms the
existence of a NCAM*/Pax7~ population of SCs. Neverthe-
less, the proportion of SCs that express both markers may
be somewhat larger than the observed (94%). One explana-
tion to Pax7 negative cells can be that SCs progressing into
terminal differentiation will lose Pax7 expression (Olguin
and Olwin 2004; Reimann et al. 2004; Zammit et al. 2004).
This is certainly the case in areas of muscle damage and
repair, e.g., Fig.5, where there is a large discrepancy
between cells stained for NCAM alone versus NCAM and
Pax7. Further studies are underway to explore markers for
myogenic progression such as the myogenic regulatory fac-
tors Myf5, MyoD and myogenin as well as other molecular
markers for SCs in mice (Gnocchi et al. 2009).

Importance of staining of the basal lamina

In our present study we sometimes observed a weak stain-
ing of the basal lamina in the space between the myofibre
and the SC. This might reflect that the SC is in a process of
leaving the SC niche, an interpretation supported by the
presence of some NCAM™*/Pax7* cells and small myofibres
which had an unquestionable basal lamina of their own and
which were adhering to or located close to the myofibre.
These cells most likely correspond to our observation of
some Pax7* nuclei surrounded by dystrophin staining. Sim-
ilar features of SCs leaving the niche have been presented
in ultrastructural studies of SCs (Roth et al. 2000). In the
present study, the SCs were often seen in close association
to capillaries but clearly separated from them e.g., (Figs. 2,
4 and 9). On the contrary, Zheng et al. (2007) recently
reported that human SCs (Pax7*or NCAM™) were observed
to co-express endothelial cell markers in approximately
10% of the cells. These cells were located between muscle
fibres (Zheng et al. 2007), thus their definition for a SC
differs from the classical one. The authors added in paren-
thesis “co-expressed or are located close to cells that
express endothelial antigens”. In our view, it is apparent
that an additional marker, e.g. staining for laminin, would
have been needed to verify the identity of those cells.

Our present results emphasise the importance of being
able to separate the nuclei inside the basal lamina from
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Table 4 Comparison of the SC

. Group Subject NCAM + Pax7 + Laminin + DAPI NCAM + Mayers HTX
frequency, obtained by the pres-
ent and previously used method, SC/F % SC/N SC/F? % SC/NP
in the trapezius muscle of pow-
er-lifters and power-lifters using P 2 0.24 6.8 0.20 4.6
anabolic drugs 3 0.19 3.8 0.31 6.1
4 0.12 3.0 0.29 73
5 0.20 5.1 0.36 9.5
9 0.17 39 0.39 7.9
Mean + SD 0.18 £ 0.04* 45£1.5 0.31 £0.07 7.1£1.8
PAS 1 0.18 5.1 0.41 74
2 0.24 59 0.30 6.4
3 0.19 4.4 0.28 54
2 Eriksson (2006); bKadi et al. 5 0.23 4.0 0.45 71
1 b
(1999a,b) 6 0.16 47 0.35 6.8
The abbreviation (*) means
significantly different (p < 0.05) 7 0.13 43 0.43 2.6
from previously reported data Mean + SD 0.19 £ 0.04** 4.7 £0.7* 0.37 £0.07 7.1+£14
and (**) Significantly different C((n=28) Mean + SD 0.12 £ 0.02 44408
(p <0.01) from previously Cin=6) Mean + SD 40+ 13

reported data

Fig. 9 Misinterpretation of SCs. Cross-section from vastus lateralis
muscle of a PAS subject stained with anti-NCAM, anti-Pax7, anti-lam-
inin and DAPI. Single and merged images are shown. a and al—-dl
NCAM (green). a2—d2 NCAM (green + red = yellow) and Pax7 (red).
b and a3—d3 All markers; staining for laminin (white) and DAPI (blue)
added. a4—d4 laminin staining (white). Note a number of NCAM
stained profiles (a-b). Those surrounding a nucleus stained by DAPI
are marked with (arrows) if Pax7* and with (arrowheads) if Pax7".
Two NCAM*/Pax7" cells (a-b) and two NCAM*/Pax7~ (c—d) are
shown at higher magnification. al-a4 Cell interpreted as a SC:
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NCAM*/Pax7*, with a nucleus in sublaminar position. bl-b4 NCAM*/
Pax7* cell enclosed by laminin staining and separated from the myofi-
bre. This cell is a muscle progenitor cell but not a SC by definition. c1-
¢4 NCAM*/Pax7~ cell enclosed by laminin staining and separated
from the myofibre. The cell is not a SC by definition. It may be myo-
genic but its status is unknown. d1-d4 NCAM™* structure close to a
Pax7~ nucleus, possibly an unmyelinated nerve located between the
muscle fibres. Further classification is not possible with current data.
a—b bar 50 pm and (al—d4) bar 10 pm
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nuclei outside the myofibres. We observed that the use of
DAPI in combination with a marker for the myofibre basal
lamina gave a significantly lower number of N/F compared
to our previous results (P+ PAS, p<0.01) (Eriksson
2006). Still the result of the MM method showed that the
mean number of N/F was clearly correlated to the mean
fibre CSA, in agreement with previous studies (Eriksson
et al. 2005; Kadi et al. 1999a, b; Kadi and Thornell 2000).
This supports that upon muscle hypertrophy, when the
muscle fibre cross-sectional area increases there is a need
for more myonuclei to maintain the size of nuclear domains
(Allen et al. 1999). Petrella et al. (2008) have studied three
different groups of subjects who performed 16 w of resis-
tance training. One group responded with a robust skeletal
muscle hypertrophy, one with modest hypertrophy and one
did not respond at all. The hypertrophy responder group
showed a significant increase in SC/N, SC/F and number of
myonuclei per fibre in agreement with the need of myonu-
clear addition via SC recruitment for myofibre expansion.
Our elite power-lifters are certainly responders to intensive
training for a long period. In this respect are our new results
of a similar ratio between the number of SCs and the num-
ber of myonuclei in both controls and strength-trained sub-
jects of interest. This shows that the increase in myonuclei
in hypertrophic muscles physically accustomed to heavy
load is balanced by a proportional increase in SCs.

Interestingly the mean nuclear domain in the PAS group
was significantly larger than for the P and C groups. Several
studies have speculated about a threshold for the size of a
nuclear domain (Kadi et al. 2004b; Petrella et al. 2006). Our
results support that one effect of the use of anabolic steroids
might be to enhance the function of the nuclei allowing a
more effective protein synthesis (Kadi 2008) thereby giving
rise to larger nuclear domains than what has previously been
noted in trained people (Petrella et al. 2008).

Lipofuscin granules

Autofluorescent lipofuscin pigment granules, often local-
ised close to the SC nucleus and myonuclei is a feature
which might be of inconvenience when using an immuno-
fluorescence-based method. However, in addition to their
characteristic shape and size they can always be distin-
guished from the specific fluorescence signal as they show
fluorescence irrespective of the filter type.

How should the frequency of SCs be expressed?

In the past when the only way to identify SCs was to use
electron microscopy, it was feasible to quantify SCs in rela-
tion to the number of myonuclei (Schmalbruch and
Hellhammer 1976). Quantification of SCs in relation to
number of myonuclei has prevailed even in light micros-

copy based approaches (Crameri et al. 2004, 2007; Eriksson
et al. 2005; Kadi et al. 1999a, b, 2000; Mackey et al. 2007b;
Sinha-Hikim et al. 2006). Another way to quantify SCs has
been to relate the number of SC per mm length of muscle
fibre (Sajko et al. 2004; Sinha-Hikim et al. 2003). Lately,
several papers have also used the number of SC/F as a mea-
sure (Charifi et al. 2003; Dreyer et al. 2006; Kadi et al.
2004a, 2006; Olsen et al. 2006; Petrella et al. 2006; Renault
et al. 2002a; Verdijk et al. 2007; Verney et al. 2008). Our
new results show that the number of SC/N did not differ
between the C group and power-lifter groups whereas, the
number of SC/F was significantly higher in the power-lift-
ers and positively correlated to the mean muscle fibre CSA.
In our view the number of SC/F seems to be a more rele-
vant expression for the SC frequency. It will not be influ-
enced by uncertainties in the quantification of myonuclei or
changes in the number of myonuclei due to muscle growth,
pathological processes or ageing (Sajko et al. 2004). Never-
theless, until more information clarifying the discrepancies
between different investigations is available, we recom-
mend that both variables be used.

Conclusion

With regard to the increasing complexity in cell and molec-
ular biology of SCs and other muscle progenitor cells, there
is a definite need of a method, which allows a reliable iden-
tification and quantification of SCs and subtypes in sections
of human muscle. The MM method as shown in the present
study fulfils such criteria.
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