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SVENSK SAMMANFATTNING 
 
 Satellitceller är små enkärniga celler lokaliserade mellan muskelfibrernas plasmamembran och 

basalmembran och som under många år endast gick att identifiera med elektronmikroskopisk 

metodik. Nya metoder som immunhistokemi och utveckling av specifika antikroppar mot proteiner 

kopplade till satellitcellen har gjort det möjligt att även studera satellitceller i ljusmikroskop. Detta har 

medfört en enorm kunskapsökning. Satellitceller är stamceller med förmåga att bilda muskelceller. 

Satellitcellerna är normalt i ett vilande stadium men kan stimuleras till celldelning för att ge upphov 

till nya mogna muskelceller och samtidigt behålla eller öka antalet stamceller. Satellitcellerna har 

avgörande betydelse för normal muskeltillväxt och muskeltillväxt - hypertrofi, betingad av tex 

styrketräning, vidare att bibehålla muskelmassan, och svara för reparation av skadade muskelfibrer.  

 Vid starten av avhandlingsarbetet användes antikroppar mot ett speciellt protein, NCAM (neural 

cell adhesion molecule), för att identifiera satellitceller i human skelettmuskulatur. Resultaten 

varierade avsevärt. Därför fick jag i uppgift att som avhandlingsarbete i) utveckla en säker 

ljusmikroskopisk metod för identifiering och kvantifiering av satellitceller i humana muskelbiopsier 

vid normala och sjukliga tillstånd. Att inkludera en markör för muskelfibrernas plasmamembran eller 

basalmembran för att öka möjligheten att med stor säkerhet identifiera satellitceller och 

muskelfiberkärnor. Att använda slumpmässig morfometrisk metodik vid kvantifiering. ii) att utvärdera 

om markörer, som i olika djurstudier beskrivs identifiera satellitcellers olika aktivitet och 

mognadsgrad, kan användas på motsvarande sätt för studier av satellitceller i human 

skelettmuskulatur. iii) att ytterligare utforska satellitcellers funktion och heterogenitet med avseende 

på olika molekylära markörer i human skelettmuskulatur genom att studera effekterna av tung 

styrketräning, intag av anabola substanser och olika muskelrelaterade sjukdomstillstånd. 

 

 En ny immunfluorescensmetod har utvecklats där man i samma muskelsnitt kan identifiera 

satellitceller med två markörer, muskelfibrernas basalmembran och cellkärnor. Vid utvärdering av 

olika satellitcellsmarkörer fann jag att både NCAM och Pax7, ett protein lokaliserat till 

satellitcellskärnor, identifierade majoriteten av satellitcellerna men att båda markörerna behövs för 

tillförlitlig identifiering. Vi fann att antikroppar mot viktiga muskelreglerande faktorer som MyoD och 

myogenin kunde användas med den nya metoden för att identifiera aktiverade och 

mogna/differentierade satellitceller. Vid analys av biopsier från styrkelyftare, dopade styrkelyftare och 

kontrollindivider med den nya metoden blev resultatet signifikant skiljt från tidigare erhållna resultat 

baserade enbart på färgning av NCAM och cellkärnor. Satellitcellerna uppvisade med den nya metoden 

tre olika färgningsmönster (94.4% NCAM+/PAX7+, 4.2% NCAM+/PAX7–, 1.4% NCAM–/PAX7+). 

Resultaten visar att den nya metoden är säkrare och ger samtidigt ytterligare information om 

satellitcellers heterogenitet i human skelettmuskulatur. I både styrketränade och otränade individer 

observerades ett lågt antal aktiverade (MyoD+) satellitceller och mogna (myogenin+) satellitceller. 

Ytterligare markörer som DLK1/FA1, medlem i EGF-like familjen och c-Met, receptor för hepatocyte 

growth factor (HGF) visade på större satellitcellsheterogenitet än vad man tidigare har kunnat påvisa i 

human muskulatur. 

 Nya resultat presenteras som ytterligare stöd för att uppkomsten av så kallad ”fibre splitting” vid 

muskelhypertrofi är ett resultat av tidigare reparation av muskelfiberskada. 
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ABSTRACT 
Skeletal muscle satellite cells located between the plasma membrane and the basal lamina of 

muscle fibres, could for many years, only be studied in situ by electron microscopy. The introduction of 

immunohistochemistry and the discovery of molecular markers of satellite cells then made them 

accessible for light microscopic studies and a wealth of information is today available. Satellite cells are 

myogenic stem cells that can be activated from a quiescent state to proliferate for self-renewal or 

differentiate into myogenic cells. The satellite cells are involved in muscle growth during fetal and 

postnatal development and play a key role in repair and regeneration of damaged muscle fibres. The 

satellite cells are also essential for muscle fibre hypertrophy and maintenance of muscle mass in the 

adult. When the present thesis was initiated, studies on satellite cells in human skeletal muscle relied 

on the neuronal cell adhesion molecule (NCAM) as a marker for satellite cell identification. The results 

from different studies varied markedly. Therefore the aims of the present thesis were i) to develop a 

highly reliable method using light microscopy for satellite cell identification and quantification in 

biopsies of human skeletal muscle in normal and pathological conditions. A molecular marker for the 

myofibre basal lamina or plasma membrane to enhance the reliability of myonuclei and satellite cell 

identification were to be included. Furthermore unbiased morphometric methods should be used in 

the quantification process. ii) to evaluate molecular markers which had been described for satellite cell 

and stem cell identification in different cell states (quiescence, activated or differentiated) are the most 

useful for studies on human skeletal muscle. iii) to further explore the function and heterogeneity of 

satellite cells with respect to different markers in human skeletal muscle by studying the effects of 

strength-training, intake of anabolic substances and pathological conditions. 

 

A new immunofluorescence method was developed where in the same tissue section, two 

satellite cell markers, the basal lamina and nuclei were monitored. From the evaluation of different 

markers it was found that both NCAM and Pax7 identified the majority of satellite cells but that both 

markers were needed for reliable identification. The members of the myogenic regulatory family were 

evaluated and by using the new method MyoD and myogenin were found to be useful markers to 

identify activated and differentiated satellite cells. Upon re-examination of biopsies from power-lifters, 

power-lifters using anabolic substances and untrained subjects it was observed that the new results on 

satellite cell frequency were significantly different from those obtained when using staining for NCAM 

and nuclei alone. In addition three subtypes of satellite cells (94.4% NCAM+/Pax7+, 4.2% 

NCAM+/Pax7–and 1.4% NCAM–/Pax7+) were observed. Thus the multiple marker method gave more 

information about satellite cells heterogeneity in human muscle and we propose that this method is 

more reliable than previous methods. Low numbers of MyoD or myogenin stained satellite cells were 

observed in both untrained and strength trained subjects. Other markers such as DLK1/FA1, a member 

of the EGF-like family and c-Met, the receptor for hepatocyte growth factor showed that satellite cell 

heterogeneity in human muscle is far greater than previously shown. 

Furthermore, new evidence is presented for so called fibre splitting observed in hypertrophic 

muscle fibres to be due to defect regeneration of partially damaged fibres.  
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ABBREVIATIONS 
 
ALS   Amyotrophic lateral sclerosis  
C Control  
CD  Cluster of differentiation  
c-Met  mesenchymal-epithelial transition factor 
CSA  Cross sectional area 
Cy5  Cyanine5 
DAB  3,3’Diaminobenzidine 
DAPI 4',6-diamidino-2-phenylindole 
DLK1 Delta like 1 
DMD Duchenne muscular dystrophy  
EGF Epidermal growth factor family 
FA1 Fetal antigen 1 
FITC  Fluorescein 
HGF Hepatocyte growth factor 
HTX Hematoxylin  
IGF-1 Insulin-like growth factor 1 
mab monoclonal antibody 
MM Multiple marker 
MRFs Myogenic regulatory factors 
MyHC Myosin heavy chain 
M Molar 
N/F Myonuclei+satellite cell nuclei per fibre 
NCAM  Neural cell adhesion molecule 
NSAID Non-steroid anti-inflammatory drug  
P  Power-lifter 
pab polyclonal antibody 
PBS Phosphate buffered saline  
PBST  Phosphate buffered saline + 0.05% Tween 20 
PFA  Paraformaldehyde 
PAP  Peroxidase anti-Peroxidase  
PAS  Power-lifter with reported intake of anabolic substances 
RRX Rhodamine Red X 
SC/F Satellite cell per fibre 
%SC/N  Satellite cells per total number of myonuclei+satellite cells x100 
wg Weeks of gestation  
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INTRODUCTION 
 

The human body consists of more than 600 separate skeletal muscles which 
differ in size, form and function. The muscles are highly adaptive to different 
physiological demands such as strength and endurance training or inactivity. The 
muscles also have a remarkable ability to recover after damage. The main 
components of skeletal muscles, the muscle fibres, are long cylindrical cells 
containing multiple myonuclei. The myonuclei are normally located close to the 
plasma membrane, at the periphery of the muscle fibre. It is considered that each 
myonucleus governs a defined area of the cytoplasm with information for protein 
synthesis, a so-called nuclear domain (Allen et al., 1999). Of special interest is that 
the myonuclei are post-mitotic and thus not able to divide (Bischoff, 1986). 
Therefore, additional nuclei gained during muscle growth or needed for repair must 
come from another cell source. A population of cells with crucial importance for this 
matter are the satellite cells. 

Skeletal muscle satellite cells were first identified by electron microscopy (Katz, 
1961; Mauro, 1961) as spindle shaped mononuclear cells lying between the plasma 
membrane and the basal lamina of muscle fibres (Figure 1).  

 
 
Figure 1. Schematic image of a cross-section of a muscle fibre showing a satellite cell located between 

the plasma membrane and the basal lamina and two myonuclei inside the myofibre located 

underneath the plasma membrane.   

 

No junctional complexes or electrical couplings have been observed between the 
satellite cells and the myofibre and during muscle fibre contraction, the satellite cells 
change length passively. Their cytoplasm is sparse and contains numerous caveolae at 
the cell surface, in addition to other organelles. In longitudinal sections, both 
myonuclei and satellite cell nuclei are oval in shape (Bischoff and Franzini-
Armstrong, 2004). Human satellite cell nuclei are normally shorter in length than 
myonuclei (8 µm compared to 11 µm) (Watkins and Cullen, 1986) and are rich in 
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heterochromatin, which demonstrates that satellite cells are transcriptionally less 
active/ inactive, i.e. they are in a quiescent state (Bischoff and Franzini-Armstrong, 
2004). In response to different stimuli, quiescent satellite cells are activated to 
proliferate and either differentiate into myogenic cells or return to the quiescent 
state. These processes are similar, but not identical, to embryonic myogenesis and are 
mainly regulated by the family of myogenic regulatory factors and cell cycle 
regulators. Thus, in postnatal skeletal muscle, satellite cells act as muscle reserve cells 
with the capacity for proliferation and self-renewal and are therefore essential for 
muscle growth, repair and regeneration. However, to fulfil their function as the 
source of new myonuclei for growing myofibres, to participate in myofibre repair or 
fuse to form new myofibres, the satellite cell progeny have to leave the anatomical 
niche between the plasma membrane and the basal lamina (Collins et al., 2005; 
Kuang et al., 2008). 

Skeletal muscle fibres differ in their properties and can be classified into fast 
and slow phenotypes. In rodents, it has been suggested that there are different types 
of satellite cells associated with fast and slow muscle fibres (Kalhovde et al., 2005). 
However, although the satellite cells are located in close apposition to the muscle 
fibres, there is no evidence for the existence of different types of satellite cells being 
associated with different fibre types or to have any other linage commitment, in 
human muscle (Bonavaud et al., 2001).   

During many years, satellite cells could only be identified at the ultrastructural 
level using electron microscopy. With the advance of immunohistochemistry and the 
development of specific antibodies, satellite cell identification with light microscopy 
became possible. The first molecular marker for human satellite cells was identified 
in 1989 when antibodies to the lymphocyte antigen Leu19 (Schubert et al., 1989) was 
shown to identify satellite cells as well as myotubes, myotube projections and 
periodically organized myofibrillar structures in areas of muscle fibre repair. This cell 
surface glycoprotein was primarily identified on a subset of human peripheral 
lymphocytes (Griffin et al., 1983). Subsequent studies showed that both the Leu19 
antigen and CD56 are the 140-kDa isoform of the neural cell adhesion molecule, 
(NCAM) (Lanier et al., 1989; Mechtersheimer et al., 1992), and that antibodies to 
Leu19/CD56/NCAM give the same staining patterns (Illa et al., 1992). Monoclonal 
antibodies against NCAM were then used in a number of immunohistochemical 
studies on human satellite cells. (Kadi et al., 1999a; Kadi et al., 1999b; Kadi and 
Thornell, 2000; Maier and Bornemann, 1999). A polyclonal antibody against the 
muscle specific calcium dependent cell adhesion molecule M-Cadherin has been used 
as a molecular marker for satellite cells in rodents (Irintchev et al., 1994). Staining for 
M-Cadherin was shown to be enhanced at the interface between the satellite cell and 
the myofibre. A comparison of the staining pattern for M-Cadherin and NCAM in 
normal and denervated mice muscles showed that less than 12% of the satellite cells 
in normal muscle were stained by NCAM whereas in denervated muscles co-staining 
for both markers was seen in nearly all satellite cells (Irintchev et al., 1994). Other 
markers shown to be expressed by the majority of quiescent satellite cells from mice 
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were the winged helix transcription factor myocyte nuclear factor (MNF/ 
FoxK1)(Garry et al., 1997), the endothelial and hematopoietic stem cell marker 
sialomucin CD34 (Beauchamp et al., 2000), Myf5, a member of the myogenic 
regulatory factor family (Beauchamp et al., 2000) and the hepatocyte growth factor 
receptor (HGF) c-Met (Cornelison and Wold, 1997). 

The work of this thesis was initiated at a time when the list of markers proposed 
to identify satellite cells and stem cells in animal studies or cell cultures was growing 
exponentially and hardly any knowledge was available on their occurrence in human 
muscle.  
 
 
BACKGROUND TO THIS THESIS 
 

The work of this thesis was initiated within the consortium “Ageing muscle”, 
supported by the European Community (QLRT-1999-02034). One primary aim for 
our research group was to develop a reliable method for satellite cell identification 
and quantification in human muscle using light microscopy.  

At that time, our group used staining for NCAM as the satellite cell marker, 
visualised by the peroxidase anti-peroxidase (PAP) 3,3’diaminobenzidine (DAB) 
technique. Nuclei were stained by Mayers-hematoxylin (HTX). This method was 
primarily developed and used in different studies on satellite cells in biopsies from 
normal and exercised human trapezius muscles (Kadi et al., 1999a; Kadi et al., 1999b; 
Kadi and Thornell, 2000). With this method, satellite cells were identified on muscle 
cross sections (5 µm thick) as a brown rim around a blue nucleus located at the 
periphery of muscle fibres. The number of satellite cells and the total number of 
myonuclei were counted in the same muscle fibres to estimate the proportion of 
satellite cells per total number of myonuclei+satellite cells x100 (%SC/N). Within the 
consortium this method was questioned with respect to the use of NCAM as an 
adequate satellite cell marker, the influence of section thickness and the sampling 
procedure.  
The following aspects were thoroughly discussed: 
a) Markers for satellite cells: NCAM, M-Cadherin, c-Met, Myf5, MyoD or CD34. 
Current knowledge at that time indicated heterogeneity in the staining for different 
markers and it was not known which marker to use for satellite cell identification in 
human muscles. 
b) Visualisation method: Could the use of immunohistochemistry and conventional 
light microscopy, fluorescence microscopy or confocal microscopy improve the 
identification of satellite cells and replace electron microscopy? 
c) Sampling procedures. The areas to be assessed should be randomly selected to 
guarantee unbiased sampling and counting. Counting of fibres or nuclei (i.e. satellite 
cell nuclei and myonuclei) with different sizes could be achieved by the use of 
counting frames for two or three-dimensional measurements (Gundersen, 1986; 
Gundersen et al., 1988). 
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d) Sample size: The possibility that satellite cells might not be evenly distributed 
among different fibre types or along the length of the muscle fibre should be taken in 
account. Therefore, to gain reliable data it was important that the size of the sample 
was large enough. However, the exact size of the sample needed was not known.  
e) How to express satellite cell measurements? To be able to compare the results 
from different studies it is important that the same parameter to express the satellite 
cell frequency is used. In electron microscopy studies, the satellite cell frequency was 
expressed as a proportion of satellite cell nuclei in relation to all nuclei inside the 
basal lamina of muscle fibres (%SC/N) (Roth et al., 2000; Roth et al., 2001; 
Schmalbruch and Hellhammer, 1976). However, it was not clear whether %SC/N was 
the best way to describe and compare the satellite cell content irrespective of age, 
different muscles, etc. 

These fundamental issues led us in a quest to gather more information on 
satellite cell biology and were the basis for the present thesis. 
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AIMS 
 
The aims of the present thesis were  
1.  To develop a new immunohistochemical method with high reliability for 

satellite cell identification and quantification in biopsies of human skeletal 
muscle considering in particular the following questions: 

 
   a. Which molecular markers are useful for satellite cell identification with 

immunohistochemistry in human muscle? 
 
   b. Does inclusion of a molecular marker for the basal lamina enhance the 

reliability of satellite cell identification? 
 
  c. How should the frequency of satellite cells be expressed? 
 
2.  To evaluate which molecular markers are useful to distinguish satellite cells 

and myogenic cells in different states (quiescence, activated or differentiated) 
in human muscle. In particular: 

 
  a. Can the new method be modified for this purpose? 
 
   b. Can the basic helix-loop-helix myogenic regulatory factors be used? 
 
   c. How reliable are DLK1/FA1 and c-Met as markers for satellite cells and 

myogenic stem cells? 
 
3.      To further explore the function of satellite cells in human skeletal muscle by 

studying fetal and postnatal development, effects of exercise and pathological 
conditions. 
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MATERIALS AND METHODS 
 
In addition to the material presented in detail in papers II-IV, samples from the 
following muscles (Table 1) were also used for the experiments described here: 
 
Table 1. Muscle samples 
 
Muscles Number of 

subjects 
Age Sex Diagnosis and comments 

Vastus lateralis 
 

1 17 M Normal control, biopsy 

Vastus lateralis 
 

1 73 M Normal control, biopsy 

Vastus lateralis 7 Young adults M Reported intake of anabolic 
substances, biopsies 

Masseter 
 

5 3, 4, 4.5, 6 and 7 M+F Normal control, autopsies 

Biceps brachii 
 

5 3, 4, 4.5, 6 and 7 M+F Normal control, autopsies 

Biceps brachii 
 

10 20-28 M Normal control, biopsies 

Soleus 2 21 and 25 M Post eccentric exercise, 
biopsies 

Gastrocnemius 
 

1 62 M ALS, autopsy 

Vastus lateralis  
 

2 4 and 6 M DMD, biopsies 

Biceps brachii 1 82  M Normal autopsy 

Biceps brachii 1 3 months F Normal autopsy 

Biceps brachii 1 0 day F Normal control, autopsy 

Limb  
 

3 12, 18 and 22 wg  Fetal muscles 

 
Tissue Processing 
 

All muscle samples were mounted in embedding medium (Tissue-Tek OCT; 
Miles, Elkart, IN), and quickly frozen in propane chilled with liquid nitrogen. Muscle 
samples were stored at -80°C until use. 
 

A detailed description of the methods used is provided in papers II-IV and 
changes introduced for the development of the immunohistochemical method are 
described in the following sections. 
The labelling protocol for the multiple marker method (MM)-method presented in 
paper II, can be shorten as presented in Figure 2. For successful labelling of anti-
MyoD the MM-labelling protocol was modified as presented in Figure 3.  
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A list of primary antibodies used and evaluated for the purpose of satellite cell 
identification and function is provided in Table 2. Bold text denotes the most 
important antibodies used in the work presented in this thesis.  
 
Figure 2. Short MM-labelling protocol used for anti-NCAM and anti-Pax7 
 
Day1  

 
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 (o.o1 M) PBST 3x5 min 

 
•Non-immune donkey serum (1:20) 15 min 

 
•1st primary mab CD56 (5 µg/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 (1:50-1:100), at +37 °C 30 min 

 
•Wash in PBST 3x5 min 

 
•Non-immune donkey serum (1:20) 15 min 

 
•2nd primary mab Pax7 (1-3 µg/ml) and  
 3rd primary pab PC128 (0.7-1 µg/ml) at +37 °C 60 min 

 
•Wash in PBST 3x5 min 

 
•Non-immune donkey serum (1:20) 15 min 

 
•Donkey anti-mouse-RRX (1:500-1:1000) and 
 Donkey anti-sheep-Cy5 (1:50-1:100), at +37 °C 

 
30 min 
 

•Wash in PBST 3x5 min 
 

•Wash in PBS  
 

Mount in Vectashield containing DAPI   
  
The secondary antibody dilutions used are underlined 
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Figure 3. MM-labelling protocol used for anti-MyoD and anti-NCAM. 
 
Day1  

 
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 (0.01 M) PBST 3x5 min 
 

•Non-immune donkey serum (1:20) 15 min 
 

•1st primary mab CD56 (10 µg/ml,), at +37 °C 30 min 
 

•Wash in PBST 3x5 min 
 

•Non-immune donkey serum (1:20) 15 min 
 

•Donkey anti-mouse-FITC (1:50-1:100), at +37 °C 30 min 
 

•Wash in PBST 3x5 min 
 

•Non-immune donkey serum (1:20) 
 

15 min 
 

•2nd primary mab MyoD (45 µg/ml) and  
 3rd primary pab PC128 (0.7-1 µg/ml,), at +4 °C 
 
Day2  
 

over night 
 
 

•Wash in PBST 3x5 min 
 

•Non-immune donkey serum (1:20) 15 min 
 

•Donkey anti-mouse-RRX (1:500-1:1000) and  
 Donkey anti-sheep-Cy5 (1:50-1:100), at +37 °C 30 min 

 
•Wash in PBST 3x5 min 

 
•Wash in PBS  

 
Mount in Vectashield containing DAPI   

 
 
The secondary antibody dilutions used are underlined. 
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Table 2. Primary antibodies used for immunohistochemistry 
 
Antigen Antibody Code Source 

Pax7 PAX7 Developmental Studies Hybridoma Bank, USA 
Pax3 PAX3 Developmental Studies Hybridoma Bank, USA 
Myf5 C-20: sc 302 Santa Cruz Biotechnology, Santa Cruz,CA 
MyoD1 NCL-MyoD1 Novocastra Laboratories Ltd., UK 
MyoD1 M3512 Dako, Glostrup, Denmark 
Myogenin F5D Developmental Studies Hybridoma Bank, USA 
MRF4/Myf6 C-19: sc 301 Santa Cruz Biotechnology, Santa Cruz, CA 
KI-67 NCL-KI67 Novocastra Laboratories Ltd., UK 
Leu19 antigen 
/CD56/NCAM 

347740 BD Biosciences, Europe 

M-Cadherin  Provided by Prof A Wernig 
M-Cadherin N-19: sc6470 Santa Cruz Biotechnology, Santa Cruz, CA 
M-Cadherin Ab24915 Abcam, Cambridge, UK 
β-catenin GTX 22982 GENE TEX, Inc 
CD34 M7080 Dako, Glostrup, Denmark 
CD34 NCL-END Novocastra Laboratories Ltd., UK 
SCA-1 557403 BD Biosciences, Europe 
Syndecan 3  Provided by Profs D D Cornelison, B B Olwin 
Syndecan 4  Provided by Profs D Cornelison, B B Olwin 
Syndecan 4 553550 BD Biosciences,  
c-Met NCL-cMET Novocastra Laboratories Ltd., UK 
DLK1/FA1  Provided by Profs C H Jensen, Prof B Teisner 
FA1  Provided by Profs C H Jensen, Prof B Teisner 
DLK1 Ab21682 Abcam, Cambridge, UK 
Notch1 6TAN20 Developmental Studies Hybridoma Bank, USA 
Numb Ab4147  

Ab14140 
Abcam, Cambridge, UK 

Myostatin Ab3239 Chemicon, Temecula, LA 
NG2 AB5320 Chemicon, Temecula, LA 
PDGFβ 28E1 Cell Signaling Thechnology Inc 
Laminin PC128 The Binding Site Ltd, UK 
Laminin  
α2-chain 

NCL-Merosin Novocastra Laboratories Ltd, UK 

Laminin  
α5-chain 

4C7 Provided by Prof I Virtanen 

Caveolin1 Ab 2910 Abcam, Cambridge, UK 
Caveolin3 610420 BD Biosciences, Europe 
Dystrophin  
c-terminus 

NCL-Dys2 Novocastra Laboratories Ltd., UK 

Dystrophin GTX15277 GeneTex, Inc 
nNOS-1 Ab5380 Chemicon, Temecula, LA 
Vimentin# M0725 Dako, Glostrup, Denmark 
Nestin MAB1259 R&D Systems, Inc 
Desmin M0760 Dako, Glostrup, Denmark 
MyHC-
embryonic 

F1652 Developmental Studies Hybridoma Bank, USA 

MyHC-
neonatal/fetal 

NCL-MHCn Novocastra Laboratories Ltd., UK 

Fibronectin A.0245 Dako, Glostrup, Denmark 
Tenascin C 4A10 Provided by Prof D Gullberg 
CD68 M0814 Dako, Glostrup, Denmark 
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METHOD DEVELOPMENT 
 
Choice of immunohistochemical technique 
 

Using the PAP-Mayers HTX method, we experienced that it was sometimes 
difficult to clearly identify the brown staining for NCAM close to the blue nuclei 
weakly stained by Mayers HTX. It was also difficult to reliably distinguish which 
nuclei were true myonuclei and which were outside the myofibres, belonging 
therefore to other cells. In contrast to enzyme-substrate techniques such as the PAP-
DAB method, immunofluorescence allows more than one marker to be analysed both 
simultaneously and separately in the same tissue section. Therefore, a double 
immunofluorescence staining was developed to allow 1) separate visualisation of 
staining for satellite cells by NCAM and nuclei by 4',6-diamidino-2-phenylindole 
(DAPI) and 2) simultaneous labelling for the basal lamina by anti-laminin, to clarify 
what was located inside or outside the myofibres (Paper I, Fig 3). The frozen sections 
were post-fixed in acetone or methanol prior to antibody labelling, for preservation of 
nuclei. 

The satellite cell frequency, assessed by NCAM on serial (5 µm thick) cross 
sections from the vastus lateralis muscle from one young and one old subject, was 
compared using either the PAP-Mayers HTX method or double immunofluorescence 
combining anti-NCAM, anti-laminin and DAPI. The number of fibres analysed on 3 
or 4 randomly selected image areas per section ranged between 94-323. In the young 
subject, equal proportions of SC/N (3.2% vs 3.2%) were obtained with both methods 
whereas for the elderly subject the proportion of SC/N was higher using the 
immunofluorescence method (2.4% vs 4%). The mean number of myonuclei per fibre 
in both the young and elderly subject was higher using the PAP-Mayers HTX method 
(young 2.27 vs 1.98 and elderly 2.98 vs 2.24).  

Thus, the results seemed to be dependent on the method used. Because 
immunofluorescence allowed the analysis of the staining for NCAM both separately 
and together with the staining for nuclei and the basal lamina and because equal or 
higher proportions of SC/N were identified with this approach, we adopted this 
technique for satellite cell detection. 
 
 
Methods for quantification 
 

We used different sampling procedures depending on the size of the muscle 
cross-section.  
For larger muscle sections (samples obtained from autopsy), digital images were 
captured over the whole section at regular intervals using the 40x objective for small 
fibres or 20x objective. A number of these images were chosen by lottery for 
assessment of myonuclei + satellite cell nuclei per fibre (N/F) (4 images) or satellite 
cells and fibres (12-16 images) (children, Paper I)  
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For smaller samples such as muscle biopsies, 1) an overview of the cross-section 
was divided into different areas and one digital image (20x objective) was captured 
within each of three to four areas chosen by lottery (m. vastus lateralis, young and 
aged adults) (Figure 4a) or 2) digital images (20x objective) were captured with a 
small overlap over the whole cross section (Figure 4b). All images were used to assess 
the number of fibres and satellite cells using either each image separately or an image 
montage of the whole section. 

A number of these images were selected by lottery to estimate the mean number 
of N/F (>75 or >100 fibres, Paper II). The assessment of myonuclei for determination 
of the number of satellite cells per nuclei SC/N is very time consuming. Therefore, a 
mean number of N/F was used for the calculation of the numbers of SC/N. Mackey et 
al 2009, recently suggested that 25 type I and 25 type II fibres were sufficient for a 
reliable estimate of the mean number of N/F for the vastus lateralis muscle but that 
the analysis of satellite cells was improved by increased numbers of analysed fibres. 
This is in line with our judgement using the whole section for the assessment of 
satellite cells and fibres (Paper II). However, the number of fibres needed for a proper 
measurement may vary depending on different muscles, the variability of the muscle 
fibre size related to physical aspects or age of the analysed subjects. Therefore, the 
number of myofibre profiles analysed have to be considered for each study. 

For the analysis of single image areas, a counting frame was used to provide 
unbiased two-dimensional quantification of fibres with different cross-sectional areas 
(Gundersen et al., 1988) (Paper I-II) (Figure 4c)  

Analysis and counting were done using digital images or colour image print outs 
and Adobe Photoshop CS2 software. If needed, the muscle section was re-analysed 
under the microscope. 

Muscle fibres with incomplete staining of the basal lamina were not included in 
the analysis. The number of cross-sectioned myofibres and the number of satellite 
cells within these fibres were counted and used to determine the mean number of 
satellite cell per fibre (SC/F). The mean number of N/F was used to estimate the 
mean proportion of satellite cells per total number of sublaminar nuclei, i.e. 
myonuclei+satellite cells (%SC/N). (SC / ((N/F) x F) + SC) x100  
 
SC criteria: A cell identified by the satellite cell marker and containing a visible 
nucleus lying inside the basal lamina (or at the periphery using PAP-Mayers HTX) of 
the muscle fibre was assessed as a satellite cell. 
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Figure 4. Different sampling procedures and the method for quantification of two-dimensional 

structures are illustrated. a) One image area (20x or 40x objective) is captured within three to four of 

the numbered areas chosen by lottery. b) Images are captured over the whole section and used 

separately or for a montage of the whole section to increase the numbers of fibres in the analysis. c) 

Single image areas were analysed using a counting frame for unbiased counting of fibres with different 

sizes. All myofibre profiles that cross the left and lower side of the image are not included in the 

analysis (dots) whereas all myofibre profiles that are inside and cross the upper and right lines are 

included in the analyses (no dots). Images show staining for the basal lamina labelled with anti -

laminin. 
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Evaluation of potential human satellite cell markers 
 
Comparison of anti-NCAM and anti-M-Cadherin 
 

First I compared staining for anti-NCAM with that of a polyclonal antibody 
against M-Cadherin provided by Prof A Wernig, Bonn. This M-Cadherin ab had 
previously been used and compared with staining for NCAM in normal and 
denervated rat muscles and considered to be a more reliable marker for quiescent 
satellite cells than NCAM (Irintchev et al., 1994). We evaluated staining for NCAM 
and M-Cadherin as markers for human satellite cells on muscle cross sections from 
biopsies taken from the vastus lateralis muscle or the soleus muscle of young adult 
subjects and from boys with Duchenne muscular dystrophy (DMD). Staining for M-
Cadherin on sections double labelled by anti-laminin α2 chain and DAPI showed that 

staining for M-Cadherin was seen as a fine delineation of the contact area between 
the satellite cell and the myofibre. Double staining for both NCAM and M-Cadherin 
in healthy adult subjects showed that co-staining for both markers occurred in almost 
all of the satellite cells. The M-Cadherin antibody also stained around nuclei/cell 
clusters, not stained by NCAM, in some regenerating myofibres. In muscles from 
DMD patients the staining was extended to the plasma membrane.  

The staining for M-Cadherin was weaker than the staining for NCAM and 
therefore satellite cells were more difficult to identify with M-Cadherin. Furthermore, 
the M-Cadherin antibody was not commercially available which was a hinder if we 
intended the method to be widely used and to allow data comparison between 
different studies.  

Thus, we considered NCAM to be the best marker, so far, for satellite cell 
identification in human skeletal muscle and we continued to use NCAM as a reference 
marker for satellite cells in our continuing studies. 
 
 
Comparison of anti-NCAM and anti-Pax7 
 

A new molecular marker for satellite cells was introduced by Seale et al (2000). 
Using in situ hybridization, Seale and co-workers showed that the paired box 
transcription factor 7 (Pax7) was specifically expressed in satellite cells from adult 
mice skeletal muscle (Seale et al., 2000). Analyses on muscles from Pax7 -/- mice 
revealed unaffected muscle formation but reduced number of satellite cells at birth. 
Impaired post-natal muscle growth together with a decline in the number of satellite 
cells after birth indicated a role for Pax7 in self-renewal and maintenance of the 
satellite cell pool (Oustanina et al., 2004). Thus, Pax7 seemed to be a very promising 
satellite cell marker and was therefore evaluated for human satellite cell detection. 

Initially, it was difficult to get a consistent labelling for Pax7. However, in 
addition to post-fixation of the sections using 2% paraformaldehyde (PFA) for 
preservation of nuclei and antigens, we found that successful labelling required newly 
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cut sections. Immunofluorescence staining for Pax7, laminin and DAPI resulted in 
some Pax7 stained nuclei in the satellite cell position inside the basal lamina of 
myofibres suggesting specificity for satellite cells (Figure 5).  

 

 
 
Figure 5 Muscle cross section stained by anti-Pax7 (green), anti-laminin (red) and DAPI (blue). 

a) A Pax7+ nucleus (arrow) seen inside the myofibre basal lamina stained by laminin. 

b) Merged image of all markers clearly shows that staining for Pax7 is seen in one of the nuclei stained 

by DAPI. Bar 20 µm. 

 

To further explore Pax7 as a marker for human satellite cells, I next compared 
the satellite cell frequency identified by NCAM or Pax7 on sections (5 µm thick) from 
the biceps brachii and the masseter muscle from five young subjects, age 3-7 years. 
Serial cross sections were stained for either NCAM or Pax7 (Alexa 488, green) 
together with staining for the basal lamina labelled by anti-laminin (Texas Red, red) 
and nuclei visualised by DAPI (blue). The staining for both NCAM and Pax7 was 
sometimes weak and difficult to evaluate. Inconclusive results with variability 
between the markers and the biceps and masseter muscle of the same individuals led 
to repeated analyses on three different sections. Having all sections cut and stained 
the same day, to overcome possible uncertainties due to antibody dilutions, quality of 
the primary and secondary antibodies etc, it become clear that the variability in the 
results was not due to the staining procedure. Instead, the sample size gained by four 
image areas per section was too small. Although the numbers of fibres analysed were 
large, the numbers of SC/N were not comparable with those of adults. Therefore, to 
increase the number of fibres analysed for each individual the results obtained from 
the different sections stained by the same marker were pooled (Table 3). 

Interestingly, in the masseter muscle the mean satellite cell frequency (SC/N 
and SC/F) assessed by NCAM was significantly lower compared to that assessed by 
Pax7 whereas no difference was observed for the biceps muscle. The mean number of 
Pax7+ SC/F was similar for both muscles while the mean proportion of Pax7+ SC/N 
was lower in the biceps muscle due to more N/F. Thus, it mattered how the satellite 
cell frequency was expressed. The difference in the satellite cell frequency obtained 



 23 

with the different markers in the masseter muscle but not in the biceps muscle 
indicated different staining patterns for NCAM in the different muscles, i.e. that all 
Pax7+ satellite cells in the masseter muscle were not detectable by staining for 
NCAM. In contrast, when biopsies from the vastus lateralis muscle from seven young 
adults (with reported intake of anabolic substances) were stained for NCAM or Pax7, 
NCAM labelled more satellite cells than Pax7 (0.10NCAM SC/F and 0.07Pax7 SC /F, 
p=0.097). Thus the satellite cells might be unequally distributed or heterogeneous in 
different muscles. Nevertheless, since the mean proportion of SC/N obtained for the 
young children (5-6% SC/N) as well as for the young adults (3-4% SC/N) were 
comparable to the satellite cell frequency previously described in human muscles at 
different ages (4% ± 2% SC/N) using electron microscopy (Schmalbruch and 
Hellhammer, 1976) it was concluded that each marker identified the majority of the 
satellite cells. 

In summary, labelling for NCAM or Pax7 produced different results for the same 
muscle and between different muscles indicating heterogeneity within the satellite 
cell population. Therefore, we concluded that double staining for both NCAM and 
Pax7 is indispensable for the understanding of the different staining patterns of 
NCAM and Pax7. 
 
Other markers  
 

A number of additional molecular markers (Table 2) reported to identify 
satellite cells in rodent muscle including, CD34 (Beauchamp et al., 2000), c-Met 
(Cornelison and Wold, 1997), MyoD (Cornelison and Wold, 1997; Miller et al., 2000), 
Myf5 (Beauchamp et al., 2000; Cornelison and Wold, 1997) were evaluated in human 
muscle. However, CD34 did not stain satellite cells and c-Met and MyoD did not 
identify satellite cells in comparable numbers to those of NCAM and M-Cadherin in 
human muscle specimens. Triple staining for nuclei, the plasma membrane and the 
basal laminia, for the purpose of identifying satellite cell nuclei in their niche, was not 
found to be a useful method compared to the labelling with specific satellite cell 
markers. The satellite cells were very difficult to identify and therefore the method 
was both time consuming and not reliable for satellite cell identification and 
quantification. 

As none of the other markers tested at that time was judged to be better for 
satellite cell identification than NCAM and Pax7, I therefore proceeded to further 
evaluate these two markers. 
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Double staining for anti-NCAM and anti-Pax7 
 

Our evaluation of satellite cell markers was often hampered by the fact that 
satellite cells located on different sections were compared. Ideally all markers should 
be used on the same section. However, the satellite cell markers were mainly 
monoclonal antibodies and therefore, according to common practice, could not be 
labelled on the same tissue section. Nevertheless, I could use two markers produced 
in the same species, provided that the epitopes they recognise had different 
histological locations i.e. NCAM was found on the satellite cell membrane and Pax7 in 
the satellite cell nuclei. Separate cycles of labelling were used: the sections were first 
labelled by anti-NCAM followed by the first anti-mouse secondary antibody (Alexa 
488, green) and subsequently anti-Pax7 was applied, followed by the second anti-
mouse secondary antibody (Texas Red, red). Nuclei were stained by DAPI (blue). In 
the microscope, using single and double filters for these fluorochromes, the staining 
for NCAM could be analysed separately in the green filter while in the red filter both 
staining for Pax7 and NCAM were visualised. However, in the double filter for both 
green and red fluorescence most satellite cells were easy to identify by their red nuclei 
stained by anti-Pax7 and their membrane staining by anti-NCAM in yellow 
(green+red). Nuclei stained by DAPI were analysed in the triple filter used for 
visualisation of all fluorochromes. Different muscles and biopsies from both normal 
and pathological conditions were analysed. Double staining for both NCAM and Pax7 
clearly showed that both markers stained the majority of all identified cells in the 
satellite cell position. Variability in the staining intensity for both markers was 
observed. Some cells at the periphery of the muscle fibres were clearly stained by 
NCAM but not by Pax7. In the masseter muscle from young children the staining for 
NCAM was often weak and difficult to observe without the simultaneous visualisation 
of Pax7 and explains our results with lower numbers of satellite cells identified by 
NCAM compared to Pax7. Possible satellite cells with three different labelling results 
were observed: NCAM+/Pax7+, NCAM+/Pax7– and NCAM–/Pax7+ cells (Figure 6). 

Similar results were reported by Reimann et al 2004 who compared the staining 
for Pax7 with that of M-Cadherin on double labelled sections from biopsy samples of 
normal and pathological human skeletal limb muscles. They found that 5% of the M-
Cadherin+ satellite cells in two normal subjects (m. vastus lateralis and m. biceps 
brachii) were not stained by Pax7 whereas in pathological biopsies the proportion of 
satellite cells not stained by Pax7 ranged from 1.6% to 15.2%. In addition to Pax7 
negative satellite cells, staining for anti-Pax7 was reported to be present in some 
myonuclei within regenerating myofibres (Reimann et al., 2004). Therefore, the use 
of anti-Pax7 alone as a marker for satellite cells was not recommended by these 
authors. 
Thus, it was likely that neither NCAM nor Pax7 alone could identify all satellite cells 
in human muscles. Because the particular location of satellite cells, between the basal 
lamina and the plasma membrane, is a fundamental criterion to correctly identify 
these cells and because nuclei could not be reliably assessed as myonuclei without 
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staining for the muscle fibre cell border, we decided that an additional marker for the 
basal lamina with a separate fluorochrome was needed. 
 

 

 
 
Figure 6. Muscle section from the masseter sample of a 4 year-old subject stained for anti-NCAM 

(green/yellow), anti-Pax7 (red) and DAPI (blue). Two sets of single and merged images are shown a-c 

and d-f. Note the presence of presumed satellite cells identified by Pax7 but not by NCAM 

(arrowheads), one identified by NCAM and not by Pax7 (arrow) and two cells stained by both markers. 

Bars 10 µm.   

 
 
Addition of a marker for the basal lamina 
 

Several abs against proteins in the basal lamina were available. The one chosen 
for the visualisation of the basal lamina of the myofibres and capillaries was a 
polyclonal antibody produced in sheep against human laminin. This ab had the 
advantage of being easily combined with the majority of satellite cell markers as the 
latter were in general produced in other species than sheep. To avoid unspecific cross 
reactivity I used secondary antibodies especially developed for multiple labelling 
coupled with fluorochromes of three separate emission spectra: fluorescein (FITC), 
Rhodamine Red X (RRX) and cyanine 5 (Cy5). DAPI was used for visualisation of 
nuclei. Since satellite cells are either identified by markers restricted to the satellite 
cell surface/cell membrane, cytoplasm or the satellite cell nuclei, other additional 
monoclonal markers could be evaluated using either anti-NCAM or anti-Pax7 as the 
satellite cells reference. As previously, the membrane satellite cell marker was 
labelled with the first primary antibody to allow single analysis of this staining and 
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FITC (green) was used first if two monoclonal antibodies were applied. The order of 
the fluorochromes i.e. using FITC (green) for visualisation of the satellite cell 
membrane before RRX (red) for visualisation of the satellite cell nucleus resulted in a 
better colour combination (yellow membrane and red nucleus instead of yellow 
membrane and green nucleus). Cy5-labelling can not be perceived by the human eye 
and therefore its analysis is restricted to digitally captured images. Cy5 was therefore 
used for identification of the basal lamina (Figure 7).  
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Figure 7. Single and merged images from a muscle cross-section stained for anti-NCAM, anti-Pax7, 

anti-laminin and DAPI. In the microscope a) staining for NCAM can be visualised separately using the 

filter for green fluorescence /FITC, one satellite cell is seen (arrow). b) Staining for Pax7 is visualised 

together with NCAM in the filter for red fluorescence/RRX. c) In the double filter for FITC and RRX 

satellite cells are visualised by NCAM (yellow) and Pax7 (red). d) Staining for the nuclei by DAPI is 

analysed using the triple filter for FITC, RRX and DAPI. The satellite cell position inside the basal 

lamina stained by laminin is analysed on a merged image of all markers and a separate image of the 

laminin staining. Bar 20 µm. 

 

Neither NCAM nor any other known cell surface/cell membrane satellite cell 
marker are specifically expressed by satellite cells. Therefore, to reliably separate 
satellite cells from other cells also identified by these markers, staining for the basal 
lamina is the best choice since myonuclei, to the best of our knowledge do not express 
these markers. Staining for the plasma membrane on an adjacent cross-section gives 
the information needed to distinguish satellite cells from muscle progenitor cells in 
newly injured muscle fibres. However, if molecular markers expressed in the satellite 
cell nuclei are used and also are expressed by myonuclei, the additional staining for 
NCAM using the MM-method will help to separate satellite cells from labelled 
myonuclei.  

Primarily, all labelling cycles were performed in consecutive order, but the 
staining protocol was subsequently shortened by simultaneous labelling of the second 
and third primary antibodies and of their fluorochromes, giving better preservation of 
the section and saving time (Figure 3). However, single labelling is recommended for 
tests of new markers before using the multiple labelling protocol.  
The combined immunolabelling method using two satellite cell markers, staining for 
the basal lamina and nuclei was presented in paper II and is referred to as the 
multiple marker (MM)- method. 
 
 
Evaluation of NCAM and Pax7 for satellite cell identification using the 
MM-method  
 

In cross-sections from different muscles and subjects, including normal and 
pathological conditions, the majority of satellite cells were stained by NCAM and 
Pax7. However, some variability in the intensity of the staining for both markers was 
present. Three subpopulations of satellite cells were confirmed based on their 
staining for NCAM and Pax7, NCAM+/Pax7+, NCAM+/Pax7– and NCAM–/Pax7+ 
satellite cells. In the trapezius muscle from power-lifters (P), power-lifters with 
reported use of anabolic substances (PAS) and sedentary men (C), 94.4 ± 3.8% (range 
100–87%) of the satellite cells were NCAM+/Pax7+, 4.2 ± 2.9% (range 8.9–0%) 
NCAM+/PAX7– and 1.4 ± 2.6% (range 11.3–0%) NCAM–/Pax7+ (Paper II, Table 1). In 
the biceps muscle, from ten young adults, 92.3 ± 4% (range 98.3-86.1%) of the 
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satellite cells were NCAM+/Pax7+, 7.5 ± 4% (range 13.9-1.7%) were NCAM+/PAX7– 
whereas less than 1% (range 1-0%) were NCAM–/Pax7+. 

In dystrophic muscle NCAM+/Pax7– satellite cells were more frequently seen 
but the total number of satellite cells was also increased. It may also be hypothesised 
that the proportion of NCAM–/Pax7+ satellite cells is larger than 1% in the masseter 
muscle from young subjects since a lower proportion of satellite cells was identified 
by NCAM compared to Pax7 when analysed on separate sections. However, it is also 
clear that a weak staining for NCAM or Pax7 is more difficult to identify if one marker 
is used alone. Verdjik et al 2007, reported co-localisation of NCAM and Pax7 in 96% 
of the satellite cells in the vastus lateralis muscle of both young and aged individuals. 
However, in their study, the satellite cell frequency determined using Pax7 in favour 
for NCAM on sections stained by anti-laminin and DAPI was considerably lower for 
the young adults (SC/N<3%) compared to other studies on the same muscle and age 
group using the NCAM antibody as the satellite cell marker (Mackey et al., 2007; 
Olsen et al., 2006; Petrella et al., 2006). The variability may reflect the use of 
different methods or that <96% of the satellite cells were identified when Pax7 was 
used as a single satellite cell marker.  
Some NCAM+/Pax7– satellite cells having a small cell profile were obviously cut close 
to the end of the nucleus (Paper II, Fig 4d). For such cells it seemed possible that 
although the nucleus was identified by DAPI the amount of Pax7 staining in the small 
portion of the nucleus could be below detectable levels. However, NCAM+/Pax7–

satellite cells with a large nucleus were also identified (Paper II, Fig 4e) which 
supports the existence of Pax7– satellite cells, in agreement with the study by 
Reimann et al 2004.  

We conclude that there is a need for the simultaneous use of these two markers 
for a more reliable identification of satellite cells. Still it has not been shown whether 
NCAM and Pax7 together identify all satellite cells in all human muscles. However, so 
far no other markers that we have used have shown any additional satellite cell 
subpopulation. 
Recently Mackey et al 2009 showed that labelling for NCAM and Pax7 gave different 
results when satellite cells were examined in serial sections. Satellite cells labelled by 
NCAM were seen in more serial sections than satellite cells labelled by Pax7, related 
to the fact that NCAM stains the membrane/cytoplasm of the satellite cells whereas 
Pax7 stains the nucleus. Therefore, divergent results will obviously be obtained as 
long as the presence of a nucleus together with staining for NCAM is not used as the 
criteria for classifying the NCAM stained structures as definite satellite cells. In our 
opinion the presence of a nucleus together with markers is a prerequisite for 
identification of satellite cells. 

In addition to satellite cells, mononuclear cells stained by NCAM or NCAM+/ 
Pax7+, often surrounded by staining for anti-laminin, were observed outside the basal 
lamina of myofibres in our material (Paper II, Fig 5c-f and Fig 9). These findings were 
rare in healthy muscles but more frequently observed in pathological conditions with 
ongoing degenerative and regenerative processes. Staining for NCAM and Pax7 was 
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present in mononuclear cells inside the basal lamina of muscle fibres under early 
repair. In these fibres, the staining for NCAM and Pax7 was clearly heterogeneous 
with both NCAM+/Pax7– and NCAM+/Pax7+ cells (Paper II, Fig 6). In non-dystrophic 
muscles, injury was verified on adjacent sections by undetectable or partly incomplete 
staining for the plasma membrane with anti-dystrophin. In regenerating fibres with 
increased NCAM stained sarcoplasm and myotube formations, the myonuclei were 
Pax7–. Staining for NCAM was also seen in the sarcoplasm of small or normal sized 
muscle fibres (Paper II, Fig 7). 

In summary, we found that a reliable identification of satellite cells in human 
muscle requires both NCAM and Pax7 as satellite cell markers, combined with 
nuclear staining and a basal lamina marker. 
 
 
Re-evaluation of the satellite cell frequency in Power-lifters and 
sedentary men, using the new MM-method (Paper II) 
 

In previous studies from our lab (Eriksson et al., 2005; Kadi et al., 1999a; Kadi 
et al., 1999b), the satellite cell content in biopsies from the trapezius and vastus 
lateralis muscles of power-lifters (P), power-lifters that had used anabolic substances 
(PAS) and sedentary subjects (C) were analysed using NCAM and the PAP-Mayer 
HTX method for satellite cell identification. 

The same biopsies from the trapezius muscle from P and PAS subjects were 
sectioned again and multiple labelled for anti-NCAM (FITC, green) + anti-Pax7 
(RRX, red) + anti-laminin (Cy5, white) + DAPI (blue) for satellite cell quantification. 
In addition biopsies from a new group of sedentary men were analysed as previous 
biopsies were no longer available. 

As previously reported (Eriksson, 2006), the number of SC/F identified with the 
MM-method was similar in the P (0.18 ± 0.04) and PAS (0.19 ± 0.04) groups and 
significantly higher than in the C (0.12 ± 0.02) group (p≤0.01) (Paper II, Table 3). 
However, it was somewhat surprising that no differences were observed between the 
groups when the satellite cell content was expressed as SC/N. When the number of 
SC/N was compared to previously reported data (Kadi et al., 1999a; Kadi et al., 
1999b), a considerable difference (p<0.01) was observed for the P and PAS subjects 
whereas comparable proportions were observed for the C groups (Paper II, Table 4). 
With the MM-method we found almost half the number of SC/F compared to that 
previously reported for the same samples in the P and PAS groups (Paper II, Table 4). 
With the new method, only one sample (P2) showed slightly higher and similar 
number of SC/F (+0.04 SC/F). For this individual, the highest amount of NCAM–

/PAX7+ satellite cells was observed (11.3%). When additional cross-sections from 
three PAS subjects were multiple stained for anti-NCAM, anti-Pax7, anti-laminin and 
DAPI, and the satellite cells were counted by a new investigator, similar values were 
found, validating the MM-method. When biopsies from the vastus lateralis muscles 
from four of the PAS subjects were analysed, the MM-method showed an almost four-
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fold difference compared to the previously reported values (MM 0.15 SC/F vs old 0.59 
SC/F). 

We conclude that the satellite cell frequency in the P and PAS groups was 
overestimated with our previous PAP-Mayers HTX method. The presence of 
NCAM+/Pax7– cells as well as some NCAM+/Pax7+ muscle progenitor cells observed 
between muscle fibres suggests the possibility that NCAM+ cells, other than satellite 
cells, were included in the previous studies. In addition, occasional NCAM+/ Pax7– 

and NCAM+/Pax7+ cells in the satellite cell position were clearly separated by staining 
for laminin and therefore not assessed as satellite cells. Staining for the basal lamina 
is required for reliable identification of satellite cells. Different results in the athletes 
but not in the sedentary subjects could be explained by the more complex 
morphology in the athletes. We conclude that the new MM-method is more reliable 
for satellite cell identification and quantification compared to the previously used 
PAP-Mayers HTX method.  

The importance of a reliable method and specific criteria for satellite cell 
identification become very apparent when conclusions are to be drawn from 
experimental data. In two recent studies the staining pattern for NCAM and Pax7 is 
very different. In a study by Crameri et al 2007, the proportion of NCAM or Pax7 
stained cells/nuclei was determined after either electrical stimulation or voluntary 
contractions of the vastus lateralis muscles. After stimulation NCAM+ cells in the 
satellite cell position were 22% whereas the proportion of Pax7+ cells in the satellite 
cell position was 7%. In these biopsies, myofibre necrosis was evident and some of the 
NCAM stained “satellite cells” were likely instead differentiated muscle progenitor 
cells involved in the regenerative process of these fibres, i.e. they were not satellite 
cells. We suggest that staining for the plasma membrane on an adjacent cross-section 
would give the information needed to distinguish satellite cells from muscle 
progenitor cells in injured muscle fibres.  

Similar divergent results on the number of satellite cells observed with Pax7 and 
NCAM in human skeletal muscle following eccentric exercise were reported by 
Mikkelsen et al 2009. They investigated the effect of prostaglandin blockade by non-
steroid anti-inflammatory drug (NSAID) on satellite cell proliferation. The effects of 
200 maximal eccentric contractions with and without NSAID infusion for 7.5 hours 
after exercise were studied.  Pre and post exercise number of Pax7+ SC/F did not 
differ for the exercised NSAID infused leg whereas the exercised leg without NSAID 
had an increase of 96% (0.07 vs 0.14 SC/F). Thus in this aspect the results are clear 
cut, however only a minor change in NCAM+ SC/F before and after the exercise 
without NSAID was revealed. Astonishingly, the pre-exercise value for NCAM+ SC/F 
was also 100% higher than that for Pax7 SC/F. This must reflect an inappropriate 
method for identification and quantification of satellite cells if one believes that 
staining for Pax7 or NCAM are adequate markers for satellite cells.  
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IDENTIFICATION OF QUIESCENT, ACTIVATED AND 
DIFFERENTIATED SATELLITE CELLS 

Embryonic myogenesis and myogenesis related to an injury i.e repair of 
damaged muscle fibres have for many years been considered to be quite similar, 
however a recent report clearly shows that embryonic muscle progenitors and adult 
satellite cells have different genetic requirements (Lepper et al., 2009). Nevertheless 
distinct stages of activation, proliferation and differentiation can be recognized in 
both types of myogenesis. Identification of these stages is well established in embryos 
and for satellite cells in culture but so far very little is known about the factors 
regulating this process in vivo in humans. The myogenic regulatory factors (MRFs), 
HGF and its receptor c-Met and DLK1 are key factors. Here we have attempted to 
identify these factors in human skeletal muscle using our MM-method as reference 
for adequate identification of satellite cells.  

 

The myogenic regulatory factors  
 

The family of myogenic regulatory factors (MRFs) includes four members of 
basic helix–loop-helix transcription factors currently named: Myf5, MyoD, myogenin 
and MRF4 (Sabourin and Rudnicki, 2000). They are essential for the specification 
and differentiation of the muscle cell lineage. The genes encoding for the MRFs are 
expressed in temporally distinct patterns during myogenesis in vivo and in vitro. The 
MRFs are proposed to be expressed in response to activation of satellite cells during 
postnatal myogenesis and for repair of muscle damage (Parker et al., 2003; Zammit, 
2008). Gene expression analysis of cell cultures derived from satellite cells using RT-
PCR did not reveal detectable levels of any of the four MRFs in quiescent satellite 
cells (Cornelison and Wold, 1997). The current concept is that activated satellite cells 
first co-express Pax7 and Myf5 and/or MyoD and then proliferate. Some cells self-
renew and return to quiescence as they maintain Pax7 and down-regulate MyoD 
whereas others down-regulate Pax7 expression, maintain MyoD and express 
myogenin and MRF4 when they as myoblasts enter terminal differentiation and fuse 
into myotubes (Olguin et al., 2007; Zammit, 2008; Zammit et al., 2004).  
Several attempts to immunohistochemically detect MFRs in human muscle have been 
performed previously but with little success (Crameri et al., 2004; Dreyer et al., 2006; 
Kadi et al., 2005).  
 
 
Staining for MyoD or myogenin 
 

Antibodies against all MRFs were primarily evaluated using sections from 
human fetal muscle and from biopsies with expected satellite cell activation in 
response to injury or disease. The antibodies used to detect Myf-5 and MRF4 did not 
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show reliable staining patterns and due to concerns about their specificity they were 
not used any further. Staining for MyoD and myogenin was observed in a subset of 
nuclei inside the basal lamina. When staining for MyoD and myogenin was 
performed on sections using the MM-protocol, and using staining for NCAM as the 
reference marker for satellite cells, the staining for MyoD was negative while positive 
staining for myogenin was observed (Paper III, Fig 1). Further analyses showed that 
anti-MyoD staining was disturbed if labelled after NCAM i.e. as the second 
monoclonal primary antibody. However, double staining for MyoD in combination 
with either staining for the basal lamina or the plasma membrane showed that some 
satellite cells expressed MyoD (Paper III, Fig 2). In addition to satellite cells, staining 
for MyoD and myogenin was also seen in muscle progenitor cells during early 
regenerative processes (Paper III, Fig 3) whereas in regenerating myofibres with 
larger myotube/myofibre formations, myonuclei were often stained by myogenin but 
not by MyoD. In the trapezius muscle from power-lifters and sedentary subjects the 
proportion of satellite cells stained by MyoD or myogenin was very low (Paper III, 
Table1). Multiple sections from the same biopsies were analysed for MyoD. We did 
not observe MyoD or myogenin positive satellite cells in all subjects. Furthermore 
there was no apparent difference between the sedentary men and the two groups of 
power-lifters. 

Nevertheless this is the first study which reliably has shown expression of MyoD 
and myogenin in satellite cells in human muscle in vivo. This means that a small 
number of satellite cells are activated and differentiating in normal life. Data from 
rodents indicate that some satellite cells can react more quickly than others and 
differentiate without preceding cell division (Rantanen et al., 1995). Cell culture 
studies indicate that Pax7 is down-regulated in cells that differentiate and that Pax7 is 
not expressed together with myogenin (Olguin and Olwin, 2004). We propose that 
the MyoD and myogenin positive satellite cells fall in to the category of the 4% 
NCAM+/Pax7– satellite cells previously observed in the same biopsies (Paper II). The 
NCAM+/myogenin+ satellite cells detected in our study could represent the 
NCAM+/Pax7– subpopulation. Therefore to explore this possibility, I expanded the 
MM-method with three satellite cell markers NCAM, Pax7 and myogenin together 
with staining for the basal lamina and nuclei. We could confirm that NCAM+/Pax7–

satellite cells were stained by myogenin. However, in a section from a DMD subject 
with increased numbers of satellite cells, not all NCAM+/Pax7– satellite cells were 
labelled by myogenin. This suggests the possibility for MyoD to be exclusively 
expressed in some satellite cells at least under the particular conditions of DMD 
(Figure 8). 

One might have expected higher numbers of MyoD and myogenin satellite cells 
in the power-lifters. However these individuals most likely were in a steady state due 
to their long training background with heavy loads. Actually, some power-lifters had 
MyoD and especially myogenin positive cells which we did not include in our 
quantification as they were not satellite cells per definition. Instead these cells with 
myogenin positive nuclei were myocytes and myotubes related to muscle fibre repair. 
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Figure 8. Muscle cross section from a DMD subject stained for anti-NCAM+anti-Pax7 (green), 

myogenin (red), anti-Laminin (white) and DAP (blue).  

a) Two satellite cells are stained by NCAM and Pax7 (small arrows) and three satellite cells are stained 

by NCAM with no staining for anti-Pax7 in their nucleus (large arrows and arrowhead). 

Two of the satellite cells negative for Pax7 (large arrows) are stained by myogenin in b whereas one 

(arrowhead) does not show staining for either Pax7 or myogenin. c) Merged image to show staining for 

DAP1. d) Staining for anti-laminin to verify the satellite cell position inside the basal lamina of the 

fibres. Bar 50 µm 

 
Using the MM-method it is possible to separate satellite cells stained by MyoD 

or myogenin from eventual myonuclei stained by these markers. In one power-lifter, 
weak staining for MyoD and myogenin was observed in myonuclei of some small 
sized fibres with angular shape and with no signs of regeneration (Paper III, Fig 6). 
The significance of this weak staining is not clear. It has been described that MyoD is 



 35 

expressed in myofibres after denervation having the proposed function of avoiding 
apoptosis (Ishido et al., 2004). In a biospsy of a patient with acute denervation we 
have also observed a faint increase in labelling for myogenin in myonuclei in 
apparently denervated fibres (not shown). 

In additional studies, we have investigated biopsies from subjects with marked 
degeneration and regeneration in response to injury from exercise overload or 
degenerative diseases. A very complicate picture of MyoD and myogenin distribution 
emerges from these studies. Clearly, MyoD and myogenin expression in satellite cells, 
muscle progenitor cells found between muscle fibres and within regenerating fibres 
as well in the myonuclei of regenerating fibres needs to be separated for a reliable 
evaluation of these two MRFs. In further tests on such biopsies a modification of the 
MM-method was made to allow successful labelling with MyoD (Figure 3). By 
shortening the labelling for anti-NCAM prior to MyoD labelling, using the MM-
method, MyoD could be analysed together with staining for NCAM, laminin and 
DAPI (Figure 10 d-e). 

However, further studies are needed to clarify the role of MRFs in human 
muscle. The MM-method is suited for future analysis of muscles from different 
experimental set ups. mRNA data shows changes in expression levels of the different 
MRFs in response to exercise (Yang et al., 2005), and may provide some guidance for 
the choice of time points to obtain biopsies in future studies of the distribution of 
these MFRs. To the best of our knowledge, no other study has so far shown any 
staining for MyoD or myogenin in human satellite cells. Kadi et al (2004) observed 
high variability in staining for myogenin in some myonuclei in biopsies taken 
immediately after the end of a bout of endurance exercise. They proposed that 
myogenin could be rearranged rapidly upon exercise. Crameri et al (2007) reported 
terminal differentiation of myogenin+ satellite cells after 210 maximum eccentric 
contractions induced by electrical activation of the muscle which led to 
unquestionable segmental necrosis of about 14% of the fibres. However, the 
myogenin+ cells were clearly present in areas of degeneration/regeneration and most 
likely reflected myocytes and myotubes rather than satellite cells. 
 
 
DLK1/FA1 
 

Delta like 1 (DLK1) is a trans membrane protein and member of the epidermal 
growth factor (EGF)–like superfamily which includes Notch receptors and their 
ligands. Human fetal antigen 1 (FA1), primarily isolated from amniotic fluid, is the 
soluble/circulating form of the extra cellular domain of DLK1 containing six cystein-
rich EGF-like repeats. DLK1 is expressed in various tissues during development and 
tissue regeneration (Floridon et al., 2000; Jensen et al., 2001) and is suggested to 
play a role in cell fate determination (Smas and Sul, 1997). In contrast to other 
members of the Notch family, DLK1 does not have the DSL (Delta, Serrate, LAG2) 
domain mediating Notch signalling (D'Souza et al., 2008). Although DLK1/FA1 is 
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suggested to interact with Notch1 for the regulation of differentiation processes 
(Baladron et al., 2005) it is not well known how the DLK1 regulatory function is 
mediated and which are the target genes.  

After a single bout of high intensity exercise, it was reported that the numbers of 
NCAM+ satellite cells as well as DLK1/FA1+ mononuclear cells were highly increased 
in the vastus lateralis muscle of the exercised leg compared to the control leg and 
suggested to reflect activation of satellite cells (Crameri et al., 2004). 

In another study of the human adult vastus lateralis muscle a subpopulation of 
NCAM+ satellite cells were DLK1/FA1+ but the proportion of NCAM+/DLK1/FA1+ 
satellite cells were significantly lower in endurance trained compared to control 
subjects (Mackey et al., 2007). Approximately 19% of all DLK1 stained cells were 
NCAM– and the authors suggested that these were interstitial cells. Significantly more 
NCAM+ satellite cells were found 8 days post exercise but neither the proportion of 
NCAM+/DLK1/FA1+ satellite cells nor DLK/FA1+ interstitial cells changed after the 
36 km run. The authors speculated that a reduced proportion of DLK1/FA1+ satellite 
cells in the endurance trained group could indicate lower remaining capacity for cell 
division since DLK1/FA1 is known to be present in cells with regenerative potential 
(Mackey et al., 2007).  

Recently, DLK1 expression in normal human adult muscle was reported to be 
practically absent while DLK1+ mononuclear cells and myotubes/myofibres were 
present in developing human muscle, myopathies and muscular dystrophies 
(Andersen et al., 2009). Perivascular and interstitial DLK1+ cells from regenerating 
muscle tissue were shown to have a fibroblast-like phenotype and DLK1+ cells found 
in response to muscle regeneration were suggested to represent a heterogeneous 
population of myogenic and mesenchymal cells (Andersen et al., 2009). 

The current data are divergent. Further studies are needed to clarify whether 
DLK1 is present in human adult quiescent satellite cells or in a subgroup of them as 
well as how DLK1 expression is altered by different kinds of exercise. 
 
 
Staining for DLK1/FA1  
 

Using the MM-method, on normal adult muscles, with Pax7 as a reference 
marker for satellite cells, staining for DLK1/FA1 was present in the cell 
membrane/cytoplasm of a subpopulation of satellite cells, in the sarcoplasm of 
occasional myofibres and in some mononuclear cells seen between myofibres. In the 
trapezius muscle the proportion of Pax7+/DLK1/FA1+ satellite cells was 71.8±18.5 for 
the C group and ranged between 54.8–90.5%. In the group of power-lifters, more 
satellite cells were stained by DLK1/FA1 (84.9±8.3%) whereas significantly lower 
proportion of Pax7+/DLK1/FA1+ satellite cells were observed in the PAS group 
(45.0±25.0%) compared to the P group (Paper III, Table 1). In 4 of 6 PAS subjects the 
proportion of Pax7+/DLK1/FA1+ satellite cells were < 42%. Since the three subjects 
with reported intake of insulin-like growth factor 1 (IGF-1) in addition to the anabolic 
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steroids had low proportions of DLK1/FA1+ satellite cells, we hypothesised that their 
intake of anabolic substances could affect the expression of DLK1/FA1. Therefore we 
analysed the vastus lateralis biopsy from the same subjects. However, all biopsies of 
the vastus lateralis muscle from the same subjects the mean proportion of 
Pax7+/DLK1/FA1+ satellite cells was high but with large variability 69.9±25%. Only 
one subject showed a similar proportion of Pax7+/DLK1/FA1+ satellite cells for the 
trapezius and vastus lateralis muscle (Paper III, Table 2). 

The mean proportion of Pax7+/DLK1/FA1+ satellite cells for the C group 
(71.8±18.5) was similar to the mean proportion of NCAM+/DLK1/FA1+ cells reported 
for the vastus lateralis muscle of untrained subjects (73±12%) in the study by Mackey 
et al 2007. On the other hand, we found higher proportion of Pax7+/DLK1/FA1+ 
satellite cells in response to heavy resistance training (P group) whereas endurance 
trained subjects had significantly lower proportion of NCAM+/DLK1+ satellite cells 
compared to untrained subjects (Mackey et al., 2007).  

MyoD+ or myogenin+ satellite cells were either DLK1/FA1+ or DLK1/FA1– and 
therefore the DLK1/FA1 satellite cell heterogeneity could not be directly explained by 
activation or differentiation cell status. Staining for DLK1/FA1 was also absent from 
injured/regenerating fibres although these fibres contained Pax7, MyoD or myogenin 
stained progenitor cells, suggesting a down regulation during the extensive 
proliferation and differentiation needed for myofibre repair (Paper III, Fig 3). In 
DMD muscles more satellite cells were Pax7+/DLK1/FA1–. In one DMD subject with 
ongoing degenerative and regenerative processes, the proportion of 
Pax7+/DLK1/FA1+ was only 9% whereas in another subject it reached 21.6%. In 
contrast to normal adult muscle, strong staining for DLK1/FA1 staining was seen 
within the endomysium but not close to necrotic fibres. This staining was related to 
cells with long extensions located close to but outside the basal lamina. Such cells 
were negative for Pax7, MyoD, myogenin and NCAM and thus we interpreted them as 
having the DLK1+ fibroblast-like phenotype reported by Andersen et al (2009) 
(Figure 9). 

Small sized fibres stained by DLK1/FA1 (NCAM+/Vimentin–/sometimes 
myogenin+ nucleus) were seen in the sections from DMD subjects, as previously 
described (Andersen et al., 2009). Cytoplasmic staining for DLK1/FA1 has been 
suggested to reflect immaturity of these myofibres (Andersen et al., 2009). However, 
we observed a few DLK/FA1+ fibres in the trapezius muscle from both control 
subjects and athletes, a finding which has previously not been seen in normal adult 
muscles (Paper III, Fig 8). Interestingly, myofibres under early repair with growing 
NCAM+/myogenin+ myotube formations were DLK1/FA1–. (Figure 10), (Paper III, Fig 
4 j-l). 
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Figure 9. Two distinct areas (a-b and c-d) from the same muscle cross-section from a DMD subject 

which showed marked myofibre necrosis and myofibre regeneration. This section was labelled by anti-

Pax7 (green), anti-DLK1/FA1 (red), anti-laminin (white) and DAPI (blue). a) staining for DLK1/FA1 

was pronounced within the endomysium as seen by the presence of numerous DLK1/FA1 stained cells/ 

cell structures located between the fibres. Note also some fibres stained by DLK1/FA1. b) Merged 

image of all markers. Without additional staining for the basal lamina a reliable analysis of the staining 

result is not possible. c) Area with some necrotic fibres (*). Note that the staining for DLK1/FA1 is less 

intensive close to these fibres. Bar 50 µm 
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Figure 10. Serial sections from a soleus muscle biopsy obtained 8 weeks after daily eccentric exercise. 

New myofibre formation, stained by NCAM (yellow, a,b,d,e,f and g) but not by DLK1/FA1 (red, c and 

h), is seen within the basal lamina of an injured fibre. a-b) A satellite cell stained by NCAM and Pax7 in 

an adjacent fibre is marked (arrows). c) Pax7+ nucleus within the basal lamina of the regenerating fibre 

is DLK1/FA1– . d-e) One MyoD+/NCAM+ satellite cell is marked (arrows), other satellite cells are only 

stained by NCAM (arrowheads). Nuclei/myonuclei within the basal lamina of the injured fibre under 

repair are MyoD–. (f-g) Myonucleus stained by myogenin is marked (arrows). h) Myogenin+ 

myonucleus, note the DLK1/FA1+ satellite cell in an adjacent myofibre (arrowhead). Bars 50 µm. 

 

The hepatocyte growth factor receptor c-Met  
 

C-Met or hepatocyte growth factor (HGF) receptor, is a membrane receptor 
tyrosine kinase essential for embryonic development and wound healing. During 
development c-Met expression is essential for the migration of muscle precursor cells 
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to the limb bud (Hawke and Garry, 2001). HGF and c-Met interaction is known to 
induce cell responses such as invasive growth. C-Met has been proposed to be a 
marker for both quiescent, activated and proliferating satellite cells in rodents 
(Cornelison and Wold, 1997). In cross-sections from intact mice muscle, staining for 
c-Met was shown to identify presumptive satellite cells beneath the myofibre basal 
lamina (Cornelison and Wold, 1997). In the same study, c-Met mRNA and protein 
were detected in cultured satellite cells from the time of explant through all cell stages 
of activation, proliferation and differentiation (Cornelison and Wold, 1997). C-Met is 
proposed to mediate activation of satellite cells by interaction of HGF released from 
the extra cellular matrix surrounding the muscle fibres upon injury (Tatsumi et al., 
1998).  
 
 
Staining for c-Met 
 

Pax7+ satellite cells with distinct staining for c-Met as well as Pax7+ satellite cells 
with no detectable staining for c-Met were observed in all C, P and PAS subjects. Thus 
the staining for c-Met was heterogeneous in Pax7+ satellite cells (Paper III, Fig 9). In 
some of the power-lifters, staining for c-Met was also seen at the periphery of muscle 
fibres and sometimes accumulated around myonuclei, which made the analysis of 
Pax7+/c-Met+ satellite cells more difficult. It was not clear whether the staining for c-
Met was related to the satellite cell or to the myofibre plasma membrane (Paper III, 
Fig 10). Therefore, it was not possible to determine the proportion of Pax7+/c-Met+ 
satellite cells for the P, PAS and C groups, due to low reliability. DLK1/FA1+ satellite 
cells were either stained or unstained for c-Met. 

Interstitial mononuclear cells found between myofibres and in close vicinity of 
blood vessels were also stained for c-Met which showed the need of additional 
staining for the basal lamina. In sections from injured and diseased muscles these 
cells were abundant within the connective tissue, around vessels and close to necrotic 
and regenerative areas. They were also stained by vimentin in serial sections but 
negative for Pax7, DLK1/FA1 or NCAM and were probably related to the 
inflammatory response (Guillemin and Brew, 2004; Tidball, 2005). Interestingly, in 
the DMD muscle with large numbers of DLK1+ cells (vimentin+), some of these cells 
were also stained by c-Met. From these results we concluded that c-Met can not be 
used alone as a marker for satellite cells. Without the staining for Pax7, c-Met+ 
satellite cells can not be reliably identified.  

 
In summary, our study (Paper III) unequivocally showed that identification of 

quiescent, activated and differentiated satellite cells was possible in human muscle 
(Figure 11). MyoD, a marker for activation of the myogenic program, and myogenin a 
marker for myogenic differentiation, were observed in a low number of satellite cell 
nuclei and we suggest that these cells correspond to the NCAM+/Pax7– satellite cells. 
However, MyoD+ nuclei and more frequently myogenin+ nuclei in myocytes and 
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myotubes were seen in areas of muscle fibre regeneration which is in accordance with 
the proposal that myogenin reflects terminal differentiation (Hasty et al., 1993; 
Parker et al., 2003). Further studies using the MM-method can be performed at 
different time points and correlated to mRNA levels in serial biopsies e.g. after 
exercise in order to fully reveal the location of the proteins and the sequence of events 
from quiescent to MyoD expressing satellite cells and to terminally differentiated 
muscle cells. Our study further showed that c-Met was not a reliable satellite cell 
marker although it was expressed by some satellite cells. We undoubtedly showed 
that DLK1/FA1 was present in a proportion of the satellite cells and that satellite cell 
progeny involved in myofibre repair are DLK1/FA1– in adult human muscle. 
DLK1/FA1 is an interesting factor for satellite cell regulation that needs to be studied 
further.  

 

 
 
Figure 11. Schematic image of the proposed staining pattern of satellite cells (top part) and muscle 

progenitor (bottom part) cells in human muscle during quiescence, activation and differentiation. 

NCAM is expressed during all cell stages and identifies the majority of satellite cells. However, for 

some muscles, ages and subjects, staining for anti-NCAM can be more difficult to identify. The 

majority of satellite cells are Pax7+, during quiescence and activation. MyoD and myogenin was found 

in a low number of satellite cells in the trapezius muscle of both sedentary men and power-lifters. 

Some Pax7– satellite cells were found to be myogenin+. 

Staining for DLK1/FA1 identified a subpopoulation of the satellite cells whereas muscle progenitor 

cells and early myotubes forming in response to repair were in general DLK1/FA1– . Staining for c-Met 

was observed in a subpopulation of satellite cells identified by Pax7. Further evaluation is needed to 

clarify the expression pattern of c-Met during activation and differentiation. Staining for Pax7, MyoD 

and myogenin were seen in nuclei of muscle progenitor cells/myoblasts/myocytes during early repair 

whereas myogenin was seen in the myonuclei of myotubes.  
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FUNCTION OF SATELLITE CELLS IN HUMAN SKELETAL MUSCLE 
 
Muscle development and muscle fibre growth 
 

The development and emergence of muscle fibres have been studied in human 
muscle with respect to primary and secondary generations of myotubes and their 
development into fibre types, both for the extrafusal fibres and the intrafusal fibres 
found in muscle spindles (Barbet et al., 1991; Butler-Browne et al., 1990; Pedrosa-
Domellof and Thornell, 1994; Thornell et al., 1984). Studies using the MM-method 
are in progress to further characterize muscle development with special reference to 
Pax7 and NCAM positive cells. Our preliminary results show the presence of Pax7+ 
muscle progenitor cells during myogenesis and that muscle growth occurs in two 
phases. The first involves the emergence of the right number of muscle fibres and the 
second phase comprises muscle fibre growth. These two phases become very 
apparent in cross sections stained for laminin (Figure 12). 

In humans, satellite cell frequency decreases first from birth to approximately 9 
years of age, when the adult level is reached. This decline has been interpreted as 
mostly reflecting an increase in myonuclei due to satellite cell progeny fusion during 
muscle growth. Late in life, there is a second stage of gradual satellite cell decline, 
interpreted as reflecting impaired proliferative capacity (for review see Bischoff and 
Franzini-Armstrong, 2004).  

Our data indicate that the number of satellite cells per area and the number of 
SC/N is larger at birth and in early age but, on the contrary, the number of SC/F is 
lower compared to young adults (Figure 13). Reduced satellite cell numbers have 
been identified as a consequence of normal aging and proposed to be a possible 
explanation for a decrease in the regenerative capacity with age and for sarcopenia. In 
a previous study from our group using the NCAM/PAP-Mayers HTX method, the 
satellite cell frequency for young adults was significantly higher compared to aged 
adults. For young vs aged adults the mean proportion of SC/N for the biceps brachii 
muscle was 4.2% vs 1.4% and for the masseter muscle 5.9% vs 1.8%. The mean 
number of SC/F was also significantly higher for the young adults for both muscles, 
0.10 vs 0.04 SC/F for the biceps muscle and for the masseter muscle 0.11 vs 0.03 
SC/F (Renault et al., 2002). However, the mean numbers of SC/F for the aged adults, 
0.04 in the biceps and 0.03 in the masseter are similar to our data for the young 
children 0.03 SC/F in the biceps and masseter muscles. In fact, although the 
proportion of SC/N is higher in young children the number of SC/F is much lower 
compared to young adults and comparable to that of aged individuals. This, again 
shows the importance of how the satellite cell frequency is expressed. However, in the 
study by Renault et al, (2002) the satellite cell frequency is much lower for aged 
individuals compared to the satellite cell frequency reported for the vastus lateralis 
muscle of aged subjects in the majority of studies. Further studies using the MM-
method will be helpful to clarify these discrepancies. In summary, during normal  
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muscle fibre growth satellite cells are activated and proliferate with the outcome of 
both myocytes that will either fuse with growing muscle fibres or form new fibres and 
more satellite cells to support the increasing muscle mass.  

 
Adult muscle and effects of exercise 
 

In the trapezius muscle of power-lifters, P and PAS subjects, with a training 
background of many years, the mean numbers of SC/F were significantly higher 
compared to sedentary subjects whereas the proportions of SC/N were similar in both 
controls and strength-trained subjects. Our results show that the increase in 
myonuclei in hypertrophic muscles physically accustomed to heavy load is balanced 
by a proportional increase in satellite cells. A positive correlation was found between 
the mean number of N/F and the mean fibre cross sectional area (CSA), in agreement 
with previous studies (Eriksson et al., 2005; Kadi et al., 2000; Kadi et al., 1999a) as 
well as between the number of SC/F and the mean fibre CSA r= 0.65 (p<0.01) (Paper 
II, Fig 7B). Interestingly, the mean fibre CSA per satellite cell was similar for the P 
and C groups and higher for the PAS group and the mean nuclear domain for the PAS 
group was significantly larger compared to the P and C groups. Therefore, our results 
indicate that one possible effect of the use of anabolic steroids might be to enhance 
the function of myonuclei, allowing a more effective protein synthesis (Kadi, 2008) 
thereby giving rise to larger nuclear domains than what has previously been noted for 
normal training conditions (Petrella et al., 2008) and also less satellite cells per CSA. 

 
Figure 13. Schematic image summarizing our present measurements and concepts of different muscle 

fibre, satellite cell and nuclear parameters in relation to muscle fibre growth and hypertrophy. 

During muscle fibre growth the myofibre CSA increases progressively (approximate values: at birth, m 

biceps brachii, 57±43 µm2, young adults, biceps 5400±1800 µm2 and adults, trapezius (C) 4600±700 

µm2). Fibre hypertrophy was seen in response to increased heavy load (m trapezius power-lifters (P), 

6900±1700 µm2) and it was further increased after intake of anabolic substances (trapezius power-

lifters + anabolic substances (PAS) 9700±2200 µm2). The number of myonuclei also increases owing 

to fusion of new myocytes delivered by satellite cells. The proportion of SC/N is large in early age as 

well as the numbers of satellite cells per area (SC/CSA) until a level when muscle homeostasis is the 
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same as in adult muscle. The number of SC/F is lowest in early age and will increase to adult age and 

with further increase in trained individuals in response to strength-training. The use of anabolic 

substances seems to affect the muscle fibre CSA resulting in larger nuclear domains and larger muscle 

area per satellite cell. 

 

 
Split fibres  
 
 Using multiple labeling we have also been able to get new information on so-
called split fibres. Muscle fibres that are partly divided or seem to be completely 
separated into smaller parts are commonly seen during pathological conditions such 
as different myophaties, polymyositis and dermatomyositis (Richards et al., 1988; 
Schwartz et al., 1976). Such fibres are called split-fibres and are also a common 
finding in muscle biopsies from weight-lifting athletes (Antonio and Gonyea, 1993). 
Different suggestions have been presented to explain the underlying causes behind 
the formation of split fibres but the biological mechanism is not settled. It has been 
suggested that split-fibres represent a degenerative change or that they arise due to 
the replacement of necrotic fibres and activation of satellite cells or from the 
activation of satellite cells without necrosis. Another theory is that they reflect the 
effects of muscle overload and muscle fibre hypertrophy (Swash and Schwartz, 1977), 
as fibres with large CSA could split to reduce the diffusion distance for efficient 
oxygen and metabolite exchange.  

We analysed the presence and morphology of split fibres in biopsies from the 
trapezius and vastus lateralis from P, PAS and C subjects (Paper IV). In addition, 
biopsies with regenerative processes after exercise induced injury or degenerative 
regenerative processes due to muscle or nerve pathology were analysed. 

The mean proportion of split fibres was similar in the trapezius muscle for both 
the P and PAS group but in the vastus lateralis muscle more split fibres were observed 
in the PAS group (Paper IV: Table 1). In the C group split fibres were only observed in 
the trapezius muscle from one subject. When split fibres were analysed using serial 
cross sections it was found that the split profile changed along the length of the fibre 
and the segments could be rather short (Paper IV, Fig 1). Change of split profile in 
serial cross-sections was sometimes preceded by the presence of internal myonuclei 
and the different parts of a split fibre in general showed the same staining pattern for 
myosin heavy chain (MyHC) isoforms. Some few necrotic fibres, fibres with early 
regenerative processes containing muscle progenitor cells expressing Pax7, MyoD or 
myogenin inside the basal lamina tube or with signs of new myofibre formation were 
observed. 

By examining the biopsies from muscle disorders with overuse of muscle fibres 
as in amyotrophic lateral sclerosis (ALS), we were able to gather data suggesting a 
common mechanism for the pathogenesis of split fibres. Typical features of muscle 
fibres in overused muscles are areas of segmental repair of the fibres, within a single 
basal lamina. Typically, the regenerating myocytes and myotubes adhered to the 



 46 

basal lamina. By following serial sections it was evident that there was a variable 
number of growing myotubes within the basal lamina of the injured fibre. Of special 
interest is that here and there, a developing new basal lamina was present and we 
interpreted that it hindered the individual regenerating myotubes to properly fuse 
into one fibre, producing, instead a split fibre (Figure 14). We propose that split fibres 
arise by defective repair of segmental injury of muscle fibres. The defective 
regeneration can be explained by hindrance of myotube fusion by formation of a basal 
lamina around the newly formed myotubes/myofibre formations. 

Chou and Nonaka already in 1977 discussed the involvement of satellite cells in 
a number of pathologies of muscle fibres such as ring fibres, fibres with internal 
nuclei and sarcoplasmic masses (Chou and Nonaka, 1977). The MM-method and 
immunohistochemistry provide new tools to verify whether these proposals are 
correct. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14. Serial cross-sections from the gastrocnemius muscle of an ALS subject. 

a) Desmin (yellow), myogenin (red) and DAPI (blue). One nucleus is stained by myogenin 

(arrowhead). Nuclei are stained blue by DAPI. b) Nestin (green) and DAPI (blue). c) Dystrophin 

(green), Laminin (red) and DAPI (blue). d and f) NCAM (green), Laminin (red) and DAPI (blue). e) 

Neuronal nitric oxide synthase 1 (n-NOS1 )( (green), Laminin (red) and DAPI (blue). 

 a-e) Three fibres under repair with myotube formations within the old myofibre basal lamina are seen. 

b) One fibre contains more mature myofibre formations with less intense staining for Nestin (*). Note 

the changed numbers of myotube profiles in different sections and the formation of a basal lamina 

stained by anti-laminin (red in c-e) and staining for dystrophin (green in c). One of the fibres in (d) is 

shown in higher magnification in (f). f) The formation of a new basal lamina around the myotubes 

stained by NCAM (green) is indicated with arrows. Bars 50 µm (d) and 20 µm (f). 
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Figure 14. 
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CONCLUSIONS 
 
1  •NCAM and Pax7 are useful markers for satellite cell identification in human 
skeletal muscle and identify the majority of satellite cells. However, both markers are 
needed simultaneously for reliable identification of all satellite cells both in normal 
and pathological conditions. 

•Additional staining for the basal lamina is needed for reliable identification of 
satellite cells and myonuclei. 

•To be able to compare results from different studies it is important that the 
same criteria for counting satellite cells are used. A satellite cell should be found 
inside the basal lamina and contain a visible nucleus.  

•The MM-method is more reliable compared to our previously used method 
using staining for NCAM and nuclei especially in muscle samples with more complex 
morphology. 

•The parameters used to express satellite cell frequency are important. Due to 
muscle homeostasis the proportion of SC/N is not always sufficient to give an 
adequate measure of the satellite cell frequency. Instead we propose the use of SC/N 
and the number of SC/F.  
2 •MyoD and myogenin are expressed in the nucleus of satellite cells, 
myoblasts/myocytes. MyoD and Myogenin are also expressed in some myonuclei of 
newly formed fibres. MyoD can be used for reliable identification of activated satellite 
cells and myogenin can be used to identify differentiated satellite cells in human 
muscle using the MM-method. 

•Both DLK1/FA1 and c-Met antibodies label a subpopulation of satellite cells in 
human muscle. The MM-method allows reliable evaluation of these markers.  
3 •”Split fibres” are the result of segmental injury followed by a defective repair of 
fibres with large CSA. The defective regeneration can be explained by hindrance of 
myotube fusion by formation of a basal lamina around the newly formed 
myotubes/myofibre formations. 
 
 
FURTHER DIRECTIONS 
 

A large amount of data have been collected during the time of completion of this 
thesis and the first priority will be to conclude these studies on short time effects of 
resistance exercise, muscle development and ageing. Further studies characterising 
the satellite cells in highly specialised muscles such as the extraocular muscles and 
the masticatory muscles are ongoing. 
Further prospective case-controlled studies with sequential biopsies taken at several 
time points before and after intervention (e.g. different types of exercise) combining 
molecular biological techniques with the MM-method are the approach we propose to 
further elucidate the time line of events in human muscle adaptation. 
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