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Chapter 1
General introduction

Chapter 1

Stem cell potency
After birth, stem cells reside in almost all tissues of the body and function as an uncommitted
source of progenitor cells to contribute to tissue growth and regeneration. The capacity to
self‐renew and the potency to differentiate to numerous cell types are important
characteristics of stem cells and for these reasons stem cells are of interest for those studying
tissue engineering and regenerative medicine.
During embryogenesis, totipotent cells are formed directly after oocyte fertilization and these
cells can give rise to an entire organism. At later stages of embryonic development, cells from
the inner cell mass (ICM) of the blastocyst are pluripotent indicating that these cells exhibit
the plasticity to form cells of the three germ layers defined as ectoderm, mesoderm and
endoderm (Fig. 1).

Fig. 1. Schematic overview of embryogenesis. Oocyte activation by in vivo fertilization with sperm cell (left) and
through somatic cell nuclear transfer (SCNT) replacing a meta‐phased nucleus with a donor nucleus (right). The
totipotent fertilized oocyte develops through the 8 cell stage into a blastocyst containing an inner cell mass (ICM).
Single cells from the ICM are pluripotent meaning that they can form all tissues of the three germ layers; ectoderm,
mesoderm and endoderm. Stem cells residing within these germ layers are multipotent. Stem cells residing in
mesodermal tissues can be subdivided into mesenchymal stem cells (MSC) and hematopoietic stem cells (HSC). MSC
can differentiate into fat, bone and muscle tissues, whereas HSC can form all blood cell types.

2

General introduction

Cells from the ICM of several mammalian species have been isolated and cultured in vitro as
embryonic stem cells (ESCs). Remarkably, these cells acquire an indefinite self‐renewal
capacity when cultured under appropriate conditions. The pluripotent character of ESCs can
be demonstrated by the formation of teratocarcinomas (containing ectodermal, endodermal
and mesodermal tissues), after injection into an immunocompromised mouse [1‐3]. Stem
cells of any of the three germ layers, generally called adult stem cells, exhibit a multilineage
potential, meaning that they are restricted to form tissues within the same germ layer. After
birth, stem cells residing in mesodermal lineage tissues exhibit the potency to give rise to for
instance bone, fat, cartilage, (smooth) muscle and blood cells (Fig. 1). Stem cells from
endodermal tissues can contribute to liver, respiratory and digestive tract tissue, whereas
ectodermal stem cells can give rise to skin, pigment cells and cells of the nervous system.
Further subdivision can be made within the mesodermal lineage into mesenchymal stem cells
and hematopoietic stem cells. Mesenchymal stem cells can contribute to all tissues of this
lineage except for blood cells; these are all formed by hematopoietic stem cell differentiation.
The pluripotent differentiation capacity was thought to be restricted in a way to ESCs,
although certain stem cells derived from postnatal tissues have been reported to also exhibit
pluripotent differentiation potential [4, 5].
Muscle development: from somite to adult muscle
In vertebrates, skeletal muscle development starts in the embryo with the formation of
presomitic mesoderm flanking the notochord (Fig. 2) [6]. Subsequently, somitogenesis occurs
in an anterior to posterior sequence and signals from the surrounding tissues will further
organize the somites in a dorsal‐ventral direction. The dermomyotome will be formed at the
dorsal part of the somite and contributes to skin and skeletal muscle formation of the body
and limbs [6]. The ventral part of the somite gives rise to the sclerotome, the foundation for
cartilage and bone tissue [7]. From the dermomyotome, the first skeletal muscle mass is
formed, the myotome, consisting of various types of muscle cells. Important proteins to
specify muscle stem cell commitment are the paired box transcription factors Pax3 and Pax7.
These Pax proteins are upstream components of the basic helix‐loop‐helix muscle regulatory
factors (MRFs) Myf5, MyoD and Myogenin that control muscle lineage differentiation [8, 9]. A
defect in Pax gene expression will lead to disruption of skeletal muscle formation and mice
lacking both Myf5 and MyoD expression do not form skeletal muscle [9‐11]. In Myogenin ‐/‐
mice myoblasts are present, but muscle fiber formation is affected, indication that Myogenin
is critical for myogenic fiber maturation [12, 13].
At the center of the dermomyotome, a proliferating Pax3+/7+ (Pax+) cell population arises.
These cells form an uncommitted reservoir of cells that supports the late muscle growth
during embryogenesis, take in satellite cell positions prior to birth and constitute the satellite
cell pool in adult muscle tissue [14]. Pax3+ progenitor cells that co‐express MRFs (Pax3+/
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MRF+) arise from the borders of the dermomyotome and coordinate myogenesis [10, 15].
These non‐proliferative cells are committed to the myogenic lineage and migrate to the limbs
to develop the muscle mass during embryonic development [8, 10]. From the center of the
dermomyotome, a Pax+/ MRF‐ cell population will be distributed that proliferate into
committed progenitor cells to support muscle development (Fig. 2) [15].

Fig. 2. Schematic representation of somitogenesis and myotome formation. Somites are formed by segmentation
+
from mesoderm on both sides of the neural tube (NT). Pax muscle progenitor cells co‐expressing Myf5 and MyoD
+
(MRFs ) arise from edges of the dermomyotome (DM). They contribute to myotome (MT) formation or migrate from
the hypaxial part to form muscles of the limb and body wall (black). Progenitor cells from the epaxial site form the
deep back muscles. From the center of the dermomyotome muscle stem cells (light green) adopt a satellite cell fate
during late myogenesis and reside in the muscle throughout life. (NC=notochord, SL= sclerotome). Adapted from [6].

Myogenesis
The dermomyotome is a transient structure during embryogenesis and is therefore limited in
the production of muscle progenitor cells. Muscle stem cells that maintain Pax7 expression
after birth position between the sarcolemma (plasma membrane) and basement membrane
of the muscle fiber; these are the so‐called satellite cells [16] (Fig. 3). The satellite cells remain
quiescent until they are activated when repair and regeneration of muscle tissue is required.
It has been suggested that Pax3 is essential for migration of muscle progenitor cells, whereas
Pax7 is important to direct the myogenic specification [17‐19]. In mice lacking Pax7 (Pax7 ‐/‐),
the muscle fiber size is reduced, containing half the amount of nuclei. In addition, in Pax7 ‐/‐
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muscle tissue, cells positioned underneath the basement membrane showed a limited
regenerative capacity [20].

Fig. 3. Transverse view of a snap‐frozen porcine muscle
tissue section. PAX7 expressing satellite cells are visualized
by
immunohistochemistry
(arrow).
Nuclei
are
counterstained with hematoxylin (blue). Scale bar = 50 μm.

Fig. 4. Schematic overview of myogenesis. Muscle stem cells, the satellite cells (yellow), express Pax7 and are located
between the sarcolemma and basement membrane of muscle fibers. Upon activation, satellite cells start to divide
and express Myf5 and MyoD. They proliferate into fusible myoblasts expressing Desmin (red cells). Terminal
differentiation into a multinucleated myotube occurs under control of Myogenin.

Upon muscle injury, satellite cells become activated leading to myogenic differentiation;
these cells will contribute to tissue regeneration. Myogenesis is initiated by the differentiation
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of satellite cells into cells expressing of the MRFs: Myf5, MyoD, and Myogenin at terminal
myoblast differentiation stages (Fig. 4) [8, 10, 21‐25]. Subsequently, myoblasts start to
migrate and align after mutual recognition. The myoblast fusion process starts by alignment
of intracellular paired vesicles and electron dense material to form a prefusion complex along
the plasma membrane. This results in plaque and pore formation along the axes of aligned
myoblasts promoting membrane fusion [26]. Myotubes are formed by mutual myoblast
fusion or by fusion of myoblasts with existing myofibers [23, 27]. Maturation of the myofibers
(or muscle cells) occurs by structural organization of the intermediate filament proteins
Desmin, Vimentin and the sarcomeric filament proteins Myosin, Actin and Actinin. These
proteins support muscle structure and are involved in the sarcomeric contractions [28]. An
increase in muscle size subsequently occurs by fusion of myoblasts with the myofiber [27].
Muscle stem cell division and differentiation
To control tissue homeostasis, the stem cell program is regulated by asymmetric and
symmetric cell divisions [29‐32]. Muscle stem cells can be highly proliferative in case of severe
injury. Waves of myogenic progenitor cells are required for muscle restoration, while
simultaneously the stem cell pool has to be maintained by self‐renewal to avoid depletion
[29, 33] (Fig. 5). This requires a controlled balance between asymmetric and symmetric cell
divisions.

+

Fig. 5. Stem cell divisions. Asymmetric cell division (A) of a stem cell into one Myf5 committed progenitor cell (blue)
+
and one cell that maintains the Pax7 stem cell pool by self‐renewal (yellow). Symmetric cell division (S) results in two
identical cells (yellow or blue). Stem cells can give rise to committed progenitor cells (green arrow), but not vice versa
(red arrow).
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Asymmetric and symmetric cell division during myogenesis
The type of stem cell division is determined by cell polarity and spindle orientation towards
the tissue niche [32, 34]. In Drosophila male germline stem cells for instance, the mitotic
spindle is set up by the position of the centrosomes during interphase [35]. During
asymmetric division, two different cell types are formed; one mother cell and one committed
daughter cell. In muscle tissue, the satellite cell represents the mother cell exhibiting self‐
renewal capacity. This is correlated with sustained Pax7 expression without MRF expression
(Pax7+/ MRFs‐), whereas the committed daughter cell starts to co‐express the MRFs to direct
myogenic determination (Pax7+/ MRFs+) (Fig. 6). The position of the mitotic spindle is oriented
perpendicularly towards the muscle fiber axis. The orientation towards the basal lamina is
important for the maintenance of stem cell identity, whereas the apical orientation to the
surface of the host fiber directs the lineage commitment of the daughter cell. The basal
lamina is part of the satellite cell niche and consists of extracellular matrix (ECM) components
including collagens, mostly type IV, and proteoglycans such as nidogen and laminin. Integrins
located on the cell surface are able to bind the ECM to support cell migration, adhesion and
proliferation while the loss of niche contact promotes differentiation [35‐37].

Fig. 6. Mitotic division of satellite cells. During symmetric division the spindle contains a planar orientation towards
the muscle fiber. During asymmetric cell division the orientation of the spindle is apical‐basal; one spindle pole
+
positioned towards the niche supporting stem cell identity (Pax7 ) and one towards the muscle fiber generating
muscle cell progeny driven by MRF expression. The muscle niche consists of extracellular matrix components (ECM)
including collagens, proteoglycans and laminins. Adapted from [34].

7

Chapter 1

During symmetric cell division, two identical cells are formed; either two mother cells (Pax7+/
MRFs‐) or two committed daughter cells (Pax7+/ MRFs+) (Fig. 6). Symmetric cell division occurs
by a spindle that is oriented parallel to the muscle fiber axis [32].
In embryonic and early fetal development symmetric division are most prominent in order to
increase the stem cell pool. Also during wound healing and regeneration processes symmetric
cell division of committed progenitor cell is important to restore damaged tissues [29]. Under
steady‐state conditions, satellite cells divide asymmetrically, retaining the ability to restore
cell pools when depletion occurs due to regeneration [32]. The cells must have a capacity to
switch between asymmetric and symmetric modes of division [29].

Various types of muscle stem cells
In recent years, several myogenic progenitor cells have been identified in muscle tissue. These
cells have exhibited a multilineage differentiation capacity towards adipogenic, osteogenic,
chondrogenic, hematopoietic and even neurogenic lineages [38‐40]. The in vivo localization of
several of these cells remains elusive. Some progenitor cells are associated with the
circulation system, using the advantage of the vascular network throughout the muscle tissue
while others are in more close contact with muscle fibers. The various progenitor cells differ
in anatomical location, self‐renewal and differentiation potential, and cell surface marker
expression. Identification of the specific molecules on the cell surface can be used to
distinguish between the various cell types. The phenotype is recognized based on cluster
designation (CD) and expression of other cell surface‐associated antigens (Table 1). Using
these features, cells can be separated by flow cytometry. Here, specific binding of
fluorescently labeled antibodies generates a fluorescent scattering pattern. This can be
detected by a fluorescence activated cell sorter (FACS) and selected for separation. Selection
for specific surface molecules expressed by potential muscle stem cells can be used to
separate these stem cells from non‐myogenic cells.
Muscle fiber associated stem cells
Satellite cells: These cells are denominated satellite cells because of their location between
the basal lamina and sarcolemma of the muscle fiber and were originally identified by Mauro
in 1961 using electron microscopy [16]. This self‐renewing pool of cells originates from the
center of the dermomyotome and is present in skeletal muscle tissue throughout life [10, 15].
After birth, satellite cells make up around 5% of the nuclei associated with a muscle fiber, and
function in primary muscle development and regeneration [41‐44]. In regenerative medicine,
satellite cells survive poorly after intramuscular injection, and it has been suggested that
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these cells cannot colonize the muscle when systematically delivered by intra‐arterial
injection [45].
Cells associated with the muscle vascular system
Mesenchymal stem cells: Mesenchymal stem cells (MSCs) are located perivascularly, in adult
bone marrow, and in mesoderm‐derived tissues. These cells exhibit a multipotent
differentiation capacity and can contribute to tissue growth and regeneration after modest
injury. Myogenic mesenchymal stem cells have been predominantly observed in muscle
tissue, bone marrow, fat, brain, blood (umbilical cord), skin, but also in several other tissues
[18, 46‐52]. The term mesenchymal stem cell refers to a variety of progenitor subpopulations
which are phenotypically characterized by cell surface marker expression (Table 1).
Myo‐endothelial cells: A subset of satellite cells that co‐express markers associated with the
vascular system are referred to as myo‐endothelial cells [18, 53]. They sustain better muscle
regeneration than regular myoblasts [54]. Myo‐endothelial cells represent around 0.4% of the
muscle stem cells and, based on cell surface marker expression, share myogenic as well as
endothelial features [55]. The myo‐endothelial cell population (CD56 +, CD34+, CD144+) can be
purified from myogenic (CD56+, CD34‐, CD144+) and endothelial (CD56‐, CD34+, CD144+) cell
populations by flow cytometry and cell sorting. The better regeneration capacity and the
long‐term in vitro expansion make the cells good candidates for treatment of muscle diseases.
Pericytes: Other blood vessel‐associated cells, located underneath the basal lamina of small
vessels, are called pericytes [45, 53]. These cells lack expression of endothelial markers, but
can be phenotypically identified by NG2 proteoglycan, platelet‐derived growth factor
receptor‐β (PDGF‐Rβ) and CD146 expression. They can be derived after outgrowth of tissue
explants and purified by sorting for alkaline phosphatase (ALP) expression and depletion of
CD56 positive cells [45]. Pericytes lack expression of myogenic markers (Pax7, Myf5, MyoD),
but they do differentiate into multinucleated myotubes when exposed to myogenic
differentiation medium [45]. In regenerative medicine, in vitro expansion of pericytes with a
modified dystrophy gene prior to intra‐arterially injection resulted in the formation of large
numbers of new dystrophin expressing muscle fibers [45].
Unidentified muscle stem cells location
Multipotent adult progenitor cells (MAPC): MAPC have derived from bone marrow, brain and
muscle tissues, and demonstrated a capacity to differentiate to the myogenic lineage both in
vitro and in vivo [46, 56]. These cells were the first described to express an ES cell marker,
Oct4, in vitro [4]. Moreover, a high level of cellular potency of rodent MAPCs has been
demonstrated by the differentiation to cells from mesodermal, neuro‐ectodermal and
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endodermal lineages [4, 56‐58]. MAPCs cultured under hypoxic conditions (5% O2) show
strong survival capacity in ischemic tissue during muscle and vascular tissue regeneration
[59]. These cells could be of high potential in restoring heart tissue after an infarct.
Side population (SP): SP cells reside in bone marrow and muscle tissues. They lack a consistent
cell surface marker expression pattern. The expression pattern appears to depend on tissue of
residence [60]. SP cells are characterized by their ability to pump the Hoechst dye 33342 out
of the cells. This capacity can be used for selection by FACS separating the SP from the main
population (MP) lacking this dye exclusion pump [14, 60, 61]. This multidrug‐resistant
character is present in up to 3% of the muscle‐residing cells and is achieved by their ATP
binding cassette half‐transporter ABCG2 [60, 61]. Satellite cells lack this potential and in
satellite cell‐deficient mice (Pax7‐/‐) the SP population still resides in the muscle indicating
that it is a different population [19]. Based on the expression of Sca‐1, the location of SP cells
is suggested to be outside the muscle fiber [61]. SP cells have the capacity to regenerate
tissue and to engraft skeletal muscle. Using autologous systemic delivery of the human
dystrophin gene in SP cells muscular dystrophy was restored [61, 62].
Muscle derived stem cells (MDSCs): Based on their slow adhesion to tissue culture plastic,
MDSCs can be purified from primary muscle stem cells using a preplating method [49, 63].
Fast adhering cells are separated from the late adhering MDSC population by transferring the
non‐adhering cells daily to a new culture flask until adherence of the MDSCs occur at day 5.
The MDSCs sustain a strong capability to differentiate into skeletal, cardiac and smooth
muscle and have a high regenerative potential when implanted into skeletal and heart muscle
tissue [49, 64]. MDSCs have a higher survival rate based on their resistance to oxidative stress
and strong proliferation capacity compared to satellite cells and myoblasts [64]. Thereby,
MDSCs are able to release high levels of vascular endothelial growth factor (VEGF), which has
been suggested to promote vascularization and thus improves regeneration in vivo [65].
Stem cell limitations
Stem cells derived from muscle tissues have shown critical limitations in regenerative studies.
First of all, the low survival rate caused by cell apoptosis requires the use of higher doses of
stem cells to obtain better regeneration. Therefore, in vitro stem cell expansion is required to
provide a higher cell number. However, this may induce phenotypic changes and loss of self‐
renewal or differentiation capacity. Secondly, poor migration after injection has resulted in
insufficient targeting and thus a moderate regeneration capacity. Thirdly, to obtain a high
level of tissue regeneration, cells should sustain self‐renewal capacity and provide sufficient
new fibers by differentiation.
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Table 1. Overview of cell surface molecules of muscle stem/ progenitor cells

c‐kit; cytokine receptor; GPI, glycosyl phosphatidylinositol; h, human; HLA, human leukocyte antigen; ICAM‐1,
intercellular adhesion molecule‐1; ITG, integrin; m, mouse; LC, leucocyte; L‐VAP‐2, lymphocyte‐vascular adhesion
molecule‐2; Ly‐6, lymphocyte antigen‐6; MCAM, melanoma cell adhesion molecule; MHC, major histocompatibility
complex; NCAM, neural cell adhesion molecule; Sca‐1, stem cell antigen‐1; p, pig; PECAM‐1, platelet endothelial cell
adhesion molecule‐1; VCAM‐1, vascular cell adhesion molecule‐1; VE, vascular endothelial; +, positive expression;
−, negative expression; +/−, both positive and negative expression.
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To gain complete regeneration stem cells should exhibit a strong survival rate, the ability to
self‐renew, and a lineage committed differentiation and migration capacity. Studies have to
be performed to optimize in vitro cell culture conditions and to acquire knowledge concerning
myogenic activation of the cells. Generally, a comprehensive characterization of the muscle
stem cells provides information to establish stem cell cultures with a high potential.

Stem cell prospective
To date, the use of pigs as a large animal model in biomedical science is emerging due to
advances in technology concerning stem cell‐based therapies and creation of transgenic
models to study human diseases [66‐84].
The most studied muscular disease is Duchenne muscular dystrophy (DMD). For that reason
animal models have been generated to explore the disease pathway and clinical assessment
[62, 85‐89]. Generating a pig disease model would be of great benefit to extrapolate
regeneration capacities of several muscle progenitor cell populations to human therapies.
Unfortunately, because of the incomplete identification of the pig genome and the absence of
an ESC line, extensive research is limited. Genetic manipulation of porcine cells by ‘knock in’
specific human genes via homologous recombination to study human diseases is therefore
underdeveloped. Furthermore, generated pig ES‐like cell lines have shown limitations in self‐
renewal and differentiation capacity when compared to the well‐established human and
mouse derived ESC lines [74].
Cloning and reprogramming
Cloning can be performed by somatic‐cell fusion with ESC or by somatic cell nuclear transfer
(SCNT). SCNT is the placement of a somatic cell nucleus into an ‘empty’ oocyte followed by
electric or chemical activation of embryogenesis (Fig. 1). For instance, SCNT can be used for
therapeutic cloning by subsequently removal of pluripotent cells from the embryo and culture
them as e.g. insulin‐secreting cells for diabetes or neuronal cells to cure Parkinson’s disease.
SCNT for reproductive cloning of animals has been accomplished by transplanting the embryo
back into a recipient for complete development of the animal (e.g. sheep Dolly). Problems
related to SCNT occured during the first cell cycle resulting in developmental abnormality and
prenatal lethality [82].
A major breakthrough came in 2006 when it was described that the viral integration of the
‘reprogramming genes’ Oct4, Sox2, Klf4 and c‐Myc reprogrammed the epigenetic state of fully
differentiated human and mouse adult cells and by this established induced pluripotent (iPS)
cells [90‐94]. These cells showed the expression of several ESC markers and could form
teratomas when injected into immunodeficient mice. A few years later, generation of live‐
born offspring was accomplished through iPS cell tetraploid complementation demonstrating
full reprogramming of the somatic cells to a pluripotent state [95]. From a technical point of
view, iPS cells can be used for drug discovery and toxicology screens and to create animal
disease models carrying specific human genes. In addition, patient‐specific iPS cells can be
12
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generated [96, 97]. The use of viruses are potential risks for gene integration by induction of
gene silencing [98] and activation of the proto‐oncogene c‐Myc. Therefore, iPS cells without
viral integration have been generated recently [99]. In addition, iPS cells have been
generated without the use of c‐Myc [92].
Recently, iPS cells from the pig have been derived by lentiviral transduction of the OCT4,
SOX2, KLF4 and c‐MYC genes into porcine fetal and adult fibroblasts [80, 100]. This resulted in
the generation of pluripotent stem cell lines similar to the human ESC lines. Using pig iPS cells,
a pig model system can be made to obtain clinical relevant data concerning stem cell safety
and to improve clinical efficiency when extrapolating to humans [80, 100]. However,
generation of iPS cells in general is still inefficient indicated by the low percentage of
completely reprogrammed cells. Therapeutic use of iPS cells is still far away, because the
incomplete differentiation of iPS cells towards clinical applicable cells prohibits their use in
patients due to possible feature of cell tumorigenicity.
Cultured meat
Human over‐population and over‐consumption are growing concerns with a large impact on
global warming and climate change [101]. Intensive livestock farming contributes to the
production of around 18% of the green house gases (carbon dioxide, methane and nitrous
oxide). Globally, 56 billion animals are slaughtered yearly for consumption and this is
expected to have doubled by the year 2050 [102]. Methane and nitrous oxide emission from
animals and manure, and burning fossil fuels for the generation of energy to farm and
transport animals lead to an extensive environmental impact. Land used for agriculture covers
one‐third of planets land, two‐third of this surface is used for animal production facilities and
for the production of crop feed. As a consequence, deforestation, inefficient use of water and
food resources will have harmful consequences with a global impact. Furthermore, animal
well‐being and housing is important to prevent spreading and transmission of animal and
food borne diseases like flu (H5N1, H1N1, etc), foot and mouth disease, BSE and Salmonella.
To diminish the global impact of the bio‐industry an alternative can be provided by using stem
cell technology for industrial large scale production of muscle tissue for human consumption
(cultured meat). Hypothetically, a muscle stem cell line can be derived from a pig and used in
an ex vivo culture system for extensive expansion. Subsequently, the muscle stem cell culture
must be stimulated to differentiate into edible muscle tissue. In this way, meat production
would be much more sustainable with less environmental impact and a reduced risk of
zoonotic diseases. To accomplish this, the muscle stem cell of choice should be highly
proliferative and sustain strong myogenic commitment when exposed to a well‐defined
growth medium lacking animal related components (e.g. serum). By mechanical stimulation
differentiation could be induced in a scaffold‐based manner resulting in the formation of 3‐
dimensional muscle structures possibly in co‐culture with vessel‐forming cells or fat cells to
increase meat structure and taste.
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The pig
Muscle stem cells have great potential to study muscle related diseases. The pig in particular
shows important physiological and anatomical similarities to human, is easy to breed and has
a higher life‐span than, for instance, rodents. Porcine muscle stem cells can function as
excellent biomedical models in translation studies and could be suitable for
xenotransplantation [83, 84, 103].
Muscle dystrophy covers a group of disorders causing muscle weakness by a defective
Dystrophin gene. Becker muscular dystrophy and Duchenne muscular dystrophy affect the
lower body, while facioscapulohumeral muscular dystrophy affects the muscles of the upper
body. Currently, there is no treatment for these inherited diseases, but studies have been
performed using genetically altered myoblasts with a dystrophin gene. Strategies applicable
to human to improve myoblast transfer efficiency have been reported, but are still under
development [104‐106]. Also, stem cell therapies for myocardial regeneration are emerging
[107, 108]. The role of muscle progenitor cells regarding muscle development and
regeneration is not well understood and further research has to be performed to fully
understand these mechanisms. The life‐span and genetic variability of the mouse and other
small animals show limitations when it comes to extrapolating results obtained with these
animal models to the conditions in humans. Therefore, the pig can be seen as an important
model for translational studies. Gaining knowledge concerning porcine muscle stem cell
isolation, characterization and differentiation is of great significance for regenerative
medicine and tissue engineering. Drawbacks using the pig are that the genome is partly
unknown and tools to characterize porcine stem cells are limited. Thereby, limited
information is available about porcine muscle stem cell lines. Therefore, understanding how
to control and regulate porcine stem cell behavior is of extreme importance.

Outline of the thesis
This thesis focuses on the improvement of porcine muscle stem cell isolation, characterization
and differentiation. In chapter 2, different approaches to isolate and characterize porcine
muscle stem cells are described. In chapter 3, the focus is on the isolation and
characterization of porcine muscle‐derived progenitor cells. Examination of proliferation
capacity and the multilineage potential of these cells indicated the muscle tissue as a
residence of progenitor cells possessing a long‐term expansion capacity in vitro.
Optimization of the porcine culture conditions is described in chapter 4. Using extracellular
matrix components as surface coatings a significant improvement of muscle stem cell
proliferation and differentiation has been revealed. Interestingly, these results suggest an
importance role for a specific integrin in muscle cell fusion and differentiation, as has been
described in chapter 5. This integrin was used to enrich a high myogenic stem cell population
by flow cytometry.
Overall, this thesis covers many aspects of porcine muscle stem cells including technical
aspects like antibody cross reactivity, porcine gene primer designs, stem cell isolation
14
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methods and purifications of cell populations. Furthermore, the acquired knowledge of adult
porcine muscle stem cells provides useful information for regenerative medicine and tissue
engineering.
These aspects are dealt with chapter 6, which also provides a comprehensive summary of the
results and conclusion.
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Abstract
Porcine muscle stem cells are used in studies aimed to develop cell‐based therapy in
regenerative medicine. Several approaches can be applied to derive a muscle stem cell line
with high regenerative capacity. We report techniques for the isolation of different stem cells
from muscle tissue and methods to characterize these porcine‐derived muscle stem cells.
Four different isolation techniques, which are applicable for stem cell isolations of the pig and
other species, are summarized in these protocols. The benefits and drawbacks of each
method are discussed.
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Introduction
Muscle tissue is a residence for several populations of stem cells. The best known muscle
stem cell is the satellite cell, discovered by Mauro in 1961 [1]. Besides satellite cells other
muscle progenitor cells residing in the muscle tissue have been identified to contribute to
muscle maintenance and regeneration [2‐4]. Stem cell transplantation is emerging as a new
therapy by which muscle progenitor cells can be used to restore muscle function caused by
diseases such as Duchenne muscle dystrophy [5, 6]. Specific muscle‐derived stem cell
populations have been shown to be of therapeutic relevance in the treatment of skeletal
muscle diseases [7]. In addition, muscle tissue can serve as a potential source of myogenic
cells to use in gene therapy tackling muscle dystrophy diseases.
Pigs can be used as animal models to define strategies for treatment of human diseases. Their
similarities in physiology, life‐span and in organ size make these animals excellent models for
humans [8].
To date, several methods have been used to isolate muscle stem cells. We have adapted
protocols from previous studies focusing on the isolation of muscle stem cells from the pig [9‐
13] as well as from mice. Here, we describe several techniques for the isolation of
homogeneous populations by preventing contamination of non‐stem cells.
Additionally, we report the use of cross‐reactive antibodies to characterize porcine stem cell
populations.
This protocol covers stem cell isolation methods from semimembrinosus and semitendinosus
muscle tissue:
A.
B.
C.
D.

Isolation of muscle progenitor cells
Isolation of muscle‐derived stem cells (MDSC)
Isolation of satellite cells from single muscle fibers
Isolation of the side population (SP) from muscle tissue
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Materials

REAGENTS
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•
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Dulbecco’s Modified Eagle Medium (DMEM),
high glucose (Gibco, cat. no. 41966)
DMEM 1x, low glucose (Gibco 22320)
L‐glutamax (Invitrogen cat. no. 35050)
Horse serum (HS) (Gibco, cat. no. 16050)
Chicken Embryo Extract (CEE) (SLI, cat. no.
CE‐650‐TL)
Fetal bovine serum (FBS) (Gibco, cat.no.
10270)
Hanks Balanced Salt Solution (HBSS) (Gibco,
cat. no. 24020)
HEPES (Gibco, cat. no. 15630)
Phosphate‐buffered saline (PBS) (Braun, cat.
no. 3623140)
Basic fibroblast growth factor (bFGF), human
recombinant (Invitrogen, cat. no. 13256)
Penicillin/ streptomycin (p/s) (Gibco, cat. no.
15140)
Antibiotic‐antimycotic (Invitrogen, cat. no.
15240)
Gentamycin (Invitrogen, cat. no. 15750)
Fungizone (Invitrogen, cat. no. 15290)
Trypsin‐EDTA 0.25% (Sigma, cat no. 25200)
Ethanol 99,6% (Nedalco cat. no.
402.00.0020E)
MatrigelTM Basement Membrane Matrix (BD
cat.no. 356237)
Protease preparation from Streptomyces
griseus protease (Sigma, cat. no. 81748)
Collagenase XI from Clostridium histolyticum
(Sigma, cat. no. C9407)
Collagenase I Crude from Clostridium
histolyticu (Sigma, cat. no. C0130)
bisBenzimide H 33342 trihydrochloride
(Hoechst 33342) (Sigma, cat. no. B2261)
Verapamil hydrochloride (Sigma, cat. no.
V4629)
DMSO (sigma, cat no. D2650)
Gelatin (Sigma, cat no. G1890)

EQUIPMENT
• Water bath with temperature control
• Centrifuge with temperature control
• Incubator with both temperature and gas
composition controls ( 37ºC, 20% O2, 5% CO2)
• Sterile laminar flow culture hood
• Light microscope (Olympus TH3)
• Fluorescent microscope (Leica DMRE)
• Fluorescence Activated Cell Sorting (FACS);
BD FACSVantage™ SE Cell Sorter
• Surgical equipment for muscle dissections
(sterile); scalpel, forceps
• Cell strainers (BD Falcon, cat. no. pore size 40
µm, 352340; 70 µm, 352350; 100 µm,
352360)
• Plastic petri dishes
• Culture flasks (Greiner, cat. no. T75, 658175;
T175, 660175
• 6‐wells culture dishes (Greiner, cat. no.
657160)
• Cryovials
• Polypropylene centrifuge tubes (Greiner Bio‐
One, cat no. 15 ml, 188261; 50 ml, 227261)
• 8‐wells Lab‐TekTM chamber slides,
TM
Permanox chamber slide (Nunc, cat
no.177445)
• Pasteur pipettes (150 mm)
• Syringes (2 ml and 10 ml)
• Mr. Frosty (freezing container) (Sigma, cat.
no. C1562)
• Pipettes (5 ml, 10 ml, 25 ml)
• Eppendorf tubes (Bioplastics cat. no. B77503)
• Polypropylene FACS tubes sterile (BD Falcon,
5 ml, cat. no. BD2063)
• Bunsen burner
• Glass petri dish
• Metal strainer
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Muscle tissue dissection
CRITICAL
All reagents and equipment must be sterile. Use antibiotics, gentamycin and fungizone in all
solutions. Biopsies: all skeletal muscle biopsies from the semimembrinosus should be
obtained under the relevant Animal Care and Use Committee guidelines and regulations. The
use of younger animals is recommended to provide more stem cells.
From the hind leg from the pig semitendinosus and semimembrinosus can be dissected for
the isolation of primary muscle stem cells (Fig. 1).
1‐ Position hind leg to a lateral view.
2‐ Sterilize skin with ethanol.
3‐ Remove skin and adipose tissue layer with scalpel and forceps. This uncovers the
biceps femoris muscle.
4‐ Reflection of the biceps femoris muscle (1) reveals the semitendinosus (2) and
semimembrinosus (3) at the caudal position.
5‐ Transect tendons at both proximal and distal sides while holding one tendon with
forceps and transect the other tendon with the scalpel.
6‐ Dissected muscle can now be used for stem cell isolation.

Fig. 1. Anatomy of hind leg pig. Darkened muscles represent the
hamstring muscles usable for muscle stem cell isolations: 1= femoris, 2=
semitendinosus, 3= semimembrinosus. Picture is adapted from the Atlas
of Prof P. Propesko.
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TROUBLE SHOOTING
Contaminations with yeast and bacteria can occur during muscle dissection. It is
recommended to use antibiotics and fungizone in all solutions during isolation. In the event of
contamination discard cell culture, disinfect the hood and start new stem cell isolation.
A.

Isolation of muscle progenitor cells

Muscle progenitor cells can be isolated by enzymatic digestion of muscle parts of the hind leg
of a pig. This method provides a large number of cells with a heterogeneous character due to
the robust isolation approach. The population of cells can be purified further using Percoll
gradient centrifugation [13, 14] or by using membrane associated markers for sorting by flow
cytometry using a fluorescence activated cell sorter (FACS ) [2, 7, 15].
Reagents set‐up:
- PM+: DMEM‐HG containing 20% FBS and 50 µg/ml gentamycin, 1% antibiotic‐
antimycotic mix and 250 ng/ml fungizone.
- PBS+: PBS containing 1% antibiotic‐antimycotic, gentamycin (50 μg/ml), fungizone
250 ng/ml.
- Collagenase XI (0.15%): Add 1.5 mg/ml collagenase XI in preheated DMEM‐HG+
(37ºC) and mix well. Sterilize by filtering through 0.22 µm filter.
- Proteases from Streptomyces griseus (6 units/ mg) (1%): Add 1 mg/ml proteases to
preheated PBS+ containing 1% HEPES (37°C) and mix well. Sterilize by filtering
through 0.22 µm filter.
- Freezing medium (sterile): 20% DMSO (v/v) in FBS
Procedure of isolation of muscle progenitor cells
Biopsies can be taken from semitendinosus or semimembrinosus muscles of euthanized
(intracardial injection of 0.15 ml/kg T61) hybrid York piglets; 3 months of age.
1. Dissect around 50 g from semitendinosus or semimembrinosus muscle.
2. Rinse in EtOH, wash in PBS+ and keep on ice in cold PBS+.
3. Mince muscle tissue in sterile glass petri dish with scalpels in a sterile laminar flow
culture hood until the tissue is minced to very thin muscle parts.
4. Remove adipose and connective tissues.
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! CRITICAL: contamination of non‐myogenic cells can be minimized by meticulous
removal of adipose and connective tissue.
5.

Collect minced tissue parts in four 50 ml tubes using PBS+ containing 1% HEPES (v/v)
and centrifuge (5 min at 1000g).

6.

Separate supernatant from minced muscle tissue, keep the pellet and centrifuge
supernatant (5 min at 2000g). Pool both pellets.
! CRITICAL: collection of liberated single cells avoids loss of cells.

7.

Divide minced muscle tissues in five 50 ml tubes. Add to each 50 ml tube 20 ml 1 mg/
ml Protease dissolved in preheated PBS+ containing 1% HEPES. Incubate for 60 min at
37°C (water bath).
! CRITICAL: Sterilize protease solution with a 0.22 µm filter prior to use.
! CRITICAL: Make sure all tissue is surrounded by warm water.
! CRITICAL: Shake vigorously every 10 min.

8.

Take 50 ml tubes from water bath and triturate digesting tissue 10‐15X with 25 and 5
ml pipettes.

9.

Collect tissue debris by mild centrifugation (5 min at 200g).

10. Separate supernatant from tissue debris and adjust supernatant to 50 ml with PBS+
containing 1% HEPES and centrifuge (5 min at 2000g).
! CRITICAL: Collection of dissociated cells.
11. Discard supernatant and centrifuge cell pellets in PM+ (10 min at 2000g)
! CRITICAL: FBS in PM+ is important to prevent cell damage caused by proteases.
12. Take up cells in 5 ml PM+ and filter through a 100 µm cell strainer followed by a 70 µm
cell strainer. Wash in PM+ (10 min at 2000g) and take up cell pellet in 1 ml PM+ and
keep on ice: cell pellet I.
13. Continue with tissue debris digestion until the muscle is completely digested:
a. Incubate for 60 min in 0.15% w/v collagenase XI in DMEM containing 5% FBS.
b. Triturate with 5 ml and 10 ml pipettes to further grind muscle tissue debris.
c. Transfer tissue debris on 100 µm cell strainer.
d. Centrifuge filtered cell suspension in PM+ (5 min at 2000g).
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e.
f.
g.

Separate supernatant from cell pellets and collect remaining cells (10 min at
2000g).
Pool pellets and wash in 50 ml PM+ (10 min at 2000g).
Take up cell pellet in 10 ml PM+ and filter through 70 µm cell strainer. Wash
in PBS+ and collect cells (5 min at 2000g). Take up in 5 ml PM+ and store on
ice: cell pellet II

14. Pool pellets I and II in a 50 ml tube and centrifuge in cold PBS+ (10 min at 2000g).
15. Shock erythrocytes in ery‐shock buffer (BOX1):
!CRITICAL: if in cell pellet traces of red (erythrocytes) remains repeat ery‐shock
treatment.
16. Take up cells in 10 ml PM+ and filter through cell strainer with pore size 40 µm.
? TROUBLE SHOOTING
17. Adjust with PM+ to 50 ml and collect cells (10 min at 700g).
18. Take up cells in 50 ml warm PM+ and pre‐plate primary muscle cells for removal of
fast‐adhering fibroblasts (BOX2).
! CRITICAL: Check under light microscope if cell solution consists of single cells. If cell
lumps are present triturate with 10 ml pipette.
? TROUBLE SHOOTING
19. For storage of cells after pre‐plating; take up cells in 10 ml cold PM and gradually add
10 ml freezing medium. Mix gently, take an aliquot of 1 ml cell suspension and
transfer to a cryovial. Transfer cryovials (20x) to pre‐chilled (‐20°C) freezing container
(Mr. Frosty) and keep overnight at ‐80°C. Next day transfer cryovials in liquid
nitrogen for long term storage.
All centrifugation steps can be performed at room temperature (20°C).
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BOX 1: Erythrocyte removal
Ery‐shock buffer 250 ml:
• 2.461 gr NH4Cl
• 0.25 gr KHCO3
• 0.25 ml 0.1 M EDTA (=0.372 g Na2EDTA/ 10 ml Milli‐Q)
• Dissolve in 250 ml Milli‐Q water
• Adjust pH to 7.4
• Sterilize by filtration through 0.2 μm filter
Protocol:
• Use 10‐20 ml cold ery‐shock buffer to dissolve cell pellet in 50 ml tube
• Incubate for 10 min on ice
• Adjust to 50 ml with cold PBS and wash twice by centrifugation (10 min at 1000g)
• Critical: If erythrocytes still remain in cell pellet, repeat shock treatment

BOX 2: Preplating for removal of fast‐adhering fibroblasts
•
•
•
•
•
•

Take up cells in warm (37°C) PM+ and resuspend until obtaining single cell solution.
Plate single cells in uncoated T175 flasks (use two flasks for cell isolation from 50 g of
tissue)
Incubate for 60‐90 min at 37°C, 20% O2, 5% CO2
Collect and centrifuge cell suspension containing non‐fast adhering cells (10 min at
500g)
Rinse T175 flask twice with 10 ml PM+ using 10 ml pipette
Pellet cells by centrifugation (10 min at 500g)

Cell culture:
20. Thaw one cryovial from liquid nitrogen at 37°C (water bath) and transfer cell
suspension to a 50 ml tube. Slowly add 10 ml cold (4°C) PM+ and adjust to 50 ml.
Centrifuge (5 min at 300g) and re‐centrifuge supernatant (5 min at 500g). Pool cell
pellets in warm PM+ containing 5 ng/ml bFGF. Cells can now be plated onto 100 cm2
culture surface.
! CRITICAL: bFGF stimulates cell growth and should be added freshly to the culture
medium.
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21. Cells will adhere to culture plastic during 2 days. Remove medium at day 3. Wash
culture surface with warm PBS+ and refresh medium PM+ containing 5 ng/ml bFGF.
! REMARK: Non‐adhering cells, adipocytes and dead cells will be removed during this
step.
! CRITICAL: Add antibiotics and fungizone to PM during the first week of cell culture.
Change to PM with only gentamycin or p/s. Refresh PM daily containing 5 ng/ml
bFGF.

Table 1‐ Troubleshooting during isolation of muscle progenitor cells
Step
1‐17

Troubleshooting
Low yield of cells

16

Debris contamination

18

Bacterial and fungal infection
Tissue debris will not pass cell
strainer
Cell suspension consists of
remaining small tissue debris
and dead cells

Possible cause and solution
Loss of cells during centrifugation. Increase
centrifugation speed to 2000g. Check
supernatant after every centrifugation step with
cell counter
Filtration was not optimal. Repeat stirring
through new cell strainer (40 µm)
Use antibiotics and fungizone in each step
Stir with syringe (1‐2 ml) to allow cell suspension
to flow through the cell strainer during filtering
Debris will be washed away when culture
medium is refreshed

B.
Isolation of muscle‐derived stem cells (MDSC)
Muscle‐derived stem cell populations can be characterized and isolated based on the
expression of markers or localization in vivo. Another method which selects for cell adherence
has been optimized by the group of Huard et al. [16, 17]. They used the slow adhering nature
of a specific muscle stem cell for isolation. Enrichment for myoblasts in the culture was
performed by a pre‐plating technique involving the fast adhering fibroblast to adhere first,
while remaining muscle‐derived cells were transferred to new flasks until the slowly adhering
stem cells were purified at later stages (Fig. 3). Various populations of muscle cells were
selected during several days by which the cells that had adhered on day 5 were named
muscle‐derived stem cells (MDSC). In vivo, MDSCs are highly proliferative, show strong
survival and self‐renewal capacity. They are competent to differentiate to skeletal, cardiac
and smooth muscle making them good candidates in muscle cell‐based therapies [16].
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Reagent set‐up:
- PM: DMEM, 20% FBS, p/s
- PBS+: PBS containing 50 µg/ml gentamycin, 1% antibiotic‐antimycotic mix and 250
ng/ml fungizone
Procedure of MDSC isolation
Step 1‐4; see A
5.

Divide muscle tissue in four 50 ml tube (15 ml max per tube). Add 30 ml of 0.8 mg ml‐1
protease (Streptomyces griseus) in preheated PBS+ and incubate for 60 min at 37°C.
CRITICAL: Sterilize protease solution with 0.22 µm filter prior to use.
CRITICAL: Surround all tissue with warm water (37°C).
CRITICAL: Shake every 10 min.

6.

Adjust tube to 50 ml with PM to inactivate proteases and centrifuge (10 min at 700g).

7.

Filter supernatant containing single cells through 50 µm filter, wash in PM and pellet
cells (10 min at 700g). Take up pellets in 25 ml PM and filter twice over 40 µm cell
strainer. Pellet cells by centrifugation (5 min at 400g). Keep on ice: cell pellet I

8.

Stir cell debris (step 7) through metal strainer with back of 10 ml syringe. Use PM to
allow cell debris pass the metal strain filter to inactivate the proteases.

9.

Load stirred cell suspension over 100 µm filter, collect in eight 50 ml tubes and wash in
PM (centrifuge 10 min at 700g).

10. Pool supernatants (step 9) in four 50 ml tubes and centrifuge (10 min at 500g). Take up
pellets in PBS+ and pool. Keep on ice: cell pellet II.
11. Pool cell pellets (step 9) and filter over 100 µm cell strainers. Subsequently, filter two
times with 40 µm cell strainer and centrifuge (10 min at 400g). Discard supernatant.
Keep pellets on ice= pellet III
12. Pool pellets I, II and III in PBS+, filter over 40 µm cell strainer and wash in PBS+ (10 min
at 400g).
13. Shock erythrocytes in two times 20 ml ery‐shock buffer (BOX1) in 50 ml tubes.
14. Wash cell suspension twice with PBS+ (10 min at 300g)
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15. Start pre‐plating for 2 hrs on 0.1% gelatin‐coated T175 flasks in 20 ml PM+ (Fig. 2).
16. Transfer cell suspension from T175 to new 0.1% gelatin coated T75 flask. Rinse flask
once with 5 ml PM+ and add to new T75.
REMARK: Fast adhering cells are called PP1.
17. Allow cells to adhere for 24 hrs to culture flask. Transfer cell suspension from T75 to
new 0.1% gelatin coated T75 flask by pipetting and allow cell adherence for another
24 hrs to culture flask.
REMARK: These cells are called PP2.
18. Repeat step 16. During this step non‐adhered cells are replated to a new flask
allowing purification of fast‐adhering cells from slow‐adhering cells.
REMARK: These cells are called PP3.
19. Continue with replating (step 16) until late‐adhered PP6 cells are selected. These
cells are called the MDSCs.
REMARK: Discard remaining cell suspension.
20. Start cell culture in PM+ containing 5 ng/ml bFGF. Refresh medium from PP1‐PP6
every second day, starting from step 17.
o Timing
Day 1, Step 1‐16; muscle dissection, muscle cell isolation, pre‐plating PP1.
Day 2, Step 17; transfer non‐adhering cell suspension to flask EP3.
Day 3, Step 16; transfer non‐adhering cell suspension to flask EP4.
Day 4, step 16; transfer non‐adhering cell suspension to flask EP5.
Day 5, step 16; transfer non‐adhering cell suspension to flask EP6.
Day 13; clone formation.
GENERAL CRITIC: To avoid poor cell adhesion due to thick muscle debris use appropriate
size of flask depending on the muscle biopsies taken.
GENERAL CRITIC: To remove contamination of fibroblast‐like cells replate cell culture for
2 hrs between cell passaging.
GENERAL REMARK: The MDSCs remain quiescent during the first week and undergo cell
division within 2 weeks forming colonies (Fig. 2).
GENERAL REMARK: The MDSCs can be further purified by flow cytometric cell sorting
separating cell fractions with specific lineage commitments based on marker expressions.
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Fig. 2. Schematic overview of the pre‐plating (PP) technique. Preplate 6 (PP6) results in formation of MDSC.

C.
Isolation of satellite cells from single fibers
Satellite cells are the muscle stem cells that contribute to muscle development and
regeneration after injury. They are located beneath the basal lamina and the sarcolemma of
muscle fibers. Muscle development or regeneration triggers satellite cell division into
myoblasts which fuse with the muscle fibers for growth or repair. Stem cell isolations from
single fibers requires less purification steps to derive a homogenous population of satellite
cells from muscle tissue [2, 18‐20] (Fig. 4).

Reagent setup:
- Proliferation medium (PM): DMEM‐HG, 2% L‐glutamax, 10% HS, 0.5% CEE (0.22 μm
filtered), 2.5 ng/ml bFGF, 1% antibiotic‐antimycotic, gentamycin (50 μg/ml),
fungizone 250 ng/ml.
- Differentiation medium (DM): DMEM‐HG, 5% HS, gentamycin (50 μg/ml).
- HS coating: Coat non‐tissue culture petri dishes (7‐8 dishes per muscle) with 0.44 µm
filtered HS and remove excess. This is to prevent fiber from sticking to dishes during
triturating.
- Pasteur pipettes: Preheat with Bunsen burner and polish with tissue. Heat again prior
to use.
- Enzyme solution 0.2% collagenase I: 0.2% Crude from Clostridium histolyticum
(wt/vol).
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Fig. 3. Morphology of muscle‐derived cell at different pre‐plating (pp) stages and culture time in days (d).

Procedure of single fiber satellite cell isolation
The use of young animals is recommended for providing more stem cells within the same
muscle fiber.
1‐ Dissect muscle from tendon to tendon, keep shortly in EtOH (70%), rinse with cold
PBS and keep on ice.
TROUBLESHOOTING
2‐ Place muscle tissue in sterile petri dish in a sterile laminar flow culture hood and
remove adipose and connective tissue using scalpels.
3‐ Place muscle tissue in preheated (37°C) 30 ml 0.2% collagenase I solution in a 50 ml
tube for 2 hrs in a shaking water bath (37°C) to induce muscle tissue digestion.
Critical: When fibers appear to detach from the muscle tissue, digestion must be
terminated.
4‐ Place digested muscle tissue on HS‐coated petri dish and triturate with HS‐coated
pre‐polished Pasteur pipette until single fibers detach from tissue. Rinse detached
fibers in PM.
TROUBLESHOOTING
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5‐ Collect detached single fibers and rinse in PM. Transfer fibers to HS‐coated petri dish
and check under a light microscope (magnification 100X) for remaining tissue debris.
TROUBLESHOOTING
6‐ Place single fibers in a freshly HS‐coated petri dish containing a low layer of PM and
place the dish in the incubator (37°C, 5% CO2) until the desired number of fibers has
been freed from tissue.
7‐ Transfer a single fiber in the center of Matrigel coated 6‐well plate using a HS‐coated
Pasteur pipette.
CRITICAL STEP: Leave fiber for 2‐3 minutes before adding PM. This allows the fiber to
attach to the well.
8‐ Carefully add 200 µl PM per 8‐well chamber and put chamber slides in incubator
(37°C, 5% CO2).
9‐ Wait 1‐2 days before satellite cells starts to liberate from the fiber. Medium does not
need to be changed during these days.
10‐ Remove fibers after 3 days. During these days satellite cells have migrated from the
muscle fiber. Change PM and allow satellite cell proliferation.
TROUBLESHOOTING
11‐ To induce myogenic differentiation replace PM with DM.

o Timing
Day 1, Step 1‐9; muscle dissection, fiber detachment, plating and satellite cell liberation
from fiber.
Day 4, Step 10; removal of single fiber from well and change PM.
Day 6, Step 11; transfer to DM to allow myogenic differentiation.
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Table 2‐ Troubleshooting during single fiber satellite cell isolation
Step
1
4
5
10

Troubleshooting
Damage of tissue
No fiber detachment from tissue
Contamination of adipose cells
Fibers stick to culture dish

Possible cause and repair
Use intact muscle tissue
Increase enzyme digestion time
Wash or passage cell culture
Incubation time too long. Remove using a pipette
tip or injection needle

BOX 1: Matrigel coating
•
•
•
•

Thaw Matrigel on ice during several hours or o/n at 4°C.
Dilute Matrigel (10.3 mg/ml) in DMEM‐HG to 1 mg/ml.
Aliquot in 1 ml per Eppendorf tube and store at ‐20°C. Thaw on ice before use.
Coat 8‐wells Permanox Lab‐TekTM chamber slides; each well with one drop of
Matrigel 1 mg/ml, swirl and remove excess Matrigel. Incubate for 1 hr at 37°C
(incubator).

Fig. 4. Single fiber satellite cell isolation. A. Satellite cells are liberated from fiber after 2 days (arrow). B. Fusion of
activated satellite cells into multinucleated myotubes on Matrigel after 4 days of induction of differentiation
(arrowhead). Asterisks denote contamination of adipose cells. Scale bar = 50 µm.
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D.
Isolation of the side population (SP) from muscle tissue
Muscle tissue contains a side population of cells characterized as hematopoietic stem cells
[21], which also exists in bone marrow. Side population cells do not express muscle cell
markers, but can contribute to the muscle lineage upon transplantation [22‐25]. They can be
identified by the exclusion of DNA binding Hoechst dye which is toxic. High levels of Hoechst
will be secreted from the cells by a transporter molecule, the ATP binding cassette ABG2‐
transporter. Using the FACS Vantage SE (Becton Dickinson) or equivalent cell sorter, a
population of cells with the ability to exclude the Hoechst dye can be selected and these cells
are referred to as the side population (SP). The rest of the cells, that lacks this dye exclusion
ability, is called the main population (MP). The sensitivity of the SP to verapamil, an inhibitor
of multidrug resistance transporter like ABG2, discriminates the SP cell from the MP for
population sorting.

REAGENTS SETUP
HBSS+: HBBS with 2% FBS, 10 mM HEPES and 1x p/s.
Complete growth medium: DMEM‐HG, 10% FBS, 1% antibiotic‐antimycotic,
gentamycin (50 μg/ml), fungizone 250 ng/ml.
SP‐medium: HBSS containing 1 mM HEPES, 2% FBS, p/s.
PBS+: PBS containing 50 µg/ml gentamycin, 1% antibiotic‐antimycotic mix and 250
ng/ml fungizone.
Hoechst 33342: Prepare a 200X stock solution by resuspending Hoechst 33342
powder at a concentration of 1 mg/ml in MilliQ water, filter sterilize, and freeze in
small aliquots.
Dilute Hoechst 33342 1:200 in cell suspension in SP‐medium to obtain the final
concentration of 5 µg/ml.
Verapamil: Prepare a 100X stock solution by resuspending verapamil at a
concentration of 5 mM in 95% ethanol.

Procedure of SP isolation
1‐ Dissect 70 g semimembrinosus muscle, wash in EtOH (70%) and rinse in cold (4°C) PBS+.
Store muscle tissue in growth medium and keep on ice.
2‐ Follow protocol Isolation of muscle progenitor cell
3‐ Count the cells and wash in cold SP‐medium (20 min at 700g, 4°C). Optionally, cells can
be stored at a density of 2x106 cells/ ml in PM o/n at 4°C.
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4‐ Filter cell suspension through 40 µm cell strainers and collect cells (20 min at 700g, 4°C).
TROUBLESHOOTING
5‐ Take up cells in 5 ml SP‐medium (37°C) at a density of 10x106/ml in a 15 ml tube. For 5 ml
cell suspension add 25 µl Hoechst 33342 to obtain a concentration of 5 µg/ml and mix
well. Transfer 1 ml of Hoechst 33342 cell suspension to eppendorf tube and add 10 µl
verapamil [5 mM] to obtain a concentration of 50 µM to block Hoechst dye exclusion.
6‐ Incubate both Hoechst dye (+/‐ verapamil) suspensions for 2 hrs in a shaking water bath
(37°C).
! CRITICAL: Temperature of water bath must be exactly 37°C. Keep the lid of the water
bath closed at all times during incubation.
TROUBLESHOOTING
7‐ After incubation, wash (20 min at 700g, 4°C) the cell suspensions in 2 ml cold SP‐medium
and transfer to FACS tubes and keep on ice.
TROUBLESHOOTING
8‐ Sort the SP with a FACS Vantage SE or equivalent sorter. Hoechst dye 33342 excites at
350nm and its fluorescence can be two wavelengths using 450 BP20 (Hoechst blue) and
675/LP (Hoechst red) filters.
TROUBLESHOOTING, ADDITIONALLY
9‐ Collect SP and MP in FBS‐coated tubes to avoid cells sticking to the tube wall. Add cold
growth medium to the samples and keep on ice.
10‐ Wash the cell population in cold complete growth medium (20 min at 700g, 4°C) and take
up cell pellet in warm (37°C) complete growth medium. Plate cells on Matrigel coated
wells plates (at a density of 1x104 cells/cm2) for cell culture in growth medium in
presence of 5 ng/ml bFGF.
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Step
4

Troubleshooting
Debris contamination

1‐5

Bacterial and fungal
infection
Low yield of SP
population
Early dye exclusion

6
6, 7,
8
Step
8
9

Additionally
Staining with antibodies
2 µg ml‐1 propidium
iodide (PI)

Possible cause and repair
Suboptimal filtration. Repeat stirring through new cell
strainer (40 µm)
Use antibiotics and fungizone in each step
High cell density during incubation. Lower Hoechst dye
cell solution density
Lowering of temperature. Keep water bath at exactly
37°C. After incubation keep cells on ice! Reduce
incubation time.
Advantage
Cell specification
Dead cell discrimination

Fig. 5. SP. Identification of side population (SP) by FACS Vantage SE. A. Populations of cells can be gated after Hoechst
dye exclusion discriminating the SP from the main population (MP). B. Verapamil inhibits Hoechst dye exclusion.
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Table 4. Overview of monoclonal antibodies (Abs) that cross‐reacts with porcine antigens and
can be used in immunofluorescence.

Ck, chicken; hu, human; ms, mouse; rt, rat

Table 5. Overview of Abs cross‐reacts with porcine antigens and can be used in flow
cytometry.

Hu, human; ms, mouse; pg, pig; rt, rat

General characterization of porcine muscle cell by immunofluorescence
To characterize muscle stem cells immunofluorescent staining can be performed using
specific antibodies (table 4). Analysis of stem cell immunofluorescence can be done on glass
cover slips. For immunofluorescence on differentiated cell cultures the Lumox dishes
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(Greiner) are highly recommended. Cell staining can be visualized by, for example, a Leica TCS
SP confocal laser scanning‐microscope (CLSM) or a Leica DMRE fluorescence microscope.
Muscle stem cell characterization can be performed based on cell surface expression detected
by flow cytometry using a Fluorescent Activated Cell Sorter (FACS). Stem cell populations can
phenotypically be distinguished based on membrane associated expression tagged by
antibodies conjugated with a fluorescent dye (Table 5). This provides an expression pattern
typically for specific stem cell populations.

Fig. 6. Indirect immunofluorescence of muscle proteins (green). Left panel: Transcription factors PAX7, MYOD and
MYOGENIN. Right panel: Cytoplasmic DESMIN, MYHC‐fast type and smooth muscle actin (SMA). Nuclei were
visualized with DAPI (blue). Scale bar = 20 µm.
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Discussion
Isolation of satellite cells from single fibers is reproducible and can be used to study variations
between satellite cells from aged, younger and diseased muscle tissues. Isolations can be
performed from special fiber types (slow or fast) preserving putative intrinsic specializations
of the cells. The single fiber satellite cell isolation technique generates a rather pure
population of satellite cells with low numbers of nonmyogenic cells [20]. Disadvantages are
the limitations in cell number and thereby small amounts of proteins or RNA after isolation.
Satellite cell isolation from a single fiber is a time‐consuming and a challenging isolation
technique. In an animal model, satellite cells showed poor migration and survival, which are
drawbacks in regenerative medicine. Multiple intramuscularly injections over time can
overcome this problem, but could be less tolerable for patients or increase the cell doses.
Therefore, in vitro culture is required to expand the cell culture for regenerative therapy.
Moreover, satellite cell expansion is poor and less efficient cells [26].
To obtain large amounts of cells the isolation of muscle progenitor cells method is
recommended. The drawback here is the heterogeneous character of the cell population
which comprises satellite cells, muscle progenitor cells and non‐myogenic cells. The cell
population can be further defined by immunofluorescence or flow cytometry. Overgrowth of
fast dividing non‐myogenic cells can be introduced by cell expansion and loss of myogenic
features can occur. To overcome this, progenitor cells can be purified by Percoll gradient
centrifugation or by flow cytometric cell sorting to select for specific cell membrane exposure
of specific muscle markers such as NCAM (CD56), CD34, M‐Cadherin and integrins [2, 7, 10,
13, 14].
Muscle‐derived stem cells, MDSCs, can be purified from fast‐adhering non‐myogenic cells
using the pre‐plate method [16, 17, 27]. Enrichment for MDSCs can be performed by
separation based on adherence to gelatin‐coated plates. During the first pre‐platings,
adhesion of fast adhesive cells (fibroblast‐like) occurs, followed by myoblast and satellite cell
adhesion and finally MDSCs will adhere. These MDSCs are distinct from satellite cells and
other progenitor cells based on their marker profile (expressing CD34, Sca‐1 and M‐cadherin),
anatomical location, and their high engraftment for cardiac and muscle repair and
regeneration. These cells have a high survival capacity, and their self‐renewal and
multilineage character make them potentially important for regenerative medicine [28, 29].
Another population of cells is the side population (SP). These cell are more hematopoietic
oriented stem cells that reside in bone marrow and can also be isolated from muscle tissue
[24, 30]. The SP exist in a small percentage in muscle tissue which differs between species
emphasizing the importance of optimizing the protocols [31]. The SP only shows myogenic
potential when co‐cultured with myogenic cells or in transplantation studies. These cells are
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capable to migrate through the circulation system and contribute to muscle regeneration. The
SP cells are good candidates for regenerative studies [32, 33].
The diversity of the muscle stem cell populations, comprising distinct phenotypes and stem
cell characteristics, indicates the hierarchy in muscle tissue. These cells have different
capacities with respect to cell‐based regeneration and repair needs. Numerous isolation
methods have been described in the last decades to derive a promising muscle stem cell.
Therefore, four different isolation techniques that we described are applicable for muscle
stem cell isolations from pig or other species. We have indicated essential steps of each
procedure and provided information about the benefits and drawbacks of each method. In
addition, we supplied information regarding the characterization of stem cells from the pig
making use of the cross‐reactivity of specific antibodies. The authors hope that this
information will help to advance our knowledge of muscle stem cells of the pig.
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Abstract
Here, we report the isolation of progenitor cells from pig skeletal muscle tissue fragments.
Muscle progenitor cells were stimulated to migrate from protease‐digested tissue fragments
and cultured in the presence of 5 ng/ml basic fibroblast growth factor. The cells showed a
sustained long‐term expansion capacity (> 120 population doublings) while maintaining a
normal karyotype. The proliferating progenitor cells expressed PAX3, DESMIN, SMOOTH
MUSCLE ACTIN, VIMENTIN, CD31, NANOG and THY‐1, while MYF5 and OCT3/4 were only
expressed in the lower or higher cell passages. Myogenic differentiation of porcine progenitor
cells was induced in a coculture system with murine C2C12 myoblasts resulting in the
formation of myotubes. Further, the cells showed adipogenic and osteogenic lineage
commitment when exposed to specific differentiation conditions. These observations were
determined by Von Kossa and Oil‐Red‐O staining and confirmed by quantitative RT‐PCR
analysis. In conclusion, the porcine muscle‐derived progenitor cells possess long‐term
expansion capacity and a multilineage differentiation capacity.
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Introduction
Adult stem cells can function as multilineage contributors for development and maintenance
of tissue, or regeneration after damage. For stem cell research, they are an accessible but
heterogeneous source of cells, which can be used for medical applications like tissue
engineering, stem cell transplantation or, in combination with gene therapy, to attenuate
genetic disorders. Adult stem cells are quiescent undifferentiated cells that possess self‐
renewal ability and most likely reside in all body tissues. When exposed to stimuli caused by
trauma or disease, they start to transiently amplificate and differentiate to become
specialized cells of the regenerating tissue.
In skeletal muscle, several distinct stem cell populations have been identified which function
in muscle growth and regeneration. These stem cells or progenitor cells can be used for
studies regarding muscle diseases and tissue repair such as for restoration of muscular
dystrophies including Duchenne muscular dystrophy [1, 2]. Unfortunately, success in clinical
trials has to date been limited.
In muscle development, the initiation of myogenesis starts with the expression of the muscle
regulatory factors (MRFs) MyoD and Myf5. These skeletal muscle‐specific basic helix‐loop‐
helix transcription factors drive myogenesis, but terminal muscle development is
subsequently coordinated by the MRFs Myogenin and MRF4 [1, 3‐6]. The cellular state can be
morphologically identified by the fusion of cells thereby forming multinucleated myotubes;
these cells express Myogenin, MRF4 and Myosin Heavy Chain (MYHC) [5, 7, 8].
The first reported and best characterized muscle progenitor cells are satellite cells [9].
Quiescent satellite cells are identified by their position beneath the basal lamina in adult
muscle fibers and biochemically by their expression of the paired‐box transcription factor
Pax7 [3, 10‐12]. Pax7 functions as a myogenic regulator upstream of the MRFs for the
initiation of myogenesis [13‐16]. Satellite cells are the contributors of post‐natal skeletal
muscle regeneration [17‐19], but also exhibit multilineage differentiation potential towards
adipogenic and osteogenic lineages in both mouse and human [3, 20].
Besides satellite cells, distinct populations of progenitor cells have been observed in muscle
that possess multilineage differentiation capacities. These populations have been derived
with different isolation techniques. For instance, muscle‐derived stem cells (MDSC) were
isolated using a preplating technique [21]. After transplantation, these cells showed
multilineage contribution towards myogenic [21‐23], osteogenic [22], neural cell lineages [21]
and endothelium of blood‐vessels [21, 23]. In muscle, blood vessel‐associated pericytes and a
myoendothelial stem cell population have shown an efficient myogenic potential and a
multilineage differentiation capacity towards osteogenic and chondrogenic lineages [2, 24,
25].
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Mesoangioblasts assiociated with the muscle vascular system, are thought to be a common
progenitor cells for endothelial and mesodermal cells. In vivo, their regenerative capacities
have been demonstrated in mouse and dog muscular dystrophy models [24]. These cells are
able to differentiate to adipocytes and osteoblasts [2]. Multipotent adult progenitor cells
(MAPC) have been isolated from bone marrow, brain and muscle tissue, with differentiation
capacities towards mesoderm, ectoderm and endoderm lineages [26]. The muscle side
population (SP) is a group of cells distinct from satellite cells consisting of a small percentage
(~2‐3%) of muscle progenitor cells. The cells have been shown to exhibit a haematopoietic
lineage preference, but can also differentiate towards skeletal muscle cells [27‐30].
It is clear that the variety of muscle progenitor cells is wide. The diversity of tissue types
(adipose tissue, nerves, vascular structures and connective tissue) within muscle requires the
existence of numerous progenitor cells exhibiting several lineage differentiation plasticities
[31]. The characterization of the progenitor cells is therefore of great importance to
distinguish between the different populations. Expression profiles of biomolecular markers
and cell differentiation capacities have resulted in a variety of defined classifications of
several muscle progenitor cells.
Most muscle stem cells have been described in human and mouse. Stem cell lines derived
from small animals such as the mouse encounter limitations due to the size and lifespan of
this animal. Meanwhile, since the organ size and physiology of the pig show functional and
anatomical similarity to those of the human, porcine stem cells may contribute in studies
regarding regenerative therapies. However, not much is known about porcine muscle stem
cells.
In this study, the isolation and characterization of porcine muscle‐derived progenitor cells
with maintenance of long term expansion in vitro is described. Furthermore, plasticity of
these cells to differentiate into myogenic, adipogenic and osteogenic lineages is
demonstrated.
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Material and Methods
Progenitor cell isolation and culturing
To isolate progenitor cells, semitendinosus muscle tissue from the hind limb was dissected
from a euthanized (pentobarbital) pig (hybrid York boar; 8 weeks of age). Around 50 mg of
minced muscle tissue was digested with 0.8 mg/ml protease (Sigma, ST Louis, MO) in
phosphate‐buffered saline (PBS, Braun, Melsungen, Germany) for 1hr at 37°C as described
previously [32]. Tissue fragments were washed in Dulbecco’s Modified Eagle’s Medium‐high
glucose (DMEM‐HG, Invitrogen, Carlsbad, CA) containing 10% foetal bovine serum (FBS,
Invitrogen) and plated in 0.1% gelatin‐coated 6‐wells plates (Sigma). Cell liberation and
proliferation was obtained in the presence of 5 ng/ml basic fibroblast growth factor (bFGF,
Invitrogen) in proliferation medium (PM) consisting of DMEM‐HG, 20% FBS, 50 µg/ml
gentamycin with 1% antibiotic‐antimycotic and 250 ng/ml fungizone (all from Invitrogen).
After three days, tissue debris was removed and adhered cells expanded by replating
trypsinized cells (0.25% Trypsine/0.5 mM EDTA; Sigma) at a density of 2000 cells/cm2. The
muscle cells were pre‐plated repeatedly for removal of fibroblast as described previously [33].
The isolated cells were expanded in PM containing 5 ng/ml bFGF and passaged every third
day.
Flow cytometry
Antibodies listed in Table 1 were used to characterize the cells by flow cytometry. Antibody
incubations were performed in 0.5% Bovine Serum Albumin (BSA; Roth, Karlsruhe, Germany)
in PBS for 1 hr on ice and washed three times (0.5% BSA in PBS). Non‐labeled antibodies were
visualized using a PE‐conjugated goat‐anti‐mouse antibody for the detection of pg‐CD29, rt‐
CD31 and an APC‐conjugated goat‐anti‐mouse antibody for pg‐CD45, pg‐MHC‐class I and pg‐
MHC‐class II detection. FITC‐conjugated goat‐anti‐rabbit antibody was used to detect
antibody rb‐Flk‐1 and pg‐CD44. Appropriate nonspecific mouse IgG isotype control antibodies
were used in the same concentration as the primary antibodies and analyzed parallel to the
run. Specie cross reacvtivity of the antibodies were tested on freshly isolated porcine bone
marrow cells (data not shown). Flow cytometric analysis was performed using FACS Calibur
and Cell Quest software (both from Becton Dickinson, San Jose, CA).
Immuno staining
Cells were cultured in 8‐well glass chamber slides, fixed in 4% paraformaldehyde (PFA;
Electron Microscopy Science, Hatfield, PA; 15 min) and washed with 0.05% Tween‐20 in PBS
(PBST; 3 times 5 min). Permeabilization was performed in 0.5% Triton‐X‐100 (30 min.).
Additionally, the cells were blocked for endogenous biotin (avidin / biotin blocking kit; Vector
Laboratories, Burlingame, CA) and peroxidases (0.3% H 2O2 in 100% methanol; 30 min) and
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washed (PBST). Pre‐incubation in blocking solution (30 min; 10% normal goat serum and 10%
normal swine serum in 0.4% fish gelatin (Sigma) in PBST) was performed to avoid aspecific
binding. Subsequently, the primary antibody (anti‐NANOG: ab21603: 2 μg/ml, Abcam,
Cambridge, UK; anti‐DESMIN: D33: 5 µg/ml; anti‐Smooth Muscle Actin (SMA): 1A4: 1 µg/ml,
both from DakoCytomation, Glostrup, Denmark) was incubated for 1 hr in 0.2X blocking
solution. After washing (PBST), secondary biotin‐labeled goat anti‐rabbit antibody incubation
(30 min) was performed. Detection of this secondary antibody was completed by the
streptavidin / avidin‐peroxidase conjugated complex (DakoCytomation) visualization of 3‐
amino‐9‐ethyl‐carbazole (Sigma). Nuclei were counterstained with Mayer’s haematoxylin (2
min; Fluka, Buchs, Switzerland) and rinsed in tap water (1 min). Slides were overlayed with
glycergel (DAKO) and covered with glass. All steps were performed at RT.
For immunofluorescence cells staining cells were fixed in 4% PFA (15 min) and permeabilized
in 0.1% Triton/ PBS (15 min). Pre‐incubated in blocking solution (10% NGS, 0.1% fish gelatin,
0.1% BSA in PBST) and subsequently incubated with primary mouse antibodies (anti‐
Vimentin: V9: 1 μg/ml, DAKO; anti‐Desmin: D33: 10 μg/ml, DAKO; mIgG1: 10 μg/ml: DAKO).
Detection of primary antibody was performed with a 488Alexa‐dye‐conjugated goat‐anti
mouse secondary antibody for 30 min. Nuclei were stained with DAPI and dehydration in
alcohol series (70%, 90%, 100%; 5 min.). Slides were before overlayed with FluorSave
(Calbiochem, San Diego, CA), covered with glass and encircled with nailpolish. Detection was
visualized by fluorescence microscopy (Leica DMRE). All steps were performed at RT.
RNA isolation and real‐time reverse transcription‐polymerase chain reaction
RNA isolation was performed with an RNeasy Mini Kit (Qiagen, Valencia, CA) according to the
manufacturer’s protocol. The cells were washed twice in PBS before being lysed with RLT
buffer. DNase treatment was performed with an RNase‐Free DNase set (Qiagen). The cDNA
was generated using Superscript III First strand Synthesis System for RT‐PCR (Invitrogen)
according to the protocol advised by the manufacturer. Quantitative real‐time RT‐PCR (qRT‐
PCR) on cDNA (1 μl) was performed on an iCycler with iQ tm SYBR® Green supermix (both from
BIO‐RAD, Hercules, CA) and a 12.5 pmol primer concentration per 25 μl reaction (Table 2).
Amplification of cDNA was performed in a three‐cycle protocol, initiated by a denaturation
step of 3 min at 95°C, followed by 40 repeats of 30 sec at 95°C, 20 sec 51‐63°C and 30 sec at
72°C and subsequently 77 repeats of 15 sec with a 0.5°C increase in temperature every
repeat starting from 60°C. All samples were normalized against the three best reference
genes (GAPDH, PGK1 and UBQ) determined by geNorm software (Primer Design Ltd.,
Southampton, UK) [34]. Normalized qRT‐PCR gene expression values were defined relative to
the expression level of normalized proliferating cells using the delta delta Ct method. For
conventional RT‐PCR to detect mRNA levels, cDNA (1 μl) was amplified with HotStarTaq DNA
Polymerase (Qiagen) with 12.5 pmol primer concentration in a 25 μl reaction (Table 2). This
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was performed using a MyCycler Thermal Cycler (BIO‐RAD) with initial denaturation at 95°C
for 15 min, followed by 40 repeats of 95°C for 15 sec, 55‐58°C for 30 sec, 72°C for 45 sec and
finally an elongation step of 72°C for 7 min. PCR products were visualized after agarose gel
(1.25%) electrophoresis with 0.5 μg/ml ethidium bromide (Merck, Whitehouse station, NJ).
Primer specificity was confirmed by product sequencing.
Karyotyping
Cells were incubated with colchicin (0.3 μg/ml; Sandoz, Holzkirchen, Germany) for 1.5 hr in a
humidified incubator (5% CO2, 37°C) and detached using 0.25% Trypsin/0.5 mM EDTA for 1
min. The pelleted cells (5 min at 250g) were incubated in 1.5 ml hypotonic buffer (0.075 M
KCl) for 20 min at 37°C and centrifuged (5 min 250g). Cell pellets were fixed for 1 min in cold
methanol/ acetic acid (3:1; Merck), centrifuged and subsequently taken up in 500 μl fixative
and stored at ‐20°C until further use. Cell suspensions were centrifuged (5 min at 250g) and
diluted in 100 μl cold fixative. From 20 cm cell suspensions were drop‐wisely applied with a
Pasteur pipette onto absolute alcohol and diethyl ether wiped pre‐chilled glass slides and air‐
dried. Giemsa staining (Sigma) was performed by putting slides in Sörensen’s buffer, pH6.8
(10 min), washing them in water and transferring in xylene (3 min). Slides were overlaid with
DEPEX (Serva, Heidelberg, Germany) and covered with glass. The cells were analyzed using a
Leica DMRA fluorescence microscope and CytoVision Genus software (Applied Imaging,
Hampshire, UK). All steps were performed at RT.
Myogenic differentiation
Murine C2C12 myoblasts were seeded onto 12‐wells plates (Greiner, Frickenhausen,
Germany) and myotube formation was induced by the incubation in 2% FBS in DMEM‐HG for
three days. Muscle cells were seeded at a density of 50x103 cells onto 0.4 μm pore sized
transwell insert membranes (Greiner) and allowed to attach. The inserts containing the
muscle progenitor cells were cocultured with the C2C12 myotubes in 2% FBS in DMEM‐HG.
Half the medium volume was refreshed every 2‐3 days for 3 weeks.
Adipogenic differentiation
Cells were seeded onto 12‐wells plates (Corning, NY, USA) at a density of 2000 cells/ cm2 and
were kept in PM with 5 ng/ml bFGF for 3 days. Differentiation was induced with DMEM‐HG
containing 10% FBS with 0.5 mM isobutyl methylxanthine (IBMX; Sigma), 0.2 mM
indomethacin (Sigma), 10 µg/ml insulin (from hog pancreas; Sigma) and 10‐6 M
dexamethasone (Serva) [35, 36]. Differentiation medium was changed every 2‐3 days for 24
days. Afterwards, cells cultures were washed in PBS and fixed in 4% PFA (15 min) and
subsequently incubated with Oil‐Red‐O (0.3% in 60% iso‐propanol; 10 min), followed by
washing in 60% iso‐propanol (5 min) and subsequently in PBS. All steps were performed at RT.
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Osteogenic differentiation
Cells were seeded onto 12‐well plates (2000 cells/ cm2) and were kept in PM with 5 ng/ml
bFGF for 3 days until they reached 80% confluency. Osteogenic differentiation was induced in
DMEM‐HG with 10% FBS containing 10 mM β‐glycerol phosphate (Sigma), 0.5 mM ascorbic
acid (Merck) and 10‐8 M dexamethasone (Serva) [35, 37]. Differentiation medium was
changed every 2‐3 days for 24 days. The cells were washed in PBS, fixed in 4% PFA (15 min)
and placed in a 5% silver nitrate solution (Sigma) for 1hr in front of a 60‐watt lamp, then
rinsed in distilled water three times and incubated for 5 min in 5% sodium thiosulphate
(Sigma) and washed in water [38]. All steps were performed at RT.

Results
Progenitor cell isolation and culturing
Semitendinosus muscle from 8‐week‐old pigs was dissected and cultured in vitro. After 24 hr,
cells emerged from fiber explants and started to proliferate. These cells were passaged at a
low density (2000 cells/cm2) during which the cells sustained a population doubling time
between 30‐48 hr. The cells, termed muscle‐derived progenitor cells (MDPCs), were cultured
for more than four months with maintenance of morphology. The MPDC were classified as
low passage (LP); 1 to 9 passages and high passage (HP); 10 to >50 passages (Fig. 1A‐C). The
chromosomal content of the cells was analyzed by karyotyping the cells at various passages.
High passage MDPCs, after approximately 30 passages equivalent to 120 population doublings
(PDs) still showed a normal karyotype of 38 chromosomes (Fig. 1D). Expanded cell cultures
were preplated (PP) several times for the removal of fast adherend fibroblast. There
population doubling time started from 24 hrs and reached 48 hrs around the 130 PDs (Fig.1E).
Here single MDPCs underwent aberrant divisions resulting in a multi nuclei phenotype and a
decrease in doubling.
Characterization of MDPCs
To phenotype the MDPCs the expression profile of cell surface markers was determined. The
MDPCs uniformly expressed CD29 / CD44 / CD56 / CD90 and MHC‐class I, markers of the
mesenchymal lineage, but did not express CD31 / CD45 / CD106 / CD146 / Flk‐1 and MHC‐
class II. Staining against CD49d, a receptor for vascular endothelial cell‐adhesion molecule
VCAM‐1, resulted in a weakly positive and negative population (Fig.2).
Immunofluorescence cell staining for VIMENTIN revealed to be positive for all cells (Fig. 3A),
while DESMIN expression was absent (data not shown). Immunocytochemistry on MDPC‐HP
revealed nuclear expression of NANOG in about half of the cell population (Fig. 3B). Further
analysis of non‐stimulated cells showed that a subset of the cells expressed SMA (Fig. 3C).
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Fig. 1. In vitro MDPC expansion. A. Cell morphology of MDPCs‐LP p4. B. MDPCs‐HP p17. C. MDPCs‐HP p32. Scale bar =
10 µm. D. Karyotype of MDPCs‐HP p31 showing a normal numerical porcine phenotype of 38 chromosomes. E. Cell
doubling over prolonged culture‐expansion with repeated preplating (PP).
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Fig. 2. Phenotyping of MDPCs‐HP. Flow cytometric analysis with cell surface markers CD29, CD31, CD44, CD45,
CD49d, CD56, CD90, CD106, CD146, Flk‐1, MHC‐class I and MHC‐class II (purple). Corresponding fluorescent detection
of nonspecific IgG isotype controls represents negative cell populations (green line).

Gene expression patterns of the MDPCs‐LP and ‐HP were further determined with
conventional RT‐PCR. Expressions of NANOG, THY‐1, CD31, DESMIN and PAX3 were observed
in both MDPCs‐LP and –HP. Low expression of OCT3/4 was only observed in MDPCs‐HP and
MYF5 mRNA expression only in MDPCs‐LP (Fig. 3D). Expression of the muscle‐specific genes
PAX7, MYOD and MYOGENIN were not detected (data not shown). Surprisingly, expression of
DESMIN could not be detected by immunocytochemistry (data not shown).
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Fig. 3. Characterization of MDPCs‐HP. A. Immunofluorescent detection of Vimentin (green). Corner frame shows
negative control (mIgG isotype). Cells were co‐stained with DAPI (blue). B. Detection of nuclear NANOG by
immunocytochemistry (arrows; red). Cells were co‐stained with haematoxylin (light blue). Arrowheads indicate nuclei
lacking NANOG expression. Corner frame shows negative control (no primary antibody). C. Smooth muscle actin
detection by immunocytochemistry (red). Cells were co‐stained with haematoxylin (light blue). Corner frame shows
negative control (mIgG1 isotype). Scale bar = 25 µm (A‐C). D. PCR gene expression analysis of low (LP) and high
passaged (HP) MDPCs. BACT was used as internal control. – RT represents RNA samples without reverse transcriptase
during cDNA generation. C = control cDNA. nd= not determined.

Multilineage differentiation of MDPCs
To investigate the differentiation potential of the MDPCs, cells were cultured under various
conditions. MDPCs‐HP were cocultured with differentiated murine C2C12 myotubes to
analyze the myogenic differentiation potential. MDPCs and C2C12 cells were separated by 0.4
µm membranes allowing secreted factors to diffuse, while preventing cell mixture. No
myotubes were observed in the absence of C2C12 cells (non‐stimulated cells, Fig. 4A).
Multinucleated myotube formation was observed from day 19 of induction (Fig. 4B, D). In
these differentiated cells DESMIN protein was detected by immunofluorescence (Fig. 4C).
MYHC gene expression was detected after 3 weeks of co‐culture, but not in non‐stimulated
cells (Fig 4E).
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Fig. 4. Activation of myogenesis. A. Monolayer of non‐stimulated MDPCs‐HP in transwell inserts. B. Myotube
formation in stimulated MDPCs‐HP. C. Desmin staining of myotubes after stimulation (upper; green). Control staining
using mIgG isotype (lower). Cells were co‐stained with DAPI (blue). D. Multinucleated myotube in stimulated MDPCs‐
HP culture (arrow). Scale bar = 25 µm (A‐D). E. RT‐PCR analysis of stimulated MDPC‐HP. Myo = myogenesis. Prol HP =
proliferating MDPCs‐HP. – RT represents RNA samples without reverse transcriptase during cDNA generation.

To analyse the adipogenic differentiation capacity, cells were cultured for 24 days under
conditions designed to stimulate adipogenic differentiation. This medium contained
dexamethasone as adipogenic stimulator and IBMX and insulin to synergize the process. This
resulted in the formation of adipocyte progenitor cells showing intracellular lipid droplets
detected by Oil‐Red‐O staining (Fig. 5A, B and C). Genes involved in fat metabolism regulation
are peroxisome proliferator‐activated receptor γ 2 (PPARγ2) and adipocyte specific gene (aP2)
for the terminal stage of adipogenesis. The stimulated progenitor cells showed a markedly
increased induction in PPARγ2 expression and an increase in aP2 expression relative to
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proliferating MDPCs‐HP as determined by qRT‐PCR. Interestingly, MDPCs showed a repression
in both COLLAGEN TYPE 1α1 and OSTEOCALCIN gene expression, while ALP remained
relatively constant (Fig 5D).

Fig. 5. Activation of adipogenesis. A. Oil‐Red‐O staining on non‐stimulated MDPCs‐HP. B. Red staining of intracellular
lipid droplets in stimulated MDPCs‐HP with Oil‐Red‐O. C. Higher magnification of intracellular lipid accumulation
stained with Oil‐Red‐O. Scale bar = 30 µm (A‐C). D. Normalized expression of adipogenic regulatory genes PPARγ2,
aP2 and osteogenic regulatory genes ALP, Collagen Type 1α1 and Osteocalcin genes relative to proliferating MDPCs‐
HP as determined by quantitative RT‐PCR (black bars). Prol HP = proliferating MDPCs‐HP. Bars are mean + SD.

Osteogenic differentiation of MDPCs was induced during 24 days. Here, ascorbic acid was
used to activate collagen production, b‐glycerol phosphate to induce the formation of alkaline
phosphates and dexamethasone to act as an osteogenic stimulator. This resulted in the
formation of calcium depositions demonstrated by Von Kossa staining compared to
unstimulated cells (Fig 6A, B and C). Expression of genes involved in regulating bone
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formation was detected by qRT‐PCR. The expression of ALKALINE PHOSPHATASE (ALP), coding
for an enzyme released by osteogenic cells functioning in the process of bone mineralization,
was increased relative to the expression level of proliferating MDPCs. The expression of
COLLAGEN TYPE 1α, involved in early phase of bone differentiation, showed also an increased
induction [39]. No induction of OSTEOCALCIN expression, involved in the late stage of
osteoblast development into matrix mineral, was observed. Notably, MDPCs revealed an
upregulation in PPARγ2 and in aP2 expression (Fig. 6D).
All gene expression levels were quantified by normalization against reference gene expression
values (UBQ, PGK1 and GAPDH).

Fig. 6. Activation of osteogenesis. A. Von‐Kossa staining of non‐stimulated MDPCs‐HP. B. Detection of black calcium
deposits in stimulated MDPCs‐HP after Von‐Kossa staining. C. Higher magnification of calcium deposits visualized by
Von‐Kossa staining. Scale bar = 20 µm (A‐C). D. Normalized expression of osteogenic regulatory genes ALP, Collagen
Type 1α1, Osteocalcin genes and adipogenic regulatory genes PPARγ2 and, aP2 relative to proliferating MDPCs‐HP as
determined by quantitative RT‐PCR (black bars). Prol HP = proliferating MDPCs‐HP. Bars are mean + SD.
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Discussion
Here, we describe the isolation and characterization of a porcine progenitor cell population
derived from muscle tissue. The MDPCs demonstrated a long‐term expansion and
multilineage differentiation capacity. The long‐term expansion was indicated by a sustained
morphology with a numeric karyotype over 120 population doublings. The occurrence of
single large flat cells started to arise in culture after five months, resulting in proliferative
senescence of the MDPC culture. The cells were cultured with presence of bFGF to maintain
proliferation. bFGF is used to control proliferation of embryonic stem cells and sustain their
undifferentiated state [40, 41]. Porcine muscle stem cells cultured without bFGF already
exhibit proliferation senescence after the fifth passage [42, 43]. This suggests that also in
porcine MDPCs, bFGF signaling is necessary for long‐term expansion.
The MDPCs were further analysed by immunophenotyping revealing a CD29+/ CD31−/
CD44+/ CD45−/ CD49d+/−/ CD56+/ CD90+/ CD106‐/ CD146−/ Flk‐1/ MHC‐class I+ and MHC‐
class II− population. CD56 or NCAM is a protein expressed on myoblasts [44, 45]. Two
antibodies were used to detect CD56. Clone MEM‐188 reacted with MDPCs recognizes the
180 kDa NCAM protein, while clone NCAM16.2 recognizes a common domain on three
isoforms including the 180 kDa isoform. This latter isoform has been used to characterize
myoblasts [46, 47]. This NCAM16.2 antibody showed only a weak binding to MDPCs
suggesting that the MDPC population did not consist of myoblasts. The absence of MHC‐II,
Flk‐1 and CD45 (a pan‐haematopoietic marker) confirms the non‐haematopoietic origin of the
cells [48]. Absence of CD106 expression differs however from that of other previously
described mesenchymal stem cell phenotypes [49‐51]. The absence of CD146 expression
suggests a lack of pericytes in the MDPC population [25]. Similarly, expression of CD44 and
MHC‐class I suggests that MDPCs are other than MAPC [26, 52].
In addition to the absence of PAX7 gene expression, MYOD nor MYOGENIN expression was
detected (data not shown). MYF5 mRNA was detected in MDPCs‐LP. Although mRNA of
muscle intermediate filament protein DESMIN was detected, no protein expression was
observed (data not shown). This suggests a non‐myogenic orientated muscle cell population.
Both NANOG and OCT3/4 expression was detected in the MDPCs. NANOG and OCT3/4 are
genes important for the self‐renewal capacity and the maintenance of pluripotency [53‐55].
NANOG protein was visualized by immunocytochemistry. Its function in adult cells is
unknown, but expression has been reported in other adult cells [56, 57]. Further, gene
transcripts of OCT3/4 were only detected in later passages (HP). This implies selection for
OCT3/4‐positive cells during culturing, accompanied with a decline in MYF5‐positive cells.
THY‐1 or CD90, which is expressed in mesenchymal stem cells and on myo(fibro)blast [36, 58,
59], was additionally detected by RT‐PCR in MDPCs‐LP and –HP. The transcription factor PAX3
acts downstream of PAX7 [12, 60] and can initiate the myogenic program in early paraxial
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mesoderm [61]. PAX3 mRNA expression was observed in MDPCs‐LP/HP indicating the
mesodermal origin of the cells. Mesoangioblasts have been shown to undergo myogenic
commitment in vitro when cocultured with C2C12 myoblasts [62, 63]. These cells exhibit a low
osteogenic and adipogenic differentiation capacity [2]. Furthermore, mesoangioblasts have
been suggested to be a source of progenitor cells in muscle [64]. The MDPCs decribed here
seems similar to mesoangioblasts, but lack the expression of Flk‐1.
Under appropriate conditions in coculture with C2C12 cells, MDPCs were able to differentiate
towards the myogenic lineage. The MDPCs were also cultured in the presence of a variety of
growth factors and cytokines (including of IGF‐I/II, EGF, HGF, PDGFs, insulin) to stimulate
myogenic differentiation [1, 44, 65, 66]. None of the factors was successful in the induction of
myogenic differentiation in a variety of concentrations and combinations (data not shown).
However, coculture of the MDPCs with C2C12 myotubes did result in DESMIN positive
multinucleated myotubes expressing MYHC, albeit not very robust.
Exposure of MDPCs to adipogenic differentiation factors resulted in a selection of
differentiating adipogenic progenitor cells showing a significant increase in PPARγ2 and aP2
gene expression (normalized against the corresponding reference genes values), the
transcriptional regulators of adipogenesis [39, 67]. Adipogenesis of the MDPCs was confirmed
by detection of intracellular lipid droplets in a subset of the cell population. Surprisingly,
during osteogenic differentiation of MDPCs, an upregulation of PPARγ2 and aP2 was also
observed. Osteoblast and adipocytes are derived from a common mesenchymal progenitor.
Therefore, in a pool of osteo‐adipo progenitor cells it is possible to make the switch from
osteoblast to adipocyte commitment or both [68]. PPARγ2 expression observed during
osteogenic differentiation could be caused by the presence of dexamethasone in the
osteogenic differentiation medium stimulation PPARγ2 expression and fat cell formation. This
gene has been shown to repress bone regulatory genes like EGR2/Krox20, which regulates
osteoblast differentiation and osteocalcin expression [39, 69‐72]. However, after adipogenic
stimulation, the expression of both OSTEOCALCIN and COLLAGEN TYPE 1α1 mRNA was
remarkably reduced possibly by downregulation of bone regulatory genes, while selectively
directing adipogenesis. ALKALINE PHOSPHATASE and COLLAGEN TYPE 1α showed an increase
in gene transcripts relative to the proliferating state of the MDPC, after osteogenic
stimulation [39, 73]. The onset of bone differentiation was demonstrated by detection of local
calcium deposite in the culture albeit weak indicated by the low level of OSTEOCALCIN
expression.
The MDPCs exhibited a stable long‐term high expansion characteristic. The fates of MDPCs
could be triggered, by directing the cells towards a specific mesodermal lineage (myogenic,
adipogenic and osteogenic) in culture. In most studies porcine muscle‐derived progenitor cells
exhibit more robust in vitro myogenesis regulated by MRF expression. These cells are freshly
isolated cells, comprising a rich source of muscle progenitor cells with high myogenic
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potential. Flow cytometric sorting of specific population of muscle progenitor cells also
showed the enrichement of myoblasts in the population. Here we show the characterization
of long‐term expanded culture of muscle‐derived progenitor cells. The multipotency of the
MDPCs can be due to the heterogeneous nature of the population induced by cell culture
expansion, but may also be the result of a multilineage potential of single cells [23].
Derivation of clonal cell lines from the MDPCs will therefore be of our next interest. Overall,
these findings emphasize the function of adult tissue as a source of progenitor cells able to
contribute to the repair and regeneration of several tissue types. Porcine stem cells can be
useful for studying tissue regeneration and can serve as an excellent model for human
medical applications.
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Abstract
In muscle tissue, extracellular matrix proteins, muscle fiber basement membrane and
supporting cells, create the niche for muscle stem cells. The niche is important in maintaining
cell self‐renewal capacity and directing differentiation of muscle stem cells to sustain muscle
tissue. By mimicking the extracellular muscle cell environment the behavior of primary muscle
cells can be explored and the in vitro conditions improved. Optimizing cell culture conditions
to maintain myogenic cell commitment is important in stem cell‐based studies concerning
toxicology screening, ex vivo skeletal muscle tissue engineering and in enhancement of
clinical efficiency. We used the muscle extracellular matrix proteins collagen type I,
fibronectin, laminin, and also gelatin and Matrigel as surface coatings of tissue culture plastic
to resemble the muscle extracellular matrix. Several important factors that are involved in the
myogenic commitment of the primary muscle cells were characterized by quantitative real
time RT‐PCR and immunofluorescence. Adhesion of high PAX7 expressing satellite cells was
improved if the cells were cultured on fibronectin or laminin coatings. Cells cultured on
Matrigel and laminin coatings showed dominant integrin expression levels and the results
suggested enhanced Wnt pathway activation. It is concluded that the proliferation and
differentiation capacity is optimal when primary muscle stem cells are cultured on Matrigel
and laminin.
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Introduction
Postnatal skeletal muscle growth and regeneration involves the activation of stem cells
resulting in proliferation to expand the cell pool and differentiation to form or maintain
muscle tissue. The activity of muscle stem cells is governed by the micro‐environment, or
‘niche’, consisting of the basement membrane of the myofiber, supporting cells and the
extracellular matrix (ECM). The ECM surrounding each muscle fiber consists of a network of
proteins like collagens, laminin and fibronectin, organized by proteoglycans such as heparin
sulphate. This network provides the muscle structural support for bearing force
transmissions, mediates in cell‐cell adhesion through integrin receptors and improves the
binding of molecules to activate signaling mechanisms for the regulation of myogenesis [1, 2].
The cellular response to the ECM is predominantly mediated through a class of heteromeric
transmembrane glycoproteins, the integrins [3, 4]. These proteins consist of an α and a β
subunit which combine and form a multitude of functional protein complexes that transmit
signals for activation of cellular processes like migration, proliferation, survival and
differentiation [5, 6].
In muscle stem cells, the integrin subunits α4 (ITGA4) and α5 (ITGA5) with β1 (ITGB1) serve as
fibronectin receptors, whereas α6 (ITGA6) and α7 (ITGA7) with ITGB1 form laminin receptors
[7‐12]. The importance of the integrins in myogenesis is demonstrated by the observation
that absence or mutations in α7β1 can cause myopathies like muscular dystrophy and
myotendinous dysfunction [13, 14]. Integrin α6β1 is required for myotome matrix assembly
during embryonic development and plays a role in cell migration [15]. The α7β1 receptors
expressed by satellite cells are enriched in the myotendinous and neuromuscular junctions on
skeletal muscle [16, 17]. Satellite cells are known as the muscle stem cells, which are
mitotically quiescent, located between the basement membranes and plasma membranes of
the muscle fibers in close contact with the ECM. They are characterized by the expression of
the transcription factor Pax7, which is important to maintain myogenic identity [18‐22]. Upon
activation initiated by injury or growth, the satellite cells start to express muscle regulatory
transcription factors (MRFs) Myf5 and MyoD and enter the cell cycle. They start to transiently
amplify into myogenic precursor cells, myoblasts, to increase the stem cell population to
develop or regenerate muscle tissue [23‐25].
Myogenesis is processed by myoblast recognition and alignment, followed by a mutual fusion
process forming multinucleated myotubes or by fusion to existing myofibers. Myogenin,
another MRF, has a role in controlling terminal myogenesis and is important for muscle fiber
maturation and fiber type specification [26, 27]. Myoblasts express the intracellular muscle
specific protein desmin that interconnects and anchors mature fibers to the plasma
membrane [28].
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Muscle stem cells are broadly used in model systems aimed to gain knowledge in order to
improve treatment of muscle dystrophy diseases, or to use in tissue engineering and toxicity
testing [29‐33]. In mice, purified muscle satellite cells efficiently regenerated muscle tissue
after engraftment and also exhibited prolonged self‐renewal [34‐36]. A drawback is the
limited cell number harvested from the tissue biopsy taken from the patient which is required
to achieve regeneration. Ex vivo expansion of satellite cells can change the stem cell
characteristics resulting in reduced proliferation, migration and survival after inoculation. It
has been demonstrated that the regenerative capacities of prolonged cultured cells is
reduced compared with those of freshly isolated muscle cells [35, 36].
Apparently, the niche that is important for cell identity and behavior provides a suitable
environment to sustain the self‐renewal and differentiation capacity of primary stem cells.
Therefore, specific ECM components of the muscle niche may be used to enrich the muscle
stem cell population and enhance the myogenic capacity of the cells in vitro. Since pigs are
more similar to humans than rodents in terms of physiology, organ size and life span, porcine
stem cells can be of interest for tissue engineering, toxicology screening, transplantation
studies, and in vitro culture of meat for human consumption [37]. In this study, we have
examined the ECM components collagen, laminin, fibronectin, and also gelatin and Matrigel
for their capacity to improve the proliferation and differentiation capacities of isolated
primary porcine muscle stem cells.

Materials & Methods
Isolation and culturing of porcine muscle stem cells
Porcine primary muscle stem cells were isolated from semitendinosus and semimembrinosus
muscles of euthanized (1 mg/kg pentobarbital) newborn piglets (hybrid York boar). The
dissected muscles were minced with razorblades in 1.5 ml 1% collagenase B (Roche
Diagnostics, Mannheim, Germany)/ 2.4 U/ ml dispase (Invitrogen, Carlsbad, CA) containing 2.5
mM CaCl2 in phosphate‐buffered saline (PBS, Braun, Melsungen, Germany) as described
previously [38]. Minced tissue fragments were transferred to uncoated 6‐wells plates and
incubated for 12 min in a 37°C humidified atmosphere containing 5% CO2 followed by
repeated trituration using a 10 ml pipette and subsequent incubation for 12 min (37°C, 5%
CO2) until tissue fragments were homogenized.
From euthanized (1 mg/ kg pentobarbital) piglets (6 weeks of age) isolation of porcine
primary muscle stem cells was performed by treatment of minced tissue fragments from
semitendinosus muscle with 1 mg/ml protease (Sigma, ST Louis, MO) in 1% HEPES in PBS for 1
hr at 37°C as described previously [39]. After triturating, tissue debris was further degraded in
1.5 mg/ml collagenase XI (Sigma; 0.15% w/v) in Dulbecco’s Modified Eagle’s Medium‐high
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glucose (DMEM‐HG; Invitrogen) containing 5% fetal bovine serum (FBS, Invitrogen) for 1 hr at
37°C. Tissue fragments were further homogenized by repeated trituration using 10 ml
pipettes. Finally, all homogenized tissues were filtered through a 70 µm cell strainer (BD
Falcon, Erembodegem, Belgium) in 5 ml DMEM containing 20% FBS. The cells were collected
by centrifugation [5 min at 250g, room temperature (RT)] and taken up in 25 ml growth
medium [GM: DMEM‐HG, 20% FBS, 50 µg/ ml gentamycin, 1% antibiotic‐antimycotic mix and
250 ng/ ml fungizone (all from Invitrogen)].
For the removal of fast‐adhering fibroblasts from the muscle cell cultures derived from
newborn piglets, the cells were placed for 1 hr in uncoated culture flasks (37°C, 5% CO2)
during which the fibroblasts adhered to the culture plastic. This technique has been described
as pre‐plating [34]. The un‐adhered primary muscle stem cells (referred to as PMSCs) were
collected and seeded onto wells plates for experimental procedures.
The primary muscle stem cells derived from piglets (6 weeks of age) were placed in hypotonic
buffer (0.2 M NH4Cl, 13 mM KHCO3, pH 7.4) to shock the erythrocytes, followed by pre‐plating
for the removal of fast‐adhering fibroblasts and storage in liquid nitrogen until further use.
These cells are referred to as PMSCs2.
Muscle stem cell proliferation and myogenic differentiation
Tissue culture 12‐wells plate (Greiner Bio‐One, Frickenhausen, Germany), 8‐wells glass
chamber slides (BD Bioscience, Bedford, MA) and Lumox dishes (Ø 35 mm; Greiner Bio‐One)
were coated with 0.1% gelatin (w/v) (porcine skin, Sigma), 0.01% collagen (w/v) (rat tail
tendon; Roche Applied Science, Mannheim Germany), 10 ng/ml fibronectin (human plasma;
Sigma), 1 mg/ml Matrigel (Matrigel™ Basement Membrane Matrix; mouse tumor; phenol‐red
free, BD Bioscience) or 1 µg/cm2 laminin (murine sarcoma; Sigma) for 1 hr at 37°C.
Subsequently, coating solutions were removed and laminin coated surfaces were washed
three times with PBS and all surfaces were air‐dried. The PMSCs were plated and always
cultured in complete GM containing 5 ng/ml basic fibroblast growth factor. After 3 days of cell
cultures (cell density of ~90%) PMSC cultured on 12‐wells plates were washed in PBS and
placed in differentiation medium [DM: DMEM‐HG, 2% horse serum (HS) and 50 µg/ml
gentamycin] to induce myogenesis (this was considered as day 0). Cells cultured on 8‐wells
chamber slides were washed in PBS and fixed in 4% PFA prior to immunofluorescent cell
staining. The PMSCs2 were cultured on the coated Lumox dishes for 7 days in complete
growth medium containing 5 ng/ml basic fibroblast growth factor before differentiation was
induced during 3 days in DM. DM was changed daily.
RNA isolation and real‐time reverse transcription‐polymerase chain reaction
The PMSC cultured on the different coated 12‐wells plates were washed with PBS, trypsinised
(0.25% Trypsin‐EDTA, Invitrogen), pelleted by centrifugation (5 min at 300g, RT) and stored at
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‐80°C. RNA isolation was performed with an RNeasy Mini Kit according to the manufacturer’s
protocol including a DNase treatment (Qiagen, Valencia, CA). An additional DNase treatment
was performed by incubation of the isolated RNA samples with 2 μl DNase (Qiagen) for 25
min at 37°C and inactivation for 10 min at 70°C. The cDNA was generated using SuperscriptTM
III First‐strand Synthesis System (Invitrogen) for reverse transcription‐polymerase chain
reaction (RT‐PCR) according to the protocol advised by the manufacturer. Quantitative real‐
time RT‐PCR (qRT‐PCR) on cDNA (1 μl) was performed on an iCycler with iQtm SYBR® Green
supermix (both from BIO‐RAD, Hercules, CA) and a 12.5 pmol primer concentration per 25 μl
reaction (Table 1). Amplification of cDNA was initiated by a denaturation step of 3 min at
95°C, followed by 40 repeats of 30 sec at 95°C, 20 sec 53‐61°C (depending on the primers
used, Table 1 [40‐43]) and 30 sec at 72°C and subsequently 77 repeats of 15 sec with a 0.5°C
increase in temperature after every repeat starting at 60°C. Primer specificity was confirmed
by product sequencing. All samples were normalized against mRNA levels of the two best
reference genes (GAPDH and PGK1 [40]) determined by GeNorm software (Primer Design
Ltd., Southampton, UK) [44]. Normalized qRT‐PCR gene expression values were defined
relative to the expression level of the normalized averaged collagen day 0 samples which
were put at 1. Results obtained from three independent experiments were analyzed using
GraphPad prism. Significant differences between effects of coatings and time points of
differentiation were calculated using a two‐way ANOVA corrected with Bonferroni and
represented as mean ± s.e.m. in the graphs.
Immunofluorescent cell staining
The PMSCs cultured on 8‐well chamber slides and PMSCs2 cultured on Lumox dishes were
washed in PBS and fixed in 4% paraformaldehyde (PFA; Electron Microscopy Science, Hatfield,
PA; 15 min) and permeabilized for 20 min in Triton‐X100 (0.1% and 0.5%, resp.). The fixed
cells were incubated in blocking buffer [2% normal goat serum (DakoCytomation, Glostrup,
Denmark), 1% Bovine Serum Albumin (BSA; Roth, Karlsruhe, Germany), 0.1% fish gelatin
(Sigma), 0.1% Triton‐X100, 100 mM glycine, 0.05% Tween‐20 in PBS] for 30 min to avoid
aspecific binding. Subsequently, PMSCs were incubated with a primary antibody against PAX7
(clone PAX7; 10 µg/ml, R&D systems, Minneapolis, MN) and PMSCs2 with DESMIN (clone D33;
10 µg/ml, DakoCytomation, Glostrup, Denmark) or Myosin HC (clone MY‐32; 1:400, Sigma‐
Aldrich) for 1 hr in blocking buffer without glycine. After washing in PBS with 0.05% Tween‐
20, the cells were incubated with 488‐Alexa‐labeled secondary goat anti‐mouse antibody
(1:200, Invitrogen) for 30 min in blocking buffer without glycine and washed in PBS with
0.05% Tween‐20. Nuclei were counterstained with DAPI or TOPRO‐3 (Invitrogen), dehydrated
in an increasing alcohol series (70%, 80%, 90% and 100%; 3 min each), air dried and
subsequently covered with FluorSave (Calbiochem, Darmstadt, Germany) and glass.
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Table 1. List of primers used for quantitative real time RT‐PCR.
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Fluorescent detection was performed on Leica TCS SP confocal laser scanning‐microscope
(CLSM) and a Leica DMRE fluorescence microscope. The fraction of PAX7+ cells present on the
different ECM coatings was calculated using Image J (EMBL, Heidelberg). Standardized particle
analysis and cell counting was performed onto at least 4 randomly taken images per coating.
Flow cytometry
The PMSCs were detached from coated culture plates after 5 days of proliferation, washed in
0.5% BSA in PBS and incubated for 1 hr on ice with neural cell adhesion molecule (NCAM)
antibody (5.1H11; 1:500; Developmental Studies Hybridoma Bank, Iowa). After washing,
primary antibody was detected using a PE‐conjugated secondary goat‐anti‐mouse antibody
(1:200 dilution, BD biosciences, NJ, USA). A mouse IgG isotype control antibody (1:10 dilution,
DakoCytomation) was used to determine nonspecific binding of the primary antibody. Flow
cytometric analysis was performed using FACSCalibur and CellQuest software (both from
Becton Dickinson, San Jose, CA).

Results
Effects of extracellular matrix components on primary stem cell behavior
The effects of the ECM components (collagen, laminin, fibronectin, and also gelatin and
Matrigel) on muscle stem cell behavior were examined on cells derived from muscle tissue
fragments of piglets (referred also as PMSCs or PMSCs2). Muscle stem cells from newborn
piglets were used opposed by those of adult pigs since the muscle from newborn animals is
likely to contain a larger population of stem cells per muscle fragment [45].
During the first days of cell expansion on the different coatings the PMSCs showed distinct
proliferation patterns (Fig. 1A). PMSCs cultured on Matrigel showed apparent preliminary cell
alignment whereas the PMSCs cultured on fibronectin and laminin first formed dispersed cell
clusters which were less on cell cultures on collagen and gelatin. The PMSCs were cultured for
three days until a density of 80‐90% confluence was reached after which the PMSCs were
switched to DM to induce differentiation. After 2 days of differentiation, myogenic cells
started fuse resulting at day 5 in the formation of multiple multinucleated myotubes (Fig. 1B).
Cell alignment observed on Matrigel cultures (Fig. 1A) was also observed on cells cultured the
other coatings at this time point. However, the largest numbers of myotubes were formed on
Matrigel and laminin surface coatings. PMSCs cultured on Matrigel formed myotubes that
exhibited a more flattened syncytial morphology containing the largest numbers of myoblast‐
derived nuclei (Fig. 1B).
The binding preference of satellite cells within the PMSC population to specific coatings was
determined by satellite cell identification using indirect immunofluorescence for PAX7
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expression. Results indicate the highest fraction of PAX7+ cells on Matrigel and laminin
coatings (Fig. 1C).

Fig. 1. Proliferation and differentiation of porcine PMSCs on different cell surface coatings. A. Morphology of PMSCs
after 3 days of proliferation. B. Differentiation of PMSCs (day 5). Scale bars = 50 µm. C. Indirect immunofluorescence
detection of nuclear PAX7 on satellite cells within PMSCs culture after 3 days of proliferation (green). Fractions of
+
PAX7 cells are indicated in the upper right corner. Arrows indicate cell clusters. Nuclei were stained with DAPI (red).
Nuclear co‐localization of PAX7 with DAPI (yellow). Scale bar = 20 µm.
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The NCAM is expressed on myoblasts. To examine the percentage of NCAM+ cells after cell
proliferation onto the different ECM components flow cytometry showed that between 92‐
97% of the PMSCs on all coatings were NCAM+ indicating minimal differences between
influences of the extracellular matrix components on myoblast proliferation at this stage (Fig.
2).

Fig. 2. Flow cytometry analysis of NCAM expression on PMSCs
cultured on different surface coatings for 5 days in complete
proliferation medium. Colored lines represent the gated PMSCs
positive for NCAM using antibody NCAM (5.1H11). The
+
percentages of NCAM cells are listed in the table. The green
line (left) corresponds with the nonspecific IgG isotype control
representing the negative cell population.

Extracellular matrix components regulate differentiation
To determine the cellular stimulation by the different surface coatings concerning myogenic
maintenance and commitment of PMSCs, expression of several genes important for the
differentiation and formation of myotubes was investigated. Gene expression levels were
quantified by real time RT‐PCR on reverse transcribed mRNA isolated from proliferating (day
0) and differentiating PMSCs (day 2 and day 5). Gene expression levels were normalized
relative to mRNA levels of the reference genes GAPDH and PGK1 expressed in these cells.
Gene expression of PAX7 mRNA as determined by RT‐PCR was significantly higher in PMSCs
proliferated on fibronectin and laminin coatings (Fig. 3A). PMSCs cultured on fibronectin
showed a decrease in PAX7 mRNA expression directly after initiation of differentiation (Fig.
3A). Formation of PAX7+ cell clusters during proliferation of PMSCs on fibronectin and laminin
coatings (Fig.1 A and C, arrows) could be correlated to the significant higher PAX7 mRNA
expression levels. After two days of differentiation, PAX7 mRNA expression was remarkably
upregulated with the highest levels in cells cultured on Matrigel and laminin. PAX7 mRNA
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levels had dropped significantly (p <0.001) at day 5 of differentiation on all coatings indicating
terminal differentiation of the PMSCs.
Expression of the genes coding for the MYOD and MYF5 was examined to evaluate the impact
of the surface coatings on myoblast proliferation. PMSCs cultured on the different coatings
showed a significant (p <0.001) downregulation of MYOD mRNA after 2 days of differentiation
and MYF5 mRNA at day 5 of differentiation (Fig. 3 B, C). However, the expression of MYF5
remained the highest in PMSCs cultured on Matrigel and laminin, while PMSCs proliferating
on collagen coating showed the lowest levels of MYF5 mRNA (Fig. 3B). Also MYOD expression
was low in PMSCs proliferating on collagen and fibronectin (Fig. 3C, day 0). Directly after
induction of differentiation MYOD expression decreased significantly (p <0.001). The decrease
in expression of both MYF5 and MYOD during the time course of differentiation is related to
the involvement of these MRFs in myogenesis initiation.
Myogenesis is under control of the MRF Myogenin. The expression of MYOGENIN was not
significantly increased during differentiation except for PMSCs cultured on Matrigel (Fig. 4A),
which corresponds to the large myotubes formed after 5 days of differentiation (Fig. 1B). To
determine the expression of muscle contractile component myosin heavy chain (MYHC) levels
of MYHC‐2 (fiber type II). Except for PMSCs cultured on fibronectin, MYHC‐2 expression was
significantly (p <0.01) increased during differentiation, indicating formation of at least muscle
fast fiber type II (Fig. 4B). The mRNA levels of muscle‐specific DESMIN were significantly (p
<0.001) increased in PMSCs differentiated on collagen, gelatin and fibronectin coatings (Fig.
4C, day 2). An increase was also observed on PMSCs cultured on Matrigel and laminin only
after 5 days of differentiation (p <0.05) (Fig. 4C). The variation in expression levels in time and
the fusion capacity of PMSCs cultured indicates varied regulation of DESMIN expression
during myogenesis by the different coatings.
Extracellular matrix components regulate integrin expression and myogenic lineage
activation
PMSCs interaction with the ECM is mediated by the cell surface adhesion receptors, the
integrins. During proliferation, the expression of ITGB1 mRNA was similar in PMSCs cultured
on all coatings (Fig. 5A, day 0). However, this expression was significantly increased (p <0.001)
indicating their contribution to muscle fiber formation. The mRNA expression levels for
integrins ITGA4 and ITGA5, coding for a receptor subunits for fibronectin, were similar during
proliferation including PMSCs cultured on a fibronectin coating (Fig. 5B). PMSCs differentiated
on Matrigel showed the lowest levels of ITGA4 expression at day 2, but the highest at day 5
(Fig. 5B). However, the mRNA levels of ITGA4 and ITGA5 remarkably increased (p <0.001; p
<0.01) during differentiation, suggesting a role of ITGA4 and ITGA5 during terminal
differentiation.
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Fig. 3. Relative mRNA expression levels of genes regulating myogenic determination (A, PAX7; B, MYF5; C, MYOD) at
day 0 (proliferation), day 2 and day 5 after induction of differentiation of PMSCs on different surface coatings.
Expression levels of collagen day 0 were set at 1. Levels are mean ± s.e.m. Asterisks denote significant differences
between surface coatings at the same time point (¹ p <0.05; ¹¹ p <0.01, ¹¹¹ p <0.001).
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Fig. 4. Relative mRNA expression levels of genes regulating myogenic differentiation (A, MYOGENIN; B, MYHC‐2; C,
DESMIN) at day 0 (proliferation), day 2 and day 5 after induction of differentiation of PMSCs on different surface
coatings. Expression levels of collagen day 0 were set at 1. Levels are mean ± s.e.m. Asterisks denote significant
differences between surface coatings at the same time point (¹ p <0.05; ¹¹¹ p <0.001).
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Fig. 5. Relative mRNA levels of integrin expressions (A, ITGB1; B, ITGA4 and ITGA5; C, ITGA6 and ITGA7) on collagen,
gelatin, fibronectin, Matrigel and laminin after induction of differentiation of PMSCs at different time points.
Expression levels of collagen day 0 were set at 1. Levels are mean ± s.e.m. Asterisks denote significant differences
between surface coatings at the same time point (¹ p <0.05, ¹¹ p <0.01, ¹¹¹ p <0.001).

The integrin subunits ITGA6 and ITGA7 together with ITGB1 form receptors for the ECM
component laminin. Expression of ITGA6 on proliferated PMSCs on fibronectin coating was
lower compared to cells cultured on the other coatings (Fig. 5C). During differentiation the
ITGA6 expression decreased significantly (p<0.01), except for PMSCs cultured on fibronectin
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that sustained low levels of ITGA6 expression. Remarkably, cells cultured on Matrigel showed
an increased expression of ITGA6 at day 5 of differentiation. The differences in myotube
formation observed between the PMSCs cultured on fibronectin and Matrigel suggest a role
for ITGA6 during cell differentiation (Fig. 1B). The ITGA7 mRNA expression was significantly (p
<0.001) reduced during differentiation of PMSCs on all coatings. However, PMSCs cultured on
Matrigel and laminin exhibited higher expression levels of ITGA7 during the course of
differentiation (Fig. 5C).
Expression levels of several genes involved in the Notch and Wnt pathways were determined
to provide an indication of their role in the activation of myogenesis by the ECM components.
NUMB protein is segregated in myogenic cells and thereby blocks the Notch‐induced
repression of genes involved in myogensis. There was no effect on NUMB expression
observed during cell proliferation on the different coatings, but NUMB expression increased
significantly (p <0.05) during differentiation (Fig. 6A). These results suggest a role for NUMB
protein in directing myogenesis rather than contributing to the myogenic differentiation
capacity of the cells on the different coatings. To indicate the activation of the Wnt pathway
several genes involved in this pathway were examined. The mRNA level of FRIZZLED‐3, coding
for Wnt receptors, was higher in PMSCs proliferating on Matrigel and laminin coatings (Fig.
6B). These levels decreased significantly (p <0.001) during differentiation. PMSCs cultured on
collagen, gelatin and fibronectin showed an initial increase (p <0.01) in FRIZZLED‐3 expression
at day 2 of differentiation, after which it dropped significantly (p <0.001) at day 5 of
differentiation. Levels of DISHEVELLED‐3 mRNA, coding for a downstream effector of
FRIZZLED, were remarkably increased (Fig. 6C; p <0.001) during differentiation in PMSCs
cultured on all coatings. DISHEVELLED deactivates GSK3β resulting in a stable
unphosphorylated state of β‐CATENIN, which translocates to the nucleus to activate
myogenic protein synthesis. Except for PMSCs cultured on fibronectin, a significant
upregulation (p<0.05) in β‐CATENIN expression was observed after 2 days of differentiation.
Interestingly, PMSCs cultured on Matrigel and laminin sustained β‐CATENIN upregulation in
time (Fig. 6D), where Laminin showed the highest β‐CATENIN expression level with a
significant difference (Fig. 6D; p<0.001) to PMSCs cultured on collagen, gelatin and
fibronectin.
Extracellular matrix components act on the level of myogenesis
To determine the role of ECM components to direct and sustain myogenesis PMSCs2 were
cultured on coated Lumox dishes and stimulated for 4 days in DM to form myotubes. After
differentiation, DESMIN staining using indirect immunofluorescence visualized the size of the
myotubes (Fig. 7A). The impact of the coatings on the formation of large myotubes was
quantified by the number of DESMIN+ myotubes exceeding >3 nuclei in their width.
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Fig. 6. Relative mRNA levels of genes involved in Wnt and Notch pathway (A, NUMB; B, FRIZZLED; C, DISHEVELLED; D,
β‐CATENIN) on collagen, gelatin, fibronectin, Matrigel and laminin after induction of differentiation of PMSCs at
different time points. Expression levels of collagen day 0 were set at 1. Levels are mean ± s.e.m. Asterisks denote
significant differences between surface coatings at the same time point (¹ p <0.05, ¹¹¹ p <0.001).
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Fig. 7. Differentiation of PMSCs2 on different coatings (on Lumox dishes) after 3 days in DM. A. DESMIN staining
showed myotube morphology (green). MYHC‐fast staining indicated formation of at least fast type fibers (green). B.
Overview of myotubes formed on the different coatings. Percentage indicates formation of large myotubes exceeding
+
3 or more nuclei in width. C. DESMIN nodules were formed mostly on Matrigel and laminin coatings. CLSM X‐Z
+
images (arrows) at the level of the white line of nodule formation showed DESMIN cells at the periphery in green
(green, right picture). Nuclei were stained with DAPI (blue). Scale bars = 50 µm.
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Twenty five random fields of each coating were examined and the total numbers of myotubes
were counted and the percentage of large myotubes determined (Fig. 7B). PMSCs2 cultured
on Matrigel and laminin coatings resulted in the highest percentage of myotubes with >3
nuclei in their width compared to myotubes formed on collagen, gelatin and fibronectin
surface coatings (Fig. 7B). By immunofluorescence we visualized the formation of fast type
MYHC myotubes (Fig. 7A). Furthermore, PMSCs2 cultured on Matrigel and laminin showed
formation of several nodules. A CLSM Z‐X layer stack visualized DESMIN+ cells mostly at the
surface of the nodules branching off to form myotubes (Fig. 7C). This emphasizes the
sustained activation of proliferating and differentiating myogenic cells by Matrigel and
laminin coatings.

Discussion & conclusions
We show that PMSC expansion and maintenance can be improved using ECM components
contributing to the creation of a sustainable myogenic environment in vitro. The data imply
differences in the myogenic commitment of PMSCs cultured on generally used ECM
components. We showed on laminin and fibronectin coatings formation of cells clusters with
presumable high PAX7 mRNA expression, whereas Matrigel and laminin showed a sustained
PAX7+ cell proliferation and improved myogenic differentiation. Lumox dishes with a gas‐
permeable cell growth stimulating membrane, enhanced primary muscle cell proliferation on
all surface coatings, while formation of DESMIN+ nodules were only observed in large
quantities on Matrigel and laminin coatings. The differentiation capacity of the primary
muscle cells was remarkably increased indicated by the amount of large myotubes formed on
these coatings. The formation of MYHC+ myotubes on all surface coatings demonstrates the
myogenic commitment of primary muscle cells expressing components of at least muscle fast
type II fiber filaments. Flow cytometric analysis of PMSCs revealed high numbers of myoblasts
on all surface coatings indicated by NCAM expression, which marks myogenic committed cells
[46, 47]. The myogenic commitment was further determined by quantification of mRNA
expression levels. The low levels of MYOGENIN expression can be related to the
predisposition of the myoblasts in the formation of a specific fiber type. It has been previously
observed that low MYOGENIN levels support fast fiber type II development [27]. The
improved fusion capacity of the PMSCs cultured on Matrigel and laminin was supported by
the increased mRNA levels of PAX7 and MYF5 suggesting the existence of a myogenic cell
population with prolonged proliferation capacity and sustained myogenic determination.
Integrins facilitate the cell‐ECM interaction by transmitting signals from the extracellular
environment to the internal cell to activate specific pathways for the regulation of tissue
maintenance and growth [3, 6]. The impact of the different ECM surface coatings on integrin
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expression was investigated during PMSC proliferation and differentiation. We show that the
expression of ITGB1 was increased during PMSC differentiation on all coatings supporting the
role of ITGB1 during myotube formation and its contribution to fiber integrity [7, 48].
Surprisingly, mRNA expression levels of ITGA4 and ITGA5 were similar in PMSCs cultured on
various ECM coatings, suggesting that there was no receptor binding preference for PMSCs
cultured on fibronectin. ITGA4 and ITGA5 expression increased remarkably during
differentiation which has also been observed during embryonic muscle development [48].
Interestingly, PMSCs maintained on Matrigel showed a low ITGA4 expression at day 2 of
differentiation which could be caused by the high levels of proliferating PAX7 expressing cells
observed at that time point, suggesting a role for these integrins during differentiation. We
observed a decrease in expression of laminin receptors [16, 17] ITGA6 and ITGA7 during
differentiation of PMSCs on all surface coatings. However, PMSCs cultured on Matrigel
showed an increase in ITGA6 expression at day 5 of differentiation whereas fibronectin
coatings never led to high levels of ITGA6 mRNA. This correlates with the smaller myotubes
formed on fibronectin coatings (Fig. 1A). Therefore, a role for ITGA6 during myoblast fusion
could be responsible for the differences in myotube formation between the PMSCs cultured
on fibronectin and Matrigel (Fig. 1B). It has been observed that mice lacking ITGB1, ITGA4 and
ITGA5 die prenatally, whereas mice that lack ITGA6 do not exhibit muscle defects [10, 49].
This suggests that ITGA6 and ITGA7 contribute to cell adhesion and proliferation, while ITGA4
and ITGA5 support terminal muscle differentiation.
Muscle development is regulated by Notch and Wnt (Wingless) signaling pathways. They
control the balance between stem cell proliferation and differentiation, in which NUMB
functions as a Notch‐inhibitor to direct the myogenic orientation [50‐53]. After differentiation
of the PMSCs, NUMB expression was increased indicating the switch from proliferation to
myogenic differentiation. To examine myogenic activation the expression of the Wnt signaling
components FRIZZLED‐3, DISHEVELLED‐3 and β‐CATENIN was determined on proliferating and
differentiating PMSCs [54‐56]. The myogenic determination was highest in proliferating cells
cultured on Matrigel and laminin indicated by the highest expression of Wnt receptor
FRIZZLED‐3 during proliferation and the increased expression of downstream component
DISHEVELLED‐3 during differentiation. β‐CATENIN expression peaked on PMSCs cultured on
laminin coating. These results indicate that Matrigel and laminin coatings are the most
optimal potential enhancers of the Wnt signaling, although more experiments, such as
determination of activated protein levels, are needed to properly confirm this.
A mixture of signals from the muscle niche controls the muscle machinery by maintaining the
stem cell pool and it directs myogenesis when repair and growth is required. The ex vivo
amplification of muscle stem cells to obtain larger amounts is of great importance in tissue
engineering and stem cell therapies. Our results showed no remarkable differences between
collagen coating and its hydrolyzed form gelatin. The results further suggest that when
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transferring primary isolated porcine muscle cells from their niche to an ex vivo situation, loss
of myogenic commitment can be reduced by using Matrigel and laminin surface coatings.
Fibronectin and laminin coatings support clustering of PAX7 expressing cells, which can be
used to select for satellite cells based on their adherence. Matrigel is composed of different
ECM proteins thereby showing that a balanced mixture of ECM components could be more
efficient for proper muscle differentiation compared to single protein substrates.
In conclusion, for porcine primary muscle cells, Matrigel and laminin coatings are the
preferred coatings. These coatings were found to sustain muscle stem cell proliferation and
improved muscle stem cell differentiation, in terms of myogenic determination and myoblast
fusion.
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Chapter 5

Abstract
A muscle progenitor cell population, other than quiescent satellite cells, can be purified from
porcine muscle tissue. The selection of this population is based on the expression of integrin
α6 and of neural cell adhesion molecule and results in a high myogenic committed stem cell
population. This notion was strengthened by qRT‐PCR analysis showing sustained PAX7, MYF5
and DESMIN expression and a strong myogenic differentiation. Selective inhibition of integrin
α6 function using blocking antibodies suggests an important role of integrin α6 in maintaining
the myogenic orientation of muscle stem cells. It is concluded that integrin α6 is important for
postnatal muscle tissue development and maintenance, and that integrin α6 expression can
be used to select for highly myogenic muscle stem cells.
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Introduction
Skeletal muscle comprises a well organized structure with a strong regeneration capacity
maintained by muscle stem cells supported by surrounding structures. The muscle tissue is
composed of myofibers which are elongated muscle cells that share the same cytoplasm and
contain multiple nuclei. It is formed during embryogenesis by the delamination of muscle
progenitor cells that migrate from the dermamyotome to enter the laminin‐rich myotome [1,
2]. From the myotome, muscle progenitor cells migrate to trunk and limb areas to form
muscle [3, 4]. After migration a population of stem cells remains in the muscle tissue to
support postnatal muscle growth and regeneration. These cells, characterized as muscle
satellite cells, adopt a position between the basal lamina and plasma membrane of a muscle
fiber and possess a self‐renewing capacity to sustain the muscle resident stem cell pool [5, 6].
The characteristic PAX7 expression by satellite cells is important to maintain postnatal self‐
renewal and myogenic commitment until activation upon injury or during development
occurs [7‐10]. The neuronal cell adhesion molecule (NCAM) expression on satellite cells has
been used to mark myogenic cells [11, 12]. After activation these cells start to proliferate and
differentiate into myoblasts, a process coordinated by the muscle regulatory factors (MRFs)
Myf5 and MyoD [3, 13, 14]. Differentiation occurs after cell alignment and subsequent cell
fusion results in the formation of myotubes where the MRF Myogenin controls terminal
differentiation into mature myofibers [15, 16].
Integrins expressed on cell membranes are receptors that are important for adhesion to
extracellular matrix (ECM) proteins or to other cells. Integrins are composed of α‐ (18 types)
and β‐ (8 types) subunits that can form 24 distinct heterodimers of which the composition
dictates specificity for ligands [17‐19]. Integrins serve as transmembrane connectors of the
extracellular environment with the intracellular space. Bi‐directional signals are transmitted
by the β‐integrins via the actin cytoskeleton to the nucleus activating cellular responses [20].
The integrin β1 has a role in regulating muscle integrity and is essential for myoblast adhesion
to the ECM [21]. During muscle development various integrin subunits are expressed
including α1, α4, α5, α6, α7, αV, β1 and β3 which play roles in mediating modulation of
proliferation, differentiation, migration, triggering calcium influx, apoptosis, polarity, and
motility [18, 22, 23]. The integrin α7β1 is expressed on myoblasts localized in and around the
myotendinous and neuromuscular junction of the muscle fiber and is required for muscle
maintenance [24, 25]. In a study with quail embryonic muscle, integrin α5 in myoblasts was
demonstrated to stimulate proliferation, whereas integrin α6 mediated differentiation [26].
This suggests distinct functions for α‐integrins in regulating myogenesis from proliferation to
terminal differentiation. The ratio between expression levels of different integrin subunits can
direct the myoblast choice to proliferation or differentiation [26].
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Functions of integrin α6 have been studied using GoH3 neutralizing antibody directed against
α6ITG where blocking of the integrin in a subset of breast cancer cell lines resulted in the
inhibition of the high tumor‐generating ability [27]. Furthermore, blocking of α6ITG using the
GoH3 antibody suggested that α6β1 is involved in adhesion to the E8‐cell‐binding site of
laminin in non‐muscle cells, whereas in muscle cells, not α6β1, but a different β1 integrin‐
series was found to bind laminin [28, 29]. Also during embryogenesis delamination of Myf5
expressing muscle progenitor cells to form the laminin‐rich myotome is mediated by α6β1
integrin expression [1, 2]. Previously, we have observed that sustained α6ITG expression of
muscle stem cells cultured on Matrigel surface coating was correlated with a high myogenic
capacity (Chapter 4), suggesting a role for α6ITG in muscle differentiation.
Muscle tissue contains a heterogeneous population of muscle progenitor cells and selection
for specific progenitor cells can be important to identify the functions and charactistics of the
cell types [27, 30, 31]. Indeed, in several studies integrins as well as expression of other
membrane associated markers were used to select for specific stem cell populations for
regeneration experiments [27, 32‐35].
In this study, pig muscle stem cells were used. Pigs are rather similar to humans in terms of
organ size and physiology and therefore pigs may serve as good models in tissue engineering
in general and muscle regeneration in particular. We used flow cytometry to selectively sort
for muscle satellite cells based on neural cell adhesion molecule (NCAM) and α6ITG
expression to examine its contribution to muscle stem cell commitment and differentiation
[11, 36]. Analysis revealed a potential function in cell fusion and a difference in proliferation
rate in myogenic cell expressing α6ITG. In the process of differentiation extracellular signaling
molecules, components of the matrix, and other cell surface proteins are involved in the
regulation of cell fusion. An integrin is an excellent candidate to use as a selection marker for
flow cytometry and therefore α6ITG expression on muscle stem cells can be used as a tool to
improve myogenesis and to select for highly myogenic muscle stem cells.

Materials and Methods
Isolation of porcine primary muscle cells
Porcine primary muscle stem cells were isolated from semitendinosus muscles of euthanized
(intracardial injection of 0.15 ml/kg T61) piglets (hybrid York boar; 3 months of age). All steps
were performed at room temperature (RT), unless otherwise mentioned. The dissected
muscle parts were minced with scalpels after removal of adipose and connective tissues.
Minced muscle tissue (50 g) was washed (5 min, 2000g) in phosphate‐buffered saline (PBS,
Braun, Melsungen, Germany) containing 1% HEPES and 50 µg/ml gentamycin, 1% antibiotic‐
antimycotic mix and 250 ng/ml fungizone (referred to as PBS+‐H). For stem cell isolation
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muscle tissue parts were incubated in 100 ml preheated 1 mg/ml protease solution (from
Streptomyces griseus, Sigma, ST Louis, MO) in PBS+‐H for 60 min at 37°C as described
previously [37, 38]. The solution was shaken every 10 min and repeatedly homogenized by
trituration with 5 ml pipettes. Undigested larger muscle parts were collected by modest
centrifugation (5 min at 200g). Supernatant, containing single cells, was washed twice (10 min
at 2000g) in growth medium [GM; Dulbecco’s Modified Eagle’s Medium‐high glucose (DMEM‐
HG, Invitrogen, Carlsbad, CA), 20% fetal bovine serum (FBS, Invitrogen) and 50 µg/ml
gentamycin]. The cells were filtered with cell strainers, final pore size 70 µm (BD Falcon,
Erembodegem, Belgium) and subsequently pelleted (10 min at 2000g) and stored on ice. A
1 hr incubation with 0.15% w/v collagenase XI (Sigma) in DMEM‐HG containing 5% FBS and
1% HEPES was performed to dissociate cells from the remaining undigested muscle debris.
Tissue debris was repeatedly triturated with 10 ml pipettes, filtered (70 µm cell strainer) and
washed in GM (10 min at 2000g). Both cell pellets were pooled and placed in cold hypotonic
buffer (0.2 M NH 4Cl, 13 mM KHCO3, pH 7.4) for 10 min on ice to shock the erythrocytes and
subsequently washed in cold PBS+‐H (5 min at 1000g). Cells were taken up in GM, filtered
through a 40 µm cell strainer (BD Falcon) to remove cell lumps and pelleted (5 min at 700g).
Cells were pre‐plated in GM+ (37°C) onto uncoated T175 flasks for the removal of fast‐
adhering fibroblasts during 1 hr (37°C, 5% CO2). Cells that had not adhered were collected
and stored in liquid nitrogen until further use [39].
Muscle stem cell proliferation and differentiation
For cell expansion primary muscle cells were cultured in 1 mg/ml Matrigel (Matrigel™
Basement Membrane Matrix; mouse tumour; phenol‐red free, BD Bioscience, Bedford, MA)
coated flasks (Corning, NY) in GM containing 5 ng/ml human basic fibroblast growth factor
(bFGF; Sigma). Differentiation of the muscle stem cells was performed in differentiation
medium [DM; DMEM‐HG, 2% horse serum (HS, Invitrogen) with 50 µg/ml gentamycin] on 1
µg/ml laminin‐coated Lumox dishes (Ø 35mm; Greiner, Frickenhausen, Germany) or on
laminin‐coated 6‐wells plates (Greiner, Frickenhausen, Germany).
Blocking of α6ITG expression was performed using the blocking antibody GoH3 (GoH3; 2.5
µg/ml; BD). Proliferation and differentiation medium was refreshed every third day with
addition of GoH3 antibody.
FACS sorting
The combination of a primary mouse antibody against NCAM (5.1H11; 1:200 dilution;
Developmental Studies Hybridoma Bank, Iowa City, IA) and a rat antibody against α6ITG
(GoH3; 2.5 µg/ml; BD) was used to select for specific cell populations by flow cytometry using
a VantageTM SE flowcytometer (BD). An indirect cell staining approach with fluorescent
conjugated secondary goat‐anti mouse‐PE and goat‐anti rat‐FITC antibodies were used to
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detect the primary antibodies. Isotype control antibodies (rat‐IgG2 and ms‐IgG1; both 1:10
dilution; DakoCytomation, Glostrup, Denmark) were used to gate the fluorescence threshold
for antibody specificity based on the visualization of nonspecific binding by the primary
antibodies. Data were analyzed using FlowJo software (Oregon corporations, Ashland, OR).
Quantification of gene expression
RNA isolation using a RNeasy Mini Kit (Qiagen, Valencia, CA) was either performed from
directly sorted cell populations or from cell cultures which were first trypsinized (0.25%
Trypsin‐EDTA, Invitrogen), pelleted by centrifugation (5 min at 300g, RT) and stored at ‐80°C.
A second DNase treatment was performed on RNA samples by incubation with 2 μl DNase
(Qiagen) for 25 min at 37°C, followed by inactivation for 10 min at 70°C. The cDNA was
generated using SuperscriptTM III First‐strand Synthesis System (Invitrogen) and quantitative
real‐time RT‐PCR (qRT‐PCR) performed on cDNA (1 μl) using an iCycler with iQtm SYBR® Green
supermix (both from BIO‐RAD, Hercules, CA). A 12.5 pmol primer concentration per 25 μl
reaction amplified cDNA after a denaturation step of 3 min at 95°C in a 40 cycle protocol [30
sec at 95°C, 20 sec 51‐63°C (Table 1), 30 sec at 72°C and subsequently 77 repeats of 15 sec
with a 0.5°C increase in temperature after every repeat starting at 60°C]. Primer specificity
was confirmed by product sequencing. For relative gene expression quantification samples
were normalized against mRNA levels of reference genes (GAPDH, UBQ and PGK1) using
GeNorm software (Primer Design Ltd., Southampton, UK) [40]. Results were analyzed using
GraphPad prism in a two‐way ANOVA with a Bonferroni post‐test.
Indirect immunofluorescence
After sorting by flow cytometry, cell populations were spinned onto glass cover slides for 5
min at 800 rpm in 0.5% BSA in PBS using the Shandon Cytospin 4 (Thermo Scientific, Breda,
The Netherlands). The cover slides were dried overnight and stored at ‐80°C until further
usage. Also, primary muscle stem cells were cultured for 6 days in GM on 1 µg/cm 2 laminin‐
coated (murine sarcoma; Sigma) glass cover slips. Cells were fixed in cold methanol (2 min at ‐
20ºC) to detect α6ITG or in 4% paraformaldehyde (PFA; Electron Microscopy Science,
Hatfield, PA; 15 min) for DESMIN detection followed by permeabilization in 0.5% Triton X‐100
for 10 min. From snap‐frozen muscle tissue cryosections (5 µm) were prepared and fixed with
4% PFA for 15 min. To avoid aspecific antibody binding, cells were incubated for 30 min in
blocking buffer [2% normal goat serum (DakoCytomation), 1% Bovine Serum Albumin (BSA;
Roth, Karlsruhe, Germany), 0.1% fish gelatin (Sigma), 0.1% Triton X‐100, 0.05% Tween‐20 in
PBS]. Subsequently, cells were incubated with primary antibodies α6ITG (rat, clone GoH3; 2.5
µg/ml; BD), DESMIN (mouse, clone D33; 10 µg/ml; DakoCytomation) or PAX7 (mouse, clone
PAX7; 10 µg/ml; R&D systems, MN) for 1 hr. After washing in PBS with 0.05% Tween‐20 (3
times; 5 min), slides were incubated with Alexa488‐labeled goat anti‐mouse IgG or Alexa568‐
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labeled goat anti‐rat IgG antibodies (1:200; Invitrogen) for 45 min. Nuclei were
counterstained with DAPI (Invitrogen), followed by dehydration in an increasing alcohol series
(70%, 90% and 100%; 3 min each), air dried before being overlaid with FluorSave
(Calbiochem, Darmstadt, Germany) and covered with glass. All antibody solutions were
centrifuged at full speed for 10 min at 4ºC prior to use. Visualization of fluorescently labeled
secondary antibodies was performed on a Leica DMRE fluorescence microscope.

Results
Muscle tissue contains satellite cells with distinct α6 integrin expression patterns
To specifically localize cells expressing α6ITG and to detect muscle satellite cells by PAX7
expression, immunofluorescent staining was performed on cryosections of porcine
semitendinosus muscle. Satellite cells were identified that (1) express PAX7, but lack α6ITG
expression (Fig. 1; arrowhead), (2) PAX7 expressing satellite cells, that express α6ITG (Fig. 1;
arrow) and (3) cells that lack PAX7 expression, but express α6ITG (Fig. 1; asterisks).
Identification of at least two different satellite cell types indicates the heterogeneous
distribution of muscle satellite stem cells in vivo.

Fig. 1. Immunofluorescence staining of PAX7 and α6 integrin (α6ITG) transverse cryosections of semitendinosus
muscle tissue. A. Localization of α6ITG expression (red). B. Satellite cells are identified by PAX7 expression. C.
Visualization of nuclei by DAPI (blue). D. By merging the three channels three different cell populations were
detected; single PAX7 expressing satellite cells (arrowheads); α6ITG expressing satellite cells (arrows); α6ITG
expressing muscle cells (asterisks).
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Enhanced differentiation of cells expressing both α6ITG and NCAM
Porcine primary muscle stem cells were isolated and expanded on Matrigel‐coated flasks.
Specific stem cell populations were selected based on NCAM (satellite cells) and α6ITG
expression using flow cytometry. FITC‐ and PE‐conjugated isotype control antibodies were
used to gate the background. Three populations of cells were selected and sorted individually.
An NCAM+/ α6ITG+ population covered the highest percentage (25%) of the cells, while the
percentage of NCAM+/ α6ITG− cells was lower in number (10%) (Fig. 2). Only a small fraction
of cells was double negative for α6ITG and NCAM, most likely representing non‐myogenic
cells.

Fig. 2. Flow cytometric analysis of primary muscle stem cells for NCAM and α6 integrin (α6ITG) expression. A. Gates
+
represent sorted cell populations corresponding to specific antibody staining as indicated. NCAM cells were
+
+
‐
visualized by the PE‐channel. α6ITG cells were visualized in FITC‐channel. NCAM /α6ITG cells represent around 10%
+
+
of the total primary muscle stem cell population cells, whereas NCAM /α6ITG cells represent around 25% of the
total primary muscle stem cell population. B. Negative isotype control represents non‐specific background staining.

To characterize the sorted populations with respect to their myogenic commitment, gene
expression was quantified by qRT‐PCR and levels were determined relative to those of
unsorted primary muscle cells. The NCAM+/ α6ITG+ population showed a significantly
(p<0.001) higher expression of α6ITG mRNA compared to the expression of the NCAM+/
α6ITG− sorted population demonstrating successful separation of the populations (Fig. 3A).
Interestingly, the NCAM+/ α6ITG− population expressed significantly higher levels of α7ITG
mRNA, whereas, the NCAM−/ α6ITG− population, expressed significantly (p<0.001) higher
levels of α5ITG mRNA.
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Fig. 3. Characterization of sorted cell
populations by gene and protein expression. A.
Expression levels of integrin α6 (A6ITG),
integrin α5 (A5ITG) and integrin α7 (A7ITG)
+
were determined by qRT‐PCR in NCAM /
+
+
–
–
–
α6ITG , NCAM / α6ITG and NCAM / α6ITG
cells relative to unsorted muscle cells. The
α6ITG was expressed at significantly higher
+
levels in α6ITG cells, α5ITG was expressed in
−
−
non‐myogenic cells (NCAM / α6ITG ) at
significantly higher levels, while α7ITG was
+
significantly higher expressed in NCAM /
−
α6ITG cells. B. Expression levels of PAX7, MYF5
and DESMIN determined by qRT‐PCR. Similar
+
PAX7 expression levels were detected in α6ITG
–
and α6ITG cells, but a significantly higher MYF5
+
expression level was detected in α6ITG cells,
while expression of DESMIN was higher in
−
α6ITG cells. C. Immunofluorescence cell
staining with GoH3 antibodies directed against
α6ITG on cytospins of sorted cell populations
+
+
+
–
(NCAM / α6ITG , upper panels; NCAM / α6ITG ,
lower panels) visualizes the expression of α6ITG
+
in the α6ITG cells (red). After 2 days of
+
differentiation α6ITG cells formed myotubes
(upper right panel), whereas cells lacking α6ITG
remained aligned without cell fusion (lower
right panel). Nuclei are visualized with DAPI
staining (blue). Scale bar is 50 µm. Asterisks
denote significant differences in gene
expression between the sorted population
+
+
+
−
NCAM / α6ITG and NCAM / α6ITG (¹ p
<0.05, ¹¹ p<0.01, ¹¹¹ p <0.001).

Examination of muscle related gene expression revealed that both NCAM+ populations
comprised a high PAX7 expression with a significantly (p<0.05) higher MYF5 expression in
α6ITG+ cells (Fig. 3B). MYF5 is important for myogenic initiation, suggesting a stronger
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myogenic potential of the α6ITG+ cells. However, DESMIN expression was significantly
(p<0.05) higher in α6ITG− cells, indicating a strong myogenic feature despite the lower MYF5
expression. The double negative cell population showed lower expression levels of MYF5 and
DESMIN which are important during myogenesis, demonstrating the non‐myogenic feature of
these cells. Interestingly, after two days of differentiation NCAM+/ α6ITG+ cells formed large
multinucleated myotubes, whereas NCAM+/ α6ITG− cells only displayed alignment of the cells
without fusion (Fig. 3C).
Integrin α6 expression is important for cell fusion
Morphology of both NCAM+ populations showed bi‐ and triangular shaped cells with several
pseudopodia, while α6ITG+ cells exhibiting a more flattened morphology compared to the
α6ITG‐ cells (Fig. 4A).

Fig. 4. Cell that express α6ITG exhibit a reduced proliferation rate. A. Cell morphology of sorted NCAM / α6ITG and
+
−
NCAM / α6ITG cell population. Both showed a bi‐ and triangular shaped morphology with a more flattened
+
+
appearance for α6ITG cells. Scale bar is 50 µm. B. Growth curves of proliferating and differentiating α6ITG and
−
−
α6ITG cells. The number of α6ITG cells was 3‐fold higher after proliferation and this sustained after induction of
+
differentiation, whereas α6ITG cells showed cell cycle arrest after differentiation was induced.
+
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To monitor the differences between the two populations (NCAM+/ α6ITG+/−) concerning their
growth rate, cell numbers were determined at different time points. Cells lacking α6ITG
expression had a 3‐fold higher expansion rate compared to cells with α6ITG expression at day
7 of proliferation (Fig. 4B). Interestingly, after exposure to differentiation medium NCAM+/
α6ITG− cells sustained a high proliferative activity but without apparent cell fusion capacity.
However, induction of differentiation in NCAM+/ α6ITG+ cells initiated cell proliferation rest
(Fig. 4B).
Determination of gene expression during differentiation showed increased myogenesis by
α6ITG+ cells
To examine the myogenic differentiation capacity of the NCAM+/ α6ITG+/− cell population
expression of genes involved in myogenesis were measured by qRT‐PCR during
differentiation. Gene expression of the NCAM+/ α6ITG+ population was measured directly
after sorting. At day 0, the two populations showed approximately equal PAX7 mRNA levels,
and initiation of differentiation resulted in a drop of PAX7 expression in both populations.
During differentiation PAX7 expression increased in α6ITG+ cells but remained low in α6ITG−
cells (Fig. 5A). Levels of MYF5 mRNA coding for the transcriptional initiator of muscle stem cell
differentiation, remained significantly higher (p<0.01) in α6ITG+ cells compared to α6ITG− cells
after sorting and dramatically increased during differentiation (Fig. 5B). The MYF5 expression
in the α6ITG− cells further decreased during differentiation indicating that these cells are not
myogenic orientated (Fig. 5B). In the α6ITG− cells a decrease in DESMIN expression was
observed (Fig. 5C). The expression of DESMIN was reduced considerably in α6ITG− cells after
several days of differentiation, while α6ITG+ cells expressed higher levels of DESMIN
(p<0.001). Furthermore, the expression of MYHC, coding for a component of the fast type
fiber compartment, was remarkable reduced in α6ITG− cells, while an increase was observed
during the differentiation of α6ITG+ cells (Fig. 5D). This was correlated with morphological
myotube formation observed by the NCAM+/ α6ITG+ population, but not for the NCAM+/
α6ITG‐ population (data not shown).
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Fig. 5. Differentiation capacity of NCAM / α6ITG and NCAM / α6ITG cells determined by qRT‐PCR. Expression levels
+
are relative to α6ITG cells at day 0 (prol d0). A. PAX7 expression. B. MYF5 expression. C. DESMIN expression. D.
MYHC fast type expression. Asterisks denote significant differences in gene expression at the specific time point
+
+
+
−
between the sorted population NCAM / α6ITG and NCAM / α6ITG (¹ p <0.05, ¹¹ p<0.01, ¹¹¹ p <0.001).
+

+

+

‐

Integrin α6 is important for the myogenic commitment of primary muscle stem cells
Primary muscle cells were cultured on laminin‐coated cover slips and α6ITG function was
blocked with the rat‐GoH3 antibody [41]. After 7 days of antibody treatment binding of the
GoH3 antibody to the muscle cells was visualized by immunofluorescence (Fig. 6A). Blocking
of α6ITG function did not interfere with the adhesion of myogenic cells to the cover slips and
myogenic cell division as indicated by the expression of DESMIN both in presence and
absence of the blocking antibodies (Fig. 6B). The negative staining of isotype control
antibodies indicated antibody specificity (Fig. 6C). When α6ITG function was blocked, primary
muscle stem cells were not able to form myotubes after exposure to differentiation
conditions for 6 days. Cells lacking GoH3 antibody treatment were able to form myotubes
suggesting an important function of α6ITG during myogenic differentiation (Fig. 6D).
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Fig. 6. Inhibition of α6ITG function using the rat‐GoH3 antibody during 12 days. Upper row depicts primary muscle
stem cells treated with GoH3 antibodies directed against α6ITG. Lower row depicts primary muscle cells without
GoH3 antibody treatment. A. Detection of GoH3 antibodies on primary muscle stem cells using Alexa568‐labeled
secondary antibody against rat‐IgGs. B. Visualization of DESMIN expression shows adhesion of dividing myoblasts
(arrow) on the cover slips. C. Upper picture represents the negative control mouse IgG1 isotype, the lower picture the
rat IgG2 isotype. D. No myotubes were observed in GoH3 treated primary muscle stem cells after 6 days of
differentiation, while cells lacking GoH3 antibody treatment formed myotubes in culture. Scale bar is 50 µm.

Discussion
In muscle tissue, satellite cells display heterogeneous properties as demonstrated by a
distinct α6ITG expression pattern. We previously observed high levels of α6ITG expression in
primary muscle stem cells with an efficient myogenic differentiation capacity (Chapter 4),
suggesting a role for this integrin in muscle stem cell differentiation. To examine the role of
α6ITG during myogenesis, primary muscle cells were sorted based on α6ITG surface exposure
and expression of NCAM, a molecule that is involved in myoblast fusion and is expressed by
satellite cells that are associated with myogenic cell commitment [11, 36]. Using flow
cytometry, we were able to sort for NCAM expressing cells to distinguish between myogenic
and non‐myogenic cells [11, 12, 32, 42‐44]. Expression of α6ITG was used to further subdivide
the cells in three populations; NCAM+ cells with or without α6ITG expression and the non‐
myogenic cells expressing neither of these cell surface proteins.
Based on gene expression levels the myogenic commitment of the cell populations was
examined. The PAX7 expression levels were similar between the two myogenic NCAM+ cell
populations. Interestingly, levels of DESMIN expression were higher in α6ITG− cells compared
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with those of α6ITG+ cells, while the MRF MYF5 was expressed at a higher level in α6ITG+ cells,
demonstrating the myogenic commitment of both cell types. In murine muscle tissue the
myogenic progenitor cells are represented by hierarchal subpopulations of Pax7 expressing
satellite cells lacking Myf5 and committed satellite cells co‐expressing Myf5 [31]. This
hierarchy is based on the apical‐basal position of the satellite cells towards the muscle fiber.
Satellite cells identified as Pax7+/ Myf5− with an orientation towards the basal lamina (basal‐
position) were demonstrated to express α7β1 integrins, whereas satellite cells with an apical
orientated position towards the plasma membrane of the myofiber expressed Myf5 [31].
These Myf5+ cells were indicated as a committed phenotype due to the loss of contact with
the basal lamina and extracellular environment or niche which is important in sustaining stem
cell identity. Interestingly, in our experiments the porcine α6ITG− cells with significantly
higher levels of α7ITG expression expressed lower levels of MYF5 compared to α6ITG+ cells.
This suggests that these cells could have a basal orientated position and not yet directed into
the myogenic program. The non‐myogenic cell lacking NCAM expression showed significant
higher levels of α5ITG. Induction of myogenic differentiation of the two NCAM+ cell
populations resulted in the formation of myotubes by α6ITG+ cells, while α6ITG− cells only
aligned without cell fusion. This suggests that integrin α6 expression is important for fusion of
cells, which is an important step in myogenic differentiation.
Examination of the proliferation capacity of the two populations revealed that α6ITG−
proliferated at a higher rate than α6ITG+ cells even after exposure to differentiation medium.
The α6ITG+ cells stopped proliferating and formed myotubes by cell fusion, while α6ITG− cells
continued cell proliferation until confluence was reached. The high proliferation capacity of
α6ITG− cells is consistent with the involvement of α6 cytoplasmic domains in the negative
regulation of cell growth [26].
Cellular blocking of α6ITG may inhibit the myogenic differentiation. We showed that the
selection for satellite cells that are NCAM+ and α6ITG+ yields a strong myogenic orientated
cell population, that lacks high proliferative non‐fusible muscle cells which can overgrow the
cell culture.
In this study, we show that α6ITG expression is important in maintaining the myogenic
orientation of muscle stem cells. This by directing through a myogenic committed stage
indicated by the sustained PAX7, MYF5 and DESMIN expression and strong myogenic
differentiation. We showed that α6ITG may be important in postnatal muscle tissue
development and maintenance, but this notion requires further investigation. Inhibition of
α6ITG expression by siRNA can provide additional information regarding the satellite cell
fusion and differentiation capacity upon down‐regulation. Additionally, we want to examine
which signaling pathway is involved in the myogenic activation through α6ITG transmissions.
Integrins are not constantly in an active state. During their ‘OFF’ state the integrins are
expressed, but are in a presumable inactive state preventing ligand binding and are not
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recognized by the antibody [18, 45]. The NCAM+/ α6ITG− cell population sorted by flow
cytometry could be an inactive state of α6ITG expression explaining the high DESMIN
expression preventing GoH3 antibody binding. In this way a selection for active myogenic
orientated satellite cells could have been made. Overstimulation of α6ITG expression may
result in a more myogenic determined muscle stem cell population which can be used to
improve muscle regeneration. The sustained PAX7 expression in α6ITG+ cells during cell
culturing could be important as a characteristic phenotype for myofiber repopulation in
muscle regeneration studies and tissue engineering. It is concluded that highly myogenic
stem cells can be isolated from the heterogeneous population of satellite cells in the muscle
by selecting for satellite cells that express α6ITG.
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Summarizing discussion
In general, two types of stem cells can be distinguished: embryonic and adult. Embryonic
stem (ES) cell can be derived from pre‐implantation embryos and adult stem cells can be
isolated from fetal or postnatal tissues. Embryonic stem cells sustain a high self‐renewal
capacity with a broad developmental potential, while adult stem cells are more lineage
committed with a limited proliferation capacity. Both types show limitations when it comes to
the control and regulation of self‐renewal and differentiation; however the understanding of
these processes evolves rapidly. The derivation of induced pluripotent stem (iPS) cells by
reprogramming the epigenetic state of a fully differentiated skin fibroblast indicates the
competence to manipulate cellular potency. Waddington’s classical view of the epigenetic
landscape [1] is therefore challenged, because it seems less rigid than previously thought.
Although the possibility of generating iPS cells indicates the plasticity of adult cells in vitro, it
is unknown how much stem and progenitor cells in vivo facilitate this plasticity. On the other
hand, recent experiments on limb regeneration of genetically modified salamanders suggest
that their in vivo lineages are respected by stem cells. The results indicate that specific stem
cells form specific tissues opposed to the previously held idea that pluripotent blastema stem
cells form a new limb [2]. From this point of view, it could be interesting to increase our
knowledge on the control of lineage commitment. Furthermore, the conditions to facilitate
cell self‐renewal are far from being fully understood but these are important to sustain stem
cell identity.
The generation of adult stem cell lines is important in biomedical applications for drug
discovery, toxicology screening, regenerative medicine and tissue engineering, and also for
the generation of cultured meat. The focus of this study has been on the identification and
characterization of adult stem cells derived from porcine muscle tissue.
Muscle stem cells
Adult stem cells reside throughout life in almost all tissues and their function in vivo is to
maintain and regenerate tissues that have been damaged by injury or disease. In the last
decades, multiple stem and progenitor cell populations have been isolated from diverse
tissues, including muscle tissue. Adult muscle tissue has not only been demonstrated to
contain muscle stem cells, but also is a rich source of progenitor cells. The difference between
stem cells and progenitor cells is not always clear, but in general, stem cells exhibit a self‐
renewal capacity sustaining an undifferentiated state, whereas progenitor cells are regarded
as being their committed progeny. These cells have a broad clinical potential in regenerative
medicine such as cardiac repair, repair of the nervous system, reconstitution of the
hematopoietic system and repair of degenerated muscle tissue. To implement these
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potentials in regenerative medicine it is important to understand the molecular machinery of
stem cell biology.
Muscle tissue can be considered the largest organ of the human body and contains the largest
cells, the myofibers. It has a remarkable regenerative capacity and contains a variety of stem
and progenitor cells. The muscle‐specific satellite cells, for instance, contribute to postnatal
muscle growth and regeneration, but it has been suggested that cells from other non‐muscle
sources can participate in the maintenance and repair of muscle [3]. It is likely that the
skeletal muscle niche plays an important role in the stem cell maintenance and myogenesis.
Still many questions remain unanswered like: How to control satellite cell quiescence? ; What
triggers satellite cell proliferation and differentiation? ; How does the niche influence the cell‐
fate?
Non‐muscle stem cells
Distinct cell populations have been characterized that are associated with the vascular
system, such as pericytes and myo‐endothelial cells. These cells exhibit a multipotent
competence to differentiate towards the myogenic lineage as well as other lineages
(osteogenic, adipogenic, cardiogenic and chondrogenic) [4, 5]. Multipotent mesoangioblasts
are located in the wall of the dorsal aorta during embryogenesis, but when injected into the
blood circulation they are able to migrate outside the vessel in response to muscle injury to
restore tissue damage [6]. These vessel‐associated stem cells participate in postembryonic
development of mesoderm and it has therefore been suggested that postnatal mesodermal
stem cells share a vascular developmental origin [7].
Furthermore, progenitor cells have even been identified in the interstitial space of the muscle
close to the muscle vasculature. Although these progenitor cells lack characteristic muscle
markers, they have myogenic and hematopoietic lineage potential [8, 9].
Different cell types express cluster of differentiation (CD) markers on their cell surface that
can help to classify the different cell types and provides information regarding the cells’
homing potential, tissue association and developmental potency. The CD markers can be
detected using antibodies and subsequently cells expressing these markers can be selected
for by flow cytometry. Characterization of cells from muscle tissue has identified different
populations of multipotent cells.
In chapter 2, several approaches are described for the isolation of stem and progenitor cell
populations from porcine muscle, based on their anatomical distribution in the muscle and
based on biochemical characteristics. Different cell populations could be distinguished
exhibiting distinct lineage commitment which suggests a hierarchy in muscle tissue. We have
adapted protocols used for derivation of muscle stem cells from small animal models for stem
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cell isolation from pig tissue and have highlighted essential steps throughout the procedures
to obtain optimal results. Antibodies can be used to phenotypically specify cell populations
based on the expression profile of cell surface markers, but since most commercially available
antibodies have been generated against human or mouse antigens they generally exhibit
limited cross‐reactivity to pig antigens. We tested commercially available antibodies that
recognize porcine molecules and evaluated their use for flow cytometry and immuno‐
staining, and have provided an overview of porcine markers in this thesis. The isolation
methods provided information about diversity of muscle stem cell populations and indicated
the hierarchy in muscle tissue.
An extensive characterization of a porcine muscle progenitor cells is described in chapter 3.
Here it is reported that porcine muscle tissue harbors progenitor cells, which sustained a long
standing proliferation capacity in vitro in the presence of basic fibroblast growth factor. The
cells were capable of maintaining a normal karyotype during regular in vitro culture, and
chromosomal aberrations and cellular senescence were only observed after very high passage
numbers. The DESMIN positive progenitor cells lacked the expression of classical muscle
lineage markers, but showed formation of myotubes when co‐cultured with C2C12 murine
myoblasts. Their multipotency was further demonstrated by differentiation to adipogenic and
osteogenic lineages. In addition and not reported in chapter 3, morphological differentiation
of these cells into vascular structures has been observed when these cells were cultured
under conditions that are generally used to form endothelial cell vascular structures with
human umbilical vein (HUVEC) cells (Fig. 1). For vascular differentiation the cells were
cultured in this specialized endothelial enriched medium EGM‐2 on reconstituted basement
membrane proteins (Matrigel). In contrast, when STO immortalized mouse embryonic
fibroblasts were cultured under these conditions, they showed alignment in capillary‐like
structures without cell fusion. Porcine muscle cells derived by late adherence to culture
plastic (pig LA) lacked the capacity to form vascular‐like structures. This suggests that these
pig LA cells are not susceptible for stimulation by growth factors of adherence to Matrigel,
possibly due to the absence of specific surface receptors. The competence to form vascular
structures was also observed with porcine satellite‐like cell cultures and indicates a possible
function for these cells in vascular development in vivo (Fig. 1).
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Fig. 1. Morphological differentiation of porcine‐derived cells on Matrigel. Cells were cultured for 17 hrs in endothelial
basal medium supplemented with growth factors (EGM‐2). A. HUVECs (human umbilical vein endothelial cells) show
typical formation of vascular structures (pos. control). B. STO cells (mouse embryonic fibroblasts) form a vascular‐like
network, but no cell fusion is observed (neg. control). C‐D. Pig progenitor and satellite cells show formation of
vascular‐like structures by cell fusion. E. Pig late adhering cells (pig LA) lack the ability to form a vascular network.

The muscle niche and stem cell behavior
Human and mouse ESCs are routinely cultured on irradiated mouse embryonic fibroblasts
(MEFs) serving as a feeder layer to support cell growth, while maintaining the
undifferentiated cell state [10, 11]. Adult stem cell proliferation and differentiation is more
controlled and therefore a thin layer of proteins coated to the surface of tissue culture is
sufficient to act as a supportive layer for cell culturing. The proteins generally used are
components of the extracellular matrix (ECM) such as collagens, fibronectins and laminins.
Mimicking the muscle fiber niche is important to control muscle stem cell behavior after
isolation when transferred to an in vitro cell culture system. Well‐defined culture media have
been designed to maintain cell self‐renewal and direct lineage differentiation. However,
specification of optimal surface coatings for particular stem cell populations has been poorly
described.
In chapter 4, we have investigated the importance of surface coatings for various stem/
progenitor cell types. The ECM components collagen type I, fibronectin, laminin, and also
gelatin and Matrigel were used to establish their influence on primary muscle stem cell
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behavior. Interestingly, we observed significant differences between the different coatings in
the support of cell self‐renewal and myogenic differentiation capacity. The impact of the
coatings on cell proliferation and differentiation capacity was determined by quantification of
relative gene expression levels using qRT‐PCR. When primary muscle stem cell were removed
from their natural environment and cultured in vitro, a limited stimulation by collagen, gelatin
and fibronectin coatings on muscle stem cell proliferation and differentiation was identified.
However, Matrigel and laminin coatings sustained the commitment of the cells at best
resulting in high myogenic differentiation.
The ECM as part of the muscle niche is important for the regulation of muscle stem cell
behavior. Stem cells use specific integrins to bind ECM components and in this way direct the
cell fate. This emphasizes the importance of mimicking a niche in vitro. The niche is a
sheltering environment protecting the cells from stimuli and functions to maintain a balance
between stem cell quiescence, self‐renewal and differentiation. Many questions remain open
regarding the molecular cross‐talk between the cells and niche. How is the balance between
self‐renewal and differentiation organized? What triggers the cells to take distance from the
niche and start to produce committed progenitor cells? Rudnicki and his group proposed
asymmetric cell division by the loss of niche contact activating Myf5 expression, and the
position of the mitotic spindle suggested to determine the prospective stem cell progeny [12].
The group of Rando found that a balance between the Notch and Wnt signaling pathways
mediates in the direction of myogenic differentiation [13]. Notch has been suggested as a
critical component during the proliferation of myogenic progenitors, while progression to the
myogenic lineage has been suggested to be associated with Wnt signaling activation. The
expression of receptors and downstream targets of these pathways can be used as a read‐out
of cell fate. Influencing this fate using ECM components is important in the understanding of
the mechanism how proliferation and differentiation is regulated in vitro.
Understanding the regulation of myogenesis
Many processes involved in muscle stem cell differentiation are still largely unknown.
Myogenesis comprises the proliferation of satellite cells into myoblasts, followed by a
complex pattern of migration, recognition and alignment of myoblasts prior to initiation of
the mutual fusion or the fusion to existing myofibers (Fig. 2). During these stages membrane‐
associated structures and proteins are thought to direct processes such as cell migration and
adhesion. Microvilli are formed by satellite cells during their active phase for recognition of
myoblasts prior to alignment (Fig. 2, arrows). This whole process of myogenesis requires a
complex interaction of extracellular signaling molecules (growth factors, cytokines, etc.) and
cell surface proteins (cadherins, integrins and immunoglobulin superfamily members) [14,
15]. In particular, integrins play a role in proliferation, adhesion and differentiation [16]. They
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bind to basement membrane components of the muscle fiber ECM, enabling transmembrane
connections for intercellular signaling. Previous observations (chapter 4) revealed that a high
myogenic differentiation of primary muscle cells was correlated with elevated levels of
integrin α6 (α6ITG) expression.

Fig. 2. Scanning electron microscopy (SEM) images of first stages of muscle stem cell differentiation. A. Muscle stem
cell division. Scale bar = 10 µm. B. Myoblast recognition. Scale bare = 20 µm. C. Myoblast alignment. Scale bare = 20
µm. Microvilli (arrows) that function in cell‐cell recognition are formed during G1 phases.

To address the role of α6ITG during myogenic differentiation, cells were selected for α6ITG
expression by flow cytometry (chapter 5). The α6ITG‐expressing cells showed enhanced
myogenic cell differentiation compared to muscle stem cells lacking α6ITG expression.
Furthermore, experiments with a blocking α6ITG antibody emphasized the importance of
α6ITG in the process of muscle stem cell fusion. Integrins, in synergy with other cell surface
receptors, activate signaling pathways that determine cell behavior [17]. In muscle cells, not
α6β1‐integrin, but β1‐integrin assembling with another α‐subunit is the active receptor for
laminin. Instead, suggesting that the function of α6β1 in muscle cells may be more related to
the transmission of signals for myogenic initiation as is indicated in chapter 5 [18]. Possibly,
α6ITG acts in concert with the Wnt signaling pathway promoting Myf5 expression in these
cells to activate myogenesis.
Interestingly, muscle derived stem cells (MDSC) are able to release high levels of vascular
endothelial growth factor (VEGF), which has been suggested to promote angiogenesis and
thereby could improve regeneration in vivo [19]. Future studies concerning the possibility of
α6ITG activation by vascular epithelial growth factor (VEGF) may shed more light on
mechanisms of cell fusion. In addition, downregulation of α6ITG using short interference RNA
can provide more insight in the regulation and function of this integrin. Importantly, targeting
downstream signaling effectors of α6ITG will gain knowledge concerning the regulation of
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myogenic differentiation. Understanding the signals triggering and controlling myogenic
differentiation could lead to new strategies to cure muscle diseases.

Conclusion
In the past decade, tissue‐specific stem cell research has been emerging. Pre‐clinical studies
appear promising, but still many limitations have to be overcome before broad therapeutic
use of stem cells is save and efficient. Meanwhile, the use of stem cells for drug screening and
toxicology studies are also beneficial to biomedical science.
To cure muscular dystrophy no efficient therapy exists. Stem cells can be used to replace the
affected tissue with newly formed fibers. However, the incomplete understanding of stem cell
regulation of differentiation and self‐renewal, and optimal delivery hampers the development
of a therapeutic stem cell line with a high regenerative capacity.
We and others have demonstrated that muscle tissue is a rich source of various stem and
progenitor cell types. By optimizing the in vitro conditions we can contribute to the
understanding how to control and regulate cellular dynamics. This will facilitate the
development of stem cell therapy for regenerative medicine, the use of stem cells in
toxicology screening and for the generation of in vitro cultured meat for human consumption.
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Nederlandse samenvatting (voor niet‐ingewijden)
Vitro meat
Menselijke overbevolking en overconsumptie hebben een grote invloed op de opwarming van
de aarde en klimaatverandering. Intensieve veehouderij, noodzakelijk om aan de toenemende
vleesconsumptie te kunnen voldoen, draagt momenteel al bij aan de productie van ongeveer
18% van de broeikasgassen (koolstofdioxide, methaan en stikstofmonoxide). Wereldwijd
worden er per jaar 56 miljard dieren geslacht voor consumptie en dit zal naar verwachting
verdubbeld zijn in het jaar 2050. Uitstoting van broeikasgassen wordt veroorzaakt door
dieren, mest en de verbranding van fossiele brandstoffen die nodig is voor het onderhouden
van een veestapel. Daarnaast legt de veehouderij wereldwijd een groot beslag op
landoppervlak en beschikbare grondstoffen. Oppervlakte gebruikt voor landbouwdoeleinden
dekt één derde van de wereldbol, waarvan twee‐derde in beslag wordt genomen door de
veehouderij (inclusief het produceren van voeders). Als gevolg hiervan vindt er bijvoorbeeld
ontbossing plaats en overmatig watergebruik, met een wereldwijde impact. Bovendien
kunnen de huidige vormen van dierhuisvesting een rol spelen bij verspreiding en overdracht
van ziekten zoals griep (H5N1, H1N1, enz.), Q‐koorts, BSE en besmetting met Salmonella, en
komt er steeds meer aandacht voor dierwelzijn in de intensieve veehouderij.
Om de impact van intensieve veehouderij te verminderen kan een alternatief geboden
worden door gebruik te maken van stamceltechnologieen. Dierlijke stamcellen kunnen
mogelijk gebruikt worden voor grootschalige industriële productie van vlees (spierweefsel)
voor menselijke consumptie. Dit vlees, verkregen via stamceltechnologie, wordt ‘in vitro
meat’ of ‘kweekvlees’ genoemd. In theorie kan een stamcellijn worden verkregen van het
varken door in een kweeksysteem buiten het lichaam (in vitro) stamcellen te expanderen
(proliferatie) en vervolgens de stamcelcultuur te stimuleren om naar spierweefsel te
ontwikkelen (differentiatie). Op deze manier kan er vlees op een duurzame wijze worden
geproduceerd met een lagere milieu‐impact. Om dit te bereiken, moeten de stamcellen een
zeer hoge proliferatieve en sterke differentiatiecapaciteit bezitten (richting spier; myogene
differentiatie). Uiteindelijk zal door mechanische en electrische stimulatie de differentiatie
verder moeten worden geïnduceerd wat uiteindelijk zal leiden tot de vorming van vlees.
Stamcellen
In het algemeen kunnen er twee soorten stamcellen worden onderscheiden: embryonale en
adulte stamcellen. Embryonale stamcellen worden verkregen van embryo’s voordat deze
implanteren in de baarmoeder, adulte stamcellen blijven gedurende het hele leven aanwezig
in bijna alle weefsels van het lichaam waar ze zorgdragen voor groei en weefselherstel na
schade door ziekte of letsel.

122

Nederlandse samenvatting (voor niet‐ingewijden)

Gedurende de embryonale ontwikkeling worden er 3 kiemlagen gevormd; endoderm,
mesoderm en ectoderm. Elk zorgt voor de ontwikkeling van specifieke weefsels. Cellen uit het
endoderm groeien uit tot weefsels van het spijsverteringsorgaan (slokdarm, maag, lever,
alvleesklier en darmen) en ademhalingsorganen (luchtpijp en longen). Mesodermale cellen
vormen het skelet, bloed, bindweefsel, spieren en het urogenitaal stelsel (inwendige
geslachtsorganen en urinewegen). Tot slot ontwikkelen ectodermale cellen het zenuwstelsel
(hersenen, ruggenmerg en neuronen) en zorgen voor de bekleding en bescherming van het
lichaam door het vormen van huid en hiervan afgeleide structuren.
Embryonale stamcellen bezitten een hoge zelfvernieuwingscapaciteit waarbij er celdeling
plaatsvindt met behoud van de stamceleigenschappen. Embryonale stamcellen bezitten een
onbeperkte delingscapaciteit, waarbinnen de cellen een breed differentiatiepotentieel
bezitten naar de celtypen uit alle kiemlagen inclusief de geslachtscellen. Deze cellen worden
daarom pluripotent genoemd.
Adulte stamcellen handhaven ook een hoge proliferatiecapaciteit, hoewel deze minder is dan
bij embryonale stamcellen. Hun differentiatiepotentieel beperkt zich tot de celtypen binnen 1
kiemlaag. Deze cellen worden daarom multipotent genoemd. Het weefseltype waar binnen
de stamcellen zich bevinden zijn bepalend voor het differentiatiepotentieel. De hoge
delingscapaciteit en ontwikkelingspotentieel naar verschillende celtypen maakt de stamcel
interessant voor het genereren van cellijnen welke gebruikt kunnen worden voor
biomedische toepassingen, zoals medicijnontwikkeling en toxicologische screening,
regeneratieve geneeskunde en ‘tissue engineering’. Deze cellen kunnen mogelijk klinisch
breed toegepast worden bij hartreparatie, reparatie van het zenuwweefsel, en het herstel van
gedegenereerd weefsel, zoals voorkomt bij de spierziekte Duchenne dystrofie. Daarnaast
zouden stamcellen kunnen in theorie worden gebruikt voor de generatie van vlees
(kweekvlees).
Embryonale stamcellen worden verkregen uit pre‐implantatie embryo’s en adulte stamcellen
uit foetale en postnatale weefsels. Stamcellen kunnen in vitro gekweekt worden in, bij
voorkeur goed gedefinieerd, vloeibaar medium. Dit medium bestaat uit suikers, zouten,
mineralen en aminozuren vaak met toevoegingen van serum en speciale groeifactoren voor
het onder controle houden of sturen van celgroei en differentiatie. Zowel embryonale als
adulte stamcellen zijn beperkt wanneer deze in vitro worden gekweekt als het gaat om de
controle en regulatie van de zelfvernieuwing en differentiatie. Daarnaast zijn er verschillen
tussen de diverse diersoorten. Het is daarom van belang dat het medium en de
kweekcondities goed afgestemd worden op de verschillende stamcellen per diersoort. Mede
hierdoor is het tot heden niet gelukt om embryonale stamcellen van landbouwhuisdieren te
kweken.
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Spierdifferentiatie
Skeletspieren zorgen voor de beweging van ons skelet en bevatten de grootste cellen binnen
het lichaam, de spiervezels (myofibers). Deze spieren hebben een opmerkelijk
regeneratievermogen en herbergen een verscheidenheid aan stamcellen en andere cellen
voor weefselbehoud. De meest bekende stamcellen in spieren zijn de satellietcellen. Deze
cellen danken hun naam aan de positie tussen het plasmamembraan en basale lamina van
een spiervezel. Hier bevindt de cel zich in een rusttoestand totdat de cel geprikkeld wordt
door omgevingsfactoren om te gaan prolifereren en differentiëren. Spierceldifferentiatie
begint bij de activatie van een satellietcel. Deze begint te delen en vormt myoblasten, dit zijn
spiervoorlopercellen. De myogene differentiatie resulteert in de fusie van myoblasten waarbij
myotubuli worden gevormd of myoblasten fuseren met bestaande spiervezels. De
differentiatie wordt gereguleerd door transcriptiefactoren die leiden tot aanmaak van spier‐
specifieke eiwitten. Deze factoren worden spierregulatoire factoren (muscle regulatory
factors) genoemd.
Dit proefschrift
In hoofdstuk 1 wordt een introductie gegeven over de ontwikkeling van spierweefsel,
celdeling, celspecialisatie, verscheidenheid aan spierstamcellen en de wetenschappelijke en
klinische toepassingen van stamcellen. Stamcellen kunnen uit weefsels geïsoleerd worden op
basis van hun anatomische distributie in de spier en op basis van biochemische kenmerken. In
hoofdstuk 2 worden verschillende methodes beschreven over de isolatie van stamcellen en
voorlopercellen uit varkensspier. Bestaande protocollen over de isolatie van
spiervoorlopercellen, satellietcellen uit een enkele spiervezel, muscle‐derived stem cells
(MDSC; uit spier‐verkregen stamcellen) en de side population (SP) zijn hierbij geoptimaliseerd
voor de toepassing op varkensspierweefsel. De isolatie van voorlopercellen is gebasseerd op
een volledige degradatie van spierweefsel, waarbij alle in spier aanwezige cellen vrijkomen.
Satellietcellen werden verkregen op basis van hun positie in een spiervezel door het
induceren van het vrijkomen van satellietcellen uit een losse spiervezel. De MDSCs verschillen
van satellietcellen en werden op basis van bindingscapaciteiten verschillen in binding aan
kweekflessen verkregen. De SP werd verkregen uit de heterogene celpopulatie op basis van
de eigenschap om toxische stoffen de cel uit te pompen. De meest efficiénte methode om
zuivere myogene stamcellen te isoleren voor celkweek is de directe isolatie van satellietcellen
uit een enkele spiervezel. Voor de karakterisering van cel‐ specifieke spiereiwitten kunnen
antilichamen worden gebruikt, maar helaas zijn vele commercieel verkrijgbare antilichamen
niet toepasbaar voor het varken. Na optimalisering hebben we een lijst op kunnen stellen met
varken‐kruisreactieve antilichamen. Om verder te onderzoeken wat de capaciteiten zijn van
voorlopercellen uit spier hebben we een uitgebreide karakterisering gedaan in hoofdstuk 3.
Hierin laten we zien dat voorlopercellen langdurig gekweekt kunnen worden buiten het
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lichaam in kweekmedium met toevoeging van groeifactoren (bFGF). Op basis van en
karyotypering waren er geen chromosomale afwijkingen geconstateerd bij 120
populatieverdubbelingen. De voorlopercellen lieten een breed ontwikkelingspotentieel zien
naar celtypen binnen de mesodermale kiemlaag zoals spier, bot en vet. Spiercellen werden
gevormd door de cellen in co‐cultuur te brengen met een muizen myoblasten cellijn (C2C12).
Wanneer de cellen werden blootgesteld aan verrijkt kweekmedium ontwikkelden ze zich tot
bot‐ en vetcellen. De onderzochte genexpressie bevestigde het differentiatiepotentieel.
De omgeving waarin stamcellen zich bevinden in het lichaam en waar hun proliferatie en
differentiatie wordt gereguleerd wordt een ‘niche’ genoemd. Sommige embryonale
stamcellen vereisen voor in vitro celkweek een voedingslaag van geïnactiveerde embryonale
fibroblasten van muizen om op te groeien als artificiële niche. Adulte stamcellen daarentegen
hebben vaak een laagje matrixeiwitten nodig dat voldoende is als een ondersteunende laag
voor de celgroei in kweekflessen. De eiwitten die in het algemeen gebruikt worden voor de
coating van kweekflessen zijn componenten van de extracellulaire matrix (ECM) van weefsels
bestaande uit collageen, fibronectine en laminine. Het nabootsen van de spiervezel ‘niche’ is
belangrijk om de condities zo optimaal mogelijk te houden voor spierstamcellen die na
isolatie buiten hun natuurlijke omgeving worden opgekweekt. Dit is nodig om in vitro de
zelfvernieuwing en differentiatiecapaciteit van de cel onder controle te houden. In hoofdstuk
4 hebben we het belang van het gebruik van optimale ECM componenten als coating voor
spierstamcellen onderzocht. Collageen type I, fibronectine, laminine, en ook gelatine en
Matrigel® zijn gebruikt om vast te stellen wat hun invloed is op het gedrag van primaire
spierstamcellen. Op basis van eiwitkleuringen en met kwantitative RT‐PCR hebben we spier‐
specifieke genexpressies kunnen waarnemen. Interessant zijn de significante verschillen
tussen de verschillende coatings in de ondersteuning van zelfvernieuwing en myogene
differentiatiecapaciteit van de cel. Hierin lieten de coatingseiwitten laminine en Matrigel®
zien deze capaciteiten sterker te ondersteunen.
De ECM componenten blijken belangrijk voor de regulering van het stamcel gedrag. Hierbij
spelen integrines een belangrijke rol. Integrines zijn gelokaliseerd op celmembranen en
functioneren als receptoren die belangrijk zijn voor de hechting aan de ECM eiwitten of aan
celadhesiemoleculen op andere cellen. Integrines spelen een rol bij celmigratie, adhesie,
proliferatie en differentiatie. Integrines zijn samengesteld uit een α‐ (18 soorten) en een β‐ (8
soorten) subeenheid die samen 24 verschillende heterodimeren kunnen vormen waarvan de
samenstelling resulteert in een specificiteit voor verschillende liganden. Integrines dienen als
transmembraan‐verbindingen met het cytoskelet voor de interactie tussen de extracellulaire
omgeving met het intracellulaire gedeelte van de cel voor het doorgeven van signalen.
Interessant genoeg hebben we kunnen waarnemen dat een hoge myogene differentiatie van
primaire spierstamcellen gekoppeld was aan een hoge genexpressie van integrine α6 op basis
van kwantitieve RT‐PCR. Op basis van aan‐/afwezigheid van antilichaamkleuringen voor
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spierstamcellen en α6 integrine expressie werden populaties gedefinieerd en gesorteerd. Het
induceren van differentiatie leidde er toe dat spierstamcellen met α6 integrines expressie een
beter myogeen differentiatie potentieel bezitten dan spierstamcellen zonder α6 integrines
(hoofdstuk 5). Dit werd ook bevestigd na specifieke blokkering van deze integrines met
antilichamen tegen integrine α6. Dit houdt in dat zeer myogeen georiënteerde stamcellen
kunnen worden geïsoleerd uit een heterogene populatie van cellen op basis van integrine α6
expressie. Over‐stimulatie van integrine α6 kan mogelijk resulteren in een verhoogde
myogene differentiatie van stamcellen, wat kan bijdragen aan het verbeteren van
spierregeneratieve processen.
In het afgelopen decennium is onderzoek naar adulte stamcellen enorm toegenomen.
Preklinische studies lijken veelbelovend, maar nog steeds zijn er veel beperkingen die
overwonnen moeten worden voordat er veilig en efficiënt gebruik gemaakt kan worden van
stamcellen voor therapeutische doeleinden. Ondertussen is het gebruik van stamcellen voor
medicijnontwikkeling en toxicologische onderzoek in opkomst (waarbij er in vitro getest kan
worden op door stamcellen gevormde weefsels). Voor het genezen van spierdystrofie zouden
stamcellen kunnen worden gebruikt om aangetast weefsel te vervangen door nieuw
gevormde spiervezels uit stamcellen. Tot op heden heeft de beperkte kennis van stamcellen
over de controle en regulering van de zelfvernieuwing en differentiatie de ontwikkeling van
therapeutische stamcellijnen echter belemmerd. Daarnaast zijn er nog veel vragen zoals: Wat
is de moleculaire uitwisseling tussen stamcellen en de’ niche waarin deze cellen zich
bevinden? Wat zorgt voor de prikkeling waardoor de voorlopercellen uit stamcellen worden
gevormd? En, hoe verloopt hier het evenwicht tussen proliferatie en differentiatie van
stamcellen?
Het herkennen en karakteriseren van cellen is van groot belang voor het in handen krijgen
van de juiste stamcel en voor het behoud van de stamcel‐eigenschappen. In dit proefschrift
hebben we laten zien dat op basis van verschillende isolatiestrategiën stamcellen en
voorlopercellen kunnen worden geïsoleerd uit varkensspier die de capaciteit bezitten om
naast spiercellen, ook bot‐ en vetcellen te vormen. Ook hebben we aangetoond dat door
gebruik van de juiste eiwitcoating de specifieke stamceleigenschappen kunnen worden
behouden. Voor varkensspecifieke analyses zijn korte nucleotide sequenties (primers)
ontwikkeld voor het karakteriseren van genexpressies en zijn er antilichamen gescreend voor
uitgebreide karakterisatie van varkensstamcellen voor het specifiek herkennen van de
stamcel tussen alle andere cellen. Daarnaast hebben we aangetoond een stamcelpopulatie te
kunnen verrijken van hoog myogene spiersstamcellen uit een heterogene pool van cellen
door selectie op basis van α6 integrine expressie.
Concluderend kan gesteld worden dat het werk beschreven in dit proefschrift een grote stap
is gezet voor het verkrijgen, het identificeren en het karakteriseren van

126

Nederlandse samenvatting (voor niet‐ingewijden)

varkensspierstamcellen welke gebruikt kunnen worden voor zowel ‘kweekvlees’ als in de
biomedische wetenschap.
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In het bijzonder wil ik bedanken Dick van de Ploeg, Arie van Nes en de mannen van de
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graag bedanken voor zijn hulp bij het FACSen. En niet te vergeten Anko, Richard en Esther van
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List of abbreviations
µm
Ab
ALP
aP2
APC
BACT
bFGF
BSA
BSE
CD
cDNA
CEE
ck
CLSM
CO2
DM
DM
DMD
DMEM‐HG
DMSO
ECM
EGF
EGM
ESC
EtOH
FACS
FBS
FITC
GAPDH
H
HBSS
HGF
HS
HSC
hu
HUVEC
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Micrometer
Antibody
Alkaline phosphatase
Adipocyte fatty acid binding protein 2
Allophycocyanine
Beta‐actin
Basic fibroblast growth factor
Bovine serum albumin
Bovine spongiform encephalopathy
Cluster designation
Complementary/ copy deoxyribonucleic acid
Chicken embryo extract
Chicken
Confocal laser scanning microscope
Carbon dioxide
Differentiation medium
Dermomyotome
Duchenne muscular dystrophy
Dulbecco’s modified eagle medium‐high glucose
Dimethylsulfoxide
Extracellular matrix
Epithelial growth factor
Endothelial enriched medium
Embryonic stem cell
Ethanol
Fluorescence activated cell sorting
Fetal bovine serum
Fluorescein idothiocyanate
Glyceraldehyde‐3‐phosphate‐dehydrogenase
High passage
Hanks’ balanced salt solution
Hepatocyte growth factor
Horse serum
Hematopoietic stem cell
Human
Human umbilical vein endothelial cells

List of abbreviations

ICM
Ig
IGF
iPS
ITGA
ITGB
LA
LP
MAPC
MDSC
MEF
ml
MP
MRF
mRNA
ms
MSC
MT
MYHC
NC
NCAM
ng
NT
p/s
PBS
PDGF‐Rβ
PE
PECAM
PFA
pg
PGK1
PM
PMSC
PP
PPARγ2
qRT‐PCR
rb
RT

Inner cell mass
Immunoglobulin
Insulin growth factor
Induced pluripotent stem cell
Integrin‐alpha
Integrin‐beta
Late adherence
Low passage
Multipotent adult progenitor cell
Muscle derived stem cell
Mouse embryonic fibroblast
Milliliter
Main population
Muscle regulatory factor
Messenger ribonucleic acid
Mouse
Mesenchymal stem cell
Myotome
Myosin heavy chain
Notochord
Neural cell adhesion molecule
nanogram
Neural tube
Penicillin/ streptomycin
Phosphate‐buffered saline
Platelet‐derived growth factor receptor‐beta
R‐Phycoerythrin
Platelet endothelial cell adhesion molecule
Paraformaldehyde
Pig
Phosphoglycerate kinase 1
Proliferation medium
Primary muscle stem cell
Preplate
Peroxisome proliferator‐activated receptor γ 2
Real time quantitative reverse transcription polymerase chain reaction
Rabbit
Room temperature
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rt
SCNT
SEM
s.e.m.
siRNA
SL
SMA
SP
STO
TGF‐β
UBQ
VCAM
VEGFR2
Wnt
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Rat
Somatic cell nuclear transfer
Scanning electron microscopy
Standard error of the mean
Small interfering RNA
Sclerotome
Smooth muscle actin
Side population
Mouse embryonic fibroblast cell line
Transforming growth factor‐beta
Ubiquitin
Vascular endothelial adhesion molecule
Vascular endothelial growth factor receptor 2
Combination of Wingless and Int

