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ABSTRACT 

The urodele amphibians, such as newts and axolotls, are unique among vertebrates since they 
regenerate their limbs, tail, jaws and part of their heart and CNS as adults. After amputation 
of a newt limb, regeneration proceeds by the reversal of differentiation of tissues in the limb 
stump. In this process, termed dedifferentiation, tissue characteristics are lost and cells with a 
more stem cell-like morphology appear. Such cells migrate distally and proliferate to form 
the blastema, a structure that gives rise to the tissues of the new limb. In this thesis, I have 
studied cellular and molecular mechanisms of how progenitor cells are formed from skeletal 
muscle during newt limb regeneration. 

It is not established to what extent skeletal muscle tissue dedifferentiation, seen after 
amputation, involves cellularization of myofibres, and to what extent it involves activation of 
resident reserve cells. In paper I we identified a Pax7+ satellite cell population in newt 
skeletal muscle, which is mitotically activated after limb amputation. We established a 
method to isolate and cultivate newt single muscle fibres, in which activation of satellite cells 
as well as cellularization of the myofibre can be studied. Newt single fibres produced 
proliferating progeny that we showed to be satellite cell derived. When implanted into a newt 
limb before its amputation, the satellite cell progeny appeared to contribute to the blastema 
and to cartilage and epidermis of the regenerate. 

In paper II we developed a way of expressing genes exclusively in terminally differentiated 
muscle cells by cytoplasmic injection of expression vectors. This method enables the study of 
the effect of various molecules on dedifferentiation without interfering with the 
differentiation process. In addition, injecting plasmids expressing fluorescent markers 
provides a tool for tracing of individual cells derived by cellular dedifferentiation, a method 
used in paper IV. 

Newt myotubes reenter S-phase in response to a thrombin-activated serum component. 
Thrombin is activated after both amputation and lentectomy in the newt, and might provide a 
link between tissue injury and dedifferentiation. Mouse myotubes do not respond to serum by 
S-phase reentry, a feature that might be an aspect of the relatively poor regenerative ability in 
mammals. In paper III we used quantitative RT-PCR to study the responsiveness of mouse 
myotubes to various serum components in comparison to their newt counterparts. We show 
that mouse myotubes respond to the thrombin-activated factor by increased expression of Id1, 
c-fos and c-jun, indicating that mouse myotubes retain responsiveness to this factor as well as 
the ability to leave G0 and reenter the cell cycle. Furthermore, we found that in newt 
myotubes global methylation of H3K9 is reversed after serum stimulation, while this classical 
repressor mark is retained in serum stimulated mouse myotubes, which might reflect their 
block to S-phase reentry. 

The molecular pathways inducing cellularization of myofibres are not known. However, in 
addition to major tissue damage, myofibre fragmentation requires direct injury to the fibre. 
This fact led us to hypothesize that inducing a programmed cell death (PCD) response in the 
fibre can lead to its dedifferentiation. In paper IV we tested this hypothesis, by lineage tracing 
of individual myotubes, and showed that a previously identified inducer of cellularization 
evokes a PCD response in myotubes. Furthermore, we showed that the pro-apoptotic drugs, 



STS and TSA, induce myotube cellularization, an effect that can be blocked by the anti-
apoptotic drug DIDS. 

In summary, the major findings of this thesis are the following. Similarly to mammals, newt 
skeletal muscle harbours a Pax7+ satellite cell population, which is activated during newt 
limb regeneration. Furthermore, cellular dedifferentiation and PCD share molecular pathways 
in both newt and mammalian myotubes. In addition, mammalian myotubes retain 
responsiveness to the thrombin–activated serum factor. Our data pinpoint several features that 
characterize both newt and mammalian skeletal muscle and indicate that further 
understanding of skeletal muscle plasticity after injury may reveal ways to promote blastema 
formation in mammals. 
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BACKGROUND 

 
 

Introduction 

 
Regeneration is a prerequisite for life. The word regeneration comes from the Latin 
generare, meaning “to produce, bring to life”. According to the dictionary definition 
regeneration means the renewal, regrowth, or restoration of a body or a bodily part, 
tissue, or substance after injury or as a normal bodily process (Merriam-Webster 
medical dictionary). 
 
For centuries the extensive regenerative abilities possessed by certain species have 
fascinated mankind. This fascination is reflected in the many myths and fictional 
stories featuring creatures with regenerative powers. Obviously, much of the 
fascination for regeneration lies in the possibility of transferring this ability to 
humans. 
 
The first experimental biologist to study regeneration was René-Antoine Ferchault de 
Réaumur. In the early 1700´s he described limb regeneration in crayfish and 
hypothesized that the new limb arose from tiny preformed limbs residing at the base 
of the limb (Réaumur, 1712). This may sound like a surprising view today, but at that 
time the philosophical ideas of preformation had a strong influence, leading brilliant 
scientists to believe that each sperm contained a tiny human. During the rest of the 
century scientists studied regeneration in a variety of organisms, including 
Spallanzani (1768), who described regeneration of the limbs, tails and jaws of the 
salamander. Thomas Hunt Morgan started his career by studying regeneration at the 
end of the nineteenth century. Morgan classified different types of regeneration 
according to their main features (Morgan, 1901), a classification still in use today. 
However, since he feared that the problem of regeneration could not be solved in his 
lifetime “he had decided to try something easier such as the problem of heredity” 
(Bonner, 1952), research that subsequently rewarded him with the Nobel Prize. His 
prophecy turned out to be right in the sense that many of the fundamental questions of 
regeneration, asked during his time, remain unanswered today. We still know little 
about the cellular and molecular mechanisms underlying the difference in 
regenerative ability between species. 
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The main focus of my thesis has been the formation of the progenitor cells that will 
form the new tissues during newt limb regeneration. Specifically, I have focused on 
cellular and molecular mechanisms of how skeletal muscle might contribute to these 
progenitor cells. In this background section, I will first give a brief introduction to 
regenerative processes in different systems as well as an introduction to vertebrate 
skeletal muscle and its embryonic development. Many of the questions I asked during 
this work regard the similarities or differences between newt and mammalian muscle, 
which is why you will also find a section on muscle regeneration in mammals. This is 
followed by a description of newt limb regeneration and what is known about the 
formation and properties of the progenitor cells for limb regeneration. Mechanisms of 
programmed cell death are also briefly reviewed, since its involvement in progenitor 
cell formation turned out to be the main topic of the last paper in this thesis. 
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Regeneration 

 
Regeneration comes in many forms and many, if not all, species perform some sort of 
regenerative process. Many invertebrates show extensive regenerative abilities, one of 
the most impressive being the ability of planarians to regenerate a complete 
individual from less than 1/200 of its body (Morgan, 1898). When it comes to 
vertebrates, the urodele amphibians are the champions of regeneration. The urodele 
amphibians (salamanders by common name) comprise the newts and axolotls that 
keep their tails after metamorphosis, in contrast to the anuran amphibians (frogs and 
toads). Adult newts can regenerate complete limbs, tails and jaws, ocular structures 
such as the lens and retina and parts of the heart and CNS (Brockes and Kumar, 
2002). The evolutionary history indicates that the ability to regenerate body parts is a 
primordial feature of the animal kingdom. In this view, the regenerative potential 
would subsequently have been reduced in many species, conceivably as a trade off 
for other abilities such as a more developed immune system (Carlson, 2007). To 
understand the distinction between species that regenerate and those that do not, is 
ultimately the goal for most research on regeneration. 
 
In this section I have chosen to group regenerative processes according to the type of 
regenerative response, rather than species, since I find this more informative. In 
general, several types of regenerative responses can be activated within the same 
species, depending on the nature of the injury and the tissue inflicted.  
 
 
Epimorphic regeneration 

The term epimorphic regeneration was coined by Thomas Hunt Morgan (1901) to 
describe “cases of regeneration in which a proliferation of material precedes the 
development of the new part”. This is in contrast to morphallactic regeneration 
described in the next section, which Morgan defined as a process “in which a part is 
transformed directly into a new organism, or part of organism without proliferation at 
the cut surfaces”. Epimorphic regeneration is nowadays usually used to describe 
cases where regeneration depends on the formation of a regeneration blastema, a 
structure described in the section on newt limb regeneration. 
  
Epimorphic regeneration is a widespread phenomenon throughout the animal world. 
Organisms as divergent as insects (Bohn, 1976), starfish (Thorndyke et al, 2001) and 
amphibians (Brockes and Kumar, 2002) can regenerate their extremities by an 
epimorphic response. The ability to regenerate a whole body plan, seen in some 
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simple organisms like planaria, also depends on epimorphosis (Sanchez Alvarado, 
2000). In vertebrates though, the ability of adult urodele amphibians to induce an 
epimorphic regeneration response to replace an entire limb, tail or jaw is unique. 
Some other vertebrates have the ability to perform epimorphic regeneration, but this 
ability is more restricted, either to certain structures or to specific phases of the life 
cycle. For example, anuran amphibians regenerate their tail and limbs as tadpoles, but 
not as adults (Slack et al, 2007). When it comes to mammals the examples of 
epimorphic regeneration are few and in most cases there is some uncertainty as to 
whether they are truly epimorphic processes. Digit tips in infants have been reported 
to regenerate if not covered by a skin flap, which is the standard treatment for 
amputated fingertips (Illingworth, 1974). The annual regrowth of deer antlers (Price 
et al, 2005) and regeneration of earholes in some mammals (Heber-Katz et al, 2004) 
are other processes that have been suggested to proceed through an epimorphic 
response.   
 
Characteristic of epimorphic regeneration is that, much like during embryonic 
development, epithelial-mesenchymal interactions are essential and within the 
blastema a morphogenetic pattern is set up to govern the subsequent development of 
the regenerating tissue. 
 
Source of cells for epimorphic regeneration 

In principle, two different mechanisms could account for the ability to engage the 
large number of progenitor cells needed to form the blastema; namely the existence of 
reserve cells or the ability to produce progenitor cells from differentiated cells by a 
process of dedifferentiation. The term cellular dedifferentiation implies that cells 
revert their differentiated phenotype and reenter the cell cycle to acquire progenitor 
cell characteristics. In the planarian the regeneration response depends on activation 
of reserve cells, called neoblasts. Neoblasts are totipotent stem cells, that is, they can 
give rise to all celltypes of the worm including germ cells (Reddien and Sánches-
Alvarado, 2004). The source of progenitor cells for the newt limb blastema is 
controversial and there are arguments for the contribution both of activated reserve 
cells and of cellular dedifferentiation. This issue is one of the main topics of my 
thesis and will be discussed much more in subsequent sections. 
 
 
Morphallactic regeneration 

According to Morgans definition (1901), morphallaxis proceeds through the 
transformation of a bodypart directly into a new organism or part of organism, 
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without proliferation at the cut surfaces. The most classic example of this is the 
nemertean worm Lineus ruber, from which small sections can reorganize into a small 
but anatomically complete worm (Coe, 1929). Morphallactic regeneration is 
nowadays studied mostly in the cnidarian hydra.  
 
 
Tissue regeneration 

The term tissue regeneration is mostly used for cases of tissue repair in mammals. 
One of the most studied examples is skeletal muscle regeneration, which is described 
further in the section on mammalian muscle regeneration. Bone and skin are also 
repaired by the tissue mode (Tsiridis et al, 2007; Singer and Clark, 1999). The 
cellular precursors for tissue regeneration are specific for a particular tissue. In 
general they are reserve cells that reside within the tissue, but models of progenitors 
derived from external sources, such as bone marrow, have also been described. 
  
Tissue regeneration commonly involves only part of a structure although there are 
examples where a complete structure can be repaired by the tissue mode after 
removal. For example, in rodents entire muscles can be regenerated after destruction 
of all the fibres of the muscle by mincing (Carlson, 1968). However, some sort of 
scaffold seems to be needed for proper tissue regeneration, which is an important 
distinction from epimorphic regeneration. In the case of skeletal muscle, remaining 
basal lamina of the original muscle fibres serves as a scaffold (Vracko, 1974). 
Similarly, if a rib bone is removed, something that is common practice when bone is 
needed during surgery, it will grow back as long as the periosteum is left intact 
(Carlson, 2007). This importance of a scaffold might reflect that the recapitulation of 
elements of embryonic patterning, seen during epimorphic regeneration, could be 
missing during tissue regeneration. Another distinction from epimorphic regeneration 
is that tissue regeneration often does not lead to full functional return of the tissue. 
This is especially true for the repair of skin wounds where the outcome is impaired by 
scarring and lack of regeneration of hair follicles and sebaceous glands (Harty et al, 
2003). 
 
 
Hypertrophy 

As a response to a functional demand, several internal organs have the capacity to 
increase their mass through a process called hypertrophy. The inducing event for 
hypertrophy can be either an increase in the functional demand or a loss of tissue 
mass by damage or removal of part of an organ or a member of an organ pair.  
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An important distinction between hypertrophy and other types of regeneration is that 
its most important outcome is to restore cellular mass, rather than restoring the shape 
of the organ. Two classical examples from studies on rats illustrate this principle. If a 
lobe of the liver is removed, the remaining lobes increase in size to compensate for 
the loss in mass, but the missing lobe does not grow back (Higgins and Anderson, 
1931). Similarly, if one of the kidneys is removed, the remaining one enlarges, but 
the lost kidney is not regenerated (Addis and Lew, 1940). Another important 
distinction is that the hypertrophic response occurs throughout the remainder of the 
organ, whereas the epimorphic regenerative process in vertebrates involves only 
tissues close to the amputation surface. Liver regeneration in mammals involves 
mitotic activation of hepatocytes, the main parenchymal cell type of the liver, but as a 
backup, oval cells in the bile duct system can act as resident progenitor cells (Taub, 
2004). 
 
 
Cellular regeneration 

Cellular regeneration refers to the reconstruction of a single cell that has been 
damaged. The regeneration of transected or damaged axons of peripheral nerves falls 
into this category. This is the only known example of direct reconstruction of a 
damaged mononuclear cell in mammals. Axonal regeneration is a complex process 
that involves extensive interactions with the surrounding environment. The Schwann 
cells lining the axonal sheath are particularly important in this process since they both 
secrete signals to produce a permissive environment for axonal regrowth and 
remyelinate the new axon (Chen et al, 2007). 
 
 
 
Although a classification of regeneration, as the one outlined here, is useful in 
providing a framework for discussing differences between regenerative processes, it 
is important to keep in mind that the terms used are problematic in some senses. 
Firstly, researchers do not always define a certain type of regeneration in the same 
way. Epimorphosis, for example, is by some defined as regeneration that depends on 
the formation of a blastema. Others do not see blastema formation as the defining 
criteria and emphasize only the requirement of cell proliferation followed by 
morphogenesis of the new structure (Sánchez Alvarado, 2000). As an example, newt 
lens regeneration would be classified as an epimorphic response using the second, but 
not the first, definition. Furthermore, the features of regeneration in some species are 
difficult to fit into the current classification of regeneration. Regeneration in the 
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diploblast hydra has been defined both as morphallactic (Sánchez Alvarado, 2000) 
and epimorphic (Galliot, 1997). The usefulness of the distinction between epimorphic 
and morphallactic regeneration has been increasingly questioned. It has been argued 
that the reorganisation of positional information precedes proliferation of progenitor 
cells during both these processes (Agata et al, 2007). 
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Vertebrate skeletal muscle 

 
The basic cellular unit of skeletal muscle is the muscle fibre, a multinucleated cell 
enclosed in a basement membrane. The myofibre syncytium is formed by the fusion 
of mononucleated myoblasts during embryonic development, growth or muscle 
repair. The in vitro counterpart of the myofibre is the myotube, which can be formed 
in culture by the fusion of myogenic cells and provides a convenient in vitro model 
for both muscle differentiation and its reversal. 
 
 
Embryonic development of skeletal muscle 

Apart from the muscle of the head, all vertebrate skeletal muscle is derived from 
mesodermal progenitor cells originating from the somites (Sambasivan and 
Tajbakhsh, 2007). Muscle stem and progenitor cells are induced in the dorsal somite, 
in a structure called the dermomyotome (DM). The signals responsible for myogenic 
induction emanate from the surrounding embryonic structures such as the overlying 
ectoderm (Wnt7a, Wnt6), neural tube (Shh, Wnt1), notochord (Shh) and lateral 
mesoderm (BMP4) (Borycki and Emerson, 2000). To specify muscle progenitors 
these signals mainly regulate two kinds of transcription factor networks; the paired-
box transcription factors Pax3 and Pax7; and a family of basic-Helix-Loop-Helix 
(bHLH) transcription factors known as myogenic regulatory factors (MRFs). Pax3 
and Pax7, induced by Wnt, are necessary for the emergence and survival of muscle 
progenitors, shown by the near complete loss of these cells in double mutants (Relaix 
et al, 2005). Induction of the primary MRFs, MyoD and/or Myf5, in Pax3/7 
expressing cells marks the commitment of the progenitor cells, now termed 
myoblasts, to the myogenic lineage. The myoblasts migrate underneath the DM to 
form the myotome, which eventually forms the skeletal muscle. A subset of the 
progenitors migrate a longer distance, compared to those contributing to the 
myotome, to found the musculature of the limbs, diaphragm and tongue. Terminal 
differentiation is induced by the upregulation of the secondary MRFs; myogenin and 
MRF4, and involves the fusion of myoblasts into multinucleated myotubes expressing 
muscle-specific genes such as myosin heavy chain (MHC). Myotubes eventually 
develop into mature, contracting muscle fibres and the centrally located nuclei of the 
recently formed myotubes move to the periphery of the cell (Sambasivan and 
Tajbakhsh, 2007). A specific subpopulation of myogenic cells, the satellite cells, do 
not fuse into syncytia but remains in a quiescent, undifferentiated state closely 
associated to the muscle fibres. The function and properties of satellite cells in 
mammalian muscle regeneration will be discussed in more detail in the next section.  
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Mammalian muscle regeneration 

Non-injured skeletal muscle of adult mammals shows little turnover of nuclei. It has 
been estimated that 1-2% of myonuclei are replaced every week in normal adult rat 
muscle (Schmalbruch and Lewis, 2000). However, upon injury mammalian muscle 
can respond by a rapid regeneration process to restore its function, even after severe 
damage (Chargé and Rudnicki, 2004). The regenerative process depends on the 
existence of an adult myogenic stem cell, the satellite cell, which is described in the 
next section. Whether muscle damage is due to physical trauma or genetic defects, 
regeneration goes through two distinct phases; a degenerative phase characterized by 
necrosis and a regenerative phase characterized by myogenesis. Proliferation of 
myogenic cells is necessary for muscle regeneration, which is shown by a reduction 
in muscle regeneration after exposure to irradiation (Wakeford et al, 1991; Weller et 
al, 1991). After the initial expansion of the myogenic progenitor population, these 
cells differentiate and fuse, either with existing myofibres or to form new myofibres. 
  
In contrast to limb regeneration, which restores a complete body structure, muscle 
regeneration restores a single tissue, and hence is labelled tissue regeneration. 
Nevertheless, for successful regeneration of muscle tissue, cell types other than the 
skeletal muscle fibres need to be replaced. The microvasculature, connective tissue 
stroma and nerve supply all regenerate and need to be reconstructed for proper 
muscle function (Carlson, 2007). 
 
An important question is whether the generation of progenitor cells during newt limb 
regeneration and mammalian tissue repair occur via separate or overlapping 
mechanisms. Our results from paper I suggest that the contribution of muscle cells in 
newt limb regeneration share common mechanisms with mammalian muscle 
regeneration, namely the activation of a progenitor cell; the satellite cell. 
 
 
Satellite cells in the growth and repair of skeletal muscle  

The satellite cell was first identified by electron microscopy studies in frog muscle 
and named after its peripheral location between the sarcolemma and basal membrane 
of the muscle fibre (Mauro, 1961). Satellite cells are present in all skeletal muscle of 
most vertebrates, although their distribution varies with fibre type and age of the 
animal (Chargé and Rudnicki, 2004). More satellite cells are present in slow muscle 
fibres compared to fast fibres and young muscle contains more satellite cells than 
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muscle of aged individuals. It is well accepted that satellite cells are a source of 
myonuclei for growing and newly formed myofibres during growth, routine 
maintenance, hypertrophy and repair of muscle. Recently, transplantation into 
satellite cell depleted muscle, with isolated single myofibres carrying satellite cells 
(Collins et al, 2005) as well as freshly isolated satellite cells from adult skeletal 
muscle (Montarras et al, 2005), conclusively showed that satellite cells contribute to 
new myofibres in vivo. 
 

Pax7 function in satellite cells 
In adult muscle, Pax7 is expressed exclusively in satellite cells, both quiescent and 
activated, and is rapidly downregulated upon myogenic differentiation (Seale et al, 
2000). Pax7-/- mice appear normal at birth, but due to loss of satellite cells they show 
a severely reduced postnatal growth and cannot regenerate muscle. The loss of 
satellite cells was first contributed to failure of specification (Seale et al, 2000). 
However, satellite cells are present (Oustanina et al, 2004), but are progressively lost 
after birth at least partly through apoptosis (Relaix et al, 2006; Chen et al, 2006), 
suggesting a role for Pax7 not only in the specification of satellite cells, but also in 
their survival. 
 

Activation and differentiation of satellite cells 
As during embryonic muscle development, MRFs are important for differentiation of 
muscle progenitors. Upon muscle damage, satellite cells are activated to form 
myogenic precursor cells (MPCs). This transition is marked by cell cycle reentry and 
rapid upregulation of the primary MRFs; Myf5 and MyoD (Cooper et al, 1999; 
Cornelison and Wold, 1997). MyoD-/- mice show a reduced ability to regenerate 
muscle (Megeney et al, 1996). This regeneration defect is associated with an increase 
in the MPC population, underscoring the important role of MyoD in differentiation of 
satellite cells. After the proliferation phase MPCs enter the terminal differentiation 
program initiated by the upregulation of the secondary MRFs; myogenin and MRF4 
(Cornelison and Wold, 1997). Next follows terminal withdrawal from the cell cycle, 
induced by the upregulation of the cell cycle inhibitor p21 (Zhang et al, 1999), 
activation of muscle specific proteins such as MHC and fusion of MPCs into 
myofibres. 
 

Renewal of the satellite cell pool  
For repeated rounds of muscle regeneration, replenishing the satellite cell pool is 
necessary to prevent its depletion. Radiolabeling experiments (Gussoni et al, 1997) 
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and transplantation of isolated single muscle myofibres, carrying satellite cells, 
(Collins et al, 2005) provide good evidence that the satellite cell population is 
maintained by self-renewal. The satellite cell therefore meets the basic criteria of a 
stem cell, in that it can give rise both to a differentiated cell type and maintain itself 
by self-renewal. It remains to be determined how these two populations of satellite 
cell progeny are specified. An indication comes from lineage tracing experiments 
using Myf5-reporter mice, showing that satellite cells are a heterogeneous population 
of Myf5 negative stem cells and Myf5 positive committed progenitors (Kuang et al, 
2007).  
 
One way of accomplishing self-renewal would be through asymmetric cell division, 
where one daughter cell is committed to myogenic differentiation and the other 
remains a satellite cell. Alternatively, differential gene regulation, after symmetric 
division, could enable a subset of satellite cell progeny to either withdraw from or not 
enter the muscle differentiation program. A recent study shows that satellite cells 
dividing in the apical-basal orientation give rise to one Pax7+/Myf5- daughter cell, 
maintaining stem cell properties, and one Pax7+/Myf5+ daughter cell, destined for 
differentiation (Kuang et al, 2007). Although these results are certainly suggestive of 
asymmetric cell division, they do not prove that asymmetric distribution of cellular 
content specifies the alternative fates of the daughter cells. In principle, specification 
could instead be induced by instructive signals from the environment, such as 
interaction with the basal lamina. In another study it was shown, based on asymmetric 
distribution of numb protein to the daughter cells, that satellite cells can indeed divide 
asymmetrically (Shinin et al, 2006). Interestingly, in the same study it was shown that 
template DNA strands were asymmetrically distributed and co-segregated with numb. 
Preferentially keeping the template DNA strand could be a way for stem cells to 
protect their genomic integrity. Alternatively, it could provide a mechanism for the 
inheritance of epigenetic regulation of transcription, such as the silencing of specific 
loci in stem cells. 
 
Renewal of the satellite cell population might not rely exclusively on self-renewal. 
Adult progenitor cells other than satellite cells have been shown to contribute, to a 
low extent, to the satellite cell pool as well as the muscle fibre proper after 
transplantation (Le Grand and Rudnicki, 2007). Vessel-derived mesangioblasts, 
pericytes associated with microvasculature and multipotent cells of endothelial 
lineage all possess a high myogenic potential in vitro and in vivo if injected into a 
dystrophic host. However, the importance of the contribution of these cells to normal 
muscle regeneration is controversial and it should be noted that they represent very 
small progenitor populations compared to satellite cells. 
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Urodele limb regeneration 

 
One of the most fascinating examples of regeneration in nature is the regrowth of a 
complete functional replica after amputation of a salamander limb. This process is of 
great scientific interest since regeneration of limbs does not occur in mammals. 
Another intriguing feature of limb regeneration is that it recapitulates many of the 
features of embryonic limb development, such as epithelial-mesenchymal interactions 
(Mescher, 1996) and expression of hox genes encoding positional information 
(Gardiner et al, 1995; Torok et al, 1998).  
 
Limb regeneration is an example of epimorphic regeneration. However, it also 
involves elements of other types of regeneration. The regrowth of the axons cut by 
the amputation is a form of cellular regeneration. Tissues proximal to the amputation 
plane will undergo some demolition during the early phases of regeneration and their 
reconstruction seems to depend on regeneration by the tissue mode (Carlsson, 2007). 
 
Regeneration of the urodele limb depends on the formation of a blastema, a budlike 
outgrowth of rapidly proliferating cells, which is formed at the tip of the limb stump. 
The blastema contains considerable intrinsic morphogenetic information (Brockes, 
1997). For example, a limb blastema only gives rise to structures distal to the level of 
amputation, even if it is transplanted to a more proximal blastema (Crawford and 
Stocum, 1988). 
 
 
Stages of limb regeneration 

Iten and Bryant (1973), Smith et al (1974), Tank et al (1976), Stocum (1979) and 
Young et al (1983) have all described the histological sequence of events during limb 
regeneration in different salamander species. In all those species, the process of 
regeneration follows the same stages. The following outline is based on the references 
above, unless otherwise stated.  
 
Wound healing 

Within seconds after amputation, bleeding stops because of contractions of the 
vascular walls. Epidermal cells at the circumference of the stump are then mobilized 
and start to migrate across the amputation surface. A complete wound epidermis, 
covering the whole amputation surface, is formed within hours to a couple of days, 
depending on the size of the amputated limb.  
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Phagocytosis and demolition 

In the next few days, the outside appearance of the stump does not change noticeably, 
but underneath the wound epidermis reorganization of the distal extracellular matrix, 
through the action of matrix metalloproteinases, has started (Kato et al, 2003; 
Vinarsky et al, 2005). A few dead cells and some inflammatory cells are seen at the 
distal end of the stump. At the same time, the wound epithelium, which lacks a 
collagenous basement membrane, starts to thicken.  
 
Dedifferentiation 

The wound surface now has a swollen and translucent, blister-like appearance. At this 
stage the wound epidermis has thickened to form the apical epidermal cap and the 
nerve endings have started to regenerate and infiltrate the apical epidermis. Initially 
signals from nerves and later from the apical epidermal cap are important for the 
growth of the blastema (Kumar et al, 2007). 
 
During the dedifferentiation phase, the tissues in the distal part of the stump lose 
many of their mature histologic characteristics. In their place cells with an 
undifferentiated morphology appear. These cells will migrate and contribute to the 
formation of the blastema. For example, muscle fibres close to the amputation surface 
will lose their striations, undergo fragmentation, and in their place immature-looking 
cells reminiscent of blastema cells will appear. It remains controversial whether this 
dedifferentiation at the tissue level reflects dedifferentiation at a cellular level. That 
is, if terminally differentiated cells lose their specialized characteristics and revert to 
progenitor cells that contribute to the blastema. Alternatively, the demolition of stump 
tissues could mobilize resident adult progenitor cells. The question of the origin of 
the blastemal cells and the mechanism for how they are mobilized is the main issue of 
this work and will be discussed more throughout this thesis.  
 
Blastema formation 

The distal outline of the limb stump becomes increasingly dome shaped and has lost 
its blisterlike appearance during this stage, which overlaps with the previous stage 
since dedifferentiation is still going on. The immature-looking cells formed during 
the dedifferentiation stage migrate distally to form the blastema underneath the apical 
epidermal cap. Throughout this stage the blastema increases in size and density. A 
network of capillaries is formed within the blastema, probably through angiogenesis, 
the formation of new vessels from preexisting vessels in the stump (Peadon and 
Singer, 1966; Rageh et al, 2002). Despite the almost identical appearance of the 
blastema cells at this stage, distinct subpopulations already exist (Echeverri and 
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Tanaka, 2005) and through mechanisms that are not well understood, patterning 
activities are being set up within the blastema. Patterning mechanisms clearly 
involves the reactivation of gene expression programs of embryonic limb 
development. 5’ genes of the HoxA and HoxD clusters, which specify the 
proximodistal axis during limb development, are expressed in a nested fashion also in 
the limb blastema (Gardiner et al, 1995; Simon and Tabin, 1993). Furthermore, the 
pattern of Shh expression in the limb bud, which controls the anterio-posterior 
patterning of the developing limb, is also recapitulated in the limb blastema 
(Imokawa and Yoshizato, 1997).  
 
Morphogenesis 

This stage is characterized by rapid outgrowth of the blastema, during which the 
relatively unknown patterning activities within the blastema manifest themselves by 
directing the morphology of the growing limb. As during limb development, skeletal 
regeneration proceeds through the formation of a cartilaginous model, by the 
condensation of a subpopulation of blastemal cells. The cartilaginous model is later 
ossified to form the skeletal elements. The timing and pattern of skeletal muscle 
morphogenesis during regeneration also closely mimics muscle formation during 
limb development (Carlson, 2007). 
 
Growth 

When the morphogenetic events are completed the structure of the limb is identical to 
the limb that was amputated, except that the resulting limb is usually much smaller 
than the original. This size difference is accentuated by the increasing size of the 
urodele species. However, the regenerated limb continues to grow until it reaches the 
same size as the original limb. 
 
 
Origin of the blastema cells 

A major question for studies on limb regeneration, and the main topic of this thesis, is 
the origin of the blastema cells. 
 
What tissues contribute progenitor cells to the blastema?  

It was established by irradiation experiments in the 1930s, that the cells close to the 
amputation surface are sufficient to regenerate a limb, whereas the cells outside a 
critical region are not (Butler, 1935). These experiments established that most cells 
forming the blastema are derived locally, although they do not rule out the possibility 
that cells from more remote areas contribute to the blastema to some extent. A few 
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decades later, with the use of radioactive nucleoside analogs it became possible to 
mark cells actively synthesizing DNA. Such experiments, in combination with pulse-
chase studies, confirmed that blastema cells are locally derived and in addition 
suggested that the epidermis is not contributing cells to the blastema (Hay, 1961). 
From transplantation experiments, grafting triploid tissue to diploid hosts, it was 
estimated that dermal cells contribute to 43% of the blastemal cell population 
whereas skeletal tissue contribute only 2% (Muneoka et al, 1986). However, in a later 
study it was estimated that muscle fibres contribute 17% of the blastema cells 
(Echeverri et al, 2001). 
 
What are the cellular mechanisms for progenitor cell recruitment?  

The two major options for how blastemal cells could be derived are the 
dedifferentiation of mature cells in the remaining tissue and the proliferation of 
reserve cells. In limb regeneration research, the term dedifferentiation was first used 
to describe events at the tissue level. It is well established that the tissues close to the 
amputation surface lose their differentiated characteristics and in their place cells 
reminiscent of blastema cells appear. There is a longstanding controversy as to 
whether this tissue dedifferentiation reflects dedifferentiation at the cellular level or if 
it allows the release and activation of resident stem cells. Studies of dedifferentiation 
during limb regeneration have mainly focused on the skeletal muscle fibre.  
 
Careful histological and ultrastructural analyses (Chalkley, 1954; Hay, 1959; Lentz, 
1969) show that after amputation muscle fibres adjacent to the amputation surface 
start to fragment. Myofibrils begin to disintegrate and the distal part of the myofibre 
becomes occupied entirely by mononuclear cells. These mononuclear cells are then 
released into the blastema by digestion of the basal lamina. This was interpreted as 
fragmentation of the myofibre into mononuclear cells. An alternative interpretation 
could be that the breakdown of the fibre leaves room for the proliferation of activated 
reserve cells. However, these early studies pointed out that there is little or no nuclear 
degeneration in regions where muscle is dedifferentiating (Hay, 1979). Also, in 
comparison to myofibre degeneration during tissue regeneration, very little 
phagocytosis is seen in the dedifferentiating tissues of the regenerating limb. These 
observations are not compatible with death of the myofibre. Although these studies 
indicated that the myofibre itself dedifferentiates to give rise to proliferating 
mononuclear cells, they were based on static images and contained no lineage tracing. 
The concept of muscle dedifferentiation during limb regeneration therefore remained 
controversial. 
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For some time after its initial discovery, the satellite cell was thought to be absent in 
most adult urodele amphibians. However, skeletal muscle of many urodeles, 
including the one used in the present study, were found to contain a population of 
cells that are in close proximity of the myofibre, but separated from it by a basement 
membrane. These cells, which were termed pericytes, were proposed to be derived 
from satellite cells during metamorphosis of the urodele (Popiela, 1976) and their 
function as a myogenic reserve population was suggested (Cameron, 1986). Although 
the contribution of myogenic reserve cells to the regenerated limb was not proven, 
their discovery fuelled arguments against the dedifferentiation theory. 
 
More recent studies utilized lineage tracing to reexamine the contribution of muscle 
fibre dedifferentiation to the formation of the blastema. Myotubes implanted into the 
limb regeneration blastema were shown to give rise to proliferating mononuclear cells 
that incorporate into the blastema (Lo et al, 1993; Kumar et al, 2000). The myotubes 
were marked by microinjecting fluorescent dextran or by retrovirally expressing a 
marker gene, conveying the risk of transfer of the tracer or contamination by 
mononucleate cells respectively. Nevertheless, the large number of marked cells in 
the blastema makes it unlikely that they should have arose exclusively by means of 
transfer or contamination. Another study combined live imaging with in situ 
microinjection of a fluorescent lineage tracer into single myofibres in the larval 
axolotl tail. When the tail was amputated in a way so that the tip of the injected fibre 
was clipped, 25% of the fibres gave rise to progeny with blastema cell morphology. 
Fibre clipping or amputation alone was not sufficient to induce dedifferentiation 
(Echeverri et al, 2001). 
 
Presently, neither dedifferentiation of the myofibre, nor activation of progenitor cells 
can be excluded as a mechanism for muscle contribution to the blastema. In paper I 
we examine the role of reserve cells in limb regeneration, using molecular markers of 
satellite cells in combination with lineage tracing. In paper IV we study 
dedifferentiation of myotubes and propose a novel mechanism of inducing cellular 
dedifferentiation. 
 
 
Molecular mechanisms of skeletal muscle dedifferentiation 

The dedifferentiation of a skeletal muscle fibre or myotube can theoretically be 
divided into two events, namely cell cycle reentry and cellularization of the 
syncytium into mononucleate cells.  
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Molecular mechanisms of cell cycle reentry 

Terminal differentiation is associated with cell cycle withdrawal, an event that is 
considered irreversible in many cell types, including the mammalian skeletal muscle 
fibre (Okazaki et al, 1966). This block to cell cycle reentry is thought to act as a 
safety barrier against tumour formation.  
 

Cell cycle control 
A basic outline of the cell cycle and its regulation, with emphasis on the pathways 
relevant to this thesis, can be found in figure 1. For a more comprehensive review and 
additional references, see Murray (2004). The cell cycle is a highly regulated 
machinery, receiving input from many directions. The two major phases of the cell 
cycle are S-phase, where DNA duplication occurs, and M-phase, where chromosome 
segregation and cell division occurs. Between these phases are the gap phases, G1 and 
G2, which give the cell time to grow and monitor internal and external conditions 
before committing to the next step of the cell cycle. In unfavourable conditions or 
during terminal differentiation, the cell can also exit the cell cycle to go into a 
specialized state called G0. As depicted in figure 1, the cell cycle can be stopped at 
several checkpoints if specific requirements are not fulfilled. The cell cycle steps 
relevant to this thesis are the reentry into the cell cycle from G0, progression through 
G1 and the G1-S transition. Progress through cell cycle checkpoints is regulated by the 
activity of cyclin dependent kinases (CDKs). As the name suggests CDKs are 
dependent on the interaction with cyclins for their activity. The expression of the 
different cyclins rises and falls to activate different cyclin/CDK complexes at 
different points in the cell cycle. CDK inhibitors such as p21 and p27 also regulate 
CDK activity, particularly during the G1-S transition. The main G1 CDKs are CDK2, 
which in G1 associates mainly with cyclin E, and CDK4 and CDK6, which bind D-
type cyclins (Pajalunga et al, 2007a). Activation of the G1 CDKs leads to 
phosphorylation of the retinoblastoma protein (pRb). Phosporylation of pRb releases 
its inhibition of transcription factors of the E2F family, allowing transcription of 
genes that mediate progression through S-phase. 
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Figure 1: A schematic representation of the cell cycle with the major regulators of S-
phase entry depicted. 
 

Thrombin links injury and dedifferentiation  
In analogy to their mammalian counterparts, newt myofibres and myotubes can be 
considered postmitotic in the sense that they are refractory to serum growth factors 
that stimulate proliferation of their mononucleate precursors. However, newt 
myotubes respond by S-phase reentry to an unidentified serum component, which is 
present in sera from all species tested (Tanaka et al, 1997). After serum stimulation 
the nuclei of the myotube replicate their DNA and are then arrested in G2, a response 
that is dependent on the phosphorylation of  pRb. Interestingly, this serum component 
is activated by the clot component thrombin (Tanaka et al, 1999), creating a link 
between injury response and dedifferentiation. The thrombin-activated factor does not 
effect the proliferation of mononucleate precursors of myotubes, indicating that it is 
not a general growth stimulatory substance. 
 
The thrombin-activated serum factor has been implicated in playing a critical role in 
newt regeneration. Firstly, after newt limb amputation thrombin is locally activated in 
the area from where progenitor cells are derived (Tanaka et al, 1999). Secondly, the 
thrombin-activated factor can induce S-phase reentry also in newt iris pigment 
epithelial cells (PECs), the progenitor cells for lens regeneration (Simon and Brockes, 
2002). In the newt, lentectomy induce S-phase reentry of the PECs of the dorsal iris 
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and the subsequent transdifferentiation of these cells into lens. After lentectomy, 
thrombin is activated specifically in the dorsal iris and blocking thrombin activation 
efficiently blocks S-phase reentry of PECs in this area. Furthermore, in the axolotl, 
which can regenerate its limbs but not its lens, thrombin is activated after limb 
amputation but not after lentectomy (Imokawa and Brockes, 2003). The ability of the 
thrombin activated factor to induce S-phase reentry of differentiated newt cells and 
the spatial connection between thrombin activation and regeneration, indicate that 
thrombin is a link between tissue injury and local activation of progenitor cells for 
regeneration. 
 

An S-phase reentry activity present in regeneration extract 
S-phase reentry of both newt and mouse myotubes have been demonstrated after 
exposure to a protein extract prepared from early stage regenerating newt limbs 
(McGann et al, 2001). However, we and others (Tanaka E, personal communication) 
have only been able to repeat these results in newt myotubes. In the same study this 
extract was also shown to induce cellularization of myotubes, as discussed in the next 
section. It is not known whether the S-phase reentry activity present in regenerating 
extract is equivalent to the thrombin-activated factor.  
 
Since mammalian myotubes do not reenter S-phase when stimulated with serum, the 
ability of newt myotubes to do so might be related to the regenerative ability of the 
newt. In paper III we examine the transcriptional response of mouse myotubes to 
various serum components to characterize the nature of the S-phase block of mouse 
myotubes. 
 
Molecular mechanisms of cellularization 

There is very little known about the pathways leading to cellularization of muscle 
fibres during limb regeneration. However, the fact that cellularization requires direct 
injury of the fibre, for example by clipping of its end (Echeverri and Tanaka, 2001) 
indicates that the process of cellularization depends on an intracellular response to 
injury. This link was further explored in paper IV. Another important piece of 
information is that cellularization can still occur in myotubes where cell cycle reentry 
has been blocked, indicating that the two phenomena are not linked mechanistically 
or depend on each other (Velloso et al, 2000). 
 
In vitro, cellularization of myotubes has been induced by overexpression of Msx1, an 
extract from regenerating newt limb and synthetic microtubule destabilizers, as 
addressed below. Mouse myotubes can be induced to undergo cellularization by all 
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these means, underlining that in contrast to the case of S-phase reentry, mouse 
myotubes have the same ability as newt myotubes to undergo cellularization, at least 
under certain in vitro conditions. 
 

Msx1 as a master regulator of dedifferentiation? 
The homeobox-containing gene Msx1 has been suggested to be a master 
transcriptional regulator of muscle dedifferentiation. Indeed, Msx1 is expressed in 
areas of cell proliferation during vertebrate development and regeneration (Hill et al, 
1989; Robert et al, 1989; Simon et al, 1995) and forced expression of Msx1 indicates 
an inhibitory effect on myogenic differentiation through the repression of MyoD 
(Woloshin et al, 1995). Msx1 is not expressed in unamputated newt limb and its 
expression is induced within the blastema (Simon et al, 1995). However, expression 
of Msx1 is not evident until the mid blastema stage when dedifferentiation is believed 
to be completed (Simon et al, 1995) Together, these results are compatible with a role 
for Msx1 in maintaining cells in an undifferentiated state, rather than having an 
endogenous role in inducing cellular dedifferentiation. However, two in vitro studies 
point to a causative role for Msx1 in inducing cellularization. In the first study, 
conditional overexpression of Msx1 in mouse myotubes was shown to induce their 
cleavage into smaller myotubes or proliferating mononucleated cells (Odelberg et al, 
2000). In the second study, Msx1 expression in single muscle fibres from axolotl 
larvae was shown to correlate with the fibre showing signs of cellularization and 
fragmentation, events that could be inhibited by morpholino Msx1 antisense 
oligonucleotides (Kumar et al, 2004). 
 

A regeneration extract can induce cellularization of myotubes 
As discussed above a protein extract prepared from early stage regenerating newt 
limbs can induce S-phase reentry in intact myotubes as well as a multinucleate-to-
mononucleate transition of mouse and newt myotubes (McGann et al, 2001). It is not 
known whether the two outcomes are caused by the same factor, although abrogating 
the dedifferentiating activity by different means indicated that a protein causes both 
outcomes. 
 

Cellularization induced by destabilizing microtubuli 
The first indication of a role for microtubuli in cellularization came from a study 
showing that a small microtubuli-destabilizing molecule, myoseverin, could induce 
reversible fission of myotubes into mononucleated fragments (Rosania et al, 2000). 
The link between microtubuli and cellularization was subsequently confirmed by 
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using two other microtubuli destabilizers, including nocodazole (Duckmanton et al, 
2005). How destabilization of the microtubuli relates to cellular dedifferentiation is 
not known and in paper IV we explore this relation. 
 
 
A weakness of these in vitro studies is that they do not involve lineage tracing of 
myotubes. This makes it difficult to distinguish mononucleate progeny formed 
through myotube dedifferentiation from the background of myogenic precursor cells. 
An exception is the study using myoseverin, which shows that the progeny of 
fragmented myotubes do not proliferate (Duckmaton et al, 2005). 
 
 
Metaplasia during limb regeneration 

Metaplasia refers to the conversion of one cell or tissue type to another. The term 
comprise both the concept of transdifferentiation, the conversion of one differentiated 
cell type into another (Okada, 1991), and also the ability of a stem cell to give rise to 
cells of an embryologically unrelated type. A classical example of metaplasia is the 
transdifferentiation of pigment epithelial cells to lens cells during urodele lens 
regeneration, a transition that is also seen in cultured pigment epithelial cells from 
other species, including humans (del Rio-Tsonis and Tsonis, 2003; Tsonis et al, 
2001). 
 
An important question is whether blastema cells can contribute to tissues distinct 
from their tissue of origin. The term dedifferentiation essentially refers to the process 
when a cell or tissue lose its differentiated characteristics and revert to a more 
developmentally immature state and does not necessarily imply that the cells formed 
acquire the potency to differentiate into cell types other than the original. An 
important observation is that if a limb blastema is transplanted to the eye chamber it 
will still give rise to limb cells (Kim and Stocum, 1986). Vice versa, if iris epithelial 
cells are transplanted to the limb blastema they will form a lens (Reyer et al, 1973; Ito 
et al, 1999). These results imply that differentiated cells revert to local progenitors 
rather than pluripotent stem cells during newt regeneration. 
 
By grafting triploid tissue to diploid salamander limbs and then amputating the 
animal, it is possible to study the contribution of a specific tissue to different tissues 
of the regenerate. In such transplantation studies, it was shown that normally not 
much metaplasia occurs during limb regeneration. Cells derived from cartilage and 
muscle mainly contribute to the regeneration of cartilage and muscle respectively 
(Steen, 1968). However, if the system is challenged by irradiating the donor limb 
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before transplantation and amputation, the donor cells show a much wider potential 
(Namenwirth, 1974; Dunis and Namenwirth, 1977). In this setting, muscle 
contributes to all mesodermally derived tissues, while dermis and cartilage give rise 
to most mesodermal tissues with the exception of muscle. Epidermis, on the other 
hand, produces only epidermis, even in irradiated donors (Namenwirth, 1974). 
 
More recent studies also indicate that metaplasia occurs during limb regeneration. In 
implantation experiments myotubes, have been shown to give rise to some cartilage 
(Lo et al, 1993). In paper I we show data indicating that muscle can give rise to 
cartilage and epidermis during limb regeneration. 



 

 23 

Programmed cell death 

 
A brief introduction to the regulation of programmed cell death (PCD) will be given 
here, since in paper IV we examined the link between dedifferentiation and the 
activation of a PCD response in myotubes. The regulated elimination of unwanted or 
damaged cells by PCD is essential for the development and maintenance of 
multicellular organisms. PCD proceeds in a highly regulated and ordered fashion and 
is the conceptual opposite of necrosis, which is the accidental death of cells. 
Apoptosis, the most characterised form of PCD, is defined by stereotypical 
morphological changes, such as chromatin condensation, cell shrinkage and apoptotic 
body formation. These morphological changes are executed by caspases, proteases 
that cleave specific substrates (including other caspases), mediating the terminal 
events of apoptosis (Leist and Jäättelä, 2001).  
 
Apoptosis is induced by two main pathways, which converge on the activation of 
executioner caspases, such as caspase-3. The extrinsic (or death-receptor) pathway is 
activated at the plasma membrane by TNF-receptor complexes, which directly 
activates caspases. The intrinsic (or stress) pathway involves permeabilization of the 
mitochondrial outer membrane, releasing cytochrome c, which activates the 
apoptosome caspase-activation complex. Other proteins are also released from 
mitochondria during apoptosis. These include inhibitors of IAP (inhibitor of 
apoptosis) proteins, which bind and inactivate mature caspases, and apoptosis 
inducing factor (AIF) (Leist and Jäättelä, 2001). When translocated to the nucleus, 
AIF can induce caspase-independent apoptosis by triggering chromatin fragmentation 
(Susin et al, 1999). The permeabilization of mitochondria is regulated by the balance 
of pro- and anti-apoptotic members of the Bcl2 family. The Bcl2 family-members 
Bax and Bak induce mitochondrial permeabilization, although their mechanism of 
action is somewhat controversial. The predominant view is that Bax and Bak homo-
oligomerize to from pores in the outer mitochondrial membrane, allowing the release 
of proteins (Martinou and Green, 2001). However, in Drosophila and C. elegans Bcl2 
proteins regulate apoptosis by mechanisms seemingly unrelated to membrane 
permeabilization (Antignani and Youle, 2006). Another group of Bcl2 proteins, 
including Bcl2 itself, are anti-apoptotic and inhibit the permeabilization of the 
mitochondrial outer membrane induced by Bax and Bak (Martinou and Green, 2001). 
The third group of Bcl2 proteins are the pro-apoptotic BH3 only proteins, which 
induce apoptosis by binding and inactivating anti-apoptotic Bcl2 proteins. Whether 
BH3 only proteins can also directly activate Bax and Bak remains controversial 
(Willis and Adams, 2005).  
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p53 is an upstream regulator of both the extrinsic and intrinsic pathway and can 
transactivate genes encoding death-receptors and pro-apoptotic Bcl2 family members 
as well as repress proteins that inhibit mitochondrial permeabilization, such as Bcl2 
(Fridman and Lowe, 2003). In addition, p53 can act by transcription-independent 
mechanisms, to activate and neutralize pro- and anti-apoptotic Bcl2 family members 
respectively (Mihara et al, 2003; Chipuk et al, 2004). 
 

Death without caspase-activation 
In a number of PCD models, inhibiting caspases does not lead to the survival of cells, 
but rather shifts the morphology of death to non-apoptotic pathways. Such results 
imply the existence of caspase-independent cell death.  Additional evidence for 
caspase-independent cell death comes from studies of cells lacking a component of 
the apoptosome (Apaf1), preventing activation of caspases through the intrinsic 
pathway. These cells can still undergo PCD induced by BH3 only proteins, indicating 
that there is a caspase-independent pathway of PCD, downstream of mitochondrial 
permeabilization (Kroemer and Martin, 2005). Genetic experiments in mice suggest 
that AIF have an important role in caspase-independent cell death (Joza et al, 2001).  
 

Caspase-activation without death 
There are numerous examples of cellular processes where caspases are activated, and 
might even be essential, which do not lead to cellular death (Kroemer and Martin, 
2005). In some cases caspases might act like ordinary signal-transducing molecules. 
Monocyte differentiation into macrophages, which depends on caspase-8 (Sordet et 
al, 2002), and myoblast differentiation and fusion into myotubes, which depends on 
caspase-3 (Fernando et al, 2002), are two such examples. However, in other cases the 
caspase-dependent process can be considered a partial death response. These 
processes include the enucleation of lens cells, the budding of platelets from 
megakaryocytes and the loss of cytoplasmic organelles and the nucleus during 
erythroblast maturation (Kroemer and Martin, 2005). It is not clear how cells avoid 
massive caspase activation and ensuing death during such processes. Caspase 
activation could be limited either spatially (by compartmentalized activation) or 
biochemically (by caspase inhibitors) or by both mechanisms (Kroemer and Martin, 
2005). In addition, caspase substrates could be protected by post-translational 
modifications, such as dephosphorylation of lamin (Cross et al, 2000). In paper IV we 
examine how such a partial cell death response relates to the dedifferentiation of 
myotubes. 
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PRESENT INVESTIGATION 

 
 

Aims 

 
The overall aim of this thesis was to study the cellular and molecular basis for the 
formation of progenitor cells during salamander limb regeneration. Specifically we 
wanted to  

• Study the possible contribution of satellite cells to the blastema and the 
regenerate. (Paper I) 

• Compare responsiveness of newt and mouse myotubes to the thrombin-
activated factor and to understand why mammalian myotubes do not replicate 
their DNA after thrombin stimulation. (Paper III) 

• Identify the link between cellular injury and dedifferentiation of skeletal 
muscle fibres. (Paper II and IV) 
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A multipotent newt satellite cell population 
activated during limb regeneration (Paper I) 

 
During the last decades, studies on muscle contribution to the urodele limb blastema 
have been largely concentrating on cellular dedifferentiation. However, mammalian 
muscle regeneration does not involve dedifferentiation of myofibres. Instead resident 
stem cells, the satellite cells, are the myogenic progenitor cells. Mammalian muscle 
regeneration is reviewed on page 9 of this thesis. After newt limb amputation, the 
tissues proximal to the amputation surface undergo a dedifferentiation process during 
which progenitor cells for regeneration are formed. It remains controversial to what 
extent tissue dedifferentiation involves cellular dedifferentiation and to what extent it 
involves activation of resident reserve cells. An important question is whether the 
dedifferentiation of muscle tissue in the newt limb stump involves the activation of 
reserve cells, and if so whether these contribute to the blastema. Indeed, previous 
studies reported the presence of a myogenic reserve cell population in newt muscle 
(Popiela, 1976; Cameron et al, 1986). These reserve cells, termed pericytes, are found 
in close proximity to the myofibres, but in contrast to mammalian satellite cells they 
are completely encapsulated by a basement membrane.  
 
Our aims in this study were:  

1. To examine if newt muscle possess a satellite cell population. 
2. To create a model in which both cellularization and satellite cell activation can 

be studied. 
 
By immunohistochemical studies, we identified a population of cells in newt limb 
muscle that were expressing the satellite cell marker Pax7. In keeping with previous 
observations of myogenic reserve cells in the newt, these cells where surrounded by a 
basement membrane, as depicted in figure 2. This Pax7+ population becomes 
activated after limb amputation, as shown by immunoreactivity of the mitotic marker 
phosphorylated histone 3, in 31% of cells compared to 4% in non-amputated limb. 
The activated Pax7+ cells appeared to leave their niche and incorporate into the 
blastema, since we could detect Pax7+ cells outside skeletal muscle 4 days after 
amputation and later within the blastema. 



 

 27 

 
Figure 2. Schematic model of mouse and newt myofibres. Satellite cells (blue 
nuclei) are tightly attached to both mouse and newt myofibres, but newt satellite cells 
are separated from the fibre by basement membrane (red). 
 
We next established an in vitro system of individually cultured newt single 
myofibres. The newt myofibres were co-purified with cells that were Pax7+ and cells 
that expressed M-cadherin, another satellite cell marker (Irintchev et al, 1994). 
Importantly, in the mammalian system, the single myofibre preparation technique has 
previously been shown to produce pure cultures of myofibres with their attached 
satellite cells, with no contamination of other tissues or cell types (Rosenblatt et al, 
1995). In addition, we performed rigorous three-dimensional confocal microscopic 
analysis to assure the complete absence of cells outside the basal lamina. On average, 
after 7 days in culture, the myofibres produced proliferating mononucleate progeny. 
By injecting fibres with a fluorescein-conjugated nuclear-localizing dextran (NLS-
dextran) we could label all the myonuclei of the fibre, without labelling its satellite 
cells. In only one case out of 70 examined myofibres, we observed two non-
proliferating mononucleate cells containing NLS-dextran. All other cells were NLS-
dextran negative, showing that the proliferating myofibre progeny were derived from 
satellite cells. 
 
When exposed to specialized culture media, the myofibre derived satellite cell 
progeny showed myogenic, osteogenic and adipogenic potential, suggesting that newt 
satellite cells are multipotent. By intramuscularly injecting BrdU labelled satellite cell 
progeny before limb amputation, we could show that these cells are able to contribute 
to the blastema and the regenerate. BrdU labelled cells appeared in the cartilage and 
epidermis of the regenerating limb, further indicating the multipotency of newt 
satellite cells. 
 
As discussed on page 15 of this thesis, both dedifferentiation of myofibres and 
activation of reserve cells have been proposed as mechanisms of skeletal muscle 
contribution to the blastema. Our study adds significant evidence supporting a role for 
satellite cells in limb regeneration. Importantly, our results do not exclude a role for 
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cellularization of myofibres as well. Indeed both mechanisms could operate 
simultaneously. The conditions of the single fibre preparation, used in this study, 
might favour activation of satellite cells over cellularization of the myofibre. 
Additional signals might be needed in order for the myofibre to undergo 
cellularization. During axolotl tail regeneration, both significant injury to the 
surrounding tissue and direct injury to the fibre itself are needed to induce 
cellularization of a myofibre (Echeverri et al, 2001). The isolation procedure of the 
single fibre preparation might activate satellite cells by mimicking tissue injury. An 
additional stimulus mimicking an intrinsic injury to the fibre might be needed to 
achieve its cellularization. The relative contribution of satellite cells and the 
dedifferentiated myofibre proper during limb regeneration can ultimately be 
determined only by lineage tracing of endogenous satellite cells and myonuclei. 
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Mammalian myotubes retain transcriptional 
responsiveness to the thrombin-activated 
serum factor (Paper III) 

 
As discussed on page 18 of this thesis, newt myotubes can reenter the cell cycle and 
replicate their DNA in response to a thrombin-activated serum component, but not 
when stimulated with conventional growth factors (Tanaka et al, 1999). In contrast, 
mouse myotubes do not replicate their DNA in response to the thrombin-activated 
factor or other serum components. This difference in the plasticity of differentiated 
cells might be one aspect of the difference in regenerative ability between the species. 
However, the block to S-phase reentry in mouse myotubes is maintained by reversible 
mechanisms, since newt/mouse hybrid myotubes do renter S-phase upon serum 
stimulation (Velloso et al, 2001). It has been hypothesized that lack of the receptor 
for the thrombin activated factor or a critical component of the downstream signalling 
pathway is the basis of the inability of mouse myotubes to renter the cell cycle. 
 
The aim of this study was to examine the responsiveness of mouse myotubes to 
different serum components and to understand why mammalian myotubes do not 
replicate their DNA after stimulation with the thrombin-activated factor. 
 
A previous study showed that mouse myotubes can respond to serum by an 
upregulation of immediate early genes, such as jun and fos, indicating a transition 
from the G0 to the G1 phase of the cell cycle (Tiainen et al, 1996). However, this 
study did not examine the myotube response to individual serum components, 
although the authors assumed that the response was due to peptide growth factors 
such as FGF and PDGF. Additionally, the study did not contain analysis at the 
cellular level and was performed on mass myotube cultures where AraC was used to 
reduce cycling cells, a protocol that cannot assure complete absence of contaminating 
mononucleate precursors. 
 
To study the responsiveness of mouse myotubes to serum and various serum 
components, their transcriptional response was examined using quantitative RT-PCR. 
To exclude a transcriptional response from contaminating mononucleate cells, it was 
crucial to ensure that the samples contained only myotubes. Therefore, treated 
myotubes were individually picked using a glass capillary attached to a syringe. The 
myotubes were then expelled in PBS, examined to assure that they were free of 
attaching mononucleate cells, and ten myotubes were then picked for preparation of 
their RNA.  
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Stimulating mouse myotubes with serum induced a significant increase in c-fos and c-
jun transcript, in accordance with previous results (Tiainen et al, 1996). c-Fos and c-
Jun can promote cell cycle progression by activating cyclin D1 transcription and 
repressing p21 transcription (Shaulian and Karin, 2002). Like Tiainen and co-workers 
we also saw an upregulation of Id1 transcript after serum treatment. Id1 is implicated 
in promoting G1-S transition (Peverali et al, 1994) as well as negatively regulating 
terminal myogenic differentiation by inhibiting bHLH proteins, such as MyoD 
(Benezra et al, 1990; Jen et al, 1992). In contrast to Tiainen, we did not see an 
increase in c-myc transcript and could not detect cyclin D1 transcript. c-Myc has been 
shown to promote G1 progression, both by repressing transcription of CDK inhibitors 
and activating transcription of cyclin D1 and CDK4 (Adhikary and Eilers, 2005). This 
discrepancy between our study and the previous one might be due to the difference in 
purity of myotube populations. Our results, using pure myotubes, confirm that mouse 
myotubes are competent to respond to serum stimulation by an immediate early gene 
response, indicating that they leave G0 and reenter the cell cycle.  
 
We next wanted to define which components of serum that can cause these responses. 
Out of the genes that we examined, the conventional growth factors FGF and EGF 
could only induce a significant increase in c-fos transcript, while PDGF had no 
significant effect. These results indicate that the transcriptional effect of serum on 
mouse myotubes is not due to conventional serum growth factors. 
 
To elucidate the effect of the thrombin-activated factor, we used two different sources 
containing this factor. The first source (cTh) is a commercially available crude 
preparation of thrombin. The other source (Hep3) is a partial purification of the 
thrombin-activated factor through a heparin column (Straube et al, 2004). In the Hep3 
fraction thrombin itself is irreversibly inactivated. When applied to myogenic 
precursor cells, Hep3 does not affect their rate of proliferation, suggesting that the 
fraction is largely free of conventional growth factors. cTh and Hep3 induced a 
similar response as serum in mouse myotubes, since they caused a significant 
increase in c-fos, c-jun and Id1, but not in c-myc transcript. Like serum or individual 
growth factors, the thrombin-activated factor could not induce detectable levels of 
cyclin D1. Our results indicate that mouse myotubes retain responsiveness to the 
thrombin-activated factor, which can induce their cell cycle reentry and partial 
traversal of G1. The transcriptional response, displayed after stimulation with the 
thrombin-activated factor, indicates that mouse myotubes retain its receptor and 
downstream signalling pathways and that the block to S-phase is downstream of the 
immediate early genes. 
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We also examined the regulation of E2F6, since this member of the E2F family is 
implicated in maintaining cells in quiescence. E2F6 functions as an Rb-independent 
transcriptional repressor and cell cycle reentry is associated with loss of E2F6 
promotor occupancy of E2F responsive genes (Ogawa et al, 2002). Out of the stimuli 
we applied, only HEP3 caused a small, but significant, downregulation of E2F6 
transcript in mouse myotubes. In the G0 and G1 phases, E2F6 is thought to negatively 
regulate cell cycle progression by silencing E2F and myc responsive genes by 
forming complexes with polycomb proteins and histone methyl transferases (Ogawa 
et al, 2002; Giangrande et al, 2004). These complexes are associated with silent 
promoters methylated on lysine 9 of histone 3 (H3K9), which is a classical repressor 
mark (Jenuwein and Allis, 2001). By immunocytochemistry using an antibody raised 
against methylated H3K9, we analysed global changes of this epigenetic 
modification. In both newt and mouse myotubes immunoreactivity of methylated 
H3K9 was stronger than in their mononucleated precursors, indicating that this is a 
marker of terminal differentiation. Serum treatment of mouse myotubes did not 
induce a detectable change in H3K9 methylation, which is consistent with the 
persistence of E2F6 transcript. In contrast, serum treatment of newt myotubes leads to 
reversal of H3K9 methylation, indicating a possible link between S-phase reentry and 
H3K9 demethylation.  
 
Our results implicate that the block to S-phase reentry in mammalian myotubes is not 
at the level of receptor activation or downstream signalling, nor in the initial steps of 
cell cycle reentry, but resides in G1, which is in accordance with previous work. 
Additionally, we show that cell cycle reentry after serum treatment of mammalian 
myotubes is not due to conventional growth factors. Interestingly, cell cycle reentry is 
instead caused by the thrombin-activated serum factor, implicating that signalling 
through this factor in myotubes is evolutionarily conserved.  
 
It remains to be determined what factors prevent full S-phase reentry of mammalian 
myotubes. It has been shown that reactivation of CDK4 kinase activity in mammalian 
myotubes is sufficient to induce their cell cycle reentry. This was achieved either by 
overexpression of CDK4 and cyclin D1 (Latella et al, 2001) or by suppression of 
CDK inhibitors (CKIs) (Pajalunga et al, 2007b). Suppression of p21 triggered DNA 
synthesis in myotubes as, well as quiescent and senescent cells, even in the absence 
of serum. Cell cycle reentry after CKI suppression was mediated by derepression of 
cyclin D3-CDK4/6 kinase activity, as shown by abrogated S-phase reentry after 
p21/cyclin D3 double knockdown (Pajalunga et al, 2007b). In contrast, interfering 
with cyclin D1 caused only a modest reduction in cell cycle reentry after p21 
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knockdown. These results imply that cyclin D3 and CDK4/6 are present in terminally 
differentiated myotubes, and that CDK activity must be suppressed by CKIs to 
maintain the postmitotic state. Interestingly, although pRb is essential in establishing 
the postmitotic state of myotubes (Schneider et al, 1994), knock-down of pRb in 
myotubes, leading to reactivation of E2F mediated transcription, is not sufficient to 
induce cell cycle reentry (Camarda et al, 2004; Huh et al, 2004). This result indicates 
the presence of a second block to cell cycle reentry, which is independent of pRb and 
other pocket proteins (Camarda et al, 2004). This second block can be overcome by 
either over-expressing cyclin D1/CDK4 (Latella et al, 2001) or by suppression of p21 
(Pajalunga et al, 2007b). One interpretation of these results is that the second block is 
a target of CDK4 or cyclinD1. Alternatively, p21 or other CKIs might maintain the 
second block in a CDK independ manner. In this latter model high levels of cyclin 
D/CDK4 complexes might titrate out the CKIs.  
 
Perhaps the pocket protein independent block to cell cycle reentry is due to E2F6 
containing complexes, repressing E2F responsive genes. The persistence of H3K9 
methylation in mouse myotubes might then reflect the inability of mouse myotubes to 
enter S-phase. Identifying factors involved in demethylation of H3K9 in newt 
myotubes could provide a mean to overcome the G1 block of mouse myotubes.  
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Reversal of terminal muscle differentiation by 
the induction of PCD (Paper II and IV) 

 
The molecular mechanisms inducing the multinucleate-to-mononucleate transition of 
myofibres after urodele limb amputation are unknown. Interestingly, direct injury to 
the myofibre itself by clipping of its end is necessary for cellularization after 
amputation (Echeverri et al, 2001). This suggests a link between cellular injury and 
dedifferentiation. We hypothesized that a direct injury to the syncytium would evoke 
a stress response and activate pathways of programmed cell death in the myofibre, 
leading to cellularization, and set out to test whether programmed cell death and 
dedifferentiation might share common pathways. 
 
Our aim in this study was to identify mechanisms of cellularization. Specifically we 
wanted to examine how programmed cell death relates to the reversal of terminal 
muscle differentiation. 
 
Cellularization of skeletal muscle fibres can be mimicked in cultured mammalian and 
urodele myotubes by treating with the small microtubuli-destabilizing molecule 
myoseverin (Rosania et al, 2000; Duckmanton et al, 2005). We first tested whether 
myoseverin induced a programmed cell death response in myotubes. As early as four 
hours after myoseverin treatment myotubes displayed increased levels of activated 
caspase-3 and apoptosis inducing factor (AIF), indicating that a programmed cell 
death response was activated before onset of fragmentation. We also evaluated 
programmed cell death by using YO-PRO®-1, a dye that selectively enters the nucleus 
and intercalates into DNA of cells with reduced membrane integrity, such as cells 
undergoing programmed cell death (Idziorek et al, 1995). In live cell cultures YO-
PRO®-1 and propidium iodide (PI) together can discriminate between the process of 
cell death and its end point (Gawlitta et al, 2004). YO-PRO®-1 but not PI, was 
incorporated in myotubes with a so-called beads-on-a-string morphology, which 
precedes their cellularization. Together these results indicate that myoseverin activate 
a programmed cell death response but not the death of myotubes, before the time 
point when fragmentation occurs. 
 
Next we tested whether inducing programmed cell death in myotubes could induce 
their fragmentation. We used two pro-apoptotic drugs, staurosporine (STS) and 
trichostatin A (TSA), which can induce programmed cell death in most cells (Leist 
and Jatella, 2001; Johnstone and Licht, 2003). STS and TSA caused a similar beads-
on-a-string morphology of myotubes as seen after myoseverin treatment. TSA 
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treatment of myotube cultures resulted in an increase in the number of mononucleate 
cells expressing the late myogenic marker myosin heavy chain (MHC). These 
observations indirectly indicate the production of mononucleate cells from myotubes. 
To rigorously evaluate the effect of the pro-apoptotic drugs, we labelled myotubes by 
injecting plasmids expressing a cytoplasmic (RFP) and a nuclear (H2bYFP) lineage 
tracer. This method, which was developed in paper II, allowed us to trace individual 
myotubes and their progeny after various treatments as outlined in figure 3. From 
such single cell analyses we could conclude that both TSA and STS induced myotube 
fragmentation to a similar extent as myoseverin. Furthermore, at time points 
preceding fragmentation, TSA and STS caused both an increase in AIF, as well as 
YO-PRO®-1 but not PI incorporation. Taken together, these data indicate that 
activating programmed cell death can lead to the reversal of terminal differentiation. 
 

 
Figure 3: Experimental setup for single cell analysis of myotube fragmentation. 
 
Finally, we addressed whether inhibiting programmed cell death could interfere with 
the fragmentation process of myotubes. 4,4’diisothicyanatostilbene-2,29-disulfonic-
acid (DIDS) prevents apoptosis by blocking mitochondrial permeabilization and 
enhances cellular survival after various challenges (Maeno et al, 2000; Madesh et al, 
2001). By linage tracing analyses of single myotubes, we saw that DIDS could inhibit 
myotube fragmentation after both myoseverin and STS treatment. 
 
Our data indicate that reversal of terminal differentiation depends on programmed 
cell death. We hypothesize that the activation of a programmed cell death response 
provides the link between cellular injury and myotube dedifferentiation during newt 
limb regeneration. 
 
It will be interesting to elucidate the components of programmed cell death signalling 
which are important for dedifferentiation. One possible candidate is caspase-3. 
Caspase-3 activation has been shown to be required for two other biological 
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phenomena involving fission of syncythical structures, namely the generation of 
platelets from megakaryocytes (DeBotton et al, 2002) and development of spermatids 
(Arama et al, 2003).  
 
Another interesting aspect is that if dedifferentiation and programmed cell death share 
common pathways, it implies that there must be a mechanism to stop the cell death 
process at the right point to allow the survival of the dedifferentiating cell. One way 
of ensuring survival of dedifferentiated progeny would be to activate and inhibit 
programmed cell death selectively in different parts of the myofibre. Indeed, 
compartmentalized programmed cell death has been previously reported in myofibres 
after denervation (Tews et al, 2004) during dystrophic disease (Vohra et al, 2006) as 
well as during platelet formation (de Botton et al, 2002) and neurite degeneration 
without death of the neuron (Finn et al, 2000).  In future studies it will be important to 
examine which activators and inhibitors of programmed cell death are involved in 
cellular dedifferentiation after limb amputation. 
 
 

 
Figure 4. Hypothetical model of how injury links to cellular dedifferentiation by 
activating a programmed cell death response in myotubes. In this model the death 
process needs to be stopped at the adequate point to allow both dedifferentiation and 
survival. 
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Final thoughts 

Dedifferentiation through death or the death of dedifferentiation? 
In paper IV, we showed that a programmed cell death response in myotubes lead to 
their fragmentation. Based on these results and previous studies, we hypothesize that 
cell death and dedifferentiation share common pathways. Another possible 
interpretation is that the death of myotubes merely proceeds through a process of 
fragmentation. This could then imply that the fragmentation of myofibres seen in vivo 
during newt limb regeneration reflects the death of the fibre. If viewed from this 
angle, and combined with our finding that satellite cells provide an alternative source 
of progenitor cells, our results could suggest that myofibres do not undergo 
dedifferentiation by cellularization. This conclusion, however, would be in conflict 
with previous studies showing that skeletal muscle can dedifferentiate by 
cellularization. The early histological studies showed that the fragments formed by 
the fragmentation of myofibres were synthesizing both DNA and protein, indicating 
that they were viable cells (Bodemer and Everett, 1959; Hay and Fischman, 1961) 
Later studies where labelled myotubes were implanted into the blastema showed that 
they can give rise to proliferating cells that incorporate into the blastema (Lo et al, 
1993; Kumar et al, 2000). 
 
Two facts indirectly argue for the existence of myofibre dedifferentiation. Firstly, 
newt myotubes are able to replicate the DNA upon serum stimulation (Tanaka et al, 
1997). This ability, which is lacking in mammalian myotubes, indicate that there is an 
intrinsic difference between newt and mammalian terminally differentiated cells in 
regulating cell cycle reentry. Secondly, regeneration of newt tissue from cell types 
other than muscle depends on the plasticity of terminally differentiated cells. Retina 
and lens regeneration depend on cell cycle reentry and loss of pigmentation of 
pigment epithelial cells (Eguchi et al, 1974). Cardiomyocytes reenter the cell cycle 
(Bettencourt-Dias et al, 2003) and reduce expression of sarcomeric proteins (Laube et 
al, 2006) during regeneration of newt heart. These examples indicate that 
dedifferentiation might be a general phenomenon during newt regeneration. 
 
In principle, epigenetic reprogramming of an adult somatic cell nucleus into a more 
immature state is possible. The ultimate proof of this is that by transferring the 
nucleus of a somatic cell into an enucleated egg cell, it is possible to produce 
totipotent stem cells that can give rise to a complete new individual (Gurdon, 1962).  
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Why would two systems for generating progenitor cells from muscle 
coexist? 
Interestingly, fragmentation of the myofibre was proposed to be the mechanism of 
progenitor cell formation also during regeneration of mammalian muscle. However, 
when satellite cell contribution to mammalian muscle regeneration was demonstrated 
(Snow, 1977), this theory was abandoned (Carlson, 2007). During regeneration of the 
Xenopus tadpole tail, myofibres do not dedifferentiate by cellularization (Ryffel et al, 
2003; Gargioli and Slack, 2004). Instead, formation of muscle in the regenerate 
depends on the activation of Pax7+ satellite cells (Chen et al, 2006). If satellite cell 
activation and cellular dedifferentiation of myofibres both contribute to the formation 
of the blastema during newt limb regeneration, it raises the question why two systems 
for generating progenitor cells from the same tissue would coexist. One reason could 
be the size of the tissue to be regenerated. Obviously, the limb blastema is many 
times bigger than the developing limb bud. If the relatively slow proliferation of newt 
cells is also taken into account, it seems plausible that reserve cell populations, such 
as satellite cells, in the limb stump might not be sufficient for the regeneration of a 
complete limb within a reasonable time span. The reversal of differentiation of cells 
remaining in the stump could theoretically contribute a large number of progenitor 
cells for regeneration. Another factor, which could implicate a need for cellular 
dedifferentiation, is that epimorphic regeneration depends on the correct patterning of 
the regenerating structure (Brockes, 1997). Maybe progenitor cells formed by 
dedifferentiation carry positional information that could be lacking in resident reserve 
cells. When it comes to the normal tissue turnover of newt muscle, it seems likely that 
satellite cells are responsible for providing the progenitors, in analogy to the 
mammalian system. 
 

Potential implications for regenerative medicine 
In 1768, Spallanzani ended his assay on newt regeneration by contemplating the 
prospect of humans regenerating complex structures like appendages. More than 200 
years later regeneration research is partly driven by the hope that its discoveries could 
have implications for regenerative medicine. 
 
At present, research on regenerative medicine is mainly focused on the prospect of 
directing differentiation of stem cells into the desired cell type or tissue. However, 
using embryonic stem (ES) cells poses practical problems, such as rejection by the 
host immune system, as well as ethical issues. Using ES cells tailor made for each 
patient could theoretically solve the issue of rejection. This could be achieved by 
somatic cell nuclear transfer, which was recently shown to produce ES cells in 
primates (Byrne et al, 2007). Adult somatic cells can also be directly induced to 
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display the features of ES cells by the retroviral expression of four transcription 
factors associated with pluripotency, namely Oct3/4, Sox-2, c-Myc and Klf4 (Okita et 
al, 2007; Wernig et al, 2007). Recently, this notion was extended to human cells 
(Takahashi et al, 2007; Yu et al, 2007). The ethical problems would not be solved by 
the first strategy, though, and induced ES cells could potentially give rise to tumours 
after transplantation (Rossant, 2007). 
 
So, could lessons learnt from the newt impinge on the field of regenerative medicine? 
We still know too little about the molecular mechanisms underlying newt 
regeneration, to judge if these could be transferred to humans as a means of 
improving regenerative ability. However, the newt strategy of regeneration has 
several advantageous features. Knowing more about the mechanisms governing these 
features would certainly be of great value for many research areas, including 
regenerative medicine and cancer research. Firstly, epimorphic regeneration leads to 
the correct specification of cells as well as their functional integration, a feature that 
might depend on the recapitulation of events taking place during embryonic 
development. Secondly, newts are remarkably resistant to tumour formation. 
Destabilizing the differentiated state of newt cells, seemingly lead to their 
differentiation and functional integration, rather than their transformation to tumour 
cells (Brockes, 1997). Thirdly, local dedifferentiation of resident cells, as a strategy 
of inducing regeneration in humans, would pose no ethical issues associated to ES 
cell based therapies or problems with rejection by the immune system. Comparing 
newt and mammalian cells can shed light on several basic scientific questions, such 
as how the differentiated state is maintained and how cell cycle reentry is regulated. 
The data presented in this thesis pinpoint several features that characterize both newt 
and mammalian skeletal muscle and indicate that further understanding of skeletal 
muscle plasticity after injury may reveal ways to promote blastema formation in 
mammals. 
 
 
 
Regeneration has been a field of research for three centuries. Yet we know 
surprisingly little about the molecular mechanisms endowing some species with 
extensive regenerative powers, while close relatives lack this ability. Part of the 
reason for the relatively slow progress of regeneration research is that the main 
animal models, in which regeneration is studied, are not classical laboratory animals. 
In addition some of these species, such as the newt, are particularly unsuited for 
genetic studies. Yet, during the last decade, significant progress has been made in the 
study of regeneration in several species, ranging from the simple diploblast hydra to 
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vertebrates, such as xenopus and newts. The methodology of regeneration research is 
improving. As an example, EST sequence databases have been published, which are 
retrieved from both regenerating and non-regenerating salamander tissues 
(Habermann et al, 2004; Putta et al, 2004). In addition, the huge interest in 
regenerative medicine at present attracts both researchers and funding to the 
regeneration field. With all this in mind, unlike Thomas Hunt Morgan a century ago, I 
am quiet hopeful that considerable progress towards solving the problem of 
regeneration will be made in my lifetime. 
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