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ABSTRACT 

Regeneration is unevenly spread throughout the animal kingdom. Some of the 

invertebrates have a very high regenerative capacity but the capacity to replace lost or 

damaged tissues in mammals is limited. Among the vertebrates, the aquatic 

salamanders are the champions of regeneration, being able to regenerate body parts 

such as their limbs, tail, and jaw. Understanding the cell- and molecular machinery 

underlying these events can in the end lead to improvements in the field of regenerative 

medicine.  

 

When a salamander limb is amputated, a so called blastema is formed at the tip of the 

stump. This is a mesenchymal growth zone, from where the cells for the new limb 

originate. The skeletal muscle is believed to contribute to the blastema and the newly 

formed limb during regeneration in salamanders. There are two possible mechanisms 

by which this could occur. First, the muscle reserve cells, satellite cells, become 

activated, and after subsequent expansion they incorporate in to the blastema. Second, 

the multinucleated muscle cell dedifferentiates in a cellularization process, forming 

several new progenitor cells that contribute to the regenerate. These two mechanisms 

are the subjects of study in this thesis.  

 

In the first paper, satellite cells were monitored during the regeneration of the 

salamander limb. The satellite cell population was found to be restored after several 

rounds of amputation/regeneration, demonstrating a robust mechanism to replenish this 

cell population. By genetically labeling satellite cell progeny with GFP, cells were 

traced during limb regeneration. The labeled cells were found to contribute to cartilage 

tissue as well as to muscle, suggesting that they have lineage switching potential. The 

satellite cell marker Pax7 was rapidly down regulated in the blastema, indicating that 

the blastema has a reprogramming activity. 

 

In the second paper, the link between injury and dedifferentiation of muscle was 

explored. Previously it was shown that the skeletal muscle fiber must suffer a direct 

cellular injury in order to dedifferentiate in vivo. This led us to hypothesize that a 

programmed cell death response initiated by the injury, is linked to the dedifferentiation 

of this cell type. In order to investigate this, cellular events were examined after treating 

the cells with a known cellularization inducer called myoseverin, and pro-apoptotic 

drugs. The responses after these treatments were found to be similar, they both evoked 

cellularization of the muscle cells, and this was preceded by features of an activated 

apoptotic machinery. By inhibiting the intrinsic pathway of the apoptotic machinery, 

cellularization was inhibited. Finally, dedifferentiated progeny generated by pro-

apoptotic stimuli was found to be capable of reentering the cell cycle and proliferate. 

Together these results indicate that the injury is directly linked to dedifferentiation 

through the apoptotic machinery. 
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1 BACKGROUND 

 

1.1 INTRODUCTION 

The Japanese newt is a common aquatic salamander found throughout Japan in areas 

enriched with fresh water. As all newts, it goes through metamorphosis in the 

beginning of its life. The egg hatches in to underwater living larvae with gills, but after 

some time it transforms by replacing the gills with lungs and starts to live partly on land 

(Brockes and Kumar 2005, AmphibiaWeb). It was recently found that this newt can 

regenerate the lens of its eye at least 18 times in 16 years, each time restoring the lens 

identically to the original one (Eguchi et al. 2011). This demonstrates that the animal 

has a robust capacity for regenerating this structure in the eye, a capacity that does not 

decline by the age. 

 

Salamanders can regenerate several other body parts as well, such as their jaws and 

entire limbs (Ghosh, Thorogood and Ferretti 1994, Smith et al. 1974) and this 

extraordinary capacity has fascinated researchers for more than two centuries 

(Spallanzani 1768). Of course, the ultimate goal would be to find a way to achieve 

regeneration to a similar extent in humans. However, research is far from 

accomplishing that, instead the focus still lies on understanding the molecular and 

cellular machinery underlying the regeneration phenomenon in salamander. For 

instance, how cells “remember” the structure of the lost body part in order to build an 

identical new one. Or how the enormous amount of new cells that are needed to build 

up the new body part, are acquired. Parts of the new knowledge that emerge from this 

research can inspire ideas on for instance, how stem cell activation in mammalians can 

be achieved. This could in turn lead to new strategies in the field of regenerative 

medicine in humans. 

 

The high regenerative capacity of the salamander is believed to be partly due to the 

plasticity of its cells. “Plasticity”, by the dictionary means “the quality of being easily 

shaped or molded”. In this cellular context, the term refers to the capacity of a cell to 

acquire a new identity, an identity that is required for building up the new body part. In 

the example mentioned above, cells in the surrounding area of the lost lens, the so 

called pigment epithelial cells of the iris are considered highly plastic since they change 

their identity and become lens cells in what is called a transdifferentiation process. In 

this thesis, limb regeneration in salamander is the context of study, and the focus lies on 

how the muscle cell adapts to the demand of forming a new limb.  

 

1.2 REGENERATION 

Throughout the animal kingdom, regeneration of various kinds is seen. In humans, one 

of the most advanced sort of regeneration is seen in children when fingertips are lost 

and grow back (Illingworth 1974). Also the liver has a remarkable regenerative 

capacity. In clinics, up to 2/3 of the liver is removed after liver failure, which is 

followed by re-growth of the liver to its original mass (Michalopoulos 2007). However 

liver regeneration is to a great extent only functional restoration as a consequence of 
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compensatory proliferation. The original liver, with two different lobes is not reformed; 

instead the residing lobe has grown to compensate for the missing one. 

 

Among other mammals, one impressive form of regeneration is the annual re-growth of 

deer antlers. The re-growing of this complex peripheral tissue, includes forming new 

skin, nerves fibers, blood vessels, and bone structure (Kierdorf and Kierdorf 2011). A 

certain mouse breed called MRL, commonly used for laboratory experiments, has 

found to have a special capacity to regenerate large holes in the ears (Clark, Clark and 

Heber-Katz 1998).  

 

However the champions of regeneration are found among animals further back along 

the evolutionary tree. The invertebrates demonstrate the most extensive regenerative 

capacity. For instance, the Hydra, a small, primitive aquatic animal, is well known for 

its regenerative skills. It consists of a tubular mid part, the so called body column, and 

a head and foot at each end. If a hydra is dissociated in to single cells, they will re-

aggregate and form a fully functional hydra. 5% of a hydra body column can be 

excised and regenerate a complete new animal (Bode 2003). The flat worm, planarian, 

is a more complex animal, but also with extensive regenerative capability. It consists of 

derivatives from all three germ layers, building complex tissues such as a nervous, 

digestive and sexual reproductive system (Reddien and Sánchez Alvarado 2004). This 

animal can regenerate their whole body from a piece as small as 1/250 of the original 

one (Morgan, 1898).  

The zebra fish also has a high regenerative capacity; it can regenerate the fin and 20% 

of lost heart tissue (Akimenko et al. 2003, Poss, Wilson and Keating 2002). Among 

the vertebrates however, the amphibians and in particular the urodele amphibians 

possess a high regenerative potential. Examples of urodele amphibians, also known as 

salamanders, are the axolotl and the red spotted newt, which both are commonly used 

for studying regeneration. A newt can regenerate the limb, tail, jaw, lens, retina and 

parts of the CNS and heart (Brockes and Kumar 2002). 

1.3 EXAMPLES OF SALAMANDER REGENERATION 

If 20% of a newt heart ventricle is amputated, it will be regenerated after approximately 

2,5 months. A blood clot will form and the cells surrounding it will start to proliferate 

and eventually build up the missing part of the ventricle (Singh et al. 2010). If the lower 

jaw of a newt is amputated, a new one is almost completely re-grown after 20 weeks 

(Ghosh et al. 1994). When dopaminergic neurons are ablated to create a Parkinson’s 

disease model in the newt, these animals are able to regenerate all eliminated neurons 

(Parish et al. 2007). The newt limb will regenerate wherever it is cut along the 

proximodistal axis (shoulder-to finger tip) (Brockes and Kumar 2002), and parts of this 

process are studied in this thesis. 
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1.4 LIMB REGENERATION 

When a salamander limb is amputated, a new one is formed in about 40 days (Smith et 

al. 1974). The first event after amputation is healing of the wound and a layer of skin is 

formed. This gradually thickens to form the apical epidermal cap (AEC). The signaling 

between the AEC and the re-growing nerves is critical for subsequent regeneration 

(Stocum 2011). Underneath the newly formed skin, a specialized structure, called 

blastema, is formed (figure 1). Blastema cells proliferate extensively, thereby 

producing new cells which will build up the new limb (Brockes and Kumar 2008).  

 

 
Figure 1. Regeneration of a salamander limb proceeds through blastema formation. 

 

1.4.1 The blastema 

Blastema formation is a regeneration-specific phenomenon, seen in species that 

regenerate appendages (Akimenko et al. 2003, Reddien and Sánchez Alvarado 2004, 

Brockes 1997). One fascinating characteristic of the blastema is that it is autonomous, 

which has been demonstrated in a number of grafting experiments. For instance, 

grafting a limb blastema onto a fin still produces a limb at the ectopic site. A forelimb 

blastema transplanted to an amputated hindlimb will also produce a new forelimb 

(Nacu and Tanaka 2011). A similar event is seen in deer antler experiments when 

grafting the tissue area that overlays the point from where the new antlers will grow. 

This tissue region, called antlerogenic periosteum, will produce new but smaller 

antlers when transplanted to other sites. Rotation of the anterior-posterior axis of this 

tissue will produce antlers with improper orientation (Kierdorf and Kierdorf 2011).  

 

The salamander blastema is also autonomous in the sense of its position on the 

proximal/distal axis along the appendage. It will always give rise to a regenerate that is 

distal to the point of amputation, no matter if it is transplanted along this axis. This is 

demonstrated when grafting an upper arm blastema to an amputated lower arm, which 

results in a new upper arm, lower arm and a hand, that is, a duplication of the limb. 

Grafting a wrist blastema to an amputated upper arm results in the formation of a 

proper new limb, and not only a hand though (figure 2). However, in this case the 

blastema cells only contribute to the hand elements, and the stump instead forms the 

part between the upper arm and the wrist. 
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Figure 2. Illustration of the effect of positional discontinuity from grafting experiments (Nacu and 

Tanaka 2011). ANNUAL REVIEW OF CELL AND DEVELOPMENTAL BIOLOGY by ANNUAL 

REVIEWS, INC Copyright 2011 Reproduced with permission of ANNUAL REVIEWS, INC. in the 

format Dissertation via Copyright Clearance Center. 

 

The restriction of the blastema to always regenerate tissue that is distal to the point of 

amputation is named the rule of distal transformation. If the other axes, dorsal/ventral, 

or anterior/posterior, are not aligned in a grafting experiment, supernumerary limbs are 

regularly formed. This is believed to occur according to a model called the polar 

coordinate model (PCM). In this model, the cells are assigned graded positional values 

according to its position along the respective axis. If cells meet that do not have 

adjacent value, they respond by dividing in to daughter cells with more adjacent value. 

This division occurs through the rule of distalization, so that the daughter cells adopts a 

more distal identity (Nacu and Tanaka 2011).  

 

The blastema harbors the cells that eventually will form the new limb, and one question 

to be resolved is how homogenous this collection of cells is. That is, if the blastema 

contains cells that all can contribute to all tissue types and are not lineage restricted, or 

if the blastema cells have different lineage restrictions. There is also evidence 

suggesting that the blastema has a reprogramming potential (Tweedell 2010), meaning 

that it has the ability to dedifferentiate cells to a more progenitor-like state (see further 

below). These cells can then take part in the building the new tissue. The relative 

contribution of the different cells to the blastema is not known and is an ongoing 

research topic in regeneration research. 

 

1.4.2 Skeletal muscle 

The skeletal muscle is a well known contributor to the blastema during salamander 

limb regeneration (Brockes 1997, Kragl et al. 2009), although the extent of contribution 

remains unclear. Skeletal muscle tissue can contribute to the blastema by two different 

mechanisms. One is the activation of muscle reserve cells, and one is dedifferentiation 

of muscle fibers in to a progenitor cell. The relative contribution of these mechanisms 

to produce blastema cells is not known. Similarly, we do not know to what extent cells 

derived from skeletal muscle are lineage restricted and to what extent they shift lineage. 
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1.4.2.1 Muscle development 

In both salamander and mammalians, skeletal muscle is formed during embryonic 

development by a fusion process. The cycling muscle precursors, myoblasts exit the 

cell cycle, fuse with each other into a syncytium, the multinucleate myofiber. The result 

is a terminally differentiated, post mitotic cell. Molecules controlling this process are 

termed myogenic regulatory factors (MRFs). Early muscle specification markers are 

Myf-5 and MyoD, important for later differentiation are myogenin and MRF4 

(Megeney and Rudnicki 1995, Arnold and Winter 1998). Skeletal muscle has 

sarcomeric structures, which enable muscle contractions. One of the building blocks in 

these structures is myosin heavy chain (MHC), which often is used to mark 

differentiated muscle cell (Tanaka et al. 1997). In vitro studies of skeletal muscle are 

normally performed using so called myotubes. Myotubes are formed in vitro by 

exposing cultured myoblast to low serum containing medium, whereby they start fusing 

in to multinucleated cells. Similarly to their in vivo counterparts, myotubes are in a 

state of stable postmitotic arrest and express a range of terminally differentiated 

markers, such as MHC. 

 

1.4.2.2 The satellite cell  

Muscle tissue harbors a cell population called satellite cells. These cells have a reserve 

cell function and become activated upon injury. Satellite cells are situated beneath the 

basement membrane surrounding the muscle fiber but outside its plasma membrane 

(Mauro 1961). During normal physiological conditions, satellite cells remain quiescent, 

but upon exercise, injury or disease, they are activated. They will then proliferate, 

differentiate and fuse to form new muscle fiber (Schultz, Gibson and Champion 1978, 

Bentzinger, von Maltzahn and Rudnicki 2010). In the process of muscle hypertrophy, 

muscle increases its size by the addition of contractile proteins. This is often the effect 

of exercise, which results in the need of extra biosysnthesis, and hence more nuclei. 

Since myonuclei are normally mitotically hindered they cannot fit this need, and 

satellite cells are then believed to aid in this process by proliferating and fusing with the 

existing fiber (Wang and Rudnicki 2011).  

 

Satellite cells all specifically express the transcription factor Pax7 (Seale et al. 2000) 

which is commonly used as a marker for satellite cells. 

 

The severe human muscle disease Duchenne muscular dystrophy results in gradual loss 

of muscle function, ending in death of patients mostly before thirty years of age (Emery 

2002). The disease is caused by a mutation in the dystrophin gene which results in 

chronic injury of the muscle and the need for constant repair. It has been suggested 

that the progression of the disease is partly coupled to exhaustion of the regenerative 

capacity of the satellite cells (Hoffman, Brown and Kunkel 1987, Sacco et al. 2010). 
 

Lately, the regenerative potential of satellite cells has been the subject of several 

studies. In 2005, Collins et al, grafted muscle cells in the form of myofibers from mice 

to host which were unable to build muscle (dystrophin-KO mice). These experiments 

reported an event of one myofiber with approximately seven satellite cells generating 
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189 myofibers. This indicated that more than 20 000 new myonuclei had arisen from 

the seven grafted satellite cells. By using reporters of the activated satellite cell marker 

Myf-5 in donor satellite cells, they also saw that the transplanted cells contributed to 

establishing new satellite cells. When the host muscle was injured, the transplanted 

cells contributed to making new muscle and probably new satellite cells (Collins et al. 

2005). Later it was stringently shown that a single isolated satellite cell, expressing 

Pax7, can repopulate an injured muscle. Not only can it differentiate and form muscle 

cells, it can also give rise to new Pax7 expressing satellite cells (Sacco et al. 2008). 

These results confirmed that the satellite cell has stem cell properties.  

 

Cells that correspond to these satellite cells exist in the salamander. Morrison et al. 

found in 2006 these cells beneath a basal lamina, attached to the salamander muscle 

cell. However, they are separated from the fiber by en extra membrane. Similarly to 

mammals, these cells also express Pax7 and become activated during the regeneration 

process in the amputated limb. The study also showed that newt satellite cells, 

examined as a population, have the capacity to contribute to different tissue types 

(Morrison et al. 2006). These findings are important in because they show that a cell 

type that exists in mammals also participates in the regeneration in the salamander 

limb. The experiments also revealed that de-differentiation (see further below) may not 

be the sole mechanism by which skeletal muscle contributes to the blastema. In paper 

one we further characterized the satellite cells in limb regeneration.  

 

1.4.3 Dedifferentiation 

During various regeneration events, dedifferentiation is many times reported to be 

occurring. When the zebrafish heart is injured, the cardiomyocytes dedifferentiate with 

apparent disassembly of their sarcomeric structures. This enables them to reenter the 

cell cycle, proliferate and subsequently redifferentiate in to new heart cells (Jopling et 

al. 2010). Part of the regeneration capacity of the newt is believed to be due to its 

ability to dedifferentiate the cells. As mentioned previously, the newt pigment epithelial 

cells (PECs) transdifferentiate to lens cells after lentectomy. This process involves a 

dedifferentiation step in which the cells lose their pigmentation and shape. The cells 

reenters the cell cycle and proliferate, followed by differentiation in to lens cells that 

synthesize crystallins (Tsonis et al. 2004). 

 

I refer to the term de-differentiation in skeletal muscle considering two of each other 

independent events: First, the reversal of the fusion, called cellularization or 

fragmentation, which results in the appearance of mononuclear progeny. Second, 

reentry of the cell cycle from the post-mitotic state by either syncytial nuclei before or 

by mononuclear progeny after fragmentation. 

 

1.4.3.1 Naturally occurring skeletal muscle dedifferentiation 

In order to demonstrate cellular dedifferentiation, cellular tracing is ultimately 

necessary, so that the origin of the cell can be confirmed. Before this was made 

possible, Kintner and Brockes, showed in 1984 data suggesting that myofibers 

contribute to the blastema by dedifferentiation. They used a marker for blastema cells 
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in combination with a myofiber marker, and found double labeled cells. The position 

and timing of appearance of these cells indicated that they were dedifferentiating 

muscle rather than differentiating blastema cells. They appeared on the proximal end of 

the blastema, where newly formed muscle should not appear. The authors argued that 

they were not satellite cells, since satellite cells should not express muscle specific 

markers at that time of regeneration, and some fragments were also multinucleated 

(Kintner and Brockes 1984). In a later attempt to trace differentiated cells, rhodamine 

dextran was used to label cultured myotubes. This cytoplasmic label was used in 

combination with nuclear labeling in the form of 3H thymidin. The labeled myotubes 

were injected in to the blastema and monitored. The authors saw that double labeled 

mononuceate cells appeared in the blastema one week after injection, indicating that the 

multinucleated cell had dedifferentiated. They also saw labeled cells later during the 

regeneration, indicating that the dedifferentiated cells took part in building up new 

tissue (Lo, Allen and Brockes 1993). These data were later confirmed by implanting 

genetically labeled myotubes into the blastema (Kumar et al. 2000). In 2001, a study 

was performed by injecting rhodamine into resident myofibers. This led to the 

conclusion that multinucleated muscle in the axolotl tail fragmented into mononuclear 

cells which incorporated in the blastema (Echeverri, Clarke and Tanaka 2001).  

 

Evidence for mammalian skeletal muscle dedifferentiation has not been observed in 

vivo until recently but the significance of this remains unclear. In this study, a Cre-lox 

system was used to trace mouse muscle, which resulted in the interpretation that the 

muscle dedifferentiated after injury by forming mononucleate cells (Mu et al. 2011) .  

 

1.4.3.2 Induced dedifferentiation 

One of the most important scientific discoveries in recent years was that fully 

differentiated mammalian cells can be reprogrammed in to embryonic stem cells (ES 

cells), so called induced pluripotent cells (Takahashi and Yamanaka 2006). This study 

demonstrated that the potential of mammalian dedifferentiation clearly exists, but that it 

is not an easily accessed potential.  

 

Skeletal muscle, both mammalian and salamander has been reported to be able to 

dedifferentiate in vitro upon induction by various means. The dedifferentiation is 

manifested in the form of cellularization and/or cell cycle reentry. As stated previously, 

these events can occur independently of each other. For instance, when newt myotubes 

are stimulated by serum, they reenter the cell cycle but do not give rise to proliferating 

progeny (Tanaka et al. 1997). Conversely, when newt myotubes are blocked to reenter 

the cell cycle by forced expression of p16, they still give rise to mononuclear progeny 

upon implantation into the blastema (Velloso et al. 2000). 

 

Some data, which could not be confirmed in subsequent studies, indicated that a 

blastema extract causes myotubes to reenter the cell cycle, and also results in 

proliferating mononucleate cells (McGann, Odelberg and Keating 2001). Forced 

expression of Msx1 was shown to have the same effect (Odelberg, Kollhoff and 

Keating 2000). In 2010 it was found that suppression of the Retinoblastoma gene 
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simultaneously with the tumor suppressor ARF (alternate reading frame of the INK4a 

locus), lead to dedifferentiation of primary mammalian muscle (Pajcini et al. 2010). 

The small chemical myoseverin brings both salamander and mammalian cells to 

dedifferentiate in the form of cellularization, but the progeny do not proliferate 

((Duckmanton et al. 2005) and our unpublished observations; see further below). In a 

recent study, myotubes from the mouse muscle cell line C2C12, were reported to 

cellularize and initiate the cell cycle by inhibiting the differentiation marker myogenin 

(Mastroyiannopoulos et al. 2012). All these findings indicate that the potential of 

dedifferentiation of muscle cells exists, the question is then how is it accessed 

naturally? This is addressed in Paper 2. 
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2 PRESENT INVESTIGATION 

2.1 PAPER I 

“Plasticity and recovery of skeletal muscle satellite cells during limb 

regeneration” 

 

This paper is a further characterization of the satellite cells found in salamander skeletal 

muscle (Morrison et al. 2006). In the previous study, satellite cells were found activated 

when myofibers were removed from salamander muscle tissue and also in vivo, as a 

response to amputation of the limb. Satellite cells express markers corresponding to the 

mammalian satellite cells, such as Pax7 and M-cadherin. It was also shown that satellite 

cell progeny can in vitro be stimulated to differentiate in to chondrocytes as well as fat 

cells. Also the fate mapping performed showed that Pax7 progeny contribute to 

cartilage during limb regeneration (Morrison et al. 2006). These results were however 

not based on single cell studies, but studies at the cell population level. In addition, the 

labeling technique during in vivo fate mapping was not suitable for long term tracing of 

the cells. An issue that was not addressed was weather the satellite cell population is 

restored after multiple rounds of amputation or if they are depleted eventually.  

 

This project had the aim of long term tracing satellite cells during limb regeneration 

and to investigate their potential as an indefinite pool of reserve cells. It was also an 

attempt to further explore their multipotential capacity, which was indicated in the 

previous study.   

 

In order to address the long term reserve potential of the satellite cells, multiple rounds 

of amputation/regeneration experiments were conducted. Satellite cells were identified 

as Pax7 positive, situated adjacent to the muscle fiber. During the regeneration events, 

Pax7 positive cells reappeared to the same extent as they are found in an uninjured 

limb. They were also observed to proliferate among the newly formed muscle tissue, as 

they incorporated BrdU after the amputations. 

 

The cells for the tracing studies during limb regeneration were two independent 

clonally derived populations, originating from single satellite cells. These were 

obtained from salamander muscle after culturing satellite cells and isolating individual 

cells by cloning rings. Following expansion of clones, cells were genetically labeled by 

transducing them with adenovirus carrying green fluorescent protein (GFP). Expression 

analysis immediately before blastema injection showed that 90% of the cells were 

either expressing Pax7 or MHC, showing that they were derived from a myogenic 

satellite cell. 

 

The labeled cells were then injected in to the blastema of an amputated salamander 

limb. Thereafter, histological stainings were performed in order to monitor the injected 

cells. One day after injection, numerous GFP expressing cells were found, of which 

55% also expressed Pax7. 20% of the injected cells were proliferating, as measured by 
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their expression of proliferating cell nuclear antigen (PCNA). However, already four 

days after injection, and also at the later time point, no co labeling of GFP and Pax7 

was found. This indicates that the blastema had a drastic effect on the injected cells, 

resulting in the down regulation of Pax7. This is in accordance with known data, that 

there is usually no endogenous Pax7 expression seen in newt blastemas, except at very 

early time points (Morrison et al. 2006). However, at the four day time point, we saw 

that the injected cells expressed the muscle specific marker MHC, probably 

representing newly forming myotubes. In addition we saw the GFP expressing cells 

among cartilage forming tissue, as they showed collagen type II staining, which is a 

marker for this cell type.  

 

We next analyzed the regenerate at 27 days after injection. At that time point, we also 

saw that the GFP expressing cells contributed to cartilage tissue. However we did not 

see any GFP expression among muscle fibers. This could be because the expression of 

GFP from individual labeled nuclei might not be sufficient for the detection of GFP in 

the multinucleated muscle fiber. 

 

The results obtained from this study indicate that the satellite cells in the newt can act 

as a reserve cell population. The satellite cell population expressing Pax7, is restored 

after each round of regeneration. The progeny of satellite cells are also able to switch 

lineage during limb regeneration.  

 

Our results may contradict the result from the study performed by (Kragl et al. 2009), 

conducted in regenerating axolotl. One of the conclusions from this study was that cells 

in muscle tissue including satellite cells only contribute to muscle formation after 

amputation, and not to other cell types. The reason for this opposing finding might 

simply be due to different properties in these different species, but also to the fact that 

Kragl et al. studied a juvenile, not adult animal. It might be that mechanisms during 

development and fully grown animals do not overlap at all times. For instance during 

newt jaw regeneration, adult teeth are formed directly, instead of first growing juvenile 

teeth as during development (Ghosh et al. 1994). 

 

One observed difference between newt and axolotl is that Pax7 is not down regulated in 

the axolotl blastema, which is not the case in newt. This might reflect the potentially 

specific species differences between the two animals. The axolotl blastema contains 

large numbers of Pax7 positive cells. This difference may indicate that adult newt 

blastema has a more potent reprogramming activity compared to the blastema of the 

larval axolotl. It has also been shown that a newt limb blastema can reprogram 

cardiomyocytes in to skeletal muscle cells and cartilage forming cells, indicating the 

reprogramming potential of the newt blastema (Laube et al. 2006). Furthermore, factors 

that were used to reprogram mammalian fibroblasts into pluripotent cells (Takahashi 

and Yamanaka 2006) are also found in the newt blastema (Maki et al. 2009) and might 

also be an indication of a reprogramming potential. 
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2.2 PAPER II (MANUSCRIPT) 

“Cellular dedifferentiation by a programmed cell death response“ 

 

In this paper we propose a link between a programmed cell death (PCD) response and 

dedifferentiation. Our aim was to identify a natural mechanism that causes muscle cells 

to dedifferentiate. What actually brings the muscle cell to dedifferentiate in the 

regeneration context is not understood. As stated previously, differentiated muscle cells 

can be brought to dedifferentiation by several means in vitro, but a naturally occurring 

mechanism to exert this effect has not been described.  

 

What inspired the hypothesis in this paper was the finding made by Echeverri et al., 

who labeled resident myofibers in the axolotl tail prior to amputation. One of the 

conclusions was that the labeled fiber itself needed to be injured to a minor extent in 

order to dedifferentiate in vivo. They concluded this after following fibers that were cut 

the fiber to various degrees, see figure 3.  

 

 
 

Figure 3. A minor injury to the axolotl tail muscle fiber results in dedifferentiation of the fiber. Lack of 

physical injury to the fiber in conjunction to amputation does not lead to dedifferentiation, while a major 

injury results in the death of the fiber. Image modified from (Echeverri et al. 2001). 

 

Fibers that were cut in half degenerated and fibers that were not cut at all remained 

stable and did not dedifferentiate. However fibers that underwent a minor clipping at 

the tip dedifferentiated. This led us to hypothesize that a minor clipping causes a stress-

evoked programmed cell death response in the fibers that eventually results in 

dedifferentiation. The modes of programmed cell death are described in figure 4.  

 

 

Amputation close to the fiber 

results in no dedifferentiation, the 

fiber remains stable 

Amputation cutting the fiber in 

half results in degeneration of the 

fiber 

Amputation only cutting a minor 

part of the fiber results in 

dedifferentiation of the fiber 
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Figure 4. Apoptosis can proceed through the extrinsic or intrinsic pathway. The extrinsic pathway is 

initiated by activation of a death receptor in the plasma membrane. The intrinsic pathway is initiated by 

the mitochondria which loses its outer membrane potential (MOMP) allowing leakage of cytochrome c. 

Reprinted by permission from Macmillan Publishers Ltd: Nature Medicine (Kroemer and Martin 2005). 

 

Considerable amount of evidence suggest that cell death signals are involved in 

regenerative and repair processes in different species (Chera et al. 2009, Tseng et al. 

2007). According to those models, dying cells secrete signals that initiate surrounding 

cells to start dividing, in a process analogous to the compensatory growth in the 

Drosophila imaginal disc (Morata, Shlevkov and Pérez-Garijo 2011). However the 

possibility of a cell autonomous mechanism has not been addressed. The fact that a 

major cellular damage precluded fiber dedifferentiation in the Echeverri et al. study, 

indicates that it is only a limited extent of apoptotic stimulus that can exert a process 

leading to dedifferentiation.  

 

To test the hypothesis we started out by using the small molecule, myoseverin, that 

causes myotubes to cellularize into mononucleate cells, without leading to subsequent 

proliferation (Duckmanton et al. 2005). We found that prior to fragmentation; the 

myotubes showed elevated levels of activated caspase 3, which is a key executor of 

apoptosis. We also detected increased amounts of Apoptosis inducing factor (AIF) 

(Candé et al. 2004) in the myoseverin treated cells. In addition, myotubes exhibited an 

apoptotic phenotype in form of a reduced plasma membrane integrity as assayed by the 

dyes Yo-PRO and propidium iodide (PI). PI intercalates DNA in dead cells with lost 

membrane potential, and Yo-PRO stains DNA in cells with reduced membrane 

potential. The simultaneous use of these dyes revealed that myotubes adopted an 

apoptotic phenotype, as many of them were Yo-PRO positive, but were not dead since 

they were not PI positive. To further evaluate a possible apoptotic response after 

myoseverin treatment, we monitored them live with a dye that incorporates in to the 

mitochondrial membrane. This dye leaks out if the mitochondrial membrane potential 

is altered, which is a sign of apoptosis through the intrinsic pathway. After myoseverin 

treatment, the dye was leaking out more rapidly as compared to control myotubes.  
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These results showed that myoseverin evokes an apoptotic phenotype in the myotubes. 

We next examined whether known apoptotic stimuli brings the myotubes to cellularize 

to the same extent as myoseverin does. We used Staurosporine (STS) and Trichostatin 

A (TSA), which are both known to induce apoptosis. When myotubes were treated with 

appropriate concentrations of TSA or STS, their morphology changed in a similar way 

as after treatment with myoseverin. That is, they first acquired the beads-on-a-string 

appearance (figure 5) followed by cellularization to the same extent as they did when 

treated with mysoseverin.  

 

 
Figure 5.  Myotubes form a beads-on-a-string structure after myoseverin treatment.  

C: control myotubes, D: myoseverin treated myotubes. Reprinted by permission from Macmillan 

Publishers Ltd: Nature Biotecnology (Rosania et al. 2000) 

 

In a culture where myotubes have been formed by fusion of myoblasts, there are always 

residual myoblasts that have failed to differentiate through fusion. In a cellularization 

assay, it is therefore critical that only myotubes are labeled so that the mononucleated 

cells formed can be distinguished from the preexisting myoblasts. In order to achieve 

this, we labeled individual myotubes with a nuclear and cytoplasmic dye by 

microinjection of two constructs encoding for nuclear YFP (yellow fluorescent protein) 

and cytoplasmic RFP (red fluorescent protein). This is a stringent method to lineage 

trace myotubes (Morrison et al. 2007) assuring that whatever labeled cells appear, are 

derived from multinucleated myotubes.  

 

We then investigated whether the cellularization was depending on the apoptotic 

signaling. For this purpose we used a chemical called DIDS (4,4'-

diisothicyanatoostilbene-2,29-disulfonic acid), which blocks apoptosis at the level of 

the mitochondria outer membrane permeabilization (see figure 4). When we added 

DIDS to either STS or myoseverin treated cells, the fragmentation frequency was 

significantly reduced. This indicates that the cellularization is depending on intrinsic 

apoptotic signaling. Another cell death inhibitor, called Z-VAD (Polverino and 

Patterson 1997) which inhibits activation of caspases, only reduced cellularization 

frequency to a statistically non-significant degree. These findings indicate that 

cellularization is depending on the intrinsic apoptotic pathway, but not on caspases. 

 

The above results led us to test whether it was possible to derive proliferating progeny 

from postmitotic myotubes by sequential induction and inhibition of apoptosis. After 

two days of STS treatment, the time point when the majority of fragmentation events 
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usually had occurred, DIDS was added in order to alleviate cells from further PCD 

signals. This protocol led to cellular proliferation after fragmentation with an efficiency 

of approximately 0.1%. This may be perceived as a low frequency. However it is 

totally comparable with the reprogramming efficiencies using defined transcription 

factors, which is 0,01-0,1% (Yamanaka and Blau 2010). 

 

Paliwal and Conboy have recently found that inhibiting tyrosine phosphatase in 

combination with an apoptosis inhibitor causes dedifferentiation in primary mammalian 

myotubes. They also tested for the possibility that it was the apoptotic signaling alone 

that induced dedifferentiation. They did this by adding the well known apoptosis 

inducer doxorubicin, and could not see the same effect, even with the apoptosis 

inhibitor (Paliwal and Conboy 2011). It can be argued that probably not all parts of the 

apoptotic machinery is linked to dedifferentiation and the different apoptotic inducers 

use different part of their mechanisms of action. It is also possible that newt and 

mammalian myotubes respond differently to apoptotic stimuli. 

 

In summary we propose that, programmed cell death can lead to both death and 

dedifferentiation (figure 6), and the way forward now is to identify the point beyond 

which the pathway cannot be diverted towards dedifferentiation. 

. 

 

 
 
Figure 6. Hypothetical model linking injury to cellular dedifferentiation. 

The programmed cell death response in myotubes can lead either to death or to dedifferentiation, if 

stopped at the adequate point. Survival occurs by dedifferentiation and is manifested in the generation of 

new cells.  
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3 CONCLUDING REMARKS 

 

This thesis demonstrates two different possible mechanisms by which salamander 

skeletal muscle may contribute to the regeneration of the limb. First, the activation of 

resident reserve cells, and second the dedifferentiation of the postmitotic myotube to 

generate cells that can contribute to the regenerate. One question to be asked is why 

these two different mechanisms would exist simultaneously? The answer to that could 

be that the extreme amount of cells that are needed to produce a whole new limb, forces 

both of these mechanism to be executed. This could be compared to the normal tissue 

repair, where the need of new cells is not as high and might therefore only require the 

activation of satellite cells. Another aspect is that when a new limb has to be formed, 

there is need for architectural guiding, and perhaps the dedifferentiated cells possess 

positional information that can aid in structuring a newly formed limb (Brockes and 

Kumar 2002). Also, as proposed by Echeverri et al., the dedifferentiated cell might 

possess higher multipotentiality and repatterning potential, not possessed by the 

preexisting myogenic cell. 

 

Why are the findings included in this thesis interesting? The characterization of satellite 

cell behavior during regeneration is important because it shows what a cell type 

existing in mammals can do in a regenerative species. This knowledge can in turn guide 

future exploration of satellite cells’ regenerative potential. Further studies in this project 

could aim at refining the lineage tracing strategy of satellite cells during limb 

regeneration. Also avoiding the in vitro cultivation step is desirable to unequivocally 

determine the role of endogenous satellite cells. 

 

The second topic discussed in this thesis, dedifferentiation of skeletal muscle is relevant 

not only in the context of limb regeneration but also in the wider context of cellular 

reprogramming. This field has gained considerable research interest recent years, with 

the discovery of the reprogramming capacity of four transcription factors as a major 

breakthrough. As mentioned previously, the dedifferentiation efficiency with our 

method is about the same as with the four factor method (Yamanaka and Blau 2010). 

 

Perhaps skeletal muscle is particularly well suited for responding in alternative ways to 

apoptotic signaling. Its large volume with several nuclei might represent a relatively 

strong defense against apoptotic inducers acting on one part of the cell. Apparently the 

muscle cell can withstand a direct cellular injury, as showed by Echeverri et al., so at 

some point in the muscle, the effect of the injury has ceased. The possibility for the 

muscle to form individual cells through cellularization, might be the escape way from 

the full execution of the apoptotic process. This can be compared to the event of 

platelet formation from megakaryocytes, which was described as a compartmentalized 

apoptotic process. In this study it was observed that the progeny, the anucleated 

platelet, was lacking caspase 9, which was active in the progenitor cell, the 

megakarocyte (Clarke et al. 2003). 

 

As was also shown by Echeverri et al., the surrounding area of the muscle fiber is also 

important for the dedifferentiation to occur. The injured fiber has to be in a damaged 
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tissue area in order to dedifferentiate. In our model we induce the apoptotic machinery 

which might mimic the effect of both a damaged tissue surrounding and the effect of 

direct cellular injury. With this method we can generate mononucleate cells, and a 

small number of these cells that can re-enter the cell cycle and proliferate. It is possible 

that the relatively small fraction of cells that actually reenter the cell in vitro could be 

explained the lack of signals that might be present in the blastema. It might be that the 

blastema environment offer factors that antagonize the apoptotic machinery that could 

allow the final step of dedifferentiation to occur in the form of cell cycle reentry. 

Further studies could aim at seeking such factors. 

 

Alternatively, as the two events of dedifferentiation, cellularization and cell cycle 

reentry, are two independent processes, our proposed mechanism of dedifferentiation  

primarily affects the cellularization step. One known inducer of cell cycle reentry in 

both newt myotubes and PECs, is thrombin, a blood clotting factor, which acts through 

an unknown factor present in serum. The activity of thrombin is elevated in the 

blastema, and it has been speculated that thrombin could represent a link between 

injury and cell cycle reentry (Tanaka, Drechsel and Brockes 1999, Simon and Brockes 

2002). With this in mind, it might be worth optimizing the activity of thrombin in the 

medium during the pro-apoptotic treatment as an attempt to induce higher frequency of 

cell cycle reentry. 

 

The findings presented in this thesis are the result of an attempt to solve a part of the 

puzzle of salamander limb regeneration. This is a complex puzzle, but just 

understanding parts of this puzzle I believe is of value for the research in regenerative 

medicine. We will most likely never be able to regenerate a whole arm, but improving 

for instance modes of cell renewal might be possible. Another regeneration context 

where this is suggested is heart regeneration. The human heart cardiomyocytes has 

been found to renew throughout the life span of an individual and finding modes of 

stimulating this potential can be relevant (Bergmann et al. 2009). A recent study 

showed that the neonatal mouse can regenerate the heart in a similar fashion as the 

zebrafish, indicating that regenerative capability might be latent in mammals (Porrello 

et al. 2011).   

 

Salamander mechanisms for creating new and functional tissues after severe injury will 

always be of interest for medical science I believe, or at least for a long time a head. As 

salamanders rarely develop cancer, which might not be expected from an animal with a 

high capacity of cell cycle reentry of its post mitotic cells (Brockes 1997), this is a 

further reason to try to understand more about this remarkable animal. 
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