
 

 
Zentrum für Regenerative Therapien Dresden (CRTD) –  

DFG-Forschungszentrum und Exellenzcluster & Medizinische Fakultät  

Carl Gustav Carus 
Abteilung: Lehrstuhl für Präklinische Stammzelltherapie 

Direktor: Prof. Ezio Bonifacio, PhD (CRTD) 

 

 
Patterning of stem cells during limb regeneration 

in Ambystoma mexicanum 
 

 

 

 

 

 

 

 

Dissertationsschrift 

zur Erlangung des akademischen Grades 

Doctor rerum medicinalium 

(Dr. rer. medic.) 

vorgelegt 

der Medizinischen Fakultät Carl Gustav Carus 

der Technischen Universität Dresden 

 

von 

 

Dipl.- Ing. Kathleen Rönsch 

geboren am 17. Dezember 1982 in Löbau 

 

 

 
Dresden, den 30.11.2017 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

1. Gutachter: Prof. Dr. E. Bonifacio 

 

 

2. Gutachter: Prof. Dr. K. Guan-Schmidt 

 

 

 

 

Tag der mündlichen Prüfung: 30.11.2017 

        

      



 

 I 

 

 

Table	of	Contents	
TABLE	OF	CONTENTS	 I	

LIST	OF	ABBREVIATIONS	 III	

LIST	OF	FIGURES	 IV	

	

SUMMARY	 1	

1	 MOTIVATION	 1	

2	 STATE	OF	THE	ART	 6	
2.1	 THE	ORIGIN	OF	PROGENITOR	CELLS	IN	THE	LIMB	BLASTEMA	 6	

2.2	 THE	ORIGIN	OF	REGENERATED	SKELETAL	MUSCLE	TISSUE	 7	

2.3	 MOLECULAR	BASIS	OF	BLASTEMA	FORMATION:	TWIST	GENES	AS	LINEAGE		SPECIFIC	BLASTEMA		

	 CELL	MARKER	 9	
2.4	 PATTERNING	EVENTS	DURING	REGENERATION	 10	

2.5	 HOX	GENES	AS	MARKER	OF	PROXIMO-DISTAL	LIMB	SEGMENTS	 12	

2.6	 MODELS	OF	P/D	PATTERNING	DURING	DEVELOPMENT	AND	REGENERATION	 14	

2.6.1	 MODELS	OF	LIMB	DEVELOPMENT	 14	
2.6.2	 MODELS	OF	FORMING	PROXIMO-DISTAL	IDENTITIES	DURING	REGENERATION	 15	

3	 OBJECTIVES	 19	

4	 OWN	RESEARCH	RESULTS	 21	
4.1	 MYOFIBERS	DO	NOT	CONTRIBUTE	TO	LIMB	REGENERATION	 21	

4.2	 TWIST-1	AND	TWIST-3	SHOW	LINEAGE	SPECIFIC	EXPRESSION	PATTERN	 22	

4.3	 HOXA	GENE	REINDUCTION	FOUND	BY	MOLECULAR	ASSAYS	 24	

4.4	 THE	SEQUENTIAL	ORDER	OF	LIMB	SEGMENT	SPECIFICATION	CONFIRMED	BY		FUNCTIONAL	

	 TRANSPLANTATION	ASSAY	 26	

4.5	 HOXA13	IS	FUNCTIONALLY	INVOLVED	IN	THE	FORMATION	OF	FUTURE	AUTOPOD		CELLS			

	 DURING	REGENERATION	 27	

	



 

 II 

5	 DISCUSSION	 29	
5.1	 MYOFIBER	CONTRIBUTION	TO	REGENERATED	MUSCLE	IS	DIVERGENT	IN	TWO		DIFFERENT	SPECIES	 29	

5.2	 DEVELOPMENTAL	PROGRAM	IS	RECAPITULATED	DURING	REGENERATION	SHOWN		BY		

	 TWIST-1	AND	TWIST-3	EXPRESSION	PATTERN	 30	

5.3	 P/D	PATTERNING	OCCURS	IN	A	PROGRESSIVE	SPECIFICATION	 32	

6	 RESUMÉ	 35	

SUMMARY	[GERMAN]	 37	

BIBLIOGRAPHIE	 41	

LIST	OF	PUBLICATIONS	 48	
[KR1]	FUNDAMENTAL	DIFFERENCES	IN	DEDIFFERENTIATION	AND	STEM	CELL	RECRUITMENT	DURING		

	 SKELETAL	MUSCLE	REGENERATION	IN	TWO	SALAMANDER	SPECIES	 49	

[KR2]	MUSCLE	AND	CONNECTIVE	TISSUE	PROGENITOR	POPULATIONS	SHOW	DISTINCT	TWIST1	AND	

	 TWIST3	EXPRESSION	PROFILES	DURING	AXOLOTL	LIMB	REGENERATION	 52	

[KR3]	PROGRESSIVE	SPECIFICATION	RATHER	THAN	INTERCALATION	OF	SEGMENTS	DURING	LIMB	

	 REGENERATION	 55	

ACKNOWLEDGEMENTS	 57	

SELBSTSTÄNDIGKEITSERKLÄRUNG	 59	

ANLAGE	1	 60	

ANLAGE	2	 62	

 

 

 
 
 
 
 



 

   III 

 

List	of	Abbreviations	
 
Am  Ambystoma mexicanum 

A/P   anterior/posterior 

BrdU  Bromdesoxyuridin 

cDNA  complementary Deoxyribonucleid Acid 

DNA  Deoxyribonucleid Acid 

D/V   dorsal/ventral 

eGFP  endogenous Green Fluorescent Protein 

EST  Expressed Sequence Tags 

FGF  Fibroblast Growth Factor 

GST  Glutathione-S-Transferase 

GFP  Green fluorescent protein 

Hox  Homeobox genes 

LPM  Lateral plate mesoderm 

MEF2C Myocyte Enhancer Factor 2C 

Meis  Meis homebox gene 

MHC  Mysosin Heavy Chain 

Myf5  Myogenic factor 5 

Msx1  msh homeobox-1 

p.a.  post-amputation 

Pax7  Paired box protein Pax-7 

PCM  Polar coordinate model 

PCR  Polymerase Chain Reaction 

P/D  proximo-distal 

Prx1  Paired related homeobox-1 

PSM  Presomitic mesoderm 

RNA  Ribonucleic Acid 

RT-PCR Reverse-Transcriptase Polymerase Chain Reaction 

5’RACE Rapid Amplification of cDNA ends 

sc-PCR single cell – Polymerase Chain Reaction 

Tbx5  T-box transcription factor TBX5 

 



 

   IV 

 

List	of	Figures	
	
FIGURE	2.1-1	URODELE	LIMB	REGENERATES	AFTER	UPPER	ARM	AMPUTATION.	 6	
	
FIGURE	2.4-1	A	REGENERATED	LIMB	HARBOURS	MORE	DISTAL	STRUCTURES.	 11	
	
FIGURE	2.5-1	A	FUNCTIONAL	DOUBLE	KNOCK-OUT	OF	HOXA11	AND	HOXD11		
RESULTED	IN	THE	ABSENCE	OF	THE	RADIUS	AND	ULNA.	 13	
	
FIGURE	2.6-1	THEORETICAL	MODELS	OF	HOW	P/D	IDENTITIES	COULD	BE	RE-ESTABLISHED		
DURING	REGENERATION	BY	HOXA	GENE	EXPRESSING	POPULATIONS.	 16	
	
FIGURE	2.6-2	RE-EXPRESSION	OF	HOXA9	AND	HOXA13	DURING	REGENERATION.	 18	
	
FIGURE	5.1-1	MYOFIBER	CONTRIBUTION	TO	REGENERATED	MUSCLE	IS	DIVERGENT		
IN	TWO	DIFFERENT	SPECIES.	 29	
	
FIGURE	5.3-1	AXOLOTL	LIMB	BLASTEMAS	ACQUIRE	THEIR	POSITIONAL	IDENTITY	IN	A		
PROXIMAL	TO	DISTAL	SEQUENCE.	 32	
  



1 Motivation 
 

 1 

 

Summary	
 

1  Motivation 

Regenerative medicine is an emerging field of research with the promise of ’unlocking’ the 

body’s natural ability of self-repair. People suffering from organ failure, third-degree burns or 

limb amputation would greatly benefit from the ability to regenerate lost or damaged tissue 

structures. It would therefore be a significant ‘breakthrough’ to repair complex body 

structures using the molecules and concepts identified by studying regeneration in cellular 

reprogramming, stem cell biology and tissue engineering. Initially, it will be crucial to 

understand the fundamental mechanisms and signaling pathways that can stimulate our 

bodies to regenerate themselves. Mammals are generally accepted to be incapable of 

regenerating lost tissue structures and are unable to heal their wounds without scarring, 

which makes mammalian models unsuitable for studying regeneration. Currently, one of the 

main approaches to mammalian regenerative medicine is the isolation of stem cells, followed 

by their manipulation with the goal of directing their differentiation towards the 

morphogenesis of complex body structures (Bianco and Robey, 2001). In contrast to 

mammals, there is a group of vertebrates, called urodeles, that can faithfully restore various 

tissues following amputation. Many aspects of tissue repair in urodele amphibians, such as 

axolotls (Ambystoma mexicanum), resemble those occurring in mammals, but there is a 

characteristic distinction in the ability to restore the shape and pattern during tissue repair 

and regeneration between the two classes. During the process of mammalian tissue repair 

the shape is not restored, whereas during axolotl regeneration an excellent copy of the 

missing tissue is restored functionally and shapewise. Evolutionary considerations suggest 

that regeneration might be a biological principle that also underlies human wound healing. 

For decades, biologists have been extremely enthusiastic to understand the impressive 

regenerative ability of urodele amphibians to restore an entire organ because it is one of the 

most alluring examples of cellular plasticity. The axolotl represents a prime example: it 

provides an extraordinary system that can be used to elucidate cell and molecular 

mechanisms involved in the recruitment of progenitor/stem cells. Further, it is the only 

vertebrate that can regenerate multiple structures such as limbs, tail, spinal cord, jaws and 

skin at both larval and adult stages. Using the axolotl to study regeneration might give an 

insight into new promising strategies as well as clinically relevant therapies to induce human 

tissue repair.  
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During the process of regeneration, wound healing and the blastema cells are unique 

whereas dedifferentation and outgrowth are considered to be similar to the events that occur 

during vertebrate limb development. One fascinating aspect of the axolotl limb regeneration 

is that the progenitor/stem cells used for regeneration are of local origin; close to the 

amputation plane. Furthermore, as a characteristic regenerative response, they generate a 

population of undifferentiated, proliferative cells, the so called blastema cells, which gather at 

the distal part of the stump. The proximal limb tissue that remains after amputation is called 

the stump. The blastema contains cells of different tissue origins and with different 

differentiation potential. By self-renewal, establishment of pattern and differentiation, they 

form the replica of the limb including all different tissue types such as skin, muscles, 

peripheral nerves, blood vessels and connective tissue. It was shown by Kragl et al. in 2009 

(Kragl et al., 2009) that the blastema is in fact a heterogenous pool of restricted progenitor 

cells. The lateral late mesoderm-derived cells (LPM) build the cartilage and connective tissue 

while a separate pool of presomitic mesoderm-derived cells (PSM) build the limb muscle. 

The finding that limb blastema cells have restrictions similar to those of developing limb bud 

cells suggests that the signaling events in a blastema probably resemble those of limb 

development. A key question is not only which cells give rise to the blastema but also how? 

Therefore, refined lineage tracing of cells is required to understand the molecular mechanism 

of blastema cell generation.  
 

One of the questions that I have adressed is whether blastema cells are the progeny of 

reserve (stem) cells or of mature cells that undergo dedifferentiation? Initially, I focused on 

the question of whether proliferative cells that provide the raw material for regeneration arise 

from a population of resident stem cells or from dedifferentiation of mature cells. Muscle 

tissue is a complex structure composed of muscle cells, fibroblasts, blood cells, blood 

vessels and Schwann cells. Muscle cells were of particular interest because both muscle 

stem cells and mature muscle dedifferentiation have previously been implicated in 

salamander regeneration. Despite intensive studies (Slack, 2006; Hay, 1958; Calve and 

Simon, 2011), quantitative evidence of dedifferentiation was still missing due to a lack of 

techniques to perform long-term fate mapping of endogenous muscle fibers. Furthermore, 

the characteristic ability of salamander muscle fiber dedifferentiation has been accepted as a 

regeneration-specific ability. However, the experiments that supported muscle 

dedifferentiation were not shown in real-time in vivo. Therefore, it would be a major finding to 

confirm or even disprove muscle fiber dedifferentiation by studying this phenomenon under 

natural conditions in vivo. Previous in vivo sudies from my colleagues (Kragl et al., 2009) 

showed that blastema cells, derived from different limb tissues, remain restricted to their 
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lineages related to their embryonic origin by using an integrated GFP-transgene. It was also 

reported that during regeneration muscle makes muscle but not cartilage or epidermis. 

However, the experiments by Kragl et al., labeled both satellite cells (resident muscle stem 

cells) and mature muscle fibers; it was not resolved whether regenerated muscle tissue is 

derived only from stem cells, from dedifferentiated fibers or both. Our challenge was to 

investigate this long-outstanding question using genetic fate-mapping Cre-loxP (site-specific 

recombinase technology) to determine if muscle dedifferentiation occurs or if muscle tissue 

arises from a resident stem cell population ((Sandoval-Guzman et al., 2014) [KR1]).  

 

Another important investigation for this field is to determine whether or not mature cells in the 

axolotl limb retain some stem cell-like properties or if blastema cells are genetically 

reactivated de novo during regeneration. A more precise understanding of limb regeneration 

will require the ability to molecularly identify different types of blastema cells. Another 

challenge is to identify molecular markers associated with progenitor cell identity are required 

to promote proliferation and patterning of the limb ((Kragl et al., 2013) [KR2]). So far, we 

know that the blastema is a pool of heterogenous progenitor cells (Kragl et al., 2009) and 

that they retain a memory of their lineage, but it is important to determine if any newly 

identified molecular markers can be used to distinguish LPM- (lateral plate mesoderm) or 

PSM- (pre-somitic mesoderm) derived cells or other lineages. It is also important to 

determine if molecular markers associated with limb bud development are also associated 

with limb regeneration. There are a number of blastema cell markers such as Msx1 (Carlson 

et al., 1998; Koshiba et al., 1998; Simon et al., 1995), Tbx5 (Khan et al., 2002) and Prrx1 

(Satoh et al., 2007; Suzuki et al., 2005) that have already been identified. At early stages, the 

blastema contains mainly dermis-derived cells and is enriched with cells expressing these 

markers, which are found in the limb bud as well. Connective tissue-derived cells most likely 

reactivate the expression of these marker genes (including Hox genes), but it is unknown if 

this represents differentiation and reactivation of embryonic mechanisms or if the resident 

stem cells already harbor this information.  

We decided to include the putative homologue of Twist as a candidate gene, even though it 

is known that Twist, as an early marker of limb blastema, is expressed in mesodermal cells 

during development, as shown in other species (Tavares et al., 2001). Focusing on our newly 

isolated Twist sequences, we were encouraged to study the molecular profile of the blastema 

cells using several progenitor cell markers in order to observe the specific tissue types 

involved in blastema formation. Therefore, we molecularly profiled individual blastema cells 

using the newly employed single-cell PCR (sc-PCR) analysis (developed by Martin Kragl). By 

using sc-PCR, individual cells of the regenerating limb (GFP+ labeled dermis,-muscle- and 

cartilage derived cells) are dissociated and analyzed for their expression combined with 
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several progenitor cell markers. We further linked their expression profile to their embryonic 

lineage by cell tracking experiments. 

 

Investigations of how the resident stem cells in the adult urodele amputated limb become 

patterned are indeed crucial. In general, patterning is the process in which the positions and 

identities of cells with different fates are laid down. Remarkably, if a fully developed adult 

limb is amputated through the upper arm, only the distal part of the upper arm along with the 

complete lower arm and hand segments will be regenerated. The cells at the amputation 

plane will always regenerate elements more distal; a phenomenon that has been termed as 

‘the rule of distal transformation’ (Butler, 1955; Rose, 1962). Additionally, transplanting a 

whole hand blastema onto an upper arm stump results in regeneration; the positional 

information between the stump and the hand blastema is intercalated. The intercalated tissue 

was shown to arise from the proximal stump (Maden, 1980). These results indicated that the 

cells at the amputation plane have an identity associated with their position along the 

proximo-distal (P/D) axis. But how do blastema cells form the exact missing portion of the 

limb independently from the level of amputation along the proximo-distal axis? The ability of 

mature cells to know their position within the proximo-distal axis of the limb and the ability of 

blastema cells to know what pattern they have to re-form is called positional information 

(Wolpert, 1969). The cells aquire the positional information along the proximo-distal axis of 

the limb from the shoulder (most proximal) to the tip of the fingers (most distal). Blastema 

cells (limb bud-like mesenchymal cells) as well as developing limb buds possess this 

information very early to form exactly the missing structure. The main focus of my project 

was to study how the mechanism of P/D patterning occurs during limb regeneration in 

comparison with development. Is regeneration of the appropriate limb segments (upper arm, 

lower arm and hand) occuring in a sequential order as it is proposed during development? Or 

is intercalation (insertion of the intermediate element-lower arm) at later stages the 

mechanism for segment formation during limb regeneration? It had been suggested for a 

long time that, independent of the level of amputation, the first cells that arise at the 

amputation plane are specific to hand cells creating a gap in positional identity, which 

triggers the progenitors of the intermediate element from the stump (Gardiner et al., 1995). 

Based on whole-mount HoxA gene expression data, Gardiner et al. (Gardiner et al., 1995) 

concluded that patterning during regeneration is fundamentally different from that during 

development. The authors (Gardiner et al., 1995) go on to propose the ‘distal-first’ hypothesis 

based on the finding that the early blastema is composed of cells with distal-most (hand 

identity) and proximal identities (upper arm identity) postulating the following intercalation of 

the intermediate element (lower arm identity). But clear evidence supporting or even 

disproving this model is lacking. In my study ((Roensch et al., 2013) [KR3]), we aimed to 
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achieve a qualitatively higher molecular and cellular resolution by section in situ 

hybridizations in comparison to whole mount hybridizations (Gardiner et al., 1995). 

Furthermore, the early limb blastema - 1 and 2 days post-amputation (p.a.) is a liquid 

infiltrate of inflammation and clotting associated material so the signal could have orginated 

from immune cells rather than prospective blastema cells (Lawrence et al., 1996), or the 

probe could have been trapped in the cavity. Due to the availability of the techniques, we 

focused on the critical early patterning events by using markers for different limb segments. 

This included our newly isolated specific posterior axolotl HoxA9, HoxA11 and HoxA13 

sequences as markers of the future upper arm, lower arm and hand identity respectively. Our 

challenge was to study in which order the spatial domains are re-established during proximo-

distal patterning in comparison to development.  
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2  State of the Art 

2.1 The origin of progenitor cells in the limb blastema  

Urodele limb regeneration occurs through different morphological changes and three 

characteristic steps, which are 1) wound healing and blastema formation, 2) proliferation and 

limb outgrowth, 3) differentiation and patterning of the missing structure (Figure 2.1-1 (Goss, 

1969)) . 

 
Figure 2.1-1 Urodele limb regenerates after upper arm amputation. Initially, the wound is covered 

by wound epidermis. A blastema forms adjacent to the wound epidermis and expands due to cell 

proliferation. After the early digit stage the differentiation becomes obvious, the regenerate further 

grows and a fully patterned limb is formed. Blue line marks the plane of amputation at the level of 

humerus. Adapted from (Goss, 1969). 

After limb amputation, the exposed stump is covered by a wound epidermis and the 

blastema is formed underneath (Hay and Fischman, 1961). Within hours after amputation, a 

simplified epithelium crawls over the stump. Underneath the epidermis, cells derived from 

serveral mesodermal adult tissues undergo an extended period of proliferation to form a 

blastema. Depending on the size and age of the urodele amphibians, the blastema is visible 

between 3 and 7 days post-amputation (p.a.). The blastema, a zone of mesenchymal 

progenitor cells that accumulates underneath the wound epidermis, proliferates and will 

completely replace the missing structure – the original fully patterned limb. In general, the 

blastema cell is defined as a cell in the mesenchymal portion of the blastema. Blastema 

includes cells that have different tissue origins and differentiation potential. Until the late 
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midbud stage of regeneration, the blastema has a cone-like shape and resembles 

morphologically the developing limb bud.  

 

The process of blastema formation has not been thoroughly elucidated, but it is known to 

arise from of various fully differentiated mesenchymal tissue types at the amputation plane, 

such as dermis, muscle, bone or Schwann cells. How blastema cells originate from the 

mature cells in the stump is still unknown. Possibly, blastema cells arise as a result of 

activation and proliferation of resident stem cells or as a result of dedifferentiation of local 

differentiated cells. Evidence of blastema cells arising as a result of dedifferentiation came 

from studying muscle fibers in salamander regeneration.  

 

2.2 The origin of regenerated skeletal muscle tissue 

It was shown, that muscle is an important contributor to blastema formation (Brockes, 1997). 

The skeletal muscle fiber in is a multinucleate cell type and its differentiation during 

embryonic development is characterized by the cellular fusion of somite-derived precursor 

cells (Buckingham, 2001; Tajbakhsh, 2005). One fascinating aspect is the reversal of 

differentiation during salamander appendange regeneration. The hypothesis that blastema 

cells arise as a result of dedifferentiation of resident stem cells was based on the 

morphological changes in muscle fibers during regeneration (Hay, 1958) observed by 

electron microscopy. In this study, they detected mononucleated cells, which seemed to 

break off from existing muscle fibers and enter the blastema. Another study used in vitro 

cultured newt myotubes, which were labeled with dye or transfected with virus, to show that 

myotubes are able to fragment and contribute to the regenerate after reimplanting them back 

into the regenerating limb blastema (Kumar et al., 2000; Lo et al., 1993).  

 

In contrast to salamanders, adult mammalian skeletal muscle regenerates after injury without 

forming a blastema (Charge and Rudnicki, 2004). Also, the mammalian skeletal muscle 

regeneration does not include the cellularization of mononucleated cells. Instead, a stem cell 

population (satellite cells), which expresses Pax7 (generic marker of satellite cells), reenters 

the cell cycle, proliferates and incorporates into nascent or preexisting myofibers during 

mammalian muscle regeneration (Cornelison and Wold, 1997; Collins et al.,2005).  

Evidence that resident stem cells most likely participitate in regeneration was demonstrated 

in Xenopus tail regeneration (Chen et al., 2006; Gargioli and Slack, 2004). When only muscle 

fibers of the Xenopus were genetically altered to constitutively express GFP, no blastema 

cells expressed GFP upon tail amputation. However, when the experiment was repeated in 

animals where both muscle fibers and satellite cells expressed GFP constitutively, cells 
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expressing GFP were observed in the blastema, indicating that satellite cells are the main 

soure of muscle progenitors. Other studies in salamander also demonstrated that PAX7+ 

cells exist in mature muscle tissue and become proliferative after limb amputation (Morrison 

et al., 2006). They used BrdU to track cultured newt muscle satellite cells (PAX7+) in vivo to 

show that BrdU positive cells labelled the cartilage, muscle and epidermis after complete 

regeneration. Most likely, BrdU could have been transfered from transplanted cells to the 

host cells (Burns et al., 2006). Interestingly, until that time it was widely accepted that 

dedifferentiation of muscle cells are the source of blastema cells. The distinctive 

characteristic of muscle fibers to dedifferentiate was thought to be a salamander-specific 

regenerative ability. Skeletal muscle has been intensively studied (Slack, 2006), but so far 

the quantitative evidence of dedifferentiation has been missing due to the inability to perform 

long-term fate mapping of endogenous muscle fibers.  

 

Therefore, it is still debatable as to whether or not muscle tissue acquires a broad plasticity 

(Echeverri and Tanaka, 2002). Further studies based on short-term muscle labeling indicated 

that during the first weeks after amputation of a limb or tail, multinucleated myofibers and 

implanted myotubes dedifferentiate into mononuclear, proliferative cells (Calve and Simon, 

2011; Echeverri et al., 2001; Lo et al., 1993). The newt myotube nuclei were stimulated in 

vitro to re-enter the cell cycle (Tanaka et al., 1997) and it was further demonstrated that 

several conditions could induce myofiber fragmentation into smaller myotubes or even 

mononuclear cells (Calve et al., 2010; Duckmanton et al., 2005; Kumar et al., 2004; 

Odelberg et al., 2000). Short-term experiments that traced dextran-injected myotubes 

implanted into a newt limb blastema showed that transplanted cells incorporated into 

cartilage, suggesting that muscle cells dedifferentiate into multipotent progenitor cells (Lo et 

al., 1993). However, the suggested muscle cell plasticity could have been a result of in vitro 

conditions and may not occur in vivo. At this time it was crucial to permanently label different 

cell types using an integrated GFP-transgene (Kragl et al., 2009). Using this transgenic tool 

of genetic fate mapping, my colleagues demonstrated that mature muscle cells form 

regenerated muscle tissue, but not cartilage or epidermis. However, it remained unclear 

whether regenerated muscle tissue is derived from satellite cells, from dedifferentiation of 

muscle cells or even both. In fact few studies have investigated the contributing tissues at a 

cellular level to this day (Iten and Bryant, 1973). A lack of molecular blastema markers has 

also impeded the perspective isolation of blastema progenitors. It is therefore still unclear if 

differentiated cells reverse their mature phenotypes or to what extent undifferentiated cells, 

such as stem cells, localized within differentiated tissue, become activated.  
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2.3 Molecular basis of blastema formation: Twist genes as lineage 
 specific blastema cell marker 

The developmental potential of the progenitor cells within the limb blastema are similar to the 

progenitor cells in the limb bud. It was shown that lateral plate mesoderm-derived cells form 

the cartilage and the dermis whereas a separate pool of presomitic mesoderm-derived cells 

build the muscle during limb regeneration (Kragl et al., 2009). It is known that Twist, as one 

early marker of limb blastema mesenchyme, is expressed in mesodermal cells during 

development, as shown in other species such as chicken (Tavares et al., 2001). To what 

extent are they molecularly recapitulated during blastema formation? Studying the 

expression pattern during the course of limb regeneration would provide insight into whether 

or not Twist-1 and Twist-3 are expressed in distinct spatial domains during development in 

comparison to regeneration. Furthermore, determining the pattern of Twist expression in 

different progenitor cell populations during limb development versus limb regeneration could 

reveal to what extent the regenerative process reflects or even recapitulates the process of 

limb development.  

 

Twist-1 was shown to be expressed in the early limb bud. It plays a crucial functional role in 

growth and differentiation as well as in regulation of limb bud patterning (Krawchuk et al., 

2010; Loebel et al., 2012; O'Rourke and Tam, 2002; Tavares et al., 2001). Loss of function 

leads to pleiotropic defects in limb growth and patterning (O'Rourke and Tam, 2002). 

Furthermore, Twist-1 is an essential mesenchymal transcription factor to maintain epithelial-

mesenchymal signalling during limb bud progression. The limb outgrowth of a Twist-1-/- 

knock-out demonstrated that the mouse forelimb bud was impaired and smaller compared 

with wild type (Chen and Behringer, 1995; Zuniga et al., 2002). Further studies of Twist-1-/- 

knock-out mice showed reduced FGF-10 expression and absence of FGF-4 expression 

(O'Rourke et al., 2002). During early chicken embryonic development, Twist-1 was found in 

the somites, lateral plate mesoderm and limb mesenchyme. At later stages the expression 

was detected in the sclerotome, dermatome, limb bud mesenchyme and interdigital regions 

(Tavares et al., 2001), which are regions that give rise to the developing limb bud. In mice, 

Twist-1 gene expression was detected in head neural crest, sclerotome dermatome of the 

somites, in the lateral plate mesoderm and in the developing limb bud (Li et al., 1995; Wolf et 

al., 1991). Therefore, Twist-1 was identified as an important early molecular regulator during 

limb development that is expressed in undifferentiated mesenchymal tissue of the developing 

limb bud. It represents a useful candidate marker for a large population of limb blastema 

cells.  
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Expression analysis of Twist-2 and Twist-3 (also called Dermo1) in mice and avians showed 

that both are initially present in subectodermal mesenchyme from early dermal differentiation 

and later in the development of skeletal elements (Chen and Behringer, 1995; Li et al., 1995; 

Scaal et al., 2001). Furthermore, it is important to consider the phylogenetic analysis of the 

Twist genes. Nine representative species were used to study the vertebrate Twist family and 

three family members were found: Twist-1, Twist-2 and Twist-3. Twist genes are highly 

conserved, but the copy number and function have diverged. During vertebrate evolution, 

multiple deletions and duplications of Twist genes occurred in various evolutionary lineages 

(Gitelman, 2007). For example, chicken and fish have retained all Twist genes whereas 

mammals have lost Twist-3 and preserved Twist-2. In Xenopus, a member of the 

amphibians, Twist-2 was lost but the Twist-3 paralog aquired Twist-2 functions. The two 

paralogs (Twist-2 or Twist-3) appear to play similar roles and show similar expression 

patterns.  

 

So far, in axolotl, only one partial Twist-like sequence has been studied (Satoh et al., 2008). 

Satoh et. al. isolated a partial Twist sequence from axolotl, containing the highly conserved 

bHLH region. The first axolotl orthologue of Twist was sequenced by that time, but the exact 

orthology remained unclear. Satoh and colleagues described its expression pattern during 

limb regeneration and Twist was shown to be a marker for blastema cell dedifferentiation of 

the connective-tissue derived cells during limb regeneration. Further investigations of the 

connective tissue cells during P/D patterning of the limb are indeed crucial.   

  

2.4 Patterning events during regeneration  

Structures more distal to the amputation plane are restored during regeneration. Historically, 

scientists performed rudimentary experiments to describe the fundamental characteristics of 

a regenerated limb. For example, if a fully developed adult limb is amputated through the 

upper arm, the distal part of the upper arm, elbow, lower arm, wrist and hand will be 

regenerated. When the amputation happens at the level of the hand- only the hand element 

will regenerate. The cells at the amputation plane will always regenerate limb elements more 

distal to that location, a phenomenon termed ‘the rule of distal transformation’ (Figure 2.4-1). 

The phenomenon was demonstrated by creating a limb that was inverted along the P/D axis 

(Butler, 1955; Rose, 1962). A hand stump was sutured to the body trunk of the same animal 

and allowed to heal. The distal element (hand stump) ended up being proximal to the elbow. 

Amputation of the limb through the upper arm in both cases lead to regeneration of 

structures distal to the amputation plane. The results demonstrated that cells at the level of 

amputation posses an identity associated with their position along the P/D axis. Therefore, 
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the resident cells of a fully developed limb need to know their position within the limb and 

cells which enter the blastema need to know which element of the P/D axis they have to 

rebuild (Wolpert, 1969).  

 

 
Figure 2.4-1 A regenerated limb harbours more distal structures. The hand stump was sutured to 

the body trunk. After healing, the limb was amputated through the upper arm. The elements distal of 

their origin regenerated in both cases-from the normal upper arm stump and from the inverted limb. 

Original experiment described in (Butler, 1955), Adapted from (Nacu and Tanaka, 2011). 

Previous experiments have shown that the essential patterning information is already 

established very early in the blastema at the stage when the cells are still undifferentiated 

(Dearlove and Stocum, 1974; Michael and Faber, 1961; Stocum, 1968). This was 

demonstrated by transplantation of the midbud blastema stage to a neutral environment, 

such as the dorsal fin, where it resulted in the formation of all limb elements that would have 

formed in situ (Stocum, 1968). Another study (Echeverri and Tanaka, 2005) from our lab 

found that patterning information is required very early during the course of regeneration by 

performing cell labeling and inter-blastema transplantations experiments. The cells in the 

proximal and distal region were labeled by electroporation a plasmid that expresses 

constitutively GFP. Depending on where the cells were labeled (proximal vs. distal) they 

ended up in their region of origin-the labeled cells were found in the regenerated upper arm 

and hand. The authors concluded from the results that the blastema is probably a mixed pool 

of cells with different positional identities that sort themselves out at later stages during 

regeneration. When fluorescent cells from the distal tip of a 4 day hand blastema stage were 

transplanted to the proximal region of an 8 day blastema, the labeled cells contributed to the 

regenerated hand, indicating that at that time the cells were already specified to their distal 

cell fate. Another sudy demonstrated by transplanting a hand blastema onto an upper arm 

stump results in intercalation of the intermediate (lower arm) missing structures from the 

stump cells (Maden, 1980). Intercalation has been defined on a tissue level phenomenon. On 

a cellular level, intercalation would imply that progenitor cells at the amputation plane have a 

graded property manifested on their surface. When most proximal and distal cells ‘meet’ 

each other- the cells respond by proliferation and producing cells that ‘fill in’ the missing part. 

Intercalation does not occur when a hand blastema was grafted onto the lower arm 

blastema- cells will migrate to the wrist of the regenerate and will form an ectopic hand, 

indicating the critical role of cell surface interactions in pattern formation. The experiments 
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from Echeverri et al. (Echeverri and Tanaka, 2005) and Maden (Maden, 1980) supported the 

model where the most distal structures are specified first during regeneration and the values 

between the stump (proximal) and the distal cells are intercalated. 

 

From these studies, a new question arose: Is positional identity tissue specific? In 2009, 

Kragl et al. (Kragl et al., 2009) showed that fingertip GFP+ labeled cartilage cells were 

transplanted into the upper arm of a white host. After healing and folllowing amputation, 

GFP+ cells were not found in the upper arm nor in the lower arm, but only in the hand region. 

Cartilage cells cannot produce more proximal cell types then their position of origin and, 

hence, they obey the rule of distal transformation. In contrast, upon similar transplantations, 

Schwann cells were found along the entire P/D axis of the limb and therefore do not obey 

that rule. Furthermore, cartilage-derived cells express molecular markers of P/D positional 

identity such as HoxA13 whereas Schwann cell-derived cells do not. Nacu et al. (Nacu et al., 

2013) demonstrated that connective tissue cells, and not muscle or Schwann cells, are 

involved in the establishment of the P/D patterning. Taken together these results indicate that 

connective tissue cells are the main cellular determinants of limb P/D patterning during 

regeneration. 

 

2.5 Hox genes as marker of proximo-distal limb segments 

How is positional identity established in order to give rise to more distal parts of the limb? 

And how are limb segments re-specified after amputation? A likely contributor to these 

processes is the HOX family of homeodomain transcription factors, which play an important 

role in pattern formation of the primary and secondary body axis during development. 

Mammals have four HOX clusters- HoxA, HoxB, HoxC and HoxD. The expression of genes 

from the HoxA locus is generally collinear, which means that during limb development they 

are expressed in order of their location on the chromosome. The 3’ Hox genes are expressed 

first whereas the 5’ located Hox genes are expressed later and more distally of the limb bud. 

HoxA and HoxD genes (paralog genes) are useful markers to study P/D positional identity, 

showing similar but not identical expression domains. During early limb bud development, 

the Hox9 paralogs are detected throughout the entire limb bud, Hox11 paralogs are 

expressed in future lower limbs and hands and Hox13 paralogs are expressed in the future 

carpus and digits exclusively (Zakany and Duboule, 2007). In later stages of development 

the Hox genes have distinct expression domains (Nelson et al., 1996; Tabin and Wolpert, 

2007). A functional double knock-out of hoxa11 and hoxd11 in mice resulted in an absence 

of the radius and ulna (Davis et al., 1995) (Figure 2.5-1). A combined knock-out of hoxa13 

and hoxd13 showed drastic malformations of the hand and digits (Fromental-Ramain et al., 



2 State of the Art  
 

 13 

1996b), demonstrating the important role of Hox elements during limb development. Since it 

is well established that the HoxA family can function as a marker of proximo-distal positional 

identities, we are able to investigate the progression of limb segment identities during 

development as well as during regeneration.   

 

 
Figure 2.5-1: A functional double knock-out of hoxa11 and hoxd11 resulted in the absence of 

the radius and ulna. (A) S- stylopod comprising humerus, defining upper arm; Z- zeugopod 

comprising radius and ulna, defining lower arm; A – autopod comprising carpus and digits. Hox9 

paralogs during early limb development will give rise to the cells of the whole limb (stylopod, zeugopod 

and autopod), Hox11 paralogs will mark the cells of the future zeugopod and autopod and Hox13 

paralogs will give rise to the cells of the future digits of the autopod. (B) In the absence of both 

HoxA11 and HoxD11 the zeugopod is truncated. Stylopod is normal and autopods detected with minor 

defects.   
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2.6 Models of P/D patterning during development and regeneration  

Based on the studies of markers for P/D positional identities, several models have been 

proposed to explain in which order the proximo-distal structures are specified during 

development and regeneration. 

 

2.6.1 Models of limb development 
Morphologically, vertebrate limbs consist of three major segments: upper arm, lower arm and 

hand. Already before these structures become recognizable, developing vertebrate limb buds 

can be subdivided into three distinct regions based on the expression of the limb segment 

markers (posterior HoxA family). The zone expression HoxA9+/HoxA11-/HoxA13- will give 

rise to the progenitor cells of the upper arm, HoxA9+/HoxA11+/HoxA13- of the lower arm, and 

HoxA9+/HoxA11+/HoxA13+ will form the hand element (Fromental-Ramain et al., 1996a; 

Fromental-Ramain et al., 1996b; Zakany and Duboule, 2007).  

 

Two main classes of models have been proposed in the past to explain how the proximo-

distal structures are specified during development. The first class of models propose that the 

progenitor cells are specified in a proximal to distal order during limb development. This is 

supported by the ‘progress zone model’ (progressive specification) (Summerbell et al., 1973). 

According to the model, signals from the overlaying AER (Apical Ectodermal Ridge), a 

thickened epithelium, keep the cells in an undifferentiated state. The proximo-distal values 

are specified by the period of time cells spend in the undifferentiated zone (the progress 

zone). The distal cells in the progress zone autonomously undergo a progressive change of 

proximo-distal positional specification from more proximal to distal cell fates, for as long as 

they are within the progress zone. The ‘progress zone model’ is consistent with the molecular 

expression data that indicates that progenitor cells express HoxA9, followed by the 

sequential expression of HoxA11 more distally and the nested expression of HoxA13 in the 

distalmost tip, as the developing limb bud emerges shown in other vertebrates such as mice 

and chicken (Haack and Gruss, 1993; Nelson et al., 1996; Yokouchi et al., 1991). This 

expression data combined with functional studies suggested that the progenitor cells are 

specified in a proximal to distal order during limb development.  

 
 

The second class of models, such as the ‘early specification model’, suggests that all 

proximo-distal limb segments are specified early during development (Dudley et al., 2002). 

The segment-specific progenitor pools expand during limb bud expansion and the distal limb 

mesenchyme becomes progressively determined. The model was developed to explain the 

distal truncations observed by AER removal. As the limb bud emerges, a 200-µm domain of 
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cell death becomes a proportionally smaller portion of the total limb bud, resulting in 

progressively less distal truncations in skeletal pattern. By fate mapping experiments, it was 

demonstrated that marked distal cells are not incorporated into skeletal structures after AER 

removal (Dudley et al., 2002). Therefore, the skeletal trunctions follwed by AER removal 

would reflect the apopotic loss of already specified elements.  

 

Further ‘opposing gradient models’ take into account other observations. For example, FGFs 

have been shown to restrict the RA effects in the distal region of the developing limb bud 

(Mariani et al., 2008; Mercader et al., 2000). An endogenous morphogen, such as retinoic 

acid, produced proximal to the limb bud, is also known to be involved in limb patterning 

(Mandal et al., 2013; Rosello-Diez et al., 2011) by acting as an inducer of proximal 

characteristics (Mercader et al., 2000; Yashiro et al., 2004).  

 

Both the ‘early specification model’ and the ‘progress zone model (described above) are 

based on historical data. However, when considering more recent molecular data, neither of 

these models can explain current observations. Lewandoski et al. in 2000 (Lewandoski et al., 

2000) demonstrated that FGF-8 signaling from the AER is indeed necessary for the limb 

development. These days, a new way of conceptualizing proximo-distal specification (Tabin 

and Wolpert, 2007) was proposed in 2007 by the ‘differentiation-front model’ (Tabin and 

Wolpert, 2007). It postulates that P/D identities are determined as the proliferating 

mesenchyme leaves the undifferentiated zone- the timepoint when mesenchyme is no longer 

under the influence of the proximalizing action of retinoic acid (RA) and the proliferative and 

distalizing influence of the AER-FGF signaling (Mercader et al., 2000). As the limb bud 

emerges and cells leave the range of RA-signaling, the cells distalize, whereas the proximal 

cells are progressively determined as indicated by limb segment-specific marker genes. The 

cells distal of the Meis (marker of the future stylopod) (Mercader et al., 2005) zone express 

HoxA11 whereas the cells at the tip of the limb bud have the most distal identity and express 

HoxA11 and HoxA13. During later stages of limb development, the distal cells only express 

HoxA13.  

In principle, regeneration does not necessarily create a whole limb; it just regenerates the 

missing structures distal of the amputation plane. Therefore, regenerative proximo-distal 

identity specification is possibly different from development. We need to consider several 

models of forming proximo-distal identities. 

 

2.6.2 Models of forming proximo-distal identities during regeneration 
Several models that describe the regeneration of the different limb identities need to be 

considered in the case of how early patterning events might occur (Figure 2.6-1). This is 
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because there are some alternative models postulated of how the blastema is formed at 

early stages and expands during limb outgrowth. 

 

 
Figure 2.6-1 Theoretical models of how P/D identities could be re-established during 

regeneration by HoxA gene expressing populations. (A) A morphogen gradient in the blastema 

determines the positional identity of the cells. (B) All positional identities are specified at the same time 

and they are organized in their domains and expand during regeneration. (C) The blastema is a mixed 

pool of different positional identities (randomly distributed) that are sorted into their specific domains at 

later stages. (D) Distal identities are specified initially after amputation and the intermediate elements 

are intercalated at later stages through cell surface interactions. (E) The proximo-distal positional 

identities are specified sequentially similar to development. Red marks the stylopod and future 

stylopod cells, Blue - the zeugopod and future zeugopod cells, Green- the autopod and future autopod 

cells. Dashed perpendicular line marks the plane of amputation at the level of humerus. 

 

(A) Initially, we have to consider the possibility that there is a signal produced, most likely 

from the AER, which forms a concentration gradient as it spreads out into the surrounding 

blastema (Figure 2.6-1 (A)). The graded signalling molecule acts directly on cells in a 

concentration dependent manner to specify gene expression changes and cell fate selection 

(Tabata and Takei, 2004).  

(B) Another possibility could be that during early patterning, the upper arm, lower arm and 

hand progenitor cells at the amputation plane are organized initially in their appropriate 

domains (Figure 2.6-1 (B)) accoring to the ‘early specification model’.  

(C) Or they are randomly distributed and subsequently sorted into their appropriate domains 

(Figure 2.6-1 (C)).  

(D) Alternatively, the first blastema cells formed after amputation may have the most distal 

identity and this is followed by the subsequent intercalation of the intermediate P/D identities 
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occuring within the blastema during the process of regeneration (Figure 2.6-1 (D)) proposed 

by Gardiner et al in 1995 (Gardiner et al., 1995) by the ‘distal-first’ hypothesis. On the cellular 

level, intercalation would imply that the resident progenitor cells can form an express 

gradient of molecules on their cell surface.  

(E) Lastly, the process of blastema patterning might be similar to the mechanism of 

patterning of the limb bud in development. Cells first retrieve the identity appropriate to the 

amputation plane (upper arm) followed by the sequential progressive specification of the 

more distal identities (Figure 2.6-1 (E)). Echeverri et al. (Echeverri and Tanaka, 2005) 

performed cell labelling via electroporation of a constitutively expressing GFP plasmid at 

different zones of the blastema. Proximal labeled cells in a blastema form proximal structures 

whereas distal parts of the blastema generate distal structures. They excluded from their 

studies that the blastema is a mixed pool of progenitor cells with different positional identities 

that reorganise themselves at later stages of development (Figure 2.6-1 (C)).  

 

The most plausible model that has been accepted for a long time was the model of 

intercalary regeneration (Figure 2.6-1 (D)). The understanding of how patterning occurs 

during limb regeneneration was drastically influenced by tissue grafting experiments in insect 

and salamander legs, which exhibit disparate responses of limb cells when their neighbors 

are changed. For example, in cockroach they showed (Bohn, 1976) that grafting a distal 

piece of a foreleg onto a proximal hind leg stump resulted in restoration of the missing 

intermediate segments. They referred to this as ‘intercalation model’ based on the morhology 

of the outgrowth, not on processes at the cellular level. Tissue grafting experiments in 

salamander limbs indicated that such patterning events may be more conserved. This is 

because when a hand blastema (distal blastema) was grafted onto an upper stump, it 

resulted in intercalation of the intermediate (lower arm) missing element. The intermediate 

element ensued from the stump tissue (Maden, 1980; Pesciteli and Stocum, 1980). These 

experiments support the idea that the distal structures are specified first during regeneration 

and that the values between the cells of the stump and distal cells are intercalated via cell 

surface interactions (Figure 2.6-1 (D)). When an upper arm blastema was transplanted onto 

a wrist stump, an upper arm regenerated from the wrist autonomously without tissue 

intercalation between the wrist and the upper arm – demonstrating a converse result to the 

described insect limb grafting experiments.  
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Figure 2.6-2 Re-expression of HoxA9 and HoxA13 during regeneration. Synchronous HoxA9 and 

HoxA13 re-expression at early stages during regeneration starting at 1 day p.a. at the level of the 

humerus. The expression domains of HoxA9 and HoxA13 become spatially distinct at the late limb 

bud stage (LB). Adapted from (Gardiner et al., 1995).  

Based on whole-mount experiments, Gardiner et al. (Gardiner et al., 1995) concluded (Figure 

2.6-2) that the order of HoxA gene expression during regeneration is converse from that 

during development. This led to Gardiner et al.’s ‘distal-first’ hypothesis (hoxa13 upregulation 

at 1 day p.a.), supporting the models (Figure 2.6-1 (A-D)) where the distal blastema cells are 

specified early during regeneration. The results, however, did not show convincing cellular 

resolutions by whole mount in situ hybridizations, so the precise location of the signal and 

whether it is truly in blastema cells remains unclear. Due to technical limitations, it has 

remained unresolved whether salamander limb blastema cells become specified in a 

progressive, proximal-to-distal order or distal first, followed by intercalation. 
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3  Objectives 

One fascinating aspect of using the limb to study the phenomenon of regeneration is how 

appendage amputation stimulates recruitment of cells next to the amputation plane to 

generate a population of undifferentiated, proliferative cells called the blastema. The 

blastema has all the information required to generate the correct differentiated cell types and 

correct pattern to regenerate only the missing portion of the limb. 

 

Specific aims  

1. One aim of my work was to understand how cells at the amputation plane assemble 

the blastema. Does the blastema arise from resident stem cells or by cellular 

dedifferentiation?  

We labeled and traced the endogenous muscle fibers during axolotl limb regeneration to 

determine if muscle dedifferentiation occurs or if muscle tissue arises from a resident stem 

cell population.   

(1) We addressed the question by using the Cre-loxP system to long-term fate map 

endogenous muscle fibers and follow them during the process of regeneration. 

(2) The specificity of the Cre-loxP system was confirmed using well-characterized germline 

transgenic animals to perform cell-fusion-mediated muscle-specific labeling of blastema 

grafting experiments.  

(3) The specificity of the muscle labeling was confirmed by analyzing the expression of 

muscle-specific markers such as MHC, MEF2C and PAX7. 

Specifically, I contributed to the studies in which we determined whether axolotl PAX7+ 

satellite cells contribute to the regenerated muscle and muscle stem cells. 

 

2. Another goal of my project was to identify molecular markers that provide insight 

into the relationship of cell differentiation and cell specification in the regenerate. In 

order to achieve this aim we investigated connective tissue-derived blastema cells, 

since this is the main cell population that plays a role in patterning of the regenerated 

limb. 

(1) I used the newly isolated Twist genes as molecular markers of the connective tissue-

derived blastema cells and investigated their expression in embryonic development and in 

limb regeneration. 

(2) To determine the spatial localization of their mRNAs I performed section in situ 

hybridizations on embryos of different stages.  
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(3) I examined the expression pattern during different stages of limb bud development in 

comparison to limb regeneration by in situ hybridizations.  

(4) We analyzed Twist-1 and Twist-3 expression status and compared the expression level 

with lineage-specific genes like Myf5 and Sox9 in LPM- versus PSM-derived cells using 

single-cell PCR analysis.  

(5) To distinguish from which lineage the regenerating cells are derived, I performed in situ 

hybridizations on LPM- versus PSM specific labeled tissue. We achieved the specific 

labelling of the major limb tissue by grafting the embryonic GFP-lateral plate mesoderm 

(LPM) or GFP-PSM presomitic mesoderm from GFP+ transgenic donors into white (GFP-) 

host embryos.  

 

3. The main aim of my project was to understand the mechanism of proximo-distal 

patterning underlying normal limb regeneration. Gardiner et al. (Gardiner et al., 1995) 

have previously proposed the ‘distal-first’ hypothesis based on whole mount in situ 

hybridizations. The hypothesis states that after amputation through the upper arm the 

early blastema is only composed of cells with ‘distal-most’ (hand) identity and 

proximal identities (upper arm), while the intermediate element (lower arm) arises later 

from an interaction between the distal cells and proximal identities (intercalation). To 

further explore this hypothesis we investigated the critical early patterning events 

using higher qualitative molecular and cellular resolution to analyze the positional 

identity markers HoxA9, HoxA11 and HoxA13. The expression pattern of these genes 

mark the future upper arm, lower arm and hand identity, which allowed us to examine 

the progression of the limb identities during limb development and regeneration. 

(1) We isolated full-length cDNA clones of axolotl HoxA9, HoxA11 and HoxA13. I 

investigated their expression pattern by in situ hyridization. I generated polyclonal antibodies 

against the proteins and used additionally immunohistochemical analysis at different stages 

of limb development to characterize the antibodies. 

(2) I studied the progression of HOXA protein expression in the regenerating limb at early 

time points. Due to the absence of a morphologically defined blastema at 1 day p.a., we 

alternatively used limb samples in which connective tissue derived blastema precursors had 

been labeled with GFP-expression.    

(3) I developed a transplantation assay to functionally assess the order of limb blastema cell 

specification. More specifically, I used this assay to determine if early upper arm blastema 

cells already possess hand identity as predicted by the intercalation model. 
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4  Own research results 

4.1 Myofibers do not contribute to limb regeneration  

The goal of this work ((Sandoval-Guzman et al., 2014) [KR1]) was to permanently label and 

trace muscle fibers during regeneration in axolotl, in order to address the long debated 

question of whether proliferative cells arise from a population of resident stem cells or from 

dedifferentiation of mature cells.  

 

To assess whether axolotl myofibers contribute to limb regeneration, we performed fate 

mapping experiments using the Cre/loxp system. The labeled YFP expression associated 

with myofibers in the axolotl where exclusively restricted to the upper arm region (Fig.3 

[KR1]). Conclusively, myofibers do not contribute to the limb regeneration. We used the 

powerful system of germline transmission transgenesis (Sobkow et al., 2006) to confirm the 

observation that myofibers do not contribute to muscle regeneration. The transgenic loxP 

reporter animals (CAGGS:loxp-GFP-STOP-loxp-Cherry) and tamoxifen-inducible Cre line 

(CAGGS:ert2-cre-ert-T2A-nucGFP) were used (Khattak et al., 2013). Our team performed 

cell-fusion-mediated muscle-specific labeling of the genotype CAGGS:loxP Cherry with the 

genotype yielding CAGGS:ert nucGFP myoblasts-the nuclei of these two genotypes would 

share one cytoplasm (Fig. S4 [KR1]). The shared cytoplasm which allows the inducible CRE 

protein from one nucleus to enter the CAGGS:loxP Cherry transgenic nucleus. By tamoxifen 

induction, the recombination would occur showing Cherry expression throughout the 

myofiber cytoplasm. We gained cell-fusion-mediated muscle-specific labeling of 

CAGGS:loxP Cherry and CAGGS:ert nucGFP myoblasts by grafting an upper arm blastema 

from one genotype to the upper arm of the host animal of the other genotype. After complete 

limb regeneration, no Cherry+ myofibers were found in the mononucleated cells, whereas 

after tamoxifen injection the myofibers exhibited strong Cherry expression (Fig. 4 [KR1]). The 

muscle marker, MHC, was used to determine the specificity of Cherry expression (Fig. S5 

[KR1]).  

 

To further investigate if myofibers contribute to the limb regenerate, we amputated the limb 

through labeled fibers at the level of humerus and followed the fate of Cherry+ myofibers. 

They were restricted to the upper arm stump, no MHC+/Cherry+ myofibers were found in the 

lower arm or in the hand suggesting that myofibers do not contribute to the regenerated limb 

(Fig 4 [KR1]) visualized by whole-mount microscopy.  
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However, a Cherry+ signal that could possibly be generated by mononucleate cells was 

exclusively present in close proximity to the amputation plane suggesting a possible 

contribution of muscle-derived mononucleated, proliferative cells. Additionally by 

immunohistochemistry performed on sections of a 10 day limb blastema, the Cherry+ signal 

did not colocalize with the proliferation marker PCNA and no Cherry+ cells colocalized with 

PAX7+ blastema cells (Fig. S7 [KR1]). It has been shown that myofibers at the amputation 

plane undergo morphological changes, but there was no evidence of myofiber contribution to 

proliferative cells.  

 

To investigate the source of cells for muscle regeneration, we used GFP-labeled PSM 

embryonic transplants to follow the contribution of these cells to the regenerate. As 

demonstrated by Kragl et al. 2009 (Kragl et al., 2009), we showed that the GFP+ signal was 

colocalized with MEF2C+ and PAX7+ signal (Fig. 5 [KR1]), indicating that PAX7+ satellite cells 

are the main source of regenerated muscle. To confirm that satellite cells participate to 

muscle regeneration, I quantitatively traced the PAX7+ cells in the blastema, where almost all 

GFP+ cells of the GFP-PSM transplanted animal expressed the protein PAX7 (Fig. 5 [KR1]). 

By analysing which GFP+ cells colocalized with the EdU nucleotide (EdU pulse injection 

before blastema was collected) and PCNA, we found that the majority of GPF+ cells also 

expressed the proliferation marker PCNA (Fig. 5 [KR1]). The results demonstrated that 

PAX7+ satellite cells from the mature tissue give rise to proliferative muscle progenitor cells 

of the limb blastema. Lastly, molecular profiling of the GFP-labeled cells that were isolated 

from the satellite cell-derived limb blastema revealed expression of Pax7 and Myf5 as 

detected by RT-PCR.  

 
Thus, by using Cre/loxP-based genetic fate mapping in transgenic axolotl, it was indirectly 

assumed that PAX7+ satellite stem cells could be the major source of regenerated myogenic 

tissue and no muscle dedifferentiation occurs.  

 

4.2 Twist-1 and Twist-3 show lineage specific expression pattern  

It is known that Twist, as an early marker of limb blastema, is expressed in mesodermal cells 

during development, as shown in other species (Tavares et al., 2001). We aimed to 

molecularly study individual blastema cells with several progenitor cell markers by using the 

tools of section- and whole-mount in situ hybridizations as  

well as single-cell PCR (sc-PCR) ((Kragl et al., 2013) [KR2]). In general, the low number of 

cells presents at this early stage, which makes surgical manipulations impossible, limits the 

analysis of early events and cell fate decisions during blastema formation. We determined 
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the expression pattern of Twist-1 and Twist-3 during development and regeneration. Further, 

we characterized their embryonic origin in order to compare their expression pattern with 

lineage specific genes using LPM- and PSM- derived limb blastema cells.  

 

We isolated for the first time, the axolotl full-length Twist-1 (AmTwist-1) and Twist-3 

(AmTwist-3) cDNA sequences by screening our long insert cDNA library. Based on our 

cDNA sequence of Twist-1 and Twist-3, we performed cell-tracing experiments using single 

cell PCR combined with in situ hybridization. Initially, we investigated the Am (Ambystoma 

mexicanum) Twist-1 and AmTwist-3 expression pattern during development and 

regeneration. To determine the individual expression pattern during embryonic development, 

we showed by whole-mount in situ hybridization using embryos at different stages (Fig.1 

[KR2]) that in the early neurula stage, AmTwist-1 is expressed in the axial, paraxial and 

lateral plate mesoderm but no expression was found in the ectodermal layer. Furthermore, at 

later stages the transcript was detected in head neural crest, notochord, somitic mesoderm 

and sclerotome whereas no transcript was detected in the myogenic region of the somitic 

mesoderm as confirmed by Myf5 expression. AmTwist-3 transcript was localized at later 

stages in development in a ventromedial population of somites, supposable as the axolotl 

sclerotome (Fig.1 [KR2]). We showed that the expression of AmTwist-1 is analogous to the 

expression pattern of Twist-1 orthologs in other vertebrates.  

 

During embryonic limb development, AmTwist-1 was detected in the mesenchym of the early 

and medium limb bud stage and in the layer underneath the epidermis in the distal portion of 

the emerging limb bud by section in situ hybridization (Fig. 2 [KR2]). The same expression 

pattern was found for the Twist-3 transcript, except that it was more restricted to a thin sub-

epidermal layer. By analyzing both expression patterns during limb regeneration (amputation 

at the level of humerus) [Fig. 3 (KR2)], we found Twist-1 expression throughout the early limb 

blastema (7 day p.a.) while Twist-3 was not detected. By 8 days p.a., Twist-1 was highly 

expressed in the tip of the blastema and further proximally in a domain underneath the 

epidermis. In contrast, Twist-3 was found only in a thin layer underneath the proximally 

epidermis but not in the tip of the blastema. By a later blastema stage (12 days p.a.), the 

Twist-1 transcript was detected in the region of cartilage formation whereas Twist-3 was 

expressed in the thin layer underneath the epidermis in a more proximal region. 

Conclusively, the expression pattern of Twist-1 and Twist-3 during limb development is 

similar to that during limb regeneration suggesting that Twist-1 marks undifferentiated 

progenitors whereas Twist-3 is a marker for dermal precursor cells in agreement with 

published Twist studies (Scaal et al., 2001).  
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Next we compared the expression of Twist with lineage specific genes like Sox9 

(chondrogenic marker) and Myf5 (myogenic marker) in the blastema cells, derived from 

different origins such as dermis, cartilage and muscle, which were generated using 

embryonic transplantation methods of GFP+ tissue (Sobkow et al., 2006). This was achieved 

using sc-PCR to analyse cells, which were dissociated and FACS sorted prior to PCR. 

Analysis of GFP+ labeled dermis-derived blastema revealed that all cells express Twist-1, 

whereas Twist-3 was only express in a subset of Twist-1+ cells (Fig.4 [KR2]). For cartilage-

derived, GFP+ blastema cells, the majority of cells co-express Sox9 and Twist-1, whereas no 

Twist-3+ cells express Sox9. Lastly, a small number of Myf5+ cells that coexpress Twist-1 but 

not Twist-3 were detected in the muscle-derived blastema cell population. We also 

investigated whether the cells derived from GFP-LPM or GFP-PSM coexpress Twist-1 and 

Twist-3 by in situ hybridization. We found Twist-1+ and Twist3+ cells in LPM-derived GFP+ 

blastema cells but no coexpression with the PAX7 myogenic marker (Fig.5 [KR2]). Further, 

we observed only a small number of Twist-1+ cells colocalized with PSM-derived GFP+ 

blastema cells (Fig.6 [KR2]), which confirmed the results of our sc-PCR. No coexpression of 

Twist-3 and PSM-derived GFP+ cells was detected.  

 

Lastly, using sc-PCR method on dissociated mature limb cells, we investigated if there is a 

population of Twist-1+ cells, present in the mature limb, which could be a precursor for limb 

blastema cells. By analyzing mature limbs, we found that a small number of Twist-1+ 

population decreases from larval to adult stages (with age). Contrary, a large percentage of 

Twist-1+ cells was found in the regenerating limb blastema (12 day p.a.) of LPM-and PSM-

derived cells (Fig. 7 [KR2]).  

 

Upon limb amputation, Twist-1 and Twist-3 mRNA expression reflects cell-type specific and 

spatial expression patterns found during limb development. This observation indicates that 

blastema cells re-use molecular machinery similar to that used during development. The 

molecular studies we have performed using Twist as a marker supported our recent 

knowledge that the connective tissue-derived blastema cells are critical for the study of limb 

patterning. Furthermore, cartilage-derived cells express molecular markers of P/D positional 

identity like HoxA13 (Nacu et al., 2013).  

 

4.3 HoxA gene reinduction found by molecular assays 

To gain insight into how P/D patterning of the appropriate limb segments (upper arm, lower 

arm and hand) occurs, we analyzed the progression of segment identities during 

development in comparison to regeneration. Gardiner et al. (Gardiner et al., 1995) concluded 
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based on whole-mount HoxA gene expression data, that patterning during regeneration is 

fundamentally different from that during development. The authors (Gardiner et al., 1995) 

proposed the ‘distal-first’ hypothesis based on the finding that the early blastema is 

composed of cells with distal-most (hand identity) and proximal identities (upper arm identity) 

postulating the following intercalation of the intermediate element (lower arm identity). But 

clear evidence supporting or even disproving this model was lacking. In my third publication 

((Roensch et al., 2013) [KR3]), we present qualitatively higher molecular and cellular 

resolution of the critical early patterning events by focusing on newly isolated specific 

posterior axolotl HoxA9, HoxA11 and HoxA13 sequences as marker of the future upper arm, 

lower arm and hand identity respectively.  

 

Due to the availability of a cDNA library (Habermann et al., 2004) in our lab, full-length axolotl 

HoxA13 was initially cloned. Furthermore, we obtained the full-length sequence of HoxA9 

and HoxA11 by 5’ RACE using limb bud total RNA. The complete HoxA9 coding region was 

PCR amplified from limb bud cDNA. For cloning axolotl full-length HoxA11, a long insert 

library was screened. The antibodies against HOXA9 and HOXA13 were prepared as 

described in previously published work from our lab (McHedlishvili et al., 2012). For HOXA11 

antibody production, we created a GST-HOXA11 fusion protein descriped in Supplementary 

Material [KR3]. 

 

We demonstrated for the first time that during development the HoxA genes in axolotl are 

expressed in a spatial and temporal manner termed colinearity shown by expression of 

HOXA9, HOXA11 and HOXA13 protein during development (Fig. 1 [KR3]). It was further 

demonstrated that HoxA9 transcripts were expressed throughout the limb bud first, followed 

by more distal expression of HoxA11 and finally HoxA13 is expressed in the distal-most tip of 

the developing limb bud (Fig. S2 [KR3]). The expression pattern of the HoxA genes is similar 

to the expression pattern found in other vertebrates (Haack and Gruss, 1993; Nelson et al., 

1996; Yokouchi et al., 1991). These findings demonstrated that limb development occurs in a 

progressive specification in a proximal to distal order in axolotl.  

 

We investigated in which order the sequence of HOXA protein expression occurs in the 

regenerating upper arm blastema, including the cricical early blastema stages by using tissue 

sections to gain a high cellular resolution in comparison to whole-mount. We generated 

animals with a GFP-labelled dermis by transplanting GFP+ embryonic lateral plate mesoderm 

(LPM) that forms the connective tissue in the limb (Sobkow et al., 2006). Connective tissue 

cells, which are derived from LPM, obey the rule of distal transformation. They mark the 

relevant blastema precursors and can only form limb segments distally to their original 
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identity (Nacu et al., 2013). These previous results from my colleagues indicate that 

connective tissue-derived blastema cells are the critical cells to focus on when studying 

patterning (Kragl et al., 2009; Nacu et al., 2013).  

Our amputations for the molecular assays were performed uniformly at the level of the 

humerus (upper arm). By using connective tissue labeled limbs, we did not observe a 

HOXA9, HOXA11 or HOXA13 signal at 1 day p.a. (Fig. 2 and Fig. S3 [KR3]). Furthermore, 

there was no HOXA13 colocalization with GFP+ cells. Even at 4 days p.a. we did not observe 

a HOXA13 immunofluorescence signal at a high cellular level. By investigating an early 

blastema stage (6 days p.a.) we found that HOXA9 and HOXA11 expression was present 

throughout the entire blastema, whereby HOXA13 expression is absent (Fig.2 [KR3]). In 

addition, we studied medium-bud (8 days p.a.) and late-bud (12 days p.a.) blastema stages 

where we observed a clear nested expression pattern of HOXA9, HOXA11 and HOXA13. A 

HOXA9 signal was observed in the entire blastema, HOXA11 was expressed in a distinct 

domain and the first timepoint where we detected a robust signal of HOXA13 expression was 

at the distal tip of a blastema 8 days p.a. (Fig. S4 [KR3]). The nested expression pattern of 

HoxA9, HoxA11 and HoxA13 in mesenchymal cells as well as the late onset of HoxA13 

mRNA expression was confirmed by in-situ hybridization using longitudinal sections (Fig. S5 

[KR3]). Addressing the long debated question of which order the limb specification occurs 

during limb regeneration, we demonstrated that the process occurs in a proximal to distal 

sequence just like the colinear expression pattern observed during limb development.  

 

4.4 The sequential order of limb segment specification confirmed by 
 functional transplantation assay 

To functionally assess the order of blastema cell specification, we developed a 

transplantation assay to investigate whether upper arm blastema cells already harbour hand 

identity, as it would be assumed by the intercalary regeneration model (Haack and Gruss, 

1993). Initially, we examined the specific expression of HOXA13 in the hand identity using 

immunostaining on sections of hand blastema. The onset of HOXA13 expression was initially 

detected at 4 days p.a. and was increased at 6 days p.a. (Fig. S6 [KR3]). Further, to confirm 

the sensitivity and the specificity of HOXA13 detection method, we treated our limbs with 

retinoic acid (RA). It is known that RA converts a hand blastema into an upper arm blastema 

(Crawford and Stocum, 1988; Maden, 1982; Mercader et al., 2005; Saxena and Niazi, 1977) 

- it breaks the ‘rule of distal transformation’. By increasing the concentration of retinol 

palmitate treatment and amputation at the wrist level, the structures more proximal than the 

level of amputation will regenerate (Maden, 1983). Due to the proximalizing role of RA, 
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HOXA13 expression could not be detected after treating the hand blastemas with RA, 

confirming the sensitivity of the HOXA13 antibody. 

  

To confirm the order of blastema cell specification and the fact that early upper-arm blastema 

cells already possess hand identity we performed a functional transplantation assay. We 

used eGFP expressing connective tissue derived cells, which were labelled by embryonic 

grafting of GFP tissue, as donor tissue. As a control we used an 8 days p.a. hand blastema. 

Transplanting 8 day HOXA13-expressing blastema cells (Fig. S6 [KR3]) into a 6 day upper 

arm blastema of a white host contributed only to the regenerated hand fate. Transplantation 

of distal cells of 8 day upper arm blastema resulted in contributions similar to that of hand 

blastema transplantations, indicating that distal cells (HOXA13 positive) at this stage form the 

hand identity. By taking the proximal cells from an 8 day upper arm blastema, the GFP signal 

was found in the upper arm, lower arm and hand of the recipient, indicating that HOXA9 

positive, HOXA13 negative cells localize in that region and therfore the HOXA9 expression 

domain is located throught the entire P/D axis of the limb. Transplantation of the distal cells 

of a HOXA13 negative blastema stage (4 day upper arm blastema) led to GFP+ cells in the 

upper arm and hand identities rather than in the regenerated hand only. The transplantation 

assay indicates that blastema cells show a hierarchy of positional values. Amputation at the 

upper arm level results in a blastema harboring cells that convert to form a lower arm and 

hand, whereas amputations at the hand level generates hand blastema cells that are 

restricted and normally do not become upper arm cell fates. 

 

4.5 HOXA13 is functionally involved in the formation of future autopod  cells 
 during regeneration  

Our molecular data as well as the cell tracing results suggested that HoxA13 is functionally 

involved in the formation of hand cells during limb regeneration. To confirm the function of 

HoxA13, we knocked-down its gene expression by electroporation of anti-hoxA13 morpholino 

(5’ AGGAGCACTGAAGCTGTCATAGCCC 3’) into a 6 day blastema and allowed 

regeneration to occur for 30 days (Data not published). 45% of the regenerates that had 

been electroporated with anti-hoxA13 morpholinos resulted in malformations of hand bone 

elements (N=53), while the upper arm and lower arm showed no obvious phenotype. The 

defects ranged from hands missing at least one digit, forming fewer metacarpals (17%) up to 

mild defects such as shorter digit length (Figure 4.5-1 (b),(d)).  
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Figure 4.5-1 HOXA13 knock-down resulted in hand defects. Regenerated limbs after morpholino 

electroporation of anti-hoxA13 and control morpholinos into 6 day upper arm blastemas. Alcian Blue: 

Cartilage, Alcian Red: Ossified bone. (a),(c) Limbs transfected with control morpholino. (b), (d) Limbs 

transfected with anti-hoxA13 morpholino. Strong phenotype seen in (b) with missing hand skeletal 

elements. Weak phenotype seen in (d) with shorter digits compared to contralateral control. 

Abbreviations: I-IV, digit numbers from anterior to posterior. Scale bar, 1mm. 

Some of the variability in phenotype may arise due to the number of cells successfully 

electroporated with the morpholino. The control, contralateral limbs that had been 

electroporated with a non-hybridizing morpholino did not exhibit malformations in the hand 

identity (Figure 4.5-1 (a),(c), N=55). These observations are consistent with mouse knock-out 

experiments, where homozygous deletion of HoxA13 in mice results in the absence of 

anterior digits and fused carpal elements (Fromental-Ramain et al., 1996b). Our knock-down 

experiment indicates that during axolotl limb regeneration, HoxA13 is functionally involved in 

the formation of future autopod cells during regeneration, which is similar to development.  
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5  Discussion 

5.1 Myofiber contribution to regenerated muscle is divergent in two 
 different species  

The goal of the work [KR1] was to permanently label and trace muscle fibers during 

regeneration in axolotl. By using Cre/loxP-based genetic fate mapping in transgenic axolotl, it 

was indirectly assumed that PAX7+ satellite stem cells are the major source of regenerated 

myogenic tissue and no muscle dedifferentiation occurs. We were able to compare the 

results in collaboration with the group of András Simon (Karlinska Institute, Sweden) to 

another salamander species- the newt (Notophthalmus viridescens) (Figure 5.1-1) using 

Cre/loxP genetic fate mapping as well. Surprisingly, in the newt, muscle dedifferentiation 

contributes to regenerated muscle, whereas in the axolotl, myofibers do not contribute to limb 

regeneration. Instead, PAX7+ cells are most likely to be the main contributor to muscle 

regeneration. In newt, myofiber fragmentation results in Myf5+, PAX7- proliferating cells in the 

blastema, which give rise to future skeletal elements. 

 

 
Figure 5.1-1: Myofiber contribution to regenerated muscle is divergent in two different species. 

In newt, myofiber fragmentation results in Myf5+, PAX7- proliferating cells, which give rise to the 

muscle in the regenerated limb. In axolotl, PAX7+ satellite stem cells are suggested to be the main 

source for myogenic tissue (Myf5+) in the regenerated limb. (Adapted from: 

http://dx.doi.org/10.1016/j.stem.2013.11.007)  

For the first time, it was shown that there is an unexpected diversity concerning the 

mechanism of muscle regeneration among two salamander species. The lack of myofiber 

contribution in axolotl was proven by comparing the efficiency of muscle labeling with that of 

the newt. By using germline transgenically integrated cassettes (loxP expression cassette) 

the labeling efficiency in axolotl and newt was similar. Considering that the axolot is neotenic 

(i.e. it retains larval feature throughout its entire life) the same experiments were carried out 
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using postmetamorphic axolotls. A contribution to labeled myofibers was not observed. 

Under these conditions, no contribution of PAX7+ cells was found when investigating the 

larval newt. These findings indicate that there is a significant difference at the molecular level 

for blastema build-up between these two salamander species. It further demonstrates that 

there is a flexibility of cellular mechanims used during limb regeneration, even among two 

closely related species. Finally, if one salamander species uses a mammalian regenerative 

strategy (Cornelison and Wold, 1997; Collins et al.,2005) involving stem cells and another 

uses a dedifferentiative strategy, this raises the question of whether there are other 

fundamental aspects of regeneration that could be further anomalous. This hypothesis is 

promising since there could be more than one possible mechanism to induce mammalian 

regeneration. 

 

5.2 Developmental program is recapitulated during regeneration shown 
 by Twist-1 and Twist-3 expression pattern  

The developmental potential of the progenitor cells within the limb blastema are similar to the 

progenitor cells in the limb bud. It has been shown previously that lateral plate mesoderm-

derived cells form the cartilage and the dermis whereas a separate pool of presomitic 

mesoderm-derived cells builds the muscle during limb regeneration (Kragl et al., 2009). It is 

known that Twist, as an early marker of limb blastema mesenchyme, is expressed in 

mesodermal cells during development, as shown in other species (Tavares et al., 2001). We 

isolated for the first time, the axolotl full-length Twist-1 (AmTwist-1) and Twist-3 (AmTwist-3) 

cDNA sequences. The primers for Twist-1 were designed based on a partial EST sequence 

(Habermann et al., 2004), whereas the primers for Twist-3 were designed based on the 

partial sequence published by Satoh et al. (Satoh et al., 2008). The sequence from this 

publication contained only the bHLH domain, so it was not clear if this sequence belonged to 

the ortholog of Twist-1 or Twist-2/3. However, from the sequence we identified in our screen, 

we conclude that the isolated clone from this publication is the Twist-3 ortholog (Satoh et al., 

2008). We did not attempt to identify a Twist-2 ortholog since it has not been found in 

Xenopus laevis and therefore it is likely that it was lost during evolution. 

 

Using the newly isolated sequences of Twist-1 and Twist-3, we performed in situ 

hybridizations that demonstrated that embryonic players are reused during regeneration by 

reactivating the distinct position- and tissue-specific developmental gene programs. We 

showed that Twist-1 and Twist-3 expression patterns during development are recapitulated 

during blastema formation. We showed that Twist-1 and Twist-3 are expressed in LPM-

derived GFP+ and PAX7- cells of the limb blastema visualized by in situ hybrizations 
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combined with immunohistochemistry. Twist-1 is not expressed in most of the GFP+, PAX7+ 

cells whereas Twist-3 does not correlate with these two markers at all. Remarkably, the 

PSM-GFP+ cells did not reach the Twist-1 expression domain in the distal tip of the limb 

blastema. Instead, they were more proximally and medially localized in comparison to the 

GFP+ cells of the LPM-derived blastema cells. Nevertheless, their expression status 

correlates with that of other vertebrates and it supports our sequence analysis that Twist-1 

and Twist-3 are axolotl specific orthologs.  

 

Lastly, we used sc-PCR method on dissociated mature limb cells, to investigate if there is a 

population of Twist-1+ cells present in the mature limb that could act as a precursor for limb 

blastema cells. By analyzing mature limbs, we found that a small Twist-1+ population 

decreases from larval to adult stages (with age). Indeed, further studies are neccessary to 

identitfy other processes that trigger the regenerative capacity at the larval stage, such as 

changes in oxygen consumption, enhanced differentiation potential or a less innervated 

state. 

 

Our results demonstrated that connective tissue is a major contributor to the limb blastema 

cells. Other studies performed in my group investigated connective tissue subtypes using 

single cell transcriptomics and identified Twist-3 as a specific marker for dermal fibroblasts 

(Prayag Murawala, unpublished data). Our in situ hybridization experiments of Twist-3 in the 

blastema cells also showed specific expression of Twist-3 in dermal fibroblasts. Based on 

these studies, GFP knockin of the Twist-3 locus was generated and confirmed that Twist-3 

specifically labels connective tissue. This suggests that Twist-3 is an important marker for 

connective tissue-derived blastema cells. 
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5.3 P/D patterning occurs in a progressive specification 
In the past, it was proposed that P/D patterning in general is different from that during 

regeneration (Gardiner et al., 1995). The ‘distal-first’ hypothesis based on the finding that the 

early blastema is composed of cells with distal-most (hand identity) and proximal identities 

(upper arm identity) by whole-mount in situ hybridizations, postulating the following 

intercalation of the intermediate element (lower arm identity). The hypothesis therefore 

postulates that intercalation of the intermediate element (lower arm identity) occurs later. But 

sufficient evidence either confirming or disproving this model was lacking due to technical 

limitations Thus, it has remained unresolved whether salamander limb blastema cells 

become specified in a progressive, proximal-to-distal order or distal first, followed by 

intercalation. Our results generated from HoxA gene analysis indicated that P/D patterning of 

the appropriate limb segments (upper arm, lower arm and hand) occurs in a progressive 

specification (in a proximal to distal order) rather than by intercalation [KR3]. It further 

demonstrates that the patterning events used during regeneration are similar to that during 

limb development (Figure 5.3-1). 

 
Figure 5.3-1: Axolotl limb blastemas acquire their positional identity in a proximal to distal 

sequence. The proximo-distal positional identities are specified sequentially similar to development 

shown by in situ hybridizations and immunohistochemistry on sections as well as functional 

transplantation assays. Red marks the stylopod and future stylopod cells, blue marks the zeugopod 

and future zeugopod cells andgreen marks the autopod and future autopod cells. Dashed 

perpendicular line marks the plane of amputation.   

Using high molecular and cellular resolution analysis of HOXA protein and mRNA 

expression, we showed for the first time that axolotl limb blastema cells acquire their 

positional identity in a proximal to distal sequence. We found a hierarchy of cellular 

restrictions in positional identities. Amputation at the level of the upper arm showed that the 

blastema harbours cells, which convert to lower arm and hand. The nested expression 

pattern of HoxA9, HoxA11 and HoxA13 in mesenchymal cells as well as the late onset of 

HoxA13 mRNA expression was confirmed by in-situ hybridization using longitudinal sections. 

We showed that HoxA11 mRNA, but not protein, is observed in the HoxA13-expressing 

domain (Fig 1 and Fig. S2 [KR3]). It indicates that Hox genes might be activated post-
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transcriptionally. Possibly, more distally localized HOX proteins act as negative regulators of 

the more proximally localized HOX protein translation. In the past, it was shown that HoxA13 

causes homeotic transformation of lower arm bones into carpals (Yokouchi et al., 1995). It is 

possible that HoxA13, alone or in combination with HoxD13, inhibits HoxA11 expression in 

the cells present at the tip of the blastema, possibly explaining why HOX protein expression 

does not overlap. 

 

We developed a transplantation assay to functionally assess if the early upper arm blastema 

cells already harbour hand identity. We used eGFP expressing connective tissue-derived 

blastema cells as donor cells because it is known that they are the critical cells when 

studying P/D patterning (Kragl et al., 2009; Nacu et al., 2013). As a control we used an 8 

days p.a. hand blastema (HoxA13 expressing cells present). Transplanting 8 day HOXA13-

expressing blastema cells into a 6 day upper arm blastema of a white host contributed only 

to the regenerated hand fate. Transplantation of distal cells of 8 day upper arm blastema 

resulted in contributions similar to that of hand blastema transplantations, indicating that 

distal cells (HOXA13 positive) at this stage form the hand identity. By taking the proximal 

cells from an 8 day upper arm blastema, the GFP signal was found in the upper arm, lower 

arm and hand of the recipient, indicating that HOXA9 positive, HOXA13 negative cells 

localize in that region and therfore the HOXA9 expression domain is located throught the 

entire P/D axis of the limb. Transplantation of the distal cells of a HOXA13 negative blastema 

stage led to GFP+ cells in the upper arm and hand identities rather than in the regenerated 

hand only. The transplantation assay indicates that blastema cells show a hierarchy of 

positional values. Amputation at the upper arm level results in a blastema harboring cells that 

convert to form a lower arm and hand, whereas amputations at the hand level generates 

hand blastema cells that are restricted and normally do not become upper arm cell fates. It is 

known that myogenic cells break the rule of distal transformation (Nacu et al., 2013). Based 

the findings that muscle cells can get proximalized and break ‘the rule of distal 

transformations’, the same setup of transplantation experiments is possible by using 

myogenic-derived blastema cells (label muscle tissue by transplanting GFP+ embryonic 

presomitic mesoderm PSM) as donor tissue. As it would be expected, by transplanting the 

GFP+ tissue of a hand blastema into upper arm blastema, the cells would be present in the 

upper arm, lower arm and hand indicating that myogenic blastema cells break the rule of 

distal transformation- contrary to the cells from connective tissue. 

 

Knocking-down HoxA13 expression by electroporation of anti-hoxA13 morpholino indicated 

that this gene is functionally involve in the formation of the future autopod (hand) cells. These 

results were not published because it is difficult to reliably distinguish between specific and 
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non-specific effects using morpholino mediated knock-down models and a generally 

accepted technology to assess the side effects does not exist (Schulte-Merker et al., 2014). 

The recent development of reliable tissue-specific gene expression models in axolotl brings 

new possibilities to investigate regeneration process. For example specific CRISPR-

mediated deletion of different positional identity markers like (Fei et al., 2014; Fei et al., 

2016) HoxA9, HoxA11 and HoxA13 (single and combined knockouts with the genes of the 

HoxD locus) could help prove their functional role in the specific limb segment (upper arm, 

lower arm and hand) specification. 



6 Resumé  
 

 35 

6 Resumé  

Axolotl uniquely generates blastema cells as a pool of progenitor/stem cells to restore an 

entire limb, a particular property that other organisms, such as humans, do not have. What 

underlies these differences? Is the main difference that cells residing at the amputation plane 

(in the stump) undergo reprogramming processes to re-enter the embryonic program, which 

allows developmental patterning to start, or are there fundamental differences? There is also 

a significant debate about whether regeneration occurs via stem cell differentiation or by 

dedifferentiation of mature limb tissue. The aim of my thesis was to address following 

questions: Are the cells in the blastema reprogrammed or differentiated to regenerate? Are 

the blastema cells genetically reactivated de novo during regeneration? How does the 

amputated limb exactly know which part of the limb needs to be regenerate?  

 

Using a novel technique of long-term genetic fate mapping, my team demonstrated that 

dedifferentiation in regenerated axolotl muscle tissue does not occur. Instead, PAX7+ satellite 

cells indeed play an important role during muscle regeneration in the axolotl limb. 

Surprisingly, this is in contrast to the newt, which regenerates muscle cells through a 

dedifferentiation process. Therefore, there is a fundamental difference that underlies the 

regenerative mechanism ((Sandoval-Guzman et al., 2014) [KR1]). This demonstrates that 

there is an unexpected diversity and flexibility of cellular mechanims used during limb 

regeneration, even among two closely related species. Finally, if one salamander species 

uses a mammalian regenerative strategy (Cornelison and Wold, 1997; Collins et al., 2005) 

involving stem cells and another uses a dedifferentiative strategy, this raises the question of 

whether there are other fundamental aspects of regeneration that could also be anomalous. 

This hypothesis is promising since there could be more than one possible mechanism to 

induce mammalian regeneration. 

 

The process of limb regeneration in principle seems to be more similar to those of limb 

development as historically assumed. We showed molecularly that embryonic players are 

reused during regeneration by reactivating the position- and tissue-specific developmental 

gene programs by using the newly isolated Twist sequences as early blastema cell markers 

((Kragl et al., 2013) [KR2]). To gain insights into the molecular mechanisms of the P/D limb 

patterning in general, it was crucial to study the early patterning events of the resident 

progenitor/stem cells by using the specific blastema cell marker HoxA as a positional marker 

along the proximo-distal axis. Our HOXA protein analysis using high molecular and cellular 

resolution as well as transplantation assays demonstrated for the first time that axolotl limb 

blastema cells acquire their positional identity in a proximal to distal sequence. We found a 
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hierarchy of cellular restrictions in positional identities. Amputation at the level of the upper 

arm showed that the blastema harbors cells, which convert to lower arm and hand. We 

observed ((Roensch et al., 2013) [KR3]) for the first time that intercalation- the intermediate 

element (lower arm) arises later from an interaction between the proximal and distal cells 

identities- does not occur. Intercalation, which has been an accepted model for a long time, 

is not the patterning mechanism underlying normal (without any manipulation) limb 

regeneration that is unique to axolotl. We further demonstrated, using the Hox genes as 

markers that positional identity is cell-type specific since their effects were confirmed to be 

present in the lateral plate mesoderm- derived cells of the limb.  

 

As our knowledge about limb blastemas expands concerning cell composition and molecular 

events controlling patterning, the similarity to development is becoming more and more clear. 

My work has resolved many ambiguities surrounding the molecularly identification of different 

types of blastema cells and how P/D limb patterning occurs during regeneration in 

comparison to development. It has highlighted the importance of combining high-resolution 

methods, such as in situ hybridizations, single-cell PCR (sc-PCR) of individual dissociated 

blastema cells and genetic labeling methods with grafting experiments to map cell fates in 

vivo. 

 

In addition to understanding the processes of regeneration, another long-term goal in the 

regenerative medicine field is to identify key molecules that trigger the regeneration of 

tissues. Recently, my colleague Takuji Sugiura (Sugiura et al., 2016) observed that an early 

event of blastema formation is the secretion of molecules like MLP (MARCKS-like protein), 

which induces wound-associated cell cycle re-entry. Such findings further increase the 

enthusiasm of biologists to understand the underlying principles of regeneration. By building 

our knowledge of the molecules and pathways that are involved in tissue regeneration, we 

increase the possibility of identifying a way to ‘activate’ regenerative processes in humans 

and thus reach the final goal of regenerative medicine, which is to use the concepts of 

cellular reprogramming, stem cell biology and tissue engineering to repair complex body 

structures. 
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Summary	[German]	
 

Das multidisziplinäre Fachgebiet der regenerativen Medizin beschäftigt sich mit der 

Wiederherstellung von durch Krankheit oder Unfall geschädigten/funktionsgestörten Zellen, 

Geweben sowie kompletten Organen. Gegenwärtig suchen Forscher weltweit nach 

Möglichkeiten, die körpereigenen Regenerations- und Reparaturprozesse anzuregen. 

Mediziner und Forscher erhoffen sich, neue individuelle Therapieansätze zur Behandlung 

von schweren Verletzungen wie Querschnittslähmungen oder starken Verbrennungen sowie 

degenerativen Erkrankungen wie Alzheimer oder Multiple Sklerose zu finden, um den 

gesunden Originalzustand wiederherzustellen. Für die erfolgreiche ‘Stimulation’ des 

Regenerationsprozesses ist es entscheidend, die fundamentalen molekularen Mechanismen 

sowie deren komplexe Signalwege zu verstehen. Hoch entwickelte Organismen, wie der 

Mensch, haben ein beschränktes Potential, verloren gegangenes Gewebe (Gehirn, Herz 

oder Auge) wiederherzustellen. Des Weiteren kommt es bei größeren Wunden zur 

Narbenbildung. In diesem Zusammenhang gilt dem einzigartigen Modellorganismus der 

Regenerationsbiologie, dem Schwanzlurch Axolotl (Ambystoma mexicanum), ein 

besonderes Interesse, da aus dessen Regenerationsfähigkeit grundlegende Erkenntnisse 

gewonnen werden können. Der adulte Schwanzlurch ist in einzigartiger Weise in der Lage, 

verlorene Gliedmaßen und Rückenmark, perfekt (vollständig und funktional) und zeit seines 

Lebens, ohne Narbenbildung zu regenerieren.  

 

Mit hohem Enthusiasmus sind Wissenschaftler derzeit weltweit bestrebt, die 

Regenerationsfähigkeit amputierter Gliedmaßen im Salamander zu ‘entschlüsseln’. Das Ziel 

ist es, zu verstehen warum voll ausdifferenzierte adulte Zellen dazu fähig sind sich in 

Vorläuferzellen umzuwandeln und den fehlenden Abschnitt einer Gliedmaße exakt 

wiederherzustellen. Die residenten Stammzellen, die an der Amputationsstelle (distal) 

lokalisiert sind, erzeugen eine Zellpopulation bestehend aus undifferenzierten, 

proliferierenden Vorläuferzellen (s.g. Blastemzellen). Eine der gundlegenden 

Herausforderungen besteht darin, die zellulären und molekularen Mechanismen zu 

verstehen, die an der Rekrutierung der Vorläufer-/Stammzellen beteiligt sind. Durch deren 

Fähigkeit zur Selbsterneuerung (‘self-renewal’), der räumlichen und zeitlichen 

Musterneubildung auf zellulärem Niveau sowie der gewebespezifischen Differenzierung, wird 

eine exakte Kopie des fehlenden Abschnittes einschließlich der verschiedenen spezifischen 

Gewebetypen (Nerven-, Skelett- und Muskelgewebe) erzeugt. Die Blastemzellen entwickeln 
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sich nicht, wie bisher angenommen in ein pluripotentes Stadium zurück, sondern behalten 

eine gewebespezifische Erinnerung an ihren vorherigen Differenzierungszustand (Kragl et 

al., 2009). Es wurde gezeigt, dass während der Regeneration verschiedener Gewebearten, 

beispielsweise aus ehemaligen Muskelzellen wiederum Muskelzellen aber keine Knorpel-, 

Knochen- oder Epidermiszellen entstehen. Bei dieser Studie wurden die Satellitenzellen 

(Muskelstammzellen) sowie auch die Myofibrillen mit GFP markiert, und somit blieb die 

Frage ungeklärt, ob regeneriertes Muskelgewebe von dessen Stammzellen (Satellitenzellen) 

abstammt oder durch Dedifferenzierung der Myofibrillen entsteht. Das Blastem ist somit eine 

heterogene Population von Vorläuferzellen mit limitiertem Entwicklungspotential (Kragl et al., 

2009), d.h. die Blastemzellen behalten eine Erinnerung an ihren vorherigen 

Differenzierungszustand und besitzen somit ein molekulares Gedächtnis. Eine zentrale 

Fragestellung befasst sich nicht nur welche Zellen an der Blastementstehung beteiligt sind 

sondern vor allem wie.  

  

Die entscheidende Fragestellung, ob neu gebildetes Muskelgewebe durch Dedifferenzierung 

vorhandener differenzierter Zellen und/oder durch Reaktivierung residenter Stammzellen 

gebildet wird, wurde erstmals im regenerierenden Muskelgewebe des Axolotls untersucht. 

Anhand eleganter und kürzlich integrierter Techniken im Axolotl (genetischen 

Kartierungssystems Cre-loxP) ist es erstmalig und weltweit möglich, Muskelgewebe sowie 

dessen Stammzellen farblich zu markieren. Parallel wurde diese Fragstellung von András 

Simon (Karlinska Institute, Schweden) am eng verwandten Lurch (newt) erforscht. Erstmalig 

konnten wir beim Axolotl zeigen, dass an der Amputationsstelle vorhandene spezifische 

PAX7+ Satellitenzellen mutmaßlich für die Regenerationsaktivität verantwortlich sind 

((Sandoval-Guzman et al., 2014) [KR1]). Beim newt hingegen wird die Neubildung der 

Muskelfasern durch Dedifferenzierung der Myofibrillen initiiert. Diese Ergebnisse zeigen eine 

unerwartete evolutionäre Diversität der zellulären Mechanismen der beiden eng verwandten 

Salamanderarten in Bezug auf die Regeneration von Muskelgewebe.  

 

Eine weitere, zentrale Herausforderung der vorliegenden Arbeit bestand darin, molekulare 

Mechanismen eindeutig zu verstehen, die die ablaufende gewebespezifische Differenzierung 

der Blastemzellen reflektieren, sowie deren möglicher embryonaler Reaktivierung. Spiegelt 

die Regeneration möglicherweise den Prozess der Embryonalentwicklung der Gliedmaßen 

wieder? In diesem Zusammenhang wurden die Gene der Twist Familie von 

gewebespezifischen Vorläuferzellen verschiedener Blastemzellen profiliert. Erstmalig 

konnten wir die Genexpressionsmuster der homologen Gene AmTwist1 und AmTwist3 in der 

Embryonalentwicklung mit dem Genexpressionsmuster während der Regeneration einer 

Gliedmaße vergleichen ((Kragl et al., 2013) [KR2]). Die Genexpressionsmuster von 
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AmTwist1 sowie AmTwist3 wurden räumlich (spatial) und zelltyp-spezifisch charakterisiert. 

Während des Regenerationsprozesses einer Gliedmaße kommt es zu wesentlichen 

Veränderungen der Genexpression, die den molekularen Mechanismen der embryonalen 

Entwicklung einer Gliedmaße sehr ähneln.  

 

Es ist bereits bekannt, dass unabhängig von der Amputationsstelle einer Gliedmaße entlang 

der proximo-distalen Achse, ausschließlich die exakt fehlende Struktur ersetzt wird (‘rule of 

distal transformation’) (Butler, 1955; Rose 1962). Die zell-spezifische Eigenschaft (aus dem 

lateralen Mesoderm abstammendes Gewebe) konnte bereits in vorangegangen 

Publikationen gezeigt werden, wobei unter anderem die Reaktivierung der molekularen HoxA 

Maschinerie nachgewiesen wurde (Kragl et al., 2009; Nacu et al., 2013). In meiner 

Dissertation stand in diesem Zusammenhang eine weitere fundamentale Fragestellung im 

Vordergrund: Wie läuft der grundlegende Mechanismus der proximo-distalen Musterbildung 

(‘patterning’) der fehlenden Segmente einer Gliedmaße ab? Das zuvor weltweit akzeptierte 

Regenerationsmodell (Gardiner et al., 1995) der interkalaren Regeneration (‘Einschub des 

fehlenden Segments’) konnte mit dieser Studie erstmalig widerlegt werden. Gardiner et al. 

hatten die These aufgestellt, dass bei der Amputation eines Oberarms, die Vorläuferzellen 

an der Amputationsstelle die Identität der distalen Fingerspitzenidentität besitzen. Die 

Autoren spekulierten, dass die Wiederherstellung des proximo-distalen Musters, durch einen 

Einschub des fehlenden Abschnittes (Unterarm), zu einem späteren Zeitpunkt erfolgen muß. 

Diese These konnte jedoch nur anhand von whole-mount in situ Hybridisierung aufgestellt 

werden. Durch die von uns erzielte hohe molekulare und zelluläre Auflösung anhand von in-

situ Hybridisierung dünner Gewebeschnitte im Vergleich zu whole-mount in-situ 

Hybridisierung (Gardiner et al., 1995) ist erstmalig eine detailierte HOXA Proteinanalyse der 

drei Segmente einer Gliedmaße (Oberarm, Unterarm, Hand) gelungen ((Roensch et al., 

2013) [KR3]). Unsere Ergebnisse zeigten, dass die Musterbildung auf zellulärem Niveau 

nach Amputation einer Gliedmaße in spezifischer, sequentieller Reihenfolge von proximal 

nach distal (fortlaufende Spezifizierung) erfolgt, in Analogie zur Embryonalentwicklung. Dies 

impliziert einen fundamentalen Schritt in der regenerativen Medizin. Des Weiteren konnten 

wir anhand spezifischer Transplantationsexperimente mit dem Gewebe (abstammend aus 

dem lateralem Mesoderm) von transgenen GFP-Tieren die Ergebnisse der fortlaufenden 

Spezifizierung einer Gliedmaße während der Regeneration demonstrieren. Dabei konnte die 

zellspezifische Eigenschaft der Positionsinformation (‘positional identity’), von den aus dem 

lateralen Mesoderm abstammenden Bindegewebszellen betätigt werden.  

 

Dennoch bleibt bis heute ungeklärt, wie adulte Stammzellen entlang der proximo-distalen 

Achse einer Extremität die wichtigen Schlüsselfaktoren der Embryonalentwicklung 
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reaktivieren und sich in Blastemzellen umwandeln. Weiterhin ist es unumgänglich s.g. 

‘Schlüsselmoleküle’ zu identifizieren, welche die Regeneration im Allgemeinen steuern. 

Meinem Kollegen, Takuji Sugiura, ist es kürzlich gelungen, eines dieser möglichen 

‘Schlüsselmoleküle’ MLP (MARCKS-like protein) zu identifizieren. MLP ist maßgeblich an der 

Auslösung des initialen Wundverschlusses nach einer Amputation beteiligt (Sugiura et al., 

2016). Bei der Blockierung von MLP konnte gezeigt werden, dass die Regeneration 

erheblich beeinträchtigt ist. 

 

Durch fortführende Studien bezüglich der Eigenschaften von Stammzellen, die in der Lage 

sind, komplexe Körperteile zu regenerieren, versprechen sich Wissenschaftler weltweit 

zukünftig neue Erkenntnisse zu gewinnen. Des Weiteren wird mit hohem Enthusiasmus 

versucht zu ‘entschlüsseln’, wie eine Verletzung exakt die Stammzellen dazu veranlasst den 

exakt fehlenden Teil zu regenerieren, anstatt einfach nur Narbengewebe zu bilden. Dieses 

Wissen könnte möglicherweise weltweit in neuartige medizinische Therapiemöglichkeiten 

einfließen.  

 



Bibliographie 

 41 

Bibliographie	
 
Bianco, P., Robey, P.G., 2001. Stem cells in tissue engineering. Nature 414, 118-121. 

Bohn, H., 1976. Regeneration of proximal tissues from a more distal amputation level in the 
insect leg (Blaberus craniifer, Blattaria). Developmental biology 53, 285-293. 

Brockes, J.P., 1997. Amphibian limb regeneration: rebuilding a complex structure. Science. 
276, 81–87. 
 
Buckingham, M., 2001. Skeletal muscle formation in vertebrates. Curr. Opin. Genet. Dev. 11, 
440–448. 
 
Burns, T.C., Ortiz-Gonzalez, X.R., Gutierrez-Perez, M., Keene, C.D., Sharda, R., Demorest, 
Z.L., Jiang, Y., Nelson-Holte, M., Soriano, M., Nakagawa, Y., Luquin, M.R., Garcia-Verdugo, 
J.M., Prosper, F., Low, W.C., Verfaillie, C.M., 2006. Thymidine analogs are transferred from 
prelabeled donor to host cells in the central nervous system after transplantation: a word of 
caution. Stem Cells 24, 1121-1127. 

Butler, 1955. Regeneration of the urodele forelimb after reversal of its proximo-distal axis.  J. 
Morphol. 
96:265–81. 

Calve, S., Odelberg, S.J., Simon, H.G., 2010. A transitional extracellular matrix instructs cell 
behavior during muscle regeneration. Developmental biology 344, 259-271. 

Calve, S., Simon, H.G., 2011. High resolution three-dimensional imaging: Evidence for cell 
cycle reentry in regenerating skeletal muscle. Developmental dynamics : an official 
publication of the American Association of Anatomists 240, 1233-1239. 

Carlson, M.R., Bryant, S.V., Gardiner, D.M., 1998. Expression of Msx-2 during development, 
regeneration, and wound healing in axolotl limbs. The Journal of experimental zoology 282, 
715-723. 

Chen, Y., Lin, G., Slack, J.M., 2006. Control of muscle regeneration in the Xenopus tadpole 
tail by Pax7. Development 133, 2303-2313. 

Chen, Z.F., Behringer, R.R., 1995. twist is required in head mesenchyme for cranial neural 
tube morphogenesis. Genes & development 9, 686-699. 

Charge, S.B., and M.A. Rudnicki, 2004. Cellular and molecular regulation of muscle 
regeneration. Physiol. Rev. 84, 209–238. 
 
  



Bibliographie 

 42 

Collins, C.A., Olsen,I., Zammit,P.S.,Heslop,L.,Petrie,A.,Partridge, T.A., and Morgan, J.E.. 
2005. Stem cell function, self-renewal, and behavioral heterogeneity of cells from the adult 
muscle satellite cell niche. Cell. 122,289–301. 
 
Cornelison, D.D., and Wold, B.J., 1997. Single-cell analysis of regulatory gene expression in 
quiescent and activated mouse skeletal muscle satellite cells. Dev. Biol. 191, 270–283. 
 
Crawford, K., Stocum, D.L., 1988. Retinoic acid proximalizes level-specific properties 
responsible for intercalary regeneration in axolotl limbs. Development 104, 703-712. 

Davis, A.P., Witte, D.P., Hsieh-Li, H.M., Potter, S.S., Capecchi, M.R., 1995. Absence of 
radius and ulna in mice lacking hoxa-11 and hoxd-11. Nature 375, 791-795. 

Dearlove, G.E., Stocum, D.L., 1974. Denervation-induced changes in soluble protein content 
during forelimb regeneration in the adult newt, Notophthalmus viridescens. The Journal of 
experimental zoology 190, 317-328. 

Duckmanton, A., Kumar, A., Chang, Y.T., Brockes, J.P., 2005. A single-cell analysis of 
myogenic dedifferentiation induced by small molecules. Chemistry & biology 12, 1117-1126. 

Dudley, A.T., Ros, M.A., Tabin, C.J., 2002. A re-examination of proximodistal patterning 
during vertebrate limb development. Nature 418, 539-544. 

Echeverri, K., Clarke, J.D., Tanaka, E.M., 2001. In vivo imaging indicates muscle fiber 
dedifferentiation is a major contributor to the regenerating tail blastema. Developmental 
biology 236, 151-164. 

Echeverri, K., Tanaka, E.M., 2002. Mechanisms of muscle dedifferentiation during 
regeneration. Seminars in cell & developmental biology 13, 353-360. 

Echeverri, K., Tanaka, E.M., 2005. Proximodistal patterning during limb regeneration. 
Developmental biology 279, 391-401. 

Fei, J.F., Schuez, M., Tazaki, A., Taniguchi, Y., Roensch, K., and Tanaka, E.M., 2014. 
CRISPR-mediated genomic deletion of Sox2 in the axolotl shows a requirement in spinal 
cord neural stem cell amplification during tail regeneration. Stem Cell Reports 3, 444–459. 
 
Fei, J.F., Knapp, D., Schuez, M., Murawala, P., Zou, Y., Drechsel, D., Singh, S., and Tanaka, 
E.M., 2016. Tissue and time-directed electroporation of CAS9 protein-gRNA complexes in 
vivo yields efficient multigene knockout for studying gene function in regeneration. 
Regenerative Medicine 1, 16002.  
 
Fromental-Ramain, C., Warot, X., Lakkaraju, S., Favier, B., Haack, H., Birling, C., Dierich, A., 
Doll e, P., Chambon, P., 1996a. Specific and redundant functions of the paralogous Hoxa-9 
and Hoxd-9 genes in forelimb and axial skeleton patterning. Development 122, 461-472. 

Fromental-Ramain, C., Warot, X., Messadecq, N., LeMeur, M., Dolle, P., Chambon, P., 
1996b. Hoxa-13 and Hoxd-13 play a crucial role in the patterning of the limb autopod. 
Development 122, 2997-3011. 

Gardiner, D.M., Blumberg, B., Komine, Y., Bryant, S.V., 1995. Regulation of HoxA 
expression in developing and regenerating axolotl limbs. Development 121, 1731-1741. 



Bibliographie 

 43 

Gargioli, C., Slack, J.M., 2004. Cell lineage tracing during Xenopus tail regeneration. 
Development 131, 2669-2679. 

Gitelman, I., 2007. Evolution of the vertebrate twist family and synfunctionalization: a 
mechanism for differential gene loss through merging of expression domains. Molecular 
biology and evolution 24, 1912-1925. 

Goss, R.J., 1969. Principles of regeneration. Academic Press, New York,. 

Haack, H., Gruss, P., 1993. The establishment of murine Hox-1 expression domains during 
patterning of the limb. Developmental biology 157, 410-422. 

Habermann, B., Bebin, A.G., Herklotz, S., Volkmer, M., Eckelt, K., Pehlke, K., Epperlein, 
H.H., Schackert, H.K., Wiebe, G., Tanaka, E.M., 2004. An Ambystoma mexicanum EST 
sequencing project: analysis of 17,352 expressed sequence tags from embryonic and 
regenerating blastema cDNA libraries. Genome biology 5, R67. 

Hay, E.D., 1958. The fine structure of blastema cells and differentiating cartilage cells in 
regenerating limbs of Amblystoma larvae. The Journal of biophysical and biochemical 
cytology 4, 583-591. 

Hay, E.D., Fischman, D.A., 1961. Origin of the blastema in regenerating limbs of the newt 
Triturus viridescens. An autoradiographic study using tritiated thymidine to follow cell 
proliferation and migration. Developmental biology 3, 26-59. 

Iten, L.E., and Bryant, S.V., 1973. Forelimb regeneration from different levels of amputation 
in the newt, Notophthalmus viridescens: length, rate and stages. Wilhelm Roux’s Archives of 
Develpomental Biology. 173,263–282. 
 
Khan, P., Linkhart, B., Simon, H.G., 2002. Different regulation of T-box genes Tbx4 and Tbx5 
during limb development and limb regeneration. Developmental biology 250, 383-392. 

Khattak, S., Schuez, M., Richter, T., Knapp, D., Haigo, S.L., Sandoval-Guzman, T., 
Hradlikova, K., Duemmler, A., Kerney, R., Tanaka, E.M., 2013. Germline transgenic methods 
for tracking cells and testing gene function during regeneration in the axolotl. Stem cell 
reports 1, 90-103. 

Koshiba, K., Kuroiwa, A., Yamamoto, H., Tamura, K., Ide, H., 1998. Expression of Msx 
genes in regenerating and developing limbs of axolotl. The Journal of experimental zoology 
282, 703-714. 

Kragl, M., Knapp, D., Nacu, E., Khattak, S., Maden, M., Epperlein, H.H., Tanaka, E.M., 2009. 
Cells keep a memory of their tissue origin during axolotl limb regeneration. Nature 460, 60-
65. 

Kragl, M., Roensch, K., Nusslein, I., Tazaki, A., Taniguchi, Y., Tarui, H., Hayashi, T., Agata, 
K., Tanaka, E.M., 2013. Muscle and connective tissue progenitor populations show distinct 
Twist1 and Twist3 expression profiles during axolotl limb regeneration. Developmental 
biology 373, 196-204. 



Bibliographie 

 44 

Krawchuk, D., Weiner, S.J., Chen, Y.T., Lu, B.C., Costantini, F., Behringer, R.R., Laufer, E., 
2010. Twist1 activity thresholds define multiple functions in limb development. 
Developmental biology 347, 133-146. 

Kumar, A., Velloso, C.P., Imokawa, Y., Brockes, J.P., 2000. Plasticity of retrovirus-labelled 
myotubes in the newt limb regeneration blastema. Developmental biology 218, 125-136. 

Kumar, A., Velloso, C.P., Imokawa, Y., Brockes, J.P., 2004. The regenerative plasticity of 
isolated urodele myofibers and its dependence on MSX1. PLoS biology 2, E218. 

Lawrence, H.J., Sauvageau, G., Humphries, R.K., Largman, C., 1996. The role of HOX 
homeobox genes in normal and leukemic hematopoiesis. Stem Cells 14, 281-291. 

Lewandoski, M., Sun, X., and Martin, G.R., 2000. Fgf8 signalling from the AER is essential 
for normal limb development. Nat. Genet. 26, 460–463. 
 
Li, L., Cserjesi, P., Olson, E.N., 1995. Dermo-1: a novel twist-related bHLH protein 
expressed in the developing dermis. Developmental biology 172, 280-292. 

Lo, D.C., Allen, F., Brockes, J.P., 1993. Reversal of muscle differentiation during urodele 
limb regeneration. Proceedings of the National Academy of Sciences of the United States of 
America 90, 7230-7234. 

Loebel, D.A., Hor, A.C., Bildsoe, H., Jones, V., Chen, Y.T., Behringer, R.R., Tam, P.P., 2012. 
Regionalized Twist1 activity in the forelimb bud drives the morphogenesis of the proximal 
and preaxial skeleton. Developmental biology 362, 132-140. 

Maden, M., 1980. Intercalary regeneration in the amphibian limb and the rule of distal 
transformation. Journal of embryology and experimental morphology 56, 201-209. 

Maden, M., 1982. Vitamin A and pattern formation in the regenerating limb. Nature 295, 672-
675. 

Maden, M., 1983. The effect of vitamin A on the regenerating axolotl limb. Journal of 
embryology and experimental morphology 77, 273-295. 

Mandal, A., Rydeen, A., Anderson, J., Sorrell, M.R., Zygmunt, T., Torres-Vazquez, J., 
Waxman, J.S., 2013. Transgenic retinoic acid sensor lines in zebrafish indicate regions of 
available embryonic retinoic acid. Developmental dynamics : an official publication of the 
American Association of Anatomists 242, 989-1000. 

Mariani, F.V., Ahn, C.P., Martin, G.R., 2008. Genetic evidence that FGFs have an instructive 
role in limb proximal-distal patterning. Nature 453, 401-405. 

McHedlishvili, L., Mazurov, V., Grassme, K.S., Goehler, K., Robl, B., Tazaki, A., Roensch, K., 
Duemmler, A., Tanaka, E.M., 2012. Reconstitution of the central and peripheral nervous 
system during salamander tail regeneration. Proceedings of the National Academy of 
Sciences of the United States of America 109, E2258-2266. 



Bibliographie 

 45 

Mercader, N., Leonardo, E., Piedra, M.E., Martinez, A.C., Ros, M.A., Torres, M., 2000. 
Opposing RA and FGF signals control proximodistal vertebrate limb development through 
regulation of Meis genes. Development 127, 3961-3970. 

Mercader, N., Tanaka, E.M., Torres, M., 2005. Proximodistal identity during vertebrate limb 
regeneration is regulated by Meis homeodomain proteins. Development 132, 4131-4142. 

Michael, M.I., Faber, J., 1961. The self-differentiation of the paddle-shaped limb regenerate, 
transplanted with normal and reversed proximo-distal orientation after removal of the digital 
plate (Ambystoma mexicanum). Archives de biologie 72, 301-330. 

Morrison, J.I., Loof, S., He, P., Simon, A., 2006. Salamander limb regeneration involves the 
activation of a multipotent skeletal muscle satellite cell population. The Journal of cell biology 
172, 433-440. 

Nacu, E., Glausch, M., Le, H.Q., Damanik, F.F., Schuez, M., Knapp, D., Khattak, S., Richter, 
T., Tanaka, E.M., 2013. Connective tissue cells, but not muscle cells, are involved in 
establishing the proximo-distal outcome of limb regeneration in the axolotl. Development 
140, 513-518. 

Nacu, E., Tanaka, E.M., 2011. Limb regeneration: a new development? Annual review of cell 
and developmental biology 27, 409-440. 

Nelson, C.E., Morgan, B.A., Burke, A.C., Laufer, E., DiMambro, E., Murtaugh, L.C., 
Gonzales, E., Tessarollo, L., Parada, L.F., Tabin, C., 1996. Analysis of Hox gene expression 
in the chick limb bud. Development 122, 1449-1466. 

O'Rourke, M.P., Soo, K., Behringer, R.R., Hui, C.C., Tam, P.P., 2002. Twist plays an 
essential role in FGF and SHH signal transduction during mouse limb development. 
Developmental biology 248, 143-156. 

O'Rourke, M.P., Tam, P.P., 2002. Twist functions in mouse development. The International 
journal of developmental biology 46, 401-413. 

Odelberg, S.J., Kollhoff, A., Keating, M.T., 2000. Dedifferentiation of mammalian myotubes 
induced by msx1. Cell 103, 1099-1109. 

Pescitelli, M.J., Stocum, D.L., 1980. The origin of skeletal structures during intercalary 
regeneration of larval Ambystoma limbs. Dev Biol 79:255–275. 
 

Roensch, K., Tazaki, A., Chara, O., Tanaka, E.M., 2013. Progressive specification rather 
than intercalation of segments during limb regeneration. Science 342, 1375-1379. 

Rose, S. M., 1962. Tissue-arc control of regeneration in the amphibian limb. Symp Soc 
Study Develop Growth 20, 153–176. 
 
Rosello-Diez, A., Ros, M.A., Torres, M., 2011. Diffusible signals, not autonomous 
mechanisms, determine the main proximodistal limb subdivision. Science 332, 1086-1088. 



Bibliographie 

 46 

Sandoval-Guzman, T., Wang, H., Khattak, S., Schuez, M., Roensch, K., Nacu, E., Tazaki, A., 
Joven, A., Tanaka, E.M., Simon, A., 2014. Fundamental differences in dedifferentiation and 
stem cell recruitment during skeletal muscle regeneration in two salamander species. Cell 
stem cell 14, 174-187. 

Satoh, A., Bryant, S.V., Gardiner, D.M., 2008. Regulation of dermal fibroblast 
dedifferentiation and redifferentiation during wound healing and limb regeneration in the 
Axolotl. Development, growth & differentiation 50, 743-754. 

Satoh, A., Gardiner, D.M., Bryant, S.V., Endo, T., 2007. Nerve-induced ectopic limb 
blastemas in the Axolotl are equivalent to amputation-induced blastemas. Developmental 
biology 312, 231-244. 

Saxena, S., Niazi, I.A., 1977. Effect of vitamin A excess on hind limb regeneration in tadpoles 
of the toad, Bufo andersonii (Boulenger). Indian journal of experimental biology 15, 435-439. 

Scaal, M., Fuchtbauer, E.M., Brand-Saberi, B., 2001. cDermo-1 expression indicates a role 
in avian skin development. Anatomy and embryology 203, 1-7. 

Schulte-Merker, S. & Stainier, D. Y. R., 2014. Out with the old, in with the new: reassessing 
morpholino knockdowns in light of genome editing technology. Development 141: 3103–
3104. 
 
Simon, H.G., Nelson, C., Goff, D., Laufer, E., Morgan, B.A., Tabin, C., 1995. Differential 
expression of myogenic regulatory genes and Msx-1 during dedifferentiation and 
redifferentiation of regenerating amphibian limbs. Developmental dynamics : an official 
publication of the American Association of Anatomists 202, 1-12. 

Slack, J.M., 2006. Amphibian muscle regeneration--dedifferentiation or satellite cells? Trends 
in cell biology 16, 273-275. 

Sobkow, L., Epperlein, H.H., Herklotz, S., Straube, W.L., Tanaka, E.M., 2006. A germline 
GFP transgenic axolotl and its use to track cell fate: dual origin of the fin mesenchyme during 
development and the fate of blood cells during regeneration. Developmental biology 290, 
386-397. 

Stocum, D.L., 1968. The urodele limb regeneration blastema: a self-organizing system. I. 
Morphogenesis and differentiation of autografted whole and fractional blastemas. 
Developmental biology 18, 457-480. 

Sugiura, T., Wang, H., Barsacchi, R., Simon, A., Tanaka, E.M., 2016. MARCKS-like protein 
is an initiating molecule in axolotl appendage regeneration. Nature 531, 237-240. 

Summerbell, D., Lewis, J.H., Wolpert, L., 1973. Positional information in chick limb 
morphogenesis. Nature 244, 492-496. 

Suzuki, M., Satoh, A., Ide, H., Tamura, K., 2005. Nerve-dependent and -independent events 
in blastema formation during Xenopus froglet limb regeneration. Developmental biology 286, 
361-375. 



Bibliographie 

 47 

Tabata, T., Takei, Y., 2004. Morphogens, their identification and regulation. Development 
131, 703-712. 

Tabin, C., Wolpert, L., 2007. Rethinking the proximodistal axis of the vertebrate limb in the 
molecular era. Genes & development 21, 1433-1442. 

Tanaka, E.M., Gann, A.A., Gates, P.B., Brockes, J.P., 1997. Newt myotubes reenter the cell 
cycle by phosphorylation of the retinoblastoma protein. The Journal of cell biology 136, 155-
165. 

Tajbakhsh, S., 2005. Skeletal muscle stem and progenitor cells: reconciling genetics and 
lineage. Exp. Cell Res. 306, 364–372. 
 
Tavares, A.T., Izpisuja-Belmonte, J.C., Rodriguez-Leon, J., 2001. Developmental expression 
of chick twist and its regulation during limb patterning. The International journal of 
developmental biology 45, 707-713. 

Wolf, C., Thisse, C., Stoetzel, C., Thisse, B., Gerlinger, P., Perrin-Schmitt, F., 1991. The M-
twist gene of Mus is expressed in subsets of mesodermal cells and is closely related to the 
Xenopus X-twi and the Drosophila twist genes. Developmental biology 143, 363-373. 

Wolpert, L., 1969. Positional information and the spatial pattern of cellular differentiation. J 
Theor Biol 25, 1–47. 
 
Yashiro, K., Zhao, X., Uehara, M., Yamashita, K., Nishijima, M., Nishino, J., Saijoh, Y., Sakai, 
Y., Hamada, H., 2004. Regulation of retinoic acid distribution is required for proximodistal 
patterning and outgrowth of the developing mouse limb. Developmental cell 6, 411-422. 

Yokouchi, Y., Nakazato, S., Yamamoto, M., Goto, Y., Kameda, T., Iba, H., Kuroiwa, A., 1995. 
Misexpression of Hoxa-13 induces cartilage homeotic transformation and changes cell 
adhesiveness in chick limb buds. Genes & development 9, 2509-2522. 

Yokouchi, Y., Sasaki, H., Kuroiwa, A., 1991. Homeobox gene expression correlated with the 
bifurcation process of limb cartilage development. Nature 353, 443-445. 

Zakany, J., Duboule, D., 2007. The role of Hox genes during vertebrate limb development. 
Current opinion in genetics & development 17, 359-366. 

Zuniga, A., Quillet, R., Perrin-Schmitt, F., Zeller, R., 2002. Mouse Twist is required for 
fibroblast growth factor-mediated epithelial-mesenchymal signalling and cell survival during 
limb morphogenesis. Mechanisms of development 114, 51-59. 
 



List of Publications 

 48 

List	of	Publications	
 
All the publications presented in my thesis are here listed below. 
 
 
 



List of Publications 

 49 

[KR1] Fundamental differences in dedifferentiation and stem cell recruitment 
during skeletal muscle regeneration in two salamander species  

*equal contribution 

 

DOI: http://dx.doi.org/10.1016/j.stem.2013.11.007 

 

Tatiana Sandoval-Guzmán* Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Heng Wang*   Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Shahryar Khattak  Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

 

Maritta Schuez  Performance of experiments  

 

Kathleen Roensch  Performance and quantification of experiments 

    Experimental design 
 

Eugeniu Nacu   Performance of experiments  

 

Akira Tazaki   Performance of experiments 

 

Alberto Joven   Performance of experiments 
 

Elly M. Tanaka   Experimental design 

    Interpretation of the reported experiments and results 

    Drafting and revising the manuscript 

    Corresponding author 

 
 



List of Publications 

 50 

András Simon   Experimental design 

    Interpretation of the reported experiments and results 

    Drafting and revising the manuscript 

    Corresponding author 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

 

 

 



List of Publications 

 51 

 
 
 
 



List of Publications 

 52 

 

[KR2] Muscle and connective tissue progenitor populations show distinct 
Twist1 and Twist3 expression profiles during axolotl limb regeneration  

*equal contribution 

 

DOI:10.1016/j.ydbio.2012.10.019 

 

Martin Kragl*:    Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Kathleen Roensch*:  Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Ina Nüsslein:   Performance of Flow Cytometry 

 

Akira Tazaki:   Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Yuka Taniguchi:  Performed and Analyzed Whole-mount in situ    

    hybridization  

 

Hiroshi Tarui:   Introduction of large scale single cell PCR to M.K. 

 

Tetsutaro Hayashi:  Introduction of large scale single cell PCR to M.K. 

 

Kiyokazu Agata:  Introduction of large scale single cell PCR to M.K. 

 

Elly M. Tanaka:  Experimental design 

    Interpretation of the reported experiments and results 

    Drafting and revising the manuscript 

    Corresponding author 



List of Publications 

 53 

 
 
 
 
 
 

 
 
 
 
 
 



List of Publications 

 54 

 
 
 
 
 

 
 
 
 
 
 
 



 

 55 

[KR3] Progressive specification rather than intercalation of segments during 
limb regeneration  

*equal contribution 

 

DOI: 10.1126/science.1241796 

 

Kathleen Roensch*:  Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Akira Tazaki*:   Experimental design 

    Interpretation of the reported experiments and results 

    Acquisition and analysis of data 

    Drafting and revising the manuscript 

 

Osvaldo Chara:  Performance and development of image analysis  

    Statistical analysis 

 

Elly M. Tanaka:  Experimental design 

    Interpretation of the reported experiments and results 

    Drafting and revising the manuscript 

    Corresponding author 

  



 

 56 

 
 

 
 
 



Acknowledgements 

 57 

Acknowledgements	
Personally, I am very grateful to Prof. Elly Tanaka (PhD). She makes science so exciting 

and wonderful with her enthusiasm and energy. Thank your for your for giving me the 

opportunity to work on this exciting project, independently. Thank you for your support, 

motivation, financing and your understanding for more than 8 years. We were a great team.  

 

I am very grateful to my supervisor Prof. Ezio Bonifacio (PhD), who immediately agreed to 

take care and review this thesis. 

 

I am very grateful to Prof. Dr. Kaomei Guan-Schmidt, who immediatly agreed to take care 

and review my thesis.  

 

I am very grateful to Akira Tazaki. It was (is) a great pleasure to work with you. Without you, 

the Hox paper as one example wouldn’t exist today.   

Thank you for keeping me calm. Even if you made me nervous with your incredible 

knowlegde and perseverence, more than once. 

 

I specially want to thank our animal caretaker team- Heino Andreas, Beate Gruhl, Jidka 

Michling, Anja Wagner and Sabine Mögel. Thank you for taking care of our animals, your 

help is indispensable for this work. Our team and me would never survive without your help, 

energy and patience.  

 

Thank you to the former and present guys of the entire Tanaka lab, you are all incredible 

people. 

 

Thank you Osvaldo Chara, Keith Gunapala, Dunja Knapp and Tatiana Sandoval-

Guzmán, Mareike Albert and Michelle Ashton for reading and useful comments on this 

thesis.  

 

Shahryar Khattak, thank you for the inspiration, for taking care and pushing me to write this 

thesis. 

 



Acknowledgements 

 58 

Finally special thanks go to my family and friends. I especially would like to thank my parents 

and particularly my partner Peter Kulb for giving me constant support, motivations and time 

to finish this thesis. Without his support this thesis would not have been possible. 

 

[KR1] We are grateful to Heino Andreas, Jitka Michling, Beate Gruhl, Sabine Moegel and 

Mark Armstead for animal care. Mike Tipsword and David Drechsel for antibody production. 

David Gardiner for unpublished HoxA11 fragment and Frank Martin for initial cloning 

attempts. Jochen Rink, Josh Currie and Antony Gavalas for useful comments on the 

manuscript and of course all the members of the Tanaka lab for stimulating discussions.  

The grant support came from DFG-SFB655: From Cells to Tissues (DFG TA274/2), DFG 

TA274/5, central funds of the Max Planck Institute for Cell Biology and Genetics and the 

Center for Regenerative Therapies and Human Frontiers Science Program. 

Martin Kragl, Akira Tazaki and Carr Vincent for the support, motivation and discussions 

during my diploma thesis when I started working on that project using axolotl tail as model to 

study Hox genes.  

[KR2] We are grateful to Heino Andreas, Jitka Michling, Beate Gruhl, Sabine Moegel and 

Mark Armstead for animal care. 

The project was carried out with the support of the DFG Collaborative Research Center 655, 

From cells to Tissues (DFGTA274/2-2), Grants DFG TA274/3-1, DFG TA274/3-2, DFG TA 

274/4-1. The work was also supported by institutional funds from the Max Planck Institute of 

Molecular Cell Biology and Genetics and from the DFG Center for Regenerative Therapies 

Dresden. 

[KR3] Thanks to Joshua Currie for advice and for creating the graphical abstract. Thanks to 

Christopher Antos, and Ezio Bonifacio, Jeremy Brockes and Peter Currie for comments on 

the manuscript. 

The work from Elly Tanaka’s lab was supported by grants from the Volkswagen Foundation, 

DFG (TA 274/2-2, TA 274/3-1, TA 274/3-2, TA 274/5-1), an ERC Advanced Investigator 

Award, central funds from the MPI-CBG and CRTD. The work from the Simon lab was 

supported by grants from Cancerfonden, the Swedish Research Council, ERC and the 

Wenner-Gren Foundation. 

 

 

 

 
 



Selbstständigkeitserklärung  

 59 

Selbstständigkeitserklärung	
 
Ich erkläre, dass ich die vorliegende Arbeit selbstständig und unter Verwendung der 

angegebenen Hilfsmittel, persönlichen Mitteilungen und Quellen angefertigt habe. 

 
 
 
Dresden, 18. Januar 2017    

      ____________________________ 

      Kathleen Rönsch 

 
 
 



Anlage 1  

 60 

Anlage	1	



  

 61 



Anlage 2  

 62 

Anlage	2	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	
	 	



Anlage 2  

 63 

	




