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ABSTRACT 
Myogenesis is the process of skeletal muscle tissue formation where committed 

muscle progenitor cells differentiate into skeletal muscle fibres. Depending on the 

instructive cues the muscle progenitor cells receive they will differentiate into specific 

fibre types with different properties. The skeletal muscle fibres can be broadly 

classified as fast-twitch fibres or slow-twitch fibres, based on their contractile speed. 

However, subgroups of fast- and slow-twitch fibres with different metabolic 

properties, endurance and different isoforms of sarcomeric components have also 

been identified, adding complexity to the process of muscle tissue patterning. The 

skeletal muscle tissue has the capacity to regenerate throughout life. Upon muscle 

tissue damage muscle satellite cells are recruited to the area of injury where they 

proliferate and either form new fibres similar to those damaged, or fuse with existing 

fibres. 

 

This thesis aims to investigate the process of muscle progenitor cell proliferation and 

differentiation, as well as the fast-twitch fibre formation and muscle tissue patterning 

in the zebrafish embryo. 

 

I present results identifying the previously uncharacterised gene myl1, encoding an 

alkali-like myosin light chain, which is specifically expressed in fast-twitch muscle 

progenitors before fibre formation. Furthermore, I introduce data showing that the 

transcription factor six1 is expressed in Pax7+ muscle progenitor cells, which has been 

reported to contribute to part of the fast-twitch muscle tissue as well as to a pool of 

quiescent muscle satellite cells. With support from the presented data, I hypothesise 

that six1 keeps the Pax7+ muscle progenitor cells in a proliferative state and 

consequently prevents them from differentiating into muscle fibres. In addition, I 

demonstrate that the zebrafish fast-twitch muscle fibres can be divided into different 

subgroups that express unique forms of fast myosin heavy chain genes along the 

anterior-posterior (head-tail) axis, and that this subspecification depends on a balance 

between RA and Wnt signalling. 
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Collectively I propose a previously unknown role for Six1 in zebrafish Pax7+ muscle 

progenitor cell proliferation and differentiation. Furthermore, I present novel data 

suggesting that distinct regions of the zebrafish body musculature are composed of 

different fast-twitch fibre types, and that this regionalisation is conserved in adult 

zebrafish. 
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INTRODUCTION 
Skeletal muscle tissue  

Myogenesis is the process of muscle formation where mesodermally derived muscle 

progenitors differentiate into smooth, cardiac and skeletal muscle fibres. These three 

muscle groups have distinctive functions in the body and have therefore very different 

properties to optimise their performance. Smooth muscle is a non-striated muscle 

tissue, which is involuntarily controlled and found in the walls of hollow organs such 

as the digestive tract and the walls of the blood vessels. The cardiac muscle tissue is 

a specialised striated muscle tissue solely present in the heart, whose function is to 

continuously pump blood out to the rest of the body. The most abundant muscle tissue 

in the vertebrate body is the skeletal muscle tissue, which is a striated tissue that is 

connected to the bones of the skeleton enabling voluntary movement.  

 

Skeletal muscle tissue has the capacity to regenerate upon injury, as well as the 

capability to grow both by increased cell number (hyperplasia), and increased cell size 

(hypertrophy). Skeletal muscle fibres are made up of bundles of myofibrils, which in 

turn are composed of thin actin filaments and thick myosin filaments. The thick and 

thin filaments form the basal contractile units of the muscles - the sarcomeres - and 

their arrangement gives the muscle fibres a striated appearance (Fig. 1) (Clark et al., 

2002). 

The sarcomeric myosins are the molecular motors that convert chemical 

energy into work. Myosins are hexameres consisting of two myosin heavy chains 

(MyHC), one pair of alkali/essential myosin light chains (MyLC) and one pair of 

regulatory/phosphorylatable MyLCs (Fig. 1 B). There are different isoforms of these 

MyHCs and MyLCs and the isoform composition is a major determinant of the muscle 

fibres contractile performance (Schiaffino and Reggiani, 1994). 
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Figure 1: Simplified overview of the sarcomere. A) The myosin NH2 terminus forms two globular heads 

and the COOH terminus forms a long tail, the tails dimerize in the middle of the sarcomere; the M-line, 

stretching their heads out towards the sarcomeric border; the Z-line. In contrast, the thin filaments, 

consisting of actin helixes, are attached to the Z-line and stretch towards the M-line. B) Myosins have three 

structural domains; the tail domain, the regulatory domain and the motor domain, myosin light chains are 

tightly bound to the regulatory domain and the motor domain consist of the myosin head which binds to 

the actin. C) The arrangement of the sarcomeres gives the fibres a striated appearance, visualised in D).   

 

When a muscle contracts synaptic neurons release acetylcholine into the muscle fibre, 

this depolarises the muscle fibre and produces an action potential across the plasma 

membrane resulting in an opening of calcium channels in the sarcoplasmic reticulum. 

Calcium ions are pumped out into the cytosol and bind to a group of tropomyosins on 

the thin filament. This leads to a conformational rearrangement exposing myosin 

binding sites on the thin filament. The myosin head hydrolyses ATP to ADP and 

inorganic phosphate and is consequently able to bind to the actin forming a cross-

bridge. Subsequently the myosin head pulls the thin filament towards the M-line by 

releasing ADP and inorganic phosphate, resulting in sarcomere contraction. The 

cross-bridge is broken when a new ATP molecule binds to the myosin head and the 

process is repeated. The contraction stops when calcium ions are pumped back into 
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the sarcoplasmic reticulum and tropomyosin again binds to the thin filaments (Gordon 

et al., 2000; Huxley and Niedergerke, 1954; Huxley and Hanson, 1954). 

 
Muscle fibre types in mammals 

Mammalian genomes contain eleven highly conserved sarcomeric MYH genes 

encoding different MyHC isoforms. The majority of the MYH genes are arranged in 

two clusters with the genes encoding the cardiac isoforms in one and genes encoding 

the isoforms found in embryonic, neonatal and adult fast-twitch skeletal muscle fibres 

and one isoform found in extraocular muscles in the other. Furthermore there are MYH 

genes encoding for three additional isoforms found exclusively in some head and neck 

muscle (Table 1) (Berg et al., 2001). 

 
Table 1. Different mammalian muscle fibre types contain different MyHC isoforms, encoded by different 

MYH genes. 
 

Muscle fibre type MyHC isoform Gene 

Cardiac MyHC-α, MyHC-β/slow MYH6, MYH7 

Embryonic MyHC-emb MYH3 

Neonatal MyHC-neo MYH8 

Extraocular MyHC-EO MYH13 

Head and neck MyHC-15, MyHC-M MYH15, MYH16 

Fast-twitch MyHC-2A, MyHC-2B, MyHC-2X MYH2, MYH4, MYH1 

Slow-twitch MyHC-β/slow, MyHC-slow tonic MYH7, MYH7b 

 

The adult mammalian skeletal muscle tissue can be divided into slow- and fast-twitch 

fibre types based on their contractile speed and metabolic properties (Barnard et al., 

1971; Henneman and Olson, 1965; Peter et al., 1972).  Slow-twitch (type 1) fibres are 

rich in mitochondria and have an oxidative metabolism enabling them to repeatedly 

contract without fatigue. Fast-twitch (type 2) fibres are subdivided into type 2A, 2B 

and 2X and have a higher contractile rate than type 1 fibres. Type 2A fibres can utilise 

both an oxidative and a glycolytic metabolism which enables them to work both 

aerobically and anaerobically and contract with high speed and endurance. Type 2B 

fibres however have a glycolytic anaerobic metabolism enabling the fibres to contract 

very fast and with a lot of power but with low endurance (Peter et al., 1972). The last 

subgroup of fast-twitch muscle fibres, type 2X, has a contraction profile similar to 
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type 2A and 2B fibres and an endurance intermediate to that of type 2A and 2B fibres 

(Larsson et al., 1991). The different skeletal muscle fibre types are distributed in the 

mammalian muscles to optimise muscle performance. 

 
The zebrafish as a model organism 

In the 1930s E.C Roosen-Runge started using the zebrafish (Danio rerio) as a model 

organism for cell biology studies (Roosen-Runge, 1938, 1939). However it was not 

until the 1980s that George Streisinger established the zebrafish as a model for genetic 

studies. The zebrafish is a tropical fish that has many features making it an excellent 

model for studying vertebrate genetics. Zebrafish are relatively easy to maintain and 

have a short generation time of around three months. Furthermore, one pair of fish 

can produce large quantities of eggs weekly and the embryos are transparent and 

develop rapidly, enabling the possibility to follow embryonic development under the 

microscope. To emphasise the use of zebrafish embryos as a model system in the 

studies presented in this thesis, I briefly describe some well-established methods to 

perform genetic and functional studies in the zebrafish embryos below. 

 

Zebrafish embryos develop outside of their mother which makes it possible to 

manipulate the embryos from the one-cell stage and onwards. The embryos can be 

incubated in embryo medium containing various chemicals and this way you can 

study the effects of for example inhibition or activation of different signalling 

pathways. In addition, the transparency of the embryo allows for the use of reporter 

systems, making it possible to study gene expression both spatially and temporally 

throughout development.  

Forward genetics is commonly used to perform functional analysis on genes 

involved in specific processes by causing mutations and screening for interesting 

phenotypes. Many techniques to perform forward genetic screens in zebrafish have 

been established (Chakrabarti et al., 1983; Grunwald and Streisinger, 1992a, b; 

Walker and Streisinger, 1983) and in Boston and Tübingen two large-scale genetic 

screens were performed which generated a large amount of mutant strains, to which 

the entire December issue of the journal Development was devoted in 1996.  

A commonly used method to study protein function in zebrafish is the 

injection of morpholinos, which are oligonucleotides designed to bind to the mRNA 
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of your gene of interest and disturb either splicing or translation of that specific gene 

transcript, consequently reducing the amount of functional protein produced. 

However, many morpholinos exhibit non-specific toxic effects often caused by p53 

mediated apoptosis (Robu et al., 2007), thus precautions are needed when performing 

morpholino-mediated knockdown experiments. Recently there has been great 

breakthrough in finding methods to perform reverse genetics in zebrafish in a 

relatively cheap and easy way using transcription activator-like effector nucleases 

(TALENs) (Huang et al., 2011; Sander et al., 2011; Zu et al., 2013) or clustered 

regularly interspaced short palindromic repeats (CRISPR)/Cas systems (Hwang et al., 

2013), these methods will probably be considered the de facto way to study gene and 

protein function in zebrafish in the near future. 

 

Zebrafish myogenesis 

Skeletal muscle development in zebrafish and amniotes share many common features, 

albeit with slight deviations. In mice the muscle progenitor cells of the primary 

myotome co-express fast-twitch and slow-twitch specific genes (Niro et al., 2010) 

whereas in zebrafish, uncommitted slow-twitch and fast-twitch precursor cells can be 

found in distinct regions of the embryos already during early gastrulation (Hirsinger 

et al., 2004) and the development and differentiation of the separate lineages occur at 

different time points (Devoto et al., 1996; Hirsinger et al., 2004). Furthermore, in 

amniotes embryonic myogenesis does not start until after the onset of somitogenesis 

when a ventral sclerotome and a dorsal dermomyotome have formed (Ordahl et al., 

2001; Scaal and Christ, 2004). Muscle precursors will then translocate ventrally from 

the dermomyotome, differentiate into muscle fibres and form the primary myotome 

(Denetclaw et al., 2001; Gros et al., 2005; Kahane et al., 1998a, b; Kalcheim et al., 

1999; Ordahl et al., 2001). In zebrafish however, myogenesis is initiated at the end of 

gastrulation, prior to somite formation as indicated by the onset of myoD expression 

in the presomitic mesoderm (Weinberg et al., 1996). MyoD belongs to a group of 

proteins known as the muscle regulatory factors (MRFs), which are known to specify 

a myogenic cell fate and also start the process of terminal differentiation and consists 

of MyoD, Myf5, MRF4 and Myogenin (Buckingham, 2001). 
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In zebrafish the first muscle cells to be specified are the slow-twitch muscle fibres. 

Hedgehog (Hh) signalling from the midline structures activates expression of MyoD 

in the adjacent mesodermal adaxial cells (Blagden et al., 1997; Coutelle et al., 2001; 

Devoto et al., 1996; Du et al., 1997; Hirsinger et al., 2004; Weinberg et al., 1996). 

The adaxial cells will differentiate and form mononucleated slow-twitch muscle 

fibres, which subsequently migrate through the developing myotome and eventually 

form a single-cell layer of slow-twitch muscle fibres spanning the lateral part of the 

somite (Fig. 2) (Blagden et al., 1997; Devoto et al., 1996). However, a subset of the 

adaxial cells, the muscle pioneers (MPs), will remain close to the notochord, forming 

the horizontal myoseptum that separates the dorsal and the ventral part of the 

myotome (Devoto et al., 1996; Felsenfeld et al., 1991). The MPs express the 

transcription factor Engrailed (Eng) as a consequence of long exposure to high levels 

of Hh signalling (Currie and Ingham, 1996; Hatta et al., 1991) and these cells have 

been implicated to have a role in guiding migrating motor neurons (Hatta et al., 1991; 

Melancon et al., 1997). The slow-twitch muscle cells in the dorsal and ventral part of 

the somite are exposed to bone morphogenetic protein (BMP) signalling which 

counteracts the actions of Hh, and will form the surface slow-twitch fibres (Dolez et 

al., 2011; Du et al., 1997; Maurya et al., 2011). 

 

As the slow-twitch muscle fibres migrate through the myotome, fibroblast growth 

factor (FGF) signalling under the control of retinoic acid (RA) will activate a second 

wave of MRF expression in a subset of the cells located lateral to the adaxial cells 

(Groves et al., 2005; Hamade et al., 2006). These fast-twitch muscle progenitor cells 

will differentiate and fuse to give rise to multinucleated fast-twitch muscle fibres 

(Hamade et al., 2006; Stellabotte et al., 2007). Furthermore, the most lateral portion 

of the fast-twitch muscle fibres have been shown to form from Pax3/Pax7 expressing 

myogenic precursor cells located in the zebrafish dermomyotome in an Hh dependent 

manner (Feng et al., 2006; Stellabotte et al., 2007). Hh signalling has also been shown 

to regulate the differentiation of another subset of the fast-twitch muscle fibres; the 

medial fast fibres (MFFs), which are located closest to the notochord and are 

characterised by their expression of Engrailed (Eng) (Roy et al., 2001; Wolff et al., 

2003). 

6 



 

The most medial part of the fast-twitch muscle fibres form independently of 

FGF and Hh signalling. It is hypothesised that some unidentified signals from the 

midline might be important for the specification and terminal differentiation of this 

population of fast-twitch muscle fibres (Groves et al., 2005), however the regulatory 

mechanisms controlling their differentiation is still not fully elucidated. 

 

 
 
Figure 2. The different skeletal muscle cell types are located in different areas of the zebrafish 

embryo. A) Illustration of a transverse section of a somite at 15 somite stage (ss) and 24 hpf depicting the 

localisation of slow-twitch and fast-twitch fibre progenitors (15 ss) and fibres (24 hpf), Pax3+/Pax7+ cells, 

muscle pioneers (MPs), medial fast fibres (MFFs) and fast-twitch fibres derived from Pax3+/Pax7 myogenic 

precursor cells. B) Transverse section of a zebrafish somite at 24 hpf showing fast-twitch fibres (green), 

slow-twitch fibres (red) and Pax7+ cells (blue). NC: Notochord 

 
At 24 hours post fertilisation (hpf) the first wave of zebrafish myogenesis is complete 

and a functional myotome is formed with the different muscle fibre types organised 

in a medial-lateral manner (Fig. 2). A secondary myogenic wave takes place at later 

embryonic and larval stages called stratified hyperplasia (Barresi et al., 2001), where 

Pax3+/Pax7+ dermomyotomal muscle progenitors proliferate and move into the 

myotome where they differentiate into muscle fibres (Hollway et al., 2007; Stellabotte 

et al., 2007). 

 
Fast- or slow-twitch fibre fate 

Skeletal muscle progenitors differentiate into slow-twitch or fast-twitch muscle fibres 

by processes involving a vast array of different factors. Fate-mapping studies in 
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zebrafish have shown that cells that give rise to fast- and slow-twitch fibres already 

occupy distinct regions in the marginal zone before the onset of gastrulation, but 

remain competent to differentiate into either lineage until mid somitogenesis 

(Hirsinger et al., 2004; Kimmel et al., 1990). 

 

 
 

Figure 3. Prdm1 acts as a slow-twitch/fast-twitch switch. Model of the Prdm1/Sox6 controlled regulation 

of fast-twitch and slow-twitch fibre fate. 

 

During myogenesis the adaxial cells are exposed to high levels of Hh signalling from 

the midline structures. This results in activation of the u-boot (ubo) gene (Roy et al., 

2001), which encodes the transcription factor Prdm1 (Blimp1) (Baxendale et al., 

2004). Prdm1 has been shown to act as a switch between a fast- and slow-twitch fate 

firstly by repressing the expression of fast-twitch fibre specific genes in the adaxial 

cells, and secondly by repressing the transcription of the slow-twitch specific gene 

repressor Sox6. Hence, in cells where Prdm1 is expressed, expression of fast-twitch 

fibre specific genes is repressed and the transcription of slow-twitch fibre specific 

genes is enabled (Baxendale et al., 2004; von Hofsten et al., 2008). Translational 

repression of Sox6 is maintained by the microRNA mir-499, whose slow-twitch 

restricted expression is promoted by Prdm1a (Wang et al., 2011). In the fast-twitch 

progenitors, Sox6 is expressed and thus expression of slow-twitch specific genes is 

repressed (Fig. 3) (von Hofsten et al., 2008; Wang et al., 2011). 

 
Patterning of zebrafish skeletal muscle fibres 

The zebrafish musculature can be further divided into different subgroups of muscle 

fibre types. It has been shown that the expression of different myhc genes can vary 
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within the same muscle lineage. The first slow-twitch fibres to differentiate in 

response to Hh driven Prdm1 expression express slow myosin heavy chain 1 (smyhc1), 

whereas the slow-twitch fibres formed later, independently of Prdm1, express smyhc1 

as well as smyhc2 or smyhc3. In addition, the slow-twitch fibres in the adult trunk 

express smyhc2 and smyhc3 but lack smyhc1 expression (Elworthy et al., 2008). 

 

The group of Simon M. Hughes demonstrated that zebrafish muscle fibres could also 

be characterised in a medial-lateral manner depending on which combination of 

MRFs that drive their differentiation (Hinits et al., 2009). Myf5 and MyoD drives the 

differentiation of the cells located in the most medial part of the somite; the adaxial 

cells, the Eng+ MFFs and the medially located fast-twitch fibres, whereas the 

differentiation of the lateral fast-twitch muscle fibres, as well as the pectoral fin fibres 

and the cranial muscles is driven by MyoD (Fig. 4) (Hinits et al., 2009). 

 

 

Figure 4. The zebrafish skeletal muscle fibres can be patterned in a medial-lateral manner based on 

which MRFs that control their differentiation. Cross section of a zebrafish somite indicating that 

Myf5/MyoD drives the differentiation of the surface slow-twitch fibres (red) derived from the adaxial cells 

and the medially located fast-twitch fibres (yellow), whereas the differentiation of the lateral fast-twitch 

muscle fibres is driven by MyoD alone. 

 
Additionally, using cell-transplant experiments, Szeto and Kimelman have shown that 

the zebrafish body can be divided into three genetically distinct domains along the 

anterior-posterior axis; the anterior trunk, the posterior trunk and the tail (Szeto and 

Kimelman, 2006). It is suggested that overlapping BMP and Nodal gradients formed 

during early gastrulation instructs the mesodermal progenitor cells to enter specific 

domains later during somitogenesis (Fig. 5) (Szeto and Kimelman, 2006). It was 

demonstrated that cells that had received high levels of Nodal signalling at 4-5 hpf 
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entered the anterior trunk somites whereas cells that had been exposed to high BMP-

levels ended up in the tail region. Furthermore, cells that had received low levels of 

both Nodal and BMP were programmed to enter the posterior trunk (Fig. 5) (Szeto 

and Kimelman, 2006). 

 

 

Figure 5. Combinatorial Nodal and BMP signalling instruct mesodermal progenitors which somites 

to enter during somitogenesis. BMP and Nodal signalling instructs muscle progenitor cells in the marginal 

zone to enter somites in the anterior trunk domain (dark blue), posterior trunk domain (blue) or tail domain 

(light blue) later in somitogenesis. 

 
Muscle satellite cells 

Muscle satellite cells were first described in 1961 as cells lying between the basal 

lamina and plasma membrane of muscle fibres (Mauro, 1961). Mauro hypothesised 

that either i) these muscle satellite cells originated from nuclei surviving muscle-fibre 

damage, which were made into new cells that would quiescently lie adjacent to the 

muscle fibre and upon stimulation start to proliferate, or ii) that the satellite cells were 

dormant myoblasts ready to enter the fibre upon damage, or iii) that they were cells 

that had wandered into that position and now resided there, waiting to be activated by 

the proper conditions (Mauro, 1961).  

10 



 

Today, we know that muscle satellite cells originate from cells in the 

embryonic dermomyotome (Gros et al., 2005; Hollway et al., 2007) and subsequently 

they will be located under the basal lamina of the muscle fibres, intermingled in the 

myotome as a pool of quiescent satellite cells responsible for muscle growth and 

regeneration (Relaix et al., 2005).  

 

Several studies have been performed upon the existence of different muscle satellite 

cell lineages. Some suggest that the fate of the muscle satellite cells is not 

predetermined, as the fate of regenerating muscle fibres can be modulated by 

innervation from different motor neurons (Esser et al., 1993; Whalen et al., 1990). On 

the other hand, it has been implied that the muscle satellite cells differentiate into fibre 

types with phenotypes similar to the fibres on which they reside (Barjot et al., 1995; 

Rosenblatt et al., 1996). Furthermore, even in the absence of innervation regenerating 

muscle fibres from different muscle groups express different MyHC genes upon the 

same stimuli (Kalhovde et al., 2005), implying muscle satellite cell heterogeneity. It 

has been proposed that the muscle fibres communicate with the muscle satellite cells 

using F-actin based tunnelling nanotubes, and that these connections might be 

responsible for transmitting instructions on what fibre type the muscle satellite cells 

should differentiate into (Tavi et al., 2010). 

In conclusion, muscle regeneration is a complicated process and little is 

known about how the muscle satellite cells are instructed which fibre type to form, 

neither is it completely understood how the satellite cells are informed when to 

proliferate and differentiate. 

 
Pax3 and Pax7 homeodomain transcription factors 

The paired box homeodomain transcription factors 3 and 7 (Pax3 and Pax7) are 

generally accepted markers for muscle satellite cells. In mice, Pax3 is first expressed 

in the presomitic mesoderm and the entire somite before it becomes restricted to the 

dermomyotome (Goulding et al., 1991; Tremblay et al., 1998). Upon initiation of 

myogenesis, Pax3+ muscle progenitor cells will move from the dermomyotome, enter 

the myogenic program and differentiate into the muscle fibres of the trunk as well as 

the limbs. In foetal muscle, Pax3 is down regulated and the myogenic precursor cells 
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express predominantly Pax7 (Buckingham et al., 2003; Buckingham and Relaix, 

2007; Tremblay et al., 1998).  

In mice Pax3/Pax7 double mutant embryos have a severe muscle phenotype 

with only the muscle fibres derived from the early myotome present (Relaix et al., 

2005). Pax7+ cells are only found in the central dermomyotome and Pax7 is not 

essential for embryonic myogenesis. However after birth, Pax7 is expressed in 

quiescent muscle satellite cells and Pax7 mutant mice lack muscle satellite cells. 

Furthermore the muscle growth mediated by muscle satellite cells is impaired (Seale 

et al., 2000).  In adult muscle tissue, Pax7+ muscle satellite cells have been shown to 

be essential for proper muscle regeneration processes (Lepper et al., 2009; Murphy et 

al., 2011; Sambasivan et al., 2011).  

 

In zebrafish, Pax7+ cells are found in the lateral and anterior parts of the somite shortly 

after segmentation. However as a result of cell rearrangements upon somite growth 

and cell differentiation Pax7+ cells end up in the external cell layer of the somite, the 

dermomyotome (Fig. 2) (Devoto et al., 2006; Groves et al., 2005; Hollway et al., 2007; 

Steinbacher et al., 2006; Stellabotte et al., 2007). Part of the Pax7+ cell population will 

contribute to the fast-twitch muscle fibres and the rest will enter a quiescent state in 

close proximity to the muscle fibres (Hollway et al., 2007).  

Pax7+ cells have been suggested to act as muscle progenitor cells in the 

zebrafish (Hollway et al., 2007; Li et al., 2013; Seger et al., 2011). In cardiotoxin-

induced injuries, Pax7+ cells migrate to the site of injury and commence cell 

proliferation (Li et al., 2013; Seger et al., 2011) and the MRFs are up regulated in the 

fibres close to the injury. Furthermore, analysis of the number of Pax7+ cells in two 

muscular dystrophy models; sapje and itga7, shows an up regulation of Pax7+ cells in 

areas with damaged muscle fibres (Seger et al., 2011).  

 

Collectively, much indicates that the mouse and zebrafish Pax3/Pax7+ cell population 

acts similarly as a source of muscle progenitor cells during early myogenic events as 

well as later during regenerative processes. 
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Sine oculus homeobox 1 (Six1) 

The homeodomain transcription factors Six1 and Six4 are major players in mouse 

myogenesis. Mice lacking Six1 have an impaired primary myogenesis and die before 

birth (Laclef, 2003). Six1/Six4 double mutant mice show an even more severe muscle 

phenotype with disrupted primary myogenesis and an absence of limb and trunk 

hypaxial muscle (Grifone et al., 2005). In the absence of Six1 and Six4 the muscle 

progenitor cells in the ventral dermomyotomal lip lose their expression of Pax3 and 

thus their muscle progenitor cell identity, as a consequence all muscles derived from 

the hypaxial dermomyotome are lost (Grifone et al., 2005). Furthermore, expression 

of Six1 and Six4 is required for activation of the fast-twitch gene program in the 

intermingled fast- and slow-twitch muscle progenitors in the primary myotome (Niro 

et al., 2010). 

 

Six1 has been shown to be important for zebrafish myogenesis as well. In zebrafish 

there are two six1 isoforms; six1a and six1b. Studies have proposed six1b (previously 

referred to as six1a) to be involved in the onset of fast-twitch muscle differentiation 

as it is required for the expression of the differentiation marker myogenin in fast-

twitch muscle precursor cells (Bessarab et al., 2004; Bessarab et al., 2008). six1b 

(prev. six1a) has also been implicated to play an essential role in craniofacial 

myogenesis by regulating the expression of the MRFs myoD and myf5 (Lin et al., 

2009). Three Six4 homologues have been identified in zebrafish; six4.1, six4.2 and 

six4.3 where six4.2 is expressed in the developing somites (Kobayashi et al., 2000). 

However no studies have been published regarding the role of Six4 in zebrafish 

myogenesis.  
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RESEARCH AIMS 
During skeletal muscle development, uncommitted myogenic precursor cells receive 

signals instructing them to differentiate into specific muscle fibre types with distinct 

profiles. The overall aim of the research presented in this thesis is to further elucidate 

how myogenic precursor cells are instructed when to differentiate into muscle fibres 

and to assess how they are informed what fibre type to form. I have investigated 

muscle progenitor cell proliferation and differentiation and also the fast-twitch fibre 

formation and muscle tissue patterning in the zebrafish embryo. 

 

Specific aims 

 
Paper I:  Identify a good marker specific to cells committed to the fast-twitch 

pathway prior to fast-twitch fibre formation. 

 

Paper II:  Study the role of Six1 in fast-twitch fibre differentiation and in 

Pax7+ muscle precursor cells. 

 

Paper III:  Analyse fast-twitch fibre formation and the organisation of different 

fMyHC isoforms in the trunk and tail domain of the zebrafish 

embryo and examine the regulatory processes defining these 

domains. 
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RESULTS AND DISCUSSION 

 

PAPER I: Alkali-like myosin light chain-1 (myl1) is an early 

marker for differentiating fast muscle cells in zebrafish 
Skeletal muscles fibres can be divided into slow- and fast-twitch fibres depending on 

their contractile speed. In zebrafish, the slow- and the fast-twitch fibre progenitor cells 

are located in separate regions very early in development. Furthermore the 

differentiation of the various fibre types is regulated in different ways (Devoto et al., 

1996; Hirsinger et al., 2004). To study how these processes occur it is important to be 

able to separate fast-twitch and slow-twitch progenitors and fibres during myogenesis. 

Genes encoding sarcomeric proteins specific for fast-twitch or slow-twitch fibres are 

frequently used as lineage markers in developmental studies.  

 

myl1 is expressed in fast muscle progenitors 

In an attempt to identify and evaluate early definitive markers for fast-twitch specific 

cells, we analysed genes encoding proteins contributing to the fast-twitch fibre 

sarcomeric structures. We compared the expression pattern of several established fast-

twitch markers such as fast myosin heavy chain 1.3 (fmyhc1.3) (von Hofsten et al., 

2008), myosin light chain 2 and 3 (mylz2 and mylz3), troponin i2 and 3a (tnni2 and 

tnnt3a) (Hsiao et al., 2003; Xu et al., 2000) as well as the previously uncharacterised 

marker myl1 (alkali-like myosin light chain-1) which has been shown to be expressed 

in mouse fast-twitch fibres (Kelly and Buckingham, 1997). We concluded that myl1 

was the gene that was earliest expressed specifically in the fast-twitch precursor cells.   

 

Further analysis of myl1 expression in zebrafish embryos determined that myl1 was 

already expressed at the 8 somite stage (ss) in the paraxial mesoderm and the 

expression appeared to be excluded from the adaxial cells. This was more obvious 

when looking at later stages and by co-staining embryos with myl1 and the slow 

muscle marker smyhc1 we concluded that myl1 indeed was specifically expressed in 

cells of the fast-twitch lineage (Fig. 6).  
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Figure 6. myl1 expression is excluded from the slow-twitch fibres. A) myl1 (red) is expressed lateral to 

the adaxial cells (green) in a 12 ss embryo. B) Expression of myl1 (purple) and smyhc (pink) at 10 ss (flat 

mount and cross section) and a single somite of a 15 ss embryo, showing no co-expression. NC: Notochord 

 
Interestingly, we found that the fast-twitch specific genes fmyhc1.3, mylz2 and tnni2 

were not specific to cells of the fast-twitch lineage as they were expressed in the 

adaxial cells at early stages (Fig. 7) although the expression was down regulated at 

later stages. Furthermore our results indicate that for a short period of time the adaxial 

cells express genes of both the slow- and fast-twitch lineages after committing to the 

slow-twitch fibre fate. 

 

 
Figure 7. fmyhc1.3, mylz2 and tnni2 are expressed in the adaxial cells. Expression of fmyhc1.3, mylz2 

and tnni2 (red) is found in the adaxial cells (green) in embryos at 12 ss. 

 

myl1 is specifically expressed in cells belonging to the fast-twitch lineage 

We examined myl1 expression in embryos where MyoD and Myf5 had been knocked 

down using morpholino oligonucleotides, leading to disrupted myogenesis. Here we 

found that myl1 expression was completely absent, indicating that myl1 is expressed 

specifically in myogenic cells (Fig. 8).  

 
Additionally, we analysed how myl1 expression was affected in different myogenic 

mutant lines. In the zebrafish smoothened mutant (smo), which has impaired Hh 
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signalling and lack slow-twitch fibres (Barresi et al., 2000) myl1 expression is still 

detected in the fast-twitch specific cells. However as a consequence of the reduced 

fast-twitch myogenesis reported in the smo mutants (Barresi et al., 2000; Feng et al., 

2006) myl1 expression is reduced (Fig. 8). In embryos where prdm1 is mutated (ubo) 

the adaxial cells form but they are not specified as slow-twitch (Roy et al., 2001), here 

myl1 is expressed in the fast muscle progenitors as well as in the adaxial cells. Finally, 

we analysed the myl1 expression in fgf8 mutants (acerebellar, ace) where the lateral 

portion of the fast-twitch fibres does not form (Groves et al., 2005), and found a 

reduction of myl1 expression in the lateral part of the somites, supporting its fast-

twitch specific expression (Fig. 8).  

 

Collectively, our data demonstrates myl1 to be a very useful marker for fast-specific 

precursors early in myogenesis and indicates that the expression of myl1 is restricted 

to cells of the myogenic lineage and that in the adaxial cells, myl1 expression is 

repressed by Prdm1. Furthermore, the onset of expression of genes specific to the fast-

twitch fibres indicates that the muscle precursor cells found lateral to the adaxial cells 

are committed to a fast-twitch fibre fate already at the 8 ss. 

 

 
Figure 8. myl1 expression is restricted to cells of the fast-twitch muscle lineage. Expression of myl1 in 

wildtype embryos, MyoD/Myf5 morphant embryos and the myogenic mutants smo, ubo and ace, at 15 ss. 
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PAPER II – Six1 regulates proliferation of Pax7-positive muscle 

progenitors in zebrafish 
Part of the fast-twitch fibre domain is formed from Pax7+ muscle precursor cells 

located in the zebrafish dermomyotome. These Pax7+ cells later contribute to a 

quiescent pool of muscle satellite cells responsible for muscle regeneration (Hollway 

et al., 2007). The regulatory mechanisms behind Pax7+ muscle precursor cell 

proliferation and differentiation are still not completely understood. 

 

six1 is expressed in the Pax7+ myogenic precursor cells independently of the MRFs 

six1b (previously known as six1a) was first characterised in zebrafish by Bessarab 

and colleagues, who found that six1b was expressed in the cranial placodes and 

somites at 12 hpf (Bessarab et al., 2004). six1b was suggested to be required for the 

onset of fast-twitch fibre differentiation as the expression of the fibre differentiation 

marker myogenin was down regulated in six1b morphant embryos (Bessarab et al., 

2008). Furthermore, six1b has been shown to play a role in zebrafish craniofacial 

myogenesis (Lin et al., 2009) and a recent study reported that six1a cooperates with 

six1b to promote cell survival during zebrafish myogenesis (O'Brien et al., 2014). 

 

We analysed the expression pattern of the previously characterised six1b (Bessarab et 

al., 2004; Bessarab et al., 2008; Lin et al., 2009) and the uncharacterised homologue 

six1a. We found that both six1a and six1b were expressed in the fast muscle domain 

of the zebrafish embryos and at least partly in the region corresponding to the Pax7+ 

dermomyotome (Stellabotte et al., 2007). By generating a six1b:GFP transgenic line 

where part of the six1b promoter drives the expression of GFP (green fluorescent 

protein) we could conclude that six1b:GFP was co-expressed with Pax7 in the anterior 

border cells at early stages, as well as dermomyotomal muscle progenitor cells at 24 

hpf (Fig. 9). Interestingly, the expression of six1b:GFP was maintained in the 

dermomyotome after ablating muscle development using myoD and myf5 

morpholinos in combination. In addition, the domain expressing six1b:GFP and Pax7 

was increased. This agrees with previous results showing that the number of 

dermomyotomal Pax7+ progenitor cells was increased after ablating MyoD expression 
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(Hammond et al., 2007) and implies that the expression of six1b in the Pax7+ muscle 

progenitor cells is independent of the MRFs.  

 

 
Figure 9. six1b:GFP is co-expressed with Pax7 in the dermomyotome. Expression of six1b:GFP (green) 

and Pax7 (red) in a flat mounted 12 ss embryo and a cross section of 24 hpf embryo, showing co-expression 

in anterior border cells at 12 ss (white arrowhead) and in the dermomyotome at 24 hpf. Yellow arrowheads 

indicate some of the GFP+/Pax7+ cells. NC: Notochord. 

 

Six1a/b keeps the Pax7+ muscle progenitors in a proliferative state 

We wanted to investigate the role of six1a/b in the Pax7+ muscle progenitor cells of 

the zebrafish embryo. In mice, Six1 is expressed in adult muscle satellite cells and is 

required for proper muscle regeneration and for self-renewal of the adult muscle 

satellite cells (Le Grand et al., 2012). Furthermore Six1 is involed in regulating the 

expression of MyoD in adult muscle satellite cells (Liu et al., 2013). Several studies 

have reported a role for Six1 in sensory placode cell-proliferation (Chen et al., 2009; 

Zheng et al., 2003) as well as in metastatic tumours (Coletta et al., 2004; Coletta et 

al., 2008), and we now provide evidence that six1 is involved in the proliferation of 

the Pax7+ muscle progenitor cells. We found that Pax7+ muscle progenitor cell 

proliferation was significantly down regulated in six1a and six1b morphant embryos, 

and that knocking down six1a and six1b in combination gave the most severe 

phenotype.  

 

The most lateral part of the myotome consists of fibres originating from 

dermomyotomal Pax7+ muscle progenitors (Fig. 2) (Stellabotte et al., 2007), hence 

one could expect to see a reduction of these fibres in our six1 morphant embryos. 

However, the number of fast muscle fibres is only significantly reduced after 

treatment with both six1a and six1b morpholino in combination. The fast-twitch fibres 
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found most laterally have been reported to have the smallest cross section area 

(Stellabotte et al., 2007), suggesting that the fibres originating from the 

dermomyotome, located in the most lateral part of the fast-twitch fibre area, 

constitutes a very small portion of the entire myotome. Hence, if we had been able to 

specifically analyse the number of dermomyotomally derived fast-twitch fibres we 

might have detected a significant reduction in six1a and six1b single morphants.  

 

 
Figure 10. six1b expression is up regulated in the absence of Hh signalling. Expression of six1b in 

embryos treated with the Hh signalling inhibitor cyclopamine and control embryos treated with DMSO at 

24 hpf. 

 

It has been suggested that Hh signalling directly regulates the number of Pax7+ cells 

in the zebrafish dermomyotome and that Hh is required for the dermomyotomal 

muscle precursor cells to differentiate into fast-twitch muscle fibres (Feng et al., 

2006). In the smo mutant, where Hh signalling is impaired (Barresi et al., 2000), the 

expression of pax3 and pax7 transcripts was maintained longer in the somite 

compared to wildtype embryos, furthermore an increase of Pax7+ cells in the 

dermomyotome was observed in smo embryos as well as embryos treated with the Hh 

inhibiting chemical cyclopamine (Feng et al., 2006; Hammond et al., 2007). We see 

a tendency of upregulation of six1b expression in embryos treated with cyclopamine 

(Fig. 10, unpublished data), which could imply that Hh is required for downregulation 

of six1b during myogenesis. Consequently, the Pax7+ cell phenotype Feng and 

colleagues observe in the embryos with impaired Hh signalling could be a result of an 

upregulation of six1b in the dermomyotomal cells, resulting in an increase of Pax7+ 

cell proliferation.  
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The Pax7+ cell proliferation in the peripheral dermomyotome is regulated by six1 

via pSmad1/5/8 

The zebrafish dermomyotome can be divided into the central dermomyotome and the 

peripheral dermomyotome which possess genetically and functionally distinct 

subpopulations of muscle progenitor cells (Windner et al., 2012). We propose that the 

proliferation of the Pax7+ muscle progenitor cells in these different dermomyotomal 

regions is regulated in different ways.  

In the peripheral dermomyotome we found that Pax7 was co-expressed with 

pSmad1/5/8 (Fig. 11 A). pSmad is a result of BMP signalling and has been linked to 

Pax7+ cell proliferation previously, where over expression of Bmp2b resulted in 

elevated levels of pSmad1/5/8 as well as an increase of Pax7+ cell number (Patterson 

et al., 2010). We found that Six1 was required for the presence of pSmad1/5/8 in the 

Pax7+ cells in the peripheral dermomyotome and that in the absence of pSmad1/5/8 

the number of Pax7+ cells was decreased. This indicates that Six1 regulates the 

proliferation of Pax7+ muscle progenitors located in the peripheral dermomyotome 

via pSmad1/5/8. In the central dermomyotome however, the proliferation of Pax7+ 

muscle progenitors appears to be promoted by Six1 independently of pSmad1/5/8 (Fig 

11 B). 

 

The cells of the peripheral and the central dermomyotome have been shown to have 

different roles during myogenesis. The Pax7+ myogenic precursor cells in the central 

dermomyotome have been indicated to be responsible for the initial growth of the 

primary myotome (Windner et al., 2012). Our data implies that the proliferation of 

Pax7+ myogenic precursor cells in the central dermomyotome is regulated by Six1, 

and suggests that it is the initial growth of the primary myotome that is affected in our 

six1a/six1b morphant embryos at 24 hpf (Fig. 11). The peripheral Pax7+ 

dermomyotomal cells are responsible for secondary myogenic events such as 

stratified hyperplasia (Steinbacher et al., 2006), and this cell population could 

correspond to the Pax7+ myogenic precursor cells that we found were regulated by 

Six1 via pSmad1/5/8 (Fig. 11). We found that the six1a/six1b morphants had the most 

severe fast-twitch fibre phenotype at 3 dpf, with a great reduction of the fast-twitch 

fibre area as well as a significant reduction of the number of cells in the fast-twitch 
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area, this could be a consequence of both disrupted primary myogenesis as well as 

disturbed secondary myogenesis. 

 
Figure 11. The zebrafish dermomyotome can be divided into two separate domains with genetically 

and functionally different sub-populations. A) Illustration of a cross section of a zebrafish somite 

indicating the peripheral dermomyotome in red, the central dermomyotome in blue and the area of 

pSmad1/5/8 expression in green. B) Model showing a hypothesis of how Six1 regulates the proliferation 

of Pax7+ muscle precursor cells in the central and peripheral dermomyotome and how this consequently 

could affect primary and secondary myogenesis.  NC: Notochord. 

 
Taken together, we suggest that Six1 has a role in promoting the proliferation of 

dermomyotomal Pax7+ muscle progenitors and that in the peripheral dermomyotome 

this is conducted via pSmad1/5/8 (Fig. 11).  

With support from data by Feng et al., (2006) and Windner et al., (2012) it 

is hypothetically possible that the dermomyotomal expression of six1 is regulated by 

Hh signalling, furthermore one could theorise that during primary myotomal growth 

Six1 regulates the proliferation of the Pax7+ muscle precursor cells in the central 

dermomyotome independently of pSmad1/5/8, whereas during secondary myogenic 

events Six1 promotes Pax7+ precursor cell proliferation in the peripheral 

dermomyotome via pSmad1/5/8 (Fig. 11).  
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PAPER III: Differential regulation of myosin heavy chains defines 

new muscle domains in zebrafish  
During myogenesis muscle progenitors will receive instructive cues informing them 

to differentiate into either fast-twitch or slow-twitch fibres. Subsequently the 

zebrafish musculature is further patterned into subgroups with distinct expression 

profiles and different functional properties. One major determinant of a muscle fibres 

contractile performance is its composition of different MyLC and MyHC isoforms.  

 

Distinct regions of the zebrafish embryo as well as adult body musculature can be 

distinguished based on their fmyhc expression profile 

The zebrafish chromosome 5 contains a cluster of six fmyhc genes organised in two 

different groups located on opposite strands (Fig. 12), this arrangement is likely a 

result of a genome duplication event that occurred early in evolution.  

 

 
 

Figure 12. Six fmyhc genes are localised in a cluster of 119 kb on zebrafish chromosome 5, group 1 

(fmyhc1.1, 1.2 and 1.3) are localised on the reverse strand and group 2 (fmyhc2.1, 2.2 and 2.3) on the 

forward strand. 

 

We analysed the expression pattern of these six different fmyhc genes and we could 

conclude that the fmyhc genes belonging to group 1 (fmyhc1.1, fmyhc1.2 and 

fmyhc1.3) were excluded from most of the tail and the craniofacial regions, whereas 

the fmyhc genes from group 2 (fmyhc2.1, fmyhc2.2 and fmyhc2.3) were predominantly 

expressed in these regions.  

We found that especially three of the fmyhc genes had very distinct 

expression profiles; fmyhc1.2 was expressed in the most anterior part of the trunk, 

fmyhc1.3 in the posterior part of the trunk and expression of fmyhc2.1 was found in 

the tail (Fig. 13). We generated transgenic lines where part of the fmyhc1.2 and 
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fmyhc2.1 upstream regions drive the expression of GFP, and found that these separate 

expression domains were not only found in embryos but was maintained in juvenile 

and adult zebrafish. These expression domains are similar to the regulatory domains 

that Szeto and Kimleman suggested that the zebrafish body musculature was divided 

into (Szeto and Kimelman, 2006) and adds further evidence that the zebrafish body 

musculature can be divided into three genetically distinct domains.  

 

Figure 13. The zebrafish body musculature can be defined by its expression of different fmyhc genes 

along the anterior-posterior axis.  fmyhc1.2 is expressed in the anterior trunk, fmyhc1.3 is expressed in 

the posterior trunk and the tail domain expresses fmyhc2.1. 

 
To investigate the function of these different fmyhc genes in the fast-twitch muscle 

fibres we used morpholino oligonucleotides designed to disturb protein translation of 

fmyhc1.2 and fmyhc2.1. In both the fmyhc1.2 and the fmyhc2.1 morphant embryos the 

fast-twitch fibres formed normally, and in the fmyhc1.2 morphants the fibre striation 

was unaffected (Fig. 14 A), however in the fmyhc2.1 morphants the fibre striation in 

the tail region was disturbed (Fig. 14 B). This suggests that in the anterior and 

posterior trunk region there is a redundancy between the different fmyhc genes 

expressed, whereas in the tail domain fmyhc2.1 is the only fmyhc gene expressed and 

appears to be essential for proper sarcomere assembly in that particular region. 
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Figure 14. The striation in the tail is disturbed in fmyhc2.1 morphant embryos. Expression of F-actin 

in A) trunk region of control embryos and fmyhc1.2 morphants and B) tail region of control embryos and 

fmyhc2.1 morphants at 30 hpf. C) Squares indicate area of view in A and B. 

 
Levels of RA and Wnt signalling determines the fate of the fast-twitch fibres along 

the anterior-posterior axis  

To understand how the expression of the different fmyhc genes is regulated we 

manipulated the levels of several signalling pathways. We found that RA and Wnt 

signalling defined the different expression regions and that by manipulating the levels 

of RA and Wnt we could modify these domains.  

Inhibiting Wnt signalling resulted in a phenotype similar to the one found in 

fmyhc2.1 morphants with lost fmyh2.1:GFP expression and disturbed fibre striation in 

the tail region. Furthermore by manipulating the levels of RA we were able to move 

the border between fmyhc1.2 and fmyhc1.3 expression along the anterior-posterior 

axis. When the level of RA was decreased, the expression domain of fmyhc1.3 

expanded anteriorly (Fig. 15 B) whereas increasing the levels of RA moved the 

fmyhc1.3-expressing domain posteriorly, additionally increased RA levels resulted in 

loss of the tail (Fig. 15 C). Inhibiting both signalling pathways restored the wildtype 

phenotype (Fig. 15 A, D).  
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Figure 15. fmyhc1.2, fmyhc1.3 and fmyhc2.1 are expressed in distinct regions of the zebrafish embryos 

and this regionalisation is dependent on a balance between RA and Wnt signalling. A) In control 

embryos fmyhc1.2 is expressed in the anterior trunk, fmyhc1.3 in the posterior trunk and fmyhc2.1 in the 

tail and a balance between RA and Wnt signalling regulates this. B) Inhibiting RA signalling using DEAB 

leads to a decrease in fmyhc1.2 expression and an increase of fmyhc1.3 which expression also spread 

anteriorly (red arrow). C) Increasing RA signalling leads to a decrease in fmyhc1.3 expression, an expansion 

of the fmyhc1.2 domain posteriorly (red arrow) and loss of the entire tail domain. D) Inhibiting both Wnt 

and RA signalling restores the wildtype phenotype. Dashed red line indicates border between the fmyhc1.2 

and fmyhc1.3 expression domain in the wildtype embryo. 

 
RA has been shown to be highest concentrated in the anterior part of the zebrafish 

embryo (Shimozono et al., 2013) whereas Wnt signalling is reported strongest in the 

posterior embryo (Shimizu et al., 2012). Our data suggest that RA counteracts Wnt 

signalling which results in a gradient of RA and Wnt signalling along the anterior-

posterior axis. In the anterior trunk, RA is promoting the expression of fmyhc1.2, 

while Wnt regulates fmyhc2.1 expression in the tail, furthermore in the posterior trunk 

intermediate levels of both RA and Wnt promotes expression of fmyhc1.3 (Fig. 15). 

Wnt signalling has a conserved role in patterning of the anterior-posterior 

body axis (Petersen and Reddien, 2009) furthermore the zebrafish pipetail/wnt5 (ppt) 

mutant has a defect tail formation (Rauch et al., 1997). Our data suggests that Wnt 

signalling is not only important for the formation of the tail but also for proper 

sarcomeric arrangement in the tail domain and hypothetically the function of the tail 

muscles, as zebrafish mutants with reduced or absent striation have been reported to 

have no or reduced mobility (Granato et al., 1996).  
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Promoter analysis of fmyhc1.2:GFP and fmyhc2.1:GFP 

We propose that RA and Wnt defines the different fmyhc expression domains along 

the anterior-posterior axis, however we do not know if this is a direct regulation or if 

it is a subsequent effect. Previous lab members Anne-Cécile Burguière, Indrayani 

Waghmare and Jenny Pasto have performed experimental studies as well as sequence 

analysis trying to find cis-acting elements regulating the fmyhc1.2 and fmyhc2.1 

genes. Using our transgenic lines where 7 kb of the region upstream of the 

translational start sites of fmyhc1.2 and fmyhc2.1 drives the expression of GFP, some 

preliminary results have been attained.  

 
Table 2. The number of fmyhc1.2:GFP+ fibres is reduced with the length of the promoter. Table 

showing the average number of GFP+ fibres in mosaic embryos injected with fmyhc1.2 promoter constructs 

of various lengths.  

Promoter length  

fmyhc1.2 

Average number of GFP+ fibres 

Trunk 

5 kb 130 

3 kb 139 

2.3 kb 90 

1.8 kb 51 

1.6 kb 23 
 

Table 3. The expression of fmyhc2.1:GFP is regulated by two different regions of the upstream 

sequence. Table showing the average number of GFP+ fibres in mosaic embryos injected with fmyhc2.1 

promoter constructs of various lengths. Between 3.35 kb and 3.25 kb there is a region controlling the head 

specific expression of fmyhc2.1:GFP, whereas the region controlling the tail specific expression is found 

between 1.64 kb and 1.5 kb.  

Promoter length 

fmyhc2.1 

Average number of GFP+ fibres 

Craniofacial Tail 

7 kb 17 42 

3.35 kb 5 34 

3.25 kb 0 25 

1.64 kb 0 15 

1.5 kb 0 0 
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For fmyhc1.2, J. Pasto found that the fmyhc1.2:GFP expression in the fast-twitch 

muscle fibres of the trunk was reduced in relation to the length of the promoter 

sequence (Table 2, unpublished data), which suggests that there is not one single 

factor controlling the fmyhc1.2 expression but rather several, scattered in the upstream 

region. Additionally, data collected by A-C. Burguière and I. Waghmare indicate that 

two separate enhancer elements regulate the expression of fmyhc2.1 in the craniofacial 

and the tail region. A region between 3.25 and 3.35 kb upstream of the translational 

start appears to regulate the expression of fmyhc2.1:GFP in the craniofacial region, 

whereas a region 1.5-1.64 kb upstream of the translational start  control the tail 

specific fmyhc2.1:GFP expression (Table 3, unpublished data). Although A-C. 

Burguière found several potential binding sites in these specific regions when 

performing sequence analysis, we still have not been able to identify any specific 

regulators binding to the upstream sequences of fmyhc1.2 and fmyhc2.1. 

Possibly RA and Wnt regulate expression of different homeobox (hox) genes 

along the anterior-posterior axis. hox genes have been described to assign regional 

identity along the anterior-posterior axis during embryonic development (McGinnis 

and Krumlauf, 1992) and in zebrafish embryos the hox genes are arranged in an 

anterior-posterior expression pattern (Prince et al., 1998), however we have not 

performed any experiments to confirm or reject this hypothesis.   

 

Functional aspects of distinct muscle domains along the anterior-posterior axis 

We have shown that the zebrafish fast-twitch muscle is patterned into three distinct 

domains, expressing different fmyhc genes. However we do not currently know the 

reason for this division. Presumably the muscles in the different domains are used in 

specific actions demanding muscle fibres with different properties such as contractile 

speed and endurance.  

Studies indicate that separate regions of the zebrafish musculature contracts 

during different swimming behaviours. During burst swim, larval zebrafish bend their 

body in the posterior trunk region with great turns and fast speed, whereas during slow 

swim the tail region is bent (Budick and O'Malley, 2000), similar patterns have been 

observed in adult zebrafish (Muller et al., 2000). This implies that the muscle fibres 

in the trunk region are designed to quickly contract with high force but low endurance, 
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whereas the fibres in the tail probably have longer endurance but contract with less 

force. Thus one could hypothesise that like mammals, the zebrafish fast-twitch 

musculature can be subdivided into different fibre types with different metabolic and 

contractile profiles, distributed such that the muscle performance is optimised. 

 

Collectively, we propose a model where the zebrafish skeletal musculature can be 

divided into three different domains defined by the expression of different fmyhc 

genes. fmyhc1.2 defines the anterior trunk domain, fmyhc1.3 the posterior trunk and 

fmyhc2.1 defines the tail domain. Furthermore the fmyhc2.1 expression in the tail is 

dependent on Wnt signalling and is essential for proper fibre striation in the tail. 

Additionally we suggest that these expression domains depend on coordinated levels 

of RA and Wnt signalling. 
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CONCLUSION 
This thesis summarises my efforts to investigate muscle progenitor cell proliferation 

and differentiation, fast-twitch fibre formation and muscle tissue patterning in the 

zebrafish embryo. I have briefly summarised relevant information about skeletal 

myogenesis with emphasis on the development of different muscle fibre types in the 

zebrafish embryo. In addition, with support from previously published results I have 

assembled, analysed and discussed the data presented in my papers included in this 

thesis.  

 

In conclusion, we demonstrate that fast-twitch muscle progenitors have started to 

differentiate into fast-twitch muscle fibres already at the 8 ss, indicated by the 

expression of the fast-twitch specific gene myl1. In addition myl1 continues to be 

expressed specifically in fast-muscle progenitors and fast-twitch fibres throughout 

zebrafish myogenesis, making myl1 a novel marker for cells committed to the fast-

twitch lineage.  

Furthermore, we suggest a previously unknown role for Six1 in zebrafish 

Pax7+ muscle precursor cells. We propose that Six1 promotes proliferation and, as a 

consequence, inhibits differentiation of Pax7+ muscle progenitors in the zebrafish 

dermomyotome. Moreover, our data indicates that in the peripheral dermomyotome 

Six1 acts on Pax7+ cell proliferation via pSmad1/5/8. 

Additionally, we provide new evidence that the zebrafish fast-twitch body 

musculature can be divided into distinct regions with specific fmyhc expression 

profiles along the anterior-posterior axis, our data implies that this regionalisation is 

dependent on a balance between RA and Wnt signalling. 
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ONGOING STUDIES AND FUTURE ASPECTS 
In zebrafish, Pax3 and Pax7 are expressed by a pool of muscle progenitor cells as well 

as by quiescent muscle satellite cells (Hollway et al., 2007). However the role of Pax3 

and Pax7 in these cell groups is not completely understood. We are currently using 

TALENs to create zebrafish lines mutant for Pax3a, Pax3b, Pax7a and Pax7b. We 

intend to analyse how the muscle progenitor cells and the muscle satellite cells act in 

these different mutant lines separately and in combination. 

The main role for muscle satellite cells is to fuse with existing muscle fibres 

or create new fibres when needed. We want to study the regeneration process in 

Pax3/Pax7 mutant embryos to understand what role these proteins play in this 

complicated event. Furthermore we plan to cross pax3:GFP and pax7:GFP transgenic 

lines with our Pax3 and Pax7 mutants and analyse the dermomyotomal progenitor 

cells in the absence of Pax3 and Pax7 during development as well as during the muscle 

regeneration process. 

 

We have shown that Six1 regulates Pax7+ cell proliferation during myogenesis (Paper 

II). The six1:GFP transgenic line express GFP in almost all Pax7+ myogenic 

progenitor cells (Paper II) and we want to perform regeneration studies on this 

transgenic line. By inflicting an injury in the skeletal musculature we expect that 

Pax7+ muscle satellite cells will migrate to the damaged area and proliferate before 

either forming new fibres or fusing with existing fibres, however it is not known if 

Six1 is up regulated in these cells upon cell proliferation. Using our six1b:GFP 

transgenic line this can be assessed in the living embryo and juvenile fish at different 

time points.   

 

Muscle satellite cells are implicated to create new fibres similar to the damaged ones 

upon muscle regeneration, however how the muscle satellite cells know what fibre 

type to form is not fully understood. To assess this we can use the fact that the 

zebrafish fast-twitch body musculature is patterned in an anterior-posterior manner 

expressing different fmyhc genes, hence by transplanting muscle satellite cells from 

one domain into another and analyse what fibre type the transplanted cells gives rise 
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to we can analyse if the muscle satellite cells are pre-programmed into creating a 

specific fibre type or if it is the surrounding tissue that instructs them.  
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Ungefär hälften av våra kroppar består av skelettmuskulatur och det är denna vävnad 

som gör att vi kan röra på oss. Snabba muskelfibrer är ansvariga för högintensiva 

explosiva rörelser och använder glukos som energikälla, medan långsamma 

muskelfibrer, som utnyttjar syre från blodet som energikälla, ansvarar för mer 

lågintensiv och långvarig rörelse. Utöver snabba och långsamma fibrer så finns det 

undergrupper av olika fibertyper med specifika egenskaper. För att optimera en 

muskels egenskap så är den uppbyggd av en uppsättning av fibrer med egenskaper 

passande för just den muskelns funktion. Skelettmuskulaturen har även förmågan att 

återbilda nya muskelfibrer vid skador livet ut, detta genom att muskelstamceller som 

ligger vilande i muskeln aktiveras och lokaliserar sig till skadan för att därefter bilda 

nya fibrer.  

De celler som ansvarar för bildandet av muskelvävnaden i embryot kallas för 

myoblaster, dessa celler är väldigt formbara och signaler från omgivningen instruerar 

dem i vilken typ av muskelfiber de ska bilda. Vidare så bildar en viss proportion av 

dessa myoblaster en grupp av vilande celler som fungerar som muskelstamceller som 

både ansvarar för bildandet av en viss andel av snabba muskelfibrer såväl som för 

återuppbyggnad av muskelvävnaden livet ut. 

 

Det huvudsakliga målet med denna avhandling är att utöka kunskapen om bildandet 

av snabba muskelfibrer och specificeringen av olika undergrupper av snabba 

muskelfibrer. Vidare vill jag undersöka hur muskelstamceller instrueras att antingen 

fortsätta dela sig och bilda nya muskelstamceller eller bilda nya muskelfibrer.  

 

För att förstå hur olika fibertyper bildas och hur delningen av muskelstamceller 

regleras så har vi studerat muskelutvecklingen i zebrafiskembryon. Zebrafisk är en 

utmärkt modell för att studera muskelutveckling hos ryggradsdjur, generationstiden 

är väldigt kort och de generar många ägg regelbundet. Vidare så är zebrafiskembryon 

genomskinliga vilket gör det möjligt att använda sig av transgenteknologi och 

introducera självlysande proteiner för att spåra celler där särskilda gener uttrycks i det 

levande embryot. Därutöver består cirka 80% av fiskens kroppsmassa av 

skelettmuskulatur och bildandet av muskulaturen är väl studerat och dokumenterat.  
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Six1 är ett protein som har visat sig vara viktig vid många olika moment under den 

embryonala utvecklingen, så också för muskelutveckling. Vi upptäckte att six1 var 

uttryckt i de myoblaster som bidrar både till en viss population av snabba muskelfibrer 

såväl som till muskelstamcellpoolen. Våra resultat visar att six1 är viktig för att dessa 

celler ska fortsätta dela sig och bilda en större grupp av framtida muskelstamceller, 

istället för att omvandlas till muskelfibrer. 

Vi har även studerat utvecklingen av de snabba muskelfibrerna i 

zebrafiskembryon och vi identifierade tre olika populationer av snabba muskelfibrer 

längs den anterior-posteriora axeln, från huvudet till stjärten. Dessa olika 

muskelgrupper kan urskiljas av att de uttrycker olika gener som kodar för varianter av 

samma muskelkomponent. Vidare så fann vi att dessa komponenter är nödvändiga för 

att muskelfibrerna ska få rätt uppbyggnad och att denna muskelfiberindelning regleras 

av en balans mellan två olika signalvägar.  

 

Sammanfattningsvis så har vi studerat hur muskelstamcellernas celldelning regleras 

och fått ökad förståelse för hur stamcellspoolen som ansvarar för återbildandet av 

muskelvävnaden genereras. Vi har även funnit att muskelfibrer tillhörande samma 

fibertyp kan delas in i undergrupper beroende på vilka subcellulära 

muskelkomponenter de uttrycker, därtill har vi identifierat de signalvägar som 

reglerar denna indelning.  
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