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Abstract 

Skeletal muscles make up 40% of body weight in humans. Any compromises in muscle function will cause 

major consequences to the quality of a personôs life. It is therefore extremely important that this tissue is 

maintained in a state of homeostasis. To do this, muscle fibres that become damaged must be repaired by 

tissue-resident muscle-stem cells throughout the life of an animal. Several different kinds of muscle-associated 

cells have been described, including the two main populations: satellite cells (a population of muscle stem 

cells) and fibro/adipogenic progenitors (FAPs) (a population of mesenchymal stem cells). Using zebrafish as 

a model, the importance of muscle-associated cells in maintaining muscle homeostasis is demonstrated. Our 

lab has previously generated a col1a2-based transgenic line that labels collagen-expressing cells in zebrafish. 

Using a combination of immunohistochemistry and confocal microscopy, I characterize the dynamics and 

function of col1a2+ muscle-associated cells. A developmental time course shows that col1a2+ intramuscular 

cells increase in numbers during juvenile stages. In response to muscle injury, col1a2+ muscle-associated cells 

are expanded and contribute to muscle regeneration. Genetic ablation of col1a2+ cells, results in a 

compromised regenerative response. Using Cre-mediated lineage tracing, the developmental origin of 

intramuscular cells is traced to the dermomyotome and sclerotome, two sub-compartments of the embryonic 

somite. Finally, characterization of a col1a2 mutant line of zebrafish suggests that Type-I collagen is important 

for maintaining muscle integrity. These observations suggest the importance of col1a2+ muscle-associated 

cells in maintaining muscle homeostasis and for producing the extracellular matrix (ECM) within the skeletal 

muscle tissue to prevent degeneration. 
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1.1: Introduction 

Skeletal muscle cells are a unique cell type because they are multinucleated and form as long fibres 

both in vivo and in vitro. Research throughout the 1950ôs focused on how these cells become multinucleated. 

At the time, it was thought that multiple nuclei arise from either the division of nuclei within a single myotube, 

or the fusion of mononucleated myoblasts with other mononucleated myoblasts and multinucleated 

myotubes. In 1961, it was definitively determined that the latter is the case (Cooper and Konigsberg, 1961; 

Stockdale and Holtzer, 1961). Following these discoveries, a population of cells was identified, using electron 

microscopy, as being very closely associated with muscle fibres and was referred to as a satellite cell (Mauro, 

1961). Furthermore, similar populations were found in the rat and the mouse model in later years (Kelly and 

Zacks, 1969; Ontell and Kozeka, 1984). Perhaps the most interesting discovery came in 1971, when it was 

determined that these satellite cells are a source of nuclei for newly formed multinucleated muscle fibres 

(Moss and Leblond, 1971). These early studies exemplify the importance of non-muscle cells in the 

maintenance of muscle fibres, which we have termed muscle-associated cells. In recent years, several 

populations of muscle-associated cells have been identified as having crucial roles during both muscle 

homeostasis and muscle regeneration (Judson et al., 2013; Wosczyna and Rando, 2018). A summary of the 

different types of muscle-associated cells and their functions can be found in Table 1. 

1.2: Somitogenesis and somite compartments 

During development, somites form as bilateral structures in segmented animals. Once properly 

patterned, the somites will give rise to many different tissue types including the skeletal muscle. A somite can 

be further subdivided into three separate compartments that are known as the sclerotome, myotome, and 

dermomyotome (Figure 1.1). How these structures come into existence is of great interest to the scientific 

community as many tissues throughout the body arise from somites. In early somitogenesis, the presomitic 

mesoderm begins to segment into small blocks of tissue (somites) at very specific spatial intervals and in a  
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Muscle-Associated 

Cell 
Markers  

Developmental 

Potential 
Organism Functions During Regeneration 

Satellite Cells 

Pax7, cMet, Pax3, 

CD34, Cav1, Ŭ7-

integrin, VCAM1 

Myogenic    

Adipogenic 
Mouse 

Muscle Stem Cell, Loss of this cell 

prevents muscle regeneration from 

occurring. 
pax7a, pax7b, met, 

pax3 
Myogenic Zebrafish 

zfh1 Myogenic Drosophila 

Twist2+ Progenitors Twist2, Nrp1 Myogenic Mouse 
Muscle progenitor cell that fuses to type 

IIb/x fibres only. 

Pericytes 

CD146, NG2, ŬSMA, 

PDGFRɓ, Alkaline 

Phosphatase 

Myogenic* Human 

Promotes proliferation and 

differentiation of satellite cells. Has 

been shown to be both myogenic 

and non-myogenic depending on the 

marker used for lineage tracing. 

Angiopoietin2, NG2, 

Pecam1, ŬSMA, Pdgfrɓ 

Myogenic* 

Adipogenic 
Mouse 

cspg4 (NG2), pdgfrɓ - Zebrafish 

PW1+/Pax7- Interstitial 

Cells (PICs) 
PW1 (Peg3) 

Myogenic*    

Adipogenic 
Mouse 

Myogenic capabilities are dependent on 

Pax7, may label a subpopulation of 

satellite cells 

Fibro/Adipogenic 

Progenitors (FAPs) 

CD140a, CD15, CD34 
Fibrogenic   

Adipogenic 
Human Crosstalk between FAPs and 

Satellite cells is crucial for 

regeneration. Progenitor population 

contributing to fatty degeneration 

and fibrosis of muscle. 
PdgfrŬ, Sca-1, CD34, 

Tie3 

Fibrogenic   

Adipogenic 
Mouse 

Connective Tissue 

Fibroblasts 

Vimentin, Various 

Collagens 
Fibrogenic Human 

Differentiated form of FAP, Causes 

fibrosis if present after regeneration 

Tcf4, PdgfrŬ Fibrogenic Mouse 

Tenocytes Scx, Tnmd, Col1a2 
Terminally 

Differentiated 

Mouse, Chick, 

Zebrafish 
Important for proper tendon formation 

Macrophages 

CD45, CD11b, CD68 

and Ly6C-high (M1), 

CD163 and CD206 

(M2) 

Tissue Resident 

Macrophages 
Vertebrates 

Inflammatory cell that infiltrates 

damaged muscle, clears dead cells and 

debris. Loss of this cell type delays 

muscle regeneration 

Eosinophils CD45, CD11b, Siglec F 
Terminally 

Differentiated 
Vertebrates 

Promote the proliferation of FAPs 

through IL-4 

T-Regulatory Cells CD25, Fox3p, CD4 
Terminally 

Differentiated 
Vertebrates 

Promotes satellite cell differentiation 

through Amphiregulin 
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Table 1: Overview of the different types of muscle-associated cells. Detailed 

are the known markers for each of the populations, the differentiation potential, 

which organisms the cell types have been identified in and how they affect the 

muscle regenerative response. (*) = controversial 
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Figure 1.1: Schematic representation of transverse view of the three somite 

compartments. Depicted above is a transverse view of the zebrafish somite. The 

myotome is located centrally and is flanked by the sclerotome on the medial-

ventral edge. Sclerotome-derived cells can be found surrounding the notochord 

and neural tube. It is also flanked by the dermomyotome on the lateral surface of 

the somite. 
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repetitive manner. Depending on the species, how many somites are present and how long it takes for each of 

them to form is highly variable. The current model of somite formation is known as the clock and wavefront 

model (Gibb et al., 2010). In this model, it has been determined that Notch signaling propagates from the 

tailbud and is seen as a wave until it reaches the position at which a new somite will form. This wave is what 

describes the ñclockò of the process. Where the tissue is segmented is known as the ñwavefrontò. The 

wavefront is defined by the intersection of retinoic acid signaling coming from anterior structures, and 

fibroblast growth factor (FGF) and Wnt signals coming from the tailbud. A schematic of this model can be 

seen in Figure 1.2.  

After formation of the somite, it further subdivides into three separate compartments, the sclerotome, 

the myotome, and the dermomyotome. The sclerotome is located at the ventral side of the somite and is known 

to give rise to the vertebrae and cartilaginous structures (Christ et al., 2004). The initial formation of the 

sclerotome is highly dependent on induction by the notochord as the sclerotome does not form in a notochord 

deficient animal (Brand-Saberi et al., 1993). The  myotome is located centrally within the somite and begins 

as a group of pioneer myotomal cells that will elongate to form the first muscle fibres within the somite 

(Kahane et al., 1998a). This initial formation of muscle fibres is known as the first wave of myogenesis in the 

developing somite. A second wave occurs later and comes exclusively from the dermomyotome (Gros et al., 

2004; Kahane et al., 1998b). The dermomyotome is located near the surface of the somite on the lateral edge. 

Along with the dermomyotome giving rise to muscle, it is known to contribute to the formation of the dermis 

(Gros et al., 2004). In fact, it has also been shown that cells of the dermomyotome give rise to satellite cells 

(Gros et al., 2005; Schienda et al., 2006).  In the zebrafish, many of these processes are conserved. One 

advantage to studying the zebrafish is that live imaging can be done from the time of somite formation to fully 

matured muscle fibres. Soon after somite formation in the zebrafish, the entire somite will undergo a 90ę  
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Figure 1.2: Clock and wavefront model of somitogenesis. Depicted above is 

a schematic representation of the clock and wavefront model of somitogenesis. 

The clock is set up through Notch signaling, while the wavefront is dertermined 

by the combination of Wnt, FGF and RA signaling. Original figure used with 

permissions from Gibb et al. 2010. 
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Figure 1.3: Model of zebrafish somite rotation. Depicted above is a schematic 

representation of somite rotation in the zebrafish. Early anterior cells rotate to 

the lateral surface of the somite. The new cluster of lateral cells then forms the 

dermomyotome. Original figure used with permissions from Hollway et al. 

2007. 
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rotation, which moves the anterior portion of the somite on the lateral surface (Hollway et al., 2007; Stellabotte 

et al., 2007) (Figure 1.3). This lateral surface defines the embryonic dermomyotome in zebrafish. Our lab has 

also added to the research on sclerotome development showing that the zebrafish sclerotome also has a dorsal 

compartment, and that the sclerotome can also give rise to tenocytes (Ma et al., 2018). 

1.3: Myogenesis 

Skeletal muscle forms when cells within the myotome of the somites enter the myogenic lineage 

pathway and begin to fuse together to form myotubes. For cells to enter the myogenic lineage, they must 

sequentially express genes that are in the family of myogenic regulatory factors (MRFs) (Figure 1.4). MRFs 

are transcription factors in the basic helix-loop-helix family that regulate the differentiation of myogenic 

progenitors and maintain muscle specific gene expression (Zammit et al., 2006). The first of the MRFs to be 

expressed are Myogenic factor 5 (Myf5) and Myogenic differentiation 1 (MyoD), which is followed by 

expression of Myogenin and then Mrf4. Mice that are deficient for both Myf5 and MyoD lack the ability to 

form skeletal muscle progenitors and therefore lack skeletal muscle all together (Rudnicki et al., 1993). 

However, this is not the only time that cells must enter the myogenic lineage. Throughout the life span of the 

muscle, fibres can become damaged or lost due to injury and will therefore need to be repaired or replaced.  

Tissue regeneration requires the activation of tissue resident stem cells that proliferate and 

differentiate into their specific tissue types. During development, stem cells are set aside and maintained as an 

undifferentiated cell until triggered to enter the cell cycle. In skeletal muscles, the satellite cells are these stem 

cells that are set aside and maintained in a quiescent state until activated (Schultz et al., 1978). Following 

muscle injury, satellite cells begin to sequentially express the MRFs similar to that seen during development 

(Cornelison and Wold, 1997). Once activated, satellite cells can repair damaged muscle fibres through one of 

two different mechanisms, 1) by fusing with existing muscle fibres, or 2) by fusing with each other to form 

new muscle fibres. However, in aged mice, satellite cells have a reduced capacity to proliferate and  
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Figure 1.4: The myogenic lineage. Depicted above is a schematic showing the 

myogenic lineage with respect to the markers of each cellular state. Satellite cells 

in a quiescent state are marker by CD34, Pax7, and Myf5. Once activated, they 

sequentially turn on MyoD, Myogenin, and myosins as the cell progresses to a 

mature muscle fibre. Original Figure used with permission from Zammit et al. 

2006. 
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differentiate. If these older satellite cells are transplanted into young mice, they regain their ability to proliferate 

and differentiate (Carlson and Faulkner, 1989). This study suggests that the activation and eventual 

differentiation is regulated by extrinsic factors from the surrounding environment. 

1.4: Muscle-Associated Cells 

Many different populations of muscle-associated cells are known to modulate the homeostasis of the 

muscle tissue including satellite cells, Twist2+ muscle progenitors, pericytes, PW1+/Pax7- interstitial cells 

(PICs), fibro/adipogenic progenitors (FAPs), connective tissue fibroblasts, and tenocytes (Table 1). Also, of 

great interest to the topic of regeneration is the involvement of many immune cell types such as macrophages, 

eosinophils, and T-regulatory cells. Of these populations of muscle-associated cells, some are shown to be 

myogenic, while others are shown to be more of a support cell for the myogenic populations. In this section, 

different populations as well as the controversies surrounding the less studied populations will be discussed. 

1.4.1: Satellite Cells 

The satellite cell is a very well-studied population due to its early discovery and its importance during 

the process of muscle repair and regeneration. As mentioned previously, it was identified using electron 

microscopy and can provide muscle fibres with nuclei, attributing to its multinucleated characteristic. Along 

with these observations, the satellite cell can be found underneath the basement membrane of the muscle 

fibres and projects short processes in parallel with the muscle fibre (Webster et al., 2016). A very well-

established marker of satellite cells is the transcription factor Paired box 7 (Pax7). In Pax7-/- mice, satellite 

cells are absent suggesting that it plays a key role in either the generation of satellite cells or the maintenance 

of the quiescent state (Seale et al., 2000). It was later shown through ablation of Pax7-expressing cells that 

satellite cells are absolutely required for proper regeneration of injured skeletal muscles (Lepper et al., 2011; 

Sambasivan et al., 2011). However, it was still unclear as to the exact role of Pax7 in quiescent satellite cells. 

Further research identified that Pax7 plays key roles in promoting proliferation, and inhibiting the 
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differentiation towards the muscle fate (Soleimani et al., 2012). It was also determined that when Pax7 is 

degraded by Caspase 3, the myogenic differentiation of the satellite cells is initiated (Dick et al., 2015). 

Together, these studies confirm that Pax7 promotes the quiescence of the satellite cell population until 

activated by a variety of different activation cues. Another characteristic of satellite cells is that they undergo 

asymmetric cell divisions, which is a mechanism used to repopulate the satellite cell pool (Kuang et al., 2007). 

The satellite cell is also conserved in invertebrate models such as Drosophila melanogaster and can be marked 

by the expression of zfh1, a zinc finger homeodomain transcription factor (Chaturvedi et al., 2017). 

Much of the current research surrounding satellite cells has shifted towards studying the heterogeneity 

of this population. During homeostasis, satellite cells will continually contribute to muscle fibres throughout 

life, but their numbers and activities differ depending on which muscle tissue is analyzed (Keefe et al., 2015). 

However, debate over the specificity of this contribution exists. Since there are multiple fibre types, types IIa 

and IIb/x being fast twitch fibres and type I being slow twitch fibres, it is easy to believe that the different 

types are created from distinct subpopulations of the satellite cell pool. In recent years, it was determined that 

a portion of the satellite cell population remains quiescent over long periods of time and have been called 

ñlabel retainingò satellite cells (Chakkalakal et al., 2012). More recently, it was discovered that this population 

can be labelled by the coexpression of Pax7, Pax3 and Mx1 in adult mice (Scaramozza et al., 2019; Der 

Vartanian et al., 2019). However, this population was determined to have no restrictions to the type of muscle 

fibres it produces. Instead, it is a population that has lower levels of oxidative stress and is only activated with 

extreme stresses such as environmental pollutants and radiation. 

Going back to the myogenic lineage that was discussed above, it has also been determined that the 

satellite cell population in homeostatic mice exist in many different transcriptional states within the myogenic 

lineage suggesting an overall heterogeneity within the population (Cho and Doles, 2017). During 

homeostasis, satellite cells are therefore activated independently of each other. However, during injury, many 
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satellite cells are coordinated, and most satellite cells progress to the later states within the myogenic lineage 

(expression of MyoD and Myogenin). The few satellite cells that do not express MyoD or Myogenin are 

thought to be a subpopulation that self-renews and remains as a stem cell (Kuang et al., 2007). This self-

renewal characteristic of only some of the population further complicates the idea of satellite cell 

heterogeneity. How satellite cells choose to undergo differentiation or self-renewal is highly debated. 

1.4.2: Twist2+ Muscle Progenitors 

While the satellite cell has been the main focus of skeletal muscle regeneration research, other 

populations of muscle-associated cells have been implicated as having myogenic potentials. A population of 

cells expressing the gene Twist2 was identified as being myogenic (Liu et al., 2017a). The expression of 

Twist2 is specific to interstitial cells between muscle fibres. However, this Twist2+ population does not express 

Pax7 and there are far more Twist2+ cells than Pax7+ satellite cells. Previously, it was shown that Twist1, a 

paralogue of Twist2, has an inhibitory effect on myogenesis (Hamamori et al., 1997; Hebrok et al., 1994). In 

the study by Liu et al. (2017), it was shown that overexpression of Twist2 in vitro results in a maintained 

progenitor state suggesting that it possibly works similarly to Twist1 to prevent myogenesis. Following 

differentiation, this population loses expression of Twist2 making it difficult to determine what cell types this 

population gives rise to. Using lineage tracing techniques, Twist2+ interstitial cells give rise to type IIb/x 

muscle fibres only. This population has been further characterized and the specificity to type IIb/x muscle 

fibres is due to chemorepellent cues coming from type I and type IIa fibre through a Sema3a-Nrp1 signaling 

axis (Li et al., 2019). 

1.4.3: Pericytes 

Pericytes are closely associated with blood vessels, distinct from satellite cells, but their ability to 

generate new muscle fibres has been debated. Under in vitro conditions, pericytes isolated from human 

skeletal muscle tissue are multipotent with the ability to differentiate into muscle fibres (Dellavalle et al., 
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2007). It was later shown that labeling of skeletal muscle pericytes could be done in mouse using alkaline 

phosphatase as a marker (Dellavalle et al., 2011). When using this marker, pericytes are shown to form muscle 

fibres and contribute to the pool of Pax7+ satellite cells. Another study shows that the pericyte population can 

be subdivided into two populations, Nestin+/NG2+ and Nestin-/NG2+, type-1 and type-2 respectively (Birbrair 

et al., 2013). Type-1 pericytes were shown to express Platelet-derived growth factor receptor-ɓ (PDGFRɓ) 

and contributes to adipocytes while type-2 pericytes are myogenic. However, a more recent study shows that 

pericytes marked by T-box 18 (Tbx18) are plastic under in vitro conditions, but not in vivo as previously 

described for type-2 pericytes (Guimarães-Camboa et al., 2017). While the literature on pericytes remains 

controversial, the discrepancies are likely due to the incomplete understanding of how a pericyte is defined 

and what markers are used for the population. Many of these studies define pericytes as being perivascular 

and expressing previously described pericyte markers, but the reality is that further characterization needs to 

be done to rule out the labelling of other cell populations by accident. 

1.4.4: PW1+/Pax7- interstitial cells (PICs) 

Similar to pericytes, PW1+/Pax7- interstitial cells (PICs) are another controversial population of 

muscle-associates cells with myogenic potential. PICs are interstitial cells that are defined by the presence of 

PW1/Peg3 expression and the absence of Pax7 expression. In vitro studies show that these cells have the 

potential of forming myotubes in a Pax7-dependent mechanism (Mitchell et al., 2010). It was later discovered 

that PW1 can be used to label subpopulations of all muscle resident stem cell/progenitor populations, again, 

bringing up the question of how a population of cells is defined (Pannerec et al., 2013). Also, most studies 

done to show myogenic abilities have been done in vitro making it difficult to conclude that they are myogenic 

in vivo. It is possible that PICs are partially committed in vivo due to the surrounding microenvironment, 

whereas PICs in isolation revert back to the multipotent state. 
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1.4.5: Fibro/adipogenic Progenitors (FAPs) 

While many different populations of muscle-associated cells are shown to be myogenic, a population 

known as fibro/adipogenic progenitors (FAPs), also called mesenchymal stem/progenitor cells (MSCs), are 

non-myogenic (Joe et al., 2010; Uezumi et al., 2010, 2011). FAPs are a population of cells that are distinct 

from satellite cells and marked by expression of Platelet-derived growth factor receptor-Ŭ (PdgfrŬ). 

Following muscle injury, FAPs will proliferate and modify the stem cell niche to help promote regeneration. 

After their proliferative phase, these cells will undergo apoptosis to reduce the numbers back to a normal level 

(Lemos et al., 2015). This process is important for the prevention of muscle fibrosis following injury. 

A unique feature of FAPs is that they have been shown to give rise to both fibroblasts and adipocytes 

and not muscle fibres (Joe et al., 2010). The choice as to which cell type an FAP commits to seems to be 

dependent on the surrounding environment. Adipogenic differentiation by FAPs only occurs following 

glycerol injection or in models of fatty degeneration (Uezumi et al., 2010). It was recently shown that FAPs 

are ciliated and respond to Hedgehog (Hh) signaling during muscle regeneration (Kopinke et al., 2017). Hh 

signaling in FAPs modulates the differentiation of FAPs to adipocytes, where a lack of Hh signaling induced 

adipogenesis. In contrast, differentiation into fibroblasts occurs in models of muscular dystrophy and aging, 

where fibrosis is a common hallmark for muscle degeneration (Uezumi et al., 2011). 

1.4.6: Connective Tissue Fibroblasts 

Using Transcription factor 4 (Tcf4) as a marker, researchers have also identified a population that 

partially overlaps with FAPs, called connective tissue fibroblasts (Mathew et al., 2011; Murphy et al., 2011). 

Similar to FAPs, these connective tissue fibroblasts are non-myogenic and localize within the interstitial space 

between muscle fibres. While this population is labelled by Tcf4 and Alpha-smooth muscle actin (Ŭ-SMA), 

they are also shown to express PdgfrŬ, suggesting that they may represent a subpopulation of FAPs. 

Following ablation of the Tcf4+ population, satellite cells exhibit a reduced capacity to differentiate and repair 
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injured muscle fibres (Murphy et al., 2011). Conversely, Tcf4+ cells fail to proliferate following injury when 

Pax7+ satellite cells are ablated. However, during chronic degeneration of muscle tissue, this population can 

be detrimental because it appears to be the main source of muscle fibrosis (Contreras et al., 2016). It is perhaps 

this population of FAPs that need to undergo apoptosis for proper muscle regeneration (Lemos et al., 2015). 

1.4.7: Tenocytes 

Besides muscle-associated cells that lie between individual muscle fibres, there is a specialized group 

of fibroblasts that localize to the mammalian tendon. Tendons are a unique type of connective tissue that links 

the muscle fibres to the bones and allows for the transmission of forces from the muscle to the skeleton 

facilitating movement. Structurally, tendons consist of a very dense network of extracellular matrix (ECM) 

proteins and specialized fibroblast cells known as tenocytes. These tenocytes are responsible for depositing 

the ECM molecules to form a structure known as the myotendinous junction. One of the ways that tenocytes 

regulate the composition of the ECM molecules within the myotendinous junction is through the transcription 

factor, Scleraxis (Scx), which is known to regulate a variety of ECM genes such as collagens (Léjard et al., 

2007). Using a Scx knockout mouse, it was also shown that Scx is required for the proper differentiation of 

tendon progenitors (Murchison et al., 2007). One of the most commonly used markers to label properly 

differentiated tendon cells is Tenomodulin (Tnmd) (Brandau et al., 2001). Experiments in chicks have shown 

that tenocytes originate from a small region between the sclerotome and myotome that has been called the 

syndetome (Brent et al., 2003). 

1.4.8: Immune-Muscle Interactions During Muscle Regeneration 

1.4.8.1: Innate immune system during muscle regeneration 

 Innate immunity is primarily thought of as the first line of defense when it comes to infectious disease. 

However, it is now being studied with respect to its role during regeneration of a variety of tissue types. In 

skeletal muscle specifically, the innate immune system has been shown to infiltrate the tissue very rapidly 
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following injury. The complement system appears to be the first to infiltrate the damaged tissue and is shown 

to cause the recruitment of other immune cells (Frenette et al., 2000). The mast cell is also one of these early 

innate immune cells to infiltrate injured muscle tissue (Collins and Grounds, 2001; Gorospe et al., 1996). 

Once at the injured site, mast cells secrete TNF-Ŭ and many other inflammatory cytokines, which in turn will 

recruit and activate other cell types. The neutrophil is another type of innate immune cells that is recruited to 

a muscle injury by mast cells (Dumont et al., 2008). Following infiltration, the neutrophils will clear debris 

and secrete cytokines that will recruit macrophages to the injury site. Finally, eosinophils are known to 

cooperate with FAPs by the secretion of interleukin-4 (IL-4) and interleukin-13 (IL-13) (Heredia et al., 2013). 

These signals are important for FAP proliferation and activation at the injured site. 

 Macrophages are a rather interesting innate immune cell because their cellular state is tissue specific. 

Within the skeletal muscle following injury, there are two types of macrophages that infiltrate, M1 type and 

M2 type. The M1 type, or inflammatory type, has been shown to be important in removing debris from the 

injured site as well as promoting the recruitment of satellite cells (Rigamonti et al., 2013). The M2 type of 

macrophage, however, is anti-inflammatory and prevents the damage caused by inflammatory immune cells 

from getting out of hand (Arnold et al., 2007). In fact, the induction of anti-inflammatory cytokines will trigger 

the switch of an M1 type macrophage into an M2 type. Regardless of the type, both macrophage subgroups 

are essential for proper regeneration (Chazaud et al., 2009; Liu et al., 2017b; Middel et al., 2016; Varga et al., 

2016). 

1.4.8.2: Adaptive immune system during muscle regeneration 

 Less information is known about the adaptive immune system and its importance during muscle 

regeneration. T-cells have been identified as a population that functions during muscle regeneration by further 

promoting macrophage infiltration (Zhang et al., 2014). T-cells have also been shown to promote satellite cell 

expansion when co-cultured in vitro (Fu et al., 2015). Like macrophages, T-cells also come in many different 
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states and often have different roles during infection and regeneration. Of interest to muscle regeneration is a 

population known as T-regulatory cells (Tregs). During muscle regeneration, Tregs are recruited to the injury 

site by FAPs through interleukin-33 (IL-33) (Kuswanto et al., 2016). The recruitment of Tregs appears to be 

associated with the pro-inflammatory to pro-regenerative stages of the repair process. Depleting the Treg 

population during injury repair results in a prolonged inflammatory stage, suggesting a role in promoting the 

switch (Burzyn et al., 2013). 

1.4.9: Collagen Expressing Muscle-Associated Cells 

Another method for visualizing muscle-associated cells is through the use of a Col1a1:GFP reporter 

mouse (Chapman et al., 2017). Using this line, Chapman et al. identified three distinct populations of collagen-

expressing muscle-associated cells based on the expression of the markers Ŭ7-integrin and Stem cell antigen-

1 (Sca-1). Purification techniques in prior studies show that using antibodies against Ŭ7-integrin can isolate a 

pure population of muscle progenitor cells (Blanco-Bose et al., 2001). Sca-1 expressing cells on the other 

hand, have been shown to be non-myogenic in culture, potentially representing the FAP population based on 

previous isolation techniques (Joe et al., 2010). However, these assumptions were not confirmed with 

additional marker analysis. The third population that the authors isolated was negative for both markers and 

was termed as a population of fibroblasts since they express many ECM molecules, such as fibrillar collagens. 

While it is known that this is a heterogenous population, the exact populations and the extent of the 

heterogeneity is still unknown. 

1.4.10: Telocytes 

Finally, we come to a population of cells that has only been characterized using electron microscopy, 

known as a telocyte. Morphologically, a telocyte has many long cellular projections that sprout off from its 

cell body, which have been called telopodes (Chaitow, 2017). Very little is known about the functionality of 

these telocytes, but they are predicted to be highly communicative. In the skeletal muscle, electron microscopy 
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shows telocytes being present in the interstitial space (Popescu et al., 2011). Interactions between telopodes 

and a variety of different cell types, including satellite cells, and other telocytes can be observed. Some of the 

proposed markers of telocytes include, Caveolin 1 (Cav1), Vimentin (Vim), and c-Kit. As discussed 

previously, vimentin has been shown to be a marker of connective tissue fibroblasts. It is therefore 

inconclusive as to whether these identified populations have overlap and to what extent. 

In many cases, we rely on molecular markers to define a specific population of cells, but some of the 

most commonly used marker may not be the most suitable for marking pure populations of one cell type. 

How to define a cell is becoming a large topic of debate in current research. Are we truly defining a new cell 

type or are we just seeing different cellular states of the same cell type? Regardless, further research is needed 

to determine the different functions of each cell type/state to better understand processes such as muscle 

regeneration. Currently, we know of four different populations of muscle-associated cells that are myogenic: 

satellite cells, Twist2+ muscle progenitors, pericytes, and PICs. However, it is uncertain whether these four 

populations are truly distinct from one another.  

1.5: Muscle-Associated Cells in Zebrafish 

One limitation of using mice to study the process of muscle regeneration is the difficulty of live in 

vivo imaging. Many of the studies to date rely on fixed tissue samples to visualize a single snapshot of a highly 

dynamic process. Researchers have turned to the zebrafish due to its transparency during developmental 

stages allowing for visualization of cellular dynamics following muscle injury. In the larval zebrafish muscle 

progenitor cells are labeled by Pax7 and Pax3, showing the high degree of conservation between fish and 

mouse muscle progenitors. However, due to the duplication of the teleost genome, zebrafish possess two 

separate Pax7 genes, pax7a and pax7b. Based on  the expression dynamics of Pax7 genes, muscle progenitors 

within the zebrafish embryo can be divided into three separate populations; the first expressing pax7a only, 

the second expressing pax7b only, and a population of dual-expressing cells (Knappe et al., 2015; Pipalia et 
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al., 2016). When embryonic muscle fibres are damaged, most of the responding cells are pax7a-pax7b dual-

expressing cells, which most frequently fuse with the damaged fibres. The authors also show that low numbers 

of pax7a-only cells respond by forming nascent fibres. It is also shown that pax7a expressing cells respond 

differently to large and small injuries (Knappe et al., 2015). Using a pax7a:GFP transgenic zebrafish, they 

show that muscle fibres produced following a small injury are not GFP+. In contrast, large injuries produce 

GFP+ fibres following repair. Together, these studies present evidence for the complexity of the regenerative 

process, with different injuries evoking different responses from different cell types. This furthers the 

argument of heterogeneity within the satellite cell population. 

As mentioned previously, satellite cells are known to be dermomyotome-derived (Gros et al., 2005; 

Schienda et al., 2006). In zebrafish, the dermomyotome is also referred to as the external cell layer (Devoto et 

al., 2006; Hammond et al., 2007). It was originally described in zebrafish in 1969 as a group of flat cells on 

the surface of the myotome, but was not given the dermomyotome designation (Waterman, 1969). Similar to 

other species, the cells of the external cell layer are muscle progenitors and give rise to muscle fibres 

throughout development. Recently, the external cell layer was shown to give rise to deep fibre-associated cells 

that undergo asymmetric division when activated following injury (Gurevich et al., 2016). This is consistent 

with studies in mouse and is thought to be the early satellite cell population in zebrafish. In their study, they 

determined that cmet, a known marker of satellite cells in rodents, marks satellite-like cells in larval zebrafish 

and is specific to interstitial myotomal cells. Following muscle injury, cmet+ cells divide and give rise to one 

daughter cell expressing only cmet while the other daughter cell expresses both cmet and myf5, one of the 

MRFs required for progression through myogenic differentiation. This suggests that many of the common 

features seen for satellite cells in mice, hold true when using the zebrafish as a model. 

Another common characteristic between the zebrafish and mouse model is that Pax7+ muscle 

progenitors are present in adult zebrafish. Identification of these progenitors has been confirmed through both 
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in vivo imaging and in vitro fibre isolation, which is commonly used in mouse models (Berberoglu et al., 

2017; Tee et al., 2012; Zhang and Anderson, 2014). Adult zebrafish muscle progenitors appear to be localized 

mainly to the lateral muscle, an area that is populated by the slow twitch muscle fibres (Berberoglu et al., 

2017). Very few Pax7+ muscle progenitors appear in the deep tissue where the fast twitch muscles populate. 

However, the response of these Pax7+ cells to an injury is similar to that of the mouse. They first migrate to 

the area of the injury and begin proliferating. Following their proliferation, many of the daughter cells begin 

to differentiate. Since Pax7 shows little expression throughout the fast twitch muscle compartment, it is not 

clear whether Pax7 labeling recapitulates the total number of muscle stem/progenitor cells in adult zebrafish. 

Current research suggests that cmet may be a better marker for this population in juvenile zebrafish as it marks 

muscle-associated cells within the fast twitch regions (Gurevich et al., 2016). 

Studies on adult myogenesis in zebrafish up to this point have been limited to just a handful of studies 

(Berberoglu et al., 2017; van Raamsdonk et al., 1983; Rowlerson et al., 1997), most of which use needle prick 

injuries rather than cardiotoxin and glycerol injections. In these studies, they show the overall organization of 

muscle in the adult zebrafish, how muscle regenerates following injury, and that Pax7 is necessary for proper 

muscle regeneration. Besides the overall organization of the muscle fibre types, the majority of the themes 

remain conserved in zebrafish muscle regeneration. 

While FAPs are still an uncharacterized population in the zebrafish, tenocytes are known to be 

present. However, there are differences in the localization of this population due to the different structural 

architecture of the muscles. In the zebrafish, the muscle fibres do not attach directly to the skeleton. Instead, 

the somites are separated by myotendinous junctions that are comprised of many different ECM molecules. 

It is at these myotendinous junction that the muscle fibres attach to transmit forces on the axial skeleton. It 

was further determined that the cells present at these junctions are highly analogous to tenocytes of the mouse 

and chick in that they express many of the same ECM genes, such as tnmd, a variety of different collagens, 
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and the tenocyte progenitor marker, scx (Bricard et al., 2014). It has also been shown in the zebrafish model 

that improper maintenance of the myotendinous junction by tenocytes results in severe muscle detachment 

(Subramanian and Schilling, 2014). This demonstrates the important role that tenocytes play in maintaining 

overall muscle integrity. 

1.6: Muscle Degeneration and Connective Tissue Disorders 

 By far the most common and well-known muscle degenerative disorder is Duchenne Muscular 

Dystrophy (DMD). DMD is caused by defects in the connection between the muscle fibre and its surrounding 

ECM (Rahimov and Kunkel, 2013). The most common defect occurs in the protein Dystrophin, which is an 

intracellular scaffold protein within skeletal muscle. Dystrophin allows for the contractile structures within 

the muscle to become attached to the extracellular environment through the dystrophin-glycoprotein complex 

(DGC). The main function of Dystrophin within the muscle fibres is to protect the membrane from 

mechanical stresses caused by muscle contraction (Petrof et al., 1993). However, DMD is not the only form 

of muscular dystrophy that can occur. Other types include Limb-Girdle Muscular Dystrophy and Congenital 

Muscular Dystrophies, which are slightly different from DMD because they do not affect Dystrophin. In the 

case of Limb-Girdle Muscular Dystrophy, the defect can be found in sarcoglycan, which is a component of 

the transmembrane portion of the DGC. Congenital Muscular Dystrophies have a variety of different causes 

and new forms of this condition are still being defined today. One in particular is caused by mutations within 

Laminin-Ŭ2, which is the contact point between the transmembrane domain of the DGC and the ECM. This 

suggests that defects in the ECM that attaches indirectly to the DGC could lead to muscle degenerative 

disorders. 

 Defects in the ECM have been broadly termed as connective tissue disorders. The ECM is made up 

of a variety of different proteins of the glycosaminoglycan, fibrous protein, and non-collagen glycoprotein 

families. By far the most abundant proteins within the ECM are part of the collagen family of fibrous proteins. 
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Collagen exists in many different forms including fibril forming, fibril-associated, and network forming to 

name a few (Ricard-blum, 2011). Fibril forming collagens give the tissue tensile strength to resist stretching 

forces. Of the 28 known collagen subtypes, 7 are fibril forming, types I, II, III, V, XI, XXIV, and XXVII. 

These collagens constitute the majority of collagens found throughout the body. Type IV Collagen is also a 

highly abundant Collagen and makes up the basement membrane of every tissue type including skeletal 

muscle. While many proteins exist within the ECM of skeletal muscle, only one subtype of collagen, collagen 

type-VI, has been described as causing a form of muscular dystrophy when mutated. However, two 

connective tissue disorders associated to defects in fibril forming collagens, Osteogenesis Imperfecta (OI) and 

Ehlers-Danlos Syndrome (EDS), have reported muscle weakness in patients. 

 OI is named as such because there are significant defects in the bone of individuals affected by the 

disorder, with the most common concern being that the bones fracture very easily. The main contributor to 

these defects is mutations that affect the structure and processing of type I collagens, which is the most 

abundant of the collagen proteins and is found in almost every tissue throughout the body. Research on the 

disorder has mainly focused on the bones and why they become fractured so easily. Recently, an interesting 

connection was made between the bone phenotype and overall muscle mass in mouse models of OI (Jeong 

et al., 2018; Tauer and Rauch, 2017). The conclusions were that increasing the overall skeletal muscle mass 

helps to prevent bone deformities. This suggests that many of the bone phenotypes seen in patients with OI 

could be caused by underlying defects in the skeletal muscle tissue. 

 EDS on the other hand, is another fibril forming collagen associated disorders, which is primarily 

caused by defects in the structure and processing of collagen types I, III, and V. A wide range of phenotypes 

is seen depending on the underlying mutation, but some common features among the majority of EDS patients 

is joint hypermobility, skin hyperextensibility, and tissue fragility (Malfait et al., 2017). The most severe cases 

of EDS fall under a subgroup known as vascular EDS, which is associated with defects in collagen type III. 
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Due to type III collagen being important for providing structure to the blood vessels, the main phenotypes that 

are clinically presented are easily ruptured blood vessels. Patients with these defects often die prematurely due 

to aortic aneurysms. However, many of the other subgroups of EDS have a relatively common occurrence of 

muscle weakness suggesting some common and overlapping symptoms to patients with OI. 

1.7: Rationale and Hypothesis 

 Our lab has recently identified several populations of Collagen 1a2 (col1a2)+ muscle-associated cells 

in the adult zebrafish. I hypothesize that these col1a2+ muscle-associated cells are essential for the 

maintenance of muscle throughout the life of the animal. In the first part of this thesis, I highlight my findings 

on col1a2+ cells, with a focus on the col1a2+ muscle-associated cells (col1a2+ intramuscular cells, col1a2+ 

dermomyotome-like cells, and tenocytes) and how they function during homeostatic growth and muscle 

regeneration. In the second part, I show evidence for the somitic origins of adult zebrafish intramuscular cells 

using Cre-mediated lineage tracing techniques.  Finally, I demonstrate the importance of the ECM in the 

maintenance of skeletal muscle. Using a col1a2 mutant line of zebrafish, I show how the loss of a key ECM 

protein results in the degeneration of skeletal muscle. Through these studies, I emphasize the importance of 

collagen-expressing cells in maintaining the homeostasis of skeletal muscle. 
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Chapter 2: Materials and Methods 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 
 

2.1: Zebrafish Strains 

 All zebrafish strains used in this thesis were maintained using standard conditions. All procedures 

were conducted with respect to the guidelines outlined by the Canadian Council on Animal Care. All 

protocols were approved by the Animal Care Committee at the University of Calgary (#AC17-0128). The 

transgenic strains used were: col1a2:Gal4 (Ma et al., 2018; Sharma et al., 2019), col1a2:GFP (Ma et al., 

2018), ctgfa:Gal4, lyzC:Lan-p2a-YFP (Oehlers et al., 2015), pax7b:GalFF  (Pipalia et al., 2016), pdgfrŬ:N-

PdgfrŬ-RFP; ɓ-actin:GFP-PdgfrŬ-C (El-Rass et al., 2017), pdgfrɓ:GalFF (Ando et al., 2016; Whitesell et 

al., 2014), ptc2:EGFP-CreERT2,  nkx3.1:Gal4 (Ma et al., 2018), shha:CreERT2, UAS:CreERT2 (Sharma et 

al., 2019), UAS:EGFP, UAS:NTR-mCherry, Ubi:loxP-GFP-STOP-loxP-mCherry (Ubi:Switch) (Mosimann 

et al., 2011), Ubi:Zebrabow (Pan et al., 2013), and wif1:Gal4. All of the Gal4 and UAS lines were created 

through Tol2 mediated transgenesis. shha:CreERT2 is from Marie-Andrée Akimenkoôs lab. col1a21bpdel 

mutant line was maintained as heterozygotes; homozygous mutants were obtained through heterozygous 

intercrosses. 

2.2: Vibratome Sectioning 

 Sacrificed zebrafish were fixed in 4% paraformaldehyde (PFA) + 1% Dimethyl sulfoxide (DMSO) 

in a 5 ml or 50 ml conical tube depending on the number of fish. After fixation of juvenile or adult zebrafish, 

they were decalcified in 0.5 M Ethylenediaminetetraacetic acid (EDTA) at either room temperature (RT) for 

4 days or 4ęC for 7 days. Juvenile zebrafish less than 3 weeks old did not need to be decalcified as they do not 

have calcified bones. After decalcification, zebrafish were washed in Phosphate Buffered Saline (PBS) 

(Table 2), cut so that only the trunk between the dorsal and anal fins were left, embedded in 20% Gelatin 

(made in PBS) and fixed overnight in 4% PFA in their original conical tubes. After fixation, gelatin blocks 

were washed in PBS 3 x 10 minutes each and mounted on the vibratome so that posterior is facing upwards 

and the ventral part of the fish is facing the blade. Vibratome sections were obtained using a speed of ~3.00 
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(0.125 mm/s) and a vibration frequency setting of 6-9 on a Leica VT1000S vibratome. Most transverse 

sections were made to a thickness of 150 ɛm, but some were 250-500 ɛm. 

2.3: In Situ Hybridization  

 In situ hybridization was conducted initially using standard Nitro blue tetrazolium chloride/5-Bromo-

4-chloro-3-indolyl phosphate (NBT/BCIP) single in situ hybridization procedures from our lab. Briefly, on 

day 1, sections were washed in PBS + 0.1% tween (PBT) 4 x 5 minutes, permeabilized using 10ɛg/ml 

Proteinase K for 30 minutes, washed in PBT 2 x 5 minutes, refixed with 4% PFA for 30 minutes, washed in 

PBT 3 x 5 minutes, put into prehybridization solution (Table 2) for 2 hours at 70ęC, and finally hybridized 

overnight with the col1a2 antisense probe at 70ęC. On day 2, the col1a2 probe was removed from the sections 

and washed in 100% prehybridization solution, 75:25 prehybridization solution:2X SSC (Table 2), 50:50 

prehybridization solution:2X SSC, 25:75 prehybridization solution:2X SSC, and 2X SSC + 0.1% tween 

(SSCT) for 5 minutes each at 70ęC. Sections were then washed in 0.2X SSCT for 20 minutes and 2 x 20 

minutes in 0.1X SSCT at 70ęC. Next, sections were prepared for antibody staining washing in 75:25 0.2X 

SSCT:PBT, 50:50 0.2X SSCT:PBT, 25:75 0.2X SSCT:PBT, and PBT for 5 minutes each. Blocking was 

done in 2 mg/ml BSA + 5% sheep serum in PBT for 2 hours at RT. Antibody was diluted 1:5000 in blocking 

solution and sections were incubated in this overnight at 4ęC. On the final day, sections were washed out of 

the antibody solution 4 x 25 minutes in PBT. Sections were the prepared for NBT/BCIP staining by washing 

3 x 5 minutes in NTMT (Table 2). NBT (33.75ɛl per 10 ml) and BCIP (35ɛl per 10 ml) were diluted from 

stock solutions into NTMT. Incubation was done in the dark until clear staining could be seen. After staining 

was complete, sections were washed 4 x 5 minutes in PBT and equilibrated in 50% glycerol before mounting 

onto a slide. Several modifications to the protocol were tried to improve staining of adult zebrafish. Incubation 

in 100% methanol overnight at -20ęC was used to pretreat vibratome sections. The incubation timing of 10 
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ɛg/ml proteinase K (ranging from 0 minutes to 3 hours) and antibodies (ranging from overnight at 4ęC to 48 

hours at 4ęC) were altered. The col1a2 antisense probe used was digoxigenin (DIG) labeled. 

 For in situ hybridization on cryosections, a modified protocol was obtained from the Burns 

lab to accommodate the use of slides. Briefly, cryosections were defrosted at RT for an hour before 

washing 2 x 5 minute in Millipore water. Endogenous peroxidases were quenched by incubating 

the slide in 3% H2O2 in methanol and then washed 2 x 5 minutes in Millipore water. The col1a2 

antisense probe was diluted 1:200 in prehybridization solution and denatured for 10 minutes at 

70ęC. For the probe incubation, a hybridization chamber was created by wetting paper towel with 

1X salts (Table 2) + 50% formamide at the bottom of a slide box. Slides were placed so that the 

sections laid flat above the solution (not touching). 300 ɛl of probe was added to each slide and a 

coverslip was placed over each. The incubation chamber was then carefully wrapped in cling wrap 

and placed in a 65ęC oven and incubated overnight. On day 2, washing solution (1X SSC + 50% 

formamide + 0.1% Tween-20) was preheated to 65ęC. Coverslips were removed by dipping the 

slides into fresh wash solution. Slides were then washed in wash solution 4 x 30 minutes at 65ęC. 

Slides were then washed in 1X Maleic Acid Buffer (Table 2) + 0.1% Tween-20 (MABT) 3 x 30 

minutes at RT. Slides were put into an incubation chamber with paper towel wet with PBS and 

incubated in blocking solution (MABT + 2% Blocking reagent (Roche) + 20% sheep serum) at 

RT for 2 hours. After blocking, anti-DIG AP antibody was diluted 1:4000 in blocking solution was 

added to the slides (300 ɛl) and a coverslip was placed over the slides. Incubation with antibody 

was done overnight at 4ęC in the incubation chamber. The following day, the slides were washed 

8 x 20 minutes in MABT and then 3 x 10 minutes in NTMT. Staining was done in NBT/BCIP 

(3.5ɛl each per ml) diluted in NTMT + polyvinyl alcohol (4 g per 40 ml NTMT) in the dark. After 

staining, Slides were washed 4 x 5 minutes in PBT before mounting with a coverslip. 
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2.4: Immunohistochemistry 

For antibody staining, vibratome section were washed with PBS + 0.8% Triton (PBTriton) 3 x 5 

minutes. Antigen retrieval was done by incubating the sections in 150 mM TrisHCl (pH 9.0) for 5 minutes at 

RT and then 15 minutes at 70ęC. After antigen retrieval, sections were washed 2 x 5 minutes in PBTriton and 

permeabilized with 10 ɛg/ml Proteinase K for 30 minutes. Sections were then refixed in 4% PFA for 20 

minutes at RT. After fixation, sections were washed 4 x 15 minutes in PBTriton and blocked for 2 hours at 

RT in PBTriton + 1% BSA. Primary antibodies were diluted in blocking solution and sections were incubated 

overnight at 4ęC. The following day, primary antibody was washed off with 5 x 15 minutes PBTriton. 

Secondary antibody was then diluted in PBTriton and sections were incubated in this solution overnight at 

4ęC. After incubation in secondary antibody, sections were washed 5 x 15 minutes in PBTriton and check for 

staining by confocal microscopy. Antibody staining was done for the dystroglycan protein using anti-

dystroglycan supernatant (1/20). Secondary antibody was conjugated to Alexa-488 (1/500). For 

immunohistochemical stains such as DAPI (1/1000), Sytox Green (1/20,000), DRAQ5 (1/500), and Alexa-

633 conjugated Phalloidin (1/500), sections were first incubated in PBTriton for 5 days at 4ęC. The stains 

were then diluted in PBTriton and the sections were incubated overnight at 4ęC. The following day, sections 

were washed 5 x 15 minutes in PBTriton and equilibrated into 50% glycerol for confocal microscopy. In 

cases where stains were used alongside antibody staining, the stains were incubated in the same solution as 

the secondary antibody. 

2.5: Cryosectioning 

 For embryonic cryosections, fixed embryos were cryoprotected in 30% sucrose until they sunk to the 

bottom of the tube (~20 minutes). Once in 30% sucrose, the embryos were transferred to OCT compound 

(VWR) and oriented to obtain transverse sections. Once oriented, the OCT was frozen at -80ęC. Some adult 

zebrafish were fixed in 4% PFA and embedded exactly as embryos. Other adult zebrafish were sacrificed and 
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filleted before immediately embedded in OCT using -80ęC isopentane. After sectioning these fresh fillets 

were fixed in 4% PFA for 30 minutes in a slide holder. After fixation, the slides are washed in PBS for 30 

minutes and air dried for at least 2 hours at RT. Once air dried, the slides are stored at -20ęC. For all of the 

tissues used, 10-20 ɛm transverse sections were obtained using a Leica cryostat. 

2.6: Hematoxylin and Eosin Staining 

 Cryosections were stained with hematoxylin and eosin using standard procedures. Briefly, slides 

were incubated in hematoxylin for 3 minutes in an opaque coplin jar. The slides were then rinsed with running 

tap water for 2 minutes. Slides were then transferred to a coplin jar containing eosin and incubated for 30 

seconds. Finally, slides were rinsed with running tap water for 2 minutes and then air dried. Slides were left 

as air dried or mounted in glycerol for microscopy. 

2.7: Muscle Injury  

 Fish were anaesthetized using MS222 (5 ml 0.4% Tricaine (Table 2) + 125 ml fish water) and 

injected intramuscularly with either 15 ɛL sterile PBS or 15ɛL 1-10 ɛM Cardiotoxin. Injections were done 

using an insulin syringe and a dissection microscope. Injection was done into the trunk of the zebrafish just 

posterior to the dorsal and anal fins. The depth of the needle prick was controlled by a stopper. The platform 

of the microscope was covered with cling wrap and wet paper towel. Another wet paper towel was used as a 

blanket to hold the anaesthetized fish in place during injection. After injection, zebrafish were recovered in 

system water in isolation for the first 2 days after injury. For recovery times longer than 2 days, injured 

zebrafish were put back into circulating tanks until being sacrificed and fixed. 

2.8: Cell Ablation 

 col1a2:Gal4; UAS:NTR-mCherry transgenic zebrafish were incubated in 5 mM metronidazole in 

system water for 72 hours in the dark. The metronidazole solution was changed every 24 hours. Before 

changing the solution, the zebrafish were fed and left in their holding tanks for 10-30 mins before moving to 
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the new metronidazole solution. After the 72 hours of incubation, the metronidazole solution was gradually 

removed by several system water changes over the course of an hour. Fish were allowed to recover for 48 

hours and then injected with 15 ɛL of 1 ɛM Cardiotoxin using the muscle injury protocol above. Fish were 

put back to circulating tanks before being sacrificed at 7 days after injury. 

2.9: Cre-mediated Lineage Tracing 

 In embryonic zebrafish, Cre-mediated lineage tracing was done through incubation of transgenic Cre-

recombinase lines in 1-10 ɛM 4-hydroxytamoxifen (4-OHT) for the specified amount of time at the desired 

stages. At adult stages, Cre-mediated lineage tracing was done by two different methods. The first attempted 

protocol was to incubate fish in 1 ɛM 4-OHT for 12 hours followed by a 12-hour chase in system water and 

another 12-hour 4-OHT incubation. After this treatment, zebrafish were fixed at 1-, 3- and 9-weeks post 

treatment (wpt). For the second protocol, incubation in 1 ɛM 4-OHT + 1% DMSO for 17 hours was done. 

After this treatment, zebrafish were fixed 12 days post treatment (dpt). 

2.10: Standard Length Measurements 

 Standard length (SL) is defined as the distance in millimeters from the tip of the snout to the beginning 

of the tail fin (Parichy et al., 2009). To measure this, a dissection microscope and ruler were used. 

2.11: Microscopy and Image Processing 

 For confocal microscopy, an Olympus FV1200 inverted microscope was used with 20X (0.75 NA), 

and 30X (1.05 NA silicone oil immersion) objective lenses. Image tiling was performed for imaging full 

sections using the multi-area tool on the Olympus software. To image in situ hybridization results, a Leica 

M165 FC and a Zeiss Axioimager Z1 were used. The Zeiss Axioimager Z1 used 20X (0.50 NA), 40X (0.75 

NA), and 63X (1.4 NA oil immersion) objectives. ImageJ software was used for confocal image processing. 

For quantification of percent regeneration in Figure 3.13, ROIs were drawn around the injured tissue, and the 

area of the ROI was measured. The amount of phalloidin+ muscle fibres were then measured using ñanalyze 



32 
 

particlesò to get an exact area of phalloidin staining within the ROI. The phalloidin area was then divided by 

the total injured area to assess the proportion covered by muscle fibres. For uninjured fish, the entire lower 

right quadrant of the section was measured for comparison. All values were normalized to the uninjured 

controls that did not receive MTZ incubation. For quantification of muscle cross sectional area in Figure 5.2, 

each image was analyzed in ImageJ. As before, the total area of phalloidin was measured by using óanalyze 

particlesô on the channel showing phalloidin only. For quantification of dystroglycan intensities in Figure 5.2, 

4 ROIs of the same size were drawn (one in each quadrant of each section) and the average intensity was 

measured for the green (dystroglycan) and blue (nuclei) channels. The dystroglycan intensities were 

normalized to the nuclei intensities to get an accurate measure of the normalized intensity for each section 

(dystroglycan/nuclei). 

2.12: Statistical Analysis 

 Graphed results were plotted using GraphPad Prism software. Statistical significance and P-values 

were determined using a Mann-Whitney U-test and designated by asterisks as follows: < 0.0001 (****), < 

0.001 (***), < 0.01 (**), < 0.05 (*), and > 0.05 (ns, not significant). 
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Solution Formula 

10X PBS 

          80 g NaCL 

          2 g KCl 

          14.4 g Na
2
HPO

4
 

          2.4 g KH
2
HPO

4
 

          800 ml Milipore water 

          pH adjusted to 7.4 with HCl 

          Fill to 1 L with more Millipore water 

20X SSC 

          175.3 g NaCl 

          88.2 g Sodium Citrate 

          800 ml Millipore water 

          Adjust pH to 7.0 with a few drops of 12 M HCl 

          Adjust to 1 L with more Millipore water 

NTMT 

(50ml) 

          5 ml 1 M Tris pH 9.5 

          1 ml 5 M NaCl 

          2.5 ml 1 M MgCl
2
 

          250 ɛl 20% Tween-20 

          Fill to 50 ml with Millipore water 

Prehybridization 

Solution 

          500 ml Formamide 

          250 ml 20X SSC 

          0.5 g Torula yeast tRNA (Sigma) 

          0.05 g Heparin 

          1 ml Tween 20 

          9 ml 1 M Citric Acid 

          240 ml Millipore water 

0.4% Tricaine 

(5 ml aliquots) 

          0.4 g Tricaine 

          2.15 ml 1M TrisHCl pH 9.0 

          90 ml Millipore water 

          Adjust pH to 7.0 with 1 M HCl 

          Fill to 100 ml with more Millipore water 

10X Salts 

          114 g NaCl 

          14.04 g Tris HCl pH 7.5 

          1.34 g Tris Base 

          7.8 g Na
2
HPO

4
 Ὴ 7H

2
O 

          7.1 g NaH
2
PO
4
 

          100 ml 0.5 M EDTA 

          Fill to 1 L with Millipore water 

5X Maleic Acid 

Buffer 

          58 g Maleic Acid (slowly dissolve in 700 ml first) 

          43.8 g NaCl 

          1 L Millipore water 

          Adjust pH to 7.5 with NaOH (heating helps keep in solution) 

Table 2: Formulas for reagents used. 
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Chapter 3: Collagen Expressing Cells in Adult Zebrafish 
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3.1: Introduction 

 Several populations of muscle-associated cells play an integral part in the homeostasis of skeletal 

muscle. It is therefore important that we understand the different types of cells that are present and how they 

function during muscle development, growth, and repair. In this chapter, the work done to characterize novel 

populations of muscle-associated cells in the adult zebrafish will be discussed. These muscle-associated cells 

are thought to play important roles during muscle homeostasis and regeneration. Using a col1a2:Gal4; 

UAS:NTR-mCherry transgenic zebrafish, I have characterized col1a2+ muscle-associated cells during 

juvenile and adult growth. Using in situ hybridization and a col1a2:GFP transgenic zebrafish, the expression 

dynamics of col1a2  are also presented. I also show that col1a2+ cells expand during muscle regeneration and 

contribute to the formation of new muscle fibres. Also, through metronidazole-induced cell ablation of 

col1a2+ cells, I show compromised muscle regeneration. Through these studies, we can conclude that col1a2 

labels muscle-associated cells that are important for the formation of new muscle fibres during homeostasis 

and regeneration.  

3.2: col1a2 labels several muscle-associated cells in adult zebrafish 

 To determine the distribution of col1a2+ cells, I used col1a2:Gal4; UAS:Kaede (Figure 3.1A) and 

col1a2:Gal4; UAS:NTR-mCherry (Figure 3.1B-F) transgenic zebrafish. Through confocal microscopy, I 

identified three populations of col1a2+ muscle-associated cells. One such population can be seen lying 

between muscle fibres with several long processes that appear to be interacting with neighboring fibres 

(Figure 3.1A, 3.1B, and 3.1D). For the rest of this thesis, I will refer to these cells as ócol1a2+ intramuscular 

cellsô. Another population of col1a2+ muscle-associated cells that can be seen is the tenocytes along the 

myotendinous junctions (Figure 3.1A, 3.1C, and 3.1D). The final col1a2+ muscle-associated population that 

can be seen is a layer of cells on the surface of the muscle (Figure 3.1E). Also, at the surface of the tissue, 

several muscle fibres appear to be mCherry+ (Figure 3.1E). This suggests that this layer of cells that are  
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Figure 3.1: Characterization of collagen expressing cells in adult zebrafish. (A) 

col1a2:Gal4; UAS:Kaede adult zebrafish shows Kaede expression (green) within 

intramuscular cells (arrow) and tenocytes at the myotendinous junction (arrowhead). n = 

2 fish. Data collected by Peng Huang. (B) col1a2:Gal4; UAS:NTR-mCherry adult shows 

mCherry expression (green) in intramuscular cells (arrow) with several long processes 

(arrowheads). n = 3 fish. Data collected by Dr. Peng Huang (C) Transverse section 

through the trunk of a 30 mm SL col1a2:Gal4; UAS:NTR-mCherry (green) adult 

counterstained with phalloidin (red) and sytox green (blue). (D and Dô) Insets showing 

expression in intramuscular cells (arrow) and tenocytes (arrowhead). (E and Eô) Insets 

showing expression in the scales (arrowheads), dermis (short arrows), dermomyotome-

like cells (long arrows), and a small muscle fibre on the surface (asterisks). (F and Fô) 

Insets showing expression in bone associated cells (arrows). n = 5 fish. Scale bars: 250 

ɛm (C), 50 ɛm (A, B, and D-F). 
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col1a2+ could be muscle progenitors representing a dermomyotome-like population. For the rest of this thesis, 

I will refer to this population as ócol1a2+ dermomyotome-like cellsô. Aside from the muscle-associated 

populations, col1a2:Gal4; UAS:NTR-mCherry also appears to label cells of the skin, scales, and bone-

associated cells (Figure 3.1E and 3.1F). In conclusion, I identified three populations of col1a2+ muscle-

associated cells: col1a2+ intramuscular cells, tenocytes, and col1a2+ dermomyotome-like cells. 

3.3: col1a2+ intramuscular cells increase in number and density during juvenile 

development 

To further characterize col1a2+ muscle-associated cells, a developmental timecourse from 2 weeks 

post fertilization (wpf) to 12 wpf was collected to determine the appearance and progression of each 

population. At each timepoint, 5 col1a2:Gal4; UAS:NTR-mCherry zebrafish were fixed, sectioned 

transversely and counterstained with phalloidin and sytox green (Figure 3.2). At 2 weeks post fertilization 

(wpf), tenocytes and col1a2+ dermomyotome-like cells are already present. However, only a few col1a2+ 

intramuscular cells are present at this timepoint (Figure 3.2A and 3.2G). At 4 wpf, tenocytes, and col1a2+ 

dermomyotome-like cells are still present and col1a2+ intramuscular cells are still low in numbers (Figure 

3.2B and 3.2H). Similar patterns of expression persist throughout the rest of the stages analyzed (6 wpf, 8 

wpf, 10 wpf, and 12 wpf) with the only exception being that the col1a2+ intramuscular cells appear to increase 

in numbers as the fish ages (Figure 3.2C-F and 3.2I-L). 

 To better characterize the col1a2+ intramuscular cells, quantifications of col1a2+ intramuscular cells 

and muscle fibres at each stage was done using 4 sections from each fish and 4-8 insets from each section. 

Following quantification, the number of col1a2+ intramuscular cells per fibre appears to increase as the fish 

grow from 2 wpf to 12 wpf (Figure 3.2M). This increase however, does not occur between 8 and 10 wpf, 

suggesting a possible change in the dynamics of col1a2+ intramuscular cells between these two stages. I 

further quantified the density of the muscle fibres by dividing the fibre counts by the total area in each inset. 
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Figure 3.2: Characterization of col1a2 expressing cells throughout juvenile zebrafish 

development. (A-F) Transverse sections of juvenile col1a2:Gal4; UAS:NTR-mCherry zebrafish 

stained with phalloidin (red) and sytox green (blue). (A and G-Gôô) At 2 weeks post fertilization (wpf), 

mCherry expression (green) is seen in intramuscular cells (short arrows), tenocytes (arrowheads), 

dermomyotome-like cells (long arrows), and cells surrounding the notochord and spinal cord. n = 5 

fish. At 4 wpf (B and H-Hôô), 6 wpf (C and I-Iôô), 8 wpf (D and J-Jôô), 10 wpf (E and K-Kôô), and 12 

wpf (F and L-Lôô), mCherry expression is seen in all of the same cell types as 2 wpf. Insets show 

labeling of intramuscular cells (arrows) and tenocytes (arrowheads) for each stage. n = 5 fish per 

stage. (M) Quantification of the number of intramuscular cells per muscle fibres. (N) Quantification 

of muscle fibre density. (O) Quantification of intramuscular cell density. Each point represents the 

average of 4 insets per section. Standard length measurements: 6-6.5 mm (2 wpf), 11-12 mm (4 wpf), 

15-16 mm (6 wpf), 19-21 mm (8 wpf), 21-23 mm (10 wpf), and 24-25 mm (12 wpf). Data are plotted 

as mean + SD. Statistics: Mann-Whitney U-test. P-values: **** < 0.0001, ns > 0.05. Scale bars: 250 

ɛm (A-F), 50 ɛm (G-L). 
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This revealed that the muscle fibres density is decreasing between each stage except for 10 and 12 wpf. This 

suggests that hypertrophy of the muscle fibres is occurring at all stages before 10 wpf (Figure 3.2N). Of the 

stages analyzed, the largest amount of muscle fibre hypertrophy appears to occur from 2 wpf to 4 wpf with 

the stages between 4 wpf and 10 wpf showing relatively stable rates of hypertrophy. I also quantified the 

density of col1a2+ intramuscular cells by dividing the total number of cells in each inset by the area of the 

inset. For each time point, the density of col1a2+ intramuscular cells continually increase from 2 wpf to 8 wpf 

(Figure 3.2O). This is followed by a sharp decline in the density of col1a2+ intramuscular cells at 10wpf, 

which then increases at 12 wpf. Altogether, this data suggests that the col1a2+ intramuscular cells are actively 

proliferating between 2 wpf and 8 wpf. There appears to be no bias of col1a2+ intramuscular cells to either 

slow twitch or fast twitch regions at all stages. In conclusion, tenocytes and col1a2+dermomyotome-like cells 

are consistently present at all stages analyzed, while col1a2+ intramuscular cells increase in numbers during 

juvenile growth. 

3.4: Identifying markers of potential subpopulations of col1a2+ int ramuscular 

cells 

 Due to col1a2+ intramuscular cells being present in the adult zebrafish, I wanted to characterize their 

identity to determine if they represent any of the already identified populations of muscle-associated cells in 

mouse and human. Since satellite cells are the best known and most important population for muscle 

homeostasis and repair, a pax7b:Gal4FF; UAS:EGFP (Pipalia et al., 2016) transgenic zebrafish was used to 

identify pax7b expressing satellite cells in juvenile and adult zebrafish (Figure 3.3A and 3.3B). During the 

juvenile stages (2 wpf and 4 wpf) most pax7b+ cells are found in the presumptive dermomyotome and 

between muscle fibres, mostly in the slow twitch area of fibres. Few pax7b+ cells between muscle fibres could 

be found in the fast twitch muscle area, which is not the case for col1a2+ intramuscular cells. This suggests 

that pax7b+ cells represent a different population than col1a2+ intramuscular cells. In adult pax7b:GalFF;  
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Figure 3.3: Characterization of pax7b expressing cells in juvenile zebrafish. (A and 

Aô) Transverse section of a pax7b:Gal4FF; UAS:EGFP zebrafish at 2 wpf stained with 

phalloidin (red) and sytox green (blue). EGFP expression (green) is observed in 

intramuscular cells (short arrows) and dermomyotome-like cells (long arrows). n = 5 fish. 

(B and Bô) Transverse section of a pax7b:Gal4FF; UAS:EGFP zebrafish at 4 wpf stained 

with phalloidin (red) and sytox green (blue) EGFP expression (green) is observed in 

intramuscular cells (short arrows) and dermomyotome-like cells (long arrows). n = 5 fish. 

Standard length measurements: 7mm (2 wpf) and 12-13 mm (4 wpf) Scale bar: 50 ɛm 

(A-B). 
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UAS:EGFP transgenic zebrafish, no labeling can be seen in any structure, which could be due to weak 

expression as Pax7 antibody staining does label satellite cells in adult zebrafish (Berberoglu et al., 2017). 

However, Pax7 antibody does not discriminate between pax7a and pax7b. Therefore, it remains possible that 

pax7b expression is absent in adult zebrafish satellite cells.  

 PdgfrŬ and Pdgfrɓ have been shown to label FAPs and pericytes, respectively. For PdgfrŬ, we 

obtained a gene trapping transgenic line, pdgfrŬ:N-pdgfrŬ-mRFP; ɓ-actin:GFP-pdgfrŬ-C (pdgfrŬ:mRFP in 

short) (El-Rass et al., 2017), in which the pdgfrŬ gene has been split by mRFP and a ubiquitously expressed 

GFP. The mRFP is fused to the N-terminus of pdgfrŬ and GFP is fused to the C-terminus of pdgfrŬ. Using 

the pdgfrŬ:mRFP transgenic zebrafish, no intramuscular cells appeared to be labeled (Figure 3.4A and 3.4B). 

Instead, autofluorescence of the extracellular matrix (ECM) can be seen in both the red and green channels 

because higher amounts of laser were used compared to the col1a2 transgenic. The autofluorescence is 

stronger in the green channel as the cross-linking of the ECM fluoresces in the UV-green wavelengths 

(Voytik-Harbin et al., 2001). However, the pdgfrŬ:mRFP line does label clusters of cells  showing an absence 

of autofluorescence that sit at the end of the myotendinous junctions on the surface. On the other hand, a 

pdgfrɓ:GalFF; UAS:NTR-mCherry transgenic line did label adult pericytes (Figure 3.4C). To determine if 

the pdgfrɓ+ cells are also col1a2+ I wanted to use the col1a2:GFP line. Unfortunately, col1a2:GFP is too 

weak and did not label many col1a2+ intramuscular cells (Figure 3.5). In conclusion, pdgfrŬ:mRFP  does not 

label intramuscular cells, but pdgfrɓ:GalFF; UAS:NTR-mCherry does. While it is likely that the pdgfrɓ+ cells 

are pericytes and most are visibly next to blood vessels, further investigation will be needed to determine if 

pdgfrɓ+ cells are also col1a2+ or if all pdgfrɓ+ cells are pericytes. 

 col1a2:Gal4; UAS:NTR-mCherry labels many intramuscular cells. It is therefore likely that 

subpopulations of col1a2+ intramuscular cells exist. From previous work in our lab, wif1:GFP transgenic 

zebrafish can be used to label pax7 expressing cells between muscle fibres at 5 days post fertilization (dpf). It  
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Figure 3.4: Characterization of pdgfrŬ and pdgfrɓ expressing cells in adult zebrafish. (A) 

Transverse section of a pdgfrŬ:N-PdgfrŬ-RFP; ɓ-actin:GFP-PdgfrŬ-C adult zebrafish showing RFP 

expression (red) in clusters of cells at the end of each myotendinous junction (arrows). The 

autofluorescence (green) is shown to outline muscle fibres. n = 1 fish. (B-Bôô) Inset showing 

autofluorescence (arrowheads) rather than expression of pdgfrŬ. Green and red channel together is 

autofluorescence. (C and Cô) Lateral view of a pdgfrɓ:GalFF; UAS:NTR-mCherry adult zebrafish 

showing mCherry expression (green) in pericytes (arrow) that appear to be blood vessel-associated. 

n = 2 fish. Scale bars: 250 ɛm (A), 50 ɛm (B-C). 
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Figure 3.5: Characterization of col1a2:GFP adult zebrafish. (A and B-Bôô) Transverse 

section of a col1a2:GFP adult zebrafish showing GFP expression (green) in few 

intramuscular cells (arrows), and tenocytes (arrowheads). The autofluorescence (green + 

red) is shown to outline muscle fibres. n = 1 fish. Scale bars: 250 ɛm (A), 50 ɛm (B). 
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Figure 3.6: Localization of wif1:Gal4; UAS:NTR-mCherry expressing cells in juvenile 

and adult zebrafish. (A-E) Transverse section of a wif1:Gal4; UAS:NTR-mCherry at 4 

wpf showing expression (red) in intramuscular cells (arrows) and muscle fibres 

(asterisks). n = 2 Fish. (F-J) Transverse section of a wif1:Gal4; UAS:NTR-mCherry at 4 

wpf showing expression (red) in intramuscular cells (arrows) and muscle fibres 

(asterisks). n = 2 Fish. The autofluorescence (green) is shown to outline muscle fibres. 

Scale bars: 250 ɛm (A and F), 50 ɛm (B-E and G-J). 
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is therefore possible that wif1 also labels a population of muscle progenitors during juvenile and adult stages. 

Since wif1:GFP is a rather weak transgenic line, wif1:Gal4; UAS:NTR-mCherry transgenic zebrafish were 

used to identify wif1 expressing cells in juvenile and adult zebrafish. At 4 wpf, intramuscular cells that are 

mCherry+ can be seen sparsely throughout the muscle (Figure 3.6A-C). Interestingly, several small muscle 

fibres can be seen that are also mCherry+ (Figure 3.6B-E), suggesting that wif1+ cells are myogenic. Based 

on the location and pattern of these fibres, they are likely slow twitch and intermediate fibres (van Raamsdonk 

et al., 1982). This pattern persists to adult stages, however, the muscle fibres that appear to be labeled by 

mCherry are mostly intermediate fibres between the fast twitch and slow twitch region (Figure 3.6F-J). Also, 

of note is that the wif1+ intramuscular cells are more ramified in adult stages and appear to be in clusters. It is 

unknown whether these clusters are in the same position when comparing different fish. However, their 

morphology suggests that wif1 could be labeling a subpopulation of col1a2+ intramuscular cells. Future 

experiments will need to be performed to determine the relationship of these two populations. 

3.5: Staining of col1a2+ intramuscular cells using in situ hybridization 

 To fully characterize col1a2+ intramuscular cells, their identity must be confirmed by double in situ 

hybridization of col1a2 with the other known markers of muscle-associated cells. However, this technique 

has not been used extensively for studying adult zebrafish and will first need to be optimized using single gene 

in situ hybridization. Whole mount in situ hybridization of adult zebrafish that had been deskinned was 

initially attempted using standard whole mount procedures. This proved to be difficult as heavy amounts of 

background staining (hazy staining throughout tissue) could be seen in all fish and most real staining (dark 

purple staining within specific cells) was present on the surface of the tissue (Figure 3.7). To try and increase 

the accessibility of the tissue to the probe, adult zebrafish were fixed with 4% PFA and decalcified with 0.5M 

EDTA for at least 4 days at RT or 5 days at 4ęC. Following decalcification, adult zebrafish were vibratome 

sectioned to a variety of thicknesses ranging from 150-500 ɛm. In situ hybridization on these vibratome  



51 
 

  
V

ib
ra

to
m

e
 S

e
ct

io
n
s 

3dpf 6wpf 1 ypf 4wpf 

/ 5 9 C 

15mm 18mm 20mm 23mm 

W L I D 

col1a2 

W
h

o
le

m
o

u
n
t 

Adult 

! . 



52 
 

 

  

Figure 3.7: In situ hybridization on wholemount and vibratome sectioned adult 

zebrafish shows variable amounts of staining. (A and B) Wholemount in situ 

hybridization for col1a2 on adult zebrafish muscle showing expression (purple) in 

tenocytes (arrowheads) and intramuscular cells (arrows). Background staining (pink) is 

very strong. (C-J) In situ hybridization for col1a2 on vibratome sections of zebrafish at 3 

dpf, 4 wpf, 6 wpf, 1 ypf, 15 mm SL, 18 mm SL, 20 mm SL, and 23 mm SL. Expression 

(purple) is seen in the dermomyotome (long arrow), intramuscular cells (arrow), and 

tenocytes (arrowhead). The general trend is a loss of staining as the zebrafish gets older. 

Scale bars: 50 ɛm (A and B). 20 ɛm (C and E-J), 10 ɛm (D). 
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Figure 3.8: In situ hybridization on zebrafish cryosections shows staining in 

embryos, but not adults. (A and B) Hematoxylin and Eosin staining of air dried and 

glycerol mounted fixed tissue cryosections. (C and D) In situ hybridization for col1a2 on 

3 dpf and adult cryosections use the Huang lab protocol. (E and F) In situ hybridization 

for col1a2 on 3 dpf and adult cryosections using the Burns lab protocol. Scale bars: 20 

ɛm (A and B), 10 ɛm (C-F). 
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sections had variable results, with specific staining appearing most heavily in younger zebrafish (Figure 3.7C-

J). Zebrafish at 3 dpf showed normal and strong staining after being vibratome sectioned before staining 

(Figure 3.7C). At younger juvenile stages, 4 wpf (Figure 3.7D) and 15 mm SL (Figure 3.7G), staining for 

col1a2 was relatively strong. As we progressed to later juvenile stages, 6 wpf (Figure 3.7E), 18mm SL 

(Figure 3.7H), and 20 mm SL (Figure 3.7I), col1a2 staining started to fade and was not always visible in 

certain parts of some sections. Finally, in fully adult zebrafish, 1-year post fertilization (ypf) (Figure 3.7F) 

and 23 mm SL (Figure 3.7J), the vibratome sections show either very light staining or no staining at all for 

col1a2. As staining for col1a2 was not always uniform for each of the timepoints tested, it is unclear whether 

1) the permeability of adult muscle is different than younger fish which prevents staining, or 2) there is 

substantially reduced col1a2 expression in adults compared to juveniles. 

To rule out the permeability possibility, I performed in situ hybridization on thin sections (16 ɛm) 

generated from cryosectioned muscles. Cryosections were originally made from fixed adult trunks, however, 

they were fragile and dried up very quickly in the air (Figure 3.8A and 3.8B). Cryosectioning on fresh adult 

muscle fillets showed better tissue integrity after sectioning. Using the Huang lab protocol for in situ 

hybridization showed successful col1a2 staining in 3 dpf transverse cryosections with some background 

staining, while adult zebrafish showed just background staining (hazy and non-specific) (Figure 3.8C and 

3.8D). To try and minimize background staining on cryosections, a new protocol for the Burns lab was 

obtained and tested on the same set of slides. With the new protocol, staining on 3 dpf transverse sections 

showed specific staining in the correct location (Figure 3.8E). However, no staining in the adult sections 

could be seen (Figure 3.8F). Together, these results suggest that the col1a2 gene likely has low expression in 

the adults that is below the threshold of detection by regular in situ hybridization techniques. 
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3.6: Adult col1a2+ muscle-associated cells are myogenic during muscle 

homeostasis 

To determine the function of col1a2+ muscle-associated cells, I preformed Cre-mediated lineage 

tracing to determine the fate of col1a2+ muscle-associated cells. Previously, using col1a2:Gal4; UAS:NTR-

mCherry zebrafish, it was determined that several small fibres on the surface of the muscle appear to be 

mCherry+ (Figure 3.1 and 3.2). This suggests the presence of an adult dermomyotome in zebrafish, which 

has previously been proposed based on the evidence of small cells at the surface of the muscle in juvenile 

zebrafish (Hollway et al., 2007). Therefore, col1a2+ muscle-associated cells could be contributing to overall 

growth and homeostasis of skeletal muscle. To test this, col1a2:Gal4; UAS:CreERT2; Ubi:Switch transgenic 

zebrafish were used to do lineage tracing on adult col1a2+ cells. In this transgenic line, all cells begin as GFP 

expressing cells. The induction of Cre recombinase results in the excision of GFP, which allows for mCherry 

to be expressed. Since the Cre is controlled by the col1a2 promoter and enhancer regions, we restrict its 

activity to col1a2+ cells. We also control the activity of Cre by fusing it to the estrogen receptor. Under this 

control, Cre remains in the cytoplasm until 4-hydroxytamoxifen (4-OHT), an analogue of estrogen, is added 

to the system. In this experiment, adult zebrafish were incubated in 1ɛM 4-OHT for 12 hours followed by a 

12-hour chase in system water and then another 12-hour incubation in 4-OHT. Following this treatment, 

óswitchedô fish were fixed at 1-, 3-, and 9-wpt. At 1 wpt, very few mCherry+ cells could be seen, however, a 

small cluster of mCherry+ muscle fibres could be seen (Figure 3.9A and 3.9B). At 3 wpt more mCherry+ 

muscle fibres can be seen in a large cluster near the surface (Figure 3.9C and 3.9D). This trend continues to 

9 wpt with more clusters being visible (surface and deep fibres) (Figure 3.9E and 3.9F). This data suggests 

that col1a2+ muscle-associated cells are continually contributing to the formation and growth of muscle fibres. 

However, the amount of óswitchingô that was done was minimal in these experiments. To try and increase the 

amount of óswitchingô, 1% DMSO was added to the 1 ɛM 4-OHT and incubation was done over 17 hours  
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Figure 3.9: Collagen expressing cells in adult zebrafish continually contribute to 

muscle fibres during homeostasis. Adult col1a2:Gal4; UAS:CreERT2; Ubi:Switch 

zebrafish were incubated in 1 ɛM 4-OHT for 12 hours + 12 hours. Transverse sections. 

(A and B-Bô) 1 week post 4-OHT, a few muscle fibres are seen as mCherry
+
 (red) 

(asterisks). n = 1 fish. (C and D-Dô) 3 weeks post 4-OHT, a large cluster of mCherry
+
 

(red) muscle fibres (asterisks) and intramuscular cells (arrows) can be seen. n = 2 fish. (E 

and F-Fô) At 9 weeks post 4-OHT, many mCherry
+
 (red) muscle fibres (asterisks) and 

intramuscular cells (arrows) can be seen. n = 1 fish. Scale bars: 250 ɛm (A, C, and E), 50 

ɛm (B, D, and F). 
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continuously. After incubation of col1a2:Gal4; UAS:CreERT2; Ubi:Switch zebrafish, fixation 

was done at 12 dpt. While it is difficult to determine whether óswitchingô was more efficient in 

this case due to low n number, clusters of mCherry+ muscle fibres can be seen as in the previous 

experiment (Figure 3.10A and 3.10B). In another region of the section however, an mCherry+ 

intramuscular cell is present, but it is not associated with any mCherry+ muscle fibres (Figure 

3.10C). These results suggest that col1a2+ muscle-associated cells are contributing to fibres during 

homeostasis, but not all intramuscular cells are equivalent. 

3.7: col1a2+ muscle-associated cells contribute to skeletal muscle regeneration 

 Muscle-associated cells have been extensively studied with respect to their roles during muscle 

regeneration. As discussed in the introduction, several different types of cells are important for the process of 

muscle repair. Therefore, muscle-associated populations labeled by col1a2 likely play a role during muscle 

regeneration. One of the most widely used protocols to damage skeletal muscle in the mouse is cardiotoxin 

injection. Cardiotoxin is a small peptide toxin that has been extracted from snake venom. This toxin causes 

muscle hypercontraction, which ultimately results in the death of the fibres followed by the induction of the 

regenerative response. 

To determine whether cardiotoxin causes muscle damage in adult zebrafish, cardiotoxin injections 

were compared to PBS injections at 15ɛl each. Initial experiments using 10ɛM Cardiotoxin resulted in large 

amounts of death, with about three quarters of the injected fish (17/24) dying within a day after injection. Most 

of the PBS injected fish survived with only a few deaths within a day after injection (2/22). An undergraduate 

student in our lab, Lucy Yang, tested a variety of different concentrations of cardiotoxin and determined that 

1ɛM showed a similar mortality rate as the PBS injected fish. Using this technique, I tested whether col1a2+ 

muscle-associated cells play a role during muscle regeneration. 
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Figure 3.10: Collagen expressing cells show different responses during homeostasis. 

Adult col1a2:Gal4; UAS:CreERT2; Ubi:Switch zebrafish were incubated in 1 ɛM 4-OHT 

+ 1% DMSO for 17 hours. (A-C) At 12 days post 4-OHT, A large cluster of mCherry
+
 

muscle fibres (asterisk), intramuscular cells (arrows), and tenocytes (arrowhead) are 

labeled (B). In another region a single intramuscular cell is labeled (C). n = 6 fish. Scale 

bars: 250 ɛm (A), 50 ɛm (B and C). 
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Figure 3.11: Cardiotoxin-induced injury tends to be more extensive than PBS-

induced injury. col1a2:Gal4; UAS:NTR-mCherry zebrafish were injured with 15 ɛL of 

either PBS (A-D) (n = 2 fish each) or 1 ɛM cardiotoxin (E-H) (n = 3-4 fish each). (A-H) 

Representative transverse sections of col1a2:Gal4; UAS:NTR-mCherry adult zebrafish 

stained with phalloidin (red) and sytox green (blue)  Injured tissue is outlined with cyan 

dotted lines. (I) Data depicted shows the sum of the area measured from 9 sections in each 

fish 300 ɛm apart. Cardiotoxin injury tends to be more extensive but is also more variable. 

Data are plotted as mean + SD. Statistics: Mann-Whitney U-test. P-values: ns > 0.05. 

Scale bar: 250 ɛm (A-H). 



62 
 

Skeletal muscle injury was induced in col1a2:Gal4; UAS:NTR-mCherry adult fish using 1ɛM 

Cardiotoxin or PBS injections and fish were fixed at 1, 3, 5, 7, and 14 days post injury (dpi). After fixation, 

trunks were sectioned using a vibratome and counterstained with sytox green and phalloidin as previously. 

Serial sections were imaged, and the extent of the injury was analyzed using ImageJ by calculating the area 

that the injury covered. When comparing PBS- and cardiotoxin-induced injuries, cardiotoxin trends towards 

having larger injuries in most of the fish analyzed (Figure 3.11). The fish that show similar amounts of injury 

compared to the PBS injected fish are likely due to a lack of consistency in the injection procedure. Some fish 

did not get the full amount of injection due to spillage from the injection site. Also, the fact that the data is not 

significant could be due to a low number of fish analyzed in this experiment. However, the recovery time after 

injury appears to be similar in both conditions, suggesting that a similar regenerative response is induced. 

Looking closely at the regenerative time course, at 1 dpi, the muscle fibres appear necrotic within the 

injury area (Figure 3.12A and 3.12F). By 3 dpi, the necrotic fibres have been cleared and the site of the injury 

has become infiltrated with many cells, most of which appear to have small phalloidin stained tissue within 

(Figure 3.12B and 3.12G). This suggests that these infiltrating cells are likely immune cells that have been 

characterized in previous studies as being the first cells to respond to muscle injury. Progressing to 5 dpi, 

numerous cells are still present at the injured site, however, the appearance of smaller phalloidin+ muscle fibres 

forming at the edge of the injured area are now visible (Figure 3.12C and 3.12H). These fibres continue to 

appear between 5 and 7 dpi. At 7 dpi, the entire injured area has been filled with newly regenerated muscle 

fibres, which can be seen by their small size and centrally located nuclei (Not seen in all new fibres) (Figure 

3.12D and 3.12I). These new fibres continue to grow in size from 7 to 14 dpi (Figure 3.12E and 3.12J). In 

conclusion, PBS and cardiotoxin induce muscle injury and show similar regenerative responses regardless of 

which is used. 
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Figure 3.12: Collagen expressing cells contribute to skeletal muscle regeneration. 

col1a2:Gal4; UAS:NTR-mCherry zebrafish were injured with 15 ɛL of either PBS (A-E) 

(n = 2 fish each) or 1 ɛM cardiotoxin (F-J) (n = 3-4 fish each). Insets are from transverse 

sections stained with phalloidin (red) and sytox green (blue). (A-Aôô and F-Fôô) At 1 dpi, 

muscle fibres within the injured area are dying and col1a2
+
 cells (arrows). (B-Bôô and G-

Gôô) At 3 dpi, the injured tissue has become infiltrated by many cells including col1a2
+
 

cells (arrow). (C-Côô and H-Hôô) At 5 dpi, new mCherry
+
 muscle fibres (asterisk) are 

forming at the periphery of the injured tissue. The center of the injury still contains 

col1a2
+
 cells (arrow). (D-Dôô and I-Iôô) At 7 dpi, the entire injured area is repopulated with 

new muscle fibres (asterisk) that are mCherry
+
. col1a2

+
 cells (arrow) are still present 

within the injured tissue. (E-Eôô and J-Jôô) At 14 dpi, the muscle fibres (asterisk) are 

growing in size and col1a2
+
 cells (arrow) are returning to normal levels. Scale bar: 50 ɛm 

(A-J). 
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Since the injury experiment was done in col1a2:Gal4; UAS:NTR-mCherry zebrafish, I assessed the 

response and contribution of col1a2+ muscle-associated cells to the induced injury. At each time point, 

mCherry+ cells could be seen at the site of injury. At 1 dpi, the mCherry+ cells appear to be more ramified at 

the injured site compared to a non-injured area (Figure 3.12A and 3.12F). This indicated that the cells may 

have been activated by the injury. At 3 dpi, several mCherry+ cells are present within the injury site (Figure 

3.12B and 3.12G). At 5 dpi, the mCherry+ cells are still present and the new muscle fibres that have appeared 

near the edge of the injured tissue are also mCherry+, suggesting that they have been generated from 

previously col1a2+ cells (Figure 3.12C and 3.12H). At 7 dpi, when the entire injured site has been covered 

by new muscle fibres, all of the new muscle fibres are mCherry+ (Figure 3.12D and 3.12I). However, 

between 7 and 14 dpi, the mCherry signal within the muscle fibres dissipates, suggesting that the col1a2+ 

muscle-associated cells are not likely contributing to the growth of the fibres (Figure 3.12E and 3.12J). 

Together, my results suggest that col1a2+ muscle-associated cells are involved in the regenerative response 

and contribute to new muscle fibres formation. 

3.8: Ablation of col1a2+ muscle-associated cells compromise efficient muscle 

regeneration 

 Since col1a2+ muscle-associated cells contribute to muscle regeneration (Figure 3.12A-J), the loss 

of this population would likely have an effect on how the skeletal muscle regenerates. To test this hypothesis, 

I performed genetic ablation of col1a2+ cells. Due to the mCherry reporter in col1a2:Gal4; UAS:NTR-

mCherry zebrafish being fused to nitroreductase (NTR), metronidazole (MTZ) can be converted into a 

cytotoxic molecule in the presence of  NTR. Since the NTR-mCherry is exclusively expressed in col1a2+ 

cells, all col1a2+ cells will be ablated during the time of MTZ incubation. This allows for the selective ablation 

of col1a2+ cells in adult zebrafish. col1a2:Gal4; UAS:NTR-mCherry zebrafish were incubated in system 

water (control) or system water containing 5 mM metronidazole (ablated) in the dark for 72 hours (n = 9 fish  
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Figure 3.13: Genetic ablation of col1a2
+
 cells compromises skeletal muscle 

regeneration. (A) Schematic representation of the experimental procedure. Adult 

col1a2:Gal4; UAS:NTR-mCherry zebrafish were incubated in either system water (n = 9 

fish) or 5 mM metronidazole (n = 9 fish) for 72 hours. After incubation, 5 fish from each 

treatment were injured using 1 ɛM cardiotoxin. All fish were fixed and sectioned at 7 dpi 

or 9 days post metronidazole in the case of uninjured zebrafish. All sections are stained 

with phalloidin (red) and sytox green (blue). (B and Bô) Representative section and inset 

of an uninjured control zebrafish showing no muscle injury. (C and Cô) Representative 

section and inset of a cardiotoxin injured control zebrafish showing extensive injury (cyan 

dotted outline). (D and Dô) Representative section and inset of an uninjured metronidazole 

treated zebrafish showing loss of mCherry expressing cells (green). (E and Eô) 

Representative section and inset of a cardiotoxin injured metronidazole treated zebrafish 

showing extensive injury (cyan dotted outline) in the absence of mCherry expressing cells 

(green). (F) Data depicted shows the percent regenerated based on the proportion of 

phalloidin
+
 muscle fibres within the measured injury area. Each point is normalized to the 

average of the unablated and uninjured controls. Uninjured control values were calculated 

from the lower right quadrant of muscle (white dotted lines in A and C). Injured muscle 

at 7 dpi shows incomplete regeneration when compared to uninjured controls within the 

measured region (white dotted outlines). Metronidazole treated zebrafish show a 

significantly reduced regeneration when compared to injured controls. P-values: * < 0.05. 

Scale bar: 250 ɛm (A-D). 
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per condition). Zebrafish were fed every day before changing to a fresh solution. After incubation in 

metronidazole, zebrafish were left for 48 hours before 5 fish in each of the control or ablated groups were 

injected with 15 ɛL 1 ɛM Cardiotoxin intramuscularly. Following injection, the fish were put into system 

water to recover for 7 days, at which point they were fixed in 4% PFA + 1% DMSO. The 7 dpi timepoint was 

chosen because the entire injured area should be repopulated by small, regenerated muscle fibres. After 

fixation, the adult zebrafish were decalcified, put into gelatin blocks, and vibratome sectioned into 150 ɛm 

slices. Sections within the injured region of the fish were then stained for phalloidin and sytox green for several 

days before confocal microscopy. Ablation did not appear to cause any phenotypes aside from the loss of the 

red coloration due to high levels of mCherry in the skin of these fish. 

Following microscopy, ablation of all col1a2+ muscle-associated cells was successful (absence of 

mCherry). Each section was further analyzed using ImageJ software to determine the amount of regeneration 

that had occurred. For this, both the total injured area and the area of phalloidin+ muscle fibres within the 

injury were measured (Figure 3.13). By dividing the total phalloidin+ area within the injury by the total area 

of the injury site, a measurement for the proportion of muscle fibre coverage was created. Each value was 

then normalized to the uninjured control fish to assess the amount of regeneration that had occurred. For 

uninjured zebrafish, the area measured was the entire lower right quadrant of the section (Figure 3.13B and 

3.13D). Compared to uninjured conditions, cardiotoxin-induced injury can recover ~89% in the presence of 

col1a2+ cells (Figure 3.13E). However, after ablation of col1a2+ cells, the muscle is only able to recover 

~70% of the lost muscle fibres, suggesting a reduced ability to regenerate. Interestingly, we do still see many 

small muscle fibres within the injured tissue suggesting that col1a2+ cells are not the only population that is 

required for the formation of new muscle fibres. 
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3.9: Discussion 

3.9.1: Summary 

In this chapter, col1a2 is shown to be expressed in many different cell types. Of these cell types, 

tenocytes, col1a2+ dermomyotome-like cells, and col1a2+ intramuscular cells fall under the 

category of muscle-associated cells. I also show that col1a2+ intramuscular cells increase in 

numbers as the zebrafish grows. While the identity of col1a2+ intramuscular cells is still not 

confirmed, it is likely that they constitute a heterogenous population. As well, a new marker, wif1 

is identified as marking a small population of intramuscular cells. The expression of col1a2 is also 

shown to be high in embryonic and juvenile zebrafish but is low at adult stages. col1a2+ muscle-

associated cells are also shown to be present during muscle regeneration and contribute to new 

muscle fibre formation. Finally, I show that there is a defect in the regenerative response when 

col1a2+ cells are ablated before cardiotoxin-induced injury (regeneration model presented in 

Figure 3.14). 

3.9.2 col1a2 labels a heterogeneous population of cells in adult zebrafish 

 As shown in this chapter, col1a2 can be used to label many adult structures including the bone, skin, 

scales, myotendinous junctions, and intramuscular cells, and dermomyotome-like cells throughout the trunk 

of the zebrafish. Of interest to our lab, are the col1a2+ intramuscular cells, the col1a2+ dermomyotome-like 

cells, and the tenocytes because they are closely associated with muscle fibres. For col1a2+ intramuscular 

cells, an increase in numbers is seen during the juvenile to adult growth phase of zebrafish development. 

However, the rate at which they increase doesnôt appear to be uniform. Between 8 wpf and 10 wpf, no increase 

in the intramuscular cells per fibre can be seen, but the muscle fibres are still increasing in size. This result 

suggests one of two things may be occurring. First, the col1a2+ intramuscular cells could be halting or slowing 

their proliferation during a time in which the muscle fibres are actively going through hypertrophy. Second, 
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the col1a2+ intramuscular cells could be growing at the same rate, but the rate of muscle fibre hypertrophy is 

much greater between these stages. More experiments to determine the proliferation of col1a2+ intramuscular 

cells will be needed to further characterize this. 

 In terms of the identity of col1a2+ intramuscular cells, it is unclear as to whether they represent already 

known populations of muscle-associated cells. Due to the inability to label adult intramuscular cells with in 

situ hybridization, the identity of these intramuscular cells remains unknown. Based on the data showing that 

pax7b, pdgfrɓ, and wif1 are expressed in adult zebrafish intramuscular cells, it is possible that many of these 

overlap with the col1a2+ intramuscular cell population. During juvenile stages, pax7b, a known marker of 

embryonic muscle progenitors in zebrafish, is shown to label satellite-like cells within the slow twitch region 

of the muscle. However, in pax7b:GalFF; UAS:EGFP adult zebrafish, expression of pax7b is not seen. This 

prevents us from making any solid conclusions about adult col1a2+ intramuscular cells. However, antibody 

staining on adult zebrafish cryosections shows the presence of Pax7 staining within intramuscular cells, 

mostly within the slow twitch muscle fibre region (Berberoglu et al., 2017). Since many of the col1a2+ 

intramuscular cells also reside in the slow twitch muscle fibre region, it is possible that these col1a2+ 

intramuscular cells are Pax7 expressing satellite-like cells. Further characterization will be needed to 

determine if col1a2+ intramuscular cells are Pax7+. 

 FAPs are widely known to be marked by PdgfrŬ in both mouse and humans. FAPs are also crucial 

for skeletal muscle regeneration and have been shown to be fibrogenic under certain conditions (Joe et al., 

2010; Mathew et al., 2011; Murphy et al., 2011; Uezumi et al., 2010, 2011). In zebrafish, FAPs have yet to 

be identified. Based on previous literature in mouse suggesting that FAPs are ECM producing, it is likely that 

col1a2+ intramuscular cells label the FAP population in zebrafish. Even though the transgenic line for pdgfrŬ 

does not label intramuscular cells, another marker for labeling FAPs in zebrafish may be required. In mouse, 

Pdgfrɓ is also expressed in FAPs, but at much lower levels compared to PdgfrŬ (Uezumi et al., 2010). In 
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pdgfrɓ:GalFF; UAS:NTR-mCherry adult zebrafish, some intramuscular cells donôt appear to be vessel-

associated. Due to the GalFF/UAS system being able to amplify reporter expression, it is possible that 

zebrafish FAPs may become labeled if they express pdgfrɓ at a low level. However, the use of pdgfrɓ to label 

FAPs would not be ideal as the pdgfrɓ:GalFF; UAS:NTR-mCherry zebrafish mostly label pericytes. Further 

characterization will be needed to determine if pdgfrŬ or pdgfrɓ label the FAP population in zebrafish. 

 wif1 is a novel marker of muscle-associated cells, which has never been implicated in previous 

studies. In this study, wif1+ cells are shown to be a potential subpopulation of col1a2+ intramuscular cells. 

While the number of wif1:Gal4; UAS:NTR-mCherry zebrafish examined is low, the cells that express wif1 

are associated with the region of scattered intermediate muscle fibres (van Raamsdonk et al., 1982).  Also, 

several fibres in this scattered intermediate muscle fibre region are mCherry+ during juvenile stages implying 

that they are either expressing wif1 or generated by wif1+ intramuscular cells. Regardless of the mechanism 

by which wif1 labels intermediate fibres, the presence of wif1 expression implicates Wnt signaling in the 

maintenance of formation of muscle fibres in zebrafish. wif1 is a secreted factor that binds to Wnt ligands and 

prevents their activity. Specifically, in the skeletal muscle, canonical Wnt signaling through ɓ-catenin has 

been implicated in the activation and proliferation of satellite cells, which is essential for the early regenerative 

response (Rudolf et al., 2016). Non-canonical Wnt/PCP signaling has also been implicated in the expansion 

of the satellite cell population (Le Grand et al., 2009). Non-canonical Wnt/PCP signaling is also implicated in 

the process of muscle fibre hypertrophy (Cheng et al., 2018). Since wif1 is an inhibitor of Wnt signaling, it is 

possible the wif1 expressing cells play an important role in regulating these processes in zebrafish. Further 

studies on wif1+ intramuscular cells will be needed to determine a function during muscle development, 

homeostasis, and repair. Their association with intermediate muscle fibres will also be an interesting avenue 

to follow as wif1+ intramuscular cells might be muscle progenitors for intermediate muscle fibres specifically. 
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This type of specific contribution has only been shown previously for twist2+ muscle progenitors (Liu et al., 

2017a). To confirm this possibility, lineage tracing of adult wif1+ intramuscular cells could be done. 

3.9.3: Expression dynamics of col1a2 during zebrafish growth and development 

Unlike col1a2:Gal4; UAS:NTR-mCherry transgenic zebrafish, col1a2:GFP does not label many of 

the intramuscular cells. The reason for the phenomenon is likely due to the Gal4/UAS system causing 

amplification of low-level expression. Therefore, the level of col1a2 expression within intramuscular cells is 

likely lower than the levels in tenocytes, dermis, scales, and bone-associated cells. The idea that col1a2 is 

expressed at low levels in intramuscular cells also has implications for the attempts to do in situ hybridization 

on adult zebrafish. Since the expression of col1a2 is likely low and attempts to do in situ hybridization were 

done on sections (vibratome sections and cryosections), it is possible that all transcripts are being slightly 

degraded during the in situ hybridization procedure. Normally, if a gene is expressed at high levels, this would 

not be an issue and staining would likely still be possible. For lowly expressed genes, this slight level of 

degradation could remove all transcripts making it impossible to detect the transcripts. It is therefore necessary 

that future experiments include highly expressed genes to confirm that the in situ protocol is working. Putting 

the col1a2:GFP transgenic expression together with the in situ hybridization results suggests that the 

expression of col1a2 is highest during embryonic and juvenile stages. During these stages, the zebrafish is 

undergoing rapid growth and likely needs a lot of collagen to be deposited in the growing ECM. Once the 

fish stops growing rapidly, it is possible that the collagen does not need to be deposited in the ECM as quickly. 

In the rainbow trout, a much larger species of fish compared to zebrafish, recent research has been 

done to identify the process of forming the ECM in skeletal muscle (Rallière et al., 2018). In their study, they 

show that the presence of collagen is mostly within the skin and at the myotendinous junctions early on. It is 

not until much later that Collagen is deposited in the space between muscle fibres. They are also able to see 

staining of several collagen-expressing intramuscular cells in adult stages through in situ hybridization. It is 
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possible that due to the size of the rainbow trout, it requires more collagen to be produced by the intramuscular 

cells because a lot more collagen is needed to be deposited. An average zebrafish can grow up to 5 cm in 

length and can live for approximately 5 years in ideal conditions. A rainbow trout on the other hand, can grow 

to be 120 cm in size and has a lifespan of approximately 11 years. Therefore, the average growth rate appears 

to be much faster in the rainbow trout than the zebrafish because it grows to be about 24 time larger in only 

twice the lifespan. This difference in growth rate could have implications for the amount of collagen that is 

needed to be produced. Further research into the deposition of type-I collagen should be conducted in the 

zebrafish to determine when collagen is deposited between muscle fibres, as was done for the rainbow trout. 

3.9.4: col1a2+ cells are important for skeletal muscle repair 

 During skeletal muscle regeneration, many different muscle-associated populations are 

important for orchestrating the regenerative response. Through cardiotoxin-induced muscle injury 

experiments, col1a2+ muscle-associated cells appear to play a crucial role in the regenerative 

response. Early characterization implicated adult col1a2+ dermomyotome-like cells in the 

formation of muscle fibres at the surface and near the myotendinous junctions suggesting that they 

are myogenic. Whether or not col1a2+ intramuscular cells or tenocytes participated in myogenesis 

was still up for debate. After conducting injury experiments, it became evident that col1a2+ cells 

are involved in muscle regeneration. Early in the regenerative response, some col1a2+ cells within 

the injured area show a ramified morphology suggesting activation. This ramified morphology 

closely resembles the FAP population, which have been shown to do the same in mouse following 

cardiotoxin injury (Uezumi et al., 2010). Later, at 5 dpi, mCherry+ muscle fibres begin to populate 

the injury site suggesting that the new fibres that are being formed came directly from col1a2+ 

cells. Whether these are col1a2+ dermomyotome-like cells or col1a2+ intramuscular cells is not 

currently known. Based on the data presented for lineage tracing of adult col1a2+ cells, it is likely 

that both are possible. In these experiments, very few col1a2+ cells were óswitchedô to mCherry  
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Figure 3.14: Representative model of muscle regeneration in the presence and 

absence of col1a2
+
 muscle-associated cells. After muscle injury, col1a2

+
 cells localize 

to the injury site. New fibres that are formed during the repair process appear to be 

mCherry
+
. col1a2

+
 dermomyotome-like cells and col1a2

+
 intramuscular cells both have 

the potential to contribute as bot populations are thought to be myogenic. After genetic 

ablation of col1a2
+
 cells, regeneration is compromised, but new muscle fibres are still 

able to form. Our current model for the generation of new fibres in the absence of col1a2
+
 

cells is that a population of col1a2
-
 intramuscular cells can also contribute to new muscle 

fibre formation. 
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expressing cells. Since very few cells are originally óswitchedô, it can be assumed that all of the 

mCherry+ cells within a cluster are lineage-related. Most of the large clusters of mCherry+ muscle 

fibres are found near the surface or myotendinous junctions, suggesting that they could be 

originating from the col1a2+ dermomyotome-like cells. However, 1 week after óswitchingô adult 

col1a2+ muscle-associated cells, the only muscle fibres that are slightly mCherry+ are deep within 

the skeletal muscle and away from the myotendinous junction, suggesting that its origin may be 

from col1a2+ intramuscular cells. In order to confirm that both col1a2+ dermomyotome-like cells 

and col1a2+ intramuscular cells give rise to muscle fibres and contribute to muscle regeneration, 

specific markers for each population will be needed. 

 The importance of col1a2+ cells during muscle regeneration is further exemplified by the defects seen 

in the ablation experiment. By measuring the proportion of phalloidin+ muscle fibres within the injured region, 

a significant reduction in the amount of muscle that is regenerated can be seen when col1a2+ cells are ablated 

before injury. It is currently unclear as to which of the muscle-associated populations is responsible for the 

loss of regenerative abilities. However, since the col1a2+ intramuscular cells and col1a2+ dermomyotome-

like cells are thought the be progenitor like, these two populations are likely involved. In order to tease out 

which populations are responsible for the defect; specific markers of the individual populations would be 

needed. For tenocytes, we could use tnmd or scxa as markers, but the other two populations still need a marker 

to be identified. A single cell RNA sequencing experiment on the col1a2+ population could be a means for 

identifying these markers. Interestingly, col1a2+ cells have also been implicated in the regeneration of the 

adult zebrafish heart (Sánchez-iranzo et al., 2018). In this study, the authors found that col1a2+ cells contribute 

to a transient stage of fibrosis during regeneration. Similar to the study presented here, genetic ablation of 

these cells compromises the hearts regenerative ability. This suggests that col1a2+ cells may be important for 

the regeneration of multiple tissues in addition to the skeletal muscles and the heart. 
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While tenocytes have never been shown to make new muscle fibres, they are still involved in the 

process of muscle fibre attachment to the myotendinous junction (Subramanian and Schilling, 2014). In this 

case, ablation of the tenocyte population may still cause a defect in regeneration. However, the defect would 

not be the lack of newly regenerated fibres, but the inability to attach to the myotendinous junction causing 

disorganized muscle fibres throughout the injured site. In the current experiment, the defect seen is not 

disorganized muscle fibres, but a reduced number of newly formed fibres making the attachment to the 

myotendinous junctions not a likely cause to the phenotype. The fact that we still see many new fibres being 

formed in ablated zebrafish suggests that the col1a2+ populations are not the only populations that are capable 

of making new muscle fibres in adult zebrafish. Going back to the single cell RNA sequencing experiment 

proposal, it may be more informative to analyze the entire muscle tissue in a col1a2:Gal4; UAS:NTR-

mCherry zebrafish to then compare the col1a2+ populations with other populations and potentially identify a 

col1a2- population that has muscle stem/progenitor cell characteristics. 

 In conclusion, many col1a2+ cells exist in the adult zebrafish including col1a2+ dermomyotome-like 

cells and col1a2+ intramuscular cells. These two populations have been identified as having myogenic 

capabilities and contribute to muscle fibre formation during homeostasis and regeneration. While the identity 

of each of these populations has yet to be characterized fully, my results suggest that they play a pivotal role 

in maintaining muscle homeostasis. 
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Chapter 4: Using Lineage Tracing to Characterize the Origin and 
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4.1: Introduction 

 Many disorders that are found to affect children from birth are often due to defects that occur during 

development. It is therefore important to study the processes of development to determine how certain adult 

cell types arise and which embryonic structures give rise to them. In skeletal muscles, the developmental 

origin of satellite cells have been shown to originate from the dermomyotome (Gros et al., 2005) and pericytes 

within skeletal muscle are likely originating from the sclerotome (Pouget et al., 2008). However, none of the 

other muscle-associated cell types have a defined embryonic origin. In the previous chapter, it was shown that 

col1a2+ muscle-associated cells are crucial for muscle homeostasis and repair. It is therefore of great interest 

to determine what embryonic structures give rise to col1a2+ intramuscular cells and col1a2+ dermomyotome-

like cells. Since the muscle originates from embryonic somites, it is likely that col1a2+ muscle-associated 

cells also originate from the somites. As discussed previously, the embryonic somite can be divided into three 

compartments, the dermomyotome, sclerotome, and myotome. To trace these specific compartments, I have 

utilized Cre-mediated lineage tracing techniques by labeling the specific embryonic compartments in 

question. My results suggest a model that intramuscular cells originate from the dermomyotome and 

sclerotome, while dermomyotome-like cells originate from the dermomyotome. 

4.2: col1a2 and nkx3.1 Gal4 transgenics label the dermomyotome and 

sclerotome 

 In order to do lineage tracing of the embryonic somite compartments, markers of the different 

compartments must be identified. From previous studies in our lab, it was determined that col1a2 labels the 

dermomyotome and sclerotome-derived cells (Sharma et al., 2019) and that nkx3.1 labels the sclerotome (Ma 

et al., 2018). Confocal microscopy on transverse sections in col1a2:Gal4; UAS:NTR-mCherry zebrafish fixed 

at 72 hours post fertilization (hpf) showed specific expression of mCherry in the dermomyotome and 

sclerotome-derived cells surrounding the notochord and spinal cord (Figure 4.1A and 4.1B). nkx3.1:Gal4;  
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Figure 4.1: col1a2:Gal4 and nkx3.1:Gal4 drivers label embryonic somite 

compartments. (A and Aô) Transverse section of a 72 hpf col1a2:Gal4; UAS:NTR-

mCherry zebrafish stained with phalloidin (red) and sytox green (blue). mCherry 

expression (green) is seen in dermomyotome cells (long arrow), intramuscular cells 

(arrow), tenocytes (arrowhead), and muscle fibres (asterisk). n = 5 fish. (B) Schematic 

representation of the major somite compartments that are labeled by the col1a2:Gal4 

driver. Muscle fibres and intramuscular cells are dermomyotome-derived. (C) Transverse 

section of a 48 hpf nkx3.1:Gal4; UAS:NTR-mCherry zebrafish stained with phalloidin 

(red) and sytox green (blue). mCherry expression (green) is seen in sclerotome derived 

cells around the notochord and spine (arrow) as well as tenocytes (arrowhead). n = 5 fish. 

(D) Schematic representation of the major somite compartments labeled by the 

nkx3.1:Gal4 driver. Scale bar: 50 ɛm (A and C). 
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UAS:NTR-mCherry zebrafish at 48 hpf show no labeling of the dermomyotome, however, it does label 

sclerotome-derived cells (Figure 4.1C and 4.1D). Using these two Gal4 lines, we can drive Cre expression 

in the sclerotome and dermomyotome compartments. 

4.3: L ineage tracing with a col1a2 driver  

 As discussed in chapter 3, col1a2:Gal4; UAS:CreERT2; Ubi:Switch transgenic zebrafish were used 

to óswitchô and permanently label col1a2+ cells during embryonic development (Figure 4.2A). As mentioned 

previously, tamoxifen is used to control the timing of Cre activity by translocating it to the nucleus. Here, 

col1a2:Gal4; UAS:CreERT2; Ubi:Switch zebrafish were incubated in tamoxifen for 2 hours at 72 hpf. This 

treatment causes the óswitchingô of dermomyotome and sclerotome derived cells from expressing GFP to 

mCherry. To determine the adult structures that the dermomyotome and sclerotome contribute to, óswitchedô 

zebrafish were allowed time to grow and were fixed at 4 wpf and 1 ypf. At 4 wpf, many structures are 

mCherry+ including the bony parts of the spine, skin, muscle fibres, intramuscular cells, myotendinous 

junctions, dermomyotome-like cells, and components of the fins (Figure 4.2B and 4.2C). Allowing further 

growth to 1 year shows the same structures being labeled as in 4 wpf, but with more muscle fibres being 

mCherry+ (Figure 4.2D and 4.2E). Interestingly, the mCherry+ muscle fibres appear to be segregated by the 

myotendinous junctions implying that the dermomyotome cells are compartmentally restricted. Therefore, 

the amount of red fibres that can be seen within a single compartment is dependent on the amount of muscle 

progenitors that were originally óswitchedô for that compartment. Another interesting finding is that all of the 

muscle fibres that are mCherry+ at the 1 ypf timepoint are also GFP+ suggesting that cell fusion is the primary 

mechanism of contribution. In conclusion, dermomyotome-like cells, intramuscular cells, and tenocytes are 

likely originating from the embryonic dermomyotome and sclerotome. 

 To confirm this tracing, I used a second reporter line, col1a2:Gal4; UAS:CreERT2; Ubi:Zebrabow, 

to show the lineage potential of the dermomyotome and sclerotome. The Ubi:Zebrabow differs from  
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