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Abstract 
 

Duchenne Muscular Dystrophy (DMD) is a severe muscle wasting disorder caused by a 

mutation in the dystrophin gene. The dystrophin-deficient mdx mouse is the most common 

animal model of DMD. Muscle fibres lacking dystrophin go through cycles of degeneration 

followed by progressively impaired regeneration. Eventually, degeneration dominates and 

fibres are replaced with extracellular matrix (fibrosis). The receptor tyrosine kinase muscle 

specific kinase (MuSK) has a well-established role in the maintenance of the neuromuscular 

junction. However, recent work in the lab suggests that it can also reduce the fragility of 

muscle fibres in the mdx mouse. In this thesis, the tibialis anterior (TA) muscles of 3-4 week 

old mdx mice were injected with AAV-MuSK and culled at 12 weeks of age for histological 

analysis (chapter 3). Supplementation with MuSK-GFP did not alter the composition of the 

muscle, with no differences in fibre type populations or in the proportion of the muscle 

occupied by extracellular matrix (collagen I) vs muscle fibre area (pan-myosin). Additionally, 

in chapter 4 mdx TA muscles were supplemented with other members of the MuSK-system 

(Dok7 and Rapsyn). This batch of mdx mice were injected at 4 weeks of age with one of the 

following AAVs encoding: MuSK, mutant MuSK lacking the Ig3 domain (MuSK-ΔIg3), Dok7 or 

Rapsyn before being culled at 9 weeks of age for histological analysis. Supplementation with 

AAV-Dok7 was found to improve muscle pathology by reducing the number of recently 

degenerated/regenerated muscle fibres. Moreover, AAV-MuSK and AAV-Rapsyn were found 

to reduce muscle fibre girth. Together, these findings suggest a novel role for MuSK-system 

in protecting dystrophic muscles from damage. Thus, supplementation of MuSK-system 

components (MuSK, Dok7 and Rapsyn) may present a therapy for DMD and other 

neuromuscular disorders. 
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1.1 Duchenne Muscular Dystrophy   
 

1.1.1 Clinical symptoms & progression   
 

Duchenne Muscular Dystrophy (DMD) is an x-linked muscle wasting disorder caused by a 

loss of function mutation in the dystrophin gene (Guiraud & Davies, 2017).  DMD is the most 

common and the most severe of all muscular dystrophies (Chang, Chevalier & Rudnicki, 

2016), with an incidence of 1 in 5000 live male births (Guiraud & Davies, 2017).  Boys with 

DMD are typically diagnosed at about 2-5 years of age as they experience proximal muscle 

weakness, delayed walking and hypertrophy of the calf muscle (Cros, Harnden, Pellissier 

& Serratrice, 1989; Guiraud & Davies, 2017). After the age of 7, muscle wastage begins to 

supersede muscle growth and by the age of 12 most boys with DMD are wheelchair 

bound (Guiraud & Davies, 2017; Kole & Kreig, 2015; Figure 1.1). Typically, assisted ventilation 

and intensive care are required for boys with DMD to survive into their mid-twenties. While 

assisted ventilation and corticosteroids have been used to prolong the life of DMD patients, 

there remains no effective treatment or cure for DMD (Kole & Kreig, 2015). 
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Figure 1.1: Typical presentation/progression of Duchenne Muscular Dystrophy from 2 

years through to 15 years.  Modified from Jones et al. (2011).  
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1.1.2 The DMD gene   

The DMD gene, which encodes for a cytoskeletal protein called dystrophin, is one of the 

largest known genes in humans (Guiraud & Davies, 2017).  The DMD gene is 2.4Mb long with 

79 exons and 78 introns. Due to its large size, the DMD gene is susceptible to spontaneous 

mutations (Kole & Krieg, 2015).  In fact, the DMD gene has one of the highest rates of 

spontaneous mutation (Guiraud & Davies, 2017). Most mutations causing DMD are deletions 

in one or more exon, resulting in either the partial or complete absence of 

dystrophin (Fairclough et al., 2013). These deletions result in a frameshift, where the mRNA 

no longer encodes for a functional protein. Any non-functional proteins produced are 

believed to be degraded by the proteasome (Kole & Krieg, 2015). The remainder of DMD cases 

are caused by duplications and insertions/deletions of a single base pair  

(Guiraud & Davies, 2017).   

 

1.1.3 Dystrophin  

Dystrophin, the product of the DMD gene, is a cytoplasmic protein and a key component 

of the dystrophin-associated protein complex (DAPC). Other members of the DAPC include 

the: dystrobrevins, dystroglycans, sarcoglycans, sarcospans and syntrophins (Wallace & 

McNally, 2009; Figure 1.2).  Together, these proteins anchor the actin-cytoskeleton of muscle 

fibres to the surrounding extracellular matrix (ECM), providing muscle fibres with the strength 

and flexibility needed to protect against contraction-induced injury (Manning & O’Malley, 

2015).  Dystrophin binds directly to the actin cytoskeleton of muscle fibres via its amino-

terminal and spectrin-repeat domains (Manning & O’Malley, 2015). To complete the ECM-

cytoskeletal link, dystrophin binds with β-dystroglycan via its cysteine-rich domain. This 
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dystrophin-β-dystroglycan binding indirectly links dystrophin to laminin within the ECM, via 

β- and α-dystroglycan (Figure 1.2). The remaining members of the DAPC have signalling roles, 

with sarcospan and the sarcoglycans playing both a signalling and structural role (Wallace & 

McNally, 2009).  

In the absence of dystrophin, the DAPC becomes destabilised and is partially or 

completely lost from the sarcolemma (Chang, Chevalier & Rudnicki, 2016).  This causes 

muscle fibres to become fragile and susceptible to contraction-induced injuries such as 

membrane tears. In turn, this leads to the premature death of muscle fibres, resulting in cycles 

of fibre degeneration and regeneration that ultimately lead to muscle wastage and weakness 

(Manning & O’Malley, 2015). 
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Figure 1.2: Schematic of the Dystrophin Associated Protein Complex, showing the anchoring 

of muscle fibres to the surrounding extracellular matrix. Reproduced from Manning & 

O’Malley (2015).  
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1.2 Skeletal muscle fibre organisation  

1.2.1 Skeletal muscle is made up of several different fibre types  

Adult skeletal muscle is a heterogeneous tissue composed of muscle fibres that vary 

in their speed of contraction, metabolic activity and myosin heavy chain (MHC) 

composition (Bloemberg & Quadrilatero, 2012).  Muscle fibres were first categorised as 

either a type I or type II fibre. Type I (slow) fibres, named for their expression of the MHC-I 

isoform, are considered to have a slow contraction speed and are involved in tonic muscle 

contraction.  Type I (slow) fibres are often referred to as red, oxidative fibres due to their high 

levels of myoglobin and mitochondria. Type II (fast) fibres express various isoforms of MHC-II 

resulting in a fast contraction speed suitable for phasic contraction. These fibres are referred 

to as white, glycolytic fibres due to the low density of mitochondria and myoglobin 

(Schiaffino, 2010). The use of histochemical techniques led to the discovery of three different 

type II (fast) muscle fibres: type IIa, type IIb and type IIx named after their MHC composition 

(Schiaffino et al., 2015). Even within the larger type II (fast) group, each fibre type has varying 

contraction speed (IIB > IIX > IIA) and glycolytic capacity (IIA> IIX > IIB) (Schiaffino, 2010).     

 

Generally, adult mammalian muscle is thought to be composed of four fibre types: 

type I, type IIa, type IIb and type IIx.  However, the proportions of these various types differ 

between species and anatomical location (Schiaffino and Reggiani, 

2011; Bloemberg & Quadrilatero, 2012).  For example, the human diaphragm consists of 

equal proportions of type I and type II fibres, whereas the rodent diaphragm consists of 

mostly type II fibres (Polla et al., 2004; Schiaffino & Reggiani, 2011).  The proportion of fibre 

types also seems to vary between different muscle groups. For example, type I fibres are more 
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common in the posterior compartment, where the soleus is found. While hind limb muscles 

such as the tibialis anterior (TA) and Extensor digitorum longus (EDL) consist of entirely fast 

fibres (Schiaffino & Reggiani, 2011). 

During development, two specific isoforms of MHC are expressed in 

skeletal muscle. These developmental isoforms are known as embryonic myosin and neonatal 

myosin (Schiaffino & Reggiani, 2011). During the first weeks of postnatal development, 

embryonic and neonatal myosin expression is down-regulated as the fast and slow-type adult 

MHC begins to be expressed (Schiaffino et al., 1988). Moreover, slow-type fibres are thought 

to disappear from fast muscles in this early stage of postnatal development. This suggests 

that this slow-to-fast switch that occurs in fast-type muscles is inhibited in slow-type muscles 

such as the soleus (Schiaffino et al, 2010).  Although embryonic and neonatal myosin are 

expressed only transiently during development, these developmental isoforms are re-

expressed in adult muscles that have undergone injury and subsequent regeneration. Both 

embryonic and neonatal myosin are expressed 2-3 days after injury and are thought to persist 

for another 2-3 weeks (Guiraud et al., 2018). Antibodies specific for embryonic myosin can be 

used as a marker for recently regenerated muscle fibres in muscular dystrophy research 

(Guiraud et al., 2018).  

 

1.2.2 Skeletal muscle extracellular matrix  

The ECM is a three-dimensional network composed of many proteins including 

collagens, proteoglycans, elastin, fibronectin, laminins and many more (Theocharis et al., 

2016). While the ECM is only a small component of skeletal muscle, it is known to greatly 

impact muscle function. Specifically, the ECM plays a key role in force transmission as well as 
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in the maintenance and repair of skeletal muscle (Gillies & Lieber., 2011). The skeletal muscle 

ECM consists of the inner basement membrane and three outer components: the 

endomysium, epimysium and perimysium (Figure 1.3a-c).  The basement membrane is the 

innermost layer that makes direct contact with the sarcolemma (Figure 1.3d). The basement 

membrane itself is thought to make a great contribution to the overall strength and elasticity 

of muscle (Grounds 2008, p.271; Sanes, 2003).  Although considered to be distinct from each 

other, the endomysium is closely associated with the basement membrane (Figure 1.3d) and 

surrounds individual muscle fibres (Chaturvedi et al, 2015; Gillies & Lieber. 2011). The 

perimysium then surrounds bundles of muscle fibres, termed fascicles. The final component 

is the epimysium, the connective tissue sheath that encapsulates the entire muscle 

(Chaturvedi et al, 2015).    
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Figure 1.3: Structure of skeletal muscle extracellular matrix. (a) Shows the epimysium 

surrounding the entire muscle, the perimysium surrounding bundles of muscle fibres 

(fascicles) and (b, c) the endomysium which surrounds individual muscle fibres. (d) Shows the 

interface between the endomysium and the muscle fibre, showing the basement membrane 

and sarcolemma.  Modified from Grounds (2008, p.271).  
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While the ECM is composed of many constituents, the collagens are said to be the 

major component of the skeletal muscle ECM, accounting for 1-10% of muscle dry mass 

(Gillies & Lieber, 2011). There has been a total of 26 different types of collagen reported 

(Gelse, Pöschl & Aigner, 2003) and 10 of these are found in the skeletal muscle ECM (Gillies & 

Lieber. 2011). Collagen I and collagen III are fibrillar in structure and are thought to be the 

most abundant collagen types in the skeletal muscle ECM. Interestingly, collagen I alone is 

said to make up anywhere between 30% and 97% of the total collagen in the skeletal muscle 

ECM (Gelse et al., 2003; Gillies & Lieber, 2011). Interestingly, the different components of the 

ECM seem to consist of different types and amounts of the collagens. For example, the 

perimysium consists of mostly collagen I and a small amount of collagen III. Whereas the 

endomysium and epimysium consist of equal amounts of collagen I and III. Even the closely 

associated basement membrane and endomysium differ in their collagen composition, with 

the basement membrane consisting of mostly type IV collagen (Gillies & Lieber, 2011).  

 

1.3 Skeletal muscle repair in healthy and dystrophic muscles 

Healthy skeletal muscle can be damaged by exercise, eccentric (lengthening) 

contractions or trauma and this leads to a process of regeneration. The mechanism of skeletal 

muscle repair includes a cycle of: degeneration, inflammatory cell invasion, regeneration and 

ECM deposition (Urso, 1985). When a muscle is physically injured, vascular damage occurs 

and the muscle fibres burst and necrotise. In response to the vascular damage, monocytes 

leave the blood stream and enter the muscle, where they become macrophages and clear 

necrotic fibres (Kharraz et al, 2013). At the same time, there is ECM deposition. Together, the 

macrophages and ECM release growth factors that activate muscle fibre satellite cells. These 
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are the stem cells of skeletal muscle, resident in the endomysium (Urso, 1985).  The activated 

satellite cells begin to proliferate and form myoblasts (muscle pre-cursor cells) which 

subsequently differentiate and fuse to form multi-nucleated muscle fibres. This satellite cell 

system can activate and fully regenerate muscle fibres just days after the injury (Vidal et al, 

2012; Wallace & McNally, 2009). 

Dystrophic muscles are more susceptible to contraction-induced injury than healthy 

(non-dystrophic) muscles and consequently they go through multiple cycles of degeneration 

(Guiraud & Davies, 2017). These repeated cycles of degeneration eventually exhaust the 

regenerative capacity of the satellite cell system, resulting in limited fibre regeneration 

(Wallace & McNally, 2009). Fatty and fibrous tissues eventually replace the necrotised fibres 

and the muscle becomes weak (Manning & O’Malley, 2015). While the exact mechanism for 

the exhaustion of the satellite cell system in DMD is unknown, it has been hypothesised that 

persistent inflammation and/or the untimely deposition of ECM may play a role (Kharraz et 

al., 2013). 

1.3.1 Inflammation in skeletal muscle repair 

A transient inflammatory response is required for skeletal muscle repair and it begins 

when macrophages enter the injured muscle (Figure 1.4), as mentioned above (Kharraz et al., 

2013). At this early stage of muscle repair, macrophages are active in their M1 (pro-

inflammatory) phenotype, where their main role is to clear necrotic fibres (Villalta et al, 2008). 

These M1 macrophages also release signalling molecules that stimulate cell proliferation in 

the myoblasts (Kharraz et al., 2013). As muscle regeneration advances, the macrophages 

switch to their M2 (anti-inflammatory) phenotype. It is these M2 macrophages that are 
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thought to stimulate myoblast differentiation, fusion (Kharraz et al., 2013) and the transient 

ECM deposition needed for skeletal muscle repair (Villalta et al.,2008). 

 
 

 
 
 

 

 

 

 

 

 

 

 

  

Figure 1.4: Schematic of skeletal muscle regeneration in response to muscle damage, 

showing the activation of satellite cells (muscle stem cells) within the muscle and the 

extravasation of monocytes from blood vessels. In the early stages of muscle regeneration, 

the monocytes differentiate into M1 (pro-inflammatory) macrophages which clear any 

necrotising fibres and stimulate myoblast proliferation. M2 (anti-inflammatory) macrophages 

are active in the later stages of repair and stimulate myoblast differentiation and fusion. 

Reproduced from Kharraz et al. (2013). 
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In DMD, this inflammatory response is chronic. This is due to the persistent activation 

of macrophages, as the muscle fibres undergo repeated cycles of degeneration (Kharraz et al, 

2014). While the precise mechanism behind this persistent inflammation is unclear, it has 

been suggested that an imbalance between the M1 and M2 macrophage phenotypes could 

play a role (Nitahara-Kasahara et al., 2014). Furthermore, it has been suggested that deposits 

of fibrin and fibrinogen, found only in dystrophic muscles, may activate M1 macrophages and 

thus, contribute to the persistent inflammation (Vidal et al., 2012). This model proposes that 

muscle injury causes the extravasation of fibrin and fibrinogen from the damaged blood 

vessels. Together, fibrin and fibrinogen form a temporary matrix between the muscle fibres 

that is never seen in healthy muscle (Figure 1.5). This matrix is then thought to interact with 

macrophages (via αM β 2 integrin), causing them to switch to the M1 phenotype. It is the 

additional activation of these M1 macrophages, by fibrin and fibrinogen that is thought to 

further promote muscle degeneration and possibly negatively regulate satellite cell function 

by preventing the differentiation of myotubes (Vidal et al., 2012). 
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Figure 1.5: Schematic of inflammatory response to tissue injury in dystrophic muscles. Fibrin 

and fibrinogen are released from blood vessels and interact with macrophages, causing them 

to release pro-inflammatory cytokines which promotes myoblast proliferation and possibly 

negatively regulates satellite cell function by preventing differentiation. Modified from Vidal 

et al. (2012). 
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1.3.2 Extracellular matrix deposition in skeletal muscle repair 

Upon muscle injury, the controlled deposition of ECM around individual muscle fibres 

helps provide the muscle with strength and support for contraction (Kharraz et al., 2013; 

Kharraz et al., 2014). It also provides a scaffold for regenerating fibres, ensuring that all new 

fibres adopt the correct spatial architecture (Kharraz et al., 2013). This process of ECM 

deposition is tightly regulated by various signalling molecules, such as growth factors, 

extracellular proteases and their inhibitors (Kharraz et al., 2013; Kharraz et al., 2014). One 

growth factor, Transforming Growth Factor-β1 (TGF-β1) is released from the ECM and/or 

macrophages upon tissue damage and stimulates transient deposition of ECM by fibroblasts 

(Kemaladewi et al., 2012; Kharraz et al., 2014). Additionally, macrophages are known to 

release matrix metalloproteases (MMPs; which break down the ECM) and tissue inhibitors of 

metalloproteases (TIMPs) (Kemaladewi et al., 2012). When TGF-β1 is released by 

macrophages (upon muscle damage), TIMPs are also active, allowing for transient ECM 

deposition required for muscle repair. This ECM scaffold is no longer required once new fibres 

are formed and thus the ECM is degraded by MMPs (Kharraz et al., 2013; Kharraz et al., 2014).  

This ECM degradation also leads to the production of protein fragments that aid tissue repair 

(Mann etal., 2011). 

In DMD, this ECM deposition becomes excessive or uncontrolled and is thus defined 

as fibrosis (Kharraz et al., 2014). Interestingly, the persistent activation of macrophages seen 

in DMD (due to the continuous cycles of degeneration/regeneration) seems to contribute to 

this fibrosis (Nigro & Piluso, 2015). As mentioned above, macrophages can release TGF-β1 

and thus stimulate ECM deposition. The constant activation of macrophages in DMD is 

thought to up-regulate TGF-β1 signalling which in turn promotes ECM deposition. This 
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continuous up-regulation of TGF-β1 signalling could lead to the excessive ECM deposition that 

ultimately leads to fibrosis in DMD (Figure 1.6; Kemaladewi et al., 2012). 

 

 

 

Figure 1.6: Schematic of excess extracellular matrix deposition (fibrosis) in DMD. Persistent 

macrophage activation leads to an up-regulation in pro-fibrotic factors such as transforming 

growth factor β (TGFβ), causing excess extracellular matrix deposition and ultimately fibrosis. 

Modified from Nigro & Piluso (2015). 
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Moreover, TGF-β1 is also known to stimulate a cell population known as 

Fibro/adipogenic progenitors (FAPs). FAPs are mesenchymal progenitors that contribute to 

fibrosis by differentiating into adipocytes or collagen-producing cells, when stimulated by 

TGF-β1 (Farup et al., 2015; Uezumi et al., 2011). It is the up-regulation of TGF-β1 signalling in 

DMD which stimulates FAPs to differentiate into adipocytes and collagen-producing cells 

(Lemos et al, 2015). This then results in excessive deposition of collagens, a major component 

of the fibrotic ECM (Uezumi et al., 2011). 

 

1.3.3 Hypertrophy and pseudohypertrophy 

Hypertrophy or enlargement of the calf (Figure 1.7) is a characteristic feature of DMD. 

Hypertrophy is described as an increase in the number or size of muscle fibres without an 

increase in non-contractile material. This hypertrophy is commonly seen in the gastrocnemius 

and soleus muscles of DMD patients but has also been identified in other muscles such as the 

TA (Kornegay et al., 2012). Early clinical data has suggested that this hypertrophy occurs early 

in the disease course of DMD, while the patients are still ambulatory (Cros et al., 1989). It has 

been suggested that the hypertrophy observed later in the disease course is 

pseudohypertrophy, which refers to an increase in non-contractile materials such as fat and 

connective tissue in the muscle (Kornegay et al., 2012). Pseudohypertrophy is thought to 

occur as a result of myofibre necrosis, with fat and ECM replacing the necrotic fibres. 

Ultimately, this results in a muscle that is enlarged but weak (Manning & O’Malley,2015). 
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Figure 1.7: Photograph of a 9-year-old boy with DMD showing the characteristic hypertrophy 

(enlargement) of the calf muscles. Reproduced from Kornegay et al. (2012). 
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While this early study seemed to indicate a 2-stage process of true hypertrophy 

followed by pseudohypertrophy, it was only semi-quantitative, and it seemed that this 2-

stage process could not be applied to all muscle groups. For example, Cros et al. (1989) found 

that boys with DMD had an increased mean fibre diameter in their gastrocnemius muscle, 

indicating hypertrophy. However, there was also an increase in non-contractile elements, so 

true hypertrophy was ruled out. In the quadriceps muscle, true hypertrophy was reported 

early in the disease course of DMD and was followed by muscle atrophy. For these reasons, 

it remains uncertain whether the enlargement of muscles seen in boys with DMD is due to 

hypertrophy, pseudohypertrophy or both. 

1.4 Mdx mouse model of DMD 

1.4.1 The mdx mutation 

For the last 30 years, the dystrophin-deficient, mdx mouse has been used as a model 

to study the pathophysiology of DMD (McGreevy et al., 2015). The mdx mouse model of DMD 

was discovered in the 1980s when a colony of C57BL/10ScSn mice exhibited evidence of 

myopathy. A point mutation that prevented the translation of full-length dystrophin was 

identified as the cause (Bulfield et al., 1984; McGreevy et al., 2015). Much like in human DMD, 

the lack of dystrophin causes muscle weakness, pseudohypertrophy and respiratory 

insufficiency in the mdx mouse. Due to these similarities in the pathogenesis of DMD and its 

genetic similarity to human DMD, the mdx mouse has been extensively used in DMD research, 

leading to much of what is currently known about the pathogenesis arising from dystrophin 

deficiency (Manning & O’Malley, 2015). 
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1.4.2 Pathogenesis of DMD in mdx mice 

Histological analysis of mdx mouse muscle reveals muscle fibre necrosis and 

subsequent replacement with fatty and fibrous tissues, as is seen in DMD patients (Manning 

& O’Malley, 2015). In the hind limb muscles of mdx mice, necrosis begins at about 21 days of 

age and is thought to progress until it reaches its peak at 25-26 days of age. There is then a 

reduction in necrosis until it stabilises at 8 weeks of age. From this point onwards, only about 

5% of fibres undergo necrosis at any given time point. As the mice move into adulthood, 

necrosis becomes almost undetectable (Grounds et al., 2008). The deposition of fatty and 

fibrous tissues (fibrosis) is reported after this peak in necrosis, at about 10-12 weeks of age. 

However, the fibrosis reported at this age is considered to be quite mild and a severe fibrosis 

is only reported at 16-20 months of age (Grounds et al., 2008; Manning & O’Malley, 2015).  

 

While mdx muscles do undergo bouts of necrosis and subsequent fibrosis, the 

pathology of mdx mice is much less severe than the human form of DMD. Interestingly, mdx 

mice also show a shortened lifespan when compared to controls but there is only a 25% 

reduction. This is much less severe than the 75% lifespan reduction reported in humans with 

DMD (McGreevy et al., 2015). The less severe phenotype of mdx mice is thought to be due to 

the up-regulation of utrophin, a homologue of dystrophin. Utrophin shares an 80% homology 

with dystrophin and is thought to interact with the same proteins as dystrophin (Manning & 

O’Malley, 2015). In humans, utrophin is expressed at the sarcolemma during development 

and is then progressively replaced by dystrophin. In the absence of dystrophin, utrophin can 

mimic the stabilising function of dystrophin. In this way, utrophin is up-regulated at the 

sarcolemma in mdx mice and compensates for the lack of dystrophin (Guiraud & Davies, 
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2017). It is this up-regulation of utrophin in mdx mice that seems to dampen muscle 

degeneration, leading to a less severe phenotype. While up-regulation of utrophin has been 

reported in human DMD, it seems that the levels of utrophin are not high enough to impact 

disease progression (Manning & O’Malley, 2015). 

 

1.4.3 Parameters to measure pathology in mdx mice 

Various parameters have been used to assess muscle pathology in mdx mice. In fact, 

standard operating procedures (SOPs) for the pre-clinical assessment of DMD pathology in 

mdx mice have been established and made available globally by the Treat-NMD network 

(https://treat-nmd.org/). Some of these SOPs by Treat-NMD assess pathology using 

histological stains, collection of blood samples and functional tests such as contraction 

recordings. The histological assessments make use of transverse sections of mdx muscles to 

visualise the overall muscle pathology. Haematoxylin & Eosin (H&E) staining is commonly 

used to assess the extent of damage in mdx muscles as it can identify damaged fibres, 

regenerated fibres and any areas of inflammation. Typically, a damaged fibre will have a 

fragmented sarcoplasm and a disrupted sarcolemma. These areas of damaged fibres may also 

show some inflammatory cell invasion, characterised by areas of basophilic staining (Figure 

1.8). H&E staining can also be used to identify fibres with centralised nuclei, a marker of 

regeneration (Grounds et al., 2008).  For these histological assessments, it is particularly 

important to consider the age of the mouse as histological features are age-dependant and 

can greatly differ between the earlier and later stages of disease (Grounds et al., 2008; 

Grounds, 2014; Manning & O’Malley 2015). For example, it is more useful to measure muscle 

fibre necrosis in young mdx mice, before and after florid the degeneration reported at 3 
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weeks of age, compare to older (1-year-old) mdx mice, which show necrotic fibres in less than 

5% of the TA muscle.  Since the values for older mice are so low, it becomes difficult to detect 

a relative change in necrosis. Whereas, the higher ~30% necrosis reported in 3-week-old mdx 

mice allows for a highly sensitive assay (Grounds, 2014).  

 

 

 

 

 

 

 

 

 

Figure 1.8: Haematoxylin & Eosin staining of adult mdx quadriceps muscle. (A) Few damaged 

fibres surrounded by a large area of inflammation (asterisk). (B) Damaged myofibres with 

fragmented sarcoplasm (arrowheads). (C) Fibres that have regenerated with centralised 

nuclei. Modified from Grounds et al. (2008). 
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Moreover, other histological stains such as Sirius red are used to visualise and quantify 

fibrosis by staining all collagens red (Figure 1.9). Typically, this stain is used to quantify fibrosis 

in the diaphragm muscle, where the fibrosis can be quite severe. However, it is important to 

note that the fibrosis in the limb muscles is quite mild, with severe fibrosis only being reported 

in mdx mice that are 16 months old or older (Grounds et al., 2008; Pessina et al., 2014).  

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Sirius red staining of the tibialis anterior and diaphragm muscles of wild type, 

young mdx (3 months old), adult mdx (9 months old) and old mdx (18-24 months old). 

Modified from Pessina et al. (2014). 
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Similarly, immunofluorescence studies are used to assess various aspects of mdx 

pathology. For example, regenerating muscle fibres can be identified by using antibodies 

against embryonic myosin, providing an indication of how many fibres have been damaged 

and recently regenerated (Guiraud et al., 2018). Fibrosis can also be assessed in 

immunofluorescence studies by staining ECM components such as collagen (Gibertini et 

al.,2014) and fibronectin (Hollinger & Selsby, 2015). While inflammation can be studied by 

staining for inflammatory factors such as TGF-β1 and for macrophages (Gibertini et al.,2014). 

  

The study of fibre type proportions via MHC profiling has become a technique of 

interest when studying the pathology of mdx mice. Studies have reported that the soleus, a 

slow-type muscle, is more resistant to damage and has higher dystrophin expression when 

compared to fast-type muscles (Omairi et al., 2019). Interestingly, one study was able to 

induce a fast to slow-type switch by transgenic overexpression of peroxisome proliferator 

activated receptor gamma coactivator 1-alpha (PGC-1α) in mdx mice. It is thought that 

overexpression of PGC-1α made muscles more resistant to contraction-induced injury and 

improved their fatigue resistance via this fast to slow fibre switch (Selsby et al., 2012). 
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1.5 Muscle Specific Kinase (MuSK) signalling system 

1.5.1 MuSK signalling system at the neuromuscular junction 

Muscle Specific Kinase (MuSK) is transmembrane receptor tyrosine kinase responsible 

for the development and maintenance of the neuromuscular junction (NMJ; Ghazanfari et al., 

2011). At the NMJ, motor neuron terminals release acetylcholine onto postsynaptic 

acetylcholine receptors (AChR), allowing for muscle contraction. Effective neurotransmission 

relies on the agglomeration of AChRs into clusters (Ghazanfari et al., 2011). During early 

development, AChRs are dispersed uniformly across the length of skeletal muscle fibres. The 

AChRs then accumulate and form clusters in the centre of the muscle fibres. This clustering, 

termed pre-patterning, requires MuSK but is independent of motor innervation (Ueta et al, 

2016). It is important to note that the AChR clusters themselves contain MuSK. The AChR-

MuSK clusters form in the central part of the muscle fibre where motor nerves will later form 

synapses (Ghazanfari et al., 2011). Following targeted mutation of the MuSK gene, MuSK-null 

mouse embryos were unable to form stable NMJs and consequently became paralysed and 

died before birth (DeChiara et al.,1996). 

MuSK is able to stabilise AChR clusters via its interaction with various other proteins 

that form the MuSK signalling complex: Neural agrin (hereafter referred to simply as Agrin), 

LRP4 (low-density lipoprotein receptor-related protein), Dok7 (downstream-of-

tyrosinekinase-7), and Rapsyn (which acts downstream of MuSK) (Ghazanfari et al., 2011; 

Pratt et al., 2013). Agrin is a heparan-sulphate proteoglycan secreted from motor nerve 

terminals and is a potent inducer of LRP4-MuSK mediated AChR clustering. Agrin does not 

interact directly with MuSK, instead it induces AChR clustering via its interaction with LRP4, 

which interacts with MuSK via its extracellular domain (Figure 1.10; Ghazanfari et al., 2011; 
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Ohno, Ohkawara & Ito, 2017). Dok7 binds to MuSK via its kinase domain (Figure 1.10) and 

helps activate MuSK by cross-linking the two MuSK monomers to form a tetramer. Active 

MuSK then recruits Rapsyn, a scaffolding protein to help form and stabilise the AChR clusters 

(Ghazanfari et al., 2011).  

 

 

Figure 1.10: Schematic showing the location of MuSK at the neuromuscular junction and the 

structure of the MuSK signalling complex. MuSK is represented in black with its extracellular 

and kinase domains. Adapted from Ghazanfari et al. (2011). 
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Interestingly, MuSK expression levels seem to differ among different skeletal muscles 

in the adult mouse. One study found that high levels of MuSK were expressed in the slow-

type muscle, the soleus (Punga et al., 2011), which has been shown to be more resistant to 

contraction-induced damage (Omairi et al., 2019). The fast-type EDL on the other hand, 

expressed only low levels of MuSK. These differences in MuSK expression between muscles 

may explain why some muscles suffer more in DMD than others. The same pattern of 

expression was found for the AChRα subunit. Interestingly, Dok7, LRP4 and Rapsyn had a 

similar level of expression across the EDL and soleus muscles. These differences in expression 

are thought to be independent of the slow/fast-type of the muscle but rather depend on the 

sensitivity of the muscle to Agrin (Punga et al., 2011). 

 
1.5.2 Reasons for studying the influence of MuSK in mdx muscles 

While MuSK has a well-established role in the development and maintenance of the 

NMJ, its role in broader muscle physiology remains unclear (Pratt et al., 2013). Interestingly, 

the MuSK signalling complex is thought to interact with the DAPC at the NMJ where the 

synaptic laminins (α4, α5 and β2 laminin), residing in the synaptic basement membrane 

(Nishimune et al., 2004; Samuel et al., 2012, interact with α-dystroglycan, allowing for the 

DAPC to be brought closer to the MuSK-signalling complex (Figure 1.11B; Pilgram et al., 2010). 

However, at the sarcolemma, α-dystroglycan is known to interact with non-synaptic laminin 

α2 (Figure 1.11A; Pilgram et al., 2010). It is this close association of the MuSK complex with 

the DAPC which suggests that MuSK may play an important role in muscle physiology. 

Specifically, the two complexes are physically linked by the binding of Rapsyn to β-
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dystroglycan (Figure 1.11B). Furthermore, this interaction between Rapsyn and the DAPC 

seems to be important for the stabilisation of AChR clusters (Pilgram et al., 2010). 

 

 

 

Figure 1.11: Schematic of the Dystrophin associated protein complex at the (A) sarcolemma 

and at the (B) neuromuscular junction, showing the interaction of MuSK and the DAPC at the 

neuromuscular junction. First, Agrin activates MuSK. The active form of MuSK then recruits 

Rapsyn to stabilise AChR clusters. The MuSK signalling complex is linked to the DAPC by the 

interaction between Rapsyn and β-dystroglycan. Modified from Pilgram et al. (2010). 
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Moreover, the quadriceps muscles of mdx mice are reported to express lower levels 

of MuSK than the wild type. Interestingly, no difference was reported in the expression levels 

of the other components of the MuSK complex: Dok7, LRP4, Agrin and Rapsyn. It is this 

reduced expression of MuSK that may lead to the impaired neuromuscular transmission and 

muscle fragility seen in mdx mice (Pratt et al., 2013). Recent work in the Phillip’s lab has used 

an adeno-associated viral vector (AAV) to supplement MuSK expression in the TA muscle of 

mdx mice. This supplementation was able to reduce the eccentric contraction-induced loss of 

force (Trajanovksa et al., 2019), increase specific force, reduce muscle mass 

(pseudohypertrophy) and reduce the number of damaged muscle fibres (Joanne Ban, PhD 

thesis, 2018). MuSK supplementation also increased the sarcolemmal expression utrophin 

and the DAPC proteins: β-dystroglycan, α-sacrcoglycan and β- sarcoglycan (Joanna Huang, 

Honours thesis, 2018; Trajanovska et al., 2019). This suggests a potential role for MuSK in 

protecting dystrophic muscle fibres from degeneration. 
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1.6 Project aims 

Overall, this project aims to assess whether overexpression of MuSK in the TA muscle 

of mdx mice can reduce dystrophic muscle pathology. To do this, 4-week-old mdx mice were 

injected with an AAV encoding MuSK in the TA muscle. The contralateral TA muscle was 

injected with an empty AAV vector, to serve as a control. Mice were culled when they were 

12-weeks-old for the first lot of experiments (chapter 3) and at 9-weeks-old for later 

experiments (chapter 4). Muscles were then dissected and cryosectioned for 

immunofluorescence analysis. 

Specifically, this project is based on three findings that arose from the work of Joanne 

Ban (PhD thesis, 2018): 1) 12-week-old mdx TA muscles were heavier than that of the wild 

type. 2) Supplementation with AAV-MuSK reduced this muscle mass back to wild type level 

(Figure 1.12). 3) Mdx muscles expressing AAV-MuSK produced greater specific force than that 

of the empty vector controls (Figure 1.13). With these findings in mind, I aimed to test 

whether the increased muscle mass seen in mdx mice was due to an increase in the non-

contractile components of the muscle (pseudohypertrophy) and whether MuSK 

supplementation was reducing the muscle mass by reducing pseudohypertrophy. To assess 

this, immunofluorescence staining for collagen I, and pan-myosin were used to identify the 

proportions of the muscle taken up by contractile machinery (myosin) and the non-contractile 

ECM (collagen). 

 

 

 

 



Chapter One: Introduction 
 
 

31 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.12: Average wet mass of 12-week-old mdx TA muscles injected with AAV-MuSK at 

4 weeks of age (n=15). Each circle represents the mass of one mdx TA muscle and the error 

bars represent the SEM. The dotted line represents the average wet mass of 12-week-old 

wild type TA muscles. Data from Joanne Ban, PhD thesis, 2018. 

 

 

 

 



Chapter One: Introduction 
 
 

32 
 
 

 

Figure 1.13: Specific force in 12-week-old mdx TA muscles injected with AAV-MuSK. (A) 

Force-frequency curve of specific force, (B) mean specific force and (C) mean force in 12- 

week-old mdx muscles injected with AAV-MuSK compared to the empty vector control 

(n=15). Data from Joanne Ban, PhD thesis, 2018.  
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Additionally, this thesis aims to test whether overexpression of MuSK causes any 

alterations in the fibre type proportions in the TA muscle of mdx mice. This will be assessed 

via immunostaining and fibre counts of the various slow and fast MHC isoforms (Type I, IIa, 

IIb& IIx). Finally, this thesis also aims to determine whether supplementation of either: MuSK, 

Dok7, Rapsyn or MuSK- ΔIg3 can reduce the number of fibres that have recently undergone 

degeneration and regeneration by staining for embryonic myosin, a marker of muscle fibre 

regeneration. In this way, I will test whether the MuSK-system has any capacity to reduce the 

extent of muscle fibre degeneration/regeneration in mdx mice. 
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2.1 Mice 

2.1.1. Ethics and housing 

All mouse experiments were approved by The University of Sydney Animal Ethics 

Committee (Project number: 2017/1153) in compliance with the Australian code for the care 

and use of animals for scientific purposes. Both our male mdx (C57BL/10ScSn-Dmdmdx) and 

C57BL/10 ScSn (genetic background control) mice were ordered from Animal Resources 

Centre in Western Australia. The mdx mutation was previously bred onto a C57BL/10 ScSn 

background and for this reason male C57BL/10 ScSn mice were used as healthy controls 

(Bulfield et al., 1984). However, for some of my experiments there was an error in the supply 

chain that resulted in C57BL/6 mice being mistakenly supplied instead of C57BL/10 ScSn, 

without our knowledge at the time. This error impacted the experiments on 

pseudohypertrophy, and muscle fibre type described in chapter 3. The male mdx mice used 

in experiments from chapter 3 had been ordered and monitored by Joanne Ban as part of her 

PhD project. All the wild type and mdx mice used in chapter 4 were monitored by my 

supervisor and myself. The postnatal day 1 (P1) neonatal mouse muscles used for the work in 

chapter 4 were supplied by Prof Frank Lovicu from mice being culled under his ethics approval 

at the University of Sydney. All mice were held in the Bosch PC2 animal holding room and 

were group housed with ad libitum access to food and water. Each cage also included 

environmental enrichment items such as a plastic igloo and a refuge tube. Mice were 

inspected twice weekly to monitor their general welfare. This included checking the condition 

of their coat, behaviour and hydration. All observations were recorded on the general 

monitoring sheet kept in the animal holding room. In the experiments described below mice 

were killed with an intraperitoneal injection of pentobarbitone (30mg; Cenvet, Australia). 
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2.1.2 Isoflurane anaesthesia of mice 

Mice were anaesthetised using an isoflurane anaesthesia machine (The Stinger, 

Advanced Anesthesia Specialists) connected to a medical oxygen tank. The isoflurane 

machine and oxygen tank were switched on, allowing for an oxygen flow of 0.7 L/min and 4% 

isoflurane (Cenvet, Australia) into an induction chamber. The chamber was allowed to fill with 

the oxygen and isoflurane for a few minutes before the mouse was placed in the chamber. 

The mouse was kept in the chamber until it was lying on its side and breathing steadily. 

Isoflurane levels were then turned down to 2-2.5%. The isoflurane machine was then 

connected to a nose cone and placed over the snout of the mouse. Testing of the foot 

withdrawal reflex, corneal reflex and monitoring of any changes in the respiratory rate were 

used to check that a deep anaesthesia was achieved and maintained. The mouse was 

considered to be deeply anaesthetised when it was breathing steadily, and the foot 

withdrawal and blink reflexes were fully supressed. 

2.1.3 AAV injection experiments 

Construction of cytomegalovirus (CMV) promoter-driven MuSK and Rapsyn 

expression cassettes in the pAAV-CMV plasmid, their packaging into AAV serotype 6 capsids 

and the intramuscular injection of the AAV preparations were detailed previously (Blankinship 

et al., 2004; Ghazanfari et al., 2015). These AAV preparations are referred to below as the 

original AAV batches. Additional AAV expression vectors for MuSK-ΔIg3 and human Dok7 

were constructed in 2018. In each case the full-length coding sequence fused, in-frame, at its 

C-terminus to the coding sequence of enhanced green fluorescent protein (GFP) was 

synthesized commercially to our design by Genscript. The coding sequence for the fusion 

proteins: MuSK- ΔIg3-GFP and human Dok7-GFP were then each subcloned into pAAV-CMV 
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 and the insertions and joins were sequenced, again by Genscript. New plasmid preps 

encoding AAV-MuSK-GFP, AAV-MuSK- ΔIg3 -GFP and AAV-Dok7-GFP were then grown up, 

purified by Qiagen plasmid maxi-prep kit (Qiagen) within the lab by my supervisor in 2018. 

These plasmid preps were then packaged into fresh batches of AAV serotype 6 by the 

laboratory of Dr Paul Gregorevic, University of Melbourne. These are referred to below as the 

new batches of AAV. 

Series one AAV injections: The mdx muscles used in chapter 3 were from mice injected 

in January- March 2017 with the original batch of AAV-MuSK by Joanne Ban, as part of her 

PhD thesis (2018). The muscles had been injected at 3-4 weeks of age and the mice culled at 

12 weeks of age by intraperitoneal injection of pentobarbitone (30mg; Cenvet, Australia). This 

allowed a period of 9-10 weeks for transgene expression, to study the long-term effect of 

MuSK on muscle pathology.  

Series two AAV injections: the muscle blocks from mdx mice that were used in chapter 

4 were injected with an AAV vector encoding: MuSK, mutant MuSK lacking the Ig3 domain 

(MuSK-ΔIg3), Dok7 (new batches) or Rapsyn (original batch). These mice were injected at 3-4 

weeks of age by our post-doc Dengyun Ge in April-May 2019. The mice were culled at 9 weeks 

of age by an intraperitoneal injection of pentobarbitone. I dissected the muscles and snap 

froze them for cryosectioning (detailed below). For series two injections, no evidence of 

successful expression of the four transgenes is presented in this thesis. However, the AAV-

Rapsyn used in chapter 4 comes from the same batch of AAV-Rapsyn used in previous work, 

where widespread expression of Rapsyn-GFP was shown across the entire cross-section of 

mdx TA muscles (Trajanovksa et al., 2019). The MuSK, MuSK-ΔIg3 AAV and Dok7 vectors were 

newly constructed and used for the first time in this thesis. Evidence of successful expression 
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of these four transgenes (via AAV injection) will be required before this work can be 

published.  

All AAV injections were done using the following abbreviated protocol. Mice were 

deeply anaesthetised (as described in 2.1.2 Isoflurane anaesthesia of mice) and the skin on 

the shank area of the leg was exposed by shaving. The skin was then swabbed with 80% 

ethanol/water. An incision through the skin of approximately 3mm in length parallel with the 

shank was made to expose the TA muscle. A Hamilton syringe fitted with a 32-gauge needle 

was then used to inject 20μl of sterile 0.9% sodium chloride containing 2x109 viral genomes 

of AAV into the TA muscle belly. The wound was then closed with a sterile suture and the 

mouse was administered an analgesic, buprenorphine (0.03mg/kg; Reckitt, Benckiser, 

Australia) via intraperitoneal injection while the animal was still anaesthetised. The 

contralateral TA muscle was injected in the same way with an empty AAV vector (no gene 

inserted) to serve as a control. After the mouse regained mobility, it was returned to the 

holding cage and was inspected twice a week for general welfare as described above. 

 

2.2 Contraction recordings and analysis 
 

All contraction recordings were conducted by Joanne Ban as part of her PhD thesis 

(2018) with mice injected with AAV series one. Joanne undertook the contraction recordings 

when the mdx mice reached 12 weeks of age. In brief, the mouse was first anaesthetised (as 

in 2.1.2 isoflurane anaesthesia of mice) and placed on a heating pad. The TA muscle was 

surgically exposed, and its distal tendon was cut and tied onto the lever arm of a dual-mode 

servomotor/ force transducer using a silk thread (Aurora instruments). A clamp was used to 

anchor the tibia to minimise any movement artefacts. For the nerve-stimulated recordings a 

pair of platinum wire electrodes were placed on the peroneal nerve and delivered 0.2msec 
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supramaximal square wave pulses in 400msec long trains. For the direct muscle stimulation, 

electrodes were placed on the surface of the muscle perpendicular to the long axis of the 

muscle fibres and trains of 0.5msec supramaximal pulses were delivered. Warm HEPES 

buffered Tyrode’s solution was applied to the nerve and muscle to maintain moisture and 

recordings were visualised using Axoscope software. Each muscle was adjusted to optimal 

muscle length for maximum isometric tetanic force and stimulation frequency was varied to 

determine the maximum tetanic force. Specific force was estimated by normalising maximum 

tetanic force to muscle cross-sectional area [(force (N) x length (mm) x density (1.06 mg.mm  

3))/muscle mass (mg)]. After the force recordings were completed, the mouse was culled by 

intraperitoneal injection of pentobarbitone (30mg; Cenvet, Australia). The original 

contraction recordings and calculated force data were both saved onto the University 

Research Data Store (RDS) by Joanne Ban. Tim, a volunteer in the lab at the time used the 

specific force data obtained by Joanne to plot force-frequency curves for the nerve-

stimulated and directly stimulated mdx muscles. The force-frequency curves were then 

expressed as a percentage of maximal force in a separate graph. No muscle contraction 

recordings were made for the AAV series two mice. 

 

2.3 Muscle dissection and freezing 
 
2.3.1 Muscle dissection 

Series one mice used in chapter 3 were first deeply anaesthetised with isoflurane for 

the contraction recordings (as described in 2.2 Isoflurane anaesthesia of mice) and were then 

given an intraperitoneal injection of pentobarbitone (30mg; Cenvet, Australia). The mice were 

kept deeply anaesthetised until death was confirmed by the absence of heart and respiratory 

rate. Series two mice described in chapter 4 were restrained and culled via an intraperitoneal 
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injection of pentobarbitone (30mg; Cenvet, Australia). For dissection of the TA muscle, the 

dead mouse was positioned supine on a foam dissection board and the limbs were secured 

with pins. The shank area of the mouse hind limb was sprayed with ethanol and an incision in 

the skin was made down to the foot. The distal tendon of the TA muscle could then be 

identified and was cut to allow the muscle to be teased away from the surrounding tissues by 

gently pulling on the tendon. At the same time, any surrounding fascia was cut away from the 

muscle. For dissection of the soleus muscle, the mouse was positioned prone on the 

Styrofoam dissection board and limbs were secured with pins. An incision was made near the 

foot so that the tendon of the gastrocnemius muscle could be identified and cut. The 

gastrocnemius muscle was removed by slowly pulling on its tendon until the tendon of the 

soleus muscle became visible. The soleus muscle was then peeled away from the 

gastrocnemius by gently pulling on its tendon. For the neonatal hind limb dissection, an 

incision was made near the foot so that the leg could be skinned before the whole hind limb 

was removed. To ensure that the tissue was kept moist, phosphate buffered saline (PBS) was 

applied to all muscles during dissection. After dissection, muscles were immediately frozen in 

a mould containing Tissue-Tek O.C.T compound (Sakura Finetek, California). 

2.3.2 Snap-freezing of muscles 

 For freezing, the dissected muscle was placed into a mould and submerged in O.C.T 

compound. A metal beaker was part filled with isopentane and was floated in a foam box 

containing liquid nitrogen. The isopentane was chilled until white pebbles formed on the 

bottom of the beaker. The TA muscle block was submerged in the chilled isopentane for ~12 

seconds. Smaller tissue blocks such as the neonatal hindlimb were submerged in chilled 

isopentane for ~2 seconds. For the series one experiments described in chapter 3, moulds 

were prepared by folding aluminium foil into a ‘boat’ shape, with the approximate dimensions 
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of 20mm L x 10mm W x 10mm H. The frozen block was then removed from the mould and 

trimmed to fit a 1.5ml poly-propylene Eppendorf-type 1.5ml centrifuge tube. To prevent 

desiccation of the block during subsequent storage at -80°C, a drop of water was frozen in 

place at the bottom of the tube by holding the tube over liquid nitrogen. The O.C.T-muscle 

block was then placed into the tube which was transported on liquid nitrogen to the -80°C 

freezer for long-term storage. I found that, using this method, the muscle block began to 

partially thaw during the trimming process and was then re-freezing when transported in 

liquid nitrogen. This thawing and re-freezing caused substantial freezing artefact in my early 

tissue samples. Thus, subsequent muscle blocks were frozen by placing them in a mould made 

from a 0.5mL poly-propylene centrifuge tube with the conical base cut off (Figure 2.1). In this 

way the frozen O.C.T-muscle block could be slipped out of the mould and straight into the 

(larger) 1.5mL centrifuge tube for storage without any trimming and subsequent thawing. 

 

 

 

 

 

 

Figure 2.1: Embedding and freezing of muscles for cryosectioning. For later experiments the 

mould was prepared by cutting the conical tip off a 0.5mL Eppendorf tube. The lid of the 

Eppendorf tube was then closed, and the tube was filled with O.C.T compound. The muscle 

was then placed into the tube using forceps and frozen in isopentane that had been pre-

chilled in liquid nitrogen. The block was removed from the tube by opening the lid and pushing 

the block out with a pair of blunt forceps. 
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2.4 General Immunolabelling procedure 
 

Transverse cryosections of the TA muscle (10μm) were sectioned using the Leica 

CM3050 cryostat and were collected on a polysine coated microscope adhesion slide (Thermo 

Fisher Scientific, Australia). Slides were then left on the bench to air dry for 10 minutes before 

being washed in 3 changes of PBS for 30 minutes. The sections were then pre- blocked in 10% 

goat serum in PBS for one hour at room temperature. The primary antibody was diluted in 

10% goat serum/PBS and 12.5μl of the diluted primary antibody was applied over each muscle 

section. The slides were then incubated in a humidified chamber overnight at 4°C. Each 

experiment included control slides that were not exposed to primary antibody (10% goat 

serum/PBS only). The next day sections were washed in 3 changes of PBS for 30 minutes in 

coplin jars. The secondary antibody was also diluted in 10% goat serum and 12.5 μl was 

applied to each section. The slides were incubated in a humidified chamber for 1 hour at room 

temperature. The slides were again washed in 3 changes of PBS for 30 minutes. Finally, the 

sections were mounted in DABCO anti-fade mountant (Sigma, Australia) and coverslipped. 

The edges of the coverslip were sealed with clear nail polish. All slides were imaged using 

equipment in the Bosch Institute Advanced Microscopy Facility. After imaging, slides were 

stored in the fridge (~4°C). 

 

2.5 General blinding protocol 

For the series one experiments described in chapter 3, I ensured that I (the operator) 

remained blinded during the sampling and analysis of microscope fields by passing the 

immunolabelled slides to a second person (the coder) to relabel with code numbers. The 
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coder first typed the slide label information for each slide in a row in an excel spreadsheet. 

The coder then erased the original label from the slide and used a random number generator 

to assign a 4-digit code number to re-label each slide and recorded this code in the excel 

spreadsheet in a column next to the original slide label. This ‘secret’ version of the 

spreadsheet was then saved as “020418_Besa_secret.xls” on the coder’s computer so the 

operator could not access it. The coder then created a second, open, version of the same 

spreadsheet by deleting the original label column leaving just the code number column. The 

rows were sorted in numerical order according to the random code number (lowest to highest 

number). This was done to avoid giving the operator a clue to the identity of the slides. The 

open “operator/scorer” version was then saved as “020418_Besa_scorer.xls” and was sent to 

the operator. The slides were then placed into a plastic slide box in numerical order. The box 

was labelled with the date and antibody used and returned to the operator. In this way, the 

imaging and subsequent microscopic sampling and analysis were conducted by the operator 

who remained blind to the treatment group. Once all images from an experiment were 

analysed, the coder sent the operator the ‘secret’ spreadsheet, allowing the operator to break 

the code and analyse the data. 

For series two experiments in chapter 4, a similar method of blinding was employed 

but the slides themselves were not blinded. Instead, whole muscle cross-section images were 

captured and saved with a file name that indicated the treatment group and a mouse 

identifier (e.g. 80470_Lt_ear_MuSK). These file names were then entered on an excel 

spreadsheet and the coder used a random number generator to assign a 4-digit code number 

to each image file. A second copy of the image file was then created after replacing the 

original file name with the code number so that the operator would be blinded when 

conducting image analysis. The ‘secret’ spreadsheet was then saved on the coder’s computer. 
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The operator was then provided with access to a folder containing the numerically coded files. 

Once all image analysis was complete for the experiment, the ‘secret’ spreadsheet was sent 

back to the operator, allowing me to break the code and generate graphs from the data. 

 
2.6 Collagen I and pan-myosin analysis (series one muscles) 
 
2.6.1 Immunolabelling procedure for collagen I and pan-myosin 

Cryosections of the TA muscle (10μm) were collected and immunolabelled as in the 

general protocol described above (see 2.4 General Immunolabelling). Specifically, these 

sections were collected and double-labelled with a mixture of the following primary 

antibodies: rabbit polyclonal anti- collagen I (Millipore, AB765P; 1:40) and mouse monoclonal 

anti-MHC (Developmental Studies Hybridoma Bank, A4.1025; 1:200), hereafter referred to as 

‘pan-myosin’ since this antibody recognises all skeletal muscle MHC isoforms (Dan-goor et al., 

1990). After overnight incubation in the primary antibody and washing, the sections were 

incubated for 1 hour at room temperature with the following fluorophore-conjugated 

secondary antibodies: Cy3-conjugated Donkey Anti-Rabbit IgG (Jackson, 711-165-152; 1:100) 

and Alexa Fluor 647-conjugated Donkey Anti-Mouse IgG (Jackson, 715-605-150; 1:200). 

 

This immunolabelling protocol was conducted in 5 batches, with each batch 

containing the TA muscle from one wild type mouse (C57BL/6), a TA muscle from one mdx 

mouse that had been injected at 3-4 weeks of age with AAV-MuSK and the contralateral 

control TA muscle (injected with the empty AAV vector). The slides were blinded so that the 

operator could not identify which treatment group the muscle came from (wild type, mdx 

MuSK or mdx empty). Each batch of immunolabelling also contained one non-blinded wild 
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type muscle labelling-control slide and another control slide that had been processed without 

the anti-MHC antibody (no-primary antibody controls). 

 

2.6.2 Blinded confocal imaging and analysis 

Fluorescent images of collagen I/pan-myosin were collected on the Zeiss 510 META 

confocal microscope (first 3 batches) and later on the Zeiss LSM 800 Plus Airyscan (final 2 

batches), when the Zeiss 510 was out of order for repair. These images were collected using 

the 40x oil objective. Each session began with the non-blinded wild type slides. These were 

used to confirm the effectiveness of labelling and to set the gain and offset for subsequent 

confocal imaging. For the coded slides, sampling began at the upper left corner of each muscle 

section. Each field was examined moving from left to right. Any fields that contained blood 

vessels, tendons or ligaments were excluded to ensure that only endomysial collagen I was 

quantified. The microscope stage was then moved to the adjoining field and images were 

collected on both fluorescence channels as long as there were no blood vessels or 

tendons/ligaments. If the next field contained any of these structures, it was skipped and the 

field after that was imaged. This was repeated until 12 fields were collected for each muscle 

section. All images were then saved onto the University RDS (sms\researchdata. 

shared.sydney.edu.au\\: Besa Collagen and myosin folder) so they could be analysed in 

the lab. 

Image J was used to quantify collagen I and pan-myosin content via threshold analysis. 

The threshold was used to isolate areas of positive staining and was adjusted such that only 

membrane staining (collagen I) or staining inside the fibre (myosin) could be seen. The Image 

J percentage area tool was used to determine the percentage of the total area of the field 

taken up by either collagen I or pan-myosin. For each muscle, 12 fields were taken, and their 
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percentage areas were averaged to calculate the mean collagen I and pan-myosin percentage 

for each muscle. 

 

2.6.3 Blinded Axioscan imaging and analysis 

After imaging on the confocal, the same slides were also imaged on the wide-field 

Zeiss Axioscan to obtain whole muscle cross-section virtual montages for analysis of total 

myosin area. These images were collected using the 20x objective starting with the non-

blinded wild type slides. These non-blinded wild type sections were used to manually set the 

exposure time. This was done using the ‘range indicator’ tool on ZEN software, which shows 

any saturated pixels as red while any non-saturated pixels are shown in grayscale. The 

exposure time was increased manually until 1 pixel of red could be seen in the field of view, 

indicating saturation. These settings were then applied to all the subsequent slides in the 

imaging session. Whole cross-sections of muscle were obtained using the ZEN software which 

stitches together all the fields captured by the Axioscan. Scale bars were added and images 

were converted into TIFF files using ZEN software. The images were then saved on the 

University RDS (sms\research-data.shared.sydney.edu.au\\: Besa Collagen and Myosin 

folder) so they could be analysed in the lab. 

Image J was used to quantify the pan-myosin total area via a threshold analysis. First, 

the selection tool on image J was used to draw as closely around the section as possible. The 

threshold was then used to highlight the areas of positive staining inside the fibres, ensuring 

that the gaps between individual muscle fibres were visible. Once the muscle fibre area was 

highlighted by the threshold, the muscle fibre area within the selection boundaries was 

measured.  
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2.7 Myosin fibre type analysis (series one muscles) 

2.7.1 Immunolabelling procedure for myosin fibre types 

Serial cryosections of the TA and soleus muscles (10μm) were collected and stained as 

in the general protocol described above (see 2.4 General Immunolabelling). Specifically, each 

section was labelled with a single mouse monoclonal antibody against one of the following 

MHC isoforms obtained from the Developmental Studies Hybridoma Bank (DSHB): MHC Type 

I (BA-F8), IIa (SC-71), IIb (BF-F3) or IIx (6H1). After overnight incubation in the primary 

antibody at 4°C and washing, the sections were incubated with a fluorophore-conjugated 

secondary antibody for 1 hour at room temperature, according to the immunoglobulin type 

of the primary antibody, either Cy3-conjugated Goat Anti-Mouse IgG (Jackson, 115-165-146) 

or Cy3-conjugated Goat Anti-Mouse IgM (Jackson, 115-165-020) was used. The dilutions used 

and the combination of primary and secondary antibodies can be seen in Table 2.1. 

 

 This immunostaining protocol was conducted in batches, with each batch containing 

one wild type mouse TA muscle, one mdx mouse TA muscle supplemented with MuSK-GFP 

and the contralateral TA muscle from the same mdx mouse that was injected with the empty 

AAV vector. Each of the primary antibodies was applied to separate muscle sections within 

the batch. The wild type muscle primary antibody-labelled slide (positive control) and 

corresponding no-primary antibody slide (negative control) were not blinded as they were 

not quantitatively analysed. They were used simply to confirm effective immunolabelling of 

the batch before analysing the mdx samples. Blinding was conducted on the mdx slides by 

replacing the treatment group label with a code number (see 2.5 General blinding protocol). 

In this way, the operator was unaware of whether the muscle had been injected with AAV 

MuSK or the empty AAV vector. Since slow fibres are not normally found in the TA muscle 
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(Bloemberg & Quadrilatero, 2012) sections of wild type soleus muscle were used for 

optimising exposure time for the BA-F8 (slow MHC). 

 

Table 2.1: List of primary and secondary antibody combinations used with their dilutions and 

the myosin heavy chain (MHC) isoform they recognise.  

Primary 
antibody 

Isotype MHC  
reactivity 

Dilution Secondary antibody (1:100) 

BA-F8 IgG2b Type I, slow 1:500 Cy3 Goat anti-mouse IgG 

SC-71 IgG1 Type IIa, fast 1:500 Cy3 Goat anti-mouse IgG 

BF-F3 IgM Type IIb, fast 1:500 Cy3 Goat anti-mouse IgM 

6H1 IgM Type IIx, fast 1:500 Cy3 Goat anti-mouse IgM 

 

 
2.7.2 Blinded Axioscan imaging and analysis for fibre types 
 

For the fibre type analysis all slides were imaged on the Zeiss Axioscan using the 20x 

objective. First, the non-blinded wild type slides were used to select the appropriate exposure 

time for each antibody. Exposure was set manually by increasing the exposure time until a 

single saturated pixel appeared inside a fibre. This exposure time was then fixed for all blinded 

mdx slides stained with that same antibody during that imaging session. This process of 

exposure determination was then repeated for all four antibodies. The images of the whole 

cross-sections were converted into TIFFs with scale bars and were saved onto the RDS 

(sms\research-data.shared.sydney.edu.au\\: Besa Fibre Typing folder) for later analysis.  
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The superficial ‘white’ part of the mouse TA muscle contains primarily IIb MHC positive 

muscle fibres while the deep ‘red’ part (near the bone) is made up of predominantly IIx fibres 

(Bloemberg & Quadrilatero, 2012; Pullen, 1977). Due to the different composition of fibre 

types in the red and white areas, each muscle section was segmented into a red and white 

component and these areas were counted and quantified independently. For example, type 

IIb fibres are said to occupy large proportion (~70%) of the white TA but only a small 

proportion (~25%) in the red TA (Bloemberg & Quadrilatero, 2012). Thus, the staining pattern 

observed in sections stained with BF-F3 (anti-MHC IIb) was used to identify the red and white 

areas of the muscle. This was then used as a template to determine the red and white 

components of the subsequent serial muscle sections stained with the other fibre type 

primary antibodies. 

Once the red and white components were determined, the fibre counts could then be 

conducted. Using Image J software, a 400μm2 grid was used to create fields each of which 

contained approximately 100 fibres for counting. Fields were analysed from both the red and 

white regions of the muscle to ensure that about 300 fibres were sampled from each region. 

Any fields that included the epimysium were excluded as the fibres near the edges of the 

section consistently stained brightly, probably due to the damage of muscle fibres on the 

edge. It’s likely that this damage occurred during the dissection process when the TA muscle 

was pulled away from its surrounding tissues. A field was also excluded if it contained a patch 

of intensely stained fibres as this intense staining is not typical and these occasional patches 

may be sites of muscle injury where mdx fibres have taken up endogenous IgG. Figure 2.2 

shows a sample field containing typical type IIb-stained muscle fibres (cross hairs). Also shown 

are examples of some intensely stained cells (marked with a white tracing) that were 

occasionally seen and may be injured fibres that would be excluded from counts. When such 
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intensely stained fibres were present in a field, that field would be excluded from counting 

on this basis. The multipoint tool on image J was used for the counts of stained fibres. Fibres 

lacking staining were counted as negative for that particular fibre type. The positive fibres 

were then expressed as a percentage of the total fibre count in the selected fields. 

 

 

 

Figure 2.2: Examples of type IIb fibres (cross hairs) and intensely stained fibres that may be 

damaged fibres. (A) Cross hairs show examples of healthy type IIb fibres that would be 

counted as positive. (B) Patches of intensely stained fibres (traced around in white) that would 

cause a microscopic field to be excluded from counts. (C) Fields containing epimysium/edges 

of the section were also excluded as the fibres are often damaged and stain brightly. Some 

damaged fibres are indicated with the asterisks. 

 

 

 

 

 

(A)  (B)  (C)  
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2.8 Embryonic myosin analysis (series two muscles) 
 

2.8.1 Cryosectioning for embryonic myosin analysis 

Cryosections of the TA muscle of series two mdx mice (10μm) were collected in series 

on 4 slides with each series labelled A, B, C and D. Cryosections of the hind limb from a wild 

type P1 neonatal mouse (10μm) were also collected on separate slides to be used as positive 

controls for embryonic myosin staining. The serial sections of TA muscles from mdx mice were 

collected at two different levels of the muscle: approximately 2mm and 3mm in from the 

proximal end of the muscle. To reach the point of 2mm into the muscle, approximately 200x 

10μm sections were cut and discarded. The next section was then observed under a phase-

contrast microscope to ensure that the muscle section contained many fibres in cross-section 

without any tendon. To ensure consistency, sections were collected when they took up the 

entire field of view on the microscope 4x objective and when all fibres appeared to be in cross-

section with no fibres showing oblique attachment to a tendon. Another 100 x 10μm sections 

were then cut and discarded. The next section was then observed under the phase-contrast 

microscope again to ensure that the section was increasing in size. This was done to ensure 

that I had not cut past the muscle belly. Serial sections were then collected on the same slides. 

 

2.8.2 Immunolabelling procedure for embryonic myosin analysis 

Serial cryosections of the TA muscle and neonatal hind limb (10μm) were collected 

and stained as in the general protocol described above (see 2.4 General Immunolabelling). 

Specifically, these sections were pre-blocked with Mouse on Mouse blocking reagent (Vector 

Laboratories Inc., US) for an hour before they were double labelled with the following mixture 
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of primary antibodies: mouse monoclonal anti-embryonic myosin (DSHB, BF-G6, 1:4) and 

rabbit polyclonal anti-laminin (Abcam, ab11575, 1:1000). After overnight incubation in a 

mixture of these primary antibodies at 4°C and washing, the sections were incubated for 1 

hour at room temperature with the following mixture of fluorophore-conjugated secondary 

antibodies: Cy3-conjugated Goat anti-mouse IgG (Jackson, 115-165-146, 1:100) and FITC-

conjugated Goat anti-rabbit IgG (Jackson, 111-095-144, 1:100). The DNA stain, DAPI (1:1250, 

Life technologies Australia Pty Ltd) was included in the incubation time to label the nuclei. 

 

This immunostaining protocol was conducted in batches, with each batch containing 

three mdx mouse TA muscles that had been injected with MuSK-GFP and the contralateral 

control TA muscles from the same three mdx mice (injected with the empty AAV vector). The 

immunostaining was repeated in the same sized batches until all mdx muscles expressing 

MuSK-GFP had been processed. This procedure was then repeated for the three remaining 

AAV vectors encoding: MuSK-ΔIg3, Dok7 and Rapsyn. Sections from the same neonatal hind 

limb were also used in each batch to act as a positive control for embryonic myosin staining. 

Each batch also contained sections that lacked the embryonic myosin antibody (antibody-

negative control slide). 

 

2.8.3 Axioscan imaging and blinded analysis of embryonic myosin 

All slides were imaged on the Zeiss Axioscan using the 20x objective to obtain images 

of the entire muscle cross-section. First, the neonatal hind limb slide (positive control) was 

used to select the appropriate exposure time for the embryonic myosin staining. This 

exposure time was then applied to all the adult mdx slides in the imaging session. The first 
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mdx slide was used to set the exposure time for laminin and DAPI staining. These exposure 

times were then applied to all subsequent slides. The images of these whole cross-sections 

were converted into TIFF files and saved onto the university RDS (\\research-data 

2.shared.sydney.edu.au\RDS-02\PRJ-SMS\Besa\Embryonic myosin folder) for later analysis. 

 

For the analysis of images, counting was conducted blind. To achieve this, the coder 

assigned and re-named each TIFF file with a 4-digit code number (see 2.5 General blinding 

protocol). The original file name of the image along with its corresponding 4-digit code 

number were recorded in the ‘secret’ excel spreadsheet by the coder. The scorer did not have 

access to this ‘secret’ sheet until all image analysis was complete.  

 

For the embryonic myosin counts, the whole cross-section images were viewed on 

Image J as an RGB stack so that I could move between the red (embryonic myosin) and green 

(laminin) channels. A 400μm2 grid was applied to each image to aid with counting. Small fibres 

that stained brightly for embryonic myosin (red) were counted as positive. The green laminin 

staining was used to visualise the boundary of each fibre and each discrete fibre was identified 

based on the complete laminin ring observed around it. If there was any embryonic myosin 

staining within the laminin ring, that fibre was counted as positive (Figure 2.3). The 

monoclonal BF-G6 is selective for embryonic myosin (Schiaffino et al., 1986). However, in my 

experience a subset of large fibres with peripheral nuclei also displayed weak fluorescence 

with BF-G6, suggesting that it was labelling some non-regenerated fibres of a particular fibre 

type (Figure 2.3). The number of embryonic myosin positive fibres in each field was counted 

and recorded on an excel spreadsheet. After the number of positive fibres was counted, an 

automated analysis was conducted to determine the total number of fibres in the muscle 



Chapter Two: Materials and methods 
 

53 
 

cross-section. The number of positive fibres was then divided by the number of total fibres in 

the cross-section to determine the percentage of fibres positive for embryonic myosin. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Sample image of embryonic myosin immunofluorescence used to identify 

regenerating muscle fibres. Muscle cross-sections were double labelled for embryonic myosin 

(red) and laminin (green). (A) Shows a merged image containing laminin, embryonic myosin 

and DAPI staining. The cross hairs signify that the fibre was counted as positive for embryonic 

myosin. The asterisk shows diffuse staining in a large fibre (lower left corner; not counted as 

positive). (B) Red channel showing embryonic myosin staining. (C) Green channel showing 

laminin staining, marking out the boundaries of individual muscle fibres. Scale bar = 50μm. 

 

 

 

 

 

(A)  (C)  (B)  



Chapter Two: Materials and methods 
 

54 
 

2.8.4 Automated fibre counts & minimal Feret’s diameter analysis 

For the automated fibre counts and minimal Feret’s diameter, the same whole cross-

section images were used as in the embryonic myosin analysis. The minimal Feret’s diameter 

is generally used to estimate muscle fibre girth to avoid distortions that occur when some of 

the fibres in the cross-section are not truly perpendicular to the plane of section (Grounds et 

al., 2008). The images were split into the 3 colour channels: red (embryonic myosin), green 

(laminin) and blue (DAPI). For this analysis, only the laminin (green) channel was used.  The 

automated analysis was conducted using the ‘analyze particles’ function on Image J. Since this 

function requires a binary image, a fluorescence intensity threshold was manually applied to 

each image such that the fibre boundaries (laminin staining) showed up black on a white 

background, with minimal black staining inside the muscle fibres (Figure 2.4A). Once the 

binary images were obtained, the ‘analyze particles’ function was applied to the image. The 

output of this function was a table containing the number of muscle fibres with their minimal 

Feret’s diameters and a binary image showing the outlines of all counted muscle fibres (Figure 

2.4B). To ensure that the software was counting only muscle fibres, any objects with a 

diameter smaller than 10μm were excluded from the analysis. This value was selected as no 

mdx muscle fibres with Feret’s diameters less than 10μm have been reported (Pertl et al., 

2013; Trajanovska et al., 2019). Each image was inspected visually after the automated 

analysis to ensure that no fibres were missed or that multiple fibres were not counted as one 

large fibre. This analysis was repeated on all cross-section images.  Due to variability in the 

quality of the laminin staining, some muscle cross-section images had to be excluded from 

this analysis and were counted manually instead. For these images I did not obtain the 

minimal Feret’s diameter. As described above, cross-sections were imaged at two levels along 

the length of each muscle. For the total fibre counts in the cross-section, values from both 
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levels were averaged to estimate the fibre number in each muscle. For the minimal Feret’s 

diameter analysis, only fibres from the second level were used. This was done to avoid 

counting any oblique fibres that may skew the counts or minimal Feret’s diameter 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Sample images of laminin staining after thresholding and particle analysis for 

automated counting. (A) Shows an example of the binary image after applying an intensity 

threshold to the laminin staining. This thresholded image was then used to define the cell 

boundaries and count the muscle fibre profiles using the analyze particles function on Image 

J. (B) Output of the analyse particles for the muscle cross-section. The number (shown in red) 

in the centre of the fibre corresponds to the count. A separate table of minimal Feret’s 

diameters were also produced but is not shown. 

(A)  (B)  
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2.9 Statistics 

To test the effects of MuSK, Rapsyn and Dok7 supplementation on mdx muscles, 

compared to contralateral empty vector control muscles, two-tailed, paired Student’s t-tests 

were used (comparing AAV-transgene injected muscle to the contralateral empty vector 

control injected muscle). The level of significance was set at 0.05. GraphPad Prism version 7 

was used for all data analysis and to create the graphs. For the sample size n= number of mice 

unless specified otherwise. All errors bars on graphs indicate mean ± 95% confidence 

intervals. Values for individual muscles are shown as circles on each graph. In the results text 

all values are represented as: Mean (SD). 
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3.1 Introduction   
 
 

As discussed in the introduction chapter, the TA muscles of mdx mice are heavier than 

those of the age-matched wild type genetic background strain (C57BL/10 ScSn). Furthermore, 

recent work in the lab has suggested that MuSK-GFP supplementation was able to reduce this 

muscle mass back to the wild type level without any change in the maximum force capacity 

(Joanne Ban, 2018, PhD thesis). Hypertrophy and pseudohypertrophy of the limb muscles 

both occur in human DMD and in the mdx mouse model of DMD (Guiraud & Davies, 

2017; Mazala et al., 2015; Manning & O’Malley, 2015).  Hypertrophy refers to an adaptive 

growth in muscle fibre girth to maintain effective muscle function.  Pseudohypertrophy is 

defined as an enlarged, yet weak muscle and it occurs when muscle fibres necrotise and are 

subsequently replaced with fatty and fibrous deposits (Manning & O’Malley, 2015).  It is this 

increase in non-contractile tissue that is thought to create a muscle that is heavier than 

normal but does not produce more force (Lynch et al., 2001).  The first aim of this chapter is 

to investigate whether the greater mass of the TA muscles of mdx mice, compared to wild 

type mice (and its reversal by AAV-MuSK) involves either pseudohypertrophy or true 

hypertrophy. To do this, the same muscle blocks used by Joanne Ban were cryosectioned and 

immunostained for collagen I and pan-myosin. Immunostaining and morphometry were then 

used to determine the portion of the muscle taken up by ECM vs the area taken up by muscle 

fibres.  These mdx muscles were injected with AAV-MuSK or an empty vector control and 

were dissected by Joanne Ban as part of her PhD thesis (2018). The mice were injected shortly 

after weaning (3-4 weeks of age) and were culled for analysis when they reached 12-13 weeks 

of age, allowing for a period of 9-10 weeks for gene expression (Figure 3.1). In her PhD thesis, 
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Joanne Ban (2018) also included sample images of these mdx TA muscles injected with MuSK-

GFP which revealed widespread MuSK-GFP expression across the entire muscle (Figure 3.2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Experimental timeline for injections of AAV-MuSK at 3-4 weeks of age.  At 3-4 

weeks of age the TA muscles of mdx mice were injected with an AAV vector encoding MuSK-

GFP while the contralateral TA was injected with an empty vector to serve as a control.  9-10 

weeks was then allowed for expression of the MuSK transgene. At 12-13 weeks of age the 

mice were anaesthetised for contraction recordings. After the recordings, the mice were 

culled, and their TA muscles were dissected and snap-frozen for immunostaining.  
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Figure 3.2: Expression of MuSK-GFP in whole cross-sections of mdx TA muscles treated with 

an AAV vector encoding MuSK-GFP or an empty vector at 3-4 weeks of age. Muscles were 

harvested when the mice were 12-weeks-old. The Zeiss Axioscan microscope was used to 

image entire sections as tiles which were stitched together to produce a scan of the whole 

muscle cross-section. The muscle treated with the empty vector did not show any MuSK- GFP 

fluorescence.  Widespread GFP fluorescence can be seen for muscles treated with MuSK-GFP. 

Scale bar represents 1mm.  Images from Joanne Ban, PhD thesis (2018).  
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Recent work in the lab found that the TA muscles of mdx mice supplemented with 

MuSK-GFP retained more of their original contraction strength after being challenged by a 

series of eccentric contractions (Joanne Ban, 2018 PhD thesis). Muscles such as the TA contain 

a mixture of fibre types characterised by their expression of particular forms of MHC (Type I, 

IIa, IIb and IIx). These four fibre types vary not only in their MHC composition but also in their 

speed of contraction, with type IIb being the fastest/strongest and type I the slowest (IIB > IIX 

> IIA > I) (Schiaffino, 2010). Conceivably, the improved retention of force in mdx muscles 

expressing MuSK-GFP might be explained by a fast to slow fibre switch, as slow fibres are 

thought to be more resistant to contraction-induced injury (Selsby et al., 2012). Therefore, in 

this chapter, I also investigate whether there is any change in the proportions of the four fibre 

types in the TA muscles of mdx mice after injection of AAV-MuSK. To do this, I used 

immunofluorescence to stain for the four MHC isoforms and undertake fibre counts.  

 

Slow-type muscles such as the soleus are thought to produce a greater amount of their 

maximal force at lower frequencies, when compared to a fast-type muscle like the TA. Thus, 

in a force-frequency graph the curve for a slow muscle like the soleus should be shifted to the 

left (as shown in Figure 3.3), compared to a fast muscle like the EDL (Head & Arber 2013; 

Huang, Dennis & Baar, 2006; Figure 3.2). With this in mind, Tim De Solom, a volunteer in the 

lab used the specific force data from Joanne Ban’s PhD thesis to plot force-frequency curves 

for nerve-stimulated and directly stimulated mdx muscles expressing MuSK-GFP and their 

contralateral empty vector controls.  These force-frequency curves were then analysed 

qualitatively, specifically to see if the curve from the MuSK-GFP muscles was shifted to the 

left of the empty vector control, which may indicate a slow fibre switch.  
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Figure 3.3: Force-frequency curve from rat EDL and soleus muscles. The lines represent the 

best-fit sigmoidal curves fitted to the data points. This graph shows a shift to the left for the 

soleus (slow-type) muscle when compared to the curve for the EDL (fast-type). From Head & 

Arber, 2013.  
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3.2 Results  
 
3.2.1 MuSK-GFP supplementation does not significantly affect collagen content   
 

To assess the fraction of the muscle occupied by connective tissue, cross-sections 

were labelled by immunofluorescence for collagen type I (Figure 3.4A).  Consistent with 

previous findings, the age-matched C57BL/6 mice yielded a smaller percentage area that was 

positive for collagen I, 2.82 (0.41) %, when compared to the empty vector control which had 

a collagen I area of 5.05 (1.29) % (Figure 3.4B).  While the average collagen I area was slightly 

smaller for the MuSK-GFP expressing mdx muscles when compared to the contralateral empty 

vector controls, this difference was not statistically significant (Figure 3.4B).   
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Figure 3.4:  MuSK-GFP supplementation does not affect collagen I content in the TA muscle 

of mdx mice. (A) Representative immunofluorescence images stained for collagen I in wild 

type or mdx muscles injected with either empty AAV vector or AAV-MuSK-GFP respectively. 

Scale bar = 20 µm. (B) The percentage area occupied by collagen I was compared for MuSK-

GFP and control mice (n=5) and compared to the wild type level (see chapter 2 for method). 

The bars represent the mean ± 95% confidence intervals. The dotted line represents the mean 

for wild type (n=5) mice.  No significant difference was found in collagen I percentage area 

between MuSK-GFP injected and contralateral empty vector controls. Paired student’s t-tests 

were used (*p<0.05).  
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3.2.2 MuSK-GFP supplementation does not significantly affect myosin-filled fibre area   
 

To assess the fraction of the muscle occupied by contractile apparatus, cross-sections 

were labelled by immunofluorescence with a pan-myosin heavy chain antibody. Figure 3.5A 

shows sample immunofluorescence images of whole cross-sections stained for pan-myosin. 

As seen in Figure 3.5D, the mean myosin area was largest in the mdx empty vector controls 

at 6.98 (1.10) mm2. For MuSK-GFP expressing mdx muscles the mean area was slightly lower 

at 6.17 (1.44) mm2. The mean myosin area was smallest for the wild type muscles at 4.72 

(1.77) mm2. None of these differences were statistically significant but this might be due to 

the large variation in the total cross-sectional area for the sample sections from individual 

muscles.   

The fraction of the muscle occupied by pan-myosin was also assessed in high 

magnification fields (Figure 3.5B). The MuSK-GFP expressing mdx muscles showed a myosin 

percentage area of 76.54 (4.90) %, while the mdx empty vector controls showed a myosin 

percentage area of 75.16 (3.54) % and the untreated wild type value was 74.70 (2.12) % 

(Figure 3.5E).  Interestingly, the proportion of the muscle cross-section occupied by myosin 

was therefore very similar for mdx muscles expressing MuSK-GFP, contralateral control 

muscles (injected with empty vector) and untreated wild type muscles.   
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Figure 3.5:  MuSK-GFP supplementation does not change myosin-filled fibre area in the TA 

muscle of mdx mice.   (A) Whole cross-sections of the TA muscle of wild type, mdx empty 

vector controls and mdx muscles injected with AAV-MuSK-GFP respectively stained with pan-

myosin antibody. Scale bar = 500µm. (B) High magnification images showing myosin labelling 

of individual fibres, including a negative control slide that lacks the pan-myosin primary 

antibody (C). Scale bars =20 µm. (D) Myosin positive area for the whole muscle cross-section. 

(D) Percentage area of the muscle cross-section occupied by myosin. Results for MuSK-GFP 

and control mice (n=5) are compared to the mean for wild type muscles (horizontal dotted 

line). The bars on both graphs represent the mean ± 95% confidence intervals.  No significant 

differences were found between the mdx muscles injected with MuSK-GFP and the empty 

vector controls. Paired student’s t-tests were used (*p<0.05). 
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3.2.3 MuSK-GFP supplementation does not affect the proportions of the muscle fibre 

types 

Cross-sections were labelled by immunofluorescence with antibodies specific for each 

of the four fibre types: type I, IIa, IIb and IIx. Figure 3.6A shows sample fields from the mdx TA 

muscle labelled for IIa, IIb and IIx myosin. Very few type I fibres were detected in the TA 

muscle. The TA muscle consists of two distinct regions, the superficial “white” region and 

deep “red” region (Sréter & Woo, 1963; Bloemberg & Quadrilatero, 2012). As seen in Figure 

3.6B, the white component of the TA muscle from mdx empty vector control muscles 

revealed: 0.37 (0.42) % type I fibres, 0.69 (0.57) % type IIa fibres, 53.09 (6.12) % type IIb fibres 

and 51.27 (6.99) % type IIx fibres. By comparison, within the white region of MuSK-GFP 

supplemented mdx muscles the proportion of fibre types was: 0.31 (0.37) % type I fibres, 0.75 

(0.74) % type IIa fibres, 56.86 (9.55) % type IIb fibres and 55.92 (15.20) % type IIx fibres. When 

comparing AAV-MuSK to AAV-empty vector mdx muscles the small differences in the means 

were, in each case not statistically significant. As expected, the red component of the TA 

muscle appeared to contain fewer type IIb and slightly more type IIx fibres (Figure 3.6C).  Mdx 

empty vector control muscles yielded: 0.76 (0.20) % type I fibres, 3.16 (3.47) % type IIa fibres, 

24.94 (4.78) % type IIb fibres and 65.05 (4.73) % type IIx fibres. The MuSK-GFP 

supplemented mdx muscles showed the following percentages: 6.51 (4.40) % type IIa fibres, 

30.64 (9.99) %, type IIb fibres, 64.49 (3.15) type IIx fibres and 0.51 (0.39) % type I fibres. When 

comparing AAV-MuSK to AAV-empty vector mdx muscles the small differences in the means 

were, in each case not statistically significant.  
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Figure 3.6:  MuSK-GFP supplementation does not change fibre type proportions in the TA 

muscle of mdx mice. Cross-sections of TA muscles were stained by immunofluorescence for 

the four myosin heavy chain isoforms: type I, type IIa, type IIb and type IIx. (A)  Representative 

fields from the red region of an mdx empty vector TA muscle labelled for type IIa, type IIb and 

type IIx fibres. Scale bar = 50µm. (B) The proportion of each of the four fibre types within the 

white region of mdx muscles previously injected with AAV-MuSK-GFP versus values for 

contralateral empty vector control muscles (n=4). (C) Comparable results for the red region 

of the TA muscle. The bars represent the mean ± 95% confidence interval.  No significant 

differences were found.  Multiple paired student’s t-tests were used (*p<0.05). 
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3.2.4 MuSK-GFP supplementation does not produce a left shift in force-frequency curves  
 
 
 To assess whether MuSK-GFP supplementation was inducing a fast to slow fibre 

switch, force-frequency curves were plotted for mdx TA muscles that had been either:  nerve-

stimulated or directly stimulated. The responses for nerve-stimulated and directly stimulated 

muscles were compared to reflect any modifications in either the contractile properties of 

the muscle (seen in direct stimulation) or neuromuscular transmission (nerve-stimulated), as 

a result of supplementation with MuSK-GFP.  Figure 3.7A illustrates that direct muscle 

stimulation of mdx TA muscles (injected with AAV-MuSK) produces a similar force-frequency 

curve to that of the AAV-empty vector controls. The nerve-stimulated mdx TA muscles 

injected with AAV-MuSK also produced a similar force-frequency curve to that of the AAV-

empty vector control muscles (Figure 3.7B). For both the direct and nerve-stimulated muscles, 

the force-frequency curves for the AAV-MuSK expressing mdx muscles were overlapping with 

that of the AAV-empty vector control muscles, showing no shift to the left.  
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Figure 3.7: Force-frequency curves for directly stimulated and nerve stimulated mdx TA 

muscles supplemented with MuSK-GFP or an empty vector control. Force is expressed as a 

percentage of maximal force. (A) Direct muscle-stimulated force-frequency curve of mdx TA 

muscles supplemented with MuSK-GFP (black circle) or an AAV-empty vector control (open 

circle) for n=15 mice. (B) Comparable force-frequency curve for nerve-stimulated mdx TA 

muscles.  
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3.3 Discussion  

Mdx muscles have been reported to be heavier than aged-matched wild type 

muscles in many different studies (Faber et al., 2014; Froehner et al., 2014 Selsby et al., 

2012). However, the mechanisms that lead to this increase in mass remain uncertain and 

likely depend upon the age at which the mice are studied. Thus, the first part of this chapter 

aimed to determine whether the greater muscle mass that we found in 12-week-old 

mdx mice (compared to wild type) was due to increased ECM deposition 

(fibrosis/pseudohypertrophy) or an increase in the contractile machinery of the muscle 

(genuine hypertrophy). In particular, I wanted to determine whether MuSK-GFP reduces the 

mass of mdx muscles by preventing hypertrophy or pseudohypertrophy.   

To assess the possibility of pseudohypertrophy, I quantified the area of the muscle 

cross-section taken up by collagen I. The control (empty) mdx muscles displayed a slightly 

greater proportional area of collagen I when compared to the age-matched wild type but 

showed no significant difference when compared to the mdx muscles expressing MuSK-GFP 

(Figure 3.4B).  The 2.82% collagen I area found in wild type TA muscle is consistent with 

previous findings which found that collagen I occupied approximately 3% of the total cross-

sectional area in 12-week-old wild type quadriceps muscle (Gibertini et al, 2014). This same 

study reported a significant increase in collagen I in their Sgcb-null mouse (knock down of β-

sarcoglycan, another mouse model used to study DMD). It is important to note that the 

fibrosis reported in these Sgcb-null mice is more severe than that in mdx mice (Gibertini et al, 

2014). The slight increase (2.2%) in collagen I content between age-matched wild type and 

the mdx empty vector controls (Figure 3.4B) cannot easily account for the much larger (18%) 

difference in muscle mass between wild type and mdx (empty vector) control muscles (Joanne 

Ban, PhD thesis, 2018).  This suggests that it is unlikely that the increased mass seen 
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in mdx muscles is due to increased deposition of connective tissue within the 

muscle.  Moreover, fibrosis is often measured qualitatively and consequently there are 

discrepancies in the literature, with some studies claiming a mild fibrosis begins from 10-13 

weeks (Grounds et al.,2008), while others state that there is no fibrosis in 12-week-old mdx 

muscles (Latroche et al.,2015).  With this in mind, it might be better to assess fibrosis in older 

mdx mice, with many studies reporting extensive fibrosis in the hind limb from 12-24 months 

of age (Grounds et al., 2008; Kharraz et al., 2013; Latroche et al., 2015). In summary, it is 

unlikely that excessive connective tissue deposition (fibrosis) is responsible for the differences 

in muscle mass seen in our 12–week-old mdx muscles.  

To assess whether the increased muscle mass was a consequence of muscle fibre 

hypertrophy, I analysed the absolute area of myosin in whole cross-sections. There was no 

significant difference between wild type and mdx empty vector control muscles (Figure 3.5D). 

While the mdx empty vector control muscles had a slightly larger average myosin area than 

for the MuSK-GFP expressing muscle this difference was not significant. This general trend is 

in line with the finding that the mass of mdx empty vector control muscles was greater than 

the contralateral MuSK-GFP expressing muscles and the wild type (Joanne Ban, PhD thesis, 

2018). The small sample size and a high degree of variability between muscle sections may 

have limited my ability to properly test for a genuine difference in cross-sectional area. The 

high variability is probably due to differences in the precise location along the length of the 

muscle from which the sampled sections were taken.  Some sections may have been taken 

right at the muscle belly and others may have been taken a little further away from the mid-

belly. Due to the variability in the total area data, it is hard to make a firm conclusion on 

whether the greater muscle mass seen in mdx is due to hypertrophy.  
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As seen in Figure 3.5E, there was no difference in the percentage area occupied by 

myosin when comparing MuSK-GFP expressing mdx muscles and their contralateral empty 

vector control muscles. Moreover, there was also no difference in myosin percentage area 

between the wild type and the empty vector controls.  The mdx muscle values are in both 

treatments very similar to the untreated wild type means, suggesting that the share of the 

muscle cross-section occupied by contractile machinery was not affected by the loss of 

dystrophin, nor by the addition of MuSK-GFP to the mdx muscles. Together with the collagen 

results described above, the myosin findings provide little support for the idea that the 

greater muscle mass of 12-week old mdx mice can be explained by pseudohypertrophy. My 

results, while not definitive, do not support the hypothesis that the greater mass 

of mdx muscles was due to excess ECM accumulation and that MuSK supplementation can 

prevent this.  My results did not demonstrate a significant increase in the area of contractile 

machinery per muscle cross sections. However, this might simply be due to the small sample 

size combined with section-to-section variability in muscle cross-sectional area. To overcome 

this limitation, it would be good to use a power calculation to determine how many muscles 

are needed to find a statistical difference in a given experiment.  It is also possible that the 

increase in muscle mass is due to hyperplasia, rather than hypertrophy (Faber et al, 2014). 

Any apparent increase in the number of fibre profiles per section might be caused by the 

formation of entirely new fibres, or by the branching of pre-existing myofibres (Faber et al, 

2014).  Fibre branching might lead to an increase in muscle mass without a corresponding 

increase in force production. Further detailed studies will be needed to determine precisely 

why the mass of mdx muscles is increased, compared to wild type muscles and how MuSK can 

prevent this increase.   
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To assess whether the improved retention of force (following eccentric contractions) 

found in mdx muscles supplemented with MuSK-GFP was due to a change in the fibre type 

profile of the muscle, I conducted fibre counts and assessed the proportion of each fibre type 

using antibodies specific for the four MHC isoforms (Figure 3.6).  In general, the population 

percentages of each fibre type I found in the TA muscle of mdx mice (empty vector control 

muscles) were consistent with the values reported for the untreated TA muscle in wild type 

mice but there were some differences. For example, type IIb fibres were reported to occupy 

70.9% of the total fibre population in the white TA and only 25.1% in the red TA 

(Bloemberg & Quadrilatero, 2012). This compared to the 51.27 (6.99) % that I found in the 

white TA and 24.94 (4.78) % in the red TA of my mdx empty vector muscles. Moreover, type 

IIx fibres are reported to make up 16.3% of the white and 44.7% of the red TA in wild type 

C57BL/6 mice (Bloemberg & Quadrilatero, 2012), compared to the 51.27% I found in the 

white TA and 65.05% in the red TA. It is important to note that these differences in fibre type 

profile, compared to previous studies might reflect on the different background genotypes of 

the wild type and mdx mice in the different studies.  

Mdx muscles expressing MuSK-GFP showed no differences in fibre type profile when 

compared to the empty-AAV vector contralateral controls in both the white (Figure 3.6B) and 

red TA (Figure 3.6C). These findings suggest that supplementing mdx TA muscles with MuSK 

does not change the fibre type profile of the muscle. It is important to note that each section 

was single-labelled with antibody specific for just one fibre type. This means that so called 

“hybrid” fibres which can express multiple MHC isoforms (Bloemberg & Quadrilatero, 2012), 

if present, could not be identified.  Such hybrids may have been counted as positive for more 

than one fibre type.  Additionally, expression of MuSK-GFP did not result in a shift in the force-

frequency curve for the direct (Figure 3.7A) or nerve-stimulated (Figure 3.7B) contractions. 
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Together with the fibre type count results described above, these contraction findings provide 

little support for any changes in the myosin fibre type of mdx muscles supplemented with 

MuSK.  

These findings are of particular interest as they indicate that it is unlikely that the 

improved retention of force after eccentric contractions observed after MuSK-GFP 

supplementation is due to a fast to slow fibre switch. However, it is possible 

that MuSK supplementation is simply causing the fibres to adopt a more aerobic phenotype, 

rather than altering the MHC composition. For example, the ‘slower’ soleus muscle consists 

of a larger proportion of type I fibres (30-40%), when compared to muscles like the TA which 

have no type I fibres (Bloemberg & Quadrilatero, 2012; Kammoun et alI., 2014) )and it is the 

soleus muscle which is thought to be more resistant to contraction-induced injury when 

compared to other fast-type muscles such as the TA (Punga et al., 2011). Interestingly, muscle 

fibres from the soleus muscle are also reported to express high levels of MuSK and utrophin 

on their sarcolemma (Punga et al., 2011). Moreover, supplementation with MuSK-GFP was 

also able to increase sarcolemmal expression of utrophin and β- dystroglycan (Trajanovska et 

al., 2019), both of which were found to be elevated in the soleus when compared to TA muscle 

of mdx mice (Joanna Huang, Honours thesis, 2018). Supplementation of fast-type TA muscles 

with MuSK-GFP may be preventing contraction-induced damage by causing fibres to adopt 

more of an aerobic phenotype (rich in utrophin and β- dystroglycan) without altering the MHC 

composition. In conclusion, my results do not support the hypothesis that MuSK-GFP 

reduced eccentric contraction-induced loss of force by inducing a fast to slow fibre type 

switch.  
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4.1 Introduction 
 
 Due to the lack of dystrophin, mdx muscle fibres are fragile and are susceptible to 

contraction-induced injury. This fragility is thought to predispose mdx muscles to the 

repeated cycles of muscle fibre necrosis and subsequent regeneration that ultimately lead to 

muscle atrophy and weakness (Manning & O’Malley, 2015). One marker of muscle fibre 

regeneration and therefore muscle damage is embryonic myosin, an isoform of myosin that 

is expressed transiently during development and is re-expressed in adult muscle that has been 

injured (Schiaffino et al., 2015). Typically, embryonic myosin begins to be expressed 2-3 days 

after injury and is thought to persist for an additional 2-3 weeks (Guiraud et al., 2018). In this 

chapter, staining for embryonic myosin (Emb-MHC) is used as a marker of muscle fibre 

regeneration, to assess the extent of recent damage to muscle fibres in TA muscles of mdx 

mice.  

Previous work indicated that MuSK supplementation was able to protect muscle fibres 

from acute contraction-induced injury (Trajanovksa et al., 2019). This chapter aims to see 

whether MuSK and other members of the MuSK signalling pathway (Dok7 and Rapsyn) can 

protect muscles from injury, and if so, in what way. While the role of the MuSK signalling 

complex at the NMJ is well-established, little is known about the role MuSK plays beyond the 

NMJ. Interestingly,  AAV-Dok7 enlarged NMJs in Dok7 myasthenia model mice  (Arimura et 

al., 2014) and another study has shown that AAV-Dok7 was able to increase myofibre size 

relative to the atrophied fibres of untreated Amyotrophic Lateral Sclerosis (ALS) mice. The 

same study also reported supressed motor nerve terminal degeneration and muscle atrophy 

(Miyoshi et al., 2017).  Recent work has suggested that MuSK is a co-receptor for Bone 

Morphogenetic Protein (BMP) and BMP receptors. Specifically, MuSK is thought to interact 

with BMPs and their receptors via its extracellular Ig3 domain (Figure 4.1). Conceivably, this 
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MuSK-dependent BMP signalling might modify the expression of genes that regulate myofibre 

size (Yilmaz et al., 2016). The interaction of MuSK with BMP4 was shown by these researchers 

to be mediated by the third extracellular Ig domain of MuSK. With this finding in mind, an 

AAV vector encoding a mutant MuSK that lacked the third Ig domain (MuSK-ΔIg3) was 

produced to test whether the ability of MuSK to mediate BMP signalling might influence 

MuSK’s ability to protect the muscle fibres of mdx mice from injury.  
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Figure 4.1: Schematic showing the interaction of MuSK with BMP4 and BMP receptors.  

MuSK binds to BMP4 and BMP receptors via its Ig3 extracellular domain.  This results in the 

expression of genes that are thought to regulate myofibre size and composition.  Tyrosine 

kinase activity of MuSK is not required for MuSK-mediated BMP signalling.  CRD/fz, Cysteine 

rich domain/frizzled-like domain; JM, juxtamembrane; TK, tyrosine kinase.  Image from Yilmaz 

et al. (2016). 
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This chapter investigates the effect of four AAV vectors encoding: MuSK, MuSK-ΔIg3, 

Dok7 or Rapsyn (each fused to GFP) on the percentage of fibres that stained positive for 

embryonic myosin (regenerating fibres) in transverse sections through the TA muscle of mdx 

mice. In the previous chapter, mice were injected with an AAV vector encoding MuSK-GFP at 

3-4 weeks of age and culled at 12 weeks of age. In this chapter, mice were injected with one 

of the four AAV vectors (MuSK, MuSK-ΔIg3, Dok7 or Rapsyn) at 3-4 weeks of age and allowed 

5-6 weeks for transgene expression before being culled at 9 weeks of age for analysis (Figure 

4.2).  
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Figure 4.2: Experimental timeline for the injections of AAV-MuSK, AAV-MuSK-ΔIg3, AAV-

Dok7 and AAV-Rapsyn at 3-4 weeks of age.  At 3-4 weeks of age the TA muscle of mdx mice 

were injected with one of the four AAV vectors (MuSK, MuSK-ΔIg3, Dok7, Rapsyn) while the 

contralateral TA was injected with an empty vector to serve as a control. The mice were culled 

after 5-6 weeks of transgene expression so muscles could be dissected and snap-frozen for 

histological analysis.  
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Mice were analysed at the younger age of 9 weeks, as opposed to the 12-week-old 

mice used in the previous chapter, because 9 weeks is just after the period of florid 

degeneration and regeneration seen in mdx mice from about 3-7 weeks of age (Duddy et al., 

2015).  A recent study reported larger percentages of emb-MHC positive cells in mdx EDL 

muscles at 7 weeks of age (12.8%), when compared to 14-week-old mdx EDL muscles which 

yielded 1.7% emb-MHC positive cells (Guiraud et al., 2018). With this in mind, a pilot study 

was conducted, where the number of emb-MHC positive cells were counted in whole cross-

sections of the TA muscle from 7 and 9-week-old mdx mice. The counts conducted for the 9-

week- old mdx yielded slightly higher percentages of emb-MHC positive cells when compared 

to 7-week-old mdx (Table 4.1). For this reason, the mdx mice injected with AAV vectors 

encoding one of MuSK, MuSK-ΔIg3, Dok7 or Rapsyn at 3-4 weeks were culled at 9 weeks of 

age for embryonic myosin analysis.  

 

In order to express the number of emb-MHC positive cells as a percentage of the total 

number of muscle fibres, sections were double labelled for laminin, to mark out the basement 

membrane boundaries of each muscle fibre.  The staining with laminin was also used to collect 

additional data on muscle fibre counts and muscle fibre girth (minimal Feret’s diameter). In 

this way, I also examined the effects of the MuSK-system on fibre size and the number of 

fibres after treatment with one of the four AAV vectors.  
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Table 4.1: Pilot experiments: Embryonic myosin (emb-MHC) positive cells in whole cross-

sections of mdx tibialis anterior (TA) muscle. Values are expressed as the number of positive 

fibres as well as the fraction of positive fibres in the whole cross-sections. Counts were 

conducted on the left and right TA muscles of 7-week-old mdx (n=2 mice) and 9-week-old mdx 

(n=2 mice).  
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4.2 Results 

4.2.1 Overexpression of MuSK-system components does not alter muscle mass  

 Previous work in the lab suggested that elevating the expression of MuSK (but not 

Rapsyn) in the TA muscle of mdx mice beginning at 3-4 weeks was able to reduce the mass of 

the muscle at 12 weeks of age down to that of the wild type level (Joanne Ban, PhD thesis, 

2018). In agreement with previous studies, the untreated TA muscles of 9-week-old mdx mice 

used in this chapter weighed in at about 60mg (Barker et al., 2017; Gehrig et al., 2010). In 

these 9-week-old mdx mice I found no differences in the mass of the TA muscles 

supplemented with any of the four AAVs, compared to contralateral empty vector control 

muscles.  The mdx TA muscles supplemented with MuSK-GFP had a muscle mass of 59.49 

(6.45) mg, while their empty vector control TA muscles were not significantly different at 

60.08 (6.10) mg (Figure 4.3A). After the weights were normalised to body mass there was still 

no significant difference (MuSK: 0.21 (0.01) %, control: 0.22 (0.01) %, Figure 4.3B). Moreover, 

there was no significant difference in the muscle mass (MuSK-ΔIg3: 57.8 (5.00) mg, Control: 

59.84 (4.89) mg, Figure 4.3A) or normalised muscle mass (MuSK-ΔIg3: 0.21 (0.02) %, Control: 

0.22 (0.008) %, Figure 4.3B) of the MuSK-ΔIg3-GFP treated mdx TA muscles when compared 

to the empty vector controls. For Dok7-GFP treated mdx mice, there was also no significant 

difference between the treated and empty vector control TA muscles for both muscle mass 

(Dok7: 62.1 (5.88) mg, control: 62.99 (7.12) mg, Figure 4.3A) or normalised muscle mass 

(Dok7:0.23 (0.02) %, control: 0.23 (0.01) %, Figure 4.3B). Finally, for Rapsyn-GFP treated mdx 

mice, there was no significant difference in the mass (Rapsyn: 60.56 (3.59) mg, control: 60.5 

(4.13) mg, Figure 4.3A) or normalised mass (Rapsyn: 0.22 (0.005) %, control: 0.22 (0.01) %, 

Figure 4.3B) between the treated and empty vector control muscles.  
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Figure 4.3: Overexpression of MuSK-system components does not alter muscle mass. (A) 

Wet weight of the tibialis anterior muscle from 9-week-old mdx mice treated with one of the 

following AAV vectors: MuSK, MuSK-ΔIg3, Dok7 or Rapsyn. The contralateral TA muscle of 

each mouse was also injected with an empty AAV vector as a control.  (B) Tibialis anterior 

muscle mass from same mice relative to body weight.  The bars in panels A and B represent 

means ± 95% confidence intervals and the circles represent the mass of an individual muscle 

(n= 9 per group except Rapsyn where n=7). Multiple paired student’s t-tests were used 

(*p<0.05).   
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4.2.2. Overexpression of MuSK-system components does not alter muscle fibre number  

To assess the total number of muscle fibres in a whole muscle cross-section, sections 

were labelled by immunofluorescence for laminin (Figure 4.4A), to visualise the muscle fibre 

boundaries for automated counting (see 2.8.4 Automated fibre counts). No significant 

differences in the number of fibres were found when comparing the TA muscles of mdx mice 

treated with one of the four AAV vectors and their empty vector control muscles (Figure 4.4B). 

Counts of the mdx TA muscles supplemented with MuSK-GFP yielded 2687 (363) muscle fibres 

per cross-section, while the empty vector control cross-sections contained 2705 (285) muscle 

fibres. The mdx muscle cross-sections supplemented with MuSK-ΔIg3-GFP contained 2136 

(533) muscle fibres compared to 2232 (238) in the contralateral empty vector controls.  Cross-

sections of TA muscles treated with Dok7-GFP contained 2518 (418) muscle fibres, while their 

contralateral empty vector control muscle cross-sections contained 2386 (304). Finally, 

Rapsyn-GFP treated mdx muscle cross-sections contained 2593 (363) muscle fibres compared 

to 2393 (263) in the empty vector controls (Figure 4.4B).  
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Figure 4.4: Overexpression of MuSK-system components does not alter muscle fibre 

number. (A) Representative immunofluorescence images of laminin staining in 9-week-old 

mdx TA muscles injected with one of the following AAV vectors: MuSK, MuSK-ΔIg3, Dok7 or 

Rapsyn. The contralateral TA muscle of each mouse was also injected with an empty AAV 

vector as a control. Scale bar = 50µm. (B) Number of fibres in whole cross-sections of mdx TA 

muscles. The bars represent the mean fibre number ± 95% confidence intervals and the circles 

represent the fibre count from individual muscles. (n= 9 per group except Rapsyn where n=7). 

Multiple paired student’s t-tests were used (*p<0.05). 
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4.2.3 Overexpression of MuSK and Rapsyn decreased muscle fibre diameter  

 Immunolabelling for laminin was also used to determine muscle fibre girth (minimal 

Feret’s diameter) of all muscle fibres in whole muscle cross-sections.  Figure 4.5 shows pooled 

frequency distributions of muscle fibre girth (minimal Feret’s diameter) for the four groups of 

mice treated with one of the following AAV vectors: MuSK-GFP, MuSK-ΔIg3-GFP, Dok7-GFP or 

Rapsyn-GFP. As seen in Figure 4.6A, the mean minimal Feret’s diameter for mdx TA muscles 

treated with MuSK-GFP was significantly smaller than for the empty vector control muscles 

(MuSK: 36.74 (2.26) µm; Empty: 39.67 (3.43) µm). The minimal Feret’s diameter for muscles 

treated with MuSK-ΔIg3 was not significantly reduced compared to their empty vector 

controls (MuSK-ΔIg3: 39.84 (9.05) µm; Empty: 43.84 (3.46) µm; Figure 4.6B). It should be 

noted that the animal-to-animal variation was greater for muscles injected with AAV-MuSK-

ΔIg3 compared to other treatment groups (Figure 4.6). Overexpression of Dok7-GFP did not 

produce any significant difference in minimal Feret’s diameter when compared to the empty 

vector controls (Dok7: 46.51 (2.82) µm; Empty: 46.6 (1.71) µm; Figure 4.6C).  Overexpression 

of Rapsyn-GFP significantly reduced the mean minimal Feret’s diameter when compared to 

the empty vector control (Rapsyn: 44.99 (1.57) µm; Empty: 47.04 (1.80) µm; Figure 4.6D). In 

summary, these results suggest that expression of elevated levels of either MuSK or Rapsyn 

in the TA muscle of mdx mice for 5 weeks, beginning about a week after weaning, resulted in 

a small reduction in the average girth of muscle fibres when examined at 9 weeks of age.  
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Figure 4.5: Frequency distributions of muscle fibre girth in mdx TA muscles. Frequency 

distributions of muscle fibre girth (minimal Feret’s diameter) for pooled fibres from mdx TA 

muscles supplemented with one of the following AAV vectors:  (A) MuSK-GFP (n=8), (B) MuSK-

ΔIg3-GFP (n=5), (C) Dok7-GFP (n=9) or (D) Rapsyn-GFP (n=7). The contralateral TA muscle of 

each mouse was injected with an empty AAV vector to serve as a control. The triangle shows 

results for mdx muscles injected with one of the four AAV vectors while the circles show 

results from the contralateral empty AAV vector controls. Each curve consists of >10,000 

muscle fibres pooled from multiple muscles (MuSK: n= 8 muscles, MuSK-ΔIg3: n= 5 muscles, 

Dok7: n = 9 muscles and Rapsyn: n=7 muscles). 
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Figure 4.6: Overexpression of MuSK and Rapsyn reduce mean muscle fibre girth. Histograms 

show the mean minimal Feret’s diameter from mdx TA muscles supplemented with one of 

the following AAV vectors: (A) MuSK-GFP (n=8), (B) MuSK-ΔIg3-GFP (n=5), (C) Dok7-GFP (n=9) 

or (D) Rapsyn-GFP (n=7). The contralateral TA muscle of each mouse was injected with an 

empty AAV vector to serve as a control. The bars in all panels represent the mean ± 95% 

confidence interval and the circles represent results from an individual muscle. Paired 

student’s t-tests were used (*p<0.05). 
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4.2.4 MuSK-GFP overexpression does not affect the number of regenerating fibres  

 To assess the fraction of the muscle occupied by regenerating fibres, cross-sections of 

the TA muscle were labelled by immunofluorescence for emb-MHC, a marker of regenerating 

muscle fibres (Figure 4.7A). The percentage of emb-MHC positive fibres was slightly lower for 

MuSK-GFP treated mdx muscles (2.50 (1.70) %), compared to the empty vector controls (3.39 

(2.91) %). However, this difference was not statistically significant (p=0.4965 paired t-test; 

Figure 4.7B). 
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Figure 4.7: Overexpression of MuSK does not significantly affect fibre regeneration in the 

TA muscle of 9-week-old mdx mice. (A) Representative immunofluorescence images of mdx 

TA muscles stained for embryonic myosin (emb-MHC), laminin and DAPI injected with either 

AAV-MUSK or empty AAV vector. In the third column (merged images) emb-MHC, laminin and 

DAPI are shown in red, green and blue respectively. (B) The fraction of muscle fibres 

expressing emb-MHC was compared for MuSK-GFP and control mice (n=9). No significant 

difference was found. Paired student’s t-tests were used (*p<0.05). 
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4.2.5 MuSK-ΔIg3-GFP overexpression does not affect the number of regenerating fibres 

Mdx muscles treated with an AAV vector encoding MuSK-ΔIg3-GFP or an empty AAV 

vector were also labelled by immunofluorescence for emb-MHC (Figure 4.8A).  Interestingly, 

Emb-MHC positive (regenerating) fibres made up a larger component of the cross-section in 

the MuSK-ΔIg3-GFP treated mdx muscles at 3.70 (3.20) %, compared to 2.18 (1.62) % of the 

cross-section in the empty AAV vector control mdx muscles. However, this difference was not 

statistically significant (p=0.2052; Figure 4.8B).  
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Figure 4.8: Overexpression of MuSK-ΔIg3 does not significantly affect fibre regeneration in 

the TA muscle of mdx mice. (A) Representative immunofluorescence images of mdx TA 

muscles stained for embryonic myosin (emb-MHC), laminin and DAPI injected with either 

AAV-MUSK-ΔIg3 or empty AAV vector. In the third column (merged images) emb-MHC, 

laminin and DAPI are shown in red, green and blue respectively. (B) The fraction of muscle 

fibres expressing emb-MHC was compared for MuSK-GFP and control mice (n=9) and no 

significant difference was found. Paired student’s t-tests were used (*p<0.05). 
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4.2.6 Dok7-GFP overexpression reduced the number of regenerating fibres 

Mdx muscles treated with an AAV vector encoding Dok7-GFP or an empty AAV vector 

were also labelled by immunofluorescence for emb-MHC (Figure 4.9A).  The percentage of 

fibres in the cross-section that were positive for emb-MHC in the Dok7-GFP treated mdx 

muscles was 1.59 (0.70) %, which was significantly reduced when compared to the 3.40 (2.23) 

% for the contralateral empty AAV vector controls (p= 0.0437; Figure 4.9B).  
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Figure 4.9: Overexpression of Dok7 reduces the number of regenerating muscle fibres in the 

TA muscle of mdx mice. (A) Representative immunofluorescence images of mdx TA muscles 

stained for embryonic myosin (emb-MHC), laminin and DAPI injected with either AAV-Dok7 

or empty AAV vector. In the third column (merged images) emb-MHC, laminin and DAPI are 

shown in red, green and blue respectively. (B) The fraction of muscle fibres expressing emb-

MHC was compared for Dok7-GFP and control mice (n=9) and a significant reduction in the 

number of regenerating fibres was found. Paired student’s t-tests were used (*p<0.05). 
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4.2.7 Rapsyn-GFP overexpression does not affect the number of regenerating fibres 

Mdx muscles treated with an AAV vector encoding Rapsyn-GFP or an empty AAV 

vector were also labelled by immunofluorescence for emb-MHC (Figure 4.10A). Emb-MHC 

positive (regenerating) fibres made up a smaller component of the cross-section in the 

Rapsyn-GFP treated mdx muscles at 2.16 (0.78) %, compared 2.90 (1.80) % of the cross-

section in the empty AAV vector control mdx muscles. This difference between the Rapsyn-

GFP treated and empty AAV vector controls was not statistically significant (p=0.3896; Figure 

4.10B).  
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Figure 4.10: Overexpression of Rapsyn does not significantly affect fibre regeneration in the 

TA muscle of mdx mice. (A) Representative immunofluorescence images of mdx TA muscles 

stained for embryonic myosin (emb-MHC), laminin and DAPI injected with either AAV-Rapsyn 

or empty AAV vector. In the third column (merged images) emb-MHC, laminin and DAPI are 

shown in red, green and blue respectively. (B) The fraction of muscle fibres expressing emb-

MHC was compared for Rapsyn-GFP and control mice (n=7 mice) and no significant difference 

in the number of regenerating fibres was found. Paired student’s t-tests were used (*p<0.05).   
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4.3 Discussion 

Experiments from chapter 3 suggested that the greater mass of the TA muscle in 12-

week-old mdx mice, compared with age-matched C57BL/10 wild type controls (Joanne Ban, 

PhD thesis, 2018) was probably due to an increase in the contractile mass of the muscle, 

rather than fibrosis and that this mdx-specific muscle growth could be prevented by injecting 

AAV-MuSK shortly after weaning.  In this chapter, muscle growth was assessed again but this 

time in 9-week-old mdx TA muscles.   

Pastoret and Sebille (1995) have quantified the time course of TA muscle growth 

during postnatal life in mdx mice (Figure 4.11). Their data showed the mass of mdx TA muscles 

to be the same as that of the wild type at each age examined up until 8 weeks. However, by 

13 weeks the mdx muscles had grown 20% heavier than for the age-matched wild type. Thus, 

we might expect 9 weeks to be too early to detect any substantial compensatory hypertrophy 

in mdx muscles. The mass of the TA muscle found in the present study was consistent with 

that of the literature (8-10-week-old mdx TA mass= 60mg; Barker et al., 2017). Although it 

should be noted that the absolute muscle weights reported by Pastoret and Sebille (1995) 

were lower at both 8 and 13 weeks when compared to my weights (at 9 and 13 weeks) and 

those of Barker et al., (2017).  At 9 weeks, I found no significant difference in mean muscle 

mass between mdx muscles injected with any one of the four AAV vectors (MuSK, MuSK-ΔIg3, 

Dok7 and Rapsyn) when compared to their contralateral empty vector control muscles. 

Similarly, no significant differences were found in the average number of muscle fibres per 

muscle cross-section for MuSK, MuSK-ΔIg3, Dok7 and Rapsyn. Interestingly, mdx muscles 

supplemented with MuSK or Rapsyn had slightly smaller minimal Feret’s diameters when 

compared to their empty vector controls. Perhaps, MuSK and Rapsyn were working to begin 
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to decrease mdx muscle mass by reducing the growth of muscle fibre diameter and this might 

help explain the lower mass of the MuSK-expressing TA muscles that Joanne Ban reported at 

12 weeks of age.  

 

 

 

 

 

 

 

Figure 4.11: TA muscle weight as related to age in C57BL/10 and mdx mice. The TA was 

weighed at 13 different time points beginning at 2 weeks of age and ending at 104 weeks of 

age. The red numbers and arrows indicate the age (in weeks) that corresponds to the 

particular data point. The black circles represent mdx TA muscles, while the open circles 

represent the wild type. Figure modified from Pastoret & Sebille (1995).   
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In this chapter, staining for embryonic myosin was used as a marker of recently 

degenerated/regenerated fibres to assess the extent of damage in mdx TA muscles and to see 

if supplementation of the MuSK-system components can lessen the damage. A study by 

Mozzetta et al. (2013) reported that, within the TA muscle of untreated 8-week-old mdx mice, 

approximately 3% of muscle fibres were stained positive for embryonic myosin, consistent 

with the findings in this chapter for mdx empty vector muscles (MuSK: 3.39%, MuSK-ΔIg3: 

2.18%, Dok7: 3.40%, Rapsyn: 2.90% - empty vector side values for the indicated treatment 

groups). Supplementation with the AAV vectors encoding MuSK, MuSK-ΔIg3 and Rapsyn did 

not significantly alter the percentage of embryonic myosin positive fibres (Figure 4.7B, Figure 

4.8B and 4.10B). The mean percentage of embryonic myosin positive fibres for mdx muscles 

supplemented with MuSK (Figure 4.7B) and Rapsyn (Figure 4.10B) were slightly lower 

compared to their empty vector controls but these differences were not statistically 

significant. It is worth noting that there are many fewer embryonic myosin positive fibres in 

the TA muscle when compared to other hind limb muscles such as the quadriceps and EDL. 

For example, a recent study reported 18.5% embryonic myosin positive fibres in the 

quadriceps muscle and 12.8% embryonic myosin positivity in the EDL muscle of 7-week-old 

mdx mice (Guiraud et al., 2018). Thus, it might be more informative to repeat this set of 

experiments on the quadriceps muscle, where the baseline average numbers of fibre 

degeneration/regeneration are more substantial, relative to animal-to-animal variation.  

Interestingly, the mdx TA muscles supplemented with MuSK-ΔIg3 displayed a higher 

mean percentage of embryonic myosin positive fibres when compared to the empty vector 

controls (Figure 4.8B) but this difference was not statistically significant. The higher mean for 

the MuSK-ΔIg3 treated mdx may be due to sampling error, especially since the mean for the 

empty vector controls was at a lower 2.18% when compared to the averages from the other 
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empty vector muscle groups.  This experiment will need to be repeated with a larger sample 

size before any firm conclusion can be made in relation to MuSK-ΔIg3.  

A key finding in this chapter was that supplementation of TA muscles of mdx mice with 

Dok7 was able to significantly reduce the number of muscle fibres that were positive for 

embryonic myosin from 3.40% to 1.59% (Figure 4.9B). This is of particular interest as other 

members of the MuSK pathway (MuSK and Rapsyn) had no effect on regenerating fibres.  

Interestingly, one study reported that MuSK reduced motor end plate size in mdx TA muscles 

(Trajanovksa et al, 2019). In contrast, AAV-Dok7 has been shown to increase NMJ size 

(Arimura et al., 2014). Thus, the effects elevating MuSK and elevating Dok7 do not always 

replicate. Dok7 supplementation has also been shown to reduce motor nerve terminal 

degeneration, reduce muscle atrophy and even prolong the lifespan of ALS model mice 

(Miyoshi et al., 2017).  While the role of Dok7 at the NMJ is well established, the findings in 

this chapter indicate that Dok7 may also play a role in the muscle regenerative process 

(perhaps by reducing the frequency of muscle fibre injury) and potentially other pathways in 

muscle biology. A characteristic of Dok7 is that it can strongly increase the tyrosine kinase 

activity of MuSK (Arimura et al., 2014). The published findings mentioned above, along with 

the findings in this chapter seem to indicate that Dok7 is a potential therapeutic target for 

neuromuscular diseases.  It would be beneficial for future studies to investigate the effects of 

Dok7 supplementation in DMD and to establish how supplementing each component of the 

MuSK-system affects muscle physiology and pathology. While these findings on Dok7 are 

promising, it is important to note that no experiments were conducted to show successful 

Dok7-GFP expression in this thesis. Thus, further experiments will be needed to check for the 

successful expression of Dok7-GFP. The same applies to the other AAV vectors used in this 

chapter (MuSK, MuSK-ΔIg3 and Rapsyn).  
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5.1 Summary of findings  

The role of the MuSK-system in stabilising and maintaining the NMJ is well-established 

but its broader role in muscle biology remains unclear. While a mutation in the dystrophin 

gene is known to cause DMD, a study by Pratt et al. (2013) found that the dystrophin-null 

quadriceps muscles of mdx mice also express lower levels of MuSK when compared to wild 

type mice. Recent work in the lab found that supplementation with MuSK using an AAV vector 

was able to improve the retention of force after the muscle was challenged with a bout of 

eccentric contractions. Extra MuSK also reduced the number of damaged/regenerated muscle 

fibres (fibres with centralised nuclei) and reduced the muscle mass in 12-week-old mdx mice. 

In light of these findings, this thesis examined in more detail the effect of enhancing the 

expression of the MuSK-system components on muscle composition and upon muscle fibre 

regeneration.  

 

By 12 weeks of age the TA muscle of mdx mice had grown heavier than that of age-

matched wild type (C57BL/10 ScSn) mice. Joanne Ban found that the injection of AAV-MuSK 

prevented this excessive growth of the TA muscle in mdx mice. The experiments I describe in 

chapter 3 indicate that the increased muscle mass characteristic of 12-week-old mdx TA 

muscle is not the result of inflammation or substantial fibrosis and instead is likely due to 

genuine muscle fibre hypertrophy. Interestingly, when I examined TA muscles of 9-week-old 

mdx mice, I found no difference in the muscle mass between muscles injected with AAV-MuSK 

and empty vector control muscles (chapter 4). At 9 weeks of age the mass of the TA muscle 

was not affected by overexpression of MuSK, MuSK-ΔIg3, Dok7 or Rapsyn when compared to 

their contralateral empty vector controls. This is consistent with the time course of 

hypertrophy reported in mdx TA muscles, where there is no difference between the mass of 
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wild type and mdx muscles until after 8 weeks of age, when the TA muscles of mdx mice 

undergo rapid growth while the mass of the wild type muscles reaches a plateau (Figure 4.11). 

At 13 weeks the mdx TA muscle had grown 20% heavier when compared to its last measured 

time point at 8 weeks of age (Pastoret & Sebille, 1995). It is important to note that this rapid 

growth was not observed in wild type TA muscles after 8 weeks. They grew less than 5% 

heavier between the ages of 8 and 13 weeks (Pastoret & Sebille, 1995).  It has been suggested 

that the rapid muscle growth in mdx muscles after 8 weeks is a form of compensatory 

hypertrophy where healthy fibres grow larger to compensate for any damaged fibres that 

contract synergistically with the healthy fibres. According to this idea, hypertrophy allows 

damaged mdx muscles to maintain the same absolute force output as the wild type (Lynch et 

al., 2001). Perhaps, MuSK is working to prevent or reduce this compensatory muscle growth 

and the beginnings of this can be seen by the slightly smaller mean minimal Feret’s diameter 

of mdx TA muscles treated with either MuSK or Rapsyn when compared to their contralateral 

empty vector controls at 9 weeks of age (chapter 4).  

 

By 12-13 weeks compensatory growth is well under way but supplementation with 

MuSK was able to reduce this, so that the mass of the TA muscle was no greater than that of 

age-matched wild type mice (Figure 1.12).  BMP signalling has been shown to promote muscle 

hypertrophy (Sartori et al., 2013) and it has been suggested that the interaction of MuSK with 

BMP-receptor signalling (mediated via the Ig3 domain of MuSK) may be involved in the 

regulation of myofibre size (Yilmaz et al., 2016). Perhaps, in the case of compensatory 

hypertrophy in mdx muscles, the MuSK-BMP pathway may have a contrasting effect, causing 

a reduction in muscle mass and myofibre size in a bid to restore the muscle back to that of 

the wild type. If so, then the injection of AAV encoding MuSK-ΔIg3 would not be expected to 
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produce the same reduction in fibre diameters as full-length MuSK. My results on this remain 

equivocal (Figure 4.6). Further experiments with MuSK-ΔIg3 examining muscle mass at 12 

weeks of age might help clarify this issue.  

 

My results are relevant to two previously reported effects of AAV-MuSK upon muscle 

contractile function in mdx mice: 1) Specific force was greater in muscles expressing MuSK-

GFP (Joanne Ban, PhD thesis, 2018) and 2) mdx muscles expressing MuSK-GFP were more 

resistant to injury (Trajanovska et al., 2019). Supplementation of MuSK-GFP in 3-4-week-old 

mdx TA muscles did not produce any change in the proportions of type I, type IIa, type IIb or 

type IIx fibres, nor did it alter the contractile properties (force-frequency curve) of 12-week-

old mdx TA muscles (chapter 3).  Both these findings are consistent with each other, since the 

contractile properties of a muscle are thought to depend entirely on the MHC composition of 

the muscle (Schiaffino, 2010). Together, these findings suggest that the greater specific force 

and greater resistance to eccentric contraction-induced injury seen in mdx muscles expressing 

MuSK-GFP were not due to any change in fibre type. Conceivably, the improved retention of 

force after eccentric contraction challenge in MuSK-expressing mdx TA muscles could be 

explained by a change in muscle metabolism, with fibres adopting a more aerobic phenotype 

(without any change in myosin type).  Alternatively, MuSK might be protecting muscle fibres 

from eccentric contraction-induced damage by increasing the expression of utrophin and β-

dystroglycan, as previously demonstrated (Trajanovska et al., 2019).  

 

Another important finding was that the injection of AAV-Dok7 at 3-4 weeks of age was 

able to significantly reduce the number of regenerating (embryonic myosin-positive) fibres in 

the TA muscle of 9-week-old mdx mice (chapter 4). This is consistent with the reduced number 
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of centralised nuclei reported in 12-week-old mdx TA muscles expressing MuSK-GFP (Joanne 

Ban, PhD thesis, 2018). Moreover, Dok7 is a known activator of MuSK kinase signalling 

(Bergamin et al., 2010) and injection of AAV-Dok7 has been shown to increase the 

phosphorylation of MuSK in wild type mouse muscles (Miyoshi et al., 2017). Perhaps, Dok7 is 

acting to reduce the number of degenerating fibres by enhancing the tyrosine kinase activity 

of MuSK.  On the other hand, the AAV vectors encoding: MuSK, MuSK-ΔIg3 and Rapsyn had 

no significant effect upon the number of embryonic myosin-positive fibres counted at 9 weeks 

of age (chapter 4).  This result for Rapsyn is consistent with previous findings in the lab which 

showed no effect of Rapsyn-GFP on the percentage of muscle fibres with centralised nuclei 

(Joanne Ban, PhD thesis, 2018).  The finding that supplementation of mdx muscles with MuSK-

GFP had no significant effect on the number of fibres undergoing regeneration is surprising, 

given that, by 12 weeks, muscles expressing MuSK-GFP showed slightly fewer centralised 

nuclei (Joanne Ban, PhD thesis, 2018). Perhaps, under the conditions of my experiment, AAV-

Dok7 was able to reduce degeneration by greatly enhancing activation of endogenous MuSK.  

 

5.2 Caveats  

 Several caveats need to be considered when interpreting the results in this thesis. 

Firstly, the mdx mouse is the most commonly used animal model of DMD (McGreevy et al., 

2015) but it is worth mentioning that the pathology seen in mdx mice is much less severe than 

that of human DMD. In this thesis, all experiments were conducted on the TA muscle, which 

is often used in DMD research as it is easily accessible (Grounds et al., 2008). However, it is 

important to note that the pathology in mdx limb muscles is much less severe than in the limb 

muscles of boys with DMD (Manning & O’Malley, 2015). Even among the limb muscles of mdx 

mice, the extent to which the muscles are affected is variable. For example, the quadriceps 
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muscle is thought to be more severely affected in terms of muscle fibre necrosis when 

compared to other limb muscles such as the EDL and TA (Grounds et al., 2008; Guirard et al., 

2018; Mozzetta et al., 2013). Of all the studied muscles, the diaphragm of mdx mice is said to 

have the most severe pathology, showing extensive fibrosis and muscle fibre necrosis by 16 

months of age (Grounds et al., 2008; Pessina et al., 2014).   Thus, the diaphragm muscle is 

thought to most closely resemble human DMD (Grounds et al., 2008). For these reasons, 

findings in the limb muscles of mdx mice do not directly reflect the pathology of human DMD.  

Future studies may benefit from using the diaphragm muscle, as this muscle is thought to 

most closely resemble the severe pathology seen in human DMD.  

  

Another factor that should be considered is the age of the mice at the time of AAV 

injection. In this thesis, all mice were injected just after weaning (3-4 weeks of age) and culled 

at either 9 (chapter 4) or 12 weeks of age (chapter 3).  Since necrosis is thought to peak at 25-

26 days of age in mdx mice (Grounds et al., 2008), future experiments, injecting the mice with 

MuSK prior to this period of florid degeneration might be more informative. For example, 

Wang et al. (2000) injected an AAV encoding human mini dystrophin into the gastrocnemius 

muscle of 10 and 50-day old mdx mice. When studied at 3 months postnatal, both treatments 

reduced the number of muscle fibres with centralised nuclei. However, the mdx mice treated 

at 10 days postnatal showed a much smaller proportion of fibres with centralised nuclei (~1%) 

when compared to the mice treated at 50 days postnatal (~35%). This suggests that it might 

be more beneficial to inject mdx mice with AAV-MuSK at a younger age, before this period of 

florid degeneration/regeneration has occurred. In this way, we would be able to see whether 

supplementing with MuSK can actually prevent the massive fibre degeneration/regeneration 

event seen in the first few weeks of life.   
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Another factor that needs to be considered in this thesis is the variable transduction 

efficiency of AAV vectors. The transduction efficiency of AAV vectors is thought to vary 

between the different AAV serotypes and again between different species. Specifically, the 

AAV serotype 6 used in this thesis is thought to have variable expression in different skeletal 

muscles and in different sized myofibres (Riaz et al., 2015). For this reason, all AAV vectors in 

this thesis were fused to GFP, so that expression of the transgene could be easily visualised. 

All muscles from chapter 3 of this thesis showed widespread GFP fluorescence. (Figure 3.2). 

However, due to time constraints, the muscles in chapter 4 were not imaged for GFP 

fluorescence. For this reason, we cannot rule out whether the negative results seen in chapter 

4 are due to: 1) the AAV vector treatment having no effect on the measured variables or 2) 

the AAV vector treatment did not result in overexpression of the transgene.  

 

Finally, the conclusions drawn in this thesis assume that AAV-MuSK is expressed in the 

muscle only and that the effects of MuSK are specific to muscle. The AAV serotype 6 has been 

shown to efficiently transduce skeletal muscle tissue via intramuscular injection (Blankinship 

et al., 2004) but is also known to transduce a wide variety of cell types (Ellis et al., 2013). 

Interestingly, Miyoshi et al. (2017) reported some GFP fluorescence in the spinal cord and 

cerebellum after intravenous injection of an AAV encoding Dok7 fused with GFP. This 

indicates that the Dok7 transgene may be taken up and expressed in tissues other than the 

muscle. With this in mind, we cannot rule out the possibility that the MuSK transgene has 

been expressed in non-muscle tissues. To overcome this issue, Wang et al. (2000) used a 

muscle-specific creatinine kinase (MCK) promoter to selectively target muscle fibres when 

injecting mdx mice with an AAV encoding human mini dystrophin. It would be beneficial to 

use MCK promoters when constructing an AAV encoding MuSK to ensure that MuSK is 
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expressed in muscle fibres only. In this way, we might rule out any effect of MuSK 

supplementation beyond the muscle. 

5.3 Future directions 

The experiments in this thesis found that supplementation of Dok7 in the TA muscles 

of 9-week-old mdx mice was able to significantly reduce the number of 

degenerating/regenerating (embryonic myosin positive) muscle fibres. This finding is of 

particular interest as it suggests a novel role for Dok7 in muscle regeneration and potentially 

muscle biology. Published findings in ALS model mice have shown that AAV-Dok7 is able to 

reduce motor nerve terminal degeneration, muscle atrophy and even prolong the lifespan of 

the mice (Miyoshi et al., 2017). These published findings, together with the findings in this 

thesis suggest that Dok7 may be a good therapeutic target for neuromuscular diseases such 

as DMD. Due to time restraints, I was unable to test the effects of Dok7 on the structure of 

the NMJ. However, previous work in the lab has shown that overexpression of MuSK in mdx 

muscles can reduce the size of motor endplates (Trajanovska et al., 2019). In contrast, a 

previous study reported an increase in NMJ size when ALS model mice were treated with 

Dok7 (Miyoshi et al., 2017).  It would be interesting to see if this effect of Dok7 translates to 

mdx mice. Since the effects of Dok7 supplementation on mdx muscle function have not been 

tested, it would also be useful to conduct eccentric contraction-induced injury protocols to 

determine whether Dok7 can improve the resistance of mdx muscles to injury.  

 

Another key finding was that MuSK and Rapsyn were able to significantly reduce 

muscle fibre girth when mdx mice were injected at 3-4 weeks of age and culled at 9 weeks of 

age. No effect of the MuSK-system was found on the mass of TA muscles in 9-week-old mdx 

mice but by 12 weeks, hypertrophy was evident in the empty vector control mdx muscles. The 
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cause of this hypertrophy and how MuSK might reduce it remains unclear. Some studies have 

suggested that the branching of pre-existing myofibres is responsible for the growth seen in 

mdx muscles (Faber et al., 2014). It would be interesting to test our mdx TA muscles for the 

extent of fibre branching and to see if perhaps AAV-MuSK was reducing the muscle mass by 

reducing the number of fibre branches. While significant decreases in fibre girth were 

reported for MuSK and Rapsyn, no differences were reported for muscles expressing Dok7 

and MuSK-ΔIg3 at 9 weeks. It would be interesting to repeat these experiments, particularly 

for MuSK-ΔIg3 as the results for this AAV construct were quite variable from animal-to-

animal.  In this way, we could test whether the reduced fibre girth seen in MuSK-expressing 

animals is dependent upon MuSK-BMP4 signalling.  

 

Due to time constraints, I was unable to examine the role of inflammation in 

dystrophic muscles.  As mentioned previously (see 1.3.1 Inflammation in skeletal muscle 

repair), it is thought that the persistent inflammation in older mdx muscles results from an 

imbalance in the M1/M2 macrophage phenotypes (Nitahara-Kasahara et al., 2013). It would 

be interesting to look at the expression of pro (M1) - and anti-inflammatory (M2) cytokines in 

dystrophic muscles and see if AAV-MuSK is able to alter their expression. Specifically, it would 

be good to look at the expression of TGF-β1 as it is known to be up-regulated in mdx mouse 

muscles, has been implicated in inflammation-driven fibrosis and is thought to interact with 

muscle satellite cells (Kharraz et al., 2014; Narola et al., 2013).  

 

Overall, little is known about the role of the MuSK-system in the muscles of wild type 

and mdx mice. This thesis, together with previous findings in the lab, suggest that 

supplementation of MuSK-system components (MuSK, Rapsyn, Dok7) might hold potential to 
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improve pathology in the TA muscles of mdx mice. This suggests a novel role for the MuSK-

system outside the NMJ and represents a potential therapeutic target for DMD and other 

neuromuscular disorders.  
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